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Abstract

We describe the Studying Quenching in Intermediate-z Galaxies: Gas, angufar momentum, and Evolution
(SQUIGGLE) survey of intermediate-redshift post-starburst galaxies. We leverage the large sky coverage of the
Sloan Digital Sky Survey to select ~ 1300 recently quenched galaxies at 0.5 <z < 0.9 based on their unique
spectral shapes. These bright, intermediate-redshift galaxies are ideal laboratories to study the physics responsible
for the rapid quenching of star formation: they are distant enough to be useful analogs for high-redshift quenching
galaxies, but low enough redshift that multiwavelength follow-up observations are feasible with modest telescope
investments. We use the Prospector code to infer the stellar population properties and nonparametric star
formation histories (SFHs) of all galaxies in the sample. We find that SQUIGGLE galaxies are both very massive
(M, ~ 10""* M) and quenched, with inferred star formation rates <1l M, yr !, more than an order of magnitude
below the star-forming main sequence. The best-fit SFHs confirm that these galaxies recently quenched a major
burst of star formation: >75% of SQuIGGLE galaxies formed at least a quarter of their total stellar mass in the
recent burst, which ended just ~200 Myr before observation. We find that SQUIGGLE galaxies are on average
younger and more burst-dominated than most other z <1 post-starburst galaxy samples. This large sample of
bright post-starburst galaxies at intermediate redshift opens a wide range of studies into the quenching process. In
particular, the full SQuIGGZE survey will investigate the molecular gas reservoirs, morphologies, kinematics,
resolved stellar populations, active galactic nucleus incidence, and infrared properties of this unique sample of
galaxies in order to place definitive constraints on the quenching process.

Unified Astronomy Thesaurus concepts: Post-starburst galaxies (2176); Galaxy quenching (2040); Quenched
galaxies (2016); Galaxy evolution (594); Galaxy ages (576)

Supporting material: machine-readable tables

1. Introduction formation rate (SFR; e.g., Blanton et al. 2003; Kauffmann et al.
2003; Shen et al. 2003; Noeske et al. 2007; Wuyts et al. 2011).
Star-forming galaxies tend to be large, blue, rotationally
supported, and gas-rich; in contrast, quiescent galaxies are
red, smaller at fixed mass, supported by random motions, and
gas poor. However, the fundamental question of why this
galaxy bimodality exists remains unanswered to the present
8 NHFP Hubble Fellow. day. What physical processes are responsible for “quenching”

star formation in galaxies? And why does a cessation of star

formation appear to go hand-in-hand with structural and

For nearly a century, astronomers have divided galaxies into
two distinct categories based on their morphologies: spirals and
ellipticals (Hubble 1926). This “galaxy bimodality” has since
been shown to extend to myriad other properties,including
color, size, environment, molecular gas content, and star
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mechanisms range from intense centrally concentrated star-
bursts triggered by gas-rich major mergers (e.g., Hopkins et al.
2008; Wellons et al. 2015), to very early assembly in a much
denser universe (e.g., Naab et al. 2009; Wellons et al. 2015), to
“morphological” quenching, where the transition from disk to
spheroid stabilizes gas reservoirs (e.g., Martig et al. 2009).
While all of these mechanisms could shut down star formation
by depleting, removing, heating, or stabilizing molecular gas
reservoirs, the resulting quenched galaxies differ in key
observables including age gradients, rotational support, and
morphology. Detailed multiwavelength follow-up of quenched
galaxies holds the key to distinguishing between these
theoretical quenching mechanisms. This multiwavelength
follow-up is most effective when performed in galaxies that
have just concluded their major star-forming phase: the
signatures of the quenching mechanism should still be
apparent, and not diluted by later mergers or secular evolution.
The question then becomes how to identify these recently
quenched galaxies.

Growing observational evidence suggests that there are at
least two distinct pathways to quenching: galaxies can quench
rapidly through the post-starburst phase, or quench slowly
through the green valley phase (e.g., Barro et al. 2013; Faber &
Pérez-Gonzalez et al. 2014; Schawinski et al. 2014; Wild et al.
2016; Carnall et al. 2018; Forrest et al. 2018; Rowlands et al.
2018; Wu et al. 2018; Belli et al. 2019; Suess et al. 2021). In
this paper, we focus on the rapid quenching mode. These fast-
quenching post-starburst galaxies, sometimes also called “K
+A” or “E+A” galaxies, experienced a recent burst of intense
star formation that concluded within the past ~gigayear (e.g.,
Dressler & Gunn 1983; Couch & Sharples 1987; see
French 2021 for a recent review). Observationally, these
galaxies are characterized by spectra that are dominated by
A-type stars: the burst finished long enough ago that the most
massive stars have died, but recently enough that the slightly
longer-lived and less massive stars are still alive to dominate
the optical spectrum. These spectra typically show strong
Balmer breaks, deep Balmer absorption lines, weak or absent
nebular emission lines, and blue slopes redward of the Balmer
break.

A variety of observational techniques have been used to
select post-starburst galaxies over a wide redshift range. “E
+A” or “K+4A” post-starburst galaxies in the local universe are
often selected by their high Hé equivalent widths and low [OII]
luminosities; in combination, these spectral features indicate
significant recent star formation but little ongoing star
formation (e.g., Zabludoff et al. 1996; Dressler et al. 1999;
Goto 2005; Brown et al. 2009; French et al. 2015). Some works
use spectral template fitting approaches, which can identify
galaxies whose light is dominated by young stars (e.g.,
Quintero et al. 2004; Pattarakijwanich et al. 2016). An alternate
technique pioneered by Wild et al. (2014) uses principal
component analysis (PCA), which effectively selects for the
unique spectral shape of post-starburst galaxies (see also, e.g.,
Almaini et al. 2017; Maltby et al. 2018). A similar spectral
shape identification approach was also used by Kriek et al.
(2010), using synthetic rest-frame colors instead of PCA-based
“supercolors.” Finally, some studies have selected post-
starburst galaxies based on their location in the UVJ plane
(e.g., Whitaker et al. 2012a; Belli et al. 2019; Suess et al. 2020;
see also Akins et al. 2021). These different methods of
selecting post-starburst galaxies produce samples that are
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relatively similar, but do not fully overlap; we will explore
the differences in these sample selection methods in more detail
later in this paper.

While massive post-starburst galaxies are relatively rare across
cosmic time (making up <5% of the total M, > 10" M.,
population at z < 2,2; Wild et al. 2016), their number density
evolves rapidly with redshift. At z~ 2, post-starburst galaxies
are common enough to explain half of the total growth in the red
sequence; by z~ 1.4, they represent just ~20% of all trans-
itioning galaxies (Belli et al. 2019). By z~ 0, massive post-
starburst galaxies are so rare that they contribute negligibly to the
growth of the quiescent population (Rowlands et al. 2018).
These results imply that, while post-starburst galaxies play an
important role in quenching at cosmic noon, their importance to
the overall landscape of galaxy transformation diminishes
toward lower redshifts.

The nature of post-starburst galaxies may also differ between
z~0 and z~ 1. Higher-redshift post-starburst galaxies gen-
erally appear to be more burst-dominated than their low-
redshift counterparts: simple modeling of Hé and D,4000
values indicates that z ~ 0 post-starburst galaxies formed just
5%—-10% of their mass in the recent burst, whereas z > 0.5
post-starburst galaxies appear to have formed the majority of
their mass in the recent burst (Suess et al. 2017). Full spectral
modeling of post-starburst star formation histories (SFHs)
confirms these findings: the median burst mass fraction of z ~ 0
post-starburst galaxies is ~10% (French et al. 2018), in contrast
to the ~70% median burst mass fractions of z~ 1 post-
starburst galaxies (Wild et al. 2020). Low-redshift post-
starburst galaxies also tend to be less massive than their
higher-redshift counterparts (e.g., Wild et al. 2016; Rowlands
et al. 2018), although they are not so low-mass that
environmental effects play significant roles in their quenching
(e.g., Zabludoff et al. 1996; Feldmann et al. 2011). Taken
together, these results indicate that high-redshift post-starburst
galaxies are in the process of rapidly quenching their primary
epoch of star formation, whereas low-redshift post-starburst
galaxies are rapidly shutting down a smaller burst of late-time
star formation that does not contribute as significantly to their
stellar mass.

This redshift dependence complicates observational studies
of quenching: pinpointing the physics responsible for shutting
down the bulk of star formation requires looking beyond the
local universe, but detailed follow-up observations require
significant (and potentially prohibitive) telescope investments
at z 2> 1. Even spectroscopic confirmation of post-starburst
galaxies is difficult at z > 1, with samples consisting of a few
tens of galaxies (e.g., Bezanson et al. 2013; Maltby et al. 2016;
Wild et al. 2020) as opposed to the hundreds or thousands of
2 < 0.1 post-starburst galaxies that can be identified from large
all-sky surveys (e.g., Dressler et al. 1999; Quintero et al. 2004;
Goto 2005; Brown et al. 2009; French et al. 2015; Alatalo et al.
2016).

Our goal in this paper is to bridge the gap between these low-
and high-redshift samples by selecting bright intermediate-
redshift post-starburst galaxies at 0.5 < z < 1 that will serve as
the ideal testbeds to understand the physics of quenching. We
aim to find a large sample of galaxies that have high burst mass
fractions and are therefore in the process of shutting down their
major epoch of star formation. At the same time, we want these
galaxies to be bright enough to conduct full multiwavelength
follow-up studies with reasonable telescope investments. These
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bright, massive, intermediate-redshift post-starburst galaxies
will not provide us with a complete census of how star
formation shuts down across all stellar masses and timescales;
however, they will serve as excellent laboratories to study how
rapid quenching proceeds in massive galaxies. This sample
selection is now possible due to the Sloan Digital Sky Survey
(SDSS), which provides millions of spectra over our targeted
redshift range. This enormous public database allows us to
identify a statistically large sample of rare, bright, young post-
starburst systems. With this sample, we will be Studying
Quenching in Intermediate-z Galaxies: Gas, anguLar momen-
tum, and Evolution (SQUIGGLE). The SQuIGGLE sample will
serve as the ideal testbed to study the quenching process in
massive galaxies in detail.

This paper is organized as follows. In Section 2, we describe
our post-starburst sample selection. We also generate mock
galaxy spectra with known properties, and use those mocks to
investigate what types of galaxies are included in our sample
selection. In Section 3, we use the Prospector Bayesian
stellar population synthesis code to fit the stellar masses, dust
properties, and SFHs of the galaxies in our sample. In
particular, we use these derived SFHs to investigate how long
SQuIGGLE post-starburst galaxies have been quiescent, the
fraction of their mass that was formed in a recent starburst, and
their ongoing SFRs. In Section 4, we calculate SFRs from
spectral lines present in the SDSS spectra of our galaxies, and
compare these results to the Prospector SFRs. In Section 5,
we place the SQuUIGGLE sample in context by comparing it to
other post-starburst samples. Finally, in Section 6 we briefly
describe the science objectives of the remainder of the
SQuIGGLE survey. Throughout this paper we assume a flat
A cold dark matter cosmology with Q,=0.3, Q) =0.7, and
h=0.7. We also assume a Chabrier (2003) initial mass
function (IMF).

2. Sample Selection

In this section, we describe how we select post-starburst
galaxies from the SDSS. Our selection is designed to select the
brightest, most massive, most burst-dominated post-starburst
galaxies at z ~ 0.7, with the goal of identifying galaxies that are
ideal targets for multiwavelength follow-up studies of the
quenching process. We explore the differences between our
sample selection algorithm and those used in previous studies
in Section 5. _

For the SQUIGGLE sample, we follow the Kriek et al.
(2010) method and select post-starburst galaxies from the
SDSS based on their unique spectral shapes. Synthetic
medium-band rest-frame U,,, V,,, and B,, filters are designed
to target both the Balmer break and the slope of the spectrum
redward of the break; as shown in Figure 1, these two rest-
frame colors alone are effective at selecting post-starburst
galaxies. Model spectra (generated with the Flexible Stellar
Population Synthesis, FSPS; Conroy et al. 2009; Conroy &
Gunn 2010) of a post-starburst galaxy (black), a fully quiescent
galaxy (red), an unobsured star-forming galaxy (blue), and a
dusty star-forming galaxy (purple) are shown over the same
wavelength range. The bottom-left panel in Figure 1 shows the
location of these four spectra in UBV space, as well as the
density of all SDSS spectra with z > 0.5. Our post-starburst
color selection cuts, described in detail below, are shown with
black lines. The color cuts include the post-starburst galaxy
while excluding both star-forming and older quiescent galaxies;
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Figure 1. Demonstration of color-based selection technique. Top: gray shaded
regions show the synthetic rest-frame U,,, B,,, and V,, filters. Blue, purple, red,
and black curves show example synthetic spectra of an unobscured star-
forming galaxy, a dusty star-forming galaxy, a quiescent galaxy, and a post-
starburst galaxy; spectra have an arbitrary factor added to F, for visibility.
Bottom left: U,, — B,, as a function of B, — V,,; the shaded background
represents the relative density of all z > 0.5 galaxies in the SDSS, while the
black, blue, purple, and red points show the colors of the spectra shown in the
top plot. The black lines show our color criteria for a galaxy to be selected as
post-starburst. Post-starburst galaxies can be distinguished from other galaxy
types in this color—color space: the U,, — B,, color separates post-starburst
galaxies from unobscured star-forming galaxies, while the B,, — V,, color
separates post-starburst galaxies from dusty star-forming galaxies and older
quiescent galaxies. Bottom right: SFHs of the four synthetic spectra shown in
the top plot. The post-starburst galaxy (black) clearly has a different SFH than
either the quiescent galaxy, which formed its stars much earlier, or the two star-
forming galaxies, which have significant ongoing star formation.

just ~5% of all z > 0.5 galaxies in the SDSS satisfy these color
cuts. Figure 1 shows that unobscured star-forming galaxies—
including galaxies that may have ongoing starbursts—have
similar B,, — V,, colors to post-starburst galaxies, but weaker
Balmer breaks that do not satisfy our U,, — B,, cut. In contrast,
both dusty star-forming galaxies, and older quiescent galaxies
have similar U,, — B,, colors as post-starburst galaxies, but
redder B,, — V,, colors. Spectrally, older quiescent galaxies and
post-starburst galaxies can be distinguished by the differences
in the strength of the Balmer break, the slope of the spectrum
redward of the break, and the depth of both the Balmer
absorption lines and the calcium H and K lines. Dusty star-
forming galaxies differ from post-starburst galaxies mainly in
the slope of the spectrum redward of the Balmer break and the
strength of the nebular emission lines.

Our parent sample consists of all 1,921,000 galaxies in the
SDSS DR14 spectroscopic catalog (Abolfathi et al. 2018) with
z>0.5. We then make a quality cut that removes nonphysical
spectra: we calculate the r — i and i — z colors from the SDSS
spectrum, and remove any galaxies for which these spectral
colors differ from the SDSS photometric colors by more than
0.25dex. We note that at these redshifts, the fiber
encompasses >75% of the total light from these compact
post-starburst galaxies; typically the spectral and photometric
colors are within 0.05dex. We ensure that the wavelength
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Figure 2. Histograms of the redshift and i-band magnitude of all SQUIGGLE
galaxies.

range of the SDSS spectrum covers our rest-frame U,,, B,,, and
V.. filters, and then we calculate the flux in each synthetic rest-
frame filter. To ensure high-quality spectra, we require a signal-
to-noise ratio (S/N) > 6 in both our B,, and V,,, filters; this S/N
cutoff was chosen by examining representative spectra by eye.
We do not require a minimum S/N in the U, filter, because
post-starburst galaxies typically have minimal UV flux and thus
low S/N blueward of the Balmer break (see, e.g., Figure 1).
After these initial quality cuts, 32,168 galaxies remain in the
parent sample. Finally, we select all objects in this sample with
U—-B>0975 and —0.25<B—-V <045 as post-starburst
galaxies. Our final sample includes 1318 unique post-starburst
galaxies. These galaxies form the full SQuUIGGLE sample.

Figure 2 shows histograms of the redshift and i-band
magnitude distribution of the full SQUIGGLE sample. By
construction, all galaxies have z>0.5. The median sample
redshift is z = 0.68, with a tail of galaxies up to z=0.94. This
redshift distribution is effectively a competition between
apparent magnitude (there are fewer high-S/N SDSS spectra
at higher redshift) and the number density evolution of post-
starburst galaxies (there are many more post-starburst galaxies
at higher redshift; e.g., Wild et al. 2016; Belli et al. 2019). The
i-band magnitudes of SQuUIGGLE galaxies range from 17.9 to
20.5, with the faint-end cutoff primarily driven by our S/N cut.

Figure 3 shows a stacked spectrum of all 1318 post-starburst
galaxies in SQL}IGGEE, normalized using the flux between
4150 and 4250 A. The gray shaded region shows the 16th—84th
percentile of all spectra. This stacked spectrum clearly shows
the representative characteristics of a post-starburst galaxy: a
strong Balmer break, deep Balmer absorption lines, and weak
[O 1] emission. Spectral modeling (Section 3) indicates that
98% of SQuIGGEE galaxies have SFRs below the main
sequence, and 95% of SQuIGGEE galaxies formed >10% of
their stellar mass in a recent burst; this indicates that our sample
selection technique is very effective at identifying recently
quenched galaxies.

We also measure the Hé equivalent width and the D,4000
index for all galaxies in our sample. Ho traces recent star
formation, while D,4000 probes the age of the stellar
population; together, these indices provide a fairly reliable
indication of the galaxy’s evolutionary stage. We use the
pyphot python package to calculate Ho,, and obtain error
bars via bootstrap resampling. We measure D, 4000 from the
SDSS spectra using the bandpass definitions from Balogh et al.
(1999). In Figure 4, we show Hé, as a function of D, 4000 for
all galaxies in our sample (black points). To help place
SQUIGGLE galaxies in context, Figure 4 also shows star-

Suess et al.
1.25F ;204000 P, : ﬂ
x H b o e s | A
%1.00 8 ith WO M,
5 1. o < Fl g i [t
i B I \
o
© 0.75f @
=
€ 0.50
§ & L
g g il : :
0.25 T ‘HE&K : :
‘He iH6 Hy ;HB

3250 3500 3750 4000 4250 4500 4750 5000 5250
Rest-frame Wavelength (4)

Figure 3. Stack of all post-starburst galaxies in the SQuIGGZE sample. The
black line shows the median stacked spectrum; the gray shaded region indicates
the 16th—84th percentile range of all spectra. SQUIGGLE galaxies have strong
Balmer breaks, blue slopes redward of the break, deep Balmer absorption lines,
and typically weak or absent [O 1I] and [O III] emission lines.
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Figure 4. H6, as a function of D,4000 for all SQuIGGEE galaxies (black
points). A characteristic error bar for SQuIGGZE galaxies is shown in the
lower left. Age increases toward the lower right of the diagram. The
distribution of galaxies with similar stellar mass and redshift from the LEGA-C
survey is shown by the shaded purple background. Our selection has clearly
resulted in a sample of galaxies with high Hé equivalent widths and low
D, 4000 indices, despite not explicitly selecting on these parameters.

forming and quiescent galaxies from the Large Early Galaxy
Census (LEGA-C) spectroscopic survey (van der Wel et al.
2016) with 0.5<z<1 and logMy/M; > 10.7. These mass
and redshift ranges roughly match those of SQuIGGLE, though
LEGA-C’s relatively small area means that it lacks the highest
stellar masses found in SQuIGGZE.

Despite the fact that we do not explicitly select post-starburst
galaxies using either of these two indices (unlike some post-
starburst galaxy selection techniques, which use an Hd, cut),
we see that SQUIGGLE galaxies are clustered at high Ho, and
low D,4000. This result confirms that the galaxies in the
SQuUIGGLE sample are indeed fairly young. We again see that
SQuUIGGLE galaxies lie in a relatively extreme region of
parameter space compared to the overall galaxy population.
These extreme Hé, and D,4000 values hint at the fact that
SQuIGGLE galaxies have distinct SFHs from the majority of
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Table 1
Basic Properties of SQUIGGLE Post-starburst Galaxies

SDSS ID R.A. (deg) Decl. (deg) Zspec Ho, (A) D, 4000 oy (km s™)? Aperture Correction
spec-6137-56270-0195 353.79039 16.10073 0.7473 7.86 £ 0.51 1.21 +£0.02 186 £ 52 1.50
spec-0978-52431-0077 260.01290 30.28743 0.6840 9.45 £0.33 1.25 £0.01 223 +£42 1.07
spec-5192-56066-0419 238.72249 38.33752 0.7237 7.49 £ 0.62 1.41 £0.03 222 +123 1.21
spec-5288-55865-0858 132.07321 13.07628 0.5233 8.53 +£0.47 1.29 £0.02 211 £53 0.95
spec-4575-55590-0605 144.35677 36.50522 0.6206 8.11£043 1.40 £+ 0.02 167 £20 1.39
spec-3817-55277-0279 135.90519 3.81953 0.7570 4.54 +£0.50 1.45 £ 0.02 261 + 46 1.47
spec-5140-55836-0177 21.74532 14.35716 0.6946 7.87 £0.53 1.36 £0.02 164 +43 1.35
spec-1630-54476-0502 53.22548 —6.20368 0.5715 5.02 £0.39 1.40 £ 0.02 239 £33 1.29
spec-3754-55488-0041 120.22957 32.94343 0.7037 5.26 £ 0.65 1.51 £0.03 265 + 62 1.64
spec-6649-56364-0311 166.58688 45.04543 0.6391 6.53 + 0.59 1.42 £+ 0.03 191 £35 1.72
spec-5048-56218-0165 337.14303 10.75239 0.6671 7.82 £0.71 1.40 £0.03 129 £ 65 1.57
spec-6054-56089-0547 225.25613 42.77234 0.6094 5.58 £0.39 1.40 £0.02 234 £ 28 1.45
spec-4403-55536-0765 27.85715 6.27124 0.6698 5.28 £ 0.64 1.31 £0.02 232 + 50 1.72
spec-6032-56067-0159 236.68717 45.81196 0.6819 8.75 £0.63 1.33 £ 0.03 205 + 64 1.26
spec-6639-56385-0597 177.92877 43.34649 0.7691 7.64 +0.73 1.36 + 0.02 229 +£47 1.58
spec-4013-55629-0073 228.42489 2.08515 0.7409 592 4052 1.39 £ 0.02 146 + 40 1.48
spec-5993-56070-0251 199.47152 22.03277 0.7208 7.73 £0.44 1.31 £0.02 218 £ 57 1.68
spec-5014-55717-0745 257.42214 27.66418 0.6926 8.97 + 0.69 1.46 £0.03 175 £52 1.35
spec-5291-55947-0601 132.52735 11.19210 0.6111 6.98 £ 0.57 1.25 £0.02 288 £ 21 1.35

222.19133 10.16960 7.28 +£0.34 1.32 £ 0.01 209 + 30 1.71

spec-5475-56011-0379 0.6462

Note.
% From the Penalized Pixel-Fitting (pPXF)fits described in Greene et al. (2020).

(This table is available in its entirety in machine-readable form.)

galaxies at similar redshifts and stellar masses; we will explore
this in greater detail in Section 3.

Table 1 lists the basic properties of the post-starburst
galaxies identified by SQUIGGLE.

2.1. Why Were These Galaxies Targeted by SDSS?

Here, we examine the target flags of the selected SQuUIGGLE
galaxies to understand why they were included in the SDSS
spectroscopic sample. The vast majority of SQuIGGEE
galaxies—1132 out of 1318, ~82%—are part of the main
constant mass (“CMASS”) Baryon Oscillation Spectroscopic
Survey (BOSS) sample (Dawson et al. 2013). The CMASS
selection used color-magnitude cuts designed to target massive
galaxies at 0.4 < z<0.7. An additional 11 galaxies are part of
the sparse CMASS sample, which includes fainter and bluer
galaxies than the main CMASS sample. Sixty-four galaxies are
part of the “commissioning” CMASS sample, which used
slightly different color cuts than the final CMASS survey. The
remaining 111 post-starburst galaxies were targeted as part of
24 different programs within SDSS. The majority of these 111
galaxies were selected as BOSS ancillary targets because their
ugriz or Wide-field Infrared Survey Explorer (WISE) colors
resembled those of high-redshift quasars or luminous red
galaxies. Several others were selected because they had
matches in the Chandra Source Catalog (Evans et al. 2010)
or the Faint Images of the Radio Sky at 20-cenTimeters radio
survey (FIRST; Becker et al. 1995, see also Greene et al. 2020).
Galaxies with non-CMASS target flags tend to be slightly
brighter and lie at lower redshifts than the median of the full
SQuIGGLE sample.

2.2. Understanding Our Sample Selection: How Do Physical
Parameters Map onto U, —B,, and B,, —V, Colors?

In order to understand the types of galaxies that fall into our
color-based selection method, we generate a set of mock
SDSS-like spectra then map their physical properties onto UBV
color space. We generate these mock galaxy spectra using
FSPS (Conroy et al. 2009; Conroy & Gunn 2010) assuming a
Chabrier (2003) IMF, the Calzetti et al. (2000) dust law, a total
stellar mass of 10''* M., and a velocity dispersion of
200 km s~ . We vary the dust attenuation (0 < A,/mag < 2.5),
the metallicity (0 < logZ/Z; < 0.5), and the spectral S/N
(10%-90% noise levels of our observed SQuIGGEE spectra).
We model the SFHs of the mock galaxies as a delayed 7
component plus a recent top-hat burst; we vary the mass
fraction in the recent burst (10% < fourst < 99%), the duration
of the recent burst (100 < fyurs/Myr < 600), the time since
quenching (0.05 <7,/Gyr < 1.0), and the SFR after quenching
(e.g., the amount of “frosting”, 1073 < SFRq/M@ yrfl < 30).
We explain the generation of these mock spectra in more detail
in a forthcoming paper, Suess et al. (2021, in preparation),
which examines the best methods to recover accurate SFHs for
post-starburst galaxies.

We generate 5000 mock galaxy spectra, then run our color-
based selection algorithm (Section 2) on the set of mock
spectra. 1821 of the 5000 mock galaxies are classified as post-
starburst by our sample selection criteria. Figure 5 shows
U,, — B,, versus B,, — V,, for all 5000 mock spectra. Each panel
is colored by a different physical parameter, and our post-
starburst color cuts are shown by the solid black lines. While
Joursts 15> A, and SFR, show clear gradients across UBV space,
neither metallicity nor the length of the recent burst exhibit
coherent trends. This indicates that our sample selection does
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Figure 5. U,, — B,, vs. B,, — V,, colors for 5000 synthetic spectra generated with FSPS. The black lines show our color-based post-starburst galaxy sample selection.
Each panel is colored by one of the parameters we vary to create the grid of synthetic spectra. U,, — B, and B,, — V,, are sensitive to changes in burst mass fraction,
time since quenching, dust extinction, and current SFR; however, the colors are not sensitive to metallicity or the timescale of the older burst of star formation.
Galaxies that fall into our post-starburst galaxy selection tend to have high fi. low #,, low A,, and relatively low SFR.

not prefer galaxies of a specific . Or metallicity. However,
the galaxies that we select as post-starburst tend to have high
Joursts 1ow 7, and relatively low A, and SFR,. This indicates
that our sample selection algorithm is sensitive to relatively
dust-free galaxies that recently quenched after a large starburst
—exactly the types of galaxies we were attempting to target.

We also briefly explore correlations between these para-
meters. Figure 6 shows time since quenching as a function of
burst mass fraction for the mock galaxies which are classified
as post-starburst by our selection algorithm. The blue contours
show relatively dust-free mock post-starburst galaxies, and the
red contours show the dusty mock post-starburst galaxies.
Relatively dust-free post-starburst galaxies can be found at a
range of 7, and fi.s values. However, dusty galaxies are only
classified as post-starburst if they quenched very recently,
within the past ~200 Myr. We can therefore expect that, while
the majority of galaxies in the SQuIGGZE sample are likely
not highly dust-obscured, some especially young dusty galaxies
may be included in the sample. We do not find a significant
difference in the #, and fi,s values of low- and high-SFR mock
post-starburst galaxies.

3. Extracting Star Formation Histories via Spectral Energy
Distribution Fitting

In this section, we use the Prospector stellar population
synthesis fitting code (Johnson & Leja 2017; Leja et al. 2017;
Johnson et al. 2021) to investigate the stellar masses, dust
properties, metallicities, SFRs, and SFHs of galaxies in the
SQuIGGLE sample.

Robust SFHs provide a wealth of information, allowing us to
investigate how long these galaxies have been quenched (z,), the
fraction of their mass that was formed in the recent burst (fyurso)s
and the timescale of both the recent burst and the quenching
process. However, traditional “parametric” SFH models that
depend on just a few parameters impose strong priors on specific
star formation rates (SSFRs) and mass-weighted ages, and results
from these parametric fits may not accurately reflect the true
mass assembly histories of galaxies (e.g., Carnall et al. 2019).
Previous studies have worked to mitigate these biases by
modeling post-starburst SFHs as the sum of two parametric
components, one for the recent burst and one for the older stellar
population (e.g., Kaviraj et al. 2007; French et al. 2018; Wild
et al. 2020). While this approach improves on traditional
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Figure 6. Time since quenching as a function of burst mass fraction for mock
post-starburst galaxies that fall within our selection, split into more dusty (red,
A, > 1.0 mag) and less obscured (blue, A, < 1.0 mag) galaxies. Our sample
tends to select post-starburst galaxies with relatively high fiu and low .
Dusty galaxies only fall in our sample if they quenched very recently.

parametric approaches by allowing the mass fraction in the
recent burst to vary, it still explicitly imposes a specific shape for
the recent burst and may thus bias results. Here, we use a
“nonparametric” form for the SFH, which allows for arbitrary
SFR in adjacent time bins. This approach introduces a larger
number of free parameters into the fit in exchange for allowing
more flexibility and freedom in the derived SFH. These
nonparametric SFHs have been shown to more accurately
recover galaxy properties such as stellar mass (e.g., Lower et al.
2020). Here, we develop and use a nonparametric model
specifically tuned to recover the SFHs of post-starburst galaxies.
With these fits, we allow for full flexibility in the burst shape,
burst duration, burst mass fraction, and quenching timescale of
SQuIGGZE post-starburst galaxies.

3.1. SED Fitting Setup

We fit the spectral energy distributions (SEDs) of all
SQuUIGGLE galaxies using the Prospector stellar popula-
tion synthesis fitting software (Johnson & Leja 2017; Leja et al.
2017; Johnson et al. 2021). We use the dynesty dynamic
nested sampling package (Speagle 2020), the FSPS stellar
population synthesis models (Conroy et al. 2009; Conroy &
Gunn 2010), the MILES spectral library (Sdnchez-Blazquez
et al. 2006; Falcon-Barroso et al. 2011), and the MIST
isochrones (Choi et al. 2016; Dotter 2016; based on MESA,
Paxton et al. 2011, 2013, 2015). We assume the Chabrier
(2003) IMF, fix the model redshift to the SDSS spectroscopic
redshift, and add nebular emission to the spectra using the
default fixed parameters in Prospector (see Byler et al.
2017). We fit for stellar mass and metallicity using the mass—
metallicity prior described in Leja et al. (2019b). We also fit for
the velocity dispersion of the SDSS spectra, using a Gaussian
prior with the mean and o of the output pPXF (Cappellari 2017)
velocity dispersion fits (see Greene et al. 2020). We assume the
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Kriek & Conroy (2013) dust law, with a free A, and dust index;
in this dust law, the bump strength is tied to the slope.
Following, e.g., Wild et al. (2020), we assume that the
attenuation is doubled around young (<10 yr) stars. We fix the
shape of the IR SED following the Draine & Li (2007) dust
emission templates, with Uy, = 1.0, 7, =0.01, and gpay =
2.0. We also include both a spectroscopic jitter term and the
Prospector pixel outlier model, which are designed to
prevent misestimated spectroscopic uncertainties or bad
spectral pixels from skewing the output.

Our adopted SFH is a modified version of the flexible
continuity prior from Leja et al. (2019a), and is illustrated in
Figure 7. The SFH includes three fixed-edge time bins at the
beginning of the universe, five flexible-edge time bins covering
the 2 Gyr before observation, and a final bin where we fit for
both the bin length and the SFR. All five of the flexible-edge
bins form an equal stellar mass, and the edges of the flexible
bins are adjusted at each likelihood call based on the log(SFR)
ratio between adjacent bins; this parameterization is described
in detail in Leja et al. (2019b). The SFH thus has nine free
parameters: eight log(SFR) ratios, plus the width of the final
time bin. Following Leja et al. (2019b), we place Student-t
priors on the log(SFR) ratio between adjacent time bins. We
center the priors such that they follow the predicted SFH for a
massive quiescent galaxy at a similar redshift from Universe-
Machine (Behroozi et al. 2019). This prior is more physically
motivated than a prior centered at zero, which would imply that
galaxies form stars at a constant rate across time. A
forthcoming paper, Suess et al. (2021, in preparation),
describes this SFH model in more detail and presents mock
recovery tests and comparisons with multiple other SFH
parameterizations. The SFH we use here was designed to use a
relatively small number of parameters to capture both a recent
burst of arbitrary mass fraction and length, a variable
quenching timescale, and a variable amount of residual star
formation after the burst ends. Sue§s et al. (2021, in
preparation) shows that for SQuIGGLE-like galaxies, this
fitting methodology recovers ¢, with just 0.06 dex of scatter and
Jourst With 0.12 dex of scatter.

We define a “burst” for each galaxy based on the output SFH.
We interpolate the SFH to a uniform 1Myr timescale, then
define the burst start and end as the time when the time
derivative of the SFH rises above and drops below a threshold
value. This threshold is the same for all galaxies in the sample,
and was tuned by visual examination of representative SFHs. In
addition to basic quantities such as stellar mass and A,, we also
report several quantities derived from this burst. We define 7, as
the time when the recent starburst ended based on our SFH
derivative threshold; this quantity tells us how long the galaxy
has been quenched. We also define iy, to be the stellar mass
formed in the burst, and f;,, to be the fraction of the total stellar
mass formed during the burst. Suess et al. (2021, in preparation)
describes these definitions in more detail, and explores several
alternate definitions of #, including the sSFR-based definitions
used by Tacchella et al. (2021). While the exact numerical value
of t, depends on the definition used, in general different
definitions produce quantitatively similar results.

3.1.1. Data Included in the SED Fits

We fit the Prospector model described above jointly to
both photometry and spectroscopy. We include the SDSS ugriz
photometry and the WISE 3.4 and 4.6 um photometric points.
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Figure 7. Graphical representation of the SFH model used in this work. The model consists of three parts: the oldest section contains three bins with variable SFR but
fixed edges, the middle section contains five bins with variable edges, and the most recent portion is modeled as a single bin with free width and SFR. Purple lines with
arrows are used to indicate quantities that are allowed to vary; black lines indicate fixed quantities.

However, we do not include the WISE 12 and 24 ym
photometry in our fit. Alatalo et al. (2017) shows that post-
starburst galaxies in the local universe have complex and
unusual mid-infrared properties: the WISE photometry of these
galaxies cannot be reproduced by starlight alone, but appears to
be significantly influenced by emission from active galactic
nuclei (AGN), polycyclic aromatic hydrocarbon (PAH) fea-
tures, and/or asymptotic giant branch (AGB) dust. Due to the
complex and still poorly understood nature of this part of the
spectrum, in particular for post-starburst galaxies, the mid-IR
data points will not help constrain the properties we aim to
address in this paper. We ensured that excluding these points
did not bias our recovered SFRs: for a randomly selected
subsample of ~100 galaxies, there was no significant
difference in the median SFR in fits where we included or
excluded the WISE 12 pum and 24 ym photometry. Further
analysis of the mid-IR data points are beyond the scope of this
paper and will be subject to a future investigation. We discuss
the WISE properties of our sample further in Section 3.3.

In addition to seven-band photometry, we fit the SDSS
spectrum of each galaxy. We aperture-correct the spectrum
using the observed SDSS photometry in the gri bands. We note
that at z ~ 0.7, the diameter of the SDSS/BOSS fiber is larger
than the effective radius of these compact post-starburst
galaxies, and thus the SDSS spectrum includes the majority
of the light from each galaxy; our median aperture correction is
a factor of 1.3. Maltby et al. (2018), Suess et al. (2020), and
Setton et al. (2020) find that post-starburst galaxies have flat
color gradients across similar spatial scales as the SDSS fiber,
indicating that the aperture-corrected SDSS spectra are likely
accurate reflections of the total integrated stellar light from
these galaxies. .

In our fits, we mask all spectral pixels within 50 A of the
3727 A [O 1] line, or within 100 A of the 5007 A [O 1iI]line.
Previous studies have found that [OII] emission in post-
starburst galaxies is primarily caused by LINER or AGN
activity (e.g., Yan et al. 2006; Lemaux et al. 2010). Greene
et al. (2020) showed that some SQuIGGZE galaxies have
extreme [O III] equivalent widths, again due to the presence of
AGN. Because it is currently not possible to model the AGN
contribution to these forbidden lines in Prospector, we
mask them in our fits. Unobscured AGN are too blue to fall into

our color-based selection algorithm (Section 2). While Greene
et al. (2020) does find an elevated occurrence rate of obscured
AGN in our sample, the continuum emission of all but the very
most luminous obscured AGN is dominated by galaxy light.
Masking [O11] and [O 1I] thus ensures that our fitting results
are not dominated by AGN emission.

3.2. SED Fitting Results

Here, we show the results of our SED fitting to the full
SQUIGGLE sample. Best-fit SED fitting parameters for all
galaxies are listed in Table 2. Figure 8 shows example
Prospector fits to three galaxies in SQuIGGLE. The upper-
left panel shows the observed and best-fit SDSS and WISE
photometry. The upper-right panel shows the observed SDSS
spectrum and the best-fit stellar population model. The lower-
left panel shows the derived SFH. As an alternate way of
viewing the SFH, the lower-right panel shows the cumulative
mass fraction formed as a function of time. The shaded vertical
blue region in the third and fourth columns marks the recent
starburst (using the derivative-based method described in detail
in Suess et al. 2021, in preparation). This figure illustrates that
our data and modeling framework are able to place strong
constraints on the SFH for each galaxy.

Figure 9 shows histograms of derived properties for the full
SQuIGGLE sample. These fits confirm that SQuIGGLE
galaxies are massive; nearly all galaxies in the sample have
M, > 10'"" M_. This is not unexpected: these z > 0.5 galaxies
had to be bright enough to be targeted spectroscopically by
SDSS and meet our S/N > 6 criterion. While lower-mass post-
starburst galaxies may exist at z~ 0.7, they would not be
included in our sample; SQUIGGLE was designed to select
bright, massive, and burst-dominated galaxies that can serve as
testbeds for the fast quenching process. SQuIGGZE galaxies
are likely the most extreme examples of what may be a much
larger population of quenching galaxies. We also see that—as
expected—the majority of SQUIGGLE galaxies are relatively
dust-free, with a median A, ~ 0.3 mag. Very dusty post-
starburst galaxies are generally too red to fall into our color-
based sample selection (Section 2; Figure 6). The best-fit
metallicities tend to be slightly supersolar, as expected for
massive galaxies according to the Gallazzi et al. (2005) mass—
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Table 2
Prospector Spectral Energy Distribution (SED) Fitting Results for SQUIGGLE Post-starburst Galaxies

SDSS ID log My/M,, logZ/Z, A, (mag)* dust index* t, (Myr) Sourst

spec-6137-56270-0195 11407597 0.5550% 0.86704%3 0.2073% 106737 0.36303¢
spec-0978-52431-0077 1131559 0.20+332 0.443091 —0.007313 16512, 0.42709]
spec-5192-56066-0419 11.44%9% —0.02+419 0.341097 —0.6919% 495+123 0517938
spec-5288-55865-0858 11.0579% 0.281049 0.58+19 —0.21%917 18373} 0.38+012
spec-4575-55590-0605 11305004 0.0610:98 0.37709; —0.03708 480188, 0.415043
spec-3817-55277-0279 1159799 —0.28+39 0.17+5%3 —0.71°9% 715434 0.9870%
spec-5140-55836-0177 11234594 0244018 023903 —0.45%939 21744 0.70:013
spec-1630-54476-0502 11.56+5% 0.12+29 0.35+99¢ 0.227013 5514 0.1519%
spec-3754-55488-0041 11.547993 0215919 0.1575%7 —0.48+042 358719 0.163043
spec-6649-56364-0311 11.47+9:0 —0.017018 0.1749%3 —0.447534 3524113 0.23+9:38
spec-5048-56218-0165 11.53+534 0.03908 0.525397 —0.4470% 27153%° 0.32:017
spec-6054-56089-0547 11.6515%2 0.7159% 0.14+30 —0.1840% 94733 0.1970%
spec-4403-55536-0765 11.5075% 0.1543:43 1.24%9% 0.1179% 38720 0.567913
spec-6032-56067-0159 111653 0.37:03 0.28+98 —0.3379%% 14773 0.3250 04
spec-6639-56385-0597 11.5450:%2 0.00+5:42 0.1475% —0.7540% 15974 0.47103
spec-4013-55629-0073 11.4879% 0.15+31 0.08+3:98 —0217% 15077 0.327939
spec-5993-56070-0251 11.46%99¢ 0241013 030413 —0.401932 130438 0.3359%
spec-5014-55717-0745 11.32997 0.0410:14 0.541913 0.13+0. 1951179 0437433
spec-5291-55947-0601 11.307549 0.1375%8 0.264392 —0.3840% 4753 0.447049

spec-5475-56011-0379 11.6073% 0.05+9:92

0.37+0:58 —0.347318 76138 0.33+91

Note.
4 Assuming the Kriek et al. (2010) dust law.

(This table is available in its entirety in machine-readable form.)

metallicity prior we used in the fits. We see a wide range of
dust indices, roughly spanning the prior range allowed in our
fits. This is likely because our data have relatively little
leverage on this parameter due to our short wavelength range
and lack of UV and IR data. These massive galaxies have
relatively high velocity dispersions, o~200 km s~ ', as
expected from the pPXF results we used as a prior (Greene
et al. 2020).

3.2.1. SED SFRs

Next, we use the Prospector fitting results to investigate
where the SQUIGGLE sample lies in relation to the star-
forming main sequence: is star formation truly suppressed in
these post-starburst galaxies? SED-based SFRs are notoriously
tricky to calculate, and depend sensitively on the assumed SFH
(e.g., Lee et al. 2009, 2010; Maraston et al. 2010; Wuyts et al.
2011). It is therefore essential that we test our SFH model and
fitting framework before relying on SED SFRs. A forthcoming
paper, Suess et al. (2021, in preparation), fits the mock galaxies
described in Section 2.2 and investigates how well the output
SFHs capture the ongoing SFRs of the mock post-starburst
galaxies. We find that SFRs above 1 M. yr = are slightly
underestimated (<0.1 dex median offset) but generally recov-
ered well, with ~0.15 dex of scatter. However, below
1 M., yr~", the data do not have significant constraining power
on the SFR. Given the high stellar masses of our galaxies, this
limit corresponds to very low sSFRs of 510_11 yr~'. Higher-
quality spectra and/or additional wavelength coverage would
likely be required to recover lower levels of ongoing star
formation.

Figure 10 shows the derived SFRs as a function of stellar
mass for all galaxies in the SQUIGGLE sample. The shaded

blue bar indicates the star-forming main sequence from
Whitaker et al. (2012b). The dashed black line shows the
reliability limit of our SFR measurements. The median SFR of
the SQuIGGZE galaxies is below our detectability threshold:
the majority of SQuIGGZE galaxies have 1 M., yr~' or less of
ongoing star formation. This is more than an order-of-
magnitude offset from the star-forming main sequence, which
lies at ~40 M. yr ' at this mass and redshift. While several
galaxies in our sample do have higher ongoing SFRs, these
galaxies are rare: just ~2% of SQUIGGLE galaxies have SFRs
on or above the star-forming main sequence.

We note that these SFRs are based on photometry with
Arest S 12 pum, and thus we cannot exclude the possibility that
these objects host some amount of additional star formation
that is fully obscured by dust. This would require optically
thick dust: otherwise, dusty star-forming galaxies have
B,, —V,, colors that are too red to fall into our selection
algorithm. Observations at rest-frame infrared or longer
wavelengths, such as those described in Section 6, are required
to fully rule out higher obscured SFRs (additionally see, e.g.,
Alatalo et al. 2017 and Smercina et al. 2018 for a discussion of
the mid- and far-infrared properties of K+A galaxies). While in
Section 3.3 we show that most of our sample is undetected in
W4, these upper limits do not allow us to eliminate the
possibility that some SQuIGGLE galaxies could be highly
dust-obscured star-formers.

3.2.2. Properties of the Recent Burst

The flexibility of our SFH model allows us to characterize
the recent starburst. As described in detail in Section 3.1, we
define the burst start and end based on the time derivative of the
output SFH. Our modeling framework is able to accurately
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Figure 8. Three example fits using our Prospector model, chosen to roughly span the observed range in #, and fy. The fits are ordered by increasing ¢,. The
upper-left panel shows the observed (black cross) and best-fit (red point) SDSS and WISE photometry. The upper-right panel shows the observed spectrum (gray), a 7
pixel median boxcar smoothed version of the observed spectrum (black), and the best-fit spectrum (red). The lower-left panel shows the derived SFH and its 16th—84th
percentile confidence interval; the blue shaded region represents the “burst” defined using a derivative-based threshhold described in the text. The lower-right panel
shows the cumulative fraction of the mass formed over time; again, the burst is shaded in blue.

infer the end time of the recent burst (z,) with a scatter of just
0.06 dex, as demonstrated in Suess et al. (2021, in preparation).
We are also able to place conservative limits on the mass
fraction formed in the recent burst: while our recovered mass
fractions tend to saturate at ~60%, we are able to recover lower

10

burst mass fractions with high fidelity (scatter ~0.1 dex). This
saturation is likely due to the fact that our prior assumes that the
SFH follows the average UniverseMachine SFH of a massive
quiescent galaxy (Behroozi et al. 2019). This effectively asserts
that these quenched galaxies likely formed a significant amount
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Figure 9. Histograms of recovered properties from SED fitting. The median
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; our
spectra and fitting methods cannot distinguish between lower levels of ongoing
star formation. Galaxies in SQuIGGZE are quenched, with the majority of
galaxies lying more than an order of magnitude below the main sequence. Just
2% of post-starburst galaxies in our color-selected sample have SFRs on or
above the main sequence.

of their mass at early times. This choice allows our model to
effectively “hide” a large number of old, red stars under a large
recent burst, disfavoring extremely high burst mass fractions.

Figure 11 shows the time since quenching (z,) as a function
of the burst mass fraction (fyus). These SED fitting results
allow us to confirm that SQuIGGLE galaxies recently
quenched a major epoch of star formation. The quenching
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Figure 11. Burst mass fraction vs. time since quenching for all SQUIGGLE
galaxies; histograms show the marginal distribution of each parameter. The
point in the lower right shows a typical error bar; we note that the error on fy,
is typically asymmetric, with a higher tail toward high burst mass fractions.
SQUIGGLE galaxies have a wide range of burst mass fractions and quenching
timescales. However, galaxies that quenched longer ago are only included in
our sample if they also have high burst mass fractions; galaxies with high ¢, and
low fourse are likely too red to satisfy our color-based selection criteria.

0 200

timescale distribution peaks at ~175 Myr, with a tail toward
longer quenching times. Galaxies that quenched >400 Myr ago
make up just 9% of the SQuUIGGLE sample. As expected based
on their spectral shapes (Figure 3), our post-starburst sample
does not include any galaxies that quenched more than a
gigayear before observation. We find that galaxies with large #,
values are included in our sample only if they also have
relatively high fou values (as expected from Figure 6). The
16th—84th percentile range on our inferred 7, values is
~80-350 Myr, which corresponds to the main-sequence life-
times of ~4-7 M, stars. Thus, ~7 M, stars are generally the
most massive stars we expect to be alive in SQuUIGGLE
galaxies. This stellar mass corresponds roughly to the B4V
classification, which is the boundary where stellar spectra begin
to show very deep Balmer lines and strong Balmer breaks—
exactly the spectral shapes we selected for. Our shortest
recovered 7, values are thus consistent with the main-sequence
lifetimes of the highest-mass stars we would expect to find in
these galaxies.

Figure 11 also illustrates that, while SQuIGGI:'E galaxies
have a large range in burst mass fractions, in general these
galaxies recently concluded a major burst. More than 75% of
SQuIGGiE galaxies formed at least a quarter of their total
stellar mass during the recent burst, and 20% of SQuUIGGLE
galaxies formed more than half of their total stellar mass in the
recent burst. Despite our relatively conservative priors on burst
mass fraction, we find that SQUIGGLE galaxies appear to be
much more burst-dominated than local post-starburst galaxies;
French et al. (2018) found that z ~ 0 post-starburst galaxies
often formed just ~10%—15% of their mass during the recent
starburst. By going to intermediate redshift, we were able to
identify the tail end of the peak quenching era at cosmic noon.
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Figure 12. Predicted vs. observed WISE fluxes. Non-detections are indicated with blue triangles. While both W1 (3.4 um) and W2 (4.6 pum) are well-predicted by our
Prospector modeling, we find that SQUIGGLE galaxies detected in the W3 (12 ym) and W4 (22 pm) bands tend to have much higher fluxes than predicted.

3.3. SQuIGGZE Galaxies Have Anomalous Mid-infrared
Properties

In the local universe, several studies have found that post-
starburst galaxies have unusual mid-infrared properties. Alatalo
et al. (2017) showed that z < 0.3 post-starburst galaxies have
strong infrared emission, shallow [3.4]-[4.6] colors, and flat or
rising slopes at [12]-[22]. These properties are unlikely to be
produced through star formation alone, and indicate the
presence of AGN, strong PAH features, and/or significant
contributions from dust-enshrouded AGB stars. Smercina et al.
(2018) showed that z ~ 0 post-starburst galaxies exhibit high
PAH abundances and very strong PAH features as well as large
reservoirs of warm dust indicating atypical radiation fields.
These features are unusual for either star-forming or quiescent
galaxies, and indicate that a “standard” SED fitting setup is
unlikely to accurately reproduce the mid-infrared properties of
post-starburst galaxies.

These results lead us to question whether the post-starburst
galaxies in SQuIGGZE may have unusually high WISE fluxes
or anomalous WISE colors. Because the exact nature of the
processes contributing to this mid-IR flux is uncertain, we did
not include the WISE 12 ym (W3) or 22 ym (W4) photometry
in our SED fitting. Here, we test whether the predicted WISE
photometry from our Prospector modeling matches the
observed data points. .

We first carefully flag which SQuUIGGLE galaxies are
detected in the W3 and W4 bands. We consider all W3 and W4
measurements >30 to be detections. Because W1 and W2 are
both significantly more sensitive than W3 /W4 and have much
better characterized PSFs, we then use the positions of W1 and
W2 sources to confirm lower-S/N W3 and W4 sources. We
consider W3 and W4 measurements at >1.70 (>90%
confidence) to be detections if they correspond to a W1/W2
source detected at >2.50. While individually these lower-S/N
sources would not be formal detections, the combination of
multiple bands of WISE imaging results in a robust >3c
identification of a source, albeit with large uncertainties on the
individual WISE fluxes. For all sources that do not meet these
criteria, we set robust 30 upper limits on the W3 and W4 flux
based on the measured bacljground in the WISE bands. In total,
we find that 511 SQuIGGLE galaxies are detected in W3 and
176 are detected in W4.

Figure 12 shows the WISE fluxes predicted from our
Prospector modeling as a function of the observed WISE
fluxes. The left two panels show W1 (3.4 um) and W2
(4.6 pm), both of which are included in our Prospector fits;
the right two panels show W3 (12 um) and W4 (22 pm), which
are not included in our fitting. The dashed red line in each panel
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shows the one-to-one relation. We find that the observed W1
and W2 values are well-matched by our fits, with a <0.005 dex
offset in W1 and a 0.03 dex offset in W2. However, the fluxes
of SQUIGGLE galaxies that are detected in W3 and W4 tend to
be significantly underpredicted by our modeling. In W3,
detected galaxies have fluxes ~0.4dex higher than our
predictions; for W4 detections, the observations are ~0.8 dex
higher than the predictions. We note that including the W3 and
W4 data points in our modeling does not resolve these offsets,
indicating that the mid-infrared properties of these galaxies
cannot be captured by our modeling framework. Understanding
the nature of this excess mid-infrared flux is beyond the scope
of this work, and will be studied in future SQUIGGLE papers.

4. SFRs from Lines

In this section, we compare the SFRs obtained by our SED
fitting (Figure 10) with several alternate techniques for
estimating SFRs based on optical lines; our goal here is to
compare our Prospector SFRs with other SFR indicators
commonly used in the literature. Two spectral features in the
SDSS wavelength regime—Hg and [O I1]JA3727—are often
used as SFR indicators. Both of these lines are imperfect SFR
indicators for post-starburst galaxies. First, due to the strong
A-star signatures of our post-starburst galaxies (Figure 3), we
typically see H3 in absorption, not emission. While jointly
modeling the continuum absorption along with the line
emission can provide estimates of how much HS emission is
filling in the absorption line, these line flux measurements are
extremely difficult for massive galaxies with broad lines.
Second, LINER emission can contribute to both [O II] and HS3
line flux; previous studies have found that this LINER emission
is common in post-starburst galaxies (e.g., Lemaux et al. 2010;
Kocevski et al. 2011; French et al. 2015). Shocks could also
contribute to the ionized emission from galaxies, including
[O1] (e.g., Alatalo et al. 2016; Maddox 2018). In this case,
[O1] and HG SFRs should be treated as upper limits, as in
French et al. (2015): star formation is not the only contributor
to the measured line flux. However, both HG and [O1I] are
affected by dust. The SDSS spectra do not cover the Ha
regime, and thus our best estimate of the dust attenuation in
these galaxies comes from our SED fitting. If these dust values
are underestimated, the SFR values should be considered lower
limits. The competing effects of dust and LINER emission thus
make it unclear whether H3 and [O IT] SFRs should be treated
as upper or lower limits for post-starburst galaxies: the answer
likely depends on the individual galaxy. For this reason—Ilike
Belli et al. (2021)—we conclude that the SED SFRs are more
reliable than line-based SFRs for post-starburst galaxies.
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Figure 13. Comparison of SFR measured directly from both the H3 and [O 11]
lines with the Prospector SFRs described in Section 3. There is significant
scatter in both line measurements at the low-SFR end. Toward high SFRs, the
[O 11] SFRs are offset slightly higher than the Prospector SFRs, likely due
to LINER contributions; the H3 SFRs are offset lower than the Prospec—
tor SFRs.

Nonetheless, here we compute both HG and [O11] SFRs to
serve as a comparison point for the Prospector SFRs
calculated in Section 3.

We adopt HQ line flux measurements from Greene et al.
(2020), who used the public Penalized Pixel-Fitting code pPXF
(Cappellari & Emsellem 2004) to fit the stellar continuum as
well as HB and [O Il]emission lines. We assume an intrinsic
line ratio of Hay/HB = 2.86 to estimate the Ho flux. We correct
these fluxes for dust using the Prospector dustindex and A,
values. Again, our fitting assumes that lines (including Ho and
Hp) are twice as attenuated as the stellar continuum. We then
use the Kennicutt (1998b) conversion, adjusted to a Chabrier
(2003) IMF, to estimate the SFR. We note that our
Prospector fits include the H( line, and thus this line is a
also a major contributor to the SFRs shown in Figure 10.
However, the Kennicutt (1998b) conversion assumes solar
metallicity and a constant SFH, whereas the Prospector
SFRs takes into account the metallicity and SFH.

To calculate [O 1] SFRs, we measure the aperture-corrected
flux from the [O1I] doublet by modeling the region of the
spectrum around the line with a single Gaussian centered at the
mean wavelength of the [O IT] doublet plus a straight-line fit to
the continuum. Our spectra do not resolve the [OII] doublet.
We hold the width of the Gaussian line profile fixed to the
velocity as measured by pPXF (Greene et al. 2020). Again, we
correct the measured line flux for dust extinction using the
Prospector fitting results. Finally, we used the conversion
in Kennicutt (1998b; adjusted to a Chabrier 2003 IMF) to
convert our measured line flux to an SFR. Error bars on the
SFR were obtained using 1000 bootstrap realizations of the
measured line flux.

Figure 13 shows the SFR estimated from both Hj (left) and
[Om] (right) as a function of the Prospector SFR
(Section 3). Again, our mock recovery tests indicate that
Prospector SFRs do not have significant constraining
power below 1 M. yr '. We see that, while the line-based
SFRs generally correlate with the Prospector SFRs, there is
a large amount of scatter, particularly at the low-SFR end. H(
SFRs are typically higher than Prospector SFRs at low
SFRs, likely because the HS fluxes in this regime are
dominated by spectral noise. At high SFR, H3 SFRs are offset
lower than the Prospector SFRs; this could be due to the
fact that the Prospector SFRs do not assume a constant
SFH and solar metallicity, as the Kennicutt (1998b) conversion
does. Median [OII] SFRs are offset slightly from
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Prospector SFRs at all SFRs. This difference is largest at
the lowest SFRs, likely due to an increasing fraction of [O 1]
flux originating from LINER emission. For all three SFR
indicators, only a small fraction (~2%) of SQuIGGEE galaxies
have high SFRs consistent with the star-forming main
sequence. Because of the effects of both LINER emission
and dust, we take the Prospector SFRs as the most reliable
SFR indicator available for the full SQUIGGLE sample (see
also, e.g., Belli et al. 2021). However, we note that no matter
which SFR indicator is used—Prospector, HF, or [O1I}—
the median SFR of all galaxies in the SQuUIGGLE sample is an
order of magnitude or more below the main sequence.

5. Comparison to Other Samples of PSBs

Here, we place the SQuUIGGLE sample in the context of
existing large samples of post-starburst galaxies. As discussed
in Section 2, myriad studies have selected recently quenched
galaxies across redshift by their spectral line strengths, spectral
shapes, or colors. The largest spectroscopic samples of post-
starburst galaxies come from the low-redshift universe, z < 0.2,
where large spectroscopic surveys such as the SDSS allow for
the identification of rare recently quenched galaxies (e.g.,
Zabludoff et al. 1996; Quintero et al. 2004; French et al. 2015;
Alatalo et al. 2016). While post-starburst galaxies are common
at 7221 (e.g., Whitaker et al. 2012a; Wild et al. 2016; Belli
et al. 2019), spectroscopic samples tend to be smaller due to the
difficulty of high-redshift spectroscopy. The only other large
intermediate-redshift spectroscopic sample of post-starburst
galaxies comes from Pattarakijwanich et al. (2016), who also
select from the SDSS and BOSS surveys. In Section 5.1, we
compare SQUIGGLE to lower- and higher-redshift samples; in
Section 5.2, we compare SQuIGGzE to the Pattarakijwanich
et al. (2016) sample at the same redshift.

5.1. Comparison to Post-starburst Samples across Redshift

Figure 14 shows the SQuUIGGLE sample in context of one
low-redshift (French et al. 2015) and one high-redshift (Wild
et al. 2020) sample of post-starburst galaxies. The French et al.
(2015) sample was selected by their high H6 and low Ha
equivalent widths, while the Wild et al. (2020) sample was
selected using a PCA technique. Figure 14 shows that
SQuIGGZE galaxies lie at intermediate redshift, and tend to
have higher stellar masses than many of the French et al. (2015)
or Wild et al. (2020) galaxies. The lack of low-mass galaxies in
SQuIGGLE compared to lower-redshift studies is likely a
selection effect (e.g., Malmquist bias): the galaxies our sample
must have had high mass in order to fall into the SDSS
spectroscopic sample and exceed our S/N cut. While the three
populations of post-starburst galaxies overlap significantly in
Hé - D,4000 space, the bulk of the SQuIGGLE galaxies lie at
slightly higher H64 values than the French et al. (2015) or Wild
et al. (2020) samples. Because stellar age typically increases
toward the lower right of this diagram, this indicates that
SQuIGGLE galaxies are slightly younger on average than
either of these samples. This is confirmed by SFH modeling:
both Wild et al. (2020) and French et al. (2018) found older
post-burst ages for their samples than we find in Section 3.
However, it is difficult to directly compare the inferred z,
values because each study uses a slightly different SFH
parameterization and definition of .
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Figure 14. Comparison between the SQUIGGLE sample (black) and other
samples of post-starburst galaxies, including the French et al. (2015) sample of
z~ 0 galaxies (blue) and the higher-redshift sample from Wild et al. (2020;
orange). The SQuIGGLE sample lies at high stellar mass and intermediate
redshift. The bulk of SQuIGGZE galaxies have similar D,4000 values but
slightly higher H¢ values than either the Wild et al. (2020) or French et al.
(2015) samples, indicating slightly younger stellar ages. The French et al.
(2015) and Wild et al. (2020) stacks show slightly more flux at A > 4500 A
and more symmetric Ca H and K features than the SQUIGGLE stack; these
differences likely reflect a higher fraction of older stars.

The bottom panel of Figure 14 shows a stack of the spectra
in all three samples. Both the SQuIGGLE and French et al.
(2015) stacks are created using public SDSS data. As in
Figure 3, all individual spectra are normalized using the flux
between 4150 and 4250 A. Spectra from the Wild et al. (2020)
sample come from both the UDSz ESO Large Programme (PI:
Almaini) and Maltby et al. (2016). D. Maltby et al. (2021, in
preparation) provides further details about the spectroscopic
data reduction. In addition to normalizing the Wild et al. (2020)
spectra (again, between 4150 and 4250 A), we smooth the stack
using a 9 pixel median filter past ~4300 A, where fewer than
15 spectra have wavelength coverage. We do_not show the
Wild et al. (2020) stacked spectrum past ~5150 A, where fewer
than five individual spectra have wavelength coverage.

We see two notable differences in the stacked spectra shown
in Figure 14: the depth of the absorption lines, and the spectral
shape redward of ~4400 A. The calcium H and K lines are
deep and nearly symmetric for the French et al. (2015) stack,
while they are shallower and much more asymmetric in the
SQuUIGGLE stack (because the CaH line is more significantly
contaminated by He). These spectral differences indicate that
SQuIGGLE galaxies are younger than the French et al. (2015)
galaxies. We also find that the French et al. (2015) spectra have
nearly a flat slope redward of ~4400 A, while (by construction)
the SQUIGGLE stack shows a relatively blue slope. These
differences could be caused by differences in the sample
selection technique, redshift evolution in the post-starburst
population (e.g., Whitaker et al. 2012a; Wild et al. 2016;
Rowlands et al. 2018; Belli et al. 2019) or both. The Wild et al.
(2020) stack has a slope intermediate between the French et al.
(2015) and SQuUIGGLE samples. This difference in slope
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indicates that both the French et al. (2015) and Wild et al.
(2020) samples contain galaxies with larger contributions from
old stars. For the French et al. (2015) sample, this aligns with
expectations from the SFH fitting in French et al. (2018): these
galaxies have best-fit burst mass fractions that are often <20%,
lower than the SQuIGGZE burst mass fractions shown in
Figure 11. However, Wild et al. (2020) finds burst mass
fractions that are often ~60%—§0%, above the median burst
mass fractions for the SQUIGGLE sample. This difference is
likely primarily caused by differences in the fitting methodol-
ogy and definition of “burst mass fraction” used in Wild et al.
(2020) and this paper. Furthermore, the Wild et al. (2020) stack
shown in Figure 14 is dominated by low-redshift, lower fiurs
galaxies at these longer wavelengths.

5.2. Comparison to the Pattarakijwanich et al. (2016) Sample

In Figure 15, we compare the SQuUIGGLE sample to the
Pattarakijwanich et al. (2016) sample. This study also selected
post-starburst  galaxies from SDSS spectroscopy. Unlike
SQuIGGLE, Pattarakijwanich et al. (2016) used a template-
fitting approach to find post-starburst galaxies: galaxies were fit
with a sum of both an old (“K”) component and a young (“A”)
component, then identified as post-starburst if the light-
weighted A/(A+K) ratio exceeded 0.25. Pattarakijwanich
et al. (2016) selected spectra from both the SDSS and BOSS
surveys, including galaxies with redshifts as low as z =0.05. In
Figure 15, to facilitate a direct comparison with SQuIGGZE,
we show only galaxies with z>0.5. The median stacked
spectrum of the z > 0.5 Pattarakijwanich et al. (2016) sample
has significantly more flux at longer wavelengths; again, this
indicates older stellar ages. However, the 16%—-84% confidence
interval of the Pattarakijwanich et al. (2016) encompasses a
large range of spectral slopes. The lower 16% interval
encompasses the SQuIGGEE stack, indicating that the
Pattarakijwanich et al. (2016) sample includes some post-
starburst galaxies as young as those in SQuIGGLE. This larger
median age and wider age spread is also reflected in the
H6—D,4000 values: the median value of the Pattarakijwanich
et al. (2016) sample is offset from the SQUIGGLE median, but
the distribution is broad and overlaps significantly with
SQuIGGLE.

We find that 210 post-starburst galaxies are selected both by
SQuIGGZE and Pattarakijwanich et al. (2016). These galaxies
reflect the full distribution of SQuIGGZE galaxies: they trace
the SQuIGGZE contours in H6—D,4000 space, and their
stacked spectrum is indistinguishable from the full SQuIGGEE
sample. This relatively small number of overlapping galaxies is
primarily due to the fact that Pattarakijwanich et al. (2016)
selected galaxies from SDSS DRO, whereas the SQuIGGEE
selection is performed on SDSS DRI14. Nearly half of
SQuIGGLE-identified post-starburst galaxies were observed
after DR9Y, and thus could not have been included in
Pattarakijwanich et al. (2016).

The right panel of Figure 15 shows the A/(A+K) ratio as
calculated by Pattarakijwanich et al. (2016), both for the full
Pattarakijwanich et al. (2016) sample and the galaxies selected
by both Pattarakijwanich et al. (2016) and SQuIGGZE.
SQuIGGEE galaxies have a higher median A/(A+K) ratio
than the full Pattarakijwanich et al. (2016) sample, indicating
that we are generally selecting more burst-dominated galaxies.
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Figure 15. Comparison between the SQuIGGZE sample (black) and the Pattarakijwanich et al. (2016) sample, which is also selected from the SDSS. The left panel
shows a stacked spectrum of all SQuIGGZE galaxies (black), all Pattarakijwanich et al. (2016) galaxies with z > 0.5 (green; 16%—-84% range shaded), as well as
galaxies identified as post-starburst in borh samples (blue; overlaps with black spectrum). The central panel shows the same three sets of post-starburst galaxies in HO
and D,4000, with the overlapping sample shown as blue dots. While on average the Pattarakijwanich et al. (2016) sample includes older galaxies with lower burst
mass fractions, the distribution of this sample is very broad and the 1o range just encompasses young post-starburst galaxies like those found by SQUIGGLE. The
right panel shows histograms of the A /(A+K) ratio (e.g., the light-weighted fractional contribution of A-type stars) for the full Pattarakijwanich et al. (2016) as well as
the overlap between the Pattarakijwanich et al. (2016) and SQUIGGLE samples. The galaxies selected by SQUIGGLE tend to have higher A/(A+K) ratios than the

full Pattarakijwanich et al. (2016) sample.

In summary, the SQuIGGLE sample is smaller and more
targeted than the Pattarakijwanich et al. (2016) sample:
SQuIGGLE consists of uniformly young post-starburst
galaxies with a narrow spread in Hé-D,4000 space. The
Pattarakijwanich et al. (2016) sample includes a wider range of
stellar ages, but does not include the majority of young
SQuIGGzE galaxies that were observed after DR9.

6. SQUIGGLE Science Objectives

The large sample of bright, intermediate-redshift, recently
quenched galaxies in SQUIGGLE enables a wide range of
studies into the rapid quenching process. Most of these science
cases rely on the stellar population synthesis modeling presented
in this paper in combination with other multiwavelength data
sets. SQuIGGLE is not intended to be a complete sample of
post-starburst galaxies at these redshifts: the selection function is
complex,qand not conducive to number density studies. Instead,
SQuIGGLE was designed to select the brightest, most massive,
most burst-dominated post-starburst galaxies at intermediate
redshifts. These galaxies serve as laboratories to conduct
detailed multiwavelength dives into the processes responsible
for shutting down star formation. Here, we briefly summarize the
primary science objectives of SQuUIGGLE.

6.1. Molecular Gas Reservoirs

Theoretical quenching mechanisms generally rely on pro-
cesses that remove the available fuel for star formation by
depleting, heating, or ejecting cold molecular gas reservoirs. One
of the primary science objectives of SQuUIGGLE is to directly
test this assumption. An initial Atacama Large Millimeter/
submillimeter Array (ALMA) study of the CO(2—1) emission of
two SQuIGGLE post-starburst galaxies revealed abundant gas
reservoirs despite low ongoing SFRs (Suess et al. 2017). This
result indicates that—contrary to expectations—quenching does
not require the total removal of molecular gas. Massive gas
reservoirs have also been found in local K+A galaxies (e.g.,
French et al. 2015; Rowlands et al. 2015; Alatalo et al. 2016;
Smercina et al. 2018) as well as several young quiescent galaxies
at 1 <z <1.5 (Belli et al. 2021; Williams et al. 2021). These
results have prompted theoretical studies into why star formation
is suppressed in post-starburst galaxies (e.g., Davis et al. 2019;
Salim et al. 2020).
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We are currently conducting an ALMA survey of the
molecular gas content of eleven additional SQuUIGGLE post-
starburst galaxies (Bezanson et al. 2022). This study will allow
us to test whether these abundant gas reservoirs are common
after quenching, and whether the gas fraction depends on other
galaxy properties such as time since quenching (Section 3).

These molecular gas measurements, in combination with
SFRs, will allow us to place these galaxies on the Kennicutt—
Schmidt relation and investigate how efficiently they are
forming stars (e.g., Kennicutt 1998a). As part of this work, we
are in the process of obtaining other robust estimators of the
SFR in these galaxies. In particular, we are using the Very
Large Array to investigate possible highly obscured SFRs, and
using Keck/Near-Infrared Echellette Spectrometer to calculate
Balmer decrement-corrected Haw SFRs.

6.2. Morphologies and Sizes

Some studies predict that quenching can be triggered by a gas-
rich major merger: in this scenario, the merger funnels gas to the
galaxy’s center where it is consumed in an intense starburst (e.g.,
Hopkins et al. 2006; Wellons et al. 2015). Deep, high-resolution
imaging of SQUIGGLE galaxies will allow us to quantify the
fraction of recently quenched galaxies that show signs of recent
mergers (including tidal features and asymmetric morphologies).
Sazonova et al. (2021) suggests that these disturbed morphol-
ogies are common for post-starburst galaxies at z ~ 0. Our team
has obtained Hubble Space Telescope (HST) WFC3/F125W
imaging for three SQuUIGGLE galaxies targeted as part of our
ALMA survey (Figure 16). These galaxies are clearly disturbed:
J2202-0033 has a large tidal feature to the west, and both J0027
40129 and J0912+4-1523 have nearby companions that may be
physically associated. The image of J0912+4-1523 also reveals
that it has a spheroidal component embedded within a disk.

Some previous studies have found that post-starburst
galaxies have extremely compact sizes, and may be smaller
than their older quiescent counterparts (e.g., Whitaker et al.
2012a; Yano et al. 2016; Almaini et al. 2017). Suess et al.
(2020) suggested that these size differences may be primarily
caused by the effects of radial color gradients (see also Maltby
et al. 2018; Setton et al. 2020). In either case, differences in the
sizes and/or color gradients of post-starburst galaxies and older
quiescent galaxies could provide clues both to the formation
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Figure 16. HST/WFC3 F110W images of three galaxies in our sample. We
show a 80 kpc square cutout for J0912+4-1523 and J00274-0129. J2202-0033 is
shown in a 150 kpc square cutout to capture the full extent of the tidal tail that
stretches to the west. All three galaxies exhibit complex morphologies and
merger signatures.

mechanisms for post-starburst galaxies and the processes
contributing to evolution along the quiescent sequence. Deep,
high-resolution images such as those shown in Figure 16 will
allow us to calculate the sizes of SQUIGGLE post-starburst
galaxies and compare them to a mass-matched sample of older
quiescent galaxies.

While the images presented in Figure 16 shed light on the
morphologies and sizes of a few individual SQuIGGLE
galaxies, obtaining HST imaging for a statistical sample of
post-starburst galaxies is prohibitively expensive. A much
larger set of deep, high-resolution images comes from the
overlap of the SQUIGGLE sample and the public Hyper
SuprimeCam (HSC) survey (Aihara et al. 2018). One of our
major science objectives is to use the >150 high-quality HSC
images of SQuIGGLE galaxies to investigate the sizes,
morphologies, and merger fractions of these recently quenched
galaxies (D. Setton et al. in preparation).

6.3. Kinematics

In general, star-forming galaxies tend to be rotationally
supported disks, while quiescent galaxies are more likely to be
kinematically hot and supported by random motions (e.g.,
Emsellem et al. 2011). However, it is still not understood why a
cessation of star formation correlates with a change in
kinematics. Furthermore, it is unclear whether this kinematic
transition occurs before, after, or at the same time as star
formation shuts down. The bright, recently quenched
SQuIGGLE galaxies provide an ideal testbed for integral field
unit studies to directly probe the kinematics of galaxies just
after quenching. An early result for one SQuUIGGLE target
(JO912+4-1523, also shown in Figure 16) revealed that the
galaxy is a rotating disk (Hunt et al. 2018). A larger follow-up
study of five additional SQuUIGGLE galaxies showed that only
~half of post-starburst galaxies show clear velocity gradients,
while the other half are dominated by random motions (Setton
et al. 2020).

6.4. Resolved Stellar Populations

Studying the spatially resolved properties of post-starburst
galaxies could provide additional clues to the quenching
process. Radial age or sSFR gradients can be used to help
determine whether quenching proceeded inside-out or outside-
in (e.g., Tacchella et al. 2018; Woo & Ellison 2019); radial
metallicity gradients can help distinguish between in situ and
ex situ components, important when mergers are suggested as a
trigger for quenching (e.g., Greene et al. 2015; Chan et al.
2016; Woo & Ellison 2019). Our preliminary study of six
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SQuIGGLE galaxies shows that they have flat age gradients as
probed by Hé (Setton et al. 2020). In the absence of strong
radial dust or metallicity gradients, these flat age gradients are
consistent with the flat color gradients that Maltby et al. (2018)
and Suess et al. (2020) find for post-starburst galaxies. Setton
et al. (2020) find that these six post-starburst galaxies have
young light-weighted ages at all radii, implying that star
formation shut off uniformly throughout the galaxy. In the
future, we plan to expand the sample size of SQuIGGZE post-
starburst galaxies with spatially resolved stellar population
measurements; facilities like JWST would be useful to perform
these studies further in the infrared, where it is easier to break
the age—dust—metallicity degeneracy.

6.5. AGN Incidence

One popular theoretical mechanism for quenching galaxies
invokes strong feedback from AGN (e.g., Di Matteo et al. 2005;
Hopkins et al. 2006). This feedback, possibly induced by a major
merger (Springel et al. 2005; Hopkins et al. 2006; Wellons et al.
2015), could heat the interstellar medium (ISM) and/or drive
molecular gas from the galaxy, removing the fuel for star
formation (Alatalo et al. 2015). Establishing a direct causal
connection between AGN activity and star formation suppres-
sion has unfortunately proven difficult, in part because AGN
vary dramatically on much shorter timescales than star
formation. A large number of AGN surveys have shown that
AGN activity depends on SFR and mass (e.g., Hickox et al.
2014). The SQUIGGLE sample allows us to ask how many
recently quenched galaxies show AGN activity, and test whether
certain types of post-starburst galaxies are more likely to host
AGN. Greene et al. (2020) used SQuIGGEE to show that the
incidence of AGN depends strongly on D,4000: recently
quenched galaxies from SQuUIGGLE are 10 times more likely
to host an optical AGN than a mass-matched sample of older
quiescent galaxies. This hints that AGN activity is indeed
correlated with the quenching process in these massive galaxies.

6.6. IR Properties

As shown in Figure 12, SQuUIGGLE galaxies have
puzzlingly high W4 fluxes. At the redshift of SQUIGGLE,
W4 corresponds to rest-frame ~11-14 um. Previous studies at
2<0.3 have found that the mid-infrared spectra of post-
starburst galaxies are influenced by emission from AGN, TP-
AGB stars, and strong PAH features (e.g., Alatalo et al. 2017;
Smercina et al. 2018). In future studies, we will perfogn
stacking analyses of the WISE imaging for SQuIGGLE
galaxies to understand the nature of this excess W4 emission.
Additionally, the mid-infrared capabilities of JWST may allow
us to understand the origin of this emission. These infrared
studies can be paired with studies of the molecular gas
reservoirs in order to obtain a more complete picture of the ISM
conditions as galaxies cease forming stars.

7. Discussion and Conclusions

In this paper, we present the sample selection, stellar
population properties, SFHs, and objectives of the SQuUIGGLE
survey of post-starburst galaxies. We select bright, intermedi-
ate-redshift, recently quenched galaxies from the SDSS
spectroscopic sample using a simple color-based selection
criterion. Using just two rest-frame color cuts, we are able to
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isolate 1318 post-starburst galaxies at 0.5 <z <0.9. These
galaxies all have high Hé equivalent widths, low D,4000
values, and BV /A-star-dominated spectra indicating young
stellar ages. These recently quenched galaxies serve as
laboratories to study the processes responsible for shutting
down star formation in galaxies: the signatures of the
quenching process should still be imprinted on their morphol-
ogies, kinematics, and gas properties.

We use the Prospector spectral energy distribution fitting
code to recover the stellar population parameters and SFHs of
all SQUIGGLE galaxies. We find that these galaxies are very
massive—nearly all SQuUIGGLE galaxies have M, > 10"
M.—and have relatively low dust attenuation values. Our
fitting also shows that these galaxies are indeed quenched: the
median SFRs recovered from our SED fitting are more than an
order of magnitude below the star-forming main sequence
(Whitaker et al. 2012b). The quenched nature of this sample is
consistent with SFR estimates based on both the HS and [O 11]
spectral lines: while these SFRs are likely less reliable than the
SED SFRs due to the competing effects of LINER emission
and dust (see also, e.g., Belli et al. 2021), the median H3 and
[O11] SFRs also lie well below the main sequence. Longer-
wavelength data would be required to fully rule out the
possibility of highly dust-obscured star formation. While many
galaxies in SQuIGGZE host obscured (type II) AGN (Greene
et al. 2020), because we mask the [O II] and [O I11] lines, we do
not expect our SED fitting results to be dominated by AGN
emission.

Our SED fitting also allows us to quantify the properties of
the recent burst. By using nonparametric SFHs, our SED fitting
methodology accurately recovers both how long these galaxies
have been quenched (7,) and the fraction of the total stellar
mass formed in the recent burst (fyu). We find that
SQuUIGGLE galaxies quenched their star formation extremely
recently, with a median #, value of just 175 Myr. Galaxies that
quenched longer ago, up to ~800Myr before the time of
observation, are also included in SQuIGGLE; however, these
older post-starburst galaxies are only selected if they also have
relatively high burst mass fractions. The fi, distribution of
SQUIGGLE galaxies peaks at around ~30% of the total stellar
mass being formed in the recent burst. We note that due to our
conservative choice of priors, we likely underestimate fi for
the most extreme and burst-dominated objects. Despite this
choice, we find that 20% of the galaxies in SQuIGGLE formed
a majority of their total stellar mass during the recent burst.

We find that these extreme objects are younger and more
burst-dominated than samples of “K+A” or “E+A” post-
starburst galaxies at z~ 0: SQuIGGLE galaxies have higher
median Hé equivalent width, lower D,4000 values, and bluer
spectral slopes than the French et al. (2015) sample of local
post-starburst galaxies. This difference is also confirmed by the
SFH fitting in French et al. (2018): many local post-starburst
galaxies have burst mass fractions <20%, in contrast to the
higher burst mass fractions we find for SQuUIGGLE galaxies.
While SQuIGGZE galaxies may have slightly lower average
burst mass fractions than z~ 1 post-starburst galaxies from
Wild et al. (2020), SQuIGGZE galaxies are on average
younger than the Wild et al. (2020) post-starburst galaxies.
Together, these results indicate that our selection was able to
identify the rare intermediate-redshift tail of the peak epoch of
quenching at z > 1: SQuUIGGLE galaxies recently and rapidly
shut down a major burst of star formation. By targeting these
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bright, intermediate-redshift galaxies, SQuUIGGLE is able to
strike a balance between low enough redshifts that follow-up
observations are feasible, and high enough redshifts that we can
use these galaxies to understand how galaxies shut down their
major star-forming epoch.

This large sample of recently quenched galaxies opens a wide
range of future studies. Different theoretical quenching mechan-
isms predict qualitatively different morphologies, age gradients,
kinematics, AGN incidence, and ISM conditions. We have
already begun to use this sample of galaxies to constrain the
mechanisms responsible for quenching. We have found that, in
contrast to theoretical predictions, quenching does not require
the total removal of molecular gas (Suess et al. 2017).
Furthermore, we have found that these recently quenched
galaxies can have a range of different kinematic structures, but
tend to have flat age gradients indicating that the recent starburst
was not purely centrally concentrated (Hunt et al. 2018; Setton
et al. 2020). We have also shown that AGN likely play an
important role in quenching: SQUIGGLE galaxies are more than
10 times more likely to host an optical AGN than a mass-
matched sample of older quiescent galaxies, and the AGN
fraction is even higher in the youngest SQuIGGiE galaxies
(Greene et al. 2020). These studies represent just the beginning
of the insights that the SQUIGGLE sample will provide into the
mechanisms responsible for transforming galaxies from disky
blue star-formers to quiescent red ellipticals.
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Software: astropy (Astropy Collaboration et al. 2013, 2018),
seaborne (Waskom 2021).
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