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2.1

2.2

LIST OF FIGURES

BPT (Baldwin et al., 1981) diagram for post-starburst sample, mea-~
sured from SDSS spectra. Galaxies from the SDSS DR7 (Abazajian
et al., 2009) with well-measured lines are shown as a shaded back-
ground. The lines separating star-forming and AGN-like activity from
Kewley et al. (2001) and Kauffmann et al. (2003b) are shown as dot-
ted and solid lines, respectively. The line at ® = 25 degrees separates
Seyferts from LINERs. The post-starburst sample is plotted as in-
dividual points, for galaxies with all lines detected at > 3o, with a
characteristic errorbar shown in the bottom right. Most of the post-
starburst sample, except S12, is solidly in the LINER category. The
presence of LINERs complicates our calculation of the current SFR,
as the nebular emission lines will be contaminated. . . . . . ... ..
60” by 60” SDSS postage stamps of the 17 post-starburst galaxies
with CO (1-0) detected at > 30 with the IRAM 30m. The size of the
3" SDSS fiber is overplotted in blue, and the size of the IRAM 30m
CO (1-0) 22" beam is overplotted in orange. Galaxies are ordered by
decreasing M (Hs). Given the size estimates in §2.4.2, we could be
underestimating Lo by factors of ~ 1.1 — 2.2x, with a median of

1.4, due to aperture effects. . . . . . .. ..o

53

2.3 Same as Figure 2.2, but for the galaxies not detected in CO (1-0). . . 54



2.4

2.5

Left: Histograms of derived molecular gas masses M (Hy) for a variety
of galaxy types: early types (top, from Atlas-3D Young et al., 2011),
star-forming (bottom, from COLD GASS; Saintonge et al., 2011), and
our post-starburst sample (middle). aco = 4My (Kkms™!pc?)~?
is assumed for all samples. Bin size represents the mean error in
the post-starburst sample, excluding systematic error from uncer-
tainties in aco. A histogram of 30 upper limits is overplotted for
non-detections. Right: Histograms of molecular gas normalized to
stellar mass (fyas) for the same samples. For both M(Hsy) and fgps,
we see considerable overlap between the post-starburst sample and
star-forming samples, which is surprising given the difference in SFRs.
The lower end and upper limits of the post-starburst sample are con-
sistent with M (Hs) and fg.s measured for the early type sample. As

seen in Figure 2.5, overlap persists even if a ULIRG-type value of aco

is assumed for the post-starburst sample. . . . . . . . ... ... ...

Left: Histograms of derived molecular gas masses M (H,) for a va-
riety of galaxy types: star-forming (bottom, from COLD GASS;
Saintonge et al., 2011), LIRGs and ULIRGs (bottom, from Gao &
Solomon, 2004), and our post-starburst sample (top). aco = 4Mg
(Kkms™'pc?)~! is assumed where data are plotted as solid his-
tograms, and acgo = 0.8M; (Kkms™ pc?)~! where histograms are
dashed lines. Bin size represents the mean error in the post-starburst
sample. Right: Histograms of molecular gas normalized to stellar
mass (fgas) for the same samples (except for Gao & Solomon, 2004).
Even if a low, ULIRG-like value of acq is used for the post-starburst

sample, we still see significant overlap with the star-forming sample,

and even some overlap with the LIRG and ULIRG samples. . . . . .



2.6

2.7

Molecular gas mass vs. SFR for post-starburst (PSB) galaxies and
comparisons. Whether Ha (left) or D,,(4000) (right) SFR upper lim-
its are used for the post-starburst sample, these galaxies fall system-
atically below the comparison galaxies from the COLD GASS sample
classed by the SDSS as star-forming (Saintonge et al., 2011, 2012),
star-forming, LIRG, and ULIRG galaxies from the Gao & Solomon
(2004) sample, and early type galaxies from Young et al. (2011). Both
D,,(4000) and Ha are expected to overestimate the SFR in the post-

starburst sample, so these galaxies may lie at even lower SFRs. All

galaxies have been normalized to the same value of aco =4. . . . . .

Molecular gas surface density vs. SFR surface density from Ha (left)
and D,,(4000) (right) SFR upper limits. The post-starburst sample
is shown in black, with other local galaxies (Kennicutt, 1998) shown
in red. Red circles are normal star-forming galaxies and red squares
indicate local starbursts. Both SFR indicators are upper limits to
the true current SFRs for the post-starburst sample. Ha has a con-
tribution from the LINER, and D,(4000) has a contribution from
the intermediate age stars produced in the burst. Our post-starburst
galaxies are biased low on this relation. For the post-starburst sam-
ple, we assume the CO is distributed in the same way as the star
formation regions, using the Petrosian 90% radius Ry to calculate
the surface densities, Yspr = SFR/mR3, and Yy, =M (H,)/mR3,.
Here, M(H,) includes all the CO detected in the IRAM 30m beam.
We use the same value of agp = 4 for all galaxies. This plot is the
most appropriate comparison to the K98 dataset, although we test

our assumption that CO and star formation are distributed like the

optical light in §2.4.2, and that aco =4in §2.4.3. . . . ... ... ..

10

61



2.8

2.9

Estimated Gaussian half-light sizes of CO emitting regions (white
dotted circles), with horizontal lines representing the Monte Carlo
estimated error. FWHM beam sizes are shown for comparison: the
inner yellow circle represents the IRAM 30m CO (2-1) ~11” beam-
size, and the outer orange circle is the SM'T CO (2-1) ~33" beamsize.
Optical images are from SDSS, and are 60” x 60” . These CO sizes are

~ 2x the optical half-light sizes (not shown), due to the concentrated

optical profile from the stars produced during the burst. . . . . . ..

Alternative KS plots (red comparison points same as in Figure 2.7),
accounting for possible spatial differences between molecular gas, star
formation, and optical light. Left: Ygpg (from Ha) and ¥ g, are both
calculated within the optical radius Rgyg for the post-starburst sam-
ple. We use the CO size estimate from §2.4.2 and assume a Gaussian
distribution to rescale M(Hs) to that within Ry instead of within
the larger IRAM 30m 22" beam as in Figure 2.7. Despite this rescal-
ing, which allows for the possibility that the optical light and CO are
distributed differently, we still observe an offset of the post-starbust
galaxies from the K98 sample. Right: ¥gpr and Xy, are both calcu-
lated within the 3” SDSS fiber. We rescale M (Hz) to within this ra-
dius. SFR is calculated using only the Ha flux from the fiber, without
rescaling. This is a test of whether the star formation is distributed
differently than either the optical light or CO, and the continued offset
shows that this possibility is unlikely unless the Gaussian assumption

for the CO distribution is poor, or the star formation is even more

concentrated within the fiber size. . . . . . . . . . . .. .. ... ...

11



2.10

2.11

2.12

Top: Same as Figure 2.7a (see description in §2.3.3), but assuming
aco = 4 for the K98 star-forming galaxies, and aco = 0.8 for the K98
starbursts and our post-starburst sample. Here, the offset previously
observed can be reconciled by assuming a ULIRG-type value of aco
= 0.8 for the post-starburst sample. Bottom: Same as Figure 2.7,
but now assuming the variable aco for the K98 sample and post-
starburst sample using the formula from Narayanan et al. (2012).
As before, triangles, circles, and squares represent the post-starburst
sample, K98 star-forming galaxies, and K98 starbursts, respectively.
We still observe a systematic shift low on the Kennicutt-Schmidt

relation, which suggests that the variable aco model does not resolve

the differences between the post-starbursts and other galaxies. . . . .

CO(1-0) and CO(2-1) spectra from IRAM and SMT for galaxies with
IRAM-30m CO (1-0) detections (> 30) in our post-starburst sam-
ple. Spectra are shown in units of both main beam temperature T,,,;
[mK] and S, [Jy]. Grey lines show the unbinned IRAM data for 5
km/s channels, and black lines show the data binned to 20 km/s.
Dashed red lines represent the rms of the binned data. SMT data are

shown in 13 km/s bins. Blue horizontal lines at bottom represent the

integration intervals, as described in the text. . . . . . .. ... ...

CO(1-0) and CO(2-1) spectra from IRAM and SMT for galaxies with
CO (1-0) not detected with the IRAM 30m. Spectra are shown in
units of both main beam temperature T,,, [mK] and S, [Jy]. Grey
lines show the unbinned IRAM data for 5 km/s channels, and black
lines show the data binned to 20 km/s. Dashed red lines represent
the rms of the binned data. SMT data are shown in 13 km/s bins.

Blue horizontal lines at bottom represent the integration intervals, as

described in the text. . . . . . . . . ..,
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3.1

Hé absorption vs. Ha emission equivalent width for our parent sample
of 595,268 galaxies in the SDSS DR10. The region outlined in black
shows our post-starburst selection criteria. To select galaxies with
little-to-no current star formation, we require Ho EW < 3 A. To select
galaxies with a recent (< Gyr) starburst population indicated by
strong Balmer absorption lines, we require Héy — o(Hda) > 4 A,
where o(Hd,) is the measurement error of the Ho, index. Post-
starburst galaxies are located on this spur of the distribution of blue
cloud and red sequence galaxies. We show two example tracks of a 100
Myr burst added to an old stellar population, with a mass fraction
of 5 or 10%. A starburst must form a substantial fraction of the
galaxy’s stars, and be over a short duration, in order to go through
the post-starburst spur. Star-forming galaxies in the parent sample
are at higher Ha absorption, and moderate Hoa (the turnover in Hoa
at high Ha is due to absorption line filling). Quiescent galaxies have

little Ha emission and little Ho absorption. Due to our use of the

A-star optimized Hd, index, these galaxies extend to negative values.

13
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3.2

3.3

3.4

Star Formation History (SFH) models used here in fitting the post-
starburst SFHs. The old stellar population is modeled by a linear
exponential. The young stellar population is fit to two different classes
of SFHs, those with 1 recent burst, varying the burst duration, and
those with 2 recent bursts, varying the separation between bursts.
Post-starburst galaxies are likely post-merger, so we use simulations
of gas-rich major mergers to motivate the range of recent SFH used
(see §3.3.2). The burst durations range from 25 Myr to 200 Myr for
the single burst models. We do not have the sensitivity to distinguish
the burst mass fractions or durations of the individual bursts in the
double recent burst model, so we assume the bursts are each 25 Myr
exponentially declining models, and form equal stellar masses. We

instead vary the separation between each burst, from 100 Myr to 1

Histograms of fitting residuals for the FUV flux, D,(4000) index,
and Lick Hd, index, for galaxies best fit by a double recent burst.
The double burst model fit residuals are shown in red, and the (not
preferred) single burst model fit residuals are shown in black. For
galaxies that strongly prefer the double recent burst model, the fitting

residuals are narrower, and less biased than the single burst model

fitting residuals for the same galaxies. . . . . ... .. .. ... ...

Ages and burst mass fractions fit using either Calzetti (Calzetti
et al., 2000), Charlot & Fall (Charlot & Fall, 2000), or O’Donnell
(O’Donnell, 1994) extinction laws, for a test of 100 post-starburst
galaxies. Our derived parameters are robust to the choice of extinc-

tion law, and the only significant outliers are those with large fit errors

on the derived parameters. . . . . . . . . ... ... ... ... ..

14



3.5

3.6

3.7

Ages and burst light fractions when assuming a Chabrier IMF
vs. a bottom-heavy IMF with slope *+ = —3 from stellar masses
0.1 — 100Mg, for a test of 100 post-starburst galaxies. The change in
IMF primarily affects the light or mass fraction inferred, as the IMF
effectively re-weights the old and young stellar contributions in each
burst. A more bottom-heavy IMF (fewer bluer high-mass stars) looks
similar to a lower burst mass fraction (which would also have fewer
bluer high-mass stars). The difference in derived ages is greater than
the fit errors in only 29% of cases, and the difference in derived light

fractions greater than the fit errors in 18% of cases, both within the

expected number for the 68% error ranges. . . . . . ... ... ...

Fraction of r-band flux that falls within the 3” SDSS fiber vs. redshift.
Only 5% of the sample has < 20% of its total flux within the SDSS
fiber, where errors in determining global galaxy properties become
large (Kewley et al., 2005). We do not remove these galaxies from

our sample, as they do not have different distributions in any of the

derived properties. . . . . .. ...

Burst light fractions vs. burst mass fractions for four post-burst ages,
for a single recent burst with 7 = 25 Myr. At very young post-burst
ages, the light from the young stellar population will dominate the
total light for any mass fraction > 10%. As a result, large uncertain-

ties exists in many of the burst mass fractions, especially for short

post-burst ages. . . . ...

15



3.8

3.9

Normalized histograms of fractional errors on age and burst mass
fraction (see §3.3.9). Left: fit error, with data uncertainties prop-
agated through. The median errors on the ages are 10%, and the
median errors on the burst mass fractions are 13%. Middle: sys-
tematic errors due to metallicity uncertainties. The median errors on
the ages are 14%, and the median errors on the burst mass fractions
are 23%. Right: combined errors. The median errors on the ages
are 22%, and the median errors on the burst mass fractions are 38%.

These trends are not significant functions of either the post-burst age

or burst mass fraction. . . . . . . . . . ..

Example likelihood contours of model parameters from this age-
dating method (left column), and comparisons of the data and model
spectra (right column). This case shows the derived properties for
the single recent burst SFH model. We marginalize over Ay, then
plot the 68% (solid lines) and 95% (dotted lines) likelihood contours
for the remaining parameter pairs, marginalizing over the third pa-
rameter. Normalized likelihoods for each parameter are shown at the
top of each column. In the right hand column, we plot the associated
model and data spectra and photometry for the best fit given each
set of data. The grey bars indicate the location of the Lick indices
used to parameterize the spectra. The bottom row shows the results
for a galaxy, using the full set of UV-optical photometry and optical
line indices. The middle row shows the consequently worse parameter
degeneracies and uncertainties, if the UV photometry is not included

in the fit, and the top row, if the optical lines are not included in the

fit. The redshift of this example galaxy is 2 =10.090. . . . . . . . . ..

16



3.10 Burst mass fraction and post-burst age space for post-starburst galax-

3.11

ies selected with the Ha-Hd method described in §3.2.1, divided up
by the burst duration, 7. Colored contours mark where galaxies enter
and leave the post-starburst Ha emission and Ho absorption criteria.
After the starburst ends, the post-burst age at which the Ha emission
EW is low enough to enter the post-starburst phase will depend on
how much stellar mass is produced in the recent starburst, and the
burst duration. As the stellar populations age, the Hd, absorption
will decrease, and galaxies will leave the post-starburst phase at dif-
ferent post-burst ages depending on burst fraction of the starburst.
As a result, the descendants of starbursts with longer durations will
only be seen at older post-burst ages, and only if the burst fraction

is high. This selection must be understood in order to asses physical

features in the distribution of starburst properties. . . . . . . . . . ..

D,,(4000) vs. Lick Héa, colored by post-burst age (left) and burst
mass fraction (right). D, (4000) and Lick Hé, are from the SDSS
catalogs described in the text, not the best-fit values. This parameter
space has been used a a proxy for the post-burst age and burst mass
fraction (e.g., Yagi et al., 2006). Here, and in the next figure, we
demonstrate that there is significant scatter in where post-starburst

galaxies with a certain post-burst age and burst mass fraction lie.

17
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3.12 Comparison of post-burst age, age since starburst began, and burst

mass fraction to the indices D, (4000) and H¢, which are some-
times used as proxies for the post-burst age and burst mass frac-
tion. D,,(4000) is from the SDSS catalogs described in the text, not
the best-fit values. We plot only galaxies best fit by a single recent
burst, and color code by the additional SFH parameters (post-burst
age, burst mass fraction, or burst duration). The relation between
D,,(4000) and the post-burst age suffers from a degeneracy with the
burst mass fraction and burst duration. For post-starbursts with
D,,(4000) < 1.3, where post-starburst ages are typically younger than
300 Myr, the degeneracy is lessened, and D,,(4000) is highly correlated
with the post-burst age. However, if D,,(4000) > 1.42, where post-
starburst ages typically range from 300-1500 Myr, D,(4000) is no
longer significantly (> 30) correlated with either the post-burst age
or the age since the starburst began. We caution that these results de-
pend on our post-starburst selection method. For the youngest post-
burst ages, we only can select short-duration, low burst mass fraction
starbursts. Selection methods that do not make the same Ha-H¢
cuts may find increased scatter in the D,,(4000)-age at younger ages,
where it currently appears more robust, if longer duration starbursts
are allowed into the sample. For the Lick Hds index, we see that the
post-starbursts with the highest values of His are not those with the

strongest bursts, but those with short duration bursts of my, s ~ 0.1

observed within 500 Myr post-burst. . . . . . ... .. ... ... ..

18



19

3.13 Burst mass fraction and post-burst age for post-starburst galaxies,
divided up by SFH. For galaxies which strongly prefer a single recent
burst, we show only those with prefer a value for 7. The final panel
shows the galaxies best fit by two recent bursts. Colored contours
mark where galaxies enter and leave the post-starburst Ho EW and
Hé absorption criteria. The observed lack of post-starburst galaxies
at old age and low mass fraction is due to their lack of strong Hé
absorption. The dearth of post-starburst galaxies at short 7 and
high mass fraction is due to the high burst (maximum) SFRs that
would be required to produce so much mass in such a short time.
Overplotted as solid, dotted, and dashed lines are the burst SFRs for
a lel0 My galaxy at SFR=25, 50, and 100 Mg, yr~! respectively. The
post-starburst galaxies uniformly fill the space within their selection
criteria and constraints on the burst SFR, to within the formal fit
errors. Characteristic error bars reflecting the fit uncertainties are
shown in each panel, and we plot individual error bars for galaxies
with unphysical burst mass fractions of 1, to show that the error bars
extend down to much lower mass fractions. For galaxies best fit by
the two recent burst model, we do not have the sensitivity to fit the
individual durations or mass fractions of each burst. Because of this,

we cannot accurately estimate the maximum SFR for these galaxies. . 128



3.14

3.15

3.16

Stellar mass vs. maximum sSFR (mypyst/7) during the burst. The
Main Sequence as fit by Schiminovich et al. (2007) is shown, along
with multiples of 10-100x, as is common for starbursting galaxies. A
characteristic error bar is shown in the upper right. We plot sSFR
(derived from the burst mass fraction My, and the burst duration
7 from the stellar population fits) instead of SFR to avoid correlated
errors. We only plot galaxies which strongly prefer a single recent

burst, and prefer a value for 7. The expected progenitors of the post-

starburst sample have similar ranges of sSSFRs. . . . . . . . . . .. ..

Histograms of stellar masses for post-starburst galaxies preferring a
single or double recent burst SFH. There is a significant shift toward

lower stellar mass for galaxies preferring two recent bursts, compared

to those best fit by one recent burst. . . . . . . ... ... ... ...

Stellar mass vs. burst mass fraction, with galaxies color coded by
best-fit SFH. A representative error bar reflecting the fit uncertainty
and metallicity uncertainty is also shown. For galaxies which have
experienced one recent burst, there is a weak (Spearman p = —0.17,

2.40) anti-correlation. For galaxies which have experienced two recent
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bursts, there is a stronger (Spearman p = —0.48, 6.80) anti-correlation. 133
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3.17 Same as Figure 3.13, but for shocked post-starburst galaxies (SPOGs;
Alatalo et al., 2016¢). We plot characteristic error bars representing
the fit uncertainties, and we plot individual error bars for galaxies
with unphysical burst mass fractions of 1. The contours represent the
post-starburst selection contours for the traditionally-selected sample.
The SPOGs are generally younger than the post-starburst galaxies,
with 60% too young to have been selected into our post-starburst
criterion. SPOGs with similar mass fractions and durations as the
post-starbursts may represent an evolutionary sequence. However,
an additional population of SPOGs exists at long duration (> 100
Myr) and small burst fraction (< 10%), which will not enter our
post-starburst selection criteria. . . . . . . .. ... 137

3.18 (Caption next page.) . . . . . . . ... 144



3.18 (Previous page.) Post-burst ages vs. molecular gas fractions and

WISE colors for three samples of starburst/post-starburst galaxies.
The left panels show the full set of galaxies, broken down into those
with burst mass fractions < 20% (middle panel) and > 20% (right
panel). The top panels show molecular gas mass fractions vs. post-
burst age for three samples: post-starburst galaxies (blue squares)
from French et al. (2015), shocked post-starbursts (teal stars) from
Alatalo et al. (2016b), and starburst /post-starbursts (pink diamonds)
from Rowlands et al. (2015). We observe a significant trend in the
molecular gas fraction with the post-burst age, at 4o significance.
Split up into the two burst fraction bins, the significance drops to 2.7¢
in each bin. Early type galaxies are typically gas-poor, with molecular
gas fractions of < 1073 (Young et al., 2011). With the observed
molecular gas depletion rate, the post-starburst galaxies should reach
early-type levels of molecular gas in 600—800 Myr. The middle panels
show the WISE [4.6]-[12] pum colors vs. post-burst age for the post-
starburst galaxies studied in this work, shocked post-starbursts from
Alatalo et al. (2016¢), and starburst/post-starbursts from Rowlands
et al. (2015). The bottom panels show the WISE [3.4]-[4.6] um colors
vs. post-burst age for the same samples. We see significant (> 30)
anti-correlations for each of the WISE colors with post-burst age, and
for all of the burst mass fraction bins. These WISE colors represent
a combination of the dust mass and dust heating. Various heating
sources can act to change the WISE colors: star-formation, young
(A) stars, evolved stars (post-AGB or TP-AGB), or AGN. Given the
anti-correlations of bluer WISE colors with post-burst age, either the
dust mass could be declining with the gas mass, and/or the sources
of dust heating could be declining. Early type galaxies have WISE
[3.4]-[4.6] colors of —0.1—0, and [4.6]-[12] colors of 0—1. If the WISE
[4.6]-[12] colors decline linearly with post-burst age, they should reach
colors typical of early types at ~1 Gyr post-burst. The WISE [3.4]-

[4.6] colors have significantly more scatter, and it is not clear when
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3.19 Post-burst ages vs. molecular gas fractions for the same samples as
in Figure 3.18. The best-fit line for an exponential depletion of the
molecular gas reservoirs (grey region) has a timescale of 90+10 Myr.
The post-burst age is the time since 90% of the stars from the recent
starburst were formed. The gas depletion cannot be due to on-going
star formation or stellar feedback, which would have a much longer
allowed depletion time (solid red region), even allowing for an unusual
IMF or dust geometry (hashed red region). Early type galaxies are
typically gas-poor, with molecular gas fractions of < 107% (Young
et al., 2011). With the observed molecular gas depletion rate, the
post-starburst galaxies should reach early-type levels of molecular

gas in 600 — 800 Myr. . . . .. ..o
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4.1

4.2

Left: SFR vs. L/(CO) for star-forming and starbursting galaxies
from Gao & Solomon (2004) (blue diamonds), early type galaxies
from Crocker et al. (2012) (red circles), and post-starburst galaxies
French et al. (2015) (black squares). Filled black squares represent the
two galaxies targeted for dense gas observations. Characteristic error
bars are shown in the bottom right of each panel. All upper limits are
at the 30 level. The post-starburst galaxies have systematically low
SERs for their CO luminosities. The post-starburst galaxies targeted
for HCN observations span the post-starburst population. Middle:
SFR vs. L'(HCN) for the same samples. HCN is not detected for ei-
ther post-starburst galaxy studied here, consistent with expectations
from their low SFRs and with the early type galaxies. Right: SFR
vs. dense gas luminosity ratio L'(HCN)/L'(CO). The post-starburst
galaxies targeted here have low HCN/CO luminosity ratios compared
with the star-forming and many early type galaxies. The absence of
denser gas traced by HCN reveals why the SFRs of post-starburst
galaxies are so low. The low dense gas mass fractions implied by the
low HCN/CO luminosity ratio leads to the low CO-traced SFEs. . .
SFR vs. L'(HCO™) for star-forming and starbursting galaxies from
Gracié-Carpio et al. (2008) (blue diamonds), early type galaxies from
Crocker et al. (2012) (red circles), and post-starburst galaxies. All
upper limits are at the 3o level. In contrast to their large CO-traced
gas reservoirs, HCO™ is not detected for either gas-rich post-starburst

studied here, consistent with expectations from their low SFRs.
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5.1

Spectra of the eight optical/UV TDE host galaxies, in order of
decreasing strength of their Ho, index. Also shown is the lower-
resolution host galaxy spectrum of the high energy TDE Swift J1644.
Strong Balmer absorption, Ca II H+He absorption, and a lack of
strong emission lines are characteristic of post-starburst galaxies.
Both SDSS J0748 and Swift J1644 were selected differently from the
rest of the sample, although the optical spectrum of the TDE itself
in SDSS J0748 appears similar to the other optical/UV TDEs. . . . .
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5.2 Spectral characteristics of SDSS galaxies (grey) and TDE candidate
host galaxies (colored points): Ho EW emission (current star forma-
tion) versus Hdx absorption (from A stars, indicating star formation
within the past ~Gyr). The SDSS galaxies populate the “red se-
quence” (low Ha EW, low Hé,) and “blue cloud” (extending up to
higher Hoe EW at moderate Héy). Many TDE hosts lie within the
quiescent Balmer-strong galaxy “spur” extending to high Hoa at low
Ho EW. Two cuts along the spur are shown: Ho EW <3 A with
Héy — o(HS) > 4 A (dashed boundary) and Héy > 1.31 A (solid
boundary). These regions include only 0.2% and 2.3% of the SDSS
galaxies, yet encompass 38% and 75% of the optical/UV TDE host
galaxies, respectively. Three example star formation history tracks
are shown. Short duration starbursts (dark and medium blue) on top
of an existing old stellar population will pass through the strongest
Hda region once the starburst ends, evolving through the moderately
strong Ho region at later times. A gradually declining star forma-
tion history (light blue) cannot pass through the strictest Hi, cut.
TDE host galaxies with the highest Hi, absorption thus have likely
experienced a recent starburst. Galaxies with Héy = 1.3 to 4A have
a range of possible star formation histories (see text), but have still
experienced a recent decline in their star formation. The TDE hosts
SDSS J0748 and PTF09ge do not lie in the spur, but among the star-
forming and early-type populations, respectively. The high energy
TDE candidate Swift J1644 (purple) has strong Hoa absorption (its
errors place it just outside our strictest cut). Even if Swift J1644
turns out to be the only one of the three known high energy TDEs
with a host that lies in this region, high energy TDE rates will be

over-represented in quiescent Balmer-strong galaxies by > 80x. . . . 184



6.1

a. Post-burst age vs. burst mass fraction for TDE hosts and SDSS
quiescent Balmer-strong comparison sample. There is a physical
spread in the post-burst ages of the TDE hosts. The youngest galaxy
(host of SDSS J0748) is still star-forming, and so has a “negative”
post-burst age. The oldest is the host of PTF09axc, with a post-burst
age of 1 Gyr. 25%, 68% and 95% contours are shown for the quies-
cent Balmer-strong (Hd, > 1.31A) sample. The TDE hosts have
ages and burst mass fractions consistent with this sample. The shape
of the SDSS sample contours is set by when Hd absorption decreases
(at later ages for stronger bursts) on the right hand side, and by a
combination of effects on the left hand side. Because galaxies with
SFRZ 300 Mg, yr~! rarely exist in the local universe, starbursts with
high burst mass fractions must form stars over a longer duration,
delaying their entry into our selection criteria. The TDE hosts, how-
ever, are not subject to these selection effects, and the absence of
TDE hosts at long post-burst ages is physical. The top x-axis shows
main sequence lifetimes corresponding to the highest mass stars that
have not yet evolved off the main sequence for each post-burst age.
The star disrupted in PTF09axc likely had a mass of M < 2.5M,,.
We cannot place constraints on the star disrupted in SDSS J0748,
as the host galaxy is still actively forming stars. For the other host
galaxies considered here, the constraints on the mass of the disrupted
star range from M < 3—10M, ruling out O, B, and the most massive

A stars as likely disrupted stars. . . . . . . ... ...
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6.1

6.2

6.3

(continued) b. Age since the starburst began vs. burst mass fraction
for TDE hosts, with the most unequal mass galaxy merger that could
have coalesced via dynamical friction. All of the hosts but that of
PTF09axc are consistent with a merger mass ratio more equal than
12 : 1. If supermassive black hole binaries were driving the TDE
enhancement, and if the TDE rate enhancement were insensitive to
the SMBH binary mass ratio (Chen et al., 2011), we would expect
more unequal mass ratio mergers, since these are more common. . .
SDSS gri images of the TDE host galaxies. Images are 30”x30". If
these galaxies have experienced a recent merger, they are already in
the coalescence phase. . . . . . . ... ... ... ... ... ...
Residual TDE host galaxy spectra after subtraction of the best fit

stellar population model. This corrects for the strong Balmer ab-

sorption, and uncovers hidden line emission (see Table 6.2). . . . . . .
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6.4 Left: BPT diagram for SDSS parent sample (shaded black), qui-
escent Balmer-strong galaxies with 9.5< log[M,/My] < 10.5 (dark
green contours: 20, 68, 95%), and TDE host galaxies (orange and
purple crosses). The TDE host galaxies are consistent with the qui-
escent Balmer-strong comparison sample, with most having emission
line ratios inconsistent with star formation. We overplot the Kewley
et al. (2001) and Kauffmann et al. (2003b) separation lines as dotted
and solid lines respectively. Right: WHAN diagram for SDSS parent
sample, quiescent Balmer-strong galaxies with 9.5< log[M,/Mg] <
10.5 (dark green contours: 30, 68, 85%), and TDE host galaxies. All
but the SDSS J0748 host are in the LINER-like region of this dia-
gram. The TDE hosts lie offset from the centroid of the quiescent
Balmer-strong comparison sample, especially when considering only
the three TDE hosts with spectra from before the TDE (shown in

orange), which have no possible contamination from the TDE. . . . . 216
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ABSTRACT

Galaxies in transition from star-forming to quiescence are a natural laboratory for
exploring the processes responsible for this evolution. Using a sample of post-
starburst galaxies identified to have recently experienced a recent burst of star
formation that has now ended, I explore both the fate of the molecular gas that
drives star formation and the increased rate of stars disrupted by the central super-
massive black hole. Chapter 1 provides an introduction to galaxy evolution through
the post-starburst phase and to tidal disruption events, which surprisingly favor
post-starburst galaxy hosts.

In Chapter 2, I present a survey of the molecular gas properties of 32 post-
starburst galaxies traced by CO (1-0) and CO (2-1). In order to accurately put
galaxies on an evolutionary sequence, we must select likely progenitors and descen-
dants. We do this by identifying galaxies with similar starburst properties, such
as the amount of mass produced in the burst and the burst duration. In Chapter
3, I describe a method to determine the starburst properties and the time elapsed
since the starburst ended, and discuss trends in the molecular gas properties of these
galaxies with time. In Chapter 4, I present the results of followup observations with
ALMA of HCN (1-0) and HCO+ (1-0) in two post-starburst galaxies. CO (1-0) is
detected in over half (17/32) the post-starburst sample and the molecular gas mass
traced by CO declines on ~100 Myr timescales after the starburst has ended. HCN
(1-0) is not detected in either galaxy targeted, indicating the post-starbursts are
now quiescent because of a lack of the denser molecular gas traced by HCN.

In Chapter 5 I quantify the increase in TDE rate in quiescent galaxies with
strong Balmer absorption to be 30 — 200x higher than in normal galaxies. Using
the stellar population fitting method from Chapter 3, I examine possible reasons for

the increased TDE rate in post-starburst galaxies in Chapter 6. The TDE rate could
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be boosted due to a binary supermassive black hole coalescing after a major merger
or an increased density of stars or gas remaining near the nucleus after the starburst
has ended. In Chapter 7, I present a summary of the findings of this dissertation

and an outlook for future work.
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CHAPTER 1

Introduction

1.1 Post-Starburst Galaxies

Observational surveys of galaxies reveal two broad classes: star-forming and quies-
cent. This bimodality in color extends to star-formation properties, gas properties,
kinematics, morphologies, and connects to mean shifts in stellar mass and absolute
magnitude. Post-starburst (or “E+A”) galaxies have been caught in the midst of a
rapid transition between these classes of star-forming and quiescent. They are not
currently forming stars at a significant rate, as indicated by their lack of nebular
emission lines. Yet, their strong Balmer absorption lines reveal a substantial popula-
tion of A stars, indicating these galaxies have experienced a burst of star formation
sometime in the past billion years (Dressler & Gunn, 1983; Couch & Sharples, 1987).
Post-starburst galaxies show disturbed morphologies and tidal features in at least
half of the studied cases, providing evidence that mergers and interactions can drive
this transition (Zabludoff et al., 1996; Yang et al., 2004, 2008). Their range of an-
gular momentum properties is likewise consistent with a variety of possible merger
histories (Pracy et al., 2009; Swinbank et al., 2012; Pracy et al., 2013).
Post-starburst galaxies represent our best candidates for the rapid, non-secular,
mode of galaxy evolution (Schawinski et al., 2014; Smethurst et al., 2015) that half
to all red sequence galaxies are expected to experience (Martin et al., 2007; Snyder
et al., 2011; Wild et al., 2016). Post-starburst galaxies are generally found in the
“green valley” (Wong et al., 2012) of the optical color-magnitude diagram, indicating
stellar populations that could redden and evolve passively onto the red sequence.

Post-starburst galaxy morphologies (Yang et al., 2004, 2008) and spatially resolved
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kinematics (Norton et al., 2001; Swinbank et al., 2012) are also consistent with
evolution into early-type galaxies.

A critical part of galaxy evolution is the end, or possible “quenching,” of star
formation. As transitional objects, post-starburst galaxies serve as a unique labora-
tory for understanding the processes that drive this cessation. Explanations for the
end of the starburst fall into two general categories: elimination of the molecular
gas or suppression of star formation.

One possibility is that the starburst uses up the dense molecular clouds in forming
stars (Kennicutt, 1998; Gao & Solomon, 2004). Another possibility is that the
molecular gas is removed from the galaxy in outflows (Narayanan et al., 2008) driven
by AGN or star formation activity (a.k.a. “feedback”). Evidence of LINER activity
and large outflows are seen in post-starbursts (Yan et al., 2006; Yang et al., 2006;
Tremonti et al., 2007), and AGN are observed to eject molecular gas in outflows
(Feruglio et al., 2010), although the driver of the outflows in post-starbursts may
be due to star formation, not AGN activity (Sell et al., 2014). Some environmental
effects, such as starvation (e.g., Larson et al., 1980; Boselli & Gavazzi, 2006), are
thought to eliminate molecular gas reservoirs in galaxies. The molecular gas mass
is several orders of magnitude lower in early types than in late types (e.g., Young
et al., 2011; Crocker et al., 2011). If post-starbursts are becoming early types, they
must lose or consume most of their gas.

Feedback mechanisms could be responsible for suppressing star formation in
addition to perhaps removing the gas supply, ending the starburst. Molecular gas
heating and suppressed star formation efficiency have been claimed in galaxies with
AGN (Nesvadba et al., 2010), resulting in higher observed molecular gas surface
densities than the Kennicutt-Schmidt relation (Kennicutt, 1998) would predict for
their star formation rate (SFR) densities. In post-starburst galaxies, 0.3-1 Gyr has
passed since the starburst ended, so if AGN feedback has significantly reduced the

molecular gas reservoirs, we should observe the galaxies in their depleted state.
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A lower star formation efficiency is suggested in gas-rich, fast-rotating early type
galaxies by Davis et al. (2014), who observe lower SFR surface densities than the
molecular gas surface densities would predict by a factor of ~ 2.5. These authors
favor dynamical methods of lowering star formation efficiency in this sample of
galaxies, such as morphological quenching (Martig et al., 2009), where the gravita-
tional stability of the gas prevents it from collapsing and forming stars. In early
type galaxies with AGN and recent small bursts of star formation, the molecular gas
supply declines steeply with the age since the last period of star formation (Schaw-
inski et al., 2009). Although post-starburst galaxies are likely to evolve into early
types, it is not clear that the samples studied by Davis et al. (2014) or Schawinski
et al. (2009) are on the same evolutionary sequence as post-starbursts.

Post-starburst galaxies are also useful laboratories for studying how galaxies
evolve to quiescence, after star formation has been shut down, especially when we
can connect galaxies in a time sequence from the starburst phase to quiescence. The
ability to connect time sequences of starbursting and post-starburst galaxies is im-
portant to understand the physics of how star formation shuts down, by identifying
the likely timescales for various physical mechanisms. While simulations often as-
sume the molecular gas reservoirs are depleted via star formation, stellar feedback,
and AGN feedback, ending the starburst (e.g., Hopkins et al., 2006), recent evidence
has emerged that AGN activity may be delayed after the end of the starburst. QSOs
with post-starburst signatures have older stellar populations than some samples of
post-starburst galaxies (Cales & Brotherton, 2015), which similarly indicates a delay
between the end of the starburst and the period of QSO activity. Studies of AGN
activity in galaxies with ongoing and recent starbursts (Davies et al., 2007; Wild
et al., 2010) indicate a delay of 50-300 Myr between the onset of star-formation
and the onset of AGN activity. The intermediate stellar ages of Seyfert and LINER
galaxies (Schawinski et al., 2009) also suggest such a delay. In simulations, the

delay between the starburst or merger, and the peak of AGN activity or feedback,
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depends on the details of how AGN feedback is implemented (see e.g., Pontzen
et al., 2016; Sparre & Springel, 2016). To make progress, we need to compare the
gas reservoirs of post-starbursts in an evolutionary sequence. Identifying the period
over which they lose their gas, and determining whether the loss can be explained
by consumption by residual star formation, is critical.

In Chapter 2, I present a survey of the molecular gas properties of 32 post-
starburst galaxies using IRAM 30m and SMT observations of CO (1-0) and CO
(2-1). In order to accurately put galaxies on an evolutionary sequence, we must
select likely progenitors and descendants. In Chapter 3, we do this by identifying
galaxies with similar starburst properties, such as the amount of mass produced in
the burst, and the burst duration. I create a method to determine the starburst
properties and the time elapsed since the starburst ended, and discuss trends in the
molecular gas properties of these galaxies with time. In Chapter 4, I present the
results of followup observations with ALMA of HCN (1-0) and HCO+ (1-0) in two
post-starburst galaxies. These chapters shed new light on what processes could have

ended star formation in these galaxies.

1.2 Tidal Disruption Events

In addition to being useful laboratories for studying galaxy evolution, recent studies
have found a large number of tidal disruption events in galaxies with post-starburst
signatures (Arcavi et al., 2014). If a star passes close enough to a supermassive
black hole that the tidal forces overcome the self-gravity of the star, the star will be
destroyed in a tidal disruption event (TDE; Hills, 1975). Such events are expected to
generate an observable flare (Rees, 1988; Evans & Kochanek, 1989; Phinney, 1989)
if the tidal radius is greater than the Schwarzschild radius.

Real-time discoveries of TDE candidates have enabled extensive followup obser-
vations and classification. The first was Swift J1644 (Bloom et al., 2011; Burrows
et al., 2011; Levan et al., 2011; Zauderer et al., 2011), displaying non-thermal emis-
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sion in v-rays, X-rays, and the radio. Two additional events had similar properties:
Swift J2058 (Cenko et al., 2012b) and Swift J1112 (Brown et al., 2015). Hereafter
we refer to these events as “high energy TDESs”.

In parallel, a different class of transients were also identified as likely TDEs. The
first was PS1-10jh (Gezari et al., 2012), which had thermal optical and UV emission,
but no observed X-rays. Since the discovery of PS1-10jh, many more objects with
similar TDE spectral features have been found. Arcavi et al. (2014) discovered three
in Palomar Transient Factory (PTF) data, PTF09axc, PTF09djl, and PTF09ge,
grouping them together as a class with PS1-10jh, SDSS J0748 (identified in the Sloan
Digital Sky Survey (SDSS); Wang et al., 2011), and ASASSN-14ae (Holoien et al.,
2014). Recently, additional members of this class have been discovered: ASASSN-
141i (Holoien et al., 2016), and PTF15af (in the galaxy SDSS J084828.13+220333.4;
Blagorodnova et al., in prep). This optical/UV-selected class of transients all display
hot blackbody (~ few - 10°K) emission and several-month-long smooth light curves
peaking at an absolute optical magnitude of ~ —20. They are all located in the
centers of their host galaxies. Their clear broad H and/or He emission lines (Arcavi
et al., 2014) cleanly distinguish them from other transient events. Hereafter we refer
to these events as “optical/UV TDEs”.

Curiously, the host galaxy spectra of these optical/UV-bright events show
Balmer line absorption, and all but SDSS J0748 have weak or no emission lines.
Similarly, the host galaxy of the high energy TDE candidate Swift J1644 was re-
ported to have significant Balmer absorption with a low current star formation rate
(SFR) predicted from its Ha flux (Levan et al., 2011). Yoon et al. (2015) find a
young < 1 Gyr stellar population, suggesting a recent starburst. The two other
known high energy TDE candidates do not yet have host galaxy spectra covering
the full Balmer series.

The clear preference of optical/UV TDE candidates and at least one high energy

TDE candidate for rare Balmer-strong galaxies like post-starbursts has important
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implications for the mechanisms driving TDE rates. In Chapter 5, I quantify the
increase in TDE rate in quiescent Balmer-strong galaxies. Using the stellar popu-
lation fitting method from Chapter 3, I examine possible reasons for the increased

TDE rate in post-starburst galaxies in Chapter 6.
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CHAPTER 2

Discovery of Large Molecular Gas Reservoirs in Post-Starburst Galaxies

Post-starburst (or “E+A”) galaxies are characterized by low Ha emission and strong
Balmer absorption, suggesting a recent starburst, but little current star formation.
Although many of these galaxies show evidence of recent mergers, the mechanism
for ending the starburst is not yet understood. To study the fate of the molecu-
lar gas, we search for CO (1-0) and (2-1) emission with the IRAM 30m and SMT
10m telescopes in 32 nearby (0.01 < z < 0.12) post-starburst galaxies drawn from
the Sloan Digital Sky Survey. We detect CO in 17 (53%). Using CO as a tracer
for molecular hydrogen, and a Galactic conversion factor, we obtain molecular gas
masses of M(Hy) = 10%5-10%8 M, and molecular gas mass to stellar mass fractions
of ~ 1072-107%?, comparable to those of star-forming galaxies. The large amounts
of molecular gas rule out complete gas consumption, expulsion, or starvation as
the primary mechanism that ends the starburst in these galaxies. The upper lim-
its on M(H,) for the 15 undetected galaxies range from 10”7 My, to 10%" M, with
the median more consistent with early-type galaxies than with star-forming galax-
ies. Upper limits on the post-starburst star formation rates (SFRs) are lower by
~ 10x than for star-forming galaxies with the same M (Hy). We also compare the
molecular gas surface densities (Xp,) to upper limits on the SFR surface densities
(Xsrr), finding a significant offset, with lower Ygpr for a given Xy, than is typical
for star-forming galaxies. This offset from the Kennicutt-Schmidt relation suggests
that post-starbursts have lower star formation efficiency, a low CO-to-Hs conversion
factor characteristic of ULIRGs, and/or a bottom-heavy initial mass function, al-

though uncertainties in the rate and distribution of current star formation remain.



41

2.1 Introduction

Post-starburst (or “E+A”) galaxies show signs of being caught in the middle of
a dramatic, but brief, stage in their evolution. Emission line indicators suggest
little-to-no current star formation, but strong Balmer absorption lines indicate a
population of A stars that formed in a substantial burst of star formation before a
sudden stop ~ 1 Gyr ago (Dressler & Gunn, 1983; Couch & Sharples, 1987).

Post-starburst galaxies are likely in transition between star-forming gas-rich disk
galaxies and passively evolving gas-poor early types. Their disturbed morphologies
indicate that many are post-merger, and most have spheroid-dominated kinematics
(Zabludoff et al., 1996; Norton et al., 2001; Yang et al., 2004, 2008). Many have
blue cores, which can fade into the color gradients observed in early type galaxies
(Yamauchi & Goto, 2005; Yang et al., 2006, 2008), and many lie in the “green valley”
of the color magnitude diagram (Wong et al., 2012). Although only ~ 0.2% of local
galaxies are post-starbursts, the short duration of this phase suggests that ~ 40%
of galaxies could have passed through it (Zabludoff et al., 1996; Snyder et al., 2011).

A critical part of galaxy evolution is the end, or possible “quenching,” of star
formation. As transitional objects, post-starburst galaxies serve as a unique labora-
tory for understanding the processes that drive this cessation. Explanations for the
end of the starburst fall into two general categories: elimination of the molecular
gas or suppression of star formation.

One possibility is that the starburst uses up the dense molecular clouds in forming

stars (Kennicutt, 1998; Gao & Solomon, 2004). Molecular gas could also be removed

LA version of this chapter originally appeared as a published paper in the Astrophysical Journal
(French et al., 2015). All of the work described below was carried out by me, with help from co-
authors Yujin Yang, Ann Zabludoff, Desika Narayanan, Yancy Shirley, Fabian Walter, John-David
Smith, and Christy Tremonti.
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from the galaxy in outflows (Narayanan et al., 2008). Evidence of LINER activity
and large outflows are seen in post-starbursts (Yan et al., 2006; Yang et al., 2006;
Tremonti et al., 2007), and AGN are observed to eject molecular gas in outflows
(Feruglio et al., 2010), although the driver of the outflows in post-starbursts may
be due to star formation, not AGN activity (Sell et al., 2014). Some environmental
effects, such as starvation (e.g., Larson et al., 1980; Boselli & Gavazzi, 2006), are
thought to eliminate molecular gas reservoirs in galaxies. The molecular gas mass
is several orders of magnitude lower in early types than in late types (e.g., Young
et al., 2011; Crocker et al., 2011). If post-starbursts are becoming early types, they
must lose or repurpose most of their gas.

Feedback mechanisms could be responsible for suppressing star formation, result-
ing in the end of the starburst. Molecular gas heating and suppressed star formation
efficiency have been claimed in galaxies with AGN (Nesvadba et al., 2010), resulting
in higher observed molecular gas surface densities than the Kennicutt-Schmidt rela-
tion (Kennicutt, 1998) would predict for their star formation rate (SFR) densities.
Observations of cold gas in early type galaxies with AGN and recent bursts of star
formation reveal little molecular gas (< 10°My), which declines steeply with the
age since the last period of star formation (Schawinski et al., 2009). In our sample,
the timescales necessary for outflows to expel the molecular gas from the galaxy are
less than the time elapsed since the starburst ended (about 0.3-1 Gyr), so if AGN
feedback has significantly reduced the molecular gas reservoirs, we should observe
the galaxies in their depleted state.

A lower star formation efficiency is suggested in gas-rich, fast-rotating early type
galaxies by Davis et al. (2014), who observe lower SFR surface densities than the
molecular gas surface densities would predict by a factor of ~ 2.5. These authors
favor dynamical methods of lowering star formation efficiency in this sample of
galaxies, such as morphological quenching (Martig et al., 2009), where the gravita-

tional stability of the gas prevents it from collapsing and forming stars. Although
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post-starburst galaxies are likely to evolve into early types, it is not clear that the
gas-rich sample studied by Davis et al. (2014) are on the same evolutionary sequence
as post-starbursts.

We aim to test these explanations for the starbursts’ end by constraining the
properties of molecular gas within post-starbursts. Reservoirs of HI have been ob-
served in post-starburst galaxies (Chang et al., 2001; Buyle et al., 2006; Zwaan et al.,
2013). In six of the eleven post-starbursts targeted in these samples, HI 21 ¢cm emis-
sion is detected, with atomic gas to stellar mass fractions typically between those
of early and late type galaxies. However, HI is not a good tracer of star formation
fuel (Kennicutt, Jr. et al., 2007), and we must look at molecular gas signatures to
understand the starbursts’ end.

Detailed CO maps have been measured for only a handful of local post-starburst
galaxies (Kohno et al., 2002; Alatalo et al., 2013). Even then, the two galaxies stud-
ied, NGC5195 and NGC1266, are not universally agreed-upon as post-starbursts due
to their Ha emission. The molecular gas in these galaxies is centrally concentrated,
reaching starburst-like gas surface densities. Their kinematics led these authors to
suggest morphological quenching (Martig et al., 2009), where the gravitational sta-
bility of the gas prevents it from collapsing and forming stars. There is a need for
a survey of the molecular gas content in a representative sample of post-starburst
galaxies.

We set out here to determine how much molecular gas remains in a sample of
32 post-starburst galaxies drawn from the Sloan Digital Sky Survey (SDSS, York
et al., 2000), and to determine whether the molecular gas densities are consistent
with the small or negligible levels of current star formation. We observe the CO
(1-0) and CO (2-1) lines with the IRAM 30m telescope, and observe a subset of 13
galaxies in CO (2-1) with the SMT 10m telescope. By assuming that the CO traces
H,, we test whether the cessation of star formation was due to a lack of molecular

gas, or to the gas being consumed by the burst, expelled in outflows, or prevented
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from entering the galaxy (starvation of HI (Larson et al., 1980)). By comparing to
the molecular gas vs SFR surface density relation for other galaxies, we will be able
to determine if the star formation efficiency in post-starbursts is reduced by either
gas heating, morphological quenching, or some other mechanism.

We discuss our sample and observations in §2.2. Measurements of molecular gas
masses and comparisons to the SFRs are presented in §2.3. We test these results and
consider their implications for galaxy evolution in §2.4, presenting our conclusions

in §2.5. When needed, we assume a cosmology of 2, = 0.3, Qy = 0.7, and h = 0.7.

2.2 Observations and Data Analysis

2.2.1 Sample Selection

Our parent sample is drawn from the SDSS main galaxy spectroscopic sample
(Strauss et al., 2002), which is selected to have a limiting magnitude of r < 17.77
mag. The initial sample was selected from the SDSS DR7 (Abazajian et al., 2009),
using the line fluxes and indices from the MPA-JHU catalogs (Aihara et al., 2011).
We exclude galaxies with 2z < 0.01 to eliminate those that are very large on the sky
relative to the 3" diameter of the SDSS fibers. We also exclude galaxies with unre-
liable 2 Har equivalent widths (EW), or median signal-to-noise (S/N) values of less
than 10 per pixel. These cuts ensure that the line index measurements are reliable.
Our final parent sample from DR10 is composed of 595,268 galaxies.

We select post-starburst galaxies from our parent sample by identifying galaxies
with strong stellar Balmer absorption lines signifying a recent (< Gyr) starburst
but little nebular emission indicative of on-going star formation. We use the Lick
H¢ index to characterize the stellar Balmer absorption. We require Hiy — o(Hdu)
> 4 A, where 0(Hd,) is the measurement error of the Hd, index. We ensure that

the galaxies have little on-going star formation by requiring Hoe EW < 3 A in the

2We require h_alpha_eqw_err > -1
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rest frame. These selection criteria result in a sub-sample of 1207 galaxies from the
parent sample (0.20%).

We have chosen two sub-samples for HST, Spitzer, and Herschel imaging, which
we follow-up here. 15 galaxies designated “S” throughout were selected to represent
a variety of ages since the end of the burst and based on their projected 8um flux
from SDSS spectra and serendipitous Spitzer observations. Galaxies with nearby
companions and large [OIII] equivalent widths indicative of AGN activity were ex-
cluded. The post-burst ages are determined by fitting stellar population synthesis
(SPS) models to the galaxy spectrum, assuming a combination of a young and old
single burst stellar populations (French et al. in prep). 17 galaxies designated “H”
throughout were selected from their bright WISE 12um fluxes and again for a range
of post-burst ages (although without the [OIII] equivalent width cut). More details
on the “H” and “S” selection processes are available in Smercina et al. (in prep).
The effect of these selection criteria on properties of the resultant sample is studied

in §2.4.1. Basic parameters of this sample are listed in Table 1.

2.2.2 TRAM 30m CO Observations

Observations were carried out with the IRAM 30m telescope over two observing
campaigns in January 2012 (project ID: 218-11) and in August — September 2012
(ID: 074-12). We use the Eight Mixer Receiver (EMIR) to observe both CO(1-0)
and CO(2-1) lines (rest frequency: 115.271 and 230.538 GHz). For each target, we
tuned the 3mm band (E090) and 1.3mm band (E230) receivers to the redshifted
CO(1-0) and CO(2-1) frequencies, vons = 103.5 — 113.5 GHz and 207.1 — 227.1 GHz,
respectively. EMIR provides a bandwidth of 4 GHz in dual polarization correspond-
ing to ~11000 and 5500 kms™! for CO(1-0) and CO(2-1) lines, respectively. The
Wideband Line Multiple Autocorrelator (WILMA) was used as the backend, with a

1

resolution of 2 MHz corresponding to ~5 kms™ in the 3mm band. Data were taken

with a wobbler-switching mode with a frequency of 0.5Hz or 1Hz with a throw
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distance of 120” in azimuth. The weather varied significantly: the precipitable wa-
ter vapor (PWV) ranged from 1mm to 10mm with medians of 3mm (winter) and
6.8mm (summer). Calibration was performed every 15 min with standard hot/cold
load absorbers. The pointing was checked every 2 hours and was found to be stable
within 3”. The FWHMs of beam are ~22” and 11” for CO(1-0) and CO(2-1) lines,
respectively.

We reduced the data with CLASS within the GILDAS software package® and IDL
routines. We use the velocity intervals [-1200, -400] and [400, 1200] kms™! to fit
first order polynomials for baseline subtraction. The spectra are coadded weighted
by the rms noise of each scan. The on-source time (Toy) ranges from 12 to 100
min depending on the strength of the line toward the targets. If the source was
not detected within 3 hours at the telescope (Tonx &~ 1hr), we moved on to the next
target. The resulting rms noise per 5kms~! bin are 1.1 — 4.4mK and 1.9 — 9.7mK
for the CO(1-0) and CO(2-1) observations, respectively (7" scale). The conversion
factors from K (T4 scale) to Jy at our observed frequencies are ~7.7Jy K~! and
~6.0 Jy K= for the 1.3 mm and 3 mm bands, respectively. We summarize the IRAM
30m CO observations in the Tables 2.5 and 2.3.

2.2.3 SMT CO Observations

Observations at the SMT 10-m telescope were performed over four runs in May 2011,
February 2012, December 2012, and February 2013. We used the Imm ALMA Band
6 dual polarization sideband separating SIS receiver and 1MHz filterbank to measure
the CO(2-1) 230.5 GHz (redshifted to 207.1 — 227.1 GHz for our sample) line for
13 post-starburst galaxies. The beam size of the SMT for this line is ~33”. Beam
switching was done with the secondary at 2.5 Hz and a throw of 120 ”. Calibration
using a hot load and the standard chopper wheel method was performed every 6

minutes. Calibration using a cold load was performed at every tuning.

3http://www.iram.fr/IRAMFR/GILDAS
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To reduce the data, we again use CLASS. The main beam efficiency 7,,, is cal-
culated using Jupiter in each polarization. We subtract a first-order polynomial
baseline from the spectrum using data between [—500, 500] kms™!, excluding the
central region of [—300, 300l kms™!. The spectra are scaled using 7,5, and coadded,

weighting each spectra by the rms noise. We rebin the spectra by a factor of 10,

1 1

to achieve ~14 kms™" velocity bins. Typical rms per 14 kms™ channel is 1 mK.

These observations are summarized in Table 2.3.

2.2.4 Galaxy Properties from the SDSS

We use a variety of data products from the SDSS to study properties of the post-
starburst sample, including emission line fluxes, stellar masses, SFRs, and BPT
classifications from the MPA-JHU group catalogs (described in Aihara et al., 2011).
We use Petrosian (Petrosian, 1976) optical sizes measured in the r band from the
SDSS photometric catalogs, and redshifts from DRY7.

We use the stellar masses calculated from the SDSS spectra (method described
in Kauffmann et al., 2003a; Salim et al., 2007) and included in the MPA-JHU data
products. Because the star formation histories of post-starbursts may not be well
represented by the templates assumed in the spectral fitting, we estimate the sys-
tematic error by comparing stellar masses from several different algorithms run on
SDSS data. We compare the stellar masses from the MPA-JHU data products to
those calculated by Chen et al. (2012), who use both the Bruzual & Charlot (2003)
and Maraston & Strombéck (2011) SPS models. All three stellar mass calculations
use a Kroupa initial mass function (IMF). The systematic error from this method
slightly exceeds the formal errors on the MPA-JHU measurements and is typically
~ 30%.
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2.2.5 Star Formation Rate Upper Limits

We use two different methods to calculate SFRs for the post-starburst sample, one
employing the Ha luminosity and the other the D,,(4000) break. Both are contam-
inated by other effects (principally LINER and A-stellar emission, see below), and
serve as upper limits on the actual current SFR.

Using the emission line fluxes from the MPA-JHU dataset (Aihara et al., 2011),
we calculate SFR limits from Ha luminosities using the relation from Kennicutt
et al. (1994). We use the Balmer decrement of Ha/H/3 to calculate dust extinction,
assuming the standard case B recombination at T= 10* K and an intrinsic value of
2.86. We use the reddening curve of O’Donnell (1994). For the cases where the Hf3
line flux is uncertain, we use the mean value of E(B —V') of the other post-starburst
galaxies. The mean attenuation is then Ay = 0.92 mag, or Ay, = 0.77 mag.

A complicating factor in determining the SFRs from Ha for the post-starburst
sample is the high incidence of LINER spectra. A BPT diagram for the post-
starburst sample is shown in Figure 2.1. Two galaxies lie in the transition region,
and the rest are categorized as LINERs. Although the source of the LINER may
not be an AGN (LINER emission is commonly seen in late stage mergers; Rich
et al. 2011 and from post-AGB stars; Singh et al. 2013), processes in addition to
star formation will contribute to nebular line fluxes here, making the derived SFRs
upper limits.

The MPA-JHU group use the D,,(4000) break as a less precise, but less contam-
inated way to estimate SFRs when galaxies do not lie in the star-forming sequence
on the BPT diagram (Brinchmann et al., 2004). The D,,(4000) break is a measure
of the specific SFR (sSFR), and is calculated from regions of the rest-frame spectra
bracketing the strong “break” observed near 4000A. D,,(4000) is not expected to be
influenced by the presence of a Type IT AGN (Kauffmann et al., 2003b). The con-
version between D,,(4000) and sSFR is calibrated from those galaxies in the SDSS

categorized as star-forming. The scatter in this relation is large, and the error bars
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we show on the D,,(4000) SFRs (derived using the MPA-JHU stellar masses) reflect
the low precision of this calibration.

The problem with using the D, (4000)-based SFRs in post-starburst galaxies
is its sensitivity to the bright A-stellar populations produced in the recent burst.
During ongoing star formation, the 4000A break is minimal, so D,,(4000) is low. In
passive galaxies, D,(4000) is large. However, the timescale over which D,,(4000)
is affected by a strong burst (~1 Gyr, see e.g., Kauffmann et al., 2003a) is larger
than the post-burst ages of our sample, so D,,(4000) here will reflect both previous
and current rates of star formation. D,,(4000) will be lower (more like star-forming
galaxies) in post-starbursts than expected given their instantaneous SFRs. Lower
values of D,,(4000) correspond to higher SFRs, so D,,(4000) will overestimate the
current SFR due to the recent burst. We use D,,(4000)-based SFRs as upper limits
on the current SFR.

To use the SDSS fiber spectra to calculate global SFRs, we must account for
any star formation outside the 3” fiber aperture. Like Brinchmann et al. (2004),
we see a trend of increasing fiber-based SFR per total stellar mass with redshift,
after breaking up our complete SDSS post-starburst sample (1207 galaxies) into
stellar mass bins. Thus, we expect some contribution to the SFR from outside of
the fiber, so we require an aperture correction *. We apply the aperture correction
used in the MPA-JHU SFRs (Brinchmann et al., 2004; Salim et al., 2007; Aihara
et al., 2011), which is based on galaxy photometry outside the fiber. Although this
aperture correction is calibrated on star-forming galaxies, it successfully removes the
trend of sSFR with redshift for our complete post-starburst sample. While our use
of this correction assumes that it also applies to our post-starbursts, the corrected
SFRs remain likely upper limits as post-starbursts tend to have more positive color

gradients (relatively bluer cores) than star-forming galaxies (Yang et al., 2006, 2008).

4We consider the case where star formation is limited to the fiber aperture in §2.4.2, see Figure

2.9b.
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One case where Ha and D,,(4000) would not provide upper limits on the SFRs is
if we have significantly underestimated the dust extinction in post-starbursts. Radio
continuum emission at 1.4 GHz is often used as an “extinction-free” SFR indicator
(Condon, 1992). We search the FIRST (Faint Images of the Radio Sky at Twenty
centimeters, Becker et al., 1995) and NVSS (NRAO VLA Sky Survey, Condon et al.,
1998) 1.4GHz surveys for matches within 10” of each galaxy in our sample. We find
6 detections in the FIRST survey (S06, HO1, HO3, HO7, HO8, and H09). The galaxies
HO7, HO8, and HO9 are also detected in the NVSS. Using the conversion found in
Condon (1992), the SFRs suggested by these detections are higher than the Ha
SFRs. If we were to accept that the standard 1.4GHz - SFR relation is valid for the
post-starburst sample, it would require these galaxies to have up to 4.7 magnitudes
of additional extinction on top of the ~ 1 magnitude already accounted for using
the Balmer decrement. While dust extinctions of 5-6 magnitudes are not unheard
of, especially for starbursts, the dust extinction is consistent with that implied by
Balmer decrement in those cases (Choi et al., 2006; Kennicutt et al., 2009). The huge
difference between the extinction derived from the Balmer decrement and implied
by the 1.4Ghz-SFR relation is unprecedented and suggests a problem with the SFRs
derived from the 1.4GHz data for our post-starbursts.

The LINER and recent starburst in these galaxies complicates the standard
1.4GHz SFR conversion. Galaxies with LINER spectra have enhanced 1.4GHz fluxes
when compared to other measures of their SFRs (de Vries et al., 2007; Mori¢ et al.,
2010). Mori¢ et al. (2010) find that 90% of the 1.4GHz flux can come from the
LINER, not from star formation, and that the scatter in the 1.4GHz-SFR relation
for LINERs is large, of order 2 dex. For our sample, the 1.4GHz-based SFRs and
limits scatter evenly about the Ha-based SFRs after the radio SFRs are reduced by
the expected factor of 10. While the LINER will also contribute to the Ha flux, its
contribution is typically < 40%, with less scatter (Brinchmann et al., 2004), implying
that Ho is more reliable than 1.4GHz as a SFR upper limit. Additionally, the recent
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large starburst may boost the amount of 1.4GHz flux on timescales overlapping with
the post-burst ages of our sample (Bressan et al., 2002). As discussed above in §2.2.1,
the galaxies marked “S” were selected with a cut on the [OIII] equivalent widths,
intended to exclude galaxies with strong AGN activity from the sample. This cut
was not applied to the selection of galaxies marked “H,” and the higher incidence
of 1.4GHz detections in the “H” sample may be tied to a higher incidence of AGN.

Both the TIR luminosity (total IR, from 8-1000 um; Hayward et al., 2014) and 24
pm flux (Utomo et al., 2014) are strongly affected by dust heating by the substantial
A stellar population in post-starbursts, so we do not consider these SFR indicators
here. Ongoing analysis of our sample observed in PAH emission and high ionization
species (Smercina et al., in prep) will provide further constraints on any current
SFR.

In the following analysis, we use the Ha-derived SFR as an upper limit, as well

as showing the effect of assuming the D,,(4000)-based SFRs.

2.3 Results

2.3.1 Detection of Molecular Gas

We detect molecular gas at > 30 in 17 of the 32 galaxies observed, using IRAM
30m measurements of the CO (1-0) line. If we increase our detection threshold to
40, we detect 14 galaxies, and at > 5o, we detect 11 galaxies. To calculate the
integrated CO line intensity Ico, we fit a Gaussian profile to each line, allowing
the center velocity to differ from the optical velocity up to 200 kms™*. We use the
Gaussian width 0gauss to choose integration limits of 30 4auss. Although many of the
line shapes are not exactly Gaussian, this method allows us to estimate appropriate
velocity intervals for integration in a systematic way. FWHMSs given by these fits
are listed in Tables 2.5 and 2.3. If the signal to noise ratio for ogauss is < 3, we use

the interval [-260, 260] kms~" These velocity limits were chosen to be the median
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Figure 2.1: BPT (Baldwin et al., 1981) diagram for post-starburst sample, measured
from SDSS spectra. Galaxies from the SDSS DR7 (Abazajian et al., 2009) with well-
measured lines are shown as a shaded background. The lines separating star-forming
and AGN-like activity from Kewley et al. (2001) and Kauffmann et al. (2003b) are
shown as dotted and solid lines, respectively. The line at & = 25 degrees separates
Seyferts from LINERs. The post-starburst sample is plotted as individual points,
for galaxies with all lines detected at > 30, with a characteristic errorbar shown
in the bottom right. Most of the post-starburst sample, except S12, is solidly in
the LINER category. The presence of LINERs complicates our calculation of the
current SFR, as the nebular emission lines will be contaminated.
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SDSS Fiber

Figure 2.2: 60” by 60” SDSS postage stamps of the 17 post-starburst galaxies with
CO (1-0) detected at > 30 with the IRAM 30m. The size of the 3” SDSS fiber is
overplotted in blue, and the size of the IRAM 30m CO (1-0) 22” beam is overplotted
in orange. Galaxies are ordered by decreasing M (Hs). Given the size estimates in
§2.4.2, we could be underestimating Loo by factors of ~ 1.1 — 2.2, with a median
of 1.4, due to aperture effects.



SDSS Fiber

Figure 2.3: Same as Figure 2.2, but for the galaxies not detected in CO (1-0).
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Figure 2.4: Left: Histograms of derived molecular gas masses M (Hs) for a variety
of galaxy types: early types (top, from Atlas-3D Young et al., 2011), star-forming
(bottom, from COLD GASS; Saintonge et al., 2011), and our post-starburst sam-
ple (middle). aco = 4M, (Kkms !'pc?)~! is assumed for all samples. Bin size
represents the mean error in the post-starburst sample, excluding systematic error
from uncertainties in aco. A histogram of 30 upper limits is overplotted for non-
detections. Right: Histograms of molecular gas normalized to stellar mass ( fgas) for
the same samples. For both M(H) and fy.s, we see considerable overlap between
the post-starburst sample and star-forming samples, which is surprising given the
difference in SFRs. The lower end and upper limits of the post-starburst sample
are consistent with M (Hs) and fgz,s measured for the early type sample. As seen in
Figure 2.5, overlap persists even if a ULIRG-type value of ago is assumed for the
post-starburst sample.
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of those of the well-fit sample, and are centered around the optical velocity. The
velocity intervals fit from the CO (1-0) data are used for the CO (2-1) data, though
we note that fitting the CO (2-1) data separately does not change our results by

> lo. We calculate the error in the integrated CO line intensity as

N,
o? = (Av)20® N, (1 + Fi)’ (2.1)

where Av is the channel velocity width, o is the channel rms noise, N; is the number
of channels used to integrate over the line, and NN, is the number of channels used
to fit the baseline. We also take into account an estimated flux calibration error of
10%. We calculate upper limits on Ico as < 30;. Following Solomon et al. (1997),
the CO line luminosity Lo (in Kkms™! pc?) is

to = 2350 D} Ico (14+2)7% | (2.2)

where Ico = [T, dV is the integrated line intensity (in Kkms™!) as described
above, z is the SDSS redshift, and Dy, is the luminosity distance (in Mpc). g, is
the solid angle of the source convolved with the beam,
(0% +67)

Qs* = s
b 41n?2

(2.3)

where 0, and 6, are the half power beam widths of the source and beam, respectively.
Because the CO emitting size estimates (see §2.4.2) are not available for all the
sources, we adopt a simple approximation such that the beam is much larger than
the source, so 24, ~ 2. Note that depending on the actual size estimates in §2.4.2,
we could be underestimating Lto by ~ 1.1 — 2.2x, with a median of 1.4, but this
does not affect our conclusions throughout the paper.

The molecular gas mass can be calculated from L, by assuming a conversion
factor aco, as

M(Hz) = aCOL/CO- (24)

For now, we assume an aco comparable to that in Galactic molecular clouds and

the Local Group (aside from the SMC; see recent reviews by Bolatto et al., 2013;
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Carilli & Walter, 2013; Casey et al., 2014): aco = 4 My (Kkms ' pc?)™! (units
omitted hereafter). This choice is examined below and in §2.4.3.

Molecular gas masses for the post-starburst sample span a broad range, from
3.4 x 108 to 6.9 x 10 M, with a mean value of 3.0 x 10° M, among the detected
sample. We measure upper limits for the remaining 15 galaxies, with 30 limits
ranging from 4.6 x 107 to 5.2 x 10°M,. Molecular gas masses and upper limits
are listed in Table 2.5. Optical postage stamps of the galaxies with and without
molecular gas detections are shown in Figures 2.2 and 2.3, respectively.

Next, we compare the molecular gas masses measured here to those from sur-
veys of other galaxy types. CO (1-0) measurements have been compiled for the
Atlas-3D sample of early type galaxies (Young et al., 2011). The COLD GASS
(Saintonge et al., 2011) sample is a stellar mass-limited sample of galaxies, selected
from the SDSS independent of galaxy type. We divide the COLD GASS sample
up by galaxy type assigned by the SDSS based on the optical spectra (galspec
bptclass). For now, we only use galaxies classified as star-forming or low signal-
to-noise star-forming. We assume aco = 4 to calculate molecular gas mass for the
early type and COLD GASS star-forming samples.

We compare the total molecular gas masses of these samples in Figure 2.4, seeing
significant overlap between the star-forming and post-starburst samples. This over-
lap is surprising, because of the lack of equivalent levels of current star formation in
the post-starburst sample. The lower mass end, as well as the upper limits, of the
post-starburst sample are consistent with the early type sample.

In addition to comparing M (H,), we also compare molecular gas fraction fy.s =
M (Hs) /My normalized by stellar mass My. We use My calculated from the SDSS
spectra, as discussed in §2.2.4, for both the post-starburst and COLD GASS samples.
We calculate stellar masses for the early type galaxies in the same way as Atlas-3D,
using K-band measurements (Cappellari et al., 2011).

As with the M (H;) comparison, we see considerable overlap in fg.s between the
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post-starburst and star-forming samples. These comparisons are shown in the right-
hand panels of Figure 2.4. The molecular gas fractions for the post-starburst sample
are primarily above those of the early type sample, while some of the upper limits
are more consistent with early types.

The CO to Hy conversion factor (aco) is a known source of uncertainty in obser-
vations of molecular gas (see recent review by Bolatto et al., 2013). Traditionally, a
bimodel model has been used, with normal star-forming galaxies assigned a Milky
Way-like value of aco ~ 4, and ULIRGs or starbursting galaxies assigned aco
~ 0.8. This approach was initially motivated by the fact that a high aco applied to
ULIRGs produced gas masses higher than the dynamical masses. In Figure 2.5, we
plot M(Hy) and fgas for the post-starbursts and comparison galaxies for different
aco assumptions. We also compare to the sample of LIRGs and ULIRGs from Gao
& Solomon (2004). Even if a low, ULIRG-like value of aco = 0.8 is used for the
post-starburst sample, we still see significant overlap with the star-forming sample
(at aco = 4), and even some overlap with the LIRG and ULIRG sample (at aco
= 0.8). We expect aco = 0.8 and aco = 4 to span the range of possible values of
aco in post-starburst galaxies, because recently ended starbursts may reflect ISM
physical conditions between ULIRGs and quiescent disk galaxies. However, the ap-
propriate value of aco for post-starbursts remains largely unconstrained. We discuss

the effects of this uncertainty on our results in §2.4.3.

2.3.2 High Molecular Gas Mass for Given SFR

We compare the molecular gas masses measured here to upper limits on SFR derived
from Ha and D,,(4000) in Figure 2.6. We use several comparison datasets: star-
forming galaxies selected from the COLD GASS (Saintonge et al., 2011, 2012), the
star-forming and starburst sample from Gao & Solomon (2004), and early type
galaxies (with Ha+PAH SFRs) from Young et al. (2011); Davis et al. (2014). The
post-starburst sample lies at higher M (Hsy) for their SFRs than early-types, star-
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Figure 2.5: Left: Histograms of derived molecular gas masses M (Hs) for a variety
of galaxy types: star-forming (bottom, from COLD GASS; Saintonge et al., 2011),
LIRGs and ULIRGs (bottom, from Gao & Solomon, 2004), and our post-starburst
sample (top). aco = 4My (Kkms™!pc?)~! is assumed where data are plotted as
solid histograms, and aco = 0.8 My (Kkms™! pc?)~! where histograms are dashed
lines. Bin size represents the mean error in the post-starburst sample. Right:
Histograms of molecular gas normalized to stellar mass (fgas) for the same samples
(except for Gao & Solomon, 2004). Even if a low, ULIRG-like value of aco is used
for the post-starburst sample, we still see significant overlap with the star-forming
sample, and even some overlap with the LIRG and ULIRG samples.
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Figure 2.6: Molecular gas mass vs. SFR for post-starburst (PSB) galaxies and
comparisons. Whether Ha (left) or D,,(4000) (right) SFR upper limits are used for
the post-starburst sample, these galaxies fall systematically below the comparison
galaxies from the COLD GASS sample classed by the SDSS as star-forming (Sain-
tonge et al., 2011, 2012), star-forming, LIRG, and ULIRG galaxies from the Gao
& Solomon (2004) sample, and early type galaxies from Young et al. (2011). Both
D,,(4000) and Ha are expected to overestimate the SFR in the post-starburst sam-
ple, so these galaxies may lie at even lower SFRs. All galaxies have been normalized
to the same value of aco = 4.
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Figure 2.7: Molecular gas surface density vs. SFR surface density from Ha (left)
and D, (4000) (right) SFR upper limits. The post-starburst sample is shown in
black, with other local galaxies (Kennicutt, 1998) shown in red. Red circles are
normal star-forming galaxies and red squares indicate local starbursts. Both SFR
indicators are upper limits to the true current SFRs for the post-starburst sample.
Ha has a contribution from the LINER, and D,,(4000) has a contribution from the
intermediate age stars produced in the burst. Our post-starburst galaxies are biased
low on this relation. For the post-starburst sample, we assume the CO is distributed
in the same way as the star formation regions, using the Petrosian 90% radius Rgq to
calculate the surface densities, Ygpr = SFR/mR%, and Xy, =M (H,)/7R3,. Here,
M (H,) includes all the CO detected in the IRAM 30m beam. We use the same
value of aco = 4 for all galaxies. This plot is the most appropriate comparison to
the K98 dataset, although we test our assumption that CO and star formation are
distributed like the optical light in §2.4.2, and that aco = 4 in §2.4.3.
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forming galaxies, and (U)LIRGs. The median Ha-derived SFR upper-limit for the
post-starburst sample is ~ 10x lower than the median SFR for the COLD GASS
star-forming sample across the same M (Hy) range. This offset persists for the
median of the D,,(4000)-derived SFR upper limits, which is ~ 20x lower than
expected given M (Hy).

Is it possible that our post-starburst selection criteria have generated the ob-
served offset in SFR? Because we selected the post-starburst sample to have low
Ha equivalent widths, it may include star-forming galaxies whose EW(Ha) mea-
surement errors have scattered them low. This does not appear to be the case,
as star-forming galaxies (classified using bptclass=1) that pass our HJ absorp-
tion cut typically have EW(Ha)> 3A, the limit for our post-starburst sample. A
Monte-Carlo analysis predicts a 0.004% contamination rate, and even if the Ha
equivalent widths had systematic errors 3x as large as their measurement errors,
we still expect < 1 contaminant in the complete SDSS post-starburst sample of
1207 galaxies. Thus, the KS offset does not arise from contamination from normal
star-forming galaxies.

The large molecular gas reservoirs in post-starburst galaxies are inconsistent with
their SFRs when compared to a broad sample of galaxy types. Thus, the cessation
of star formation after the starbust cannot be due to a lack of gas in the nearly half
of our sample with detected CO. The question remains: why are these galaxies no
longer forming stars at significant rates? One possibility is that the molecular gas
is spread out over a larger area, dropping its surface density to be consistent with
SFR density on the Kennicutt-Schmidt (KS) relation (Kennicutt, 1998, hereafter
K98). We examine the KS relation below.

2.3.3 Offset from the Kennicutt-Schmidt Relation

While there are clear trends of SFR with molecular gas mass, tighter correlations ex-

ist when comparing the surface densities of these quantities for normal star-forming
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and starburst galaxies.
We determine the molecular gas surface density Y, and SFR surface density
Ygrr for the post-starburst sample, using the SDSS r-band Petrosian 90% radius to

calculate the area as
Yy, = O‘COL/CO/(WRgo)% 2SFR = SFR/(WRS())‘ (2-5)

We place the post-starburst sample on a KS plot in Figure 2.7. Other local galaxies
are shown for comparison, including both normal star-forming galaxies and star-
bursts from the canonical K98 sample. For now, we apply the same value of aco
= 4 to the post-starburst sample, and the entirety of the K98 sample. Many of
the post-starburst galaxies lie below the relation defined by the other galaxies: the
Ha-derived SFR limits exclude consistency with the relation for all but 4-5 galaxies.
The D,,(4000) based SFR limits also lie mostly below the relation.

The median locus of the 17 post-starburst galaxies lies 475 . x lower than the
n = 1.4 power law fit to the K98 galaxies. We perform a Monte Carlo analysis to
assess the significance of this result by choosing random sets of 17 galaxies from the
K98 disk sample, finding a 5o significant offset for the post-starburst locus. This
offset is more extreme than that found by Davis et al. (2014) for their sample of
gas-rich early type galaxies. The relationship between the two datasets is unclear.

We see no obvious differences between the properties of our galaxies that are
roughly consistent and most discrepant with the KS relation. It is not clear if the
post-starbursts are single population of galaxies, or several different families.

The optical size used by K98 to calculate the surface densities is the isophotal
radius, where the B-band surface brightness drops to 25 mag arcmin=2 and which
is comparable to the Ha emitting region for normal spiral galaxies (K98, although
we test this assumption for our sample in §2.4.2). This isophotal radius should be
a good estimate of the size if the CO emission is coming from the same region as

the optical light from star formation. Here, we use the Petrosian 90% radius for our
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post-starbursts, because the isophotal sizes in SDSS are not considered reliable and
are not included in the photometric catalogs after DR8. However, the significant
offset from the K98 sample remains if we use the r-band isophotal radii instead.
There are several other observational uncertainties that could affect our results,
which we consider in the Section 2.4. We discuss the effect of our sample selection
criteria in §2.4.1. Like K98, we assume that the optical size of the galaxies is a
good proxy for the spatial extent of both star formation and molecular gas. This
assumption may not be valid for post-starburst galaxies. In §2.4.2, we test the
possibilities that the CO is distributed differently from the optical light and that
the star formation is distributed differently from both the optical light and most
of the Hs, as traced by CO. We also consider how our sampling of the CO region
(aperture bias) might affect our results. In §2.4.3, we test for the possibility that

the measured CO is not tracing the Hy as we expect, resulting in a different aco.

2.4 Discussion

2.4.1 Possible Sample Selection Biases

Given the way we selected our CO targets, the sample observed here might not
represent the gas properties of the overall post-starburst sample. To study any
biases that may occur within our sample, we test whether the galaxies with CO
(1-0) detections lie at the extremes of our selection criteria.

The two parts of our sample (labeled “H” and “S”) were selected from the parent
sample of SDSS post-starbursts using different criteria (more details in Smercina et
al., in prep). The “H” sample was selected based on post-starburst galaxies bright
in the WISE 12um band. One might expect these galaxies to have more gas if the
12pm band is a proxy for hot dust content and their dust traces their gas. However,
we see no mean offset in 12pm luminosity between the galaxies detected and not

detected in CO.
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Both samples were selected to have a variety of times elapsed since the starburst
(post-burst age). If the molecular gas is depleted over time, younger post-starbursts
may be easier to detect in CO. While there is a shift towards detections with younger
post-starburst ages, it is not statistically significant. The relation between molecular
gas content and age since the burst is not straightforward, and is heavily dependent
on the pre-burst gas mass of the galaxy and on the mechanics of the burst itself.

Because no statistically significant boost in CO detections occurs with either
younger post-burst age or higher 12um luminosity, the molecular gas properties of
our sample here are not significantly biased by the selection criteria. Therefore, our
sample is likely to have a molecular gas detection rate representative of the overall

post-starburst population.

2.4.2 Effect of Spatial Distributions of Gas and Stars

In §2.3.3, we made the assumptions that both the CO and current star formation
were well-traced by the optical light, in order to calculate their surface densities.
This is a good assumption for star-forming galaxies (Regan et al., 2001; Leroy et al.,
2008; Schruba et al., 2011), but may not apply to our sample, especially if the
reason for the end of the starburst is a disruption of the gas. Additionally, the
spatial extent of any residual star formation is unknown and may not overlap with
the optical light, which is dominated (~ 60 — 90%) by the A stars formed in the
recent burst. Without resolved observations, we are limited in how accurately we
can know the distributions of gas and current star formation. If the CO emission
or any currently star forming regions have sizes different than the optical size, it
might be possible to resolve the observed offset from the KS relation. First, we test
these assumptions for the post-starburst sample by estimating the CO emitting size
with a model for the CO emission. We continue here to assume that CO traces H,
well, with a conversion factor of aco = 4. Second, we use our estimate of the CO

emitting size to compare the scaled amount of CO near the center of the galaxy to
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the SDSS fiber-based SFRs.

By comparing the CO emission in two differently sized beams, we can roughly
constrain the CO emitting size by assuming a Gaussian model for the shape of the
emitting region. We estimate the source size for each galaxy by combining the CO
(2-1) line measurements from IRAM 30m and SMT 10m, using the method from
Lavezzi et al. (1999). Ico, the integrated line intensity, is related to the surface

brightness, so it should scale with the convolved size of the beam and the source as

2 2
Isyr 05 + eb,IRAM

= 2.6
Iirane 02403 oyp 20

for the same line, assuming a Gaussian distribution of the CO emission, where 6,
are the different beam sizes for IRAM 30m and SMT, 6, sy = 1.2)\/ D = 33 arcsec,
and 6, ;pay = 1.166A/D =~ 11 arcsec, with the different coeflicients due to the taper

of each telescope. The source size 6, is then given by,

2 2
9 Irram eb,IRAM = Isnur eb,SMT
. =
Isyr — Iipanm

(2.7)

for a Gaussian source

We estimate source sizes for the 6 galaxies with IRAM 30m CO (1-0), CO (2-1)
and SMT CO (2-1) detections. Because the measurement errors propagate non-
linearly, we use a Monte Carlo technique to estimate the formal error on the size
estimates, excluding any systematic error from the Gaussian model assumption.
Sizes are listed in Table 2.3, and plotted over SDSS postage stamp images in Figure
2.8.

Previous studies of star-forming galaxies have found comparable exponential
scale lengths of the CO emission and optical emission using resolved data (Regan
et al., 2001; Leroy et al., 2008; Schruba et al., 2011). However, the CO to optical sizes
are on average ~ 2X larger for our post-starburst sample, using either the optical
half-light radii from an exponential fit or the Petrosian half-light radii. Because

of the centrally peaked distribution of A stars in the post-starburst sample, this
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difference is due to the concentrated optical light, rather than extended CO emission.
Concentrations measured for post-starburst galaxies (Yang et al., 2008) are high,
consistent with the half light radii being smaller than for galaxies with an exponential
profile.

To test the effect of assuming a Gaussian model, we perform a similar calculation
for each galaxy, but for a uniform disk emitting region instead of a Gaussian. The
half-light sizes for each source model are consistent within the measurement errors
except for EAS06, where the uniform disk model predicts a size smaller than the
Gaussian prediction (20" vs. 25" ).

The systematic errors associated with this method may be significant, especially
as several of the estimated sizes are larger than the CO (2-1) IRAM 30-m beam-
size. Thus, we use these sizes only to roughly estimate aperture bias in the CO
observations, and to test whether use of this alternate size measure can eliminate
the offset in the observed KS relation. The CO size estimates play no role in our
main conclusions.

We use the CO emitting size estimates to model the effect of aperture bias in
our CO (1-0) observations taken with the IRAM 30-m ~22"” beam. Given that the
CO-emitting region is not a point source, the CO line luminosity calculated in §3.1
is likely an underestimate by a factor of (62 +62)/67%, where 65 and 6, are the source
and beam sizes, respectively. If we assume the mean CO source size of 9.2 kpc from
our estimates above, then the corrections needed for the CO line luminosity, thus
also M (Hj) are ~1.1-2.2x. The mean correction is an increase of 1.4x from the
original calculation, indicating that the molecular gas masses reported here may be
conservative, with even higher amounts of molecular gas present.

Using the models of the CO emitting region that we construct from the size
estimates and Gaussian assumption, we test the possibility that some of the observed
CO does not participate in star formation. In §2.3.3, and in Figure 2.7, we assumed

that all of the observed CO lay within the optical size Rgg, which is always smaller



68

Figure 2.8: Estimated Gaussian half-light sizes of CO emitting regions (white dotted
circles), with horizontal lines representing the Monte Carlo estimated error. FWHM
beam sizes are shown for comparison: the inner yellow circle represents the IRAM
30m CO (2-1) ~11” beamsize, and the outer orange circle is the SMT CO (2-1)
~33" beamsize. Optical images are from SDSS, and are 60” x 60” . These CO sizes
are ~ 2x the optical half-light sizes (not shown), due to the concentrated optical
profile from the stars produced during the burst.
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Figure 2.9: Alternative KS plots (red comparison points same as in Figure 2.7),
accounting for possible spatial differences between molecular gas, star formation,
and optical light. Left: Ygpr (from Ha) and Xp, are both calculated within the
optical radius Rgg for the post-starburst sample. We use the CO size estimate
from §2.4.2 and assume a Gaussian distribution to rescale M (Hs) to that within
Ry instead of within the larger IRAM 30m 22” beam as in Figure 2.7. Despite
this rescaling, which allows for the possibility that the optical light and CO are
distributed differently, we still observe an offset of the post-starbust galaxies from
the K98 sample. Right: Ygpr and Xy, are both calculated within the 3” SDSS fiber.
We rescale M (Hs) to within this radius. SFR is calculated using only the Ha flux
from the fiber, without rescaling. This is a test of whether the star formation is
distributed differently than either the optical light or CO, and the continued offset
shows that this possibility is unlikely unless the Gaussian assumption for the CO
distribution is poor, or the star formation is even more concentrated within the fiber
size.
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than the IRAM 30m CO (1-0) beamsize. Our CO size estimates, however, indicate
that CO may extend beyond this aperture. We now estimate >y, within Rgy by
rescaling M (Hsy) using the Gaussian model to include only the gas mass within Rgg
(Figure 2.9a). While still assuming that the current star formation is distributed
like the optical light, this method allows us to compare the surface densities within
the same aperture. In §2.3.1, we assumed that the source sizes were much smaller
than the beam sizes to calculate L/cou—o)v but we now calculate g, explicitly in
Equation 1. Despite the decrease in M (H,) (and Xy, ), the post-starburst sample is
still significantly (> 40) offset from the K98 galaxies. Allowing for the optical light
and CO to be distributed differently does not change our results.

Next, we study the effect of allowing the spatial extent of any current star for-
mation to differ from both the CO and optical light distributions. Swinbank et al.
(2012) use resolved IFU observations of post-starburst galaxies, and find the nebular
emission lines [O II] and [O III] to be spatially offset from the A star population in
some cases, although these lines are particularly contaminated by LINER emission.
If the current star formation is even more concentrated than the optical light, this
could drive the observed offset of the post-starbursts on the KS relation. If this is
the case, our assumptions about the aperture correction in the SFRs in §2.2.5 are
not valid, and the SFRs are even more of an over-estimate. We consider now the
case where the star formation is restricted to the optical fiber.

Using the CO sizes estimates and Gaussian model, we rescale M(Hs;) to that
within the 3” SDSS optical fiber, again with a Monte-Carlo method to estimate the
errors. We then estimate Xy, inside the fiber aperture by scaling the CO luminosity,
assuming a Gaussian profile with the CO size estimate. To calculate Xgpr , we use
only the Ha flux from the fiber, not the aperture-corrected flux used elsewhere
throughout this paper. We plot the resulting surface densities within the fiber
apertures in Figure 2.9b. The post-starburst galaxies are still significantly offset

from the K98 comparison galaxies. Thus, even if we allow for the possibility that
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some of the CO in the outer regions of the galaxy does not participate in star
formation, or that the current star formation is more compact than the optical
light, the offset from the K98 galaxies remains.

Even if the CO in the post-starburst sample and the K98 sample is distributed
in the same way with respect to the optical light, aperture bias in the datasets
could generate an apparent offset. We do not see evidence of severe aperture bias
in the post-starburst sample. Although we do observe higher molecular gas masses
at higher redshifts, this is due to a combination of our decreased sensitivity and
the higher stellar mass SDSS-selection at higher redshifts. We see no statistically
significant trends with redshift of fs.s, or in the offset from the n = 1.4 power law
KS relation from K98. If aperture bias only affected the post-starburst sample, it
would result in an under-estimation of the offset.

An offset could be generated, however, if the K98 sample was not measured out
to the same physical radii as in the post-starburst sample. The CO isophotal sizes
in the K98 star-forming sample are at most 60% of the optical isophotal sizes, and
often much smaller. Galaxies with CO measured out to at least half the isophotal
radii are the only ones included in the K98 sample. Assuming a worst-case, uniform
disk distribution, the actual CO flux could be up to 70% higher than measured,
which is not enough to resolve the observed offset of ~ 400%.

The offset observed in Figure 2.6, that the post-starburst sample lies at lower
SFR for a given M (H,) than other galaxies, and the similar robust offset in the KS
relation (Figures 2.7 and 2.9), suggest that 1) the CO does not trace the Hy as in
our comparison galaxies or 2) the Hj is not turning into stars in the same manner
as our comparison galaxies (i.e., the star formation efficiency (SFE) is lower or the
IMF is bottom-heavy). We explore 1) in Section 2.4.3 and 2) in Section 2.4.4. For
now we note that suppressing the SFE by allowing CO to extend beyond any current
star formation region does not resolve the KS offset. Ultimately, interferometric CO

observations will be required to test the spatial distribution of CO.



72

2.4.3 Effect of aco Choice

As discussed in §3, the CO to Hy conversion factor (aco) is a known source of
uncertainty in measuring molecular gas masses from CO observations. Here, we
assume that Hy traces the current star formation as expected for other galaxies, and
explore variations in how CO traces the H,.

So far, in plotting the KS relation we have assumed a single value of aco = 4 for
all samples. Now assuming a bimodel aco model instead, we apply a ULIRG-like
value of acp = 0.8 to the K98 starbursts and to our post-starburst sample, and
leave the K98 star-forming galaxies with aco = 4. We obtain the results in Figure
2.10a. This low value of aco applied to the post-starburst sample can remove their
observed offset from the modified KS relation.

We can understand why starbursting galaxies may require a lower value of aco
using the following toy model. a¢o is proportional to the column density of molec-
ular gas N(H,) over the CO line intensity, as

N(H,) ~ N(H,)
[C’O Txo

oo X (28)

(Narayanan et al., 2011). In a merger, the column density is increased. However,
the line intensity goes as the temperature T times the velocity dispersion o, which
both increase during the merger. In total, these factors result in a lower value of
aco. After the merger, the gas kinetic temperature may decline to match conditions
in early-type galaxies, but it is not clear what this simple model predicts for the
post-starburst sample.

We cannot assume the post-starbursts will have a similar value of aco as ULIRGs
or starbursts simply because they are the likely progenitors. We expect the physical
state of the gas to have changed significantly in the 0.3-1 Gyr since the burst, as the
dynamical timescales for ULIRGs are of order 10° — 10™5 yr (Genzel et al., 2010).
However, if the state of the gas after the merger changes in such a way as to keep

the gas heated, but as to lower the column density of molecular gas, aco may have



73

a low value. Additionally, if an AGN heated the bulk of the molecular gas, the CO
brightness temperature could increase for a given Hy mass, lowering aco.

If much of the CO emission comes from outside of GMCs, the CO (1-0) linewidth
could be strongly affected by the gravitational potential in the galaxy, instead of just
by its own turbulence (Downes & Solomon, 1998). The fact that starbursts have
more diffuse gas, and less gas bound in molecular clouds, has been used as justifica-
tion for their low values of acg. We can estimate the influence of the stellar potential
on aco using the prescription from Bolatto et al. (2013). They suggest that aco
scales down from the Galactic value as aco/acomw = (Stota/100 Mepe=2)702
where Y. i the combined surface density of stars and gas. Adding the stellar
mass to the molecular gas mass, and calculating the surface density within the opti-
cal radius Rgyg, our post-starbursts have total surface densities of 130-460 M,pc~2,
predicting aco = 1.9 — 3.5, scaled down from the Galactic value of aco = 4. This
difference between the assumed aco for comparison star-forming galaxies and the
post-starburst sample is not enough to resolve their observed offset. However, this
relation is subject to scatter, and there may be significant variation in the influence
of diffuse gas on aco (Liszt & Pety, 2012).

The use of a bimodel acg is not necessarily physical (although see, e.g., Tacconi
et al., 2008; Daddi et al., 2009), because a variety of ISM conditions should exist,
resulting in a continuum of aco values. In particular, because post-starburst galaxies
may be at an intermediate stage between being dynamically hot and more relaxed,
the appropriate aco for these systems may lie between the Galactic average and the
typical value used for ULIRGs. The Narayanan et al. (2012) formulation suggests
that aco varies smoothly with galaxy physical properties, and may be parametrized
in terms of the gas phase metallicity and the CO surface brightness. Our galaxies
do not have abnormal metallicities. Goto (2007) study the metallicities of post-
starburst galaxies and do not find them to be anomalous. The mass-metallicity

relation (Tremonti et al., 2004) also predicts metallicities that are similar to the
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comparison galaxies, so we vary aco only with CO brightness. The result of applying
this variable aco model to both the post-starburst and K98 samples can be seen in
Figure 2.10b. The variable aco model does not remove the offset.

We are unable to rule out a low value of aco = 0.8 as a potential explanation
for the offset from the KS relation. We can resolve this question observationally
using higher J,, lines of CO to constrain the temperature and density of the gas,
as well as with denser gas tracers such as HCN to probe denser regions of the gas,

bypassing the uncertainties arising from any CO outside of GMCs.

2.4.4 Implications for Galaxy Evolution

Our findings that post-starburst galaxies can have large gas reservoirs, and that
they are offset low from the KS relation, help to discriminate among the physical
processes proposed to end the burst. Clearly, scenarios that require the molecular
gas to be absent, such as the complete 1) expulsion or removal of the gas (e.g., in
outflows or some environmental mechanisms; Feruglio et al.; 2010; Rupke & Veilleux,
2011; Boselli & Gavazzi, 2006), 2) consumption of the gas in the burst, and 3)
prevention of gas infall into the galaxy and of the subsequent formation of new
GMCs (“starvation”; Larson et al., 1980), are now excluded, at least in the half
of our sample with detected molecular gas. Alternatively, the molecular gas within
the galaxies could be 4) heated (Nesvadba et al., 2010), 5) kinematically prevented
from collapsing into GMCs (“morphological quenching”; Martig et al., 2009), or
6) dispersed. Here, we comment on the implications of our results for these latter
scenarios, and on what data are needed to complete the picture.

The offset observed in both Figures 2.6 and 2.7 could be caused by either a
breakdown in the relation between CO and Hj (a different value of aco), or between
H, and the SFR (a different star formation efficiency), such that either is different
than for the comparison galaxies. The burst-ending mechanisms of molecular gas

heating (scenario 4) or morphological quenching (scenario 5) might alter the state
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Figure 2.10: Top: Same as Figure 2.7a (see description in §2.3.3), but assuming aco
= 4 for the K98 star-forming galaxies, and aco = 0.8 for the K98 starbursts and
our post-starburst sample. Here, the offset previously observed can be reconciled by
assuming a ULIRG-type value of ago = 0.8 for the post-starburst sample. Bottom:
Same as Figure 2.7, but now assuming the variable aco for the K98 sample and
post-starburst sample using the formula from Narayanan et al. (2012). As before,
triangles, circles, and squares represent the post-starburst sample, K98 star-forming
galaxies, and K98 starbursts, respectively. We still observe a systematic shift low on
the Kennicutt-Schmidt relation, which suggests that the variable aco model does
not resolve the differences between the post-starbursts and other galaxies.
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of the gas relative to normal star-forming galaxies, acting to lower aco (see Eqn. 5)
or to reduce the SFE for a given M (H,). In the case where acois low, dispersal of
the gas (scenario 6) would drive the post-starbursts down along the KS relation.

Analyzing the gas state is outside the scope of this paper, as we cannot constrain
the temperature or density of the CO emitting region using only the CO (1-0) and
(2-1) lines (e.g., Carilli & Walter, 2013). We need higher J,, lines and denser gas
tracers to do so. Determining if the galaxy is undergoing morphological quenching
requires resolved kinematics of the molecular gas. If the offset from the KS relation
is not due to incorrect assumptions about aco (see §2.4.3), the SFR (§2.2.5), or the
relative spatial distribution of Hs, optical light, and star formation (§2.4.2, assuming
CO traces Hs), the intriguing possibility of a lower star formation efficiency in post-
starbursts remains.

Another potential explanation for the offset is that our galaxies are still forming
stars, but with a bottom-heavy IMF dominated by low mass stars that are not
detectable by our SFR indicators. Regardless of the IMF during the burst, any
subsequent star formation in our sample might be expected to track that of early
types, for which bottom-heavy IMFs have been suggested (e.g., van Dokkum &
Conroy, 2010). We test this hypothesis by estimating the change in the Ha-derived
SFRs with IMF slope. For consistency, so far we have used the same conversion
factor from L(Ha) to SFR as K98, who employed a Salpeter IMF (2 = 2.35 slope).
However, van Dokkum & Conroy (2010) favor a steeper, more bottom heavy slope
of z = 3. We use Starburst 99 v7.0.0 (Leitherer et al., 2014) models with a variety
of IMF slopes over the range 0.1 — 1M . For a bottom heavy IMF slope of x = 3,
we would underestimate the SFR significantly (by ~ 20x), more than enough to

explain the offset of our galaxies from the KS relation.
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2.5 Conclusions

We study molecular gas in a sample of 32 nearby (0.01 < z < 0.12) post-starburst
(aka “E4+A”) galaxies, whose optical spectra indicate a recent starburst that ended
within the last ~Gyr. We target the CO lines (1-0) and (2-1) with the IRAM 30m
and SMT 10m telescopes, constraining the molecular gas mass remaining in these

galaxies after the starburst. Our conclusions are as follows:

e Molecular gas is detected in 17 (53%) galaxies with CO (1-0) observations from
the IRAM 30m. We obtain molecular gas masses of M (H,) = 10%6-10%8M,
(aco/4M (Kkms™!pc?)™!), and molecular gas to stellar mass fractions of
faas ~ 1072-107%% (aco/4M (Kkms™ pe?)™!), roughly comparable to those
of star-forming galaxies and generally larger than for early types, for a range
of likely CO-to-Hy conversion factors (aco). The upper limits on M (Hs) for
the 15 non-detected galaxies range from 10”7 My, to 10%7 M, with the median

more consistent with early-type galaxies than with star-forming galaxies.

e We compare M (H>) to the star formation rate (SFR), using Ho and D,,(4000)
to calculate upper limits on the current SFR in this sample. When compared to

other star-forming, starbursting, and early type galaxies, the post-starbursts

have ~ 10 — 20x lower SFRs for a given M (H,).

e The post-starburst sample falls ~ 4x below other local galaxies on the
Kennicutt-Schmidt relation (Kennicutt, 1998) of SFR surface density vs.
M (H,) surface density. The median locus of the post-starburst galaxies is
offset from the relation defined by normal star-forming galaxies (K98) at 5o
significance. After considering sample selection effects, aperture bias, varying
spatial extents of current star formation, optical light and Hy, CO not trac-
ing Hy (a different aco), and the effect of IMF assumptions, we conclude the

observed offset is likely due to suppressed SFE, a low value of aco consistent
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with ULIRGs, and/or a bottom-heavy IMF.

Our results show that the end of the starburst in these galaxies cannot be attributed
to the complete consumption, expulsion, or starvation of the molecular gas reser-
voirs. Resolved interferometric CO maps of these galaxies, higher J,, lines of CO
for density-temperature constraints, denser gas tracers such as HCN, and resolved
star formation maps are necessary to more thoroughly study the current state of gas
in post-starbursts, and to more accurately compare to the residual star formation.
Understanding this possibly common phase in galaxy evolution will help reveal the

physics of star formation in galaxies as well as their evolution through mergers.
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Table 2.2. TRAM 30m CO (1-0) observations

Target *  tops Ico ® Lo © M(Hy) 4 FWHM ¢

(hours) (Kkms~1) (107 Kkms™!pc?) (107 Mg) (km s~1)
EAHO1  0.30 2.58+ 0.33 128.6+ 16.4 514.5+ 65.7  309.8+ 18.4
EAHO02 0.3l 1.324 0.27 84.3+ 17.4 337.04 69.7  172.9+ 29.8
EAHO3  0.20 3.60+ 0.39 158.0+ 17.2 632.14 68.9  158.7+ 8.6
EAHO4  0.51 0.59+ 0.13 9.24 2.0 36.7+ 7.9  106.7+ 20.3
EAHO5  0.60 0.97+ 0.21 90.7+ 19.5 362.7+ 77.9  278.7+ 44.8
EAHO06 0.71 < 0.59 < 24.84 < 99.34
EAHO7 1.02 < 0.33 < 10.31 < 41.25
EAHO8  0.83 0.45+ 0.15 35.6 12.0 1425+ 47.8  233.7+ 56.9
EAHO9  0.61 0.43+ 0.13 7.84 2.4 314+ 9.7  119.5+ 285
EAH10 043 0.73+ 0.20 181.54 48.6 726.1+ 194.3  275.1+ 58.8
EAH11 0.40 < 0.60 < 38.53 < 154.12
EAH12 0.70 < 0.44 < 65.87 < 263.47
EAH13 094 0.68+ 0.13 193.8+ 37.6 775.24 150.3  190.1+ 27.8
EAH14 0.80 < 0.53 < 44.96 < 179.85
EAH15 0.60 < 0.75 < 27.57 < 110.27
EAH16 0.30 < 0.56 < 155.85 < 623.40
EAH17 0.43 < 0.51 < 25.67 < 102.66
EASO1 0.33 < 0.76 < 6.23 < 24.93
EAS02 0.40 1.11+ 0.34 12.8+ 3.9 51.2+ 15.5  162.7+ 44.0
EAS03 047 1.66+ 0.24 143.64 21.1 574.4+ 84.5  270.5+ 30.3
EAS04 1.56 < 0.28 < 1.38 < 5.51
EASO05 0.74 0.64= 0.20 30.5+ 9.5 121.8+ 38.2  346.9+ 82.0
EAS06  0.31 3.83+ 0.39 42.6+ 4.3 170.6+ 17.2 112,94 4.0
EASO07 0.61 <047 < 10.82 < 43.27
EAS08 1.14 < 0.28 < 10.06 < 40.24
EAS09  0.54 2.12+ 0.27 33.3+ 4.3 133.3+ 17.2  267.8+ 20.5
EAS10 0.80 < 0.49 < 15.53 < 62.12
EAS11 0.40 < 0.51 < 17.20 < 68.80
EAS12 1.10 0.36+ 0.12 8.7+ 2.8 34.9+ 11.3 1417+ 29.1
EAS13 0.39 < 0.70 < 32.75 < 131.01
EAS14 1.61 0.83% 0.17 124.6+ 25.3 498.5+ 101.1  428.7+ 73.4
EAS15 0.74 0.48+ 0.15 29.9+ 9.5 119.8+ 38.0  166.2+ 57.2

aLines in bold represent > 30 detections in IRAM 30m CO (1-0) observations.

bUpper limits are shown at the 30 level.

Calculated using Lo = 23.5Qp D2 Ico (1+2)73.

dMasses calculated assuming aco = 4Mg (Kkms™!pc2)~1, M(Hz) = acoLlyg-

*FWHM from Gaussian fit to data.
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Figure 2.11: CO(1-0) and CO(2-1) spectra from IRAM and SMT for galaxies with
IRAM-30m CO (1-0) detections (> 3¢) in our post-starburst sample. Spectra are
shown in units of both main beam temperature T,,, [mK] and S, [Jy]. Grey lines
show the unbinned IRAM data for 5 km/s channels, and black lines show the data
binned to 20 km/s. Dashed red lines represent the rms of the binned data. SMT
data are shown in 13 km/s bins. Blue horizontal lines at bottom represent the
integration intervals, as described in the text.
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Figure 2.12: CO(1-0) and CO(2-1) spectra from IRAM and SMT for galaxies with
CO (1-0) not detected with the IRAM 30m. Spectra are shown in units of both
main beam temperature T,,;, [mK] and S, [Jy]. Grey lines show the unbinned IRAM
data for 5 km/s channels, and black lines show the data binned to 20 km/s. Dashed
red lines represent the rms of the binned data. SMT data are shown in 13 km/s bins.
Blue horizontal lines at bottom represent the integration intervals, as described in
the text.
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CHAPTER 3

Clocking the Evolution of Post-Starburst Galaxies: Methods and First Results

Detailed modeling of the recent star formation histories (SFHs) of post-starburst
(or “E+A”) galaxies is impeded by the degeneracy between the time elapsed since
the starburst ended (post-burst age), the fraction of stellar mass produced in the
burst (burst strength), and the burst duration. To resolve this issue, we combine
GALEX ultraviolet photometry, SDSS photometry and spectra, and new stellar
population synthesis models to fit the SFHs of 535 post-starburst galaxies. This
method is a significant improvement over using D,,(4000)-Ho; when D, (4000) >
1.4, the measured D, (4000) is not significantly correlated with our derived post-
burst ages for the sample studied here. For our post-starburst sample, 68% of
the burst mass fractions are within 7.0%-69%, and 68% of the post-burst ages are
within 240-680 Myr. 50% of the post-starbursts are best fit by a single recent
burst and an older stellar population, and 48% have a young and an intermediate
age stellar population consistent with two recent bursts in addition to the older
stellar population. Lower stellar mass galaxies (log M, < 10.5) are more likely to
experience two recent bursts, and the fraction of their young stellar mass is more
strongly anti-correlated with their total stellar mass. Applying our methodology to
other, younger post-starburst samples, we identify likely progenitors to our sample
and examine the evolutionary trends of molecular gas and dust content with post-
burst age. We discover a significant (40) decline, with a 90 Myr characteristic
depletion time, in the molecular gas to stellar mass fraction with the post-burst age.

I cannot be due to current

The implied rapid gas depletion rate of 5 — 200 Mgyr~
star formation, given the upper limits on the current SFRs in these post-starbursts.

Nor are stellar winds or SNe feedback likely to explain this decline. Instead, the
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decline points to the expulsion or destruction of molecular gas in outflows, a possible
smoking gun for AGN feedback. We also observe significant anti-correlations in the
WISE [4.6]-[12] and [3.4]-[4.6] pum colors with post-burst age; the dust mass and/or

the sources of dust heating are declining over time. *

3.1 Introduction

Post-starburst (or “E+A”) galaxies have been caught in the midst of a rapid tran-
sition from star-forming to quiescent. They are not currently forming stars, as in-
dicated by their lack of significant nebular emission lines. Yet, their strong Balmer
absorption lines reveal a substantial population of A stars, indicating these galax-
ies have experienced a burst of star formation sometime in the past billion years
(Dressler & Gunn, 1983; Couch & Sharples, 1987). Post-starburst galaxies show
disturbed morphologies and tidal features in at least half of the studied cases, pro-
viding evidence that mergers and interactions can drive this transition (Zabludoff
et al., 1996; Yang et al., 2004, 2008). Their range of angular momentum properties
is likewise consistent with a variety of possible merger histories (Pracy et al., 2009;
Swinbank et al., 2012; Pracy et al., 2013).

Post-starburst galaxies represent our best candidates for the rapid, non-secular,
mode of galaxy evolution (Schawinski et al., 2014; Smethurst et al., 2015) that half
to all red sequence galaxies are expected to experience (Martin et al., 2007; Wild
et al., 2016). Post-starburst galaxies are generally found in the “green valley” (Wong
et al., 2012) of the optical color-magnitude diagram, indicating stellar populations
that could redden and evolve passively onto the red sequence. Post-starburst galaxy
morphologies (Yang et al., 2004, 2008) and spatially resolved kinematics (Norton

et al., 2001; Swinbank et al., 2012) are also consistent with evolution into early-type

LA version of this chapter has been submitted to the Astrophysical Journal. All of the work
described below was carried out by me, with help from co-authors Yujin Yang, Ann Zabludoff, and

Christy Tremonti.
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galaxies.

Large spectroscopic surveys have allowed for the study of post-starburst galaxies
as a population (Zabludoff et al., 1996; Goto et al., 2003). By studying galaxies after
their starbursts are complete, and with data sensitive to the newly-formed stellar
populations, we can obtain detailed information on the time elapsed since the burst,
the mass produced in the burst, the overall burst duration, and whether more than
one burst occurred. Previous approaches to age-dating post-starburst galaxies have
often been too coarse, suffered from degeneracies between the post-burst age and
burst strength, or used uncertain stelar population models.

Simple indices, such as the Ca II H4+He vs. Ca II K lines (Leonardi & Rose,
1996), or Dypoo vs. Hoa (Yagi et al., 2006) only crudely constrain the post-burst
ages and burst mass fractions, and are only useful for galaxies with very high burst
strengths or very young ages.

The post-burst age and burst strength can be determined by fitting the SEDs
of post-starburst galaxies with templates from stellar population synthesis (SPS)
models (Liu & Green, 1996; Barger et al., 1996; Shioya et al., 2002; Falkenberg
et al., 2009; Du et al., 2010; Bergvall et al., 2016). While this technique benefits
directly from the wide wavelength coverage and the spectral resolution of both the
models and data, the optical SED cannot suitably break the degeneracy between the
post-burst age, burst strength, and burst duration in many cases, and the covariance
in adjacent spectral pixels must be considered to produce meaningful errors on the
fit parameters. Several studies have used PCA methods on the data surrounding
4000A (Wild et al., 2007, 2009, 2010; Rowlands et al., 2015; Pawlik et al., 2015)
to both select and age-date post-starburst galaxies, but these methods result in a
biased sample of recent SFHs (see §3.3.11).

Rest-frame UV photometry is essential in breaking the degeneracies. Several
studies have employed UV—+optical photometry to age-date post-starburst galaxies
(Kaviraj et al., 2007; Kriek et al., 2010; Crockett et al., 2011; Melnick & De Propris,
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2013; Yesuf et al., 2014; Ciesla et al., 2016), but are limited by small sample sizes,
lack of spectral line information, or poorly resolved time steps or mass fraction/
burst timescale bins.

The properties of the recent starburst are connected to the physical conditions
in the galaxy during the starburst, and to the mechanism that ends (“quenches”)
the burst. The duration of the burst is related to the quenching physics. The
amount of mass produced in the starburst is related to how much gas is available
and how efficiently it is funneled to the center and forms stars. The number of
bursts experienced during the merger is related to the merger progenitors. These
burst properties may both drive and be affected by feedback processes, whose impact
may depend on the stellar mass of the galaxy (Kauffmann, 2014; Sparre et al., 2015).

Characterizing the starburst properties of a galaxy is also useful in connecting
the starburst progenitors of these systems to their quiescent descendants. There
are several proposed methods for selecting such age sequences (Yesuf et al., 2014;
Rowlands et al., 2015; Alatalo et al., 2016¢), each with their own set of efficiencies
and biases. Connecting these galaxies using their detailed SFHs can more finely
select sets of galaxies that represent evolutionary sequences, and can be used to
track galaxies onto the red sequence of quiescent early-type galaxies.

The ability to connect time sequences of starbursting and post-starburst galax-
ies is important to understand the physics of how star formation shuts down, by
identifying the likely timescales for various physical mechanisms. While simulations
often assume the molecular gas reservoirs are depleted via star formation, stellar
feedback, and AGN feedback, ending the starburst (e.g., Hopkins et al., 2006), re-
cent evidence has emerged that AGN activity may be delayed after the end of the
starburst. Large molecular gas reservoirs remain in post-starburst galaxies (French
et al., 2015), which are otherwise consistent with evolving to early types in several
Gyr. Something else must happen — another epoch of star-formation or AGN ac-

tivity — to deplete the gas reservoirs to match those seen in early type galaxies.
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QSOs with post-starburst signatures have older stellar populations than some sam-
ples of post-starburst galaxies (Cales & Brotherton, 2015), which similarly indicates
a delay between the end of the starburst and the period of QSO activity. Studies
of AGN activity in galaxies with ongoing and recent starbursts (Davies et al., 2007;
Wild et al., 2010) indicate a delay of 50-300 Myr between the onset of star-formation
and the onset of AGN activity. The intermediate stellar ages of Seyfert and LINER
galaxies (Schawinski et al., 2009) also suggest such a delay. In simulations, the delay
between the starburst or merger, and the peak of AGN activity or feedback, depends
on the details of how AGN feedback is implemented (see e.g., Pontzen et al., 2016;
Sparre & Springel, 2016). To make progress, we need to compare the gas reservoirs
of post-starburst evolutionary sequences. Identifying the period over which they
lose their gas, and determining whether the loss can be explained by consumption
by residual star formation is critical.

Because of the recent sharp end to their star-formation, the details of how star
formation progressed and ended can be better constrained in post-starburst galax-
ies than in galaxies with less eventful star-formation histories, older galaxies, and
galaxies still undergoing such a starburst. Here, we present a catalog of 535 galaxies
for which we determine details of recent SFHs: post-starburst ages, burst strengths,
evidence for multiple bursts, and burst durations. We discuss the data used and
post-starburst selection in §2, the age-dating technique and discussion of biases and
sources of systematic error in §3, results relating to constraints on the recent SFHs
in §4, and results relating to the evolution of gas and dust in the post-starburst

phase in §5.
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Figure 3.1: Hé absorption vs. Ha emission equivalent width for our parent sample
of 595,268 galaxies in the SDSS DR10. The region outlined in black shows our
post-starburst selection criteria. To select galaxies with little-to-no current star
formation, we require Hoe EW < 3 A. To select galaxies with a recent (< Gyr)
starburst population indicated by strong Balmer absorption lines, we require Hda
— o(Hby) > 4 A, where 0(Hé,) is the measurement error of the Ho, index. Post-
starburst galaxies are located on this spur of the distribution of blue cloud and red
sequence galaxies. We show two example tracks of a 100 Myr burst added to an
old stellar population, with a mass fraction of 5 or 10%. A starburst must form
a substantial fraction of the galaxy’s stars, and be over a short duration, in order
to go through the post-starburst spur. Star-forming galaxies in the parent sample
are at higher Ha absorption, and moderate Hds (the turnover in Hés at high He is
due to absorption line filling). Quiescent galaxies have little Ho emission and little
Ho absorption. Due to our use of the A-star optimized Hd, index, these galaxies
extend to necative values.
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3.2 Sample Selection and Data

3.2.1 Post-Starburst Galaxy Sample

Our parent sample is drawn from the DR8 SDSS main galaxy spectroscopic sample
(Strauss et al., 2002; Aihara et al., 2011), using the galaxy properties from the
MPA-JHU catalogs (Brinchmann et al., 2004; Tremonti et al., 2004). We exclude
galaxies with z < 0.01 to eliminate those that are much larger than the the 3"
diameter of the SDSS fibers (we explore aperture bias §3.3.8). We also exclude
galaxies with unreliable Ha equivalent widths (we require h_alpha eqw_err > -1)
or median (over the whole wavelength range) signal-to-noise values of less than 10
per pixel. These cuts ensure that the line index measurements are reliable. Our
final parent sample from DRS is composed of 595,268 galaxies.

We select post-starburst galaxies from our parent sample by identifying galax-
ies with strong stellar Balmer absorption lines, characteristic of a recent (< Gyr)
starburst, and little nebular emission, indicating a lack of significant on-going star
formation (Figure 3.1). We use the Lick Hoa index (Worthey & Ottaviani, 1997) to
characterize the stellar Balmer absorption. We do not correct the index for filling
due to nebular emission. This effect is negligible for our post-starburst galaxies
given that they have weak nebular lines by definition and Hé will be at most ~8%
of the Ha emission line. We require Héy — o(Hds) > 4 A, where o(Hé,) is the
measurement error of the Hds index. We include o(Hda ) in our selection criteria to
elliminate spurious objects because Hj, measurements can be noisy (median o(Hd, )
~ 0.48 in the parent sample). We select for galaxies that have little on-going star
formation by requiring He EW < 3 A in the rest frame. We require that the SDSS
spectra have no gaps over Ha or Ho in the rest frame. These selection criteria result
in a sub-sample of 1132 galaxies from the parent sample (0.2%). We discuss the
biases that result from this sample selection in §3.3.11.

Figure 3.1 shows the distribution of Hao EW and Hd, in our parent sample.
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The region delineated by the black lines represents our selection criteria for post-
starburst galaxies. Star-forming galaxies in the parent sample are at higher Ho
emission and moderate Hdy absorption. For star-forming galaxies with more Ha
emission, the Lick Hd, index will be partially filled, resulting in the “turnover”
in Hoa at high Ha seen in Figure 3.1. Quiescent galaxies have little Ha emission
and little Ho absorption. Due to our use of the A-star optimized Hd, index, these
galaxies extend to negative values. This correlation is expected for galaxies forming
stars roughly continuously, because Ha emission and Hd absorption both trace star
formation, but on different timescales: Ha emission is powered by O stars which
have lifetimes shorter than 10 Myr, whereas stellar Balmer absorption is produced
by A stars with lifetimes of 0.3 - 1.3 Gyr. Post-starburst galaxies are visible as a
distinct spur of points with small Hoe EW and large Hd,, well-separated from the
populations of passively-evolving red galaxies and actively star forming galaxies. We
also show two example tracks of a 100 Myr burst, with 5% (or 10%) of the current
stellar mass produced in the recent burst and 95% (or 90%) from an old stellar
population. A starburst must form a substantial fraction of the galaxy’s stars over

a short duration to go through the post-starburst spur.

3.2.2 Optical Photometry and Spectroscopy

We use the ugriz magnitudes and Lick indices? from the SDSS in our age-dating
procedure. The emission line and absorption line index measurements are described
in Tremonti et al. (2004) and Brinchmann et al. (2004). For the photometric data, we
adopt the modelmag magnitudes, which provide stable colors while containing most

of the galaxy light (Abazajian et al., 2004). We make small corrections to the u and

2We use the following Lick indices: D4000_Narrow, Lick CN2, Lick Ca4227, Lick_G4300,
Lick Fe4383, Lick_ Ca4455, Lick_Fe4531, Lick_C4668, Lick_Hb, Lick_Feb5015,
Lick Mgl, Lick Mg2, Lick_Mgb, Lick Feb270, Lick_Feb335, Lick Feb406, Lick_Feb709,
Lick_Fe5782, Lick TiO1, Lick_Ti02, Lick Hd A, Lick Hg A
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z bands (—0.04 and 0.02 mag) to put them on the correct AB magnitude system?.
In addition to photometry errors given in the SDSS catalog, we add the magnitude
zero-point errors (5%, 2%, 2%, 2%, and 3% in ugriz, respectively) in quadrature to
ensure that we obtain a realistic x? values in the SED fitting (Blanton & Roweis,

2007)%.

3.2.3 UV Photometry

For each of the post-starburst galaxies selected from the SDSS, we search for match-
ing GALEX (Galaxy Evolution Explorer; Martin et al., 2004) NUV and FUV detec-
tions using the GALEX GCAT All-Sky Survey Source Catalog (GASC) and GALEX
Medium Imaging Survey Catalog (GMSC) catalogs®. We search for galaxies within
4" of the SDSS positions. This radius is similar to the FWHM of the NUV PSFs
and much larger than the GALEX astrometric uncertainties (0.59” in FUV). In the
GCAT catalog, we find 729 galaxies (64%) with NUV detections of at least 3o,
and 535 galaxies (47%) with additional FUV detections. In this paper, we use only
the galaxies with both NUV and FUV detections, as the UV data is essential for
breaking the age-burst strength-burst duration degeneracy.

We use the MAG_FUV and MAG_NUV magnitudes from the GCAT catalogs, which
were determined from the SExtractor AUTO magnitudes. These magnitudes should
represent the total galaxy light, and thus are comparable to the SDSS modelmag
magnitudes (Abazajian et al., 2004). The zero-point calibration errors of 0.052 and
0.026 mag (Morrissey et al., 2007) are added to the FUV and NUV photometry er-
rors respectively to reflect the uncertainties in photometric uniformity. The addition
of these zero-point errors to the formal photometric errors is critical in our study, be-

cause we combine photometric measurements from different databases to construct

Shttp://www.sdss3.org/dr8/algorithms/fluxcal.php
4kcorrect.org
Shttps://archive.stsci.edu/prepds/gcat/
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SEDs. Under-estimated errors could lead us to inflated x? values and therefore to
unrealistic uncertainties in the post-burst ages and the burst mass fractions derived
from our SED fitting procedure.

We test whether the GALEX photometry is affected by a lack of deblending, by
comparing the SDSS and GALEX centroids. The mean difference is 1.1”, and only
3% have centroids more than 3”apart. The lack of cases where the centroids are
more offset than expected from the PSF's indicates that blending from other sources

is not a significant effect.

3.3 Age Dating Technique

3.3.1 Stellar Population Synthesis Models

The details of the SPS models used in our analysis are especially important given
the presence of evolving low to intermediate mass stars after the end of the star-
burst. The thermally pulsing asymptotic giant branch (TP-AGB) phase is especially
uncertain, so different SPS model treatments of the TP-AGB phase can have large
impacts on the predicted post-starburst SEDs. Specifically, the Bruzual & Char-
lot (2003) models feature a less prominent contribution from this phase than the
Maraston (2005) models. The Maraston (2005) models predict younger ages than
the BC03 models (Maraston et al., 2006).

Analyses of post-starburst galaxies (Kriek et al., 2010) have found that the
Maraston (2005) models generally overpredict the TP-AGB luminosity. Similar
results are found by Zibetti et al. (2012) and Melnick & De Propris (2013). Thus,
previous studies of the ages of recently quenched galaxies (Schawinski et al., 2007)
that use the Maraston (2005) models may be subject to error. The FSPS (Flexible
Stellar Population Synthesis) set of SPS models (Conroy et al., 2009; Conroy &
Gunn, 2010) includes two parameters to tune the shift in Tog and Ly of the TP-
AGB track on the HR diagram, from the tracks predicted by Marigo et al. (2008).
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These models include a best fit of AT, and ALy, to data from the SDSS and
2MASS (2 Micron All Sky Survey Skrutskie et al., 2006).

We age-date our sample of post-starburst galaxies using both the BC03 and
FSPS models and do not find a difference in the resulting ages above the statistical
error. This is likely due to the greater influence of age on the GALEX UV data
points, as the TP-AGB contribution is primarily in the NIR, which is less sensitive
to the details of the recent star formation histories. The remainder of this work uses
only the FSPS models.

Here, we use the FSPS models to generate stellar population synthesis models for
several families of physically-motivated SFHs for post-starburst galaxies. We con-
sider several possibilities for a younger stellar population from the recent starburst

(83.3.2) on top of and older, pre-starburst, stellar population (§3.3.4).

3.3.2 Recent Star Formation Histories

Post-starburst galaxies are likely the result of recent major mergers (e.g. Zablud-
off et al., 1996; Yang et al., 2004, 2008; Pawlik et al., 2015), showing evidence of
disturbed morphologies and the young stellar populations we are interested in here.
We motivate the details of our assumed SFHs using simulations of gas-rich major
mergers. Simulations of merging galaxies predict the triggering of a starburst, with
one (e.g. Snyder et al., 2011; Hayward et al., 2014) or two (e.g. Mihos & Hernquist,
1994; Cox et al., 2008; Renaud et al., 2015) exponentially declining starburst events.
In a merger, gas is funneled into the center of the galaxy, causing an initial burst
during the first galaxy-galaxy tidal passage, and another upon coalescence. If the
galaxies already have a bulge in place, it acts to stabilize the gas from collapse, and
most of the new stars will be formed in a single burst. If the bulge is not in place,
some of the gas forms stars during the first passage, resulting in two bursts of star
formation. The timescale of the separation between bursts depends on the initial

conditions of the galaxies’ relative positions and velocities before the merger.
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1 Recent Burst
T = 25-200Myr

2 Recent Bursts
Separation 0.1-1Gyr

| Star Formation Rate

10 -8 -6 —4 -2 0
Time (Gyr)

Figure 3.2: Star Formation History (SFH) models used here in fitting the post-
starburst SFHs. The old stellar population is modeled by a linear exponential.
The young stellar population is fit to two different classes of SFHs, those with 1
recent burst, varying the burst duration, and those with 2 recent bursts, varying
the separation between bursts. Post-starburst galaxies are likely post-merger, so we
use simulations of gas-rich major mergers to motivate the range of recent SFH used
(see §3.3.2). The burst durations range from 25 Myr to 200 Myr for the single burst
models. We do not have the sensitivity to distinguish the burst mass fractions or
durations of the individual bursts in the double recent burst model, so we assume
the bursts are each 25 Myr exponentially declining models, and form equal stellar
masses. We instead vary the separation between each burst, from 100 Myr to 1 Gyr.

Multiple starburst episodes can also occur when stellar feedback is important
(e.g., Muratov et al., 2015). Galactic outflows observed in post-starburst galaxies
(Tremonti et al., 2007) have been proposed to arise from stellar feedback (Diamond-
Stanic et al., 2012). Multiple episodes of star-formation are expected to occur in low
mass galaxies, with observations constraining the duty cycles of these “bursty” star
formation histories (Lee et al., 2009; Geha et al., 2012). However, some observations
of long duration starbursts in low mass galaxies have shed doubt on whether these
bursty SFHs can be explained with stellar feedback alone (McQuinn et al., 2010).

Because post-starburst galaxies are primarily found in poor groups (Zabludoff
et al., 1996; Hogg et al., 2006), we do not include “truncated” SFHs in our stellar
population fitting method, as in Ciesla et al. (2016), as such models are motivated
by processes unique to dense cluster environments, such as ram pressure stripping.

We test several different models for the recent SFH (Figure 3.2). Motivated by
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the simulations described above, we choose two different classes of SFHs: one or two
recent bursts, with an early period of star formation at high redshift. We then vary
the duration of the exponentially declining burst in the former and the separation
between the bursts in the latter. Exponentially declining (“7”) bursts are seen in
simulations, but we also test a gaussian-shaped recent burst, at different durations.
The post-burst ages fit using the two models are consistent, using the definition
below. The 7 model bursts produce better fits to the data than the gaussian shaped
bursts, so we use these in all cases.

For the two recent burst model, we do not have the sensitivity to fit separate
ages, burst strengths, durations, and the time between bursts, due to degeneracies
in the spectra. We choose five burst separations between 100 Myr and 1 Gyr, typical
of those seen in the simulation results discussed above. We set the burst durations
to 7 =25 Myr and require the mass fractions to be equal between the two recent
bursts.

To properly compare the post-burst ages from different SFH fits, we define the
“post-burst” age to be the time elapsed since the burst was complete, instead of the
time elapsed since the burst began. Because the SFHs we consider have different
burst durations and numbers of recent bursts, this convention allows the post-burst
ages to be compared in a physically meaningful way. While we are interested in the
post-burst age for studying how post-starburst galaxies evolve through this phase,
a different convention may be desirable for other purposes, such as timing the onset
of various evolved stellar populations. We include both the age since the starburst
began and the post-burst age in Table 3.1.

We define the “post-burst age” to be the time elapsed since the majority (90%)
of the stars formed in the recent burst(s). We choose this convention by fitting
single population recent bursts 4+ a 10 Gyr old single stellar population to synthetic
UV-optical SEDs for the single and double burst SFHs described above, with typical

uncertainties added, then comparing the age of the single stellar population model
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to that of the single or double exponentially declining bursts. The age since 90%
of the stars formed, or “post-burst age”, is most consistent with the age obtained
by using a single stellar population to model the recent burst. This definition is
thus comparable to a light-weighted young stellar population age, as derived using a
“K+A” model (e.g., Quintero et al., 2004); it also allows comparisons between post-
starbursts with single vs. double burst recent SFHs, to explore how the galaxies
evolve after the burst has ended (see §5).

We demonstrate how the double burst model is a better fit to many of the
galaxies, by plotting the fitting residuals for the FUV flux, D,,(4000) index, and
Lick Ho, index in Figure 3.3. For galaxies that strongly prefer the double recent
burst model, the fitting residuals are narrower and less biased than the single burst
model fitting residuals for the same galaxies. The addition of an intermediate F
star population allows for these indices, as well as many of the iron-influenced Lick
indices, to be better fit, while still providing a good fit to the UV colors and Balmer
absorption indices. We ultimately find that 50% of the galaxies prefer the single
burst model, and 48% prefer the double burst model. Only 11 galaxies (2%) do not
show a statistical preference given the error in y2. For these galaxies, we nonetheless

assign the model with the lower 2, although this does not affect our conclusions.

3.3.3 SED fitting

To determine the time elapsed since the starburst ended, what fraction of the stellar
mass was produced during the burst, the duration of the recent burst, and whether
there was more than one burst, we model the SEDs of post-starburst galaxies as a
combination of old and new stellar population. The old stellar population is modeled

as a linear-exponential star formation rate over time t,4:

U x tolde_t“ld/%ld (31)
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Figure 3.3: Histograms of fitting residuals for the FUV flux, D, (4000) index, and
Lick Hép index, for galaxies best fit by a double recent burst. The double burst
model fit residuals are shown in red, and the (not preferred) single burst model fit
residuals are shown in black. For galaxies that strongly prefer the double recent
burst model, the fitting residuals are narrower, and less biased than the single burst
model fitting residuals for the same galaxies.

beginning 10 Gyr ago and characterized by the timescale 7,4 = 1 Gyr. The young
stellar population’s star formation history is modeled as either one or two exponen-
tial declining components in the star formation rate over time ¢,4,,4. For one recent
burst:

W o e tvouns /T (3.2)

We vary the time tgp since this recent period of star formation began® as well as
the characteristic timescale 7.

For two recent bursts,
U o e tsB/T 4 g tsptA/T (3.3)

where 7 = 25 Myr for each, and the separation At between the two recent bursts is
0.1-1 Gyr.

We use the flexible stellar population synthesis (FSPS) models of Conroy et al.
(2009); Conroy & Gunn (2010) to construct model template spectra. We assume a

SEquations 6.1 and 6.2 are related by toq — tyoung = 10 Gyr —tsp.
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metallicity Z using a stellar mass prior (§3.3.5), a Calzetti reddening curve, and a
Chabrier IMF. The effects of these assumptions, as well as the assumed SFHs, are
discussed below (§3.3.5, §3.3.6, §3.3.7).

The observed spectrum is modeled as a linear combination of the young and old

stellar templates:

fmodel = [yfyoung + (1 - y)fold] X 10_0-419()\)14‘/7 (34)

where k(\) is the reddening curve as a function of the wavelength A\, Ay
is the amount of extinction expressed in magnitudes of V-band absorption,
fyoung( N tsp, T/At, Z) is the young stellar population spectrum (arising from Eq.
6.2) with an SFR decay rate of 7 (or the separation At between 2 recent bursts),
and foq(A; Z) is the old stellar population spectrum (arising from Eq. 6.1). Z is the
stellar metallicity assumed, using the priors described below (§3.3.5. Each spectrum
is normalized within the 5200-5800 A wavelength window, and y represents the frac-
tion of the total galaxy light in the young stellar template. The mass fraction of
new stars my is derived from y and tgp. Thus, we parameterize the spectrum using
four free parameters, tsg, Ay, y, and 7.

The priors on these four parameters are as follows. Ay: [0,2] magnitudes,
spaced linearly, tsp (age since starburst began): [30, 2000] Myr, space logarith-
mically, y: [0.01, 1], spaced logarithmically, 7 = [25,50,100,150,200] Myt 7 or At =
[100,200,300,500,1000] Myr. The priors on Ay were set by the typical dust atten-
uation seen in SDSS galaxies (Brinchmann et al., 2004). The minimum age prior
is set to be smaller than the minimum time any galaxy would take to enter the
post-starburst selection criteria. The maximum age prior is set to be well after all
galaxies would have exited the post-starburst selection critera. Similarly, starbursts

with y < 0.01, or 7 > 200 Myr will never be selected as post-starbursts. We tested

"We find that we cannot distinguish statistically between 7 = 150 Myr and 7 = 200 Myr, so

this last option is not used in the following analysis.
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smaller values of 7, but found this method cannot distinguish statistically amongst
burst durations shorter than 25 Myr.

We compare the SDSS ugriz and GALEX FUV, NUV photometry, and 22 Lick
indices® (29 total data points) to synthetic photometry and Lick indices calculated
from the model spectra. While we would ideally make use of every spectral data
point available, the use of the full SDSS spectra is complicated by the covariance in
the spectral data points. Thus, we extract information from the SDSS spectra using
the Lick indices alone (Worthey et al., 1994; Worthey & Ottaviani, 1997). While
these data points are not truly independent due to the astrophysical processes un-
derlying their relative strengths, we avoid instrumental and calibration uncertainties
in interpreting the spectra. We determine the best fit model using y? minimization
and marginalize over all other parameters to determine the 68% likelihoods for each
parameter. The errors on the data and Lick indices are taken from the SDSS cata-
logs described above, and we assume the error distributions are Gaussian. In Table
3.5 we show the mean and rms of the fit residuals, and in Table 3.7 we show the full

covariance matrix of the fit residuals.

3.3.4 Early Star Formation History

The overall star formation history of galaxies can be approximated as a linear-
exponential, W,y o< te™*/7 (Simha et al., 2014). We use this model for the old
stellar population in our stellar population fitting, with 1 Gyr as the characteristic
duration 7 (see Figure 3.2). To test how this choice of old stellar population model
affects our results, we replace the linear-exponential model with a single-age stellar
population, placed at different times 10 Gyr to 1 Gyr before the starburst. We
find that the post-burst ages derived do not change by more than the formal fit
error, so long as the old stellar population is > 4 Gyr before the starburst. Thus,

the linear-exponential model with 7=1 Gyr is indistinguishable from a single stellar

8We eliminate NaD due to concerns about possible contamination from interstellar absorption.
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population at any time >4 Gyr before the starburst, in terms of its effects on our
results. Old SFHs with substantial star-formation extending to the present produce
poor fits to the data, as they are not flexible in varying the amount of light from
old vs. intermediate vs. young stars.

However, the SFR before the burst is expected to be non-zero, and typical of
gas-rich disk galaxies. We test the effect of adding an additional SFH component,
with at a constant SFR over the 10 Gyr prior to the starburst. For consistency with
the prior analysis, we define the post-burst age as the age since 90% of the A stars
were formed. As long as the constant SFR component does not dominate the light
(Yeonstant < 0.5), the difference in derived post-burst age is less than the statistical

+ systematic error.

3.3.5 Metallicity

To fit the post-starburst data to SPS models, we must assume or fit stellar metal-
licities. The choice of metallicity is important in determining the post-burst ages,
as changes in Z will result in systematic differences in the post-burst ages. Tradi-
tionally, the age-metallicity degeneracy can be broken using the Lick index system
(Worthey et al., 1994; Worthey & Ottaviani, 1997), which we make use of in our
fitting procedure. However, we cannot simultaneously break the age-burst strength-
burst duration degeneracy and the age-metallicity degeneracy to the age precision
required to track galaxies across the post-starburst stage. The photometry of these
galaxies is unhelpful in fitting the stellar metallicities, as the extremely blue colors
bias the metallicities low. Ignoring the photometry and fitting the models only to
the Lick indices is not sufficient, as the difference in ages in our fitting grid is small
compared to the range of metallicities allowed.

We test two priors on metallicity in our method: a constant solar value or a
stellar-mass dependent value using the Gallazzi et al. (2005) mass-metallicity rela-

tion. We use the second case throughout, as it is more physically motivated, and
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produces smaller average y? values. To estimate the systematic error in post-burst
age, we propagate the range in likely metallicities for each stellar mass from Gallazzi
et al. (2005) through the SED fits. We draw 10 randomly-selected metallicities from
the mass-metallicity relationship, using the error bounds in Gallazzi et al. (2005),
assuming a Gaussian distribution, and using the stellar masses from the SDSS MPA-
JHU catalogs (Brinchmann et al., 2004; Tremonti et al., 2004). We determine the
median scatter in the age and burst mass fraction in these 10 trials for each post-
starburst galaxy in the sample. The median error resulting from this analysis is 14%
of the post-burst ages and 23% of the burst mass fractions. We discuss the treat-
ment of these systematic errors in §3.3.9. We note that the stellar masses predicted
at the end of this process are within the fit errors of those by the MPA-JHU group
(~ 0.15 dex for this sample).

Should post-starburst galaxies lie on the mass-metallicity relation generated from
all SDSS absorption line galaxies? If post-starburst galaxies are to evolve to the
early-type galaxies that lie on this relation, without further episodes of star for-
mation, they should experience no evolution on it. Short bursts of star formation
can increase the stellar mass before the ISM is enriched for further star formation,
resulting in a bias low in the M-Z relation. However, galaxies with longer duration
bursts, multiple bursts, or those that start out at a higher Z for their stellar mass,

will compensate for this effect.

3.3.6 Dust Extinction

We have assumed a Calzetti et al. (2000) extinction law in our model fits so far.
The characteristic extinction in this model has uncertainty Ry = 4.05 = 0.80, but
because we fit Ay directly, only Ay is sensitive to a change in Ry. Assuming the
reddening curves of Charlot & Fall (Charlot & Fall, 2000) or O’Donnell (O’Donnell,
1994), we do not find significant changes in the extinction (E(B-V)) or post-burst

ages or burst mass fractions measured. The results of these tests are plotted in
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Figure 3.4.

We have an independent constraint on Ay through the Balmer decrement. We
examine the Ha and HF fluxes from the MPA-JHU dataset (Aihara et al., 2011).
We assume the standard case B recombination at T=10* K and an intrinsic value
of 2.86. In general, the extinction fit from the SPS models is less than that derived
from the Balmer decrement, although consistent with the errors propagated from
uncertainties in the emission line fluxes. This is not unexpected (Hemmati et al.,
2015), as the dust surrounding the A star population (measured in our SED fits) may

cause less extinction that the dust surrounding the nebular line emission regions.

3.3.7 IMF

In our analysis, we have assumed a Chabrier IMF (Chabrier, 2003). However, there
is some evidence that the IMF varies between galaxies, especially in early-types
(Cappellari et al., 2012; van Dokkum & Conroy, 2012). We test the effect on the age-
dating fits if we assume instead a bottom-heavy IMF, with slope x = —3 from stellar
masses 0.1 —100M . The change in IMF primarily affects the light or mass fraction
measured, as the IMF effectively re-weights the old and young stellar contributions
in each burst. The results of this test are plotted in Figure 3.5. We compare the
difference in fit results to the fit errors estimated using each IMF. While a bottom
heavy IMF would lead to measuring systematically younger ages and lower light
fractions, the difference in derived ages is greater than the fit errors in only 29% of
cases, and the difference in derived light fractions greater than the fit errors in 18%

of cases, both within the expected number for the 68% error ranges.

3.3.8 Aperture Bias

Because the post-starburst galaxies have larger angular sizes than the 3” fibers with
which they are selected and characterized, these methods may suffer from aperture

bias. A key concern in post-starburst selection is to select only truly post-starburst
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Figure 3.4: Ages and burst mass fractions fit using either Calzetti (Calzetti et al.,
2000), Charlot & Fall (Charlot & Fall, 2000), or O’Donnell (O’Donnell, 1994) ex-
tinction laws, for a test of 100 post-starburst galaxies. Our derived parameters are
robust to the choice of extinction law, and the only significant outliers are those
with large fit errors on the derived parameters.
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Figure 3.5: Ages and burst light fractions when assuming a Chabrier IMF vs. a
bottom-heavy IMF with slope x = —3 from stellar masses 0.1 — 1000, for a test
of 100 post-starburst galaxies. The change in IMF primarily affects the light or
mass fraction inferred, as the IMF effectively re-weights the old and young stellar
contributions in each burst. A more bottom-heavy IMF (fewer bluer high-mass
stars) looks similar to a lower burst mass fraction (which would also have fewer
bluer high-mass stars). The difference in derived ages is greater than the fit errors
in only 29% of cases, and the difference in derived light fractions greater than the fit
errors in 18% of cases, both within the expected number for the 68% error ranges.
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galaxies, excluding post-starburst nuclei surrounded by a star forming disk. We
select only galaxies with z > 0.01 to avoid this case. Indeed, IFU observations of
more local post-starbursts (Pracy et al., 2014) have found pockets of star formation
outside of the post-starburst nucleus of galaxies. However, these star forming regions
are only ~ 500 pc from the center, and would have been included inside a 3" diameter
fiber for galaxies with z > 0.017 (or 99% of our sample).

Fiber-based estimates of global galaxy properties are known to have large errors
due to aperture bias when the total flux gathered by the fiber is less than 20% of the
total flux (Kewley et al., 2005). In Figure 3.6 we plot the fraction of the r-band flux
captured by the SDSS fiber for our post-starburst sample. Only 5% have < 20% of
the total flux within the SDSS fiber (for any band), and we do not observe trends in
any of the derived galaxy properties with the fraction of flux inside the fiber. The
centrally concentrated light in post-starbursts results in less aperture bias than in
our parent sample of SDSS galaxies: the median flux within the fiber is 43% for
our post-starburst sample. For the parent sample of SDSS galaxies described above
(selected to have z > 0.01), the median flux within the fiber is 30%, and 25% have
<20% of the total flux captured by the SDSS fiber.

One concern is the dilution of the burst signatures, when the fiber samples an
area greater than the extent of the starburst (Snyder et al., 2011). This effect acts
to decrease the Hd index, such that higher redshift galaxies will have weaker Balmer
absorption lines. We thus caution that the parameters fit here represent the area of
the fiber sampled. The area over which the starburst took place is both observed
(Swinbank et al., 2012) and predicted (Snyder et al., 2011) to vary, depending on
the progenitors and configuration of the triggering merger. To fully resolve the issue
of how aperture affects measurements of the post-starburst properties of galaxies,
spatially resolved spectra are needed. Future IFU surveys such as MANGA (Drory
et al., 2015) will contribute to the growing number of post-starburst galaxies with

resolved spectroscopy.
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Figure 3.6: Fraction of r-band flux that falls within the 3” SDSS fiber vs. redshift.
Only 5% of the sample has < 20% of its total flux within the SDSS fiber, where
errors in determining global galaxy properties become large (Kewley et al., 2005).
We do not remove these galaxies from our sample, as they do not have different
distributions in any of the derived properties.

Another concern is that a mismatch between the vital GALEX photometry and
SDSS fiber may bias the results. The FWHM of the GALEX PSFs are 4.9” and 4.2"
for the NUV and FUV bands respectively, making it difficult to determine whether
the flux is as centrally concentrated as the optical light. We estimate the effect
this may have by comparing the u — r colors from the modelmag and fibermag
magnitudes. The difference between these colors is on average only 34% of the
uncertainty in these colors, so the mismatch in apertures is unlikely to have a severe

impact on the quantities derived from the SED fitting.
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3.3.9 Error Estimation

We test whether the derived parameter errors are reasonable, despite the high y?
values (median reduced x?/v ~ 2.5) by performing a jackknife test as an additional
way to calculate the parameter errors. We fit each galaxy many times, removing one
datapoint each time, then compare the mean and variance of the derived parameters
to the original. The mean of the ratio of the initial errors to the jackknife-derived
errors is consistent with 1. This indicates that the derived parameter errors are
meaningful, and not severely over- or under-estimated.

We test the effects of any additional parameters outside of the SFH that could
influence the quality of our fits (IMF, dust law, metallicity, SPS model, recent SF,
the shape of the old stellar population), as described in the preceding sections. Our
primary goal in this modeling and fitting procedure is to determine parameterized
quantities relating to the time elapsed since a starburst and the nature of that
starburst. While better x? fits would be obtained by adding more parameters to
the SFH descriptions, the results would be less useful. That approach would be
valuable if the goal were accurate stellar masses (for example). Nonetheless, our
derived stellar masses are within the fit errors of those by the MPA-JHU group.

While we parameterize our models using the light fraction of the recent burst(s)
compared to the old population, we are interested in the burst mass fraction, which
we derive from the light fraction. The conversion from light fraction to mass fraction
depends on the post-burst age and burst duration (7 or At), as younger populations
will have lower mass to light ratios. The error in the burst mass fraction is calculated
by determining the likelihood function from the light fraction and age likelihood grid.
We plot the light fraction vs. mass fraction for several post-burst ages for the single
burst models (Figure 3.7). At very young post-burst ages, the light from the young
stellar population dominates the total light for any mass fraction > 10%. As a
result, large uncertainties exist in many of the burst mass fractions, especially for

short post-burst ages.
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We consider three main sources of error in our derived properties: the fit uncer-
tainty (including errors on the data propagated through), our metallicity assump-
tion, the SFH uncertainty. The errors from the fit uncertainty are shown in Figure
3.8 (left). The median errors on the age are 10%, and the median errors on the burst
mass fraction are 12%. The systematic errors due to our metallicity assumption,
as described in §3.3.5, are shown in Figure 3.8 (middle). The median errors on the
ages due to the metallicity uncertainties are 14%, and the median error on the mass
fractions is 23%. Histograms of combined errors are shown in Figure 3.8 (right).
The median combined errors on the ages are 22%, and the median combined errors
on the burst mass fractions are 38%. These trends are not significant functions of
either the post-burst age or burst mass fraction.

We have two physically motivated classes of SFHs: one or two recent bursts.
The data available are not sensitive enough to discern among more complex models
of the recent SFH, such as varying the relative contributions or durations of the two
recent bursts, thus we do not consider external estimates of the systematic error

caused by the assumed SFH history.

3.3.10 Breaking the Age-Burst Fraction-Burst Duration Degeneracy

A key feature in our method is breaking the degeneracies of the post-burst age
with the burst mass and burst duration. Doing so relies on the UV photometry
from GALEX. In Figure 3.9, we demonstrate the effect of the UV photometry and
optical lines on decreasing the fit parameter uncertainties and their degeneracies
by age-dating a galaxy with and without these data. The post-burst age, burst
fraction, and burst duration have highly correlated errors, and higher uncertainties
result. Including the UV photometry and optical lines successfully breaks these
degeneracies, reducing the uncertainties in the fit parameters.

To test that our method successfully breaks these degeneracies, we add noise to

simulated data and apply the age-dating method to recover the input parameters.
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Figure 3.7: Burst light fractions vs. burst mass fractions for four post-burst ages,
for a single recent burst with 7 = 25 Myr. At very young post-burst ages, the light
from the young stellar population will dominate the total light for any mass fraction
> 10%. As a result, large uncertainties exists in many of the burst mass fractions,
especially for short post-burst ages.
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2.0

Figure 3.8: Normalized histograms of fractional errors on age and burst mass fraction
(see §3.3.9). Left: fit error, with data uncertainties propagated through. The
median errors on the ages are 10%, and the median errors on the burst mass fractions
are 13%. Middle: systematic errors due to metallicity uncertainties. The median
errors on the ages are 14%, and the median errors on the burst mass fractions are
23%. Right: combined errors. The median errors on the ages are 22%, and the
median errors on the burst mass fractions are 38%. These trends are not significant
functions of either the post-burst age or burst mass fraction.
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We draw randomly from the fit grid in age, burst light fraction, and burst duration,
keeping a constant Ay and metallicity. Random errors are drawn from the distribu-
tion of uncertainties of the real data, and applied to these simulated data. We apply
the age-dating method to these synthetic data, testing whether the method recovers
the original parameters or adds any systematic biases. The fit ages are within the
fit errors of the input ages 80% of the time, and the fit mass fractions are within
the 1o fit errors of the input mass fractions 90% of the time. From the uncorrelated
initial set of ages and burst light fractions, no correlation is introduced during the
fitting process, and there is no significant (> 30) correlation between the recovered

ages and burst light fractions.

3.3.11 Star Formation History Selection Effects

By selecting against galaxies with significant Ha emission, we select only galaxies
that are truly post-starburst. However, galaxies with different burst durations and
burst mass fractions will go through our post-starburst selection criteria at different
post-burst ages. In Figure 3.10, we plot the regions of the burst parameter space
that we expect our sample of post-starbursts to occupy, as they evolve in and out
of the post-starburst selection criteria. The Lick Hoa limits are obtained from the
FSPS models. The Hao EW limits are obtained by converting the model SFR to
an Ha flux using the Kennicutt et al. (1994) relation and by comparing to the
continuum level from the FSPS models. For each burst duration and burst mass
fraction, it will take some time before the Hoe EW has subsided enough for these
galaxies to enter our selection criterion, even after waiting for all but 10% of the
stars to be made in the burst. Similarly, the post-burst age at which the strong Ho
absorption fades out of our selection criterion will differ, depending on the burst
mass fraction. It is clear from this plot that we are more sensitive to weaker bursts
(lower burst mass fraction) at younger ages, for shorter bursts. The effects of our

selection must be taken into consideration when examining the statistical properties
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Figure 3.9: Example likelihood contours of model parameters from this age-dating
method (left column), and comparisons of the data and model spectra (right col-
umn). This case shows the derived properties for the single recent burst SFH model.
We marginalize over Ay, then plot the 68% (solid lines) and 95% (dotted lines) like-
lihood contours for the remaining parameter pairs, marginalizing over the third
parameter. Normalized likelihoods for each parameter are shown at the top of each
column. In the right hand column, we plot the associated model and data spectra
and photometry for the best fit given each set of data. The grey bars indicate the
location of the Lick indices used to parameterize the spectra. The bottom row shows
the results for a galaxy, using the full set of UV-optical photometry and optical line
indices. The middle row shows the consequently worse parameter degeneracies and
uncertainties, if the UV photometry is not included in the fit, and the top row, if
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of post-starbursts.

From the way the post-burst age, burst mass fraction, and burst duration map
to the observed post-starburst signatures, it is clear that different selection meth-
ods can produce different populations of post-starbursts. The method by Wild
et al. (2007, 2009), used for example by Yesuf et al. (2014) and Rowlands et al.
(2015), aims to select post-starburst galaxies with the strongest (i.e., highest burst
mass fraction) bursts, using a PCA analysis of spectra around the 4000A region,
especially the D, (4000) index, excess Balmer absorption, and excess He vs. Ca
IT H+K absorption. By selecting only the strongest bursts, this method selects
only post-starburst galaxies with burst durations of 2 150 Myr, not the population
with shorter durations. Figure 3.10 demonstrates that for shorter starbursts, lower
burst mass fractions produce similarly strong post-starburst signatures, because the
SFRs and sSFRs during the burst are similarly high. Although this method has
other strengths, such as identifying galaxies transitioning from starbursting to post-
starburst (Rowlands et al., 2015), it neglects a significant number of post-starburst

galaxies.

3.3.12 Effects of Magnitude-Limited Parent Sample

Our sample is subject to potential biases from magnitude limits in two ways. The
first is the magnitude-limited nature of the SDSS parent sample. The second is
the requirement that the galaxies be detected in both the GALEX FUV and NUV
bands.

As detailed in Section 3.3.11, the selection on Ha emission and Hd absorption
has a strong influence on the distribution of the properties mentioned (especially age
since starburst, and the strength and duration of the starburst). This selection biases
the distributions of these quantities much more significantly than the magnitude cuts
(this can be seen in the predicted vs observed distributions given the selection cuts

alone), and as such we caution against making claims about the distributions of
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Figure 3.10: Burst mass fraction and post-burst age space for post-starburst galaxies
selected with the Ha-Hd method described in §3.2.1, divided up by the burst du-
ration, 7. Colored contours mark where galaxies enter and leave the post-starburst
Ha emission and Hé absorption criteria. After the starburst ends, the post-burst
age at which the Ha emission EW is low enough to enter the post-starburst phase
will depend on how much stellar mass is produced in the recent starburst, and the
burst duration. As the stellar populations age, the Hi, absorption will decrease,
and galaxies will leave the post-starburst phase at different post-burst ages depend-
ing on burst fraction of the starburst. As a result, the descendants of starbursts
with longer durations will only be seen at older post-burst ages, and only if the
burst fraction is high. This selection must be understood in order to asses physical
features in the distribution of starburst properties.
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these properties independent of their selection.

We test whether the distribution of derived ages is subject to bias from the
magnitude limit. The distribution of ages is the same (passes a KS test) for different
bins of stellar mass. If a large number of galaxies were brightened in FUV into our
sample, we would have expected (given that the FUV flux should fade with time)
that the lower mass galaxies should have younger age distributions.

We test whether the main difference in the galaxies with FUV detections and
those without is stellar mass or redshift. The distribution in redshift between these
samples is different (fails a KS test), but the distribution of stellar masses is the
same (passes a KS test). Thus, we do not expect the FUV -limited nature of the
sample to bias the sample, except to exclude farther away galaxies in the SDSS
parent sample.

Nonetheless, we test whether our stellar-mass dependent conclusions might be
affected by the magnitude-limited nature of the sample. We define a volume-limited
subset, and find that much of the power in our conclusions is driven by the interme-
diate mass galaxies, rather than a small number of low mass galaxies. More detail

is presented in the relevant section: §3.4.2.

3.3.13 Comparison to D, (4000)-Ho Method

In the absence of detailed modeling, the indices D, (4000) and HJ are sometimes
used as proxies for the post-burst age and burst mass fraction (e.g., Yagi et al.,
2006). Using the results of our stellar population fits, we evaluate how accurate this
method is in assessing the recent SFHs of post-starbursts. We show the standard
plot of D,,(4000) vs. Lick Hdy, colored by post-burst age and burst mass fraction
(Figure 3.11).

In Figure 3.12 we plot the post-burst age and burst mass fraction vs. D,,(4000)
and Lick Hd,, for galaxies in our sample best fit by a single recent burst. The

relation between D,,(4000) and the post-burst age suffers from a degeneracy with the
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burst mass fraction and burst duration. For post-starbursts with D,,(4000) < 1.3,
where post-starburst ages are typically younger than 300 Myr, the degeneracy is
lessened, and D,,(4000) is highly correlated with the post-burst age. However, if
D,,(4000) > 1.42, where post-starburst ages typically range from 300-1500 Myr,
D,,(4000) is no longer significantly (> 30) correlated with the post-burst age or
the age since the starburst began. We caution that these results depend on our
post-starburst selection method. For the youngest post-burst ages, we only can
select short-duration, low burst mass fraction starbursts. Selection methods that do
not make the same Ha-Hé cuts may find increased scatter in the D,,(4000)-age at
younger ages, where it currently appears more robust, if longer duration starbursts
are allowed into the sample. For the Lick Ho, index, we see that the post-starbursts
with the highest values of Hd, are not those with the strongest bursts, but those
with short duration bursts of mypust ~ 0.1 observed within 500 Myr post-burst.

3.4 Results: Constraints on Star Formation Histories

3.4.1 Derived Starburst Properties

We plot the post-burst ages and burst mass fractions for the post-starburst galaxies
best fit by a single recent burst in Figure 3.13. 68% of the burst mass fractions are
within 7.0%-69%, and 68% of the post-burst ages are within 240-680 Myr. The
ages appear correlated with the burst mass fractions, although this is due to our
selection of the post-starburst galaxies, rather than fitting degeneracies.

To illustrate how the selection of post-starburst galaxies influences the ages,
burst mass fractions, and burst durations, we outline the parameter space in post-
burst age, burst fraction, and burst duration where the a hypothetical galaxy would
meet our post-starburst selection criteria after the starburst, as in §3.3.11. For each
burst duration, the remaining panels in Figure 3.13 plot these outlines. The absence

of post-starburst galaxies at old age and low mass fraction is due to a lack of strong
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Figure 3.11: D,,(4000) vs. Lick Hd,, colored by post-burst age (left) and burst mass
fraction (right). D, (4000) and Lick Hoa are from the SDSS catalogs described in
the text, not the best-fit values. This parameter space has been used a a proxy for
the post-burst age and burst mass fraction (e.g., Yagi et al., 2006). Here, and in the
next figure, we demonstrate that there is significant scatter in where post-starburst
galaxies with a certain post-burst age and burst mass fraction lie.
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Figure 3.12: Comparison of post-burst age, age since starburst began, and burst
mass fraction to the indices D,,(4000) and Hé, which are sometimes used as proxies
for the post-burst age and burst mass fraction. D,,(4000) is from the SDSS cat-
alogs described in the text, not the best-fit values. We plot only galaxies best fit
by a single recent burst, and color code by the additional SFH parameters (post-
burst age, burst mass fraction, or burst duration). The relation between D,,(4000)
and the post-burst age suffers from a degeneracy with the burst mass fraction and
burst duration. For post-starbursts with D,,(4000) < 1.3, where post-starburst ages
are typically younger than 300 Myr, the degeneracy is lessened, and D,,(4000) is
highly correlated with the post-burst age. However, if D, (4000) > 1.42, where
post-starburst ages typically range from 300-1500 Myr, D, (4000) is no longer sig-
nificantly (> 30) correlated with either the post-burst age or the age since the
starburst began. We caution that these results depend on our post-starburst selec-
tion method. For the youngest post-burst ages, we only can select short-duration,
low burst mass fraction starbursts. Selection methods that do not make the same
Ha-Hé cuts may find increased scatter in the D,,(4000)-age at younger ages, where
it currently appears more robust, if longer duration starbursts are allowed into the
sample. For the Lick Hd, index, we see that the post-starbursts with the highest
values of Hos are not those with the strongest bursts, but those with short duration
bursts of mpust ~ 0.1 observed within 500 Myr post-burst.
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Ho absorption. The dearth of post-starburst galaxies at short 7 and high mass
fraction is real, arising from the too high burst sSFRs (> 1 x 10% yr™!) required
to produce such a high fraction of the stellar mass in such a short time. For the
median stellar mass of our sample, 3x10°M), this corresponds to an absence of
starbursts with SFRs (> 300 Mg yr~!). This is the reason the burst fractions
appear to be correlated with the burst durations. If such galaxies were common
in the local universe, we would have selected their descendants as members of the
post-starburst sample. The post-starburst galaxies uniformly fill the space within
their selection criteria to within the formal fit errors, when considering the lack of
starburst progenitors with exceptionally high sSFRs.

The fitted burst durations and mass produced in the burst provide an estimate
of the maximum sSFR during the starburst. In Figure 3.14, we plot the max sSFRs
from the recent starburst and stellar masses in comparison to the star-forming Main
Sequence fit from Schiminovich et al. (2007). The starbursts experienced by our
sample of post-starburst galaxies lie 10-100x above the Main Sequence and are
typical of starbursting galaxies.

In Figure 3.13, we also plot the ages and burst mass fractions for post-starburst
galaxies best fit by two recent bursts. Again, the galaxies fall within the bounds
expected from the Ha and Hé selection criteria. However, we do not have the
sensitivity to fit the individual durations or mass fractions of each burst. Because

of this, we cannot accurately estimate the maximum SFR for these galaxies.

3.4.2 Single or Double Recent Burst?

In Section 3.3.2 we discussed two classes of recent SF'Hs for the post-starburst galax-
ies: one or two recent bursts. Now, we constrain the implications of which galaxies
prefer each model. In Figure 3.15, we show the distribution of stellar mass for galax-
ies preferring each model. Recent double burst galaxies are at systematically lower

stellar mass than single recent burst galaxies. The separation in the median values
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Figure 3.13: Burst mass fraction and post-burst age for post-starburst galaxies,
divided up by SFH. For galaxies which strongly prefer a single recent burst, we
show only those with prefer a value for 7. The final panel shows the galaxies best
fit by two recent bursts. Colored contours mark where galaxies enter and leave
the post-starburst Hoe EW and Hd absorption criteria. The observed lack of post-
starburst galaxies at old age and low mass fraction is due to their lack of strong Hd
absorption. The dearth of post-starburst galaxies at short 7 and high mass fraction
is due to the high burst (maximum) SFRs that would be required to produce so
much mass in such a short time. Overplotted as solid, dotted, and dashed lines are
the burst SFRs for a 1e10 My, galaxy at SFR=25, 50, and 100 M, yr~! respectively.
The post-starburst galaxies uniformly fill the space within their selection criteria and
constraints on the burst SFR, to within the formal fit errors. Characteristic error
bars reflecting the fit uncertainties are shown in each panel, and we plot individual
error bars for galaxies with unphysical burst mass fractions of 1, to show that the
error bars extend down to much lower mass fractions. For galaxies best fit by the
two recent burst model, we do not have the sensitivity to fit the individual durations
or mass fractions of each burst. Because of this, we cannot accurately estimate the
maximum SFR for these galaxies.
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Figure 3.14: Stellar mass vs. maximum sSFR (mypys/7) during the burst. The Main
Sequence as fit by Schiminovich et al. (2007) is shown, along with multiples of 10-
100x, as is common for starbursting galaxies. A characteristic error bar is shown in
the upper right. We plot sSFR (derived from the burst mass fraction myys and the
burst duration 7 from the stellar population fits) instead of SFR to avoid correlated
errors. We only plot galaxies which strongly prefer a single recent burst, and prefer
a value for 7. The expected progenitors of the post-starburst sample have similar
ranges of sSFRs.
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is significant (3.00).

In Figure 3.16, we compare the burst mass fractions to stellar mass for galaxies
with either one or two recent bursts. Lower mass galaxies have on average higher
burst mass fractions (see also Bergvall et al. 2016). This trend is strongly dependent
on the number of recent bursts, considering both the fit error and systematic error
due to the metallicity uncertainty. For galaxies with one recent burst, there is an
(Spearman p = —0.19, 3.10) anti-correlation. For galaxies with two recent bursts,
there is a stronger (Spearman p = —0.45, 7.20) anti-correlation. At a single stellar
mass, the scatter in burst mass fraction is physical among the galaxies with well-
determined mass fractions (i.e., fit errors less than 33%).

Many of the galaxies at the highest burst mass fractions show a best-fit burst
mass fraction of 1, which is unphysical. This is due to the effect discussed in Figure
3.7, where small changes in light fraction can lead to large changes in burst mass
fractions, especially at the highest burst mass fractions, leading to higher fit errors.
The lower bounds of the fit errors on the mass fraction extend to lower burst mass
fractions, which are more physical. Nonetheless, we also consider the strength of
the anti-correlations with stellar mass excluding the galaxies with best-fit burst
mass fractions of 1. The anti-correlation for the sample with two recent bursts
remains significant (Spearman p = —0.42, 5.90), while the anti-correlation for the
sample with single recent bursts drops below our significance threshold (Spearman
p=—0.13, 2.00).

Why do the lower mass galaxies experience a greater number of recent bursts,
with a greater fraction of their stellar mass created? There are two possibilities.
First, if the lower mass galaxies are more susceptible to stellar feedback, and the
first burst was interrupted by the expulsion and re-accretion of gas in the galaxy.
Lee et al. (2009) study the duty cycle of starbursts in dwarf galaxies and find the
typical burst duration is ~ 100 Myr, with such events happening every 1 — 2 Gyr.

This frequency is consistent with the burst durations and separations fit here for
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the low mass post-starburst galaxies.

Another possibility is that the lower mass galaxies could have had progenitors
with smaller bulge components, as discussed in our initial motivation of these models
(see §3.3.2). As galactic bulges can act to stabilize the gas, bulge-less progenitors
can experience a burst of star formation during the first pericenter passage of the
two galaxies, in addition to a burst upon final coalescence (Mihos & Hernquist, 1994;
Cox et al., 2008; Renaud et al., 2015). We compare the stellar mass produced in the
recent burst to estimates of the current bulge mass by Mendel et al. (2014). The
stellar mass produced in the recent burst is typically 10-100% of the bulge mass.
This implies that the bulges are not formed entirely by the new stars produced in
the starburst and that the progenitors had pre-existing bulges. However, there are
significant uncertainties in performing a bulge-disk decomposition on post-starburst
galaxies using photometry alone. The high concentration of the newly formed stars
can result in a smaller bulge radius (Yang et al., 2006, 2008), or the mass of the
bulge can be underestimated if the SED fitting does not account for the extreme
recent star formation history. Additionally, it is uncertain what fraction of the
newly formed stars reside in the bulge. Spatially resolved spectroscopy is needed to
determine the age of the bulge stellar populations.

We test whether these results could be driven by the magnitude-limited nature of
this sample (see §3.3.12). We define a volume-limited subset, which has z < 0.15 and
Mgtettar > 10'%2. In this volume-limited subset, we still find a significant difference
between the stellar masses of galaxies preferring one vs. two recent bursts, and a
significant trend in stellar mass vs. burst mass fraction for the galaxies with two
recent bursts. Thus, our results are not likely to be driven by a scenario where only
the lower stellar mass galaxies with the strongest bursts have been included in our

sample.
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Figure 3.15: Histograms of stellar masses for post-starburst galaxies preferring a
single or double recent burst SFH. There is a significant shift toward lower stellar
mass for galaxies preferring two recent bursts, compared to those best fit by one
recent burst.
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Figure 3.16: Stellar mass vs. burst mass fraction, with galaxies color coded by best-
fit SFH. A representative error bar reflecting the fit uncertainty and metallicity
uncertainty is also shown. For galaxies which have experienced one recent burst,
there is a weak (Spearman p = —0.17, 2.40) anti-correlation. For galaxies which
have experienced two recent bursts, there is a stronger (Spearman p = —0.48, 6.80)
anti-correlation.
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3.4.3 Comparison to Shocked Post-Starburst Galaxies

Our selection of post-starburst galaxies selects against all Ha emission, regardless
of the source. This biases us against post-starburst galaxies with Seyfert activity
(Yesuf et al., 2014) or strong shocks (Alatalo et al., 2016¢). Additionally, we only
select galaxies which are truly post-starburst. Galaxies with ongoing starbursts are
excluded, as seen by the left hand limits in Figure 3.10. Identifying these galaxies
before they enter the post-starburst criterion is of considerable interest, but requires
more sophisticated selection methods.

The age-dating method described here can be applied to both galaxies before they
enter the post-starburst phase and to post-starburst galaxies with AGN activity.
Our tests on galaxies with strong Balmer absorption and no cut on Ha place the
galaxies still within their burst (i.e., the post-burst age is negative), with similar
burst mass fractions as the post-starburst sample. Our method is useful in matching
progenitor starbursting galaxies to their likely post-starburst descendants. Galaxies
with suspected AGN activity may benefit from an additional AGN template added
to the SPS modeling to account for any contribution to the continuum light.

We use the age-dating method described here to test how a sample of post-
starburst galaxies selected to allow emission lines from shocks (SPOGs; Alatalo et al.,
2016¢) compares with the sample identified using our Ha-Ho cuts. If the emission
lines allowed by the SPOG selection are due to star formation, and the starburst
has not truly ended, our best-fit model will show a starburst age tg, shorter than
the duration 7 of the most recent burst of star formation, resulting in a “negative”
post-burst age (i.e., the burst is still on-going). However, emission lines from star
formation or other sources could impact the optical spectral indices using in these
fits. We must correct the Lick HS, Hy and Hd indices for emission filling. We
estimate the emission in these lines, using the Ha line flux from the MPA-JHU line
catalogs (Brinchmann et al., 2004), the intrinsic line ratios Ha/HS = 2.86, Ha/Hy =
6.11, and Ha/HJ = 11.1, assuming case B recombination at T= 10* K (Osterbrock,
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1974) . We use the average reddening from the SPOGs fit without this correction,
Ay = 0.8 mag, and a Calzetti extinction law as before. The Lick index corrections

are thus:

F(Ha)1070-44v /Ry (ka(HB) =k (Ha))
2'86f(H6)cont

AHB = (3.5)

—0.4Ay /Ry (kx(Hv)—kx(Ha))
Al = 1 (Ha)10 (3.6)
6.11f (HY)cont

F(Ha)10-04Av /Ry (kx(H0)—kx(Ha))
11‘1f(H5)cont ’

where f.,,; is the continuum flux at each line. These corrections are large

AHJ = (3.7)

compared to the average error on the indices. For our post-starburst sample,
(AHB) = 0.25 A, lower than the uncertainty o(Lick HB) = 0.40 A. However, for
the SPOGs sample, (AHB) = 2.71 A, much higher than the uncertainty o(Lick
Hp) = 0.64 A. Additionally, we exclude the Fe5015 Lick index, as it is contami-
nated by the [OITIJA5007A line in the SPOGs sample.

If the emission lines in the SPOGs sample are due to type II AGN activity, this
emission line treatment is sufficient, and the addition of an AGN component to fit
the UV /optical photometry is not required. Except in the case of QSOs, the AGN
contribution to the NUV photometry is small, at < 15% (Salim et al., 2007), similar
to the typical errors in our NUV photometry. The observed UV emission from type
IT AGN is observed to be extended (Kauffmann et al., 2007) and thus not originating
from the AGN.

Post-starburst ages and starburst properties for the SPOGs are shown in Table
3.3. We plot the post-burst ages, mass fractions, and durations in Figure 3.17.
The SPOGs are generally younger than the post-starburst galaxies, with 60% too
young to have been selected by our post-starburst criteria, as they lay outside the

selection contour lines from Figure 3.13. SPOGs with similar mass fractions and
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durations as the post-starbursts may represent an evolutionary sequence. However,
an additional population of SPOGs (10% of the total SPOGs sample) exists at long
duration (> 100 Myr) and small burst fraction (< 10%), not consistent with our

post-starburst selection criteria.

3.5 Results: Discovery of Gas and Dust Evolution

3.5.1 Molecular Gas Evolution

Determining the post-burst ages of post-starburst galaxies, and identifying evolu-
tionary sequences, is important in studying the mechanisms by which star formation
shuts down and stays dormant in these galaxies. In this section, we combine molec-
ular gas (CO J= 1-0 and CO J= 2-1) measurements of post-starburst galaxies
to piece together the likely history of molecular gas depletion after the starburst.
We combine three samples to extend our time baseline®. The first sample we con-
sider, from French et al. (2015), uses the selection method discussed in §3.2.1. These
galaxies are contained within our parent sample of post-starburst galaxies, and have
stellar masses 1099 — 103! and redshifts z = 0.0196 — 0.1129. For those without
GALEX photometry, we use upper limits when available. The second sample, by
Rowlands et al. (2015), uses the selection method by Wild et al. (2009), which se-
lects high burst mass fraction, long duration starbursts and post-starbursts. The
third sample is the shocked post-starburst galaxy sample by Alatalo et al. (2016¢)
described in §3.4.3, with molecular gas measurements presented in Alatalo et al.
(2016Db).

We exclude the French et al. (2015) galaxy labeled HO1, as resolved CO (2-1)
imaging with ALMA has shown that the gas is associated with a companion, non-

post-starburst galaxy. The resolved CO is coincident with a 1.4 GHz FIRST (Becker

9 We note that during the refereeing process, another paper with several CO observations of

post-starburst galaxies was submitted to MNRAS by Yesuf et al.
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Figure 3.17: Same as Figure 3.13, but for shocked post-starburst galaxies (SPOGs;
Alatalo et al., 2016¢). We plot characteristic error bars representing the fit un-
certainties, and we plot individual error bars for galaxies with unphysical burst
mass fractions of 1. The contours represent the post-starburst selection contours for
the traditionally-selected sample. The SPOGs are generally younger than the post-
starburst galaxies, with 60% too young to have been selected into our post-starburst
criterion. SPOGs with similar mass fractions and durations as the post-starbursts
may represent an evolutionary sequence. However, an additional population of
SPOGs exists at long duration (> 100 Myr) and small burst fraction (< 10%),
which will not enter our post-starburst selection criteria.
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et al., 1995) detection, while the post-starburst component has no corresponding
detection. Including this galaxy would not significantly change our results. Unlike
HO1, none of the other post-starbursts with multiple components inside the observed
beam have possible star-forming companions, based on FIRST 1.4 GHz data.

How does the molecular gas and dust content of a galaxy evolve after the star-
burst ends? We would like to trace the evolution of a similar galaxy through time,
although how finely we can divide the sample is limited by the number of post-
starburst galaxies with molecular gas measurements in how finely we can divide the
sample and by the fact that the measurements are from three differently-selected
post-starburst samples. The galaxies considered here span a range of stellar masses
from 1090 — 101131 with 68% within 10109 — 101988, There is no significant differ-
ence amongst the median stellar masses of the three samples. Similarly, the range
in redshifts is small, with all at z > 0.01 to avoid issues of serious aperture bias,
and no significant redshift evolution expected within the sample to z ~ 0.2.

One of the main sources of scatter in tracing the molecular gas content with
age is how much molecular gas was used up in the starburst. If the progenitors
of the galaxies studied here had similar initial gas fractions, we should reduce the
scatter caused by varying starburst efficiencies by dividing the sample by burst mass
fraction. We split the samples into 2 classes of SFHs: those with burst mass fractions
< 0.2 and > 0.2. The two classes have a mix of single and double recent bursts,
although the first class has primarily short-duration bursts, and the second long-
duration bursts (see §3.3.11 and §3.4.1). We plot the molecular gas to stellar mass
fractions vs. post-burst age for each class (Figure 3.18). We observe a significant
decline in the molecular gas fraction (M (Hs)/M,) with increasing post-burst age
(Spearman p = —0.50 at 4.00 significance). Split up into the two burst fraction
bins, the significance drops to 3.70 (Spearman p = —0.61) for the low burst fraction
sample, and 2.80 (Spearman p = —0.49) for the high burst fraction sample.

We do not expect a selection bias in the Rowlands et al. (2015) sample against
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galaxies with low gas fractions. The Alatalo et al. (2016b) sample measured molecu-
lar gas content in only galaxies with SNR> 3 in WISE 22um, which would result in
higher gas fractions if the dust traces the gas. However, in the French et al. (2015)
sample, only 2/32 galaxies do not have WISE 22um detections with SNR> 3; nei-
ther has a molecular gas detection. Removing these two galaxies has no effect on
the anti-correlations described, so the selection cut made by Alatalo et al. (2016b)
should not affect the trend seen in these gas fractions with post-burst age. The
French et al. (2015) sample was chosen with a cut on the median SNR of the SDSS
spectra, while the Alatalo et al. (2016b) sample was not. However, only two of the
Alatalo et al. (2016b) sample would not pass our cut of median SNR >10.

All three post-starburst samples are affected by the magnitude limit of their
SDSS parent sample. There is no additional limit imposed on their GALEX mag-
nitudes, as we fit their stellar populations regardless of the presence of GALEX
detections, unlike in the sample of post-starburst galaxies discussed earlier in this
work. The lack of the GALFEX information is reflected in the significantly larger
errors in age in these cases. We established earlier (§3.3.12) that the derived ages
are not affected by biases in the SDSS parent sample. In combination with our
normalization by stellar mass, our result is thus not due to the magnitude-limited
nature of the SDSS parent sample. We caution that these results may differ for
samples at dramatically different stellar masses or redshifts, or with differing star

formation histories.

3.5.2 Molecular Gas Depletion Mechanisms

What processes could deplete the molecular gas reservoirs after the starburst has
ended? We fit the observed trend, plotting the range of best fits in Figure 3.19,
using a linear least-squares fit to log(M (Hz)/Mstenar) and the post-burst age, taking
errors in both quantities into account. The best fit exponentially declining timescale

is 904+10 Myr, with a best fit molecular gas fraction 0.5 — 1 at zero post-burst age
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(when 90% of the stars in the recent starburst had formed).

Mechanisms related to star formation or AGN activity could act to deplete the
molecular gas. Star formation not only consumes gas, but could also expel or heat
the gas through stellar feedback (from stellar winds and supernovae). Black holes
could also consume some of the gas, and expel or heat the rest via AGN feedback.
In some cases, strong outflows have been observed, but without sufficient energy to
become unbound from the galaxy (Alatalo et al., 2015). Feedback processes could
also result in a change of state in the gas, to atomic or hot ionized gas, removing
the observed molecular gas signatures.

We test these possibilities by comparing the timescales for gas depletion. Deple-
tion this rapid cannot be due to star formation, given the upper limits on the current
SFRs in these post-starbursts. Depleting a gas reservoir of gas fraction 0.1 —1, typi-
cal of starburst galaxies and consistent with the start of the observed post-starburst
trend, in 100 Myr would require sSFR~ 1072 — 10~8yr~!. These sSFRs are as high
as they were during the starburst (see Figure 3.14). The sSFRs of the post-starburst
galaxies are much lower, sSSFR< 5 x 10713 — 2 x 107!, even considering estimates
from D,,(4000), which are sensitive to star formation over several hundred Myr. The
current sSFRs of the Alatalo et al. (2016b) sample are also too low to account for
the rapid gas depletion, with sSFR=1 x 1072 — 4 x 10710,

We consider two pathological cases that would affect our gas depletion time
estimates by affecting our inferred rate of gas consumption by stars: a bottom-
heavy IMF or an unusual dust geometry. For an extremely bottom-heavy IMF (see
French et al. 2015), the SFRs would only differ by ~ 20X, not the ~ 400x required
to account for the molecular gas depletion. In the case of an unusual dust geometry,
we can estimate the SFRs using the 1.4 GHz emission. As discussed in French et al.
(2015), 1.4 GHz emission is sensitive to dust-obscured star formation, but may be
enhanced by the LINER (LINER-like emission is commonly seen in post-starbursts,
Yan et al. 2006; Yang et al. 2006) or by the recent starburst. For the French et al.
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(2015) galaxies with FIRST (Becker et al., 1995) detections, the predicted median
molecular gas depletion time is still only 1 Gyr, not enough to explain the observed
rapid depletion.

The molecular gas depletion cannot be due to stellar feedback either, as the mass
loading factors (mass outflow / SFR) from stellar feedback are expected to be 1-5
for the stellar mass range of this sample (Muratov et al., 2015), so the addition of
stellar feedback is not sufficient to resolve this deficiency.

Direct accretion of gas by the black hole is unlikely to be a significant cause of the
observed decline, as the black hole masses are expected to be of order 107 — 10% M,
for this sample, given bulge mass estimates from Mendel et al. (2014) and the best-
fit black hole - bulge relation from McConnell & Ma (2013), and of order 109 — 10'°
Mg of molecular gas is lost.

The molecular gas reservoirs could be expelled or destroyed after the starburst
has ended through AGN-driven outflows. The delay between the decline in star-
formation and the onset of AGN feeding is expected to be ~10-300 Myr (Davies
et al., 2007; Schawinski et al., 2009; Wild et al., 2010; Cales & Brotherton, 2015),
consistent with the durations of the starbursts observed here, such that the observed
depletion of the gas takes place with similar delay times after the starburst began.
Longer delays of several Gyr (Curtis & Sijacki, 2016) may also occur, but none of the
post-starburst sample selection methods would have selected such galaxies. We note
that there may exist an additional time delay between AGN feeding and the loss
of the molecular gas detection. The median rate of gas depletion required, given
the M (H;) measurements and 90 Myr depletion time, is 40 Mgyr—! with a 68%
likelihood range of 5 — 200Mgyr~!. This rate is consistent with observed outflow
rates driven by AGN, although the depletion timescales observed are much shorter,
of only a few Myr (Cicone et al., 2014). If depletion times are this rapid, scatter
in the time between the starburst and the onset of gas depletion could result in the

observed 90 Myr average depletion time. Thus, the observed decline in molecular gas
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fraction during the post-starburst phase may be a smoking gun for AGN feedback
in transitioning galaxies.

Post-starburst galaxies have stellar populations, color gradients, morphologies,
and kinematics consistent with reaching the red sequence of early type galaxies
in (Norton et al., 2001; Yang et al., 2004, 2008; Pracy et al., 2013; Pawlik et al.,
2015) in a few Gyr. Early type galaxies are typically gas-poor, with molecular gas
fractions of < 1072 (Young et al., 2011). With the observed molecular gas depletion
rate, the post-starburst galaxies should reach early-type levels of molecular gas in
600—800 Myr, thus becoming gas-poor when their other properties start to resemble
early-types.

3.5.3 Dust Evolution

We test for dust evolution with post-burst age, using the WISE [3.4]-[4.6] and [4.6]-
[12] colors. We take the SDSS DR12 - WISE all-sky matched catalog, and select
the wxmpro profile-fit magnitudes for the Rowlands et al. (2015) sample, the whole
Alatalo et al. (2016¢) SPOGs sample, and for our entire post-starburst sample pre-
sented here. We plot each color against the post-burst age in Figure 3.18, broken
up into the same burst mass fraction categories as for the previous molecular gas
analysis. For the WISE [4.6]-[12] color, there is a significant (Spearman p = —0.55,
160) anti-correlation with the post-burst age that remains significant for the low and
high burst mass fraction bins (Spearman p = —0.55, —0.55, 120, 100, respectively).
For the WISE [3.4]-[4.6] color, there is a weaker, but still significant (Spearman
p = —0.31, 100) anti-correlation with the post-burst age that remains significant
for the low and high burst mass fraction bins (Spearman p = —0.30,—0.27, 7o,
50 respectively). However, the anti-correlation between post-burst age and WISE
[3.4]-[4.6] color may be driven by increased scatter in WISE [3.4]-[4.6] color for the
SPOGs sample compared to the older post-starburst sample.

These WISE colors represent a combination of the dust mass and dust heating.
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Various heating sources can act to change them: star-formation, young (A) stars,
evolved stars (post-AGB or TP-AGB), or AGN. PAH features can also potentially
influence these colors. Starbursts, star-forming galaxies, and early type galaxies
separate in the color-color space of WISE [4.6]-[12] vs. [3.4]-[4.6] (Wright et al.,
2010; Yesuf et al., 2014; Alatalo et al., 2014), with post-starburst galaxies lying near
the infrared “green valley” and star-forming regions in WISE [4.6]-[12] color and
near star-forming galaxies in WISE [3.4]-[4.6] color (Alatalo et al., 2016d). Given
the anti-correlations of bluer WISE colors with post-burst age, either the dust mass
or sources of dust heating could be declining over time.

Rowlands et al. (2015) use additional observations from Herschel PACS and
SPIRE of their sample of starbursts and post-starbursts to show that both the
dust-to-stellar mass ratio and cold dust temperature declines with post-burst age.
However, it is not clear if the observed trends in WISE [3.4]-[4.6] and [4.6]-[12] are
driven by the same effects, as these colors are sensitive to hotter dust. Additionally,
many of the shocked post-starbursts have higher WISE [3.4]-[4.6] colors than the
Rowlands et al. (2015) sample and may be subject to additional sources of dust
heating. The lack of a significant anti-correlation in the molecular gas mass with
post-burst age in the Rowlands et al. (2015) sample alone may be due to small
numbers, or a narrower post-burst age baseline. Rowlands et al. (2015) do see a
trend in the dust-to-gas ratio with age, but only when excluding the galaxy with
the longest post-burst age, one of only two from that sample with a sSFR consistent
with our post-starburst selection. Further work studying the full MIR-FIR SED
of post-starburst galaxies as they evolve through the post-starburst phase will be
needed to disentangle the dust mass and various possible heating sources.

Early type galaxies have narrow ranges of WISE [3.4]-[4.6] colors of —0.1 to 0,
and [4.6]-[12] colors of 0 to 1. If the WISE [4.6]-[12] colors decline linearly with
post-burst age, they should reach colors typical of early types at ~1 Gyr post-burst.
The WISE [3.4]-[4.6] colors have significantly more scatter, and it is not clear when
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Figure 3.18: (Caption next page.)
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Figure 3.18: (Previous page.) Post-burst ages vs. molecular gas fractions and
WISE colors for three samples of starburst/post-starburst galaxies. The left pan-
els show the full set of galaxies, broken down into those with burst mass fractions
< 20% (middle panel) and > 20% (right panel). The top panels show molecular gas
mass fractions vs. post-burst age for three samples: post-starburst galaxies (blue
squares) from French et al. (2015), shocked post-starbursts (teal stars) from Alat-
alo et al. (2016b), and starburst/post-starbursts (pink diamonds) from Rowlands
et al. (2015). We observe a significant trend in the molecular gas fraction with the
post-burst age, at 40 significance. Split up into the two burst fraction bins, the sig-
nificance drops to 2.7¢ in each bin. Early type galaxies are typically gas-poor, with
molecular gas fractions of < 1073 (Young et al., 2011). With the observed molec-
ular gas depletion rate, the post-starburst galaxies should reach early-type levels
of molecular gas in 600 — 800 Myr. The middle panels show the WISE [4.6]-[12]
pm colors vs. post-burst age for the post-starburst galaxies studied in this work,
shocked post-starbursts from Alatalo et al. (2016¢), and starburst/post-starbursts
from Rowlands et al. (2015). The bottom panels show the WISE [3.4]-[4.6] pm
colors vs. post-burst age for the same samples. We see significant (> 30) anti-
correlations for each of the WISE colors with post-burst age, and for all of the burst
mass fraction bins. These WISE colors represent a combination of the dust mass
and dust heating. Various heating sources can act to change the WISE colors: star-
formation, young (A) stars, evolved stars (post-AGB or TP-AGB), or AGN. Given
the anti-correlations of bluer WISE colors with post-burst age, either the dust mass
could be declining with the gas mass, and/or the sources of dust heating could be
declining. Early type galaxies have WISE [3.4]-[4.6] colors of —0.1—0, and [4.6]-[12]
colors of 0 — 1. If the WISE [4.6]-[12] colors decline linearly with post-burst age,
they should reach colors typical of early types at ~1 Gyr post-burst. The WISE
[3.4]-[4.6] colors have significantly more scatter, and it is not clear when post-burst
the scatter decreases.

3.6 Conclusions

We fit stellar population models to 535 post-starburst galaxies, breaking the age -
burst strength - burst duration degeneracy using a combination of UV photometry
from GALEX (Martin et al., 2004) and optical photometry and spectroscopy from
SDSS (Strauss et al., 2002; Ahn et al., 2014). We present a catalog of post burst

ages, burst mass fractions, and burst durations. We conclude the following:
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Figure 3.19: Post-burst ages vs. molecular gas fractions for the same samples as
in Figure 3.18. The best-fit line for an exponential depletion of the molecular gas
reservoirs (grey region) has a timescale of 9010 Myr. The post-burst age is the
time since 90% of the stars from the recent starburst were formed. The gas depletion
cannot be due to on-going star formation or stellar feedback, which would have a
much longer allowed depletion time (solid red region), even allowing for an unusual
IMF or dust geometry (hashed red region). Early type galaxies are typically gas-
poor, with molecular gas fractions of < 1073 (Young et al., 2011). With the observed
molecular egas depletion rate, the post-starburst galaxies should reach early-type
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. We derive post-burst ages and burst mass fractions, with median errors of
22% and 42%, respectively. 68% of the burst mass fractions are within 7.0%—
69%, and 68% of the post-burst ages are within 240-680 Myr. We define the
“post-burst” ages to be the time elapsed since 90% of the stars from the recent

starburst(s) formed.

. This method is more accurate than using the D,,(4000) - HJ parameter space
to derive post-burst ages and burst mass fractions. The relation between
D,,(4000) and the post-burst age suffers from a degeneracy with the burst mass
fraction and burst duration. For post-starbursts with D,,(4000) < 1.3, where
post-starburst ages are typically younger than 300 Myr, the degeneracy is
lessened, and D,,(4000) is highly correlated with the post-burst age. However,
if D, (4000) > 1.42, where post-starburst ages typically range from 300-1500
Myr, D,,(4000) is no longer significantly (> 3¢) correlated with the post-burst

age.

. The star formation rates experienced during the starburst were ~10-100x
above the stellar mass - specific star formation rate relation, consistent with

those in starbursting galaxies (Schiminovich et al., 2007).

. Starbursts with specific star formation rates > 107% yr=! are rare (< 1%
of the sample). As a consequence, those post-starburst galaxies with short
duration (25 Myr) bursts generate 1-10% of their stellar mass in the burst,
whereas galaxies with longer duration (>150 Myr) bursts produce 10-50% of

their stellar mass in the burst.

. Many post-starbursts show signs of intermediate mass (~F) stellar popula-
tions; 50% of the post-starbursts are best fit by a single recent burst, 48%
prefer a double recent burst, and 2% do not have a statistical preference.

Lower stellar mass galaxies are more likely to experience two recent bursts,
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and the fraction of mass produced in their recent burst(s) is more strongly

anti-correlated with their stellar mass.

. We compare the SFHs selected via our selection criteria with those from other,
differently-selected post-starburst samples. Rowlands et al. (2015) use the ap-
proach of Wild et al. (2007, 2009) to select longer duration (>150 Myr) star-
bursts, at a wider range of post-burst ages than we do; they also are biased
against shorter duration starbursts that have specific star formation rates sim-
ilar to our sample. Shocked POst-Starburst Galaxies (SPOGs; Alatalo et al.,
2016¢) have generally younger post-burst ages than ours, with 60% too young
to have entered into our post-starburst selection. SPOGs with younger post-
burst ages, but similar mass fractions and durations as our post-starbursts,
may represent progenitors to our sample. However, an additional population
(10%) of SPOGs exists at long duration (> 100 Myr) and small burst fraction

(< 10%), which will not evolve into our post-starburst population.

. Combining these three samples of post-starburst galaxies, we observe a sig-
nificant decline in their molecular gas to stellar mass fraction with increasing
post-burst age, at 40 significance. This trend persists when we control for the
fraction of stellar mass produced in the recent burst(s). The best fit expo-
nentially declining timescale is 90410 Myr, with the best fit initial molecular
gas fractions 0.5 — 1 at a post-burst age of zero. With the observed molecular
gas depletion rate, the post-starburst galaxies should reach early-type levels
of molecular gas in 600 — 800 Myr. The rapid depletion rate implied by this
trend of 5 — 200 Moyr—! cannot be due to current star formation, given the
upper limits on the current SFRs in these post-starbursts, suggesting that the

molecular gas is expelled or destroyed in AGN-driven outflows.

. We find significant (> 30) anti-correlations of the WISE [4.6]-[12] and [3.4]-
[4.6] pm colors with the post-burst age of the galaxy. Given the anti-
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correlations of bluer WISE colors with post-burst age, either the dust mass or
sources of dust heating could be declining over time, as with the gas fraction.
Various heating sources are possible during this phase: star-formation, young

(A) stars, evolved stars (post-AGB or TP-AGB), or AGN.

Post-starburst galaxies are a critical laboratory for studying the evolution of
starbursts, of galaxies onto the red sequence, and of galaxies onto the black hole
- bulge relation (Ferrarese & Merritt, 2000). They are also the preferred hosts of
tidal disruption events (Arcavi et al., 2014; French et al., 2016), and thus provide
clues to what sets the rate of tidal disruption events (French et al., 2017). The
UV-optical stellar population fitting method presented here will be a useful tool in
timing the detailed evolution of individual galaxies from star-forming, through the

post-starburst phase, and eventually to quiescence.
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Table 3.5: Fit residuals

Data Mean rms
FUV 0.20 1.67
NUV -1.58  2.21
u -0.04 1.44
g 0.65 1.43
r 0.35 1.45
i 0.87 1.53
Vi -1.62 1.98
D4000n -2.76 2.91
CN2 -1.58 1.33
Cad227 048 1.04
G4300 -0.58 1.09
Fe4383 1.22 1.43
Ca4455 -1.02 1.04
Fe4531  -0.62 1.21
Cad668 0.29 1.67
Hb -1.20 1.93
Fe5015  -0.90 1.92
Mgl 0.14 1.38
Mg2 0.54 1.48
Mgb 1.06 1.11
Fe5270  -0.12 1.22
Feb335 -1.06 1.45
Fe5406  -0.44 1.16
Feb709  -0.40 0.93
Feb782  -0.25 0.93
TiO1 -0.25 1.01
TiO2 1.87 1.49
Hd A -0.19 147
Hg A -1.59 145
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CHAPTER 4

Why Post-Starburst Galaxies Are Now Quiescent

Post-starburst or “E4+A” galaxies are rapidly transitioning from star-forming to
quiescence. While the meager star formation in post-starbursts is already at the
level of early type galaxies, we recently discovered that many have large CO-traced
molecular gas reservoirs, which are inconsistent with their star formation rates when
compared to normal star-forming or early type galaxies. Here we present an ALMA
search for the denser gas traced by HCN (1-0) and HCO™ (1-0) in two CO-luminous,
quiescent post-starburst galaxies. Intriguingly, we fail to detect either molecule. The
upper limits are consistent with the low star formation rates and with early-type
galaxies. The HCN/CO luminosity ratios are low compared to star-forming and
many early type galaxies, implying a low dense gas mass fraction, leading to the low
star formation efficiencies in the CO-traced molecular gas. We conclude that the
post-starbursts are currently quiescent because no dense gas is available, in contrast

to the significant CO-traced lower density gas reservoirs that still remain.

4.1 Introduction

The nature of how and when the molecular gas reservoirs are depleted in galaxies is
essential to understanding the question of why galaxies become quiescent. To explore
this question, we focus on a class of galaxies in the midst of rapid evolution in their
star formation properties. The spectra of post-starburst, “E4+A” or “k+a” galaxies
show strong Balmer absorption, indicative of a recent starburst that ended in the last
Gyr, yet little ongoing star formation, indicating a rapid change from star-forming

to quiescent (Dressler & Gunn, 1983; Couch & Sharples, 1987). Despite their low
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star formation rates (SFRs), many (over half of those studied) have large CO-traced
molecular gas reservoirs (French et al., 2015; Rowlands et al., 2015; Alatalo et al.,
2016b). These quiescent post-starburst galaxies have similar CO-traced molecular
gas fractions as normal star-forming galaxies. This offset persists in the classical
Kennicutt-Schmidt (Kennicutt, 1998) relation, suggesting a ~ 4x suppression of
star formation efficiency in the CO-traced molecular gas.

Previous studies of the molecular gas content of post-starburst galaxies have
used the CO (1-0) and CO (2-1) lines as tracers. The CO (1-0) line is sensitive
to molecular gas at densities = 300 cm™>. Other molecules, like HCN (1-0), trace
denser gas (= 10? cm™3). The HCN (1-0) luminosity correlates more linearly with
SFR, and with less scatter, than does the CO (1-0) luminosity (Gao & Solomon,
2004), and extends down to the scales of star-forming clumps (Wu et al., 2005,
2010).

The dense gas luminosity ratio HCN/CO can be converted to a dense molecular
gas to total molecular gas mass ratio, and is correlated with the star formation
efficiency (SFE) in the CO-traced gas, SFR/L'(CO) (Gao & Solomon, 2004; Bigiel
et al., 2015). If the high SFE in the CO-traced gas of starbursts arises from a high
dense gas mass ratio, the low CO-traced SFE of their post-starburst descendants
may be due to a low dense gas mass ratio.

While the tight linear relation between HCN luminosity and SFR has been in-
terpreted as evidence of a threshold density for star formation (Wu et al., 2005;
Heiderman et al., 2010; Lada et al., 2012), the difference in the L'(CO)-SFR vs.
L'(HCN)-SFR relations can also be explained by whether the median gas density is
above or below the critical density of each line (Krumholz & Thompson, 2007), and
the subsequent relation between the gas density and line luminosity given the emis-
sion from sub-thermal gas (Narayanan et al., 2008). Furthermore, Stephens et al.
(2016) find that the kpc-scale observations of integrated galaxy properties cannot

be explained by a simple summation of clumps, and suggest the low scatter in the
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L'(HCN)-SFR relation is due to a universal dense gas star formation efficiency,
stellar IMF, and core/clump mass functions, with the kpc scale being sufficient to
sample the full mass functions as well as various evolutionary states. Thus, we do
not necessarily expect the HCN traced gas to trace gas where collapse to stars is
inevitable, and such a threshold is likely much higher than 10* em™=2 (Krumbholz &
Tan, 2007).

We must measure the properties of this denser gas in post-starburst galaxies to
understand why there is no significant star formation and why CO-traced molecular
gas remains. Here, we present an ALMA survey of HCN (1-0) and HCO™ (1-0) in

two CO-luminous post-starburst galaxies.

4.2  Observations

The observations for this work were obtained during ALMA Cycle 4 (program
2016.1.00881.S; PI: French). We observe two post-starburst galaxies with CO (1-0)
detections from French et al. (2015) with representative CO luminosities and SFRs
and redshifts and declinations enabling observations with ALMA (labeled H02 and
S05). We use the Band 3 receiver (84-116 GHz) with two spectral windows to ob-
serve HCN 1-0 (88.63 GHz rest frame), HCO' 1-0 (89.19 GHz rest frame), and
HNC 1-0 (90.66 GHz rest frame). The redshift of H02 pushes HCN close to the
edge of the Band 3 bandwidth, so we adopt narrow spectral windows, of 417, 831,
817 km/s for the lines, respectively. These spectral windows are still much larger
than the 170 km/s linewidth of the CO (1-0) line for this galaxy. For S05, we adopt
wider spectral windows of 1622-1660 km/s.

The observations of HO2 were executed in one block on November 4, 2016. The
observations of S05 were executed in three blocks on November 22 and 25, 2016.
The 12m array was used for both datasets, using 43 antennas for HO2 and 41-46
antennas for S05. We requested 1” resolution for each galaxy to match the observed

sizes of the resolved CO emission (ALMA program 2015.1.00665.S; PI: Smith), with
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Table 4.1. Post-Starburst ALMA Observations

Name RA Dec z L'(CO)? SFR2 L'(HCN)P L'(HCOH)b
(deg) (deg) (10 Kkms~!pc?) (Mg yr 1) (108 Kkms~!pc?) (108 Kkms™! pc?)

HO02 141.580383  18.678055  0.0541 842.5 £ 174.2 0.09 < 16.8 <174

S05 146.112335 4.499120  0.0467 304.6 £ 95.4 0.58 <73 <72

aFrench et al. (2015)

b3s upper limits

the aim of observing the dense gas on a comparable spatial scale without resolving
out the dense gas tracer lines. The observations were carried out in configurations
C40-5 and C40-4 for HO2 and SO5 respectively.

The data were pipeline-calibrated using CASA version 4.7.0-1. The H02 ob-
servations of HCN (1-0) have a final beamsize of 1.04 x 0.71” and a sensitivity of
430 uJy/beam at a spectral resolution of 57 km/s. The H02 observations of HCO™
(1-0) have a final beamsize of 1.011 x 0.71” and a sensitivity of 450 pJy/beam at a
spectral resolution of 57 km/s. Neither line is detected.

The S05 observations of HCN (1-0) and HCO™ (1-0) are also nondetections, with

a beamsize of ~1.5"”, and sensitivities of 368 uJy at 117 km/s spectral resolution.

4.3 Results

4.3.1 Upper Limits on Dense Gas Luminosities

We calculate the line luminosities using

Time = 3:25 X 107(1 4 2) 7 1.2 SpineAv D7 (4.1)

line

where L’ is the line luminosity in Kkms™! pc?, z is the redshift, v, is the observed

line frequency in GHz, Sj,.Av is the integrated flux density in Jy km/s, and Dy
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is the luminosity distance in Mpc. We integrate over the velocity width of the CO
(1-0) lines as measured using the IRAM 30m (French et al., 2015). In Table 4.1,
we present the 30 upper limits on the HCN and HCO™ line luminosities for the two
post-starburst targets.

We compare the HCN upper limits to the SFRs and CO line luminosities in
Figure 4.1. For comparison, we also show the rest of the French et al. (2015) post-
starburst sample, as well as comparison samples of star-forming and early type
galaxies with both HCN and CO measurements (Gao & Solomon, 2004; Crocker
et al., 2012). For the early type galaxies, SFRs are from Davis et al. (2014), and
we use the conversion factor from main beam temperature to flux density of 4.73
Jy/K from Young et al. (2011). While the post-starbursts have high CO luminosities
for their SFRs, the observed offset does not persist for the denser HCN-traced gas;
L'(HCN) upper limits are consistent with their low SFRs. The L'(HCN)/L(CO)
ratios for post-starbursts are low compared to the star-forming galaxies and most
of the early types.

Similarly, we compare the HCO™ upper limits to the SFRs for the post-starburst
targets in Figure 4.2. The comparison samples of star-forming and starbursting
galaxies are from Gracid-Carpio et al. (2008) and the early type galaxies from
Crocker et al. (2012). Again, the upper limits from the post-starburst targets are

consistent with their quiescent SFRs.

4.3.2 Dense Gas in Other Post-Starburst-Like Galaxies

There are two other post-starburst-like galaxies with dense gas observations in the
literature. The first is NGC 5195 (M51b). While the nucleus of this galaxy shows a
post-starburst signature (spectrum from Heckman et al., 1980), the integrated spec-
trum (Kennicutt, 1992) does not have the significant Balmer absorption required
to be selected into our sample. This galaxy was observed in CO (1-0) and HCN
(1-0) by Kohno et al. (2002) with the Nobeyama 45m. Subsequent observations
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Figure 4.1: Left: SFR vs. L'(CO) for star-forming and starbursting galaxies from
Gao & Solomon (2004) (blue diamonds), early type galaxies from Crocker et al.
(2012) (red circles), and post-starburst galaxies French et al. (2015) (black squares).
Filled black squares represent the two galaxies targeted for dense gas observations.
Characteristic error bars are shown in the bottom right of each panel. All upper lim-
its are at the 30 level. The post-starburst galaxies have systematically low SFRs for
their CO luminosities. The post-starburst galaxies targeted for HCN observations
span the post-starburst population. Middle: SFR vs. L'(HCN) for the same sam-
ples. HCN is not detected for either post-starburst galaxy studied here, consistent
with expectations from their low SFRs and with the early type galaxies. Right:
SFR vs. dense gas luminosity ratio L'(HCN)/L'(CO). The post-starburst galaxies
targeted here have low HCN/CO luminosity ratios compared with the star-forming
and many early type galaxies. The absence of denser gas traced by HCN reveals why
the SFRs of post-starburst galaxies are so low. The low dense gas mass fractions
implied by the low HCN/CO luminosity ratio leads to the low CO-traced SFEs.
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Figure 4.2: SFR vs. L'(HCO™") for star-forming and starbursting galaxies from
Gracig-Carpio et al. (2008) (blue diamonds), early type galaxies from Crocker et al.
(2012) (red circles), and post-starburst galaxies. All upper limits are at the 3¢
level. In contrast to their large CO-traced gas reservoirs, HCO™ is not detected for
either gas-rich post-starburst studied here, consistent with expectations from their
low SFRs.
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by Matsushita et al. (2010) did not detect HCN. Observations of NGC 5195 are
complicated by the nearby spiral arm of M51 in this interacting system. Resolved
measurements by Kohno et al. (2002) using the Nobeyama Millimeter Array (NMA)
are brighter than the 15” beam unresolved observations. Alatalo et al. (2016a) reob-
served this galaxy using the Combined Array for Research in Millimeter Astronomy
(CARMA) and found a CO (1-0) line flux in between the two Kohno et al. (2002)
measurements. NGC 5195 has both HCN and CO luminosities consistent with its
SFR from Lanz et al. (2013), unlike our targets. Alatalo et al. (2016a) conclude this
galaxy has a star formation efficiency consistent with normal early type galaxies.
Another galaxy with some post-starburst characteristics and dense gas mea-
surements is NGC 1266 (Alatalo et al., 2014, 2015). HCN (1-0) and CO (1-0)
measurements are part of the Atlas-3D survey of early type galaxies (Crocker et al.,
2012). While this galaxy has nebular emission lines that would exclude it from our
post-starburst sample, it is possible this “shocked” post-starburst galaxy is a pre-
cursor to our sample (Alatalo et al., 2016¢). NGC 1266 has the highest HCN/CO
line luminosity ratio of any of the galaxies in the Crocker et al. (2012) sample, in
contrast to the low dense gas ratios seen here. This difference may be related to the
molecular outflow in the nucleus of this galaxy (Alatalo et al., 2015), which could

enhance the dense gas fraction in this region.

4.3.3 Matching HCN to CO observations

It is important to ensure that the HCN and CO emission is compared in matched
apertures. The ALMA observations described here have a beam size of 1-1.5” (or
1.0-1.4 kpc), with a maximum recoverable scale of 7.6".

We compare the HCN luminosities from ALMA to the CO (1-0) luminosities
from the IRAM 30m (French et al., 2015). While the IRAM 30m observations have
a beam size of ~22” our companion ALMA program (2015.1.00665.S; PI: Smith;
Smith et al. in prep) finds the CO (2-1) emission confined to the central 1-1.5"
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of these galaxies. The resolved CO (2-1) fluxes are consistent with the unresolved
IRAM 30m CO (2-1) observations (with ~11” beamsize), indicating a lack of signif-
icant CO emitting gas beyond the central 1-2 kpc of these galaxies. Additional HCN
emission is therefore probably not resolved out by our ALMA observations, as HCN
emission is expected to come from the central kpc of the galaxy (e.g., Aalto et al.,
2012; Kepley et al., 2014; Scoville et al., 2015). Even when this dense gas is more
extended or in outflows (e.g., Alatalo et al., 2014; Salas et al., 2014), the emission
does not extend more than 500 pc from the main disk. Thus, the upper limits on
HCN luminosity and the CO luminosities are comparable, and are not biased by a

beam size mismatch.

4.4 Discussion

So far, we have learned that post-starburst galaxies have CO luminosities that are
systematically high given their SFRs, when compared to the SFR-L/(CO) relation
that is followed by star-forming and early type galaxies. However, the low HCN
and HCO™ luminosities implied by the ALMA non-detections are consistent with
the low SFRs in the two post-starbursts targeted here. These dense gas luminosities
are also consistent with those typical of early type galaxies, the likely end-points of
post-starburst evolution.

To interpret our new results further, we need to convert L'(HCN) to a dense
(n 2 10* cm™3) molecular gas mass upper limit and L'(HCN)/L/(CO) into the
dense molecular gas mass to total molecular gas mass ratio (i.e., the “dense gas mass
fraction”). If the derived upper limit on the dense gas mass in our post-starburst
sample is consistent with their low SFRs and with other quiescent galaxies, then we
have discovered why there is no significant star formation. If the dense gas mass
fraction is low compared to normal galaxies, then we know why the CO-traced gas

has a low SFE.
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4.4.1 Low Star Formation Rates Arise from Lack of Dense Gas

We assume the conversion factor from L'(HCN) to dense molecular gas mass is
the same for post-starbursts and other galaxies. Therefore, our non-detections of
L'(HCN) imply low dense gas masses. The lack of dense gas in these post-starburst
galaxies explains their quiescence.

The lack of a discrepancy between the HCN luminosity and SFR excludes several
of the scenarios proposed in French et al. (2015) for explaining the discrepancy
between CO luminosity and SFR, including that the dust obscuration exceeds our
estimate from the Balmer decrement or that significant low-mass star formation (a
very bottom-heavy IMF) is hidden from our SFR tracers. It is also unlikely that
significant star formation is missed in the aperture correction of the SFRs from the

3" SDSS fibers.

4.4.2 Why CO-traced Star Formation Efficiency is Abnormally Low

The two post-starburst galaxies targeted here have HCN/CO luminosity ratios which
are low compared to star-forming galaxies and many early types. We perform a
Monte-Carlo test, drawing pairs of galaxies at random from the comparison early
type and star-forming samples, to test how unusual it is to find two galaxies with
these HCN/CO luminosity ratios. Drawing from just the early type sample, we find
that two galaxies have HCN/CO luminosity ratios this low 9% of the time. Drawing
from both the early type and star-forming comparison samples, the probability is
1%.

What if L'(HCN)/L'(CO) does not correlate with the dense gas mass fraction as
it does for other galaxies? This scenario could occur if the CO luminosity to total
molecular gas mass conversion factor aco and HCN luminosity to dense molecular
gas mass conversion factor agcn vary differently with the state of the gas. A lower

value of aco is usually invoked in ULIRGs and justified based on significant CO
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emission from outside of GMCs, widening the linewidth. In French et al. (2015), we
consider whether a ULIRG-like acp may be appropriate for post-starburst galaxies.
While post-starbursts may be descendants of ULIRGs, we are observing them many
dynamical times (~ 105 — 107 yr, Genzel et al. 2010) after the starburst phase
has ended (~0.3-1 Gyr ago). We estimate the influence of the stellar potential on
increasing the linewidth and lowering aco, and find it is not sufficient to resolve the
observed offset between L'(CO) and the low SFRs. The dense gas conversion factor
is similarly uncertain, but to resolve the discrepancies for the post-starburst galaxies
in both SFR-L'(CO) and SFR-L'(HCN), aco would have to be lowered without a
decrease in ayeN-

We test this possibility using DESPOTIC (Krumbholz, 2013) to model the change in
aco and agen for the typical Milky Way GMC and ULIRG conditions described by
Krumholz (2013). ULIRG conditions result in aco values ~ 5x lower than in Milky
Way GMC conditions, as expected. However, aycy is lowered by the same factor.
Thus, even ULIRG-like conditions could not generate the low observed HCN/CO
luminosity ratios of post-starburst galaxies. The low HCN/CO luminosity ratios in
the post-starburst targets are thus likely due to low dense gas mass ratios.

A low dense gas mass ratio leads to the suppressed SFE in the CO-traced gas is
suppressed just as the high dense gas mass ratios in starbursting galaxies leads to
their increased CO-traced SFEs (Gao & Solomon, 2004; Bigiel et al., 2015). What-
ever mechanisms are acting in these galaxies must disproportionately affect the
denser gas, lowering both the dense gas mass fraction and the CO-traced SFE. For
example, when turbulence is injected into the gas, the lower density gas traced by
CO is more gravitationally stable, limiting its cooling into higher density gas like
that traced by HCN and driving the dense gas mass fraction lower. This behav-
ior is seen in “morphological quenching” (Martig et al., 2013). Lower hydrostatic
pressure in the disk can also lower the dense gas mass ratio (Helfer & Blitz, 1997).

Hopkins et al. (2013) predict that the dense gas mass ratio changes with the GMC
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surface density when star formation is regulated by stellar feedback. This effect
may increase the CO-traced SFE at high gas surface densities. Similarly, it may

also decrease the CO-traced SFE in post-starburst galaxies.

4.4.3 Normal HCN-traced Star Formation Efficiency

The CO-traced gas undergoes a dramatic transition as the galaxy evolves from
starbursting to the post-starburst phase over < 1 Gyr. Starburst galaxies have
enhanced CO-traced SFEs compared to normal star-forming galaxies. After the
starburst ends, we observe post-starburst galaxies to have suppressed CO-traced
SFEs relative to normal star-forming galaxies. Over the ~ Gyr of evolution between
these two phases, the dense gas mass ratio also evolves from high to low. However,
the HCN-traced SFE is consistent between starbursting, star-forming, and post-
starburst galaxies. Thus, despite the fact that collapse to star formation is not
guaranteed at the n > 10* cm™ densities traced by HCN, the processes which drive
the starburst, the end of the starburst, and the dramatic change in CO-traced SFEs
do not affect the HCN-traced SFE. This result is consistent with the idea proposed
by Krumholz & Thompson (2007) and Stephens et al. (2016) that the dense gas
SFE is universal on kpc scales. While these studies were based on star-forming
and starbursting galaxies, our result suggests that this universality may extend to

quiescent galaxies with low SFRs.

4.5 Conclusions

We survey the dense molecular gas content of two post-starburst galaxies possessing
large reservoirs of CO-traced molecular gas, despite their lack of significant current
star formation. ALMA does not detect either HCN (1-0) or HCO™ (1-0) in these
galaxies. This absence of dense gas is consistent with their low star formation rates.

For the first time, we have direct evidence as to why post-starburst galaxies have
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such low star formation rates, given their large reservoirs of CO-traced molecular
gas: the denser gas required for star formation is absent.

The HCN/CO luminosity ratios are low compared to star-forming and many
early type galaxies, and imply a low dense gas mass fraction, the fraction of dense
molecular gas mass to total molecular gas mass. The low dense gas fraction leads
to the low CO-traced star formation efficiency in these post-starburst galaxies (see
French et al., 2015). The consistency of the dense gas star formation relation between
post-starbursts and other galaxies implies the HCN-traced star formation efficiency
is consistent among these types of galaxies and unaffected by the processes which
drive the starburst and its end.

The low HCN luminosities of the post-starburst galaxies are already consistent
with the early type galaxies into which they are expected to evolve. However, the
presence of significant CO-traced gas necessitates a more detailed view of how these
galaxies could evolve into gas-poor early types. The decline in the CO-traced molec-
ular gas during the post-starburst phase (French et al. submitted) suggests that
feedback processes from AGN activity may act at a later time, after the starburst
has already ended. Thus, post-starbursts do not have significant star formation
because of a lack of dense gas, and are unlikely to resume star formation after the
rest of the molecular gas reservoirs are depleted, resulting in gas-poor galaxies pas-
sively evolving to early types. This picture of how star formation ends in galaxies
undergoing rapid transition may be largely representative, as ~40-100% of galaxies

are expected to evolve through this phase (Snyder et al., 2011; Wild et al., 2016).
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CHAPTER 5

Tidal Disruption Events Prefer Unusual Host Galaxies

Tidal Disruption Events (TDEs) are transient events observed when a star passes
close enough to a supermassive black hole to be tidally destroyed. Many TDE
candidates have been discovered in host galaxies whose spectra have weak or no
line emission yet strong Balmer line absorption, indicating a period of intense star
formation that has recently ended. As such, TDE host galaxies fall into the rare
class of quiescent Balmer-strong galaxies. Here, we quantify the fraction of galaxies
in the Sloan Digital Sky Survey (SDSS) with spectral properties like those of TDE
hosts, determining the extent to which TDEs are over-represented in such galaxies.
Calaxies whose spectra have Balmer absorption HSy — o(Hd,) > 4 A (where o(Hd,)
is the error in the Lick Hd, index) and Ha emission EW < 3 A have had a strong
starburst in the last ~Gyr. They represent 0.2% of the local galaxy population, yet
host 3 of 8 (37.5%) optical/UV-selected TDE candidates. A broader cut, Hjy >
1.31A and Ha EW < 3 A, nets only 2.3% of SDSS galaxies, but 6 of 8 (75%)
optical/UV TDE hosts. Thus, quiescent Balmer-strong galaxies are over-represented
among the TDE hosts by a factor of 33-190. The high-energy-selected TDE Swift
J1644 also lies in a galaxy with strong Balmer lines and weak Ha emission, implying
a > 80x enhancement in such hosts and providing an observational link between

the v /X-ray-bright and optical /UV-bright TDE classes. !

LA version of this chapter originally appeared as a published paper in the Astrophysical Journal
Letters (French et al., 2016). All of the work described below was carried out by me, with help

from co-authors Tair Arcavi and Ann Zabludoff.
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5.1 Introduction

If a star passes close enough to a supermassive black hole that the tidal forces
overcome the self-gravity of the star, the star will be destroyed in a tidal disruption
event (TDE; Hills, 1975). Such events are expected to generate an observable flare
(Rees, 1988; Evans & Kochanek, 1989; Phinney, 1989) if the tidal radius is greater
than the Schwarzschild radius.

Real-time discoveries of TDE candidates have enabled extensive followup obser-
vations and classification. The first was Swift J1644 (Bloom et al., 2011; Burrows
et al., 2011; Levan et al., 2011; Zauderer et al., 2011), displaying non-thermal emis-
sion in v-rays, X-rays, and the radio. Two additional events had similar properties:
Swift J2058 (Cenko et al., 2012b) and Swift J1112 (Brown et al., 2015). Hereafter
we refer to these events as “high energy TDEs”.

In parallel, a different class of transients were also identified as likely TDEs. The
first was PS1-10jh (Gezari et al., 2012), which had thermal optical and UV emis-
sion but no observed X-rays. Since the discovery of PS1-10jh, eight objects with
similar TDE spectral features have been found. Arcavi et al. (2014, hereafter A14)
discovered three in Palomar Transient Factory (PTF) data, PTF09axc, PTF09djl,
and PTF09ge, grouping them together as a class with PS1-10jh, SDSS J0748 (iden-
tified in the Sloan Digital Sky Survey (SDSS); Wang et al., 2011), and ASASSN-
14ae (Holoien et al., 2014). Recently, three additional members of this class have
been discovered: ASASSN-14li (Holoien et al., 2016), ASASSN-150i (Prentice et al.,
2015), and PTF15af (in the galaxy SDSS J084828.13+220333.4; Blagorodnova et
al., in prep). This optical/UV-selected class of transients all display hot blackbody
(~ few - 107K) emission and several-month-long smooth light curves peaking at an
absolute optical magnitude of ~ —20. They are all located in the centers of their host
galaxies. Their clear broad H and/or He emission lines (A14) cleanly distinguish

them from other transient events. Hereafter we refer to these events as “optical/UV
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TDEs”.

Curiously, the host galaxy spectra of these eight? events show Balmer line ab-
sorption, and all but SDSS J0748 have weak or no emission lines. This combination
of spectral features indicates low levels of current star formation, yet substantial star
formation in the last ~ Gyr, long enough ago for the ionizing O and B stars to have
evolved away, but recently enough for A stars to dominate the stellar light. Galax-
ies with these spectral features are called Balmer-strong, Hé-strong, E4+A, k+a, or
a+k galaxies, depending on the strength of the Balmer absorption and the authors’
preference (Dressler & Gunn, 1983; Couch & Sharples, 1987; Dressler et al., 1999).
Many are consistent with a post-starburst star formation history and galaxy-galaxy
merger origin, and are likely in transition between star-forming spirals and passive
early-type galaxies (Zabludoff et al., 1996; Y. Yang et al., 2004, 2008).

Similarly, the host galaxy of the high energy TDE candidate Swift J1644 was
reported to have significant Balmer absorption with a low current star formation
rate (SFR) predicted from its Ha flux (Levan et al., 2011). Yoon et al. (2015) find
a young < 1 Gyr stellar population, suggesting a recent starburst. The two other
known high energy TDE candidates do not yet have host galaxy spectra covering
the full Balmer series.

The clear preference of optical /UV TDE candidates and at least one high energy
TDE candidate for rare Balmer-strong galaxies has important implications for the
mechanisms driving TDE rates. Here we examine the statistics of galaxies like the

TDE candidate hosts to quantify the TDE-rate enhancement in such environments.

2As of submission, the TDE ASASSN-150i was still ongoing, and no uncontaminated optical

spectrum of the host galaxy was available.
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Figure 5.1: Spectra of the eight optical /UV TDE host galaxies, in order of decreasing
strength of their Hos index. Also shown is the lower-resolution host galaxy spec-
trum of the high energy TDE Swift J1644. Strong Balmer absorption, Ca II H+He
absorption, and a lack of strong emission lines are characteristic of post-starburst
galaxies. Both SDSS J0748 and Swift J1644 were selected differently from the rest of
the sample, although the optical spectrum of the TDE itself in SDSS J0748 appears
similar to the other optical/UV TDEs.
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Figure 5.2: Spectral characteristics of SDSS galaxies (grey) and TDE candidate
host galaxies (colored points): Ha EW emission (current star formation) versus
Héa absorption (from A stars, indicating star formation within the past ~Gyr).
The SDSS galaxies populate the “red sequence” (low Hae EW, low Héa) and “blue
cloud” (extending up to higher Hoe EW at moderate Hds). Many TDE hosts lie
within the quiescent Balmer-strong galaxy “spur” extending to high Hoa at low Ha
EW. Two cuts along the spur are shown: Ho EW <3 A with Hoy, — o(Hds) > 4 A
(dashed boundary) and Hé, > 1.31 A (solid boundary). These regions include only
0.2% and 2.3% of the SDSS galaxies, yet encompass 38% and 75% of the optical/UV
TDE host galaxies, respectively. Three example star formation history tracks are
shown. Short duration starbursts (dark and medium blue) on top of an existing
old stellar population will pass through the strongest Hi, region once the starburst
ends, evolving through the moderately strong Hos region at later times. A gradually
declining star formation history (light blue) cannot pass through the strictest Hda
cut. TDE host galaxies with the highest His absorption thus have likely experienced
a recent starburst. Galaxies with Hiy = 1.3 to 4A have a range of possible star
formation histories (see text), but have still experienced a recent decline in their star
formation. The TDE hosts SDSS J0748 and PTF09ge do not lie in the spur, but
among the star-forming and early-type populations, respectively. The high energy
TDE candidate Swift J1644 (purple) has strong Hda absorption (its errors place it
just outside our strictest cut). Even if Swift J1644 turns out to be the only one of
the three known high energy TDEs with a host that lies in this region, high energy
TDE rates will be over-represented in quiescent Balmer-strong galaxies by > 80x.
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5.2 Spectral Properties of TDE Host Galaxies

5.2.1 Quiescent Balmer-Strong Classification

We wish to determine the Balmer stellar absorption line and nebular emission line
properties of TDE hosts to quantify the incidence of galaxies like them. Balmer
absorption is generally characterized using the H¢ line, due to its low emission fill-
ing and smooth nearby continuum regions. Dressler et al. (1999) identify quiescent
galaxies with HS EW> 3A as “k+a” or “Balmer-strong” galaxies. Here, we pa-
rameterize Balmer absorption using the Lick Hds index, which is optimized for the
stellar absorption from A stars (Worthey & Ottaviani, 1997). The Hds measure
differs slightly from H6 EW: a cut on Héy > 4A is equivalent to H§ EW > 3A. For
our strictest cut, we require Hjp, — o(Hdp) > 4 A, where o(Hdy) is the His index
measurement error included to eliminate spurious objects with large o(Hds). We
do not correct Ho for emission line filling, as the correction is smaller than the
measurement error for galaxies with both strong Hé and weak Ha emission.

We select for galaxies with little on-going star formation by requiring Hoe EW
< 3A in emission in the rest frame, corresponding to a specific SFR < 1 x 10~
yr~1, well below the main sequence of star-forming galaxies (e.g., Elbaz et al., 2011).
We correct Hoe EW for stellar absorption, which is significant for quiescent Balmer-

strong galaxies.

5.2.2 Data

Optical spectroscopy was obtained for the eight host galaxies of the optical/UV
TDE candidates from A14, C. Yang et al. (2013), and the SDSS, and for the host
of high energy TDE candidate Swift J1644 from Levan et al. (2011). We plot these
host galaxy spectra in Figure 6.3, describing their features in Table 1.

For each TDE candidate host galaxy, we calculate Hos as described above, and

Ha EW using two pseudo-continuum bands (Blue: [6492.8-6532.8A]; Red: [6592.8-
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6632.8A]). We use stellar population models from Conroy et al. (2009) and Conroy
& Gunn (2010) to fit archival UV and optical photometry (from SDSS, GALEX,
and Swift UVOT) together with the optical spectral features. We model the star
formation history as an old population plus a recent, exponentially-declining burst
of star formation. The age since the recent burst, mass produced and duration of
the recent burst, and dust extinction are free parameters (French et al. in prep).
From these models, we determine the stellar absorption correction to the Hoe EW,
which ranges from 1.5-2.5A.

To quantify the rarity of these TDE hosts, we compare their spectral features
to the SDSS main galaxy spectroscopic sample (Strauss et al., 2002), defining a
parent sample from DR10 (Aihara et al., 2011). To prevent severe aperture bias,
we exclude galaxies with z < 0.01 to eliminate those that are very large on the
sky relative to the 3" diameter of the SDSS fibers. We also exclude galaxies with
unreliable 3 Ha equivalent widths (EW) or median signal-to-noise values of less
than 10 per pixel over the whole spectrum. Our final parent sample is composed of
591,736 galaxies. We use the Hae EWs (corrected for stellar absorption) and Lick
Héa values from the MPA-JHU catalogs (Brinchmann et al., 2004). In the three
cases where the TDE host galaxy spectrum is from the SDSS, our Hj and corrected

Ha EW measurements are consistent with the MPA-JHU catalog values.

3We require h_alpha_eqw_err > -1.
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5.3 Likelihood of Host Galaxy Properties

The scarcity of quiescent Balmer-strong galaxies makes it unlikely to see many
TDE host galaxies in this class, were TDEs to occur in all types of galaxies. Our
strictest selection cut, Hoy — o(Hds) > 4 A and Ho EW < 3 A (emission), on the
SDSS produces a sub-sample of 1207 galaxies (0.20%). Of the optical/UV TDE host
galaxies studied here, three (ASASSN14li, PTF09axc, PTF09djl) of the eight satisfy
these cuts. Quiescent Balmer-strong galaxies are thus over-represented in the TDE

host galaxy sample by a factor of 1907}55 times.

4

The significance of these cuts is illustrated in Figure 5.2. SDSS galaxies fall into
the “blue cloud,” with Ha emission and moderate Hi, absorption, and the “red
sequence,” with little-to-no Ha emission and low Hdés. Quiescent Balmer-strong
galaxies lie in the “spur” to the lower right, with weak Ha emission and strong Hda
absorption. Most of the TDE host galaxies lie along this spur.

The example model tracks in Figure 5.2 show how galaxies with different star
formation histories evolve. Two tracks follow a recent burst of star formation (an
exponentially-declining model of short duration; 7 = 100 or 200 Myr) on top of
an existing old stellar population. We again use the stellar population models from
Conroy et al. (2009, 2010), assuming that the recent burst created 10% of the stellar
mass of the galaxy. A shorter burst with the same mass fraction produces higher
Hoa absorption. Star formation declining over 7 > 200 Myr does not generate high
enough Hds to meet our strictest criterion. Thus, the three TDE host galaxies
satisfying the strictest Hop cut have probably experienced a recent, strong, brief
period of star formation, i.e., a true burst.

The Hd, requirement can be relaxed to > 1.31 A to encompass the three other
optical/UV TDE host galaxies that also lie in the spur: ASASSN14ae, PTF15af,
and PS1-10jh. This cut includes 13749 SDSS galaxies, or 2.3%, but six of the eight

4FErrors represent 1o binomial confidence intervals calculated using the small numbers tables

from Gehrels (1986).
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known TDE hosts. Thus, quiescent galaxies with at least moderately strong Balmer
absorption are over-represented in the TDE host galaxy sample by a factor of 33%7,.
This lower Hdp cut allows several possible star formation histories, including star
formation that has declined over several Gyr, starbursts that have ended and evolved
past the strong Hd, region, and constant star formation with a sudden truncation
(e.g., Shioya et al., 2004). Therefore, it is less straightforward to interpret the
recent histories of the three lower Hos galaxies; all have recently-ended periods of
star formation, but may not have experienced a strong starburst.

The two remaining TDE candidate host galaxies, SDSS J0748 and PTF09ge, do
not lie in the spur of Figure 5.2. The TDE in SDSS J0748 was discovered in a search
for high-ionization emission lines (Wang et al., 2011), not in a transient survey, a
selection that might contribute to the distinct spectral properties of its host, which
lies in the blue cloud of star-forming galaxies in Figure 5.2. In contrast, PTF09ge,
found in the same manner as the other PTF A14 TDE candidates, has a host galaxy
that lies closer to the red sequence of early-type galaxies.

Two of the optical/UV TDE host galaxies (PTF09djl and PS1-10jh) lie in the
SDSS footprint, and have absolute magnitudes comparable to the other six host
galaxies, but are too faint for the SDSS spectroscopic sample due to their slightly
higher redshifts (z = 0.1696,0.184). No significant galaxy evolution from z ~ 0.2
to 0.01 is expected (Snyder et al., 2011). Therefore, the quiescent Balmer-strong
galaxy fraction should remain the same. To check this, we cut the parent sample to
bound the redshifts of these two TDE hosts. The resulting TDE rate enhancements
are within the 1o errors of those quoted above.

The high energy TDE host galaxy Swift J1644 has some Ha emission (Figure
6.3), but it is weak enough to meet our criteria for being quiescent. The host galaxy
spectrum is noisy around Hd,, and thus does not meet our strictest Balmer-strong
cut of HSy — o(Hda) > 4 A. However, stronger H3 (EW = 8.241.1A) and Hy (EW
— 11.7 4 2.4A) absorption are reported by Levan et al. (2011). Because this galaxy
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is at a higher redshift (z = 0.3534) than the optical/UV TDEs, we constrain the
SDSS comparison sample to z > 0.3 in this case. A Swift J1644-consistent cut on
Hoy — o(HSa) > 3.65 A and Ho EW < 3 A yields 10 out of 2287 galaxies, or 0.4%.
Although we do not have full optical spectra for the other two high energy TDEs, it
is significant that at least 1/3 of that sample lies within only 0.4% of the parameter

space.

5.4 Discussion

5.4.1 Preference of TDEs for Quiescent Balmer-Strong Galaxies

There are several unique characteristics of quiescent Balmer-strong galaxies that
might act to boost the TDE rates. Many such galaxies have had a recent galaxy-
galaxy merger, which might in turn lead to 1) a black hole binary, and/or 2) per-
turbed stellar orbits that pass closer to the black hole. A recent starburst associated
with the merger could produce 3) a large A star population now evolving into more
easily-disrupted giants, and/or 4) A stars concentrated in the galaxy’s core. It is also
not yet clear whether the high incidence of LINER-like emission in post-starburst
galaxies (Yan et al., 2006; Y. Yang et al., 2006) is related to TDEs, perhaps via
residual gas in the nucleus.

In post-merger systems, a subsequent merger of the central black holes is ex-
pected, with minor mergers producing unequal black hole binaries. Chen et al.
(2009, 2011) suggest that the TDE rate will be higher for unequal mass black hole
binaries, as stars around one black hole are scattered into the other. Li et al. (2017)
predict an increased TDE rate for a few tens of Myr once two equal mass black
holes form a bound binary. The range in Hj, absorption in our sample suggests a
range in merger ratios and/or a range of post-merger ages. In future work, it will be
interesting to narrow down what TDE host physical properties correlate best with

TDE rate enhancement.
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A recent merger could also create an asymmetric central potential, which would
alter stellar orbits near the nucleus, allowing for more centrophillic orbits than a
spherically symmetric potential (Magorrian & Tremaine, 1999). Centrophillic orbits
would bring more stars through the region where they could be tidally disrupted,
increasing the TDE rate.

In galaxies that have experienced a starburst ending in the past ~Gyr, the first
A stars will be evolving off the main sequence. During their giant phase, these stars
will be more easily disrupted due to their large envelopes (MacLeod et al., 2012).
These evolving giants may also be susceptible to multiple epochs of mass loss to
the black hole (and thus produce multiple TDEs), although such events might have
different signatures than the TDEs here (MacLeod et al., 2013). It is not yet possible
to tell if these TDEs are partial or full disruptions, and of which kinds of stars.

Post-starburst galaxies are known to have centrally concentrated distributions of
A stars (Y. Yang et al., 2004, 2008) as a result of gas driven to the center during the
merger. The increased stellar density in the core could serve to increase the TDE
rate (Stone & Metzger, 2016), and could act in combination with the other effects
discussed here.

Is there an observational bias favoring the detection of TDEs in quiescent Balmer-
strong galaxies? We consider two possibilities—that somehow flares are more readily
seen or broad H/He spectral features more easily distinguished in these hosts—and
discount them. For example, while detecting a central transient would be easier in a
dust-poor or bulgeless host, quiescent Balmer-strong galaxies have global extinctions
between star-forming and early-type galaxies (e.g., Wild et al., 2009) and are bulge
dominated with high Sérsic indices (Yang et al., 2008). Furthermore, their bright
spectral continuum, arising from their recent star formation, makes broad emission
line detection harder, not easier.

Several of the TDE rate enhancement mechanisms described above should also

operate in currently starbursting galaxies. There, we might expect to see a bias
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against the detection of TDEs, as starbursting/ULIRG galaxies will have significant
dust attenuation (e.g., Casey et al., 2014). If TDEs occur mainly via black hole
merger or starburst-related mechanisms, their lack of observability in starbursting

galaxies must be considered in calculating the true rate of TDEs.

5.4.2 Implications for the TDE Rate

TDE rates derived from observations (e.g., van Velzen & Farrar, 2014; Holoien et al.,
2016) are ~ 107° yr~! per galaxy, in tension with higher theoretical predictions of
a few x107* yr=! per galaxy (Stone & Metzger, 2016).

Our results suggest that this rate is 3377, to 1907} times higher in quiescent
galaxies with moderately strong and strong Hoa (Figure 5.2). Extrapolating the
observed TDE rate, this implies a TDE rate of 2 —4 x 107* and 1 — 3 x 1073 yr!
per galaxy, respectively. These TDE rate enhancements imply a lower TDE rate for
normal star-forming and early-type galaxies, of 1 — 5 x 107% yr~! per galaxy.

These rate estimates do not include the high energy TDE Swift J1644. However,
its host properties are so unusual that, even without knowledge of the two other
TDE hosts, high energy TDE rates appear to be boosted by > 80x in quiescent
Balmer-strong hosts.

We have focused on a homogeneous sample of TDEs whose broad H and/or He
emission lines distingish them from other types of transients. In doing so, we have
excluded three other optical/UV TDE candidates with spectral identifications, but
without clearly broadened emission lines. The first, TDE2 (van Velzen et al., 2011),
is the only borderline case, as its spectrum suggests a possible broad H feature,
but with lower width and signal-to-noise. Its host’s SDSS spectrum passes our
Héa > 1.3A cut, but including it in our analysis only changes the over-representation
of TDEs in such hosts from 33 to 34x. The last two, PTF10iya (Cenko et al., 2012a)
and PS1-11af (Chornock et al., 2014), lie in a star-forming and quiescent galaxy,

respectively, each with some evidence for Balmer absorption. Including these events
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would not diminish the over-representation of Balmer-strong galaxies as TDE hosts.

5.5 Conclusions

We demonstrate the preference of tidal disruption events (TDEs) to occur in qui-
escent galaxies with strong Balmer line absorption. Quiescent galaxies with the
strongest Balmer absorption, Hiy — o(Hds) > 4 A, make up only 0.2% of local
galaxies, yet host 3 of 8 optical/UV TDE candidates. A softer cut, Hiy > 1.31A,
includes only 2.3% of local galaxies, but 6 of 8 optical/UV TDE host galaxies. The
optical/UV TDE rates are thus enhanced by 1901’1(1)8 X in the strongest Ho, galaxies
and by 3377, x in galaxies with H5y > 1.31A. Because of this preference, the corre-
sponding rates of optical/UV TDEs are 1 —3x 1073 yr~! per galaxy, and 2—4 x 10~*
yr~! per galaxy, respectively. As a result, we predict a lower optical/UV rate in nor-
mal star-forming and early-type galaxies, of 1 —5 x 107% yr~! per galaxy. Even the
one high energy TDE with a full measured optical spectrum, Swift J1644, lies in a
galaxy with strong Balmer absorption and weak nebular line emission, which implies
a > 80x enhancement in such hosts, and a link between the optical/UV and high
energy TDE classes.

Why do TDEs prefer quiescent, Balmer-strong hosts? This type of galaxy has
several properties that make it special and may suggest an answer. Many have had
a recent galaxy-galaxy merger (Zabludoff et al., 1996), increasing the possibility of a
black hole binary, perturbed stellar orbits, a spatially-concentrated population of A
stars, and/or an evolved population of easily-disrupted A giants. The high incidence
of LINER-like emission (Yan et al., 2006; Y. Yang et al., 2006) may also play a role.

In future work, we will explore these connections.
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CHAPTER 6

The Post-Starburst Evolution of Tidal Disruption Event Host Galaxies

We constrain the recent star formation histories of the host galaxies of eight
optical/UV-detected tidal disruption events (TDEs). Six hosts had quick starbursts
of < 200 Myr duration that ended 10 to 1000 Myr ago, indicating that TDEs arise at
different times in their hosts post-starburst evolution. If the disrupted star formed
in the burst or before, the post-burst age constrains its mass, generally excluding
O, most B, and highly massive A stars. If the starburst arose from a galaxy merger,
the time since the starburst began limits the coalescence timescale and thus the
merger mass ratio to more equal than 12:1 in most hosts. This uncommon ratio,
if also that of the central supermassive black hole (SMBH) binary, disfavors the
scenario in which the TDE rate is boosted by the binary but is insensitive to its
mass ratio. The stellar mass fraction created in the burst is 0.5 — 10% for most
hosts, not enough to explain the observed 30 —200x boost in TDE rates, suggesting
that the host’s core stellar concentration is more important. TDE hosts have stel-
lar masses 1074 — 1093 M, consistent with the SDSS volume-corrected, quiescent
Balmer-strong comparison sample and implying SMBH masses of 10°% — 1075 M.
Subtracting the host absorption line spectrum, we uncover emission lines; at least
five hosts have ionization sources inconsistent with star formation that instead may

be related to circumnuclear gas, merger shocks, or post-AGB stars. !

LA version of this chapter originally appeared as a published paper in the Astrophysical Journal
(French et al., 2017). All of the work described below was carried out by me, with help from co-

authors Iair Arcavi and Ann Zabludoff.
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6.1 Introduction

Tidal Disruption Events (TDEs) are observed when a star passes close enough to
a black hole that the tidal forces exceed the self-gravity of the star. Disruptions
occurring outside the event horizon (typically for black hole masses < 10%M,) are
expected to be accompanied by an observable flare (Hills, 1975; Rees, 1988; Evans
& Kochanek, 1989; Phinney, 1989). Rapid identification and followup enabled by
transient surveys have produced a steadily increasing list of TDE candidate events,
some detected primarily in X-ray/~-ray emission (Bloom et al., 2011; Burrows et al.,
2011; Levan et al., 2011; Zauderer et al., 2011; Cenko et al., 2012b; Brown et al.,
2015) and others in the optical /UV (Gezari et al., 2012; Arcavi et al., 2014; Holoien
et al., 2014, 2016; Prentice et al., 2015, Blagorodnova et al., in prep).

Curiously, the optical /UV class of TDEs preferentially occur in quiescent galaxies
with strong Balmer absorption lines, indicating an intense period of star formation
that has recently ended, which was likely a starburst (Arcavi et al., 2014; French
et al., 2016). Several possibilities have been proposed to explain how the global star-
formation history could be connected to the TDE rate. Many post-starburst galaxies
show signs of a recent galaxy-galaxy mergers and have centrally concentrated young
stellar populations (Zabludoff et al., 1996; Yang et al., 2004, 2008; Swinbank et al.,
2012). If TDE host galaxies are post-starburst and post-merger, the TDE rate
could be boosted by 1) 3-body interactions with the central supermassive black hole
binary, 2) a high concentration of young stars in center-crossing orbits, or 3) residual
circumnuclear gas.

In the sample of eight TDE hosts analyzed by French et al. (2016), we identified
three that were quiescent and had Balmer absorption consistent with post-starburst
galaxies (H6y — o(Hdp) > 4 A, where o(H8,) is the error in the Lick Héy index,
and Ha emission EW < 3 A) Another three were identified as being just “quiescent
Balmer-strong,” with Hox > 1.31 A and Ho EW < 3 A. While these features imply
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an unusual recent star formation history, we could not differentiate between a recent
short period of star formation (a true burst) and longer declines in the star formation
rate, nor between older, stronger bursts and younger, weaker bursts.

In this paper, we use stellar population fitting to characterize the recent star-
formation histories (SFHs) of TDE host galaxies. We consider the same sample
of optical/UV - detected TDEs as in French et al. (2016). Using a new stellar
population fitting method (French et al. 2016, submitted), we break the degeneracy
between the duration of recent star formation, the time since its end, and the mass
of stars it produced, to determine whether these galaxies have experienced a recent
starburst and to use the burst characteristics to constrain possible mechanisms for
enhancing the TDE rate. We also determine the galaxy’s stellar mass. Our method is
more accurate than those assuming a single stellar population, as a recent starburst
will impact the mass-to-light ratio. These stellar masses are used to infer black
hole masses, using measurements of the bulge mass and the black hole — bulge mass
relation. In addition, we use the stellar population fitting results to uncover hidden
emission lines, discriminating between ionization from star formation and from other
sources. We compare these TDE host properties to the general quiescent Balmer-

strong population (13749 galaxies) from the Sloan Digital Sky Survey (SDSS).

6.2 Data

We use optical photometry from the SDSS, UV photometry from GALEX and Swift
UVOT, and optical spectroscopy to fit to stellar population models. For the SDSS
photometry, we adopt the modelmag magnitudes, which provide stable colors while
containing most of the galaxy light (Abazajian et al., 2004). We make small cor-
rections to the u and z bands (—0.04 and 0.02 mag) to put them on the correct
AB magnitude system. In addition to photometry errors given in the SDSS catalog,
we add the magnitude zero-point errors (5%, 2%, 2%, 2%, and 3% in ugriz) in

quadrature.
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For each of the TDE host galaxies, we search for matching GALEX NUV and
FUV detections using the GALEX GCAT catalog. We search for galaxies within 4”
of the SDSS positions. This radius is similar to the FWHM of the NUV PSFs and
much larger than the GALEX astrometric uncertainties (0.59” in FUV). We have
detections or upper limits in the FUV for the hosts of SDSS J0748, ASASSN-14li,
and PTF09ge, and NUV detections or upper limits for all but the PTF09axc host.
We obtain additional archival Swift UVOT data for the hosts of ASASSN-14ae,
PTF09axc, PTF09djl, and PTF09ge.

We use optical spectra for the hosts of ASASSN-14ae, ASASSN-14li, and
PTF15af from the SDSS (Aihara et al., 2011), for SDSS J0748 from Yang et al.
(2013), and the rest from Arcavi et al. (2014).

In French et al. (2016), we also consider the high energy TDE Swift J1644. We
do not present results for its host galaxy in this work, due to the absence of rest-
frame FUV or NUV photometry, as well as the absence of a medium-resolution
spectrum (R~1000), required for our age-dating method.

We compare the TDE host galaxy properties with galaxies from the SDSS main
galaxy spectroscopic sample (Strauss et al., 2002) DR10 (Aihara et al., 2011). As
in French et al. (2016), we select quiescent, Balmer-strong galaxies to have Hiy >

1.31 A and Ho EW < 3 A.

6.3 Methods: Age-Dating Host Galaxies

To constrain the detailed star formation histories of the TDE host galaxies, we fit the
spectroscopic and photometric properties of these galaxies using stellar population
models. The method is described and tested fully in (French et al. 2016, submitted),
We describe it briefly here.

We use the flexible stellar population synthesis (FSPS) models of Conroy et al.
(2009) and Conroy & Gunn (2010) to construct model template spectra. We as-
sume a Chabrier IMF (Chabrier, 2003) and a Calzetti reddenning curve (Calzetti
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et al., 2000). We model the spectra of quiescent Balmer-strong galaxies foqe as a
combination of old and young stellar populations. The old stellar population’s star
formation history is modeled as a linear-exponential star formation rate over time
Lotd:

U tyge ot/ Tota (6.1)

beginning 10 Gyr ago and characterized by the timescale 7,4 = 1 Gyr. The young
stellar population’s star formation history is modeled as an exponential decline in

the star formation rate over time young:
W o e tvouna/T (6.2)

We vary the time tgp since this recent period of star formation began® as well
as the characteristic timescale 7. The observed spectrum is modeled as a linear

combination of the young and old stellar templates:

fmodel = [yfyoung + (1 - y)fold] X 1070.4k(A)AV7 (63)

where k(\) is the reddening curve as a function of the wavelength A, Ay is
the amount of internal extinction expressed in magnitudes of V-band absorption,
fyoung( N tsp, T, Z) is the young stellar population spectrum (arising from Eq. 6.2),
and f,4(X; Z) is the old stellar population spectrum (arising from Eq. 6.1). Z is
the stellar metallicity assumed, using the priors described below. Each spectrum
is normalized within the 5200-5800 A wavelength window, and y represents the
fraction of the total galaxy light in the young stellar template. The mass fraction
of new stars my is derived from y and tgp after the fitting is complete. Thus, we
parameterize the spectrum using four free parameters, tsg, Ay, y, and 7. The priors
on these four parameters are: Ay, [0, 5] magnitudes, spaced linearly; tsg, [30, 2000]
Myr, spaced logarithmically; y, [0.01, 1], spaced logarithmically; 7, [25, 50, 100, 150,
200, 1000, 3000] Myr.

?Equations 1 and 2 are related by toq — tyoung = 10 Gyr —tsp.
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We compare the SDSS ugriz and GALEX FUV, NUV photometry, as well as 23
Lick indices (Worthey et al., 1994; Worthey & Ottaviani, 1997), to synthetic pho-
tometry and Lick indices calculated from the model spectra. The UV photometry
is especially sensitive to the age and duration of the young stellar population, and
with the Lick indices, which carry information about the young and old stellar pop-
ulations, allows us to break the degeneracies between the age, duration, and mass
fraction of the young stellar population. We determine the best fit model using x>
minimization, and marginalize over all other parameters to determine the 68% like-
lihoods for each parameter. Errors on the new stellar mass fraction are determined
using a Monte Carlo method to propagate the errors on the age and new stellar light
fraction.

We perform this fitting procedure twice. The first iteration, we assume solar
metallicity. Using the stellar mass fit during the first iteration, we use the predicted
metallicity from the mass-metallicity relation from Gallazzi et al. (2005) in the
second iteration.

One consideration is the possibility of contamination from the current TDE or
past TDEs. The GALEX photometry for each galaxy used here was taken prior
to the current TDE, while the Swift photometry is post-TDE and thus may be
contaminated. However, most of the Swift data are upper-limits, and their removal
does not change our derived parameters more than the quoted errors.

If there were a recent TDE prior to the current one, the GALEX data could be
contaminated. For the six quiescent Balmer-strong TDE host galaxies, the expected
TDE rate is 2-4x107* year™! per galaxy (French et al., 2016). The enhanced UV
emission thus would need to persist for >400 years to affect our results: in that case,
the calculated post-burst age of at least one of the hosts would be underestimated
beyond the quoted errors. Even for the most TDE-active galaxies, with a TDE rate
of 3x 1072 year™! per galaxy, the enhanced UV emission must persist for >125 years

to significantly alter at least one host galaxy’s UV data.
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However, the long-term UV-optical evolution of TDEs ASASSN-14ae and
ASASSN-14li (Brown et al., 2016b,a) shows the emission declining rapidly over
the first 100 days after the event, leveling off after 300 days. The optical emission,
including the U-band flux, returns to that expected for the host. The UV light-
curve declines over the same timescale, but levels off at brighter magnitudes than
expected. We note that the UV spectra of post-starburst galaxies are not well-fit
by single stellar populations, which may explain the discrepancies between the pre-
dicted final UV and optical fluxes for the host. Were the final host UV excess to be
real, and to persist at 0.5-1 mag over the next 400 years, we would underestimate
the post-burst age for at least one galaxy in our sample. That is unlikely; assuming

5/3 and the characteristic timescale of two months from Holoien et al.

a decline of t~
(2016), the TDE flux would drop by a factor of 60,000 in 125 years. Even for a
shallower power law decline of t~5/12 (as expected from disk emission at late times;
Lodato & Rossi 2011), the TDE flux would drop by > 15x in 125 years, more than

enough to be consistent with the host galaxy.
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Table 6.2: TDE Host Galaxy Properties
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TDE Ay M? M. Mg, [NIJ/Ha [OLI/HF  Ha EWY

(mag) (logMo)  — (A)
SDSS J0748 < 0.1 10.2 81 55 0.31£0.03 1.07£0.10 -11.36+1.00
ASASSN14ael < 0.1 9.9 96 6.9 0.554+0.17 6.2842.16 -0.68+0.40
ASASSN14lif 03 9.7 96 6.9 0.89+0.14 <125  -0.5940.53
PTF09axc <01 97 0.9040.14 -1.0740.67
PTF09dj] 0.4 10.2 < 3.96 <34  -0.2640.66
PTF09ge <01 102 100 7.5 0.80£0.04 3.41+0.93 -1.7040.75
PS1-10jh <01 94 0.58+0.21 -0.5440.65
PTF15aft 0.3 10.3 < 0.62 -1.6540.30

Notes: (a) Log Stellar Mass, typical error 0.1 dex. (b) Log Bulge Mass, scaled
from stellar mass, and bulge mass fraction from Mendel et al. (2013), typical error
0.25 dex. (c) Scaled from bulge mass and McConnell & Ma (2013) relation. The
intrinsic scatter (0.3 — 0.4 dex) in this relation will dominate the errors. (d) Same
as in French et al. (2016). T TDE hosts for which the host spectra were obtained
before the TDE.

6.4 Results and Discussion

6.4.1 Star Formation Histories of TDE Host Galaxies
Evidence for Starbursts

With the fitted SFH information, we can distinguish whether the TDE hosts have
experienced a true starburst (<200 Myr) or just a recent decline in a longer period
of star formation. We allow for a range of possible durations for the recent star
formation episode, from 7 = 25 Myr to 3 Gyr. Best-fit durations are shown for each
galaxy in Table 6.1. Only two TDE hosts prefer a burst duration of 1 Gyr, longer
than expected from a true starburst: SDSS J0748, which is still forming stars (so 7
is less meaningful) and PS1-10jh. The other six TDE hosts are truly post-starburst,
including PTF09ge, despite its weaker Balmer absorption (French et al., 2016). The

fraction of TDE hosts at each burst duration is consistent with the number expected
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from the comparison sample of quiescent Balmer-strong SDSS galaxies.

Post-Starburst Ages

We define two different ages for these galaxies: the age since the starburst began
(tsp) and the post-burst age (the age since the starburst “ended,” when 90% of
the stars in the recent burst had formed). Both sets of derived ages are shown in
Table 6.1. These two age definitions differ depending on the burst duration 7. The
youngest age is for the host of SDSS J0748, which is still star-forming and thus has
a negative “post-burst age.” The oldest is the host of PTF09axc, with a post-burst
age of 1 Gyr. The range in ages is physical, and implies that TDEs are not limited
to a specific point in their hosts post-starburst evolution.

We compare the derived properties of the TDE hosts with the SDSS quiescent
Balmer-strong galaxies (Figure 6.1a). The shape of the SDSS sample contours is set
by when Ho absorption decreases (at later ages for stronger bursts) on the right hand
side, and by a combination of effects on the left hand side. Because galaxies with
SFR > 300 My yr~! rarely exist in the local universe, starbursts with high burst
mass fractions must form stars over a longer duration, delaying their entry into our
selection criteria. The TDE hosts, however, are not subject to these selection effects,
so the absence of TDE hosts at long post-burst ages is physical.

When comparing the six quiescent Balmer-strong TDE hosts to the SDSS sample,
there is a slight dearth of TDE hosts at post burst ages > 0.6 Gyr (five have post-
burst ages < 0.6 Gyr and only one has a greater post-burst age). In contrast, 53% of
the quiescent Balmer-strong SDSS galaxies have post-burst ages < 0.6 Gyr. Given
the small numbers, the binomial confidence interval for the TDE host galaxies is
0.028 - 0.45, making the significance of this difference only 1.30. This difference
persists if we compare the ages since the starburst began, instead of the ages since
the starburst ended (which will differ depending on the burst duration). More TDEs

are needed to establish whether they are preferentially found in younger post-burst
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galaxies.

Starburst Mass Fractions

For 7/8 of the TDE hosts, the stellar mass of the young stellar population is 0.5—10%
of the total stellar mass. These burst mass fractions are consistent with those
for the SDSS quiescent Balmer-strong galaxies; the distribution about 10% burst
mass fraction is not significantly different between the two samples. These burst
mass fractions are typically lower than those found in galaxies with stronger Balmer
absorption (Héy — o(HSy) > 4 A), which have burst mass fractions of 3 — 50%.
Thus, the lower burst mass fractions (not longer duration periods of star formation
nor more time elapsed since the starburst ended) are responsible for the weaker
Balmer absorption seen in some of the TDE hosts.

As a comparison, normal star-forming galaxies with similar stellar masses as the
TDE hosts have SFRs ~1 Mgyr~! (Brinchmann et al., 2004), and so would form
0.25 — 2% of their current stellar mass over the same 25-200 Myr period. While
the TDE host burst fractions are typically higher, they do not produce enough new
stars to account for the 30 — 200x boost (French et al., 2016) in their TDE rates,
relative to normal star-forming galaxies. If the number of newly formed stars is not
the driver, the concentration of the stars in the core must be more important. More
work is needed to determine if the stellar concentration near the nucleus is sufficient

to explain the boosted TDE rates in these galaxies (e.g., Stone & van Velzen 2016).

Dust Extinction

In Table 6.2, we show the dust extinctions best fit to the spectra. The extinc-
tions are low, Ay < 0.4 mag, consistent with those best fit in the SDSS quiescent
Balmer-strong sample. In comparison, the extinctions fit by the MPA JHU group
(Brinchmann et al., 2004) for early type galaxies (selected using a cut on Hoe EW < 3

A) with similar stellar masses (10%° —10'*%) are similar, with a median of Ay = 0.28
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mag. Therefore, it is unlikely that the TDE preference for quiescent Balmer-strong
hosts arises from easier detection, as the extinction tends to be comparable in early

type galaxies where fewer TDEs are found.

Constraints on the TDE Progenitor Star

Using the post-burst ages, we can constrain the likely mass of the star that was
tidally disrupted, assuming it formed in the recent burst or before. This constraint
is independent of previous ones, which modeled the mass accreted during the TDE
itself (e.g., Guillochon et al., 2014). We plot the post-burst ages vs. burst mass
fractions in Figure 6.1a. On the top axis, we compare the post-burst ages to the
stellar lifetimes of stars created near the end of the starburst. Stars more massive
than these will have evolved off the main sequence by the time the TDE occurred.
The range in post-burst ages is much larger than the expected post-main sequence
evolution timescales, excluding a specific phase of post-main sequence evolution as
the cause of the enhanced TDE rate after the starburst. Additionally, it is unlikely
that the disrupted stars were giants evolving off the main sequence, because such
stars are expected to be disrupted in multiple epochs, resulting in lower luminosity,
longer duration TDEs than what was observed for these events (MacLeod et al.,
2012, 2013). Therefore, we assume that the progenitor was a main sequence star
and examine the implications.

We cannot place constraints on the star disrupted in SDSS J0748, as the host
galaxy is still actively forming stars. For the seven quiescent hosts, the upper limits
on the mass of the likely disrupted star range widely from ~2.5, ~4, ~6, to ~9
Mg. As a consequence, O stars, as well as most B and highly massive A stars, are
excluded as TDE progenitors. Observations of TDEs in older post-starburst galaxies
would place stronger constraints on the likely progenitor mass for the disrupted star

in those hosts.
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Constraints on the Black Hole Binary Mass Ratio

If the starburst was triggered by a galaxy-galaxy merger, one possible mechanism
that could boost the TDE rate after the starburst is a supermassive black hole
(SMBH) binary. The age since the starburst began constrains the galaxy merger
mass ratio, assuming that the starburst coincided with the coalescence of the two
galaxies. The SDSS images of the TDE host galaxies do not show a an obvious
separation into two merging components (see Figure 6.2), so if the galaxies have
recently interacted, they have already begun to coalesce. In an unequal mass merger,
the dynamical friction timescale for the smaller galaxy to fall into the larger one
depends on the mass ratio (Taffoni et al., 2003). In Figure 6.1b, we plot the age since
the starburst began, with the top x-axis showing the corresponding merger mass
ratio derived from the dynamical timescale (Taffoni et al., 2003). These merger
ratios are the most unequal possible to have coalesced by the current starburst
age. We assume the most conservative case considered by Taffoni et al. (2003), so
many galaxy mergers with these mass ratios would have longer dynamical fraction
timescales. All of the hosts but that of PTF09axc are consistent with a merger mass
ratio more equal than 12 : 1.

The galaxy mass ratios should be comparable to the SMBH mass ratio formed
in the merger, as SMBH mass correlates with galaxy bulge mass for a variety of
galaxy types (e.g., McConnell & Ma, 2013). McConnell & Ma (2013) find the
scatter in the SMBH mass - bulge mass relation to be 0.3-0.4 dex. We estimate
the scatter in the bulge mass - stellar mass relation (0.56 dex) using the catalog by
Mendel et al. (2013), and only considering galaxies with log stellar mass <10.5 to be
consistent with the possible merger progenitors of the TDE host galaxies. Adding
these uncertainties in quadrature produces an uncertainty in the total stellar mass
to SMBH mass relation of 0.69 dex.

Chen et al. (2011) predict that the TDE rate scales with the SMBH mass ratio
q¢ = Msecondary/Mprimary 88 Ni x ¢, where N, is the number of TDEs during
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the SMBH binary coalescence, a = (2 — v)/(6 — 2v), and 7 is the slope of the
inner stellar density profile p, o< r=7. If v ranges from 1.5-2, as in Chen et al.
(2011), the dependence of the number of TDEs on ¢ is weak, with o = 0 — 0.16.
In this case, we would expect to see many more TDEs in minor mergers (lower g,
or more unequal), because minor mergers are more common than major mergers.
For example, simulations predict that the distribution of merger mass ratios is o
g %3 (1—q)'! (Stewart et al., 2009). If the TDE rate were driven by SMBH binaries,
TDEs would be primarily seen after minor mergers, unless the inner density profile
is exceptionally flat (v < 0.5). However, the inner density profile in post-starburst
galaxies can be quite steep and may itself be driving the enhanced TDE rate (Stone
& van Velzen, 2016). The preference of TDEs for post-merger galaxies with mass
ratios more equal than 12 : 1 is thus inconsistent with arising from SMBH binary
interactions, if the TDE rate does scale weakly with the SMBH mass ratio (Chen
et al., 2011).

6.4.2 Stellar Masses of TDE Host Galaxies

We determine stellar masses of the TDE host galaxies as part of our stellar pop-
ulation fitting methodology. These stellar masses are more accurate than those
derived assuming a single stellar population, as a recent starburst will impact the
mass-to-light ratio. The derived stellar masses range from 10%4 — 1013 M, (Table
6.2). The range in stellar masses is connected that of the supermassive black hole
masses, through the black hole — bulge relation. To estimate bulge masses (also
shown in Table 6.2), we use the bulge to total mass ratios from Mendel et al. (2013),
for the four galaxies bright enough to have bulge:disk decompositions. We caution
that bulge:disk decompositions can be unreliable for post-starburst galaxies, due
to the bright, centrally concentrated A star population. We use the relation from
McConnell & Ma (2013) to estimate black hole masses from the bulge masses. The

black hole masses range from 1055 — 10"°M. These are consistent with the black
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Figure 6.1: a. Post-burst age vs. burst mass fraction for TDE hosts and SDSS
quiescent Balmer-strong comparison sample. There is a physical spread in the post-
burst ages of the TDE hosts. The youngest galaxy (host of SDSS J0748) is still
star-forming, and so has a “negative” post-burst age. The oldest is the host of
PTF09axc, with a post-burst age of 1 Gyr. 25%, 68% and 95% contours are shown
for the quiescent Balmer-strong (Hdy > 1.31 A) sample. The TDE hosts have ages
and burst mass fractions consistent with this sample. The shape of the SDSS sample
contours is set by when Hé absorption decreases (at later ages for stronger bursts) on
the right hand side, and by a combination of effects on the left hand side. Because
galaxies with SFR> 300 M, yr~! rarely exist in the local universe, starbursts with
high burst mass fractions must form stars over a longer duration, delaying their
entry into our selection criteria. The TDE hosts, however, are not subject to these
selection effects, and the absence of TDE hosts at long post-burst ages is physical.
The top x-axis shows main sequence lifetimes corresponding to the highest mass
stars that have not yet evolved off the main sequence for each post-burst age. The
star disrupted in PTF09axc likely had a mass of M < 2.5M,. We cannot place
constraints on the star disrupted in SDSS J0748, as the host galaxy is still actively
forming stars. For the other host galaxies considered here, the constraints on the
mass of the disrupted star range from M < 3 —10M, ruling out O, B, and the most
massive A stars as likely disrupted stars.
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Figure 6.1: (continued) b. Age since the starburst began vs. burst mass fraction for
TDE hosts, with the most unequal mass galaxy merger that could have coalesced
via dynamical friction. All of the hosts but that of PTF09axc are consistent with a
merger mass ratio more equal than 12 : 1. If supermassive black hole binaries were
driving the TDE enhancement, and if the TDE rate enhancement were insensitive
to the SMBH binary mass ratio (Chen et al., 2011), we would expect more unequal
mass ratio mergers, since these are more common.
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Figure 6.2: SDSS gri images of the TDE host galaxies. Images are 30”x30". If
these galaxies have experienced a recent merger, they are already in the coalescence
phase.
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hole masses expected of UV /optical TDEs (Stone & Metzger, 2016; Kochanek, 2016)
and with an upper limit of 105M, above which the tidal radius is inside the event
horizon and the TDE undetectable. Given these black hole masses, we also note
the stellar progenitor masses predicted by Kochanek (2016) are consistent with our
constraints in §6.4.1.

The stellar masses of the TDE hosts are low compared to the quiescent Balmer-
strong galaxies from the SDSS, where 68% have stellar masses 1011 — 1011-2M,,.
However, lower mass post-starbursts are too faint to be included in the SDSS spec-
troscopic survey at the redshifts of many of the TDE hosts. Therefore, we must
compare the absolute r-band magnitudes of the TDE hosts to the volume corrected
r-band galaxy luminosity function of the SDSS quiescent Balmer-strong galaxies.
We calculate the volume corrections as in Simard et al. (2011). The volume cor-
rections appropriate for the TDE host galaxies is unknown, so we crudely compare
two bins in M,: [-23, -21] mag and [-21, -18] mag. All eight TDE hosts are in the
fainter bin. The ratio of the volume-corrected number of galaxies in the first bin to
the second bin is 0.13, well within the binomial confidence error for the TDE host
sample. Thus, if the TDE hosts have a luminosity function similar to the quiescent
Balmer-strong sample, the lack of TDEs observed in intrinsically bright hosts is due
to the low numbers of these bright galaxies.

With a theoretical upper limit of 10®Mg, on the black hole mass of the TDE host
galaxies, we expect to see host galaxy stellar masses of up to ~ 101%¥M,. With the
current low number of TDEs, it is unclear whether the observed upper bound on
TDE host stellar mass of 1013 M, arises primarily from the falling galaxy stellar
mass function, a preference of TDEs for lower stellar mass galaxies, or in fact from
the limit on the black hole mass for which TDEs would be observable. With more
events, a galaxy stellar mass function can be derived for the TDE hosts to search

for any deviations from that expected for the quiescent Balmer-strong galaxies.
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6.4.3 Hidden Emission Line Ratios

For TDE host galaxies, weak emission lines may be hidden in the strong absorption.
Using the stellar population models, we can model the absorption masking the
Balmer emission lines to disentangle the emission and absorption features. The
emission line ratios [NIIJA6583/Ha and [OIII]A5007/Hf are shown in Table 6.2. To
calculate the flux from each emission line, we subtract the stellar population best fit
model from the data spectrum. The residual spectra are plotted in Figure 6.3. We
additionally correct the zero point of the continuum by subtracting off the median
level of the surrounding spectrum (A 6400 - 6700 A, X 4800 - 5100 A for each group of
lines), excluding the line windows. For each line, we use the line windows defined by
the MPA-JHU group (Brinchmann et al., 2004; Tremonti et al., 2004). The width of
each line window is 20A. For three of the galaxies (hosts of ASASSN-14ae, ASASSN-
14li, and PTF15af), we also have the line fluxes fit by the MPA-JHU group. Our
results and theirs are consistent within the measurement errors in these cases, and
we choose the fit results with smaller errors (MPA-JHU line ratios for ASASSN-14ae
and ASASSN-14li, our line ratios for PTF15af). For the host galaxy of PTF09ge,
the [OIIT]A5007 line is contaminated, and we estimate its true flux by measuring the
[OITI]A4959 line and assuming a ratio of [OIII]A4959/[OIII]A5007= 1/3.

We plot the emission line ratios for the TDE host galaxies on a BPT (Baldwin
et al., 1981) diagram in Figure 6.4. The host of SDSS J0748 is in the star-forming
region, the hosts of ASASSN-14ae and PTF09ge are in the Seyfert region, the host
of ASASSN-14li could be in the Seyfert or LINER regions, and the host of PTF09djl
is largely unconstrained. We compare the BP'T location of the TDE host galaxies to
the quiescent Balmer-strong galaxies from SDSS with similar stellar masses, 9.5<
log[M,/Mg] < 10.5, and find them consistent. Like the SDSS quiescent Balmer-
strong galaxies, the TDE hosts often have emission line ratios inconsistent with
ionization from star formation. We note that the high energy TDE Swift J1644 has

a host galaxy with emission line ratios found to be consistent with star formation
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(Levan et al., 2011).

There are several possible ionization sources in these galaxies, which might be
related to the mechanism boosting the TDE rate. One possibility is a low luminosity
AGN fueled by a circumnuclear gas reservoir. Interactions with the gas disk can
increase the TDE rate by a factor of 10x (Kennedy et al., 2016). However, in a
recent merger or starburst, merger shocks (Rich et al., 2015; Alatalo et al., 2016¢),
which may persist through the post-starburst phase, and post-AGB stars (Yan &
Blanton, 2012) also can produce emission line ratios in the LINER /Seyfert portions
of the BPT diagram. Spatially resolved spectroscopy, such as that in Prieto et al.
(2016), combined with stellar population modeling to account for the strong Balmer
absorption, is needed to differentiate among these possibilities.

We plot the TDE host galaxies on a WHAN (Cid Fernandes et al., 2010) diagram
in Figure 6.4. In comparison to the BPT diagram, the lack of a required Hf detection
allows for more host galaxies to be considered. With the exception of the host of
SDSS J0748, all galaxies lie in the LINER-like portion of this diagram. It is not
surprising that some of the SDSS quiescent Balmer-strong and TDE host galaxies lie
in the “Seyfert” portion of the BPT diagram, yet are in the “LINER-like” portion
of the WHAN diagram, as this is common for galaxies with weak emission lines (Cid
Fernandes et al., 2010). In the WHAN diagram, unlike in the BPT diagram, the
TDE hosts lie offset from the centroid of the comparison sample of SDSS quiescent
Balmer-strong galaxies. We note that the three TDE hosts with spectra from before
the TDE, and thus not contaminated by the recent TDE, are more offset from
the comparison galaxies. Their offset in Ha EW is significant at 30, and that in
INII]/Ha at 20, suggesting a lower electron density, a softer radiation field (Kewley
et al., 2013), or a lower residual star formation rate. However, we caution that these
conclusions rely on only three host galaxies.

The host galaxy of SDSS J0748 is an outlier in many of these comparisons. It

is the only host galaxy with significant current star formation. This may not be
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surprising, as its TDE was detected in a different manner than the rest, serendipi-
tously from the SDSS (Wang et al., 2011) during a search for narrow high ionization

coronal emission lines.

6.5 Conclusions

We fit stellar population models to UV and optical photometry and optical spec-
troscopy of eight host galaxies of optical/UV-detected tidal disruption events
(TDEs). We determine the duration of the recent star formation episode, the time
elapsed since it ended, and the fraction of stellar mass produced, breaking the de-
generacy in these quantities. We also determine the stellar mass of the galaxies and
measure residual emission line ratios in their model-subtracted spectra. We com-
pare the TDE host galaxy properties to other quiescent galaxies with strong Balmer

absorption and with the general galaxy population. We conclude the following:

1. Most (6/8) of the TDE hosts have short (25—200 Myr) periods of star for-
mation, consistent with a recent starburst rather than a long-term decline in
star formation. The eight TDE host galaxies thus consist of six post-starburst
galaxies, one star-forming galaxy, and one quiescent galaxy which experienced

a long period of recent star formation.

2. Most (6/8) TDE host galaxies have post-burst ages of 60 — 600 Myr. This
range is physical, exceeding our measurement errors, and indicates that TDEs

do not occur at a specific time after the starburst ends.

3. With the post-burst ages, we can constrain the mass of the disrupted star,
assuming it formed in the burst or before. The range in post-burst ages is much
larger than the expected post-main sequence evolution timescales, implying
that a specific phase of post-main sequence evolution is unlikely to be the

cause of the enhanced TDE rate after the starburst. If the disrupted star was
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Figure 6.3: Residual TDE host galaxy spectra after subtraction of the best fit stellar
population model. This corrects for the strong Balmer absorption, and uncovers
hidden line emission (see Table 6.2).
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Figure 6.4: Left: BPT diagram for SDSS parent sample (shaded black), quiescent
Balmer-strong galaxies with 9.5< log[M,/Mg] < 10.5 (dark green contours: 20,
68, 95%), and TDE host galaxies (orange and purple crosses). The TDE host
galaxies are consistent with the quiescent Balmer-strong comparison sample, with
most having emission line ratios inconsistent with star formation. We overplot the
Kewley et al. (2001) and Kauffmann et al. (2003b) separation lines as dotted and
solid lines respectively. Right: WHAN diagram for SDSS parent sample, quiescent
Balmer-strong galaxies with 9.5< log[M,/My| < 10.5 (dark green contours: 30, 68,
85%), and TDE host galaxies. All but the SDSS J0748 host are in the LINER-like
region of this diagram. The TDE hosts lie offset from the centroid of the quiescent
Balmer-strong comparison sample, especially when considering only the three TDE
hosts with spectra from before the TDE (shown in orange), which have no possible
contamination from the TDE.
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a main sequence star, the post-burst ages constrain the upper limits on its
mass to be ~2.5, ~4, ~6, and ~9 M, for the seven non-starforming hosts. In
other words, O stars, as well as most B and massive A stars, are excluded as

TDE progenitors.

. If the starburst arose from a galaxy-galaxy merger, the time elapsed since
the starburst began constrains the coalescence timescale and thus limits the
merger mass ratio to more equal than 12:1 in most (7/8) TDE hosts. This ratio
is unusual, as more unequal galaxy mergers are more common. If this ratio
also reflects that of the central supermassive black hole binary, it disfavors
the scenario in which the TDE rate is boosted by the binary in a way that is

insensitive to its mass ratio (e.g., Chen et al., 2011).

. The fraction of stellar mass created in the burst is 0.5 — 10% for most (7/8)
of the TDE hosts. These burst mass fractions do not generate enough stars
compared to those formed by a typical star-forming galaxy over the same time
to account for the 30 —200x boost in TDE ranges. If simply adding more stars
does not explain the rate enhancement, their concentration in the core must
be more important. Future work is needed to assess the spatial distribution

of these newly formed stars in the core.

. The TDE host galaxies have stellar masses 10%% — 10%-3, consistent with the
SDSS volume-corrected distribution of post-starbursts. Using bulge:disk de-
compositions from Mendel et al. (2013) and the black hole — bulge relation
from McConnell & Ma (2013), we infer black hole masses of 1055 — 10™5M.
These are consistent with the black hole masses expected for UV /optical TDEs
(Stone & Metzger, 2016; Kochanek, 2016) and with an upper limit of 105M,
above which the TDE would be hidden within the event horizon. With the
current low number of observed TDESs, it is unclear whether the upper bound

on TDE host stellar mass is primarily driven by the falloff in the galaxy stellar
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mass function at high mass, by a preference of TDEs for lower stellar mass
galaxies, or in fact by the upper limit on the black hole mass for which TDEs

would be observable.

. The TDE host galaxies that can be placed on a BPT (Baldwin et al., 1981)
diagram have ionization sources inconsistent with star formation, except for
the star-forming host of SDSS J0748. Their distribution is consistent with
quiescent Balmer-strong galaxies from the SDSS at comparable stellar masses.
The residual emission line ratios uncovered here point to shocks, post-AGB
stars, or a low-luminosity AGN as possible ionization sources. In the case of
an AGN, circumnuclear gas accreting onto the SMBH could boost the TDE
rate (Kennedy et al., 2016).

. On the WHAN (Cid Fernandes et al., 2010) diagram, at least 5/8 TDE host
galaxies lie in the LINER-like region. The three TDE host galaxies with data
from before the TDE (and thus uncontaminated by it) are offset to lower Ha
EW and [NII]/Ha than the quiescent Balmer-strong galaxies from the SDSS
at comparable stellar masses. This may indicate a lower electron density, a
softer radiation field, or decreased levels of residual star formation in these

TDE host galaxies.
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CHAPTER 7

Conclusions

In this thesis, I have explored the evolution of the molecular gas properties and
stellar populations in galaxies as they evolve through the post-starburst phase, as
well as the preference of Tidal Disruption Events to occur in galaxies during this
phase. In this Chapter, I summarize the main results of my work, and identify

future directions.

7.1 The End of Star Formation in Galaxies

7.1.1 Conclusions from this Dissertation

In Chapter 2, we study molecular gas in a sample of 32 nearby (0.01 < z < 0.12)
post-starburst (aka “E+4A”) galaxies, whose optical spectra indicate a recent star-
burst that ended within the last ~Gyr. We target the CO lines (1-0) and (2-1) with
the IRAM 30m and SMT 10m telescopes, constraining the molecular gas mass re-
maining in these galaxies after the starburst. Molecular gas is detected in 17 (53%)
galaxies with CO (1-0) observations from the IRAM 30m. Molecular gas masses are
M(Hs) = 10%5-1098 M, (aco/4My (Kkms™! pc?)~!), and molecular gas to stellar
mass fractions of feas ~ 1072-107%° (aco/4My (Kkms™ pe?)™!), roughly compa-
rable to those of star-forming galaxies and generally larger than for early types, for
a range of likely CO-to-Hy conversion factors (aco). The upper limits on M (Hy)
for the 15 non-detected galaxies range from 10™7 M to 10°7 M, with the median
more consistent with early-type galaxies than with star-forming galaxies.

We compare M (Hy) to the star formation rate (SFR), using Ha and D,,(4000)

to calculate upper limits on the current SFR in this sample. When compared to
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other star-forming, starbursting, and early type galaxies, the post-starbursts have
~ 10 — 20x lower SFRs for a given M (H,). The post-starburst sample falls ~ 4x
below other local galaxies on the Kennicutt-Schmidt relation (Kennicutt, 1998) of
SFR surface density vs. M (Hy) surface density. The median locus of the post-
starburst galaxies is offset from the relation defined by normal star-forming galaxies
(K98) at 50 significance. After considering sample selection effects, aperture bias,
varying spatial extents of current star formation, optical light and Hy, CO not
tracing Hy (a different aco), and the effect of IMF assumptions, we conclude the
observed offset is likely due to suppressed SFE, a low value of aco consistent with
ULIRGs, and/or a bottom-heavy IMF.

Our results show that the end of the starburst in these galaxies cannot be at-
tributed to the complete consumption, expulsion, or starvation of the molecular gas
reservoirs. Understanding this possibly common phase in galaxy evolution will help
reveal the physics of star formation in galaxies as well as their evolution through
mergers.

This result raises two main questions: (1) How do these gas-rich post-starbursts
lose their gas supplies, in order to evolve to early types? (2) Why don’t post-
starbursts have significant star formation, if the molecular gas remains? We address
these questions in Chapters 3 and 4.

In Chapter 3, we fit stellar population models to 535 post-starburst galaxies,
breaking the age - burst strength - burst duration degeneracy using a combination
of UV photometry from GALEX (Martin et al., 2004) and optical photometry and
spectroscopy from SDSS (Strauss et al., 2002; Ahn et al., 2014). We present a
catalog of post burst ages, burst mass fractions, and burst durations. We derive
post-burst ages and burst mass fractions, with median errors of 22% and 42%,
respectively. 68% of the burst mass fractions are within 7.0%-69%, and 68% of the
post-burst ages are within 240-680 Myr. We define the “post-burst” ages to be the

time elapsed since 90% of the stars from the recent starburst(s) formed. The star
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formation rates experienced during the starburst were ~10-100x above the stellar
mass - specific star formation rate relation, consistent with those in starbursting
galaxies (Schiminovich et al., 2007). Starbursts with specific star formation rates
> 1078 yr=! are rare (< 1% of the sample). As a consequence, those post-starburst
galaxies with short duration (25 Myr) bursts generate 1-10% of their stellar mass in
the burst, whereas galaxies with longer duration (>150 Myr) bursts produce 10-50%
of their stellar mass in the burst. Many post-starbursts show signs of intermediate
mass (~F) stellar populations; 50% of the post-starbursts are best fit by a single
recent burst, 48% prefer a double recent burst, and 2% do not have a statistical
preference. Lower stellar mass galaxies are more likely to experience two recent
bursts, and the fraction of mass produced in their recent burst(s) is more strongly
anti-correlated with their stellar mass.

We compare the SFHs selected via our selection criteria with those from other,
differently-selected post-starburst samples. Rowlands et al. (2015) use the approach
of Wild et al. (2007, 2009) to select longer duration (>150 Myr) starbursts, at a
wider range of post-burst ages than we do; their sample is also biased against shorter
duration starbursts that have specific star formation rates similar to our sample.
Shocked POst-Starburst Galaxies (SPOGs; Alatalo et al., 2016¢) have generally
younger post-burst ages than ours, with 60% too young to have entered into our
post-starburst selection. SPOGs with younger post-burst ages, but similar mass
fractions and durations as our post-starbursts, may represent progenitors to our
sample. However, an additional population (10%) of SPOGs exists at long duration
(> 100 Myr) and small burst fraction (< 10%), which will not evolve into our
post-starburst population.

Combining these three samples of post-starburst galaxies, we discover a signifi-
cant decline in their molecular gas to stellar mass fraction with increasing post-burst
age, at 40 significance. This trend persists when we control for the fraction of stellar

mass produced in the recent burst(s). The best fit exponentially declining timescale
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is 90£10 Myr, with best fit initial molecular gas fractions of 0.5 — 1 at a post-burst
age of zero. With the observed molecular gas depletion rate, the post-starburst
galaxies should reach early-type levels of molecular gas in 600 — 800 Myr. The rapid
depletion rate implied by this trend of 5 — 200 Mgyyr~! cannot be due to current
star formation, given the upper limits on the current SFRs in these post-starbursts,
suggesting that the molecular gas is expelled or destroyed in AGN-driven outflows.
We find significant (> 3¢) anti-correlations of the WISE [4.6]-[12] and [3.4]-[4.6] pm
colors with the post-burst age of the galaxy. Given the anti-correlations of bluer
WISE colors with post-burst age, either the dust mass or sources of dust heating
could be declining over time, as with the gas fraction. Various heating sources are
possible during this phase: star-formation, young (A) stars, evolved stars (post-AGB
or TP-AGB), or AGN.

In Chapter 4, we survey the dense molecular gas content of two post-starburst
galaxies possessing large reservoirs of CO-traced molecular gas, despite their lack
of significant current star formation. ALMA does not detect either HCN (1-0) or
HCO+ (1-0) in these galaxies. This absence of dense gas is consistent with their
low star formation rates. For the first time, we have direct evidence as to why post-
starburst galaxies have such low star formation rates, given their large reservoirs of
CO-traced molecular gas: the denser gas required for star formation is absent.

The HCN/CO luminosity ratios are low compared to star-forming and many
early type galaxies, and imply a low dense gas mass fraction, the fraction of dense
molecular gas mass to total molecular gas mass. The low dense gas fraction leads
to the low CO-traced star formation efficiency in these post-starburst galaxies (see
French et al., 2015). The consistency of the dense gas star formation relation between
post-starbursts and other galaxies implies the HCN-traced star formation efficiency
is consistent among these types of galaxies and unaffected by the processes which
drive the starburst and its end.

The low HCN luminosities of the post-starburst galaxies are already consistent
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with the early type galaxies into which they are expected to evolve. However,
the presence of significant CO-traced gas necessitates a more detailed view of how
these galaxies could evolve into gas-poor early types. The decline in the CO-traced
molecular gas during the post-starburst phase suggests that feedback processes from
AGN activity may act at a later time, after the starburst has already ended. Thus,
post-starbursts do not have significant star formation because of a lack of dense
gas, and are unlikely to resume star formation after the rest of the molecular gas
reservoirs are depleted, resulting in gas-poor galaxies passively evolving to “red and
dead” early types. This picture of how star formation ends in galaxies undergoing
rapid transition may be largely representative, as ~40-100% of galaxies are expected

to evolve through this phase (Snyder et al., 2011; Wild et al., 2016).

7.1.2 Future Directions

While there is circumstantial evidence that AGN feedback is acting during the post-
starburst phase, we lack direct evidence connecting the two. Our next step is to
determine post-starburst galaxies’ routes onto the black hole-bulge mass relation and
how long they take to get there. Because the merger has coalesced, bulge growth has
ended, and accurate bulge properties can be determined, avoiding the uncertainties
associated with tying active mergers to the black hole-bulge mass relation, which
has yielded conflicting results (Kormendy & Ho, 2013; Medling et al., 2015).
Given that we observe the molecular gas reservoirs declining during the post-
starburst phase, after bulge growth has completed, if AGN feedback acts to preserve
the black hole - bulge relation, we will observe a temporary offset until black hole
growth ends. We expect to find young, gas-rich post-starbursts with undermassive
black holes, and old, gas-poor post-starbursts to lie back on the black hole - bulge
relation. With our molecular gas measurements and post-burst ages, we can identify
an ensemble track of galaxies by measuring black hole masses and bulge masses of

a sample of galaxies at various post-burst ages.
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The stronger starbursts in our sample of post-starburst galaxies produced 30%
of their current stellar mass. The new stellar mass is concentrated in the core,
and grows the galactic bulges. Thus, the black hole mass should also grow by 30%
during this process. For the molecular gas masses and estimated black hole masses
of our sample, this represents accretion of ~1% of the molecular gas by the black
hole. With the typical physical scatter in the black hole - bulge relation (~ 0.3 dex;
McConnell & Ma, 2013), the predicted effect will be observable.

7.2 Tidal Disruption Event Host Galaxies

7.2.1 Conclusions from this Dissertation

In Chapter 5, we demonstrate the preference of tidal disruption events (TDEs) to
occur in quiescent galaxies with strong Balmer line absorption. Quiescent galaxies
with the strongest Balmer absorption, Hox — o(Hdy) > 4 A, make up only 0.2%
of local galaxies, yet host 3 of 8 optical/UV TDE candidates. A softer cut, Hjy >
1.31A, includes only 2.3% of local galaxies, but 6 of 8 optical /UV TDE host galaxies.
The optical/UV TDE rates are thus enhanced by 1907}5x in the strongest Hds
galaxies and by 33%7, x in galaxies with Ho, > 1.31A. Because of this preference,
the corresponding rates of optical/UV TDEs are 1 — 3 x 1072 yr~! per galaxy, and
2—4x107* yr~! per galaxy, respectively. As a result, we predict a lower optical /UV
rate in normal star-forming and early-type galaxies, of 1 —5 x 107 yr=! per galaxy.
Even the one high energy TDE with a full measured optical spectrum, Swift J1644,
lies in a galaxy with strong Balmer absorption and weak nebular line emission, which
implies a > 80X enhancement in such hosts, and a link between the optical /UV and
high energy TDE classes.

In Chapter 6, we fit stellar population models to UV and optical photometry and
optical spectroscopy of eight host galaxies of optical/UV-detected tidal disruption

events (TDEs). We constrain the duration of the recent star formation episode, the
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time elapsed since it ended, and the fraction of stellar mass produced, breaking the
degeneracy in these quantities. We also determine the stellar mass of the galaxies
and measure residual emission line ratios in their model-subtracted spectra. We
compare the TDE host galaxy properties to other quiescent galaxies with strong
Balmer absorption and with the general galaxy population. Most (6/8) of the TDE
hosts have short (25—200 Myr) periods of star formation, consistent with a recent
starburst rather than a long-term decline in star formation. The eight TDE host
galaxies thus consist of six post-starburst galaxies, one star-forming galaxy, and one
quiescent galaxy which experienced a long period of recent star formation. Most
(6/8) TDE host galaxies have post-burst ages of 60 — 600 Myr. This range is
physical, exceeding our measurement errors, and indicates that TDEs do not occur
at a specific time after the starburst ends.

With the post-burst ages, we can constrain the mass of the disrupted star, as-
suming it formed in the burst or before. The range in post-burst ages is much larger
than the expected post-main sequence evolution timescales, implying that a specific
phase of post-main sequence evolution is unlikely to be the cause of the enhanced
TDE rate after the starburst. If the disrupted star was a main sequence star, the
post-burst ages constrain the upper limits on its mass to be ~2.5, ~4, ~6, and ~9
Mg, for the seven non-starforming hosts. In other words, O stars, as well as most B
and massive A stars, are excluded as TDE progenitors. If the starburst arose from
a galaxy-galaxy merger, the time elapsed since the starburst began constrains the
coalescence timescale and thus limits the merger mass ratio to more equal than 12:1
in most (7/8) TDE hosts. This ratio is unusual, as more unequal galaxy mergers
are more common. If this ratio also reflects that of the central supermassive black
hole binary, it disfavors the scenario in which the TDE rate is boosted by the binary
in a way that is insensitive to its mass ratio (e.g., Chen et al., 2011).

The fraction of stellar mass created in the burst is 0.5 —10% for most (7/8) of the

TDE hosts. These burst mass fractions do not generate enough stars compared to
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those formed by a typical star-forming galaxy over the same time to account for the
30 — 200x boost in TDE ranges. If simply adding more stars does not explain the
rate enhancement, their concentration in the core must be more important. Future
work is needed to assess the spatial distribution of these newly formed stars in the
core. The TDE host galaxies have stellar masses 104 — 101%3, consistent with the
SDSS volume-corrected distribution of post-starbursts.

Using bulge:disk decompositions from Mendel et al. (2013) and the black hole —
bulge relation from McConnell & Ma (2013), we infer black hole masses of 10°° —
10™5Mg. These are consistent with the black hole masses expected for UV /optical
TDEs (Stone & Metzger, 2016; Kochanek, 2016) and with an upper limit of 105M,
above which the TDE would be hidden within the event horizon. With the current
low number of observed TDEs, it is unclear whether the upper bound on TDE host
stellar mass is primarily driven by the falloff in the galaxy stellar mass function at
high mass, by a preference of TDEs for lower stellar mass galaxies, or in fact by the
upper limit on the black hole mass for which TDEs would be observable.

The TDE host galaxies that can be placed on a BPT (Baldwin et al., 1981)
diagram have ionization sources inconsistent with star formation, except for the star-
forming host of SDSS J0748. Their distribution is consistent with quiescent Balmer-
strong galaxies from the SDSS at comparable stellar masses. The residual emission
line ratios uncovered here point to shocks, post-AGB stars, or a low-luminosity AGN
as possible ionization sources. In the case of an AGN, circumnuclear gas accreting
onto the SMBH could boost the TDE rate (Kennedy et al., 2016). On the WHAN
(Cid Fernandes et al., 2010) diagram, at least 5/8 TDE host galaxies lie in the
LINER-like region. The three TDE host galaxies with data from before the TDE
(and thus uncontaminated by it) are offset to lower Howe EW and [NII]/Ha than the
quiescent Balmer-strong galaxies from the SDSS at comparable stellar masses. This
may indicate a lower electron density, a softer radiation field, or decreased levels of

residual star formation in these TDE host galaxies.
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7.2.2 Future Directions

The preference for TDEs to occur in post-starburst galaxies can be used as a tool
to study TDEs in two different ways: to study what sets the TDE rate and to flag
transient events as possible TDEs.

What drives the increased TDE rate in post-starburst galaxies? There are several
reasons that the accretion rate of stars onto the central black hole could be connected
to the recent star formation histories of their host galaxies: 1) if there was a recent
galaxy-galaxy merger, the resulting supermassive black hole binary could have an
increased rate of stellar accretion, 2) a high central concentration of newly formed
stars would increase the number of stars available to the central black hole, or 3) a
high central concentration of gas could funnel more stars to the central black hole. 1
am a co-I on on-going HST programs to address these questions. The first program
will obtain multi-band WFC3 imaging and STIS spectroscopy for four known TDE
host galaxies, and the second program will obtain multi-band WFC3 imaging of
four nearby post-starburst galaxies at a spatial resolution high enough to resolve
the black hole radius of influence.

To test the first possibility, we will quantify any signatures of recent galaxy-
galaxy collisions from the high resolution images, and with the timing method de-
scribed above, constrain the likely mass ratio of the two merged galaxies. Tidal fea-
tures and disturbed morphologies are often seen in post-starburst galaxies (Zabludoff
et al. 1996; Yang et al. 2004, 2008), but sufficient resolution images of the known
TDE hosts have not yet been available. In the scheduled HST images, tidal tails
and/or asymmetries arising from a recent major merger (with a mass ratio more
equal than ~4:1, depending on the post-burst age) should be visible. The time
elapsed since the starburst provides a complementary constraint; given the ages we
measure of the TDE host galaxies, merger ratios less equal than ~12:1 will not have
had time to coalesce via dynamical friction (French et al. 2016b).

To study the second reason, we will map the central concentrations of stars
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in four nearby post-starburst galaxies. It is not possible to resolve the black hole
radius of influence (typically 1-10 pc) of the known TDE hosts with any present-
day instrument. Thus, we have identified a set of analog TDE host galaxies at
closer distances, to study with our awarded HST program. A study of the central
stellar density has been conducted for one nearby post-starburst galaxy (Stone &
van Velzen 2016) with archival HST data, which shows a sufficiently high central
stellar density to explain the observed TDE rate enhancement.

To study the third scenario, we will map the concentrations of gas and the
spectral lines sensitive to the energetic gas immediately surrounding the black hole.
I tested the source of the ionization sources in French et al. (2016b), using ground
based spectra, sensitive to the inner 1-5 kpc of the galaxies. Most of the known
TDE hosts have ionization sources inconsistent with star formation. This may
indicate the presence of circumnuclear gas, also accreting onto the black hole, but
other contaminating sources such as merger shocks or post-AGB stars could also
explain our results. The awarded HST data will allow us to better localize the
line emitting regions, and check for associations with the nucleus. The awarded
ALMA observations of post-starburst galaxies discussed in the previous section will
determine the typical distribution of the gas remaining in analog TDE host galaxies,
to constrain the distribution likely for the TDE host galaxies.

The Large Synoptic Survey Telescope (LSST) will bring the opportunity to amass
a sample of thousands of TDEs per year (van Velzen et al. 2011). TDEs must be
identified early, so follow up observations can observe the lightcurve’s rise and fall.
While TDEs can in theory be identified from their optical time evolution and colors,
flagging events in post-starburst hosts allows for TDEs to be followed-up before the
time evolution is certain, and provides a way to identify TDEs that deviate from
the expected template, as many already do (Holoien et al. 2016, Gezari et al. 2016)
or are predicted to (MacLeod et al. 2013, Coughlin et al. 2016).

However, many of the events found by LSST will be in the southern hemisphere,
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beyond the reach of galaxy spectroscopic surveys such as the SDSS, where post-
starbursts can be reliably identified. In future work, I will use machine learning
methods on post-starburst galaxies to develop an identification method, using only
the data available for galaxies observed by LSST, to ensure that tidal disruption

events can be selected for rapid follow-up observations.
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