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Abstract

The Quest for Active Galactic Nuclei Feedback in Local and Distant Galaxies
by

Hassen Mohammed Yesuf

The mechanisms for quenching star formation in galaxies are not yet well
understood. Identifying these mechanisms is one of the paramount endeavors in
the current state of Astrophysics. The fundamental requirement for quenching is
that the cold gas that fuels star formation must be depleted or removed, or heated.
AGN feedback is one of the hypothesized quenching agents. In this dissertation,
we present our observational studies on AGN feedback.

In chapter 2, we will identify very rare galaxy candidates going through a
rapid merger evolutionary sequence from disturbed starbursts, followed by fading
and relaxed AGN, and to eventually young and quiescent post-starburst galaxies.
Most nearby galaxies today are evolving slowly. The era of major galaxy merg-
ers and rapid black hole growth is almost over. However, post-starbursts (PSBs)
are rapidly evolving from the blue cloud to the red sequence today. Although
they are rare today, integrated over time they may be an important pathway to
the red sequence. The transition PSBs have stellar properties that are predicted
for fast-quenching starbursts and morphological characteristics that are already
typical of early-type galaxies. The active galactic nucleus (AGN) fraction, as esti-
mated from optical line ratios, of these post-starbursts is about three times higher
(2 36% £ 8%) than that of normal star forming galaxies of the same mass, but

there is a significant delay between the starburst phase and the peak of nuclear



optical AGN activity (median age difference of 200 4+ 100 Myr). We also find that
starbursts and post-starbursts are significantly more dust obscured than normal
star forming galaxies in the same mass range. The time delay between the star-
burst phase and AGN activity suggests that AGNs do not play a primary role in
the original quenching of starbursts but may be responsible for quenching later

low-level star formation by removing gas and dust during the post-starburst phase.

In chapter 3, we study the cold gas contents of PSBs. We undertook new
CO (2-1) observations of 24 Seyfert post-starburst galaxies and together with our
data analyzed about 100 previously studied PSBs. When combined with the
other samples, our sample is indispensable in sampling the entire starburst-AGN-
quenched post-starburst evolutionary sequence. Unlike the previous studies, we
find that both star-formation and molecular gas evolutions in PSBs are rapid.
These galaxies do not need to linger in the green valley for a longer period of
time as previous studies suggested. We find a significantly lower molecular gas
detection rate (25%) in our sample than do previous PSBs studies (50-90%). The
distribution of gas fraction in Seyfert PSBs is significantly different from young
star-forming galaxies. We observe a rapid decline in gas fraction around 0.7 Gyr
after the starburst. We interpret this far removed event from the peak of the
starburst as evidence for a delayed AGN feedback.

A key physical manifestation of active galactic nuclei (AGN) feedback is pre-
dicted to be powerful galactic winds. However, the relative roles between AGN
activity and star formation in driving such winds remain largely unexplored at

redshifts z ~ 1, near the peak of cosmic activity for both. In chapter 4, we study

x1



winds in 12 X-ray AGN host galaxies at z ~ 1 in the CANDELS fields using
deep Keck rest-frame UV spectroscopy. We use the low-ionization Fe 11 A2586
absorption profile in their stacked spectrum to trace the cool gas kinematics. Our
wind model accounts for both the galactic self-absorption and wind absorption
imprinted on the absorption profile. We find that the AGN show a median cen-
troid velocity shift of -124 kms™! and a median velocity dispersion of 106 kms™*.

For comparison, a star-forming, non-AGN sample at a similar redshift, matched

roughly in stellar mass and galaxy inclination, show the outflows to have a median

1 1

centroid velocity of -148kms™ and a median velocity dispersion of 168 kms™".
Thus, winds in the AGN are similar in velocities to those found in star-formation-
driven winds, and are too weak to escape and expel substantial cool gas from
galaxies. Thus, we do not find evidence to support bulk velocities having greater
than 500 km s~! predicted by some AGN feedback models. Future studies of winds
in older and less star-forming AGN than the current sample will be useful to dis-

criminate between delayed AGN wind gas removal or gas heating by AGN and

will tell us how the AGN feedback operates.
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Chapter 1

Introduction:

“We shall not cease from exploration, and the end of all our exploring will be to arrive

where we started and know the place for the first time.”
— T. S. Eliot

“It is hard to think of practical applications of the black hole. Because practical
applications are so remote, many people assume we should not be interested. But this

quest to understand the world is what defines us as human beings.”
— Yuri Milner

One hundred years ago, our understanding of the cosmos was very limited.
We did not even know for sure that the Universe extended beyond the bounds
of our own Milky Way galaxy. In 1920, there was a great debate between two
astronomers, Heber Curtis and Harlow Shapley, about the nature of “spiral neb-
ulae”, which we now know are external galaxies. Curtis was a researcher at our

own UCO Lick Observatory while Shapley was at the Mount Wilson Observatory

at the time, and later became the director of the Harvard College Observatory.



Shapley argued that “spiral nebulae” were simply part of the Milky Way while
Curtis thought that the Andromeda and other such nebulae were external galaxies.
The debate was soon resolved by observations of Edwin Hubble who conclusively
showed that these spiral nebulae were actually faraway galaxies beyond the bounds
of the Milky Way. Hubble used pulsating stars called Cepheid variables, which
have well-defined periods and brightnesses, as benchmarks for distances to these
external galaxies.

I think the ultimate reason that we are interested in studying external galaxies
is to gain a cosmic perspective and understand humanity’s place in the Universe:
who we are, where we come from, and where are we going. Because light travels at
finite speed, 3 x 10°kms™!, it takes a long time for the light to traverse the large
distances between the external galaxies and the Earth. The light that reaches us
today was actually emitted long time ago. In this dissertation, we will look back
in time to study external galaxies about one billion years ago in chapter 2 & 3,
and then venture even farther in chapter 4 to study distant galaxies as they were
8 billion years ago.

Today, unlike hundred years ago, we have the privilege of exploring the vast
expanse of the Universe to the first moment of creation, the big bang, and to the
moment the first stars and galaxies were born. The all-sky surveys such as the
Sloan digital Sky Survey (SDSS) have provided us with a wealth of information
on millions of galaxies in the nearby Universe while the small-area but very deep
surveys such as the Cosmic Assembly Near-infrared Deep Extragalactic Legacy
Survey (CANDELS), using the Hubble Space Telescope, have endowed us with the

chronicles of tens of thousands galaxies from the distant Universe. As a result, our
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Figure 1.1:. Ultraviolet-optical color magnitude diagram showing a bimodal distribution of
galaxies corresponding to active star-forming galaxies and passive galaxies (Salim et al., 2007;
Salim, 2014). The figure is based on the sample of galaxies at redshift z < 0.22 (a look back time
of 2.7 billion years). The horizontal axis shows the absolute brightnesses (proxies for masses) of
galaxies increasing from the right to the left while the vertical axis shows the colors (proxies for
ages) of galaxies getting redder from the bottom to the top.

understanding of how galaxies form and evolve has begun to matured significantly.
Thanks to these dedicated surveys, we now have the general outline, if not close
to the whole picture, of how galaxies form and evolve.

When galaxies are sorted by their absolute brightnesses (or masses) and col-
ors, they exhibit a remarkable two-peaked distribution shown in Figure 1.1 (e.g.,
Strateva et al., 2001; Baldry et al., 2004; Bell et al., 2004; Faber et al., 2007;
Salim, 2014). Galaxies in the “blue cloud” are young and actively forming stars,

while galaxies located in the “red sequence” have stopped forming stars. The



“oreen valley” is inhabited by a transiting population between the blue and red
galaxies. The transition time of these galaxies must be a fairly rapid in order
to produce the dearth of objects in the green valley (Faber et al., 2007; Martin
et al., 2007). Galaxy number counts going back in time have shown that the
number of red galaxies around L, luminosity has at least doubled since 8 billion
years ago while the number of blue galaxies has remained substantially constant
(Faber et al., 2007), suggesting that blue cloud galaxies are quenched, causing
them to migrate to the red sequence, but while the blue cloud itself is replenished
by similar number of newly formed galaxies.

The reason why galaxies cease forming stars and transition from blue to red
is an active and ongoing area of research. As illustrated in Figure 1.2, one popu-
lar hypothesis is that the titanic collisions between galaxies triggers intense star
formation and powerful black hole activity at the centers of the merger rem-
nants. These intensely bright supermassive black hole environs at the centers of
galaxies are called active galactic nuclei (AGN). The brightest AGN are called
quasars. The merger-induced, intensely star-forming galaxies are known as star-
bursts. Their star formation rates often reach 10-100 times that of the normal
star-forming galaxies. It is thought that the starburst and AGN in concert con-
sume and destroy the cold gas which otherwise would fuel future star formation
in the galaxies (Sanders et al., 1988; Hopkins et al., 2006). This process is called
stellar or AGN feedback.

AGN feedback is a relatively young topic. Many details of how and when it
operates are unclear. In this dissertation, we will focus on studying observational

signatures of AGN feedback with the aim to test nascent theories of galaxy evo-



lution and to provide insights that will aid future developments of more refined
theories. Most nearby galaxies are evolving relatively slowly compared to the more
distant galaxies. The era of major galaxy mergers and rapid black hole growth is
mostly over today. In this dissertation, we will identify very rare galaxy candidates
undergoing through a rapid merger evolutionary sequence extending all the way
from disturbed starbursts, followed by fading and relaxed AGN, and to eventu-
ally young and quiescent post-starburst galaxies, which resemble the red sequence
galaxies in many ways. In chapter 2, we will quantify the AGN fraction and the
AGN activation time in these candidates to ascertain if the AGN are responsible
for the rapid evolution observed in these galaxies. In chapter 3, we will further
examine the molecular gas properties of these candidate post-starburst galaxies
to test if AGN destroy the molecular gas, thereby suppress residual star formation
at the end of the starbursts. The cold gas destruction by the AGN could be by
heating or expulsion from the galaxies. In chapter 4, we will investigate if AGN
in distant galaxies expel their gas through powerful AGN-driven galactic winds.
In the rest of this section, I briefly give a general context and summarize the
key findings of the dissertation. Further detailed background to the topics in each
chapter can be found in their corresponding introduction. I started this chapter
with a poetic quotation that asserted that “the end of all our exploring will be to
arrive where we started and know the place for the first time.” In the reminder of
this section, I will discuss some of the observations of the Milky Way to emphasize
that our own Galaxy likely underwent through similar processes explored in this
dissertation but using observations of external galaxies. At the end of reading

this dissertation, I hope the reader marvels at the fact that the same processes



explored in the external galaxies may be connected to the past or the future of

our home galaxy.

1.1 A supermassive black hole in the Milk Way
and its wind relics

Supermassive black holes (SMBHs) are large mass concentrations at centers
of galaxies. They weigh from one million to ten billion times the mass of the sun.
Currently their origin is not well-understood. It is believed that they might have
formed from seed black holes in the early universe from either remnants of massive
first generation stars or direct collapse of dynamically unstable dense gas in proto-
galaxies or dynamical interactions in first dense nuclear clusters (see a review by
Volonteri, 2010). The seed black holes grow through a series of galaxy mergers and
are incorporated into larger and larger dark matter halos as time progresses. At
each merger incident, the seeds accrete gas in their merger remnants and coalesce
at the end of the merger. Through successive gas accretions and black hole-black
hole merging, the seeds eventually become supermassive black holes.

The most compelling observational evidence we have for SMBH is at the center
of our Milk Way galaxy, near the radio source known as Sgr A*. The Galactic
center hosts a supermassive black hole weighing 4.4 million solar masses (Ghez
et al., 2008; Gillessen et al., 2009). Due to the proximity of the Galactic center,
which is only 8.3 kpc (27,000 light years) away, the mass of the supermassive black
hole could be estimated directly by following the orbits of individually resolved

stars around Sgr A*, using Adaptive Optics technology on Keck and VLT tele-
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Figure 1.2:. Time sequence of a galaxy merger simulation with initial gas fraction of 20%
(Hopkins et al., 2006). Each panel is 80 A~ kpc on a side and shows the simulation time in the
upper left corner. Brightness of the image is scaled to the logarithm of the projected stellar mass
density, while color indicates the gas fraction, from 20% (blue) to less than 5% (red). Merging
of galaxies which triggers an intense starburst and a black hole activation is one of the ways
galaxies may evolve from blue to red.



scopes (Figure 1.3). The most recent, highest-resolution measurement indicates
that the angular diameter for Sgr A* is of 37uas (Doeleman et al., 2008), which
means that all the observed mass is concentrated in a region less than half of the
distance between the Earth and the Sun. The Schwarzschild radius, inside which
even light cannot escape, for the SMBH at center of the Galaxy is about 10uas.
The galactic center is currently quiescent. Sgr A* does qualify as an AGN. It is
substantially less luminous than weak AGN which we customarily observe in ex-
ternal galaxies. However, there is relic evidence that the SMBH in the Galaxy was
once active. The Fermi Gamma-ray Space Telescope recently discovered two large
gamma-ray bubbles, which extend about 10 kpc above and below the Galactic cen-
ter (disk). Hydrodynamic simulations show that the bubbles may be relics of a
recent powerful AGN jet activity a few million years ago (Guo & Mathews, 2012).
Zubovas et al. (2011) argued that Sgr A* likely had a brief but very bright quasar
phase associated with the recent star formation observed in the inner nuclei of the
Galaxy. The authors also argued that the observed highly symmetrical lobes are
unlikely to have originated from an AGN jet but from an isotropic nearly-spherical
AGN-driven wind. They predict that the outermost parts of the lobes should still
be expanding at ~ 1000 kms~!. Fox et al. (2015) used background quasar light
to probe the velocity of one of the bubbles (Figure 1.4). The quasar light pocking
through the bubble would be absorbed at velocity corresponding outflow velocity.
The authors reported two high-velocity metal absorption components at radial
velocities of -235 and +250kms™!. These two velocity components might origi-
nate from the front and back side of an expanding biconical outflow launched from

the Galactic center. Their wind model suggested that the true wind velocity, ac-



counting for the projection effect, is = 900, which is consistent with the theoretical
prediction. It is possible that other galaxies also produce similar structures like
the Fermi bubbles but their faintness in gamma rays will make their detection
difficult in external galaxies. However, as we will discuss later, galactic winds,
probed using other methods, are very common in other galaxies. By exploring
AGN feedback in other galaxies, we hope to understand better the past and the

future of our home galaxy.

1.2 Simple energetic argument for AGN feed-

back

I wrote the previous section, with a non-astronomer readers in mind, this
selection is technical, and such readers can skip this section and get the summary
of the dissertation in the next section.

A simple energetic argument of comparing the radiative accretion energy of
a SMBH with the binding energy of its host galaxy leads to the conclusion that
the black holes may have profound effects on their host galaxies (Fabian, 2012).
The binding energy of the galaxy Eg., with a stellar mass Mg, and a velocity
dispersion o, is Ega & Mga0? and the energy radiated, Epy, by accretion onto the
black hole of mass Mgy, with a radiative efficiency 7, is Egy = nMgnc?, where
c is the speed of light and 7 is about 0.1. Equating the two energies and using
the observed ratio Mpu/ Mpuge ~ 3 X 1073 (e.g., Kormendy & Ho, 2013) and a
bulge-to-total mass ratio of 0.5, results in Egy/ Ega 2 84 (7/0.1)(400 kms™ /o).

The approximate equality is only achieved for the most massive galaxies, as most
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Figure 1.3:. The orbit of star S2 around the black hole at the center of Milk Way (Ghez et al.,
2008; Gillessen et al., 2009). The figure is taken from Kormendy & Ho (2013).
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Figure 1.4:. The Fermi Gamma-ray Telescope discovered a pair of enormous gamma-ray-
emitting bubbles extending from the Galactic center. The yellow/orange map is an all-sky
Fermi image of the residual gamma-ray intensity (Ackermann et al., 2014). The Fermi Bubbles
are the twin lobes in dark orange at the center of the figure. Superimposed in gray-scale is the
ROSAT 1.5 keV X-ray emission map. The inset on the right is a zoom-in on the X-ray data.
The star is the background quasar used to probe the bubble. The figure is taken from Fox et al.
(2015).
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galaxies have o < 400kms~!. Therefore, the black hole has the potential to
disrupt the entire galaxy:.

In the following discussion, I present the condition required for momentum-
driven AGN winds to unbind galactic gas, following Silk & Nusser (2010). These
authors argued, from the condition they derived, that AGN cannot supply enough
momentum in radiation to drive the gas out galaxies. My slightly different deriva-
tion shows that AGN are capable of removing gas once the molecular gas fraction
is below about 8%, perhaps explaining the delayed AGN molecular gas destruc-
tion we observe in this work, and the minor role of AGN in quenching starbursts
we infer in chapter 2.

Let us assume an isothermal sphere galaxy with a radius r, so that its mass is
Mga = 20%r/G, where G is Newton’s gravitational constant. The total gas frac-
tion is fy =Mgas/Mgas = (Mur+Mu,)/Mga = 4 fh,, since My ~ 3Mpy, (Saintonge
et al., 2011). The Eddington luminosity is Lgaq = 47G Mpnmypc/or. If the the ra-
diation pressure force balances and gravitational force, Lggq/c = GMgaMgas/ r? =
Mgpg = 4 fHQ%%, which has similar scaling as the observed Mgy — o relation.
The total energy radiated by the black hole, E,, in driving the gas out of its
host galaxy with radius r. by the radiation pressure is E,y =L f:e L/v(r)dr >
Lx(re —r)/ve(r), where v.(r) is the escape speed at the radius r. For an isother-
mal sphere truncated at the virial radius, R, v.(r) = 201/(1+InR,/r). The work
done by radiation pressure in moving the gas from r to r, must be greater than
the kinetic energy required for the gas to the escape at each radius, L(r. —r)/c >
1/2Mgasv?(r). Thus, Eow > ¢/2Mgasve(r) > Mgasco > 4fu,Mga co. The ac-

cretion energy of the black hole must also satisfy nMppc® > 4 fr,Mga1 co. Di-
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viding both sides by Mg, leads to the condition fy, < gﬁi—‘;ﬁ;%g Using
the observed ratio Mpu/Mpuge ~ 3 X 1073, Mpyge/Mga=0.5, ¢ = 150kms™*,
fi, S 0.08(1/0.1)(Mpuige/Mga1/0.5) (f5575-=r)- These values are reasonable for
post-starburst galaxies. Therefore, the condition implies that that AGN feedback
may be effective in post-starbursts after the molecular gas fraction is below 8%.

Normal star-forming galaxies have gas fractions of 10%, while starbursts have

molecular gas fractions of 20-30%.

1.3 Summary of the dissertation

As I have mentioned before, the dissertation focuses on studying the obser-
vational signatures of AGN feedback. AGN feedback is one of the mechanisms
invoked in cosmological simulations of galaxy evolution to suppress star formation
in massive galaxies. Without feedback, the theoretical models fail to reproduce
even basic properties of galaxies. However, observational constraints on AGN
feedback are few.

In chapter 2, we study the AGN prevalence and activation time in 159 tran-
sition post-starburst galaxies. These galaxies recently underwent starbursts but
they still have some star formation and AGN activity. They are very rare galaxy
candidates on the rapid merger evolutionary sequence of starbursts and fading
AGN. One of the major achievements of the work presented in chapter 2 is to
identify them for the first time. With the new sample, we study the connection
between the cessation of star formation and AGN activity. We find that AGN
are more commonly hosted by post-starburst galaxies than by normal galaxies.

Post-starburst AGN hosts make up 36% of the transiting post-starbursts. Despite
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the high frequency of AGN in post-starbursts, we find that the clear presence of
AGN is significantly delayed from the peak of starbursts by about 200 million
years. We also find that starbursts and transition post-starburst galaxies are sig-
nificantly more dust-obscured than normal galaxies and quiescent post-starbursts.
There is indirect evidence that AGN may remove left-over dust and gas at the
end of the starburst.

In chapter 3, we study the molecular gas evolution of 126 nearby post-starburst
galaxies, of which 24 have new observations undertaken by us while the rest are
compiled from previously published works. We use the carbon monoxide (CO)
emission in radio frequency as a surrogate for molecular hydrogen gas. The galax-
ies in the new sample are selected as green valley galaxies. Most post-starburst
galaxies in previous samples are bluer and younger than our sample. we find that
as the post-starbursts age, both the star formation rate and molecular gas frac-
tion decrease with time, and eventually PSBs attain low gas contents observed in
quiescent galaxies within one billion years after experiencing a starburst. There-
fore, the evolution of molecular gas in post-starburst galaxies is rapid compared
to normal galaxies. Even though they used part of the data analyzed in chapter
3, previous works did not find rapid evolution of gas in post-starburst galaxies.
Therefore, we find the first evidence that AGN feedback can destroy the molec-
ular gas in post-starburst galaxies, thereby suppress residual star formation and
facilitate the rapid transition of these galaxies to the red sequence.

In chapter 4, we study galactic winds in 12 distant galaxies hosting low-
luminosity AGN. The light travel time from these galaxies is about 8 billion years.

Our AGN are the most distant objects of their kind to be studied in (wind) absorp-

14



tion to date. We use the near UV Fe 11 A2586 absorption line profile in the average
spectrum of these AGN to trace the movement of cool gas entrained in the winds.
The stellar lights in the galaxies get absorbed by the intervening winds surround-
ing the galaxies and the wind motions are imprinted on the average Fe 11 A\2586
absorption profile. We find an average velocity shift of about -125kms~!. The
wind velocities in these AGN are significantly lower than the velocities needed
to escape from the galaxies, and they are also similar to the velocities observed
in star-forming non-AGN galaxies at a similar redshift. Thus, we do not find
evidence for wind-driving AGN feedback in the distant low-luminosity AGN host
galaxies. There is one similar and complementary work which studied winds in
ten AGN host galaxies at look back times of 5 billion years (Coil et al., 2011) and
this study also did not find evidence for AGN feedback.
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Chapter 2

From Starburst to Quiescence:
Enhanced AGN Fraction and
Delayed AGIN Appearance in
Rapidly Quenching Local

Post-Starburst (Galaxies.

2.1 Introduction

Galaxies show bimodality in their colors, morphologies, and star formation
rates both locally and at high redshift (e.g., Strateva et al., 2001; Baldry et al.,
2004; Bell et al., 2004; Brammer et al., 2009). It is thought that star formation

quenching causes “blue cloud” galaxies to migrate to the “red sequence” (Bell
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et al., 2004; Faber et al., 2007). A wide variety of quenching mechanisms have been
proposed to explain the observed bi-modal galaxy properties (e.g., Di Matteo et al.,
2005; Keres et al., 2005; Croton et al., 2006; Dekel & Birnboim, 2006; Hopkins
et al., 2006; Somerville et al., 2008; Martig et al., 2009). These mechanisms
quench star formation by heating up gas in the galaxy (halo), stabilizing it against
collapse, or (rapidly) using it up or expelling it from the galaxy. These quenching
mechanisms can be classified broadly into two modes: fast and slow. The slow
mode occurs when star formation gradually fades, probably due to simple gas
exhaustion over timescales longer than 2 1 Gyr, and it does not require any special
triggering event such as mergers (e.g., Noeske et al., 2007; Fang et al., 2013).
On the other hand, rapid quenching is often identified with a triggering event
associated with a merger-induced starburst and the resulting feedback (from either
the starburst or from an associated AGN) that rapidly removes or exhausts the
gas (e.g., Sanders et al., 1988; Hopkins et al., 2006). This work focuses on rapidly
quenching or recently quenched galaxies.

(Quenched) post-starburst galaxies, also known as K+A or E+A lgalaxies
(e.g., Dressler & Gunn, 1983; Zabludoff et al., 1996; Quintero et al., 2004), offer
a unique view into galaxy evolution because they are believed to be recently
quenched starbursts rapidly transitioning from the blue cloud to the red sequence.

They may contain lingering signatures of a quenching process imprinted on their

IThe term “K+A” refers to a galaxy with significant populations of both (old) K stars and
(young) A stars, indicative of rapidly quenched recent star formation. The term “post-starburst”
traditionally refers to a K+A galaxy that was necessarily preceded by a starburst. We use the
terms K+A and post-starburst interchangeably. We often use the term K+A in a general sense
when we refer to related past studies. We avoid the term “E+4A” which refers to a quenched
galaxy with early-type morphology and a young stellar population, because we show that many
starburst galaxies already have compact and early-type morphologies before quenching into
post-starbursts.
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spectral and structural properties. The fact that these galaxies have unusually
large A-star populations but lack younger stars has been interpreted as evidence
for recently quenched starbursts.

Theoretically, post-starburst galaxies might be the end-product of galaxy merg-
ers (Hopkins et al., 2006, 2008; Bekki et al., 2001, 2005; Snyder et al., 2011). In
gas-rich model mergers, tidal torques channel gas to galaxy centers and power
intense nuclear starbursts (Barnes & Hernquist, 1991, 1996). The gas channeled
to the centers may also lead to the onset of obscured nuclear AGN activity (Di
Matteo et al., 2005; Hopkins et al., 2006). At the end of the starburst, after gas
has been exhausted by the starburst itself and/or expelled by stellar feedback,
the leftover gas and dust obscuring the active galactic nucleus (AGN) are cleared
out due to feedback from the AGN (Springel et al., 2005a,b; Hopkins et al., 2006;
Kaviraj et al., 2007; Hopkins et al., 2008; Snyder et al., 2011; Cen, 2012). Con-
sequently, star formation and further black hole growth are halted. Then the
galaxies pass through the quenched post-starburst phase before they passively
age and become “red and dead”. This work aims to test this hypothesis in detail.

Using galaxy merger simulations, Snyder et al. (2011) have constrained the
typical K+A life-time of merger-induced post-starbursts to be < 0.1 — 0.3 Gyr
(cf. Falkenberg et al., 2009; Wild et al., 2009). They find that the presence of
AGN makes almost no difference to the evolution of the post-merger spectrum in
their simulation without diffuse dust. However, with diffuse dust, they find that
including AGN accretion results in a longer K+A phase with stronger Balmer
absorption lines than without this accretion. Their interpretation of this result is

that AGN feedback does not itself directly shut off a starburst but rather serves
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to remove the leftover obscuring dust around the post-starburst population in the
nucleus, thereby enhancing the Balmer absorption features.

Consistent with the merger origin, past observational studies of morphology
and kinematics of K+A galaxies in the field hint that they are merger remnants
on the way to becoming early-type galaxies (Norton et al., 2001; Quintero et al.,
2004; Goto, 2007). As such, they display both early-type morphologies and signs of
interactions (Schweizer, 1982; Zabludoff et al., 1996; Quintero et al., 2004; Balogh
et al., 2005; Yang et al., 2008; Pracy et al., 2009). Similarly, many post-starburst
galaxies are observed to be blue-centered with positive color gradients and have
central (within ~ 4kpc) A star populations (e.g., Yamauchi & Goto, 2005; Goto
et al., 2008; Yang et al., 2008; Swinbank et al., 2012).

Identifying the mechanisms responsible for quenching star formation in post-
starbursts is still an outstanding problem after thirty years since their discovery.
The rest of this section highlights special problems that plague post-starburst
studies and have consequently hampered progress in understanding feedback in
these systems. A brief discussion of how these problems are addressed in this work
is also presented. The key novel feature of this work is that it broadens the defi-
nition of post-starburst using multi-wavelength galaxy colors and spectral indices

and thereby identifies AGN in post-starbursts more completely and consistently.

2.1.1 Finding a more complete sample of post-starbursts

Post-starbursts are rare galaxies, especially at low red-shift (Wild et al., 2009).
They comprise < 1% of all galaxies at z ~ 0.1 (Wong et al., 2012). Furthermore,

these galaxies tend to evolve through regions of parameter space populated by nor-
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mal galaxies. For these two reasons, post-starbursts are hard to distinguish from
the underlying, slowly quenching normal galaxies. Because of this difficulty, the
conventional definition of post-starburst is restricted to quenched post-starbursts
with weak or no emission lines. The problem is that this definition excludes
any transiting (quenching) post-starbursts with on-going star formation or strong
AGN activity, which may be a key link between starbursts and the quenched
post-starbursts.

In this work, we strive to directly link starbursts and post-starbursts by using
a variety of novel yet plausible criteria to identify a more complete sample of ob-
jects that are in transit between the starburst phase and the fully quenched post-
starburst phase. Wild et al. (2010) traced the evolution of local bulge-dominated
galaxies during the first 600 Myr after a starburst using principle component anal-
ysis of stellar continuum indices around the 4000A break.

Our work is complementary to Wild et al. (2010) in some of its main results but
it is quite different in its overall methodology and analysis. For instance, we take a
multi-wavelength approach: while we use stellar continuum indices to define some
post-starbursts, we also apply additional constraints, such as the dust-corrected
global near-UV to optical colors or near-UV to mid-IR colors. The continuum
indices are SDSS values measured in a 3” aperture and may not be representative
of a galaxy as a whole. They are also not sufficient to identify heavily dust-
obscured post-starbursts, which happen to overlap with normal galaxies in their
spectral indices. To identify such objects we find that mid-IR colors are useful
augmentation.

Finally, one of the methods used in this work is to identify common mem-
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bers of the starburst sequence in a narrow mass slice around log M (M) ~ 10.5.
This value corresponds to the transition mass in the color-mass diagram where
both star-forming and quiescent galaxies are presently observed (Kauffmann et al.,
2003b). A narrow mass window approximately captures galaxies on the starburst
evolutionary sequence because the quenching timescale (< 1 Gyr; Martin et al.,
2007; Snyder et al., 2011) is much faster than the merging timescale ( a typical
local galaxy has a major merger rate of < 0.05Gyr~! (Hopkins et al., 2010)).
Therefore, the precursors of post-starbursts are unlikely to grow in mass via mul-
tiple mergers in the time it takes them to quench. The burst fraction (amount
of new stars formed) in a merger is typically < 20% of the total mass (Norton
et al., 2001; Balogh et al., 2005; Kaviraj et al., 2007; Wild et al., 2009; Swinbank
et al., 2012). Hence, it also does not significantly contribute to the mass increase
on the starburst sequence. Even though a galaxy can be linked to its immediate
progenitors by its mass, mass by itself is not a sufficient predictor of galaxy prop-
erties. Recent studies show that structural parameters that combine mass and
radius (i.e., stellar mass surface density, u, or velocity dispersion, o) are better
tracers of galaxy quenching (Kauffmann et al., 2006; Franx et al., 2008; Cheung
et al., 2012; Wake et al., 2012; Fang et al., 2013). This work will examine whether
1+ and o of starbursts and post-starbursts are indicative of quenching in these

galaxies.
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2.1.2 Finding all AGN, including a population of highly
obscured AGN.

Most previous studies on post-starburst galaxies excluded strong AGN because
they adopted a restrictive definition of post-starbursts as galaxies with weak or
no emission lines. Wild et al. (2010) attempted to improve this by defining post-
starbursts using spectral indices only, bypassing the need for (weak) emission
line requirements. However, heavily dust-obscured post-starbursts and broad-line
AGN are still excluded or missing from their sample. This work attempts to
include dust-obscured post-starbursts as part of the starburst sequence. It also
constrains the star formation rates of broad-line AGN and investigates whether
they are preferential to a specific stage in the merger sequence (e.g., Hopkins
et al., 2006). We use GALEX and WISE photometery in our selection criteria
of obscured post-starbursts, and we use the WISE 12 ym luminosity as a proxy
for star formation rates (upper limits) of broad-line AGN. In a follow up work,
we plan to do further study on the star formation rates of broad-line AGN using
far-infrared data.

Past studies of quenched post-starburst galaxies hint that AGN are more com-
mon in these galaxies than in normal galaxies (Yan et al., 2006; Georgakakis et al.,
2008; Brown et al., 2009). However, these past studies were explicitly biased
against strong AGN (Seyferts) since they excluded emission-line galaxies from
their post-starburst samples. These studies also cannot exclude the possibility
that the weak AGN signatures in their post-starbursts are from “LINER-like”
emission unrelated to AGN activity (Cid Fernandes et al., 2011; Yan & Blanton,

2012; Singh et al., 2013). Regardless, Yan et al. (2006) have found that 95% of
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their K4A galaxies have LINER-like line ratios. Using a sample of 44 K+A galax-
ies at z ~ 0.8, Georgakakis et al. (2008) have found a higher fraction of X-ray
sources in post-starbursts (~ 15%) than in normal red sequence galaxies (~ 5%).
These sources are mostly low luminosity AGN at best and have a hard mean
stacked X-ray spectrum suggesting moderate levels of obscured AGN activity in
the bulk of this population. Similarly, Brown et al. (2009) have found that a third
(8/24) of their K+A galaxies at z ~ 0.2 are X-ray sources with luminosities of
~ 10*% ergs~!.

To improve on these previously incomplete estimates of the AGN fraction in
post-starbursts, we assemble a large and less biased sample of post-starbursts
which includes emission-line galaxies to robustly identify AGN. This enables us
to estimate the AGN fraction in transiting post-starbursts for the first time. We
will infer the relationship between AGN and recent quenching in post-starbursts
from the AGN fraction, and the time interval between the peak of starburst to
the peak of AGN activity. If the AGN fraction is low, it indicates that AGN
and quenching of starbursts are likely not related. A significant AGN delay might
indicate a non-causal or secondary relationship (e.g., a common fueling mechanism
or later additional quenching) between starbursts and AGN even if AGN are more
common in post-starbursts than in normal galaxies.

The rest of this chapter is structured as follows. Section 2.2 describes the
multi-wavelength data. Section 2.3 presents the sample selection. Starbursts and
the different classes of post-starbursts are defined in this section. Section 2.4
investigates the AGN properties of post-starbursts. Section 2.5 presents the bulge

properties of post-starbursts as an independent check on our sample selection.
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Section 2.6 presents a discussion on the importance of post-starbursts in the build-
up of the red sequence. This section also summarizes the main results of this work.
Throughout this chapter, an (€,,, 2, h) = (0.27,0.73,0.7) cosmology is used. All

magnitudes and colors are on the AB system unless indicated otherwise.

2.2 Data and Measurements

In the first three subsections, we will briefly describe the SDSS, GALEX and
WISE data used. In the later subsections, we will describe the dust correction,
galaxy structural parameters and stellar population modeling employed in the

following sections.

2.2.1 SDSS

The Sloan Digital Sky Survey (York et al., 2000, SDSS) is a large photometric
and spectroscopic survey. It has mapped out about a third of the celestial sphere
with its five filter band-passes, ugriz (Fukugita et al., 1996). The parent sample
(§ 2.3.1) used in this chapter comes from SDSS Data Release 8 (DRS8, Aihara
et al., 2011). The SDSS DR8 has more value-added quantities essential for this
chapter.

As described in Aihara et al. (2011), DRS includes various galaxy physical
parameters such as stellar masses. Briefly, the stellar masses are estimated from
ugriz photometery using the Bayesian methodology to calculate the likelihood
of each model star formation history (SFH) given the data (Kauffmann et al.,
2003a). The mass estimate assumes that the SFH is approximated by a sum of

discrete bursts and uses templates over a wide range in age and metallicity. Thus,
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there should be no concern over systematic differences between the stellar mass
estimates of starbursts, post-starbursts and normal galaxies. In addition, the
masses of these galaxies are dominated by their old pre-burst stellar populations
as the contribution to the total mass from newly formed stars in a burst is only
3 —20% of the total mass (Norton et al., 2001; Balogh et al., 2005; Kaviraj et al.,
2007; Wild et al., 2009; Swinbank et al., 2012).

DR& also provides spectral indices and emission line measurements (Tremonti
et al., 2004; Aihara et al., 2011). To measure the nebular emission lines of a
galaxy, the continuum is modeled as a non-negative linear combination of single
stellar population (SSP) template spectra generated using the Bruzual & Charlot
(2003) (hereafter BC03) population synthesis code, and the best fitting model is

subtracted from the galaxy spectrum.

2.2.2 GALEX

We use UV data from the Galaxy Evolution Explorer (GALEX, Martin et al.,
2005) to exploit the greater sensitivity of its near-UV (myyy < 20.8) band to
recent star formation. The near-UV (1771 - 2831A) imaging data have a spatial
resolution of 6-8” and 1” astrometry. The data come from the cross-matched cat-
alog between GALEX GR6 against SDSS DR7. This catalog is available through
the GALEX CASJobs interface?. At fainter UV magnitudes, GALEX loses red
galaxies because they drop below the GALEX detection threshold. About 82% (~
220,000) of galaxies in SDSS spectroscopic sample (m, < 17.77), in the redshift

of interest for this work (0.03 < z < 0.1), have a GALEX counterpart within

Zhttp://galex.stsci.edu/casjobs/
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5”. Adopting brighter r-band limit gives higher completeness (= 90%) but ex-
cludes significantly more post-starbursts (see Wyder et al. (2007) for a discussion
of GALEX completeness relative to SDSS). Since post-starbursts (including dust-
obscured ones) are mainly in the blue cloud and green valley, the GALEX incom-
pleteness is less likely to affect our results significantly. Furthermore, about 10%
of the post-starburst galaxies have multiple GALEX matches within 5”. Although
the GALEX photometery for post-starbursts with multiple matches may not be
accurate, we do not exclude them lest we systematically exclude merging systems.
About 90% of these post-starbursts are significantly dust obscured compared to
normal galaxies. The exclusion of these post-starbursts does not significantly alter

any of our main results.

2.2.3 WISE

The Wide-field Infrared Survey Explorer (WISE, Wright et al., 2010) per-
formed an all-sky survey with photometery in the 3.4 ym, 4.6 yum, 12 ym, and
22 ym bands. We used the Infrared Science Archive (IRSA)? to match SDSS galax-
ies with the closest WISE sources within a 5” radius. About 99 (92)% of SDSS
galaxies with 5” (2”) GALEX matches have corresponding matches in WISE. We
use WISE data to study obscured star formation and AGN properties of post-

starburst galaxies.

Shttp://irsa.ipac.caltech.edu/Missions/wise.html
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2.2.4 Dust correction

The main purpose of the dust correction is to reduce the number of dusty ob-
scured emission-line galaxies, which otherwise masquerade as post-starbursts. We
use the Balmer decrements, Ha/Hf, with the physically motivated two-component
dust attenuation model of Charlot & Fall (2000) to correct for attenuation of the
nebular emission lines by dust. In the two-component model, the diffuse dust
accounts for 40% of the optical depth at 5500A while the denser birth-cloud dust
accounts for the other 60% (Wild et al., 2011b). The optical depth of the dust
is assumed to be a power-law of the form 7, oc A7°7 for the diffuse dust and
7y o< A~13 for the birth-cloud dust. We adopt this model because it has a physical
basis and is broadly consistent with observations (Wild et al., 2011b).

In addition, we correct the continuum fluxes (i.e., integrated magnitudes) using
the empirical relationship between the emission line and continuum optical depths
found in Wild et al. (2011a) and their empirical stellar attenuation curve. They
found that Balmer emission lines experience two to four times more attenuation
than the continuum at 5500A. We apply the dust correction only on galaxies
whose Ha and Hf lines are well measured (with signal-to-noise ratio (SNR) > 1).
Galaxies with undetected or low signal-to-noise Balmer emission lines are not
dust-corrected and their observed quantities are used as the intrinsic ones. We
assume the dust-free Case B recombination ratio of Ha/HS = 2.86 for H 11 regions
(Osterbrock, 1989) and Ha/HpB = 3.1 for type 2 AGN (Veilleux & Osterbrock,
1987).

The Balmer decrements are measured within the 3" fiber and do not reflect

the galaxy-wide values, as there are dust gradients across galaxies (Munoz-Mateos
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et al., 2009; Wild et al., 2011a). We make an approximate correction for this effect
following Wild et al. (2011a).

We also correct for Galactic extinction of optical fluxes using the catalog values
provided in SDSS DRS8 and of the NUV fluxes assuming a ratio Axyv/E(B—V) =
8.2 (Wyder et al., 2007), where Axyv is the NUV Galactic extinction and E(B—V)
is the B — V color excess.

More details on the dust correction can be found in Appendix 5.1.1, where it
is shown that our post-starburst selection does not significantly depend on the
detailed assumptions of the dust correction described above. For instance, using
single foreground screen model for dust distribution Calzetti et al. (2000), we
recover 85% of PSBs selected using the two-component dust attenuation model.
However, the single-component model identifies ~ 15—25% more PSB candidates,
which may also be dusty contaminants. Throughout the thesis, the subscript ‘dc’
on a given quantity denotes dust-correction. For example, Wy, 4. denotes a dust-

corrected Ha equivalent width (Wyy,).

2.2.5 K-correction

In addition to the dust correction, all galaxy magnitudes and colors used in
this work are k-corrected to z = 0 using the public kcorrect IDL code (Blanton &
Roweis, 2007). The GALEX NUV magnitude and the five SDSS ugriz magnitudes

are used in estimating the k-correction.
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2.2.6 Structural parameters

This section describes three structural parameters used to study the relation-
ship between star formation quenching and bulge growth.

The stellar surface mass density is defined as the ratio of half the total stellar
mass to the half-light Petrosian z band area, y, = M, /27 R, ,. Kauffmann et al.
(2006) found that p, is inversely proportional to the consumption time of the
accreted gas from a galaxy halo (i.e, the burst decline time). They suggested that
a high stellar surface mass density may be connected to bulge formation through
a nuclear starburst and quenching of star formation. However, Fang et al. (2013)
showed that the mass surface densities as defined above may exaggerate structural
differences between blue and red galaxies because they use a light-profile based
radius as opposed to mass-profile based radius. We use pu, as defined above only
to show that starbursts and post-starbursts are both bulge-dominated galaxies,
unlike most normal star-forming galaxies.

The velocity dispersion, o, corrected to 1/8 of the effective radius, r., is es-
timated from the velocity dispersion measured within the 1.5” radius fiber, oy 5,
using the relation: o = o15(8 x 1.5” /r.)?%° (Cappellari et al., 2006). o5 is
measured by the SDSS idlspec2d pipeline using broadened stellar PCA templates
(Aihara et al., 2011). For r., we use the weighted average of the circularized -
band radi of the de Vaucouleurs profile (regey) and exponential profile (7eexp) :
Te = fdev X Tedev\/0/a 4+ (1 — faev) X Teexp \/b/_a, where fge, 18 a coefficient that
characterizes a galaxy image as a linear combination of a de Vaucouleurs profile
and an exponential profile (available in the SDSS catalog).

The color gradient, Vor, is defined as the difference between the g —r galaxy-
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wide color and the 2” g—r aperture color. The 2” aperture magnitudes are available
in SDSS DRS. The global galaxy colors are derived from model magnitudes by
fitting the galaxy light with either de Vaucouleurs or exponential profile.

Previous studies have used color gradients defined based on 3” apertures (Roche
et al., 2009; Bernardi et al., 2011). We define Vo, using the 2” aperture instead
to better probe galaxy centers. For instance, about 90% of galaxies in the parent
sample have half-light r-band areas that are twice the 2” aperture areas at the cor-
responding redshifts. In comparison, only ~ 60% of the galaxies have half-light
areas that are twice the 3” aperture areas. We note that this is the only time we
use a quantity measured within a 2” aperture.

Positive Vor means blue-centered (young bulge), negative V.o means red-

centered (old bulge) and Vi oor ~ 0 means a uniform color throughout a galaxy.

2.2.7 Stellar population modeling

To illustrate how a starburst evolves in some of our diagrams, we overplot
Bruzual & Charlot (2003) model tracks on these diagrams. To do so, we model
SFHs of a post-starburst as a superposition of an old stellar population initially
starting to form at time ¢ = 0 and following a delayed exponential SFH of the
form 1 o texp(—t/m) with e-folding time 7 = 1 Gyr (cf. Kriek et al., 2011) plus
a young stellar population formed in a recent burst at ¢ = 12.5Gyr (z ~ 0.1)
with exponentially declining SFH, ¢ o exp(—t/72) and 72 = 0.1 Gyr (cf. Kaviraj
et al., 2007; Falkenberg et al., 2009). The SSP models assume Chabrier (2003)
IMF, a solar metallicity for SFH before the recent burst, and 2.5 solar metallicity

for the recent burst. A superposition of the two SFHs with varying burst mass
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fraction (bf ~ 3% — 20%) generally describes the starburst to post-starburst
evolution. Because of the well-known burst mass-age degeneracy, the ages of the
post-starbursts depend on the assumed decay timescale. In Appendix 5.1.2, we
quantify the effect of using different decay timescales (72 = 0.05Gyr or 7 =
0.2 Gyr) instead of our adopted one. The model tracks overplotted on the data
in some of our figures mainly serve to facilitate the interpretation of the data,
and our post-starburst selection is purely empirical: it does not explicitly use the

models.

2.2.8 Galaxy merger simulation

To further justify our selection of dust-obscured post-starburst galaxies, we use
results from the M2M2 simulation presented in Lanz et al. (2014) and Hayward
et al. (2014b), which is an equal-mass merger of two disk galaxies. Each disk
galaxy is composed of a dark matter halo, gaseous and stellar exponential disks,
and a bulge. The progenitor galaxies each have a stellar mass of 1.1 x 10° M, and
a gas mass of 3.3 x 109 M. See Lanz et al. (2014) for full details of the specific
simulation used.

The merger was simulated using the smoothed-particle hydrodynamics code
GADGET-3 (Springel et al., 2005a). The simulation includes models for star forma-
tion and stellar feedback (Springel & Hernquist, 2003) and black hole accretion and
AGN feedback (Springel et al., 2005b). In post-processing, the three-dimensional
dust radiative transfer code SUNRISE (Jonsson et al., 2006; Jonsson et al., 2010)
was used to calculate synthetic UV-mm SEDs of the simulated merger at various

times throughout the merger. SUNRISE uses the stellar and AGN particles from
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the GADGET-3 simulation as sources of radiation and calculates the effects of dust
absorption, scattering, and re-emission as the radiation propagates through the
dusty ISM of the simulated galaxies. SUNRISE calculates SEDs and images from
arbitrary viewing angles. For clarity, we show only results from a single viewing
angle in this work. See Jonsson et al. (2010) and Hayward et al. (2011) for further

details of the SUNRISE calculations.

2.3 Sample Selection

This section presents the parent sample, and details on how starbursts and

post-starbursts are selected from this sample.

2.3.1 The Parent Sample

The basic sample selection is shown Figure 2.1. The sample consists of a
SDSS/GALEX/WISE-matched volume-limited sample (0.03 < z < 0.1) in a nar-
row stellar mass range of log M (M) = 10.3 — 10.7. We call this sample of
~ 67,000 galaxies the parent sample. The chosen mass range roughly corresponds
to the transition mass in the color-mass diagram (Figure 2.1b) from lower-mass
star-forming blue galaxies to higher-mass quiescent red galaxies (Kauffmann et al.,
2003b). We located the center of the mass bin on the lower end of the transition
mass because post-starbursts are preferentially found in smaller-mass galaxies, un-
like slowly transitioning galaxies which dominate at higher masses (see also Wong
et al., 2012). Moreover, restricting the redshift to be less than 0.1 ensures higher
GALEX completeness of the parent sample to red sequence galaxies. As discussed

in § 2.1, the starburst-to-post-starburst evolution is followed in the narrow mass-
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Figure 2.1:. Panel a): Redshift versus stellar mass. The black points are galaxies in the SDSS-
GALEX-WISE-matched catalog. Panel b): Dust-corrected NUV-g color versus stellar mass for
galaxies in redshift range 0.03 < z < 0.1. This study uses a volume-limited parent sample of
galaxies in a narrow mass slice around the transition mass between the blue cloud and the red
sequence. The hatched regions in both panels define the parent sample (log M(Mg) = 10.3—10.7
and 0.03 < z < 0.1). It is known that quenched post-starburst preferentially occupy the low-
mass end of the green valley (Wong et al., 2012). Hence, we chose the lower mass end of the
transition mass. The horizontal dashed lines approximately demarcate the blue cloud, the green
valley and the red sequence.
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Figure 2.2:. Schematic outline of our starburst and post-starburst selection. Identifying a rea-
sonably complete transiting post-starburst population between the starbursts and the quenched
post-starbursts is the major new aspect of this work. The TPSBs are identified by combin-
ing their GALEX and/or WISE photometery with with their optical photometery and spectral
indices.

slice because mass likely does not increase significantly more than a factor of 2
along the starburst sequence.

As schematically outlined in Figure 2.2, the next three subsections describe
in detail the selection of starbursts and post-starbursts from the parent sample.
Starbursts are selected to have Ha emission equivalent width above 175A. The
selection of post-starbursts generalizes the conventional definition to encompass
both quenching and quenched objects. The conventional post-starbursts, which
are characterized by weak or no emission lines but strong Balmer absorption

lines, are termed as “Quenched Post-starbursts (QPSBs)” in this thesis. Transit-
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ing post-starburst (TPSB) galaxies, which precede quenched post-starbursts but
come after the starbursts, are selected in two ways. The first selection is based on
the distinctive evolutionary path that starbursts and post-starbursts follow in the
3D parameter space defined by dust-corrected NUV-g color, H) equivalent width
and the 4000A break. Objects in this first class are called “Fading Post-starbursts
(FPSBs)”. They are clearly offset from normal galaxy locus in the parameter space
that defines them. The second selection of TPSBs uses GALEX and WISE pho-
tometery to identify dust-obscured transiting post-starbursts, which are simply
referred as “Obscured Post-starbursts (OPSBs)”. We will later show that both
classes of transiting post-starbursts have similar properties (e.g., morphology) and
that OPSBs generally precede the FPSBs.

The above discussion has isolated four classes of SB and PSB galaxies, we now

proceed to explain how the four classes are selected.

2.3.2 Starbursts

A starburst has been defined in at least three ways (Knapen & James, 2009).
The definition we adopt considers a starburst as a galaxy with a temporarily
higher current SFR than its past average by a factor of 2 — 3 (e.g., Brinchmann
et al., 2004; Kennicutt et al., 2005). This can be quantified by a threshold in the
equivalent width of Ha (Wy,). Galaxies with ratios of current to past average
SFR greater than two or three have (dust-extincted) Wy > 80 — 110 A (Lee
et al., 2009; McQuinn et al., 2010).

We define a starburst as a galaxy with dust-corrected Wy, g0 > 175A . This

threshold corresponds to 2 20 deviation from the mean Wy, 4. distribution of
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star-forming galaxies in the parent sample (star-forming galaxies are objects below
the maximum starburst boundary of Kewley et al. (2001) in the BPT diagram).
We note that a starburst with Wy, 2 80 — 110A and nebular extinction Ay = 1
will have Wyq qe 2 125 — 175A if the continuum is extincted less than the gas by a
factor of two, as observed in starbursts (Calzetti et al., 2000). Our starbursts have
a median Ay of 2.3 and (fiber) SFR of about 10 My yr—! (specific SFR of about
1072 yr~1). For comparison, the typical SFR of a normal star-forming galaxy in

the parent sample is about 1 My yr—!.

2.3.3 Quenched Post-Starbursts (QPSB)

The conventional post-starburst galaxies are characterized as having no de-
tectable or weak current star formation, but with significant star formation in
their recent past (< 1Gyr). These two underlying characteristics have been quan-
tified using various spectral signatures. The lack of ongoing star formation is
inferred from weak Ha and/or O 11 emission lines. The episode of significant
recent star formation is inferred from the presence of strong Balmer absorption
lines (H6 2> 4A), indicative of intermediate-age stars (A stars) or from the relative
ratio of young to old stars or from the comparison of Balmer absorption lines to
4000A break strength (e.g., Zabludoff et al., 1996; Balogh et al., 1999; Blake et al.,
2004; Poggianti et al., 2004; Quintero et al., 2004; Yang et al., 2004; Goto, 2007;
Wild et al., 2007; Yan et al., 2009).

Figure 2.3 shows the dust-corrected equivalent width Wi, qc in emission versus
Whas in absorption, after the emission line infill correction. This diagram is used

to define QPSBs, which will help us motivate and explore how such a conventional
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Figure 2.3:. The dust-corrected Ho emission equivalent width (Wgq,dc) against Hoa absorp-
tion strength(Wys) for the galaxies in the parent sample (grey), starbursts (blue stars), fad-
ing post-starbursts (FPSBs; green circles), obscured post-starbursts (OPSBs; brown Xs), and
quenched post-starbursts (QPSBs; red squares). This diagram defines starbursts and QPSBs
only, as galaxies lying above the upper horizontal line and below the lower horizontal line; FPSBs
and OPBS are defined by the next figures. The definition for each class is given in §3 and the
number of galaxies in each class is indicated on the plot. The histograms show distributions of
the Ha EW for star-forming galaxies with well-measured emission lines (shaded sky-blue his-
togram) and the parent sample. As shown by the blue curve, the distribution of Ha EW for
star-forming galaxies is well fit by a log-normal distribution with 4 = 1.5 and ¢ = 0.35. We
define starbursts as objects with Wyq, d4c > 175A, which is more than 2 ¢ from the mean.
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definition of post-starburst can be improved on to include emission line galaxies
(AGN or star-forming post-starbursts).

The grey points in the figure represent all galaxies in the parent sample. For
the majority of galaxies, Wy, 4. and Wy; are well-correlated with some scatter.
Normal? star-forming galaxies form an elongated concentration above Wy, > 10A
and Wy > 2A while quiescent galaxies clump below Whade S 3A,and Wy < 1A.
Galaxies undergoing starburst or rapid quenching move vertically in this diagram
(e.g., Shioya et al., 2001; Quintero et al., 2004). Galaxies undergoing strong
starburst lie above the star formation sequence, while recently quenched post-
starbursts lie below the sequence.

We define quenched post-starbursts as galaxies with Wy g < 3A and Wy > 4A.
We consider only QPSBs with well-measured Wys (SNR > 3) and Wy, (contam-
inants with bad Ha equivalent width measurements due to spectral gaps around
Ho are excluded). QPSBs are denoted by (red) squares and are found in the lower-
right corner of Figure 2.3. The (blue) stars in the top-right corner represent the
starburst galaxies selected in the previous subsection (W dc > 175A). A large
gap exists between starbursts and QPSBs, which must contain many transiting
objects if the basic picture of aging starbursts in this chapter is correct. Identify-
ing these transiting post-starbursts is the next goal of this chapter. The (green)
circles and the (brown) Xs represent the two types of transiting post-starbursts

that are found in the next subsection.

4The adjective “normal” is used throughout the chapter to describe galaxies that have not
undergone a large burst (> 10%) of star formation recently (< 1 Gyr).
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2.3.4 Transiting Post-starbursts (TPSB)

This subsection will describe our two ways of identifying TPSBs. Because of
its similarity to that of previous works, the selection of FPSBs is described first

for convenience, but FPSBs actually come after the OPSBs in time.

2.3.4.1 Fading Post-starbursts (FPSB)

Figure 2.3 illustrates the point made in the introduction that it is difficult to
identify the transiting post-starburst population without additional constraints
because they mostly overlap in this figure with the normal (non-bursty) star-
forming galaxy sequence. However, it is possible to find these transiting objects
by using other combinations of colors and spectral indices. For this purpose,
Figure 2.4 shows 2D projections of the 3D parameter space defined by the 4000A
break, D,,(4000)4c, Wy, and (NUV-g)q4c.

D,,(4000)4. and Wy are often used to distinguish recent star formation histo-
ries dominated by bursts from those that are more continuous (Kauffmann et al.,
2003a; Martin et al., 2007; Wild et al., 2007). D,,(4000), probes the mean temper-
ature of the stars responsible for the continuum and is a good indicator of mean
stellar population age (Bruzual A., 1983; Kennicutt, 1998; Balogh et al., 1999).
It is also much less sensitive, but not impervious, to dust effects (MacArthur,
2005). We correct for (possibly small) dust effects on D,,(4000) using the average
attenuation in the narrow wavelength range in which it is defined.

The (NUV-g)q4. color is sensitive to young massive stars and as a result it
evolves rapidly in rapidly quenching galaxies. It provides an additional lever arm

that can be used to cleanly separate galaxies that are rapidly quenching from the
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Figure 2.4:. The co-joined plots show the relation among dust-corrected D,,(4000), Wys and
dust-corrected NUV-g color for galaxies in the parent sample (grey), starbursts (blue stars),
obscured post-starburst (OPSB; brown Xs), fading post-starbursts (FPSB; green circles), and
quenched post-starbursts (QPSB; red squares). The (magenta) dashed curves in panel a and
panel b are the polynomial fits to the main galaxy sequence (these are fits to the data, not burst
models). The (dark blue) dash-dotted curve and the solid (orange) curve are BC03 burst tracks
with a star formation timescale, 75 = 0.1 Gyr and a burst mass fraction (by) 3% or 20%. Panel
¢ shows the difference in Wy and (NUV-g)q. from the polynomial fit at a given D,,(4000). The
FPSBs are selected if they are found in the upper right corner and outside the (purple) ellipse,

which encloses normal galaxies at the > 2 ¢ level. The typical errors in each panel for transiting
post-starbursts are shown as green crosses.
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general star-forming population. The fact that (NUV-g)q. color is an integrated
galaxy-wide photometric quantity also makes it complementary to D,,(4000)qc
and Wy, which are spectroscopic quantities measured within a 3” aperture and
therefore may not be representative values of the entire galaxy. We select the
fading post-starbursts as galaxies that are outliers from normal galaxies in (NUV-
g)ac and Wys at a given D,,(4000)qc.

As shown in Figure 2.4a, D, (4000)q. and Wys are well-correlated for normal
galaxies with smooth SFHs. Galaxies with bursty histories are found off the main
relation, as shown by the (orange and navy) curved BC03 model tracks, which
represent bursty SFHs. The (magenta) dashed curve across the main sequence
denotes the fourth order polynomial fit to the normal data (see Appendix 5.1.3
for more information).

Figure 2.4b plots dust-corrected (NUV-g)q4. color versus D,,(4000)4c. In this
figure, two clouds of points are visible for normal galaxies, the blue cloud of young
star-forming galaxies to the upper left, and the quenched old and red galaxies to
the lower right. The (magenta) dashed curve across the two clouds again denotes
the fourth order polynomial fit to the normal data (see Appendix 5.1.3). Galaxies
with bursty star formation histories deviate off the main relation to the lower left.

In both Figures 2.4 a& b, the starbursts and the quenched post-starbursts are
located at the extrema of the burst tracks. SBs are found at the tip of the blue
cloud, with very blue (NUV-g)q. color, low D,,(4000)4. and relatively high Wys.
Likewise, QPSBs are also located off the main relation for normal galaxies, with
very red (NUV-g)q4. color, intermediate D,,(4000)q. and relatively high Wys. The

FPSBs are located in the intermediate region between starbursts and quenched
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post-starbursts in both figures. Hence, both (NUV-g)q. and Wys are useful to
identify this population.

FPSBs are selected quantitatively as objects that are more than 2 ¢ outliers
from normal galaxies in (NUV-g)q. and Wys. This is illustrated in Figure 2.4c,
which depicts the difference in (NUV-g)q. color, A(NUV-g), and the difference in
Hé equivalent width, A(HJ), from the polynomial fit values at a given D,,(4000).
The FPSBs are indicated by the (green) circles. The (purple) ellipse encloses
most normal galaxies at the 2 o level. Thus, FPSBs are selected to be well outside
the normal galaxy locus (defined by the purple ellipse) with well-measured A
quantities (A(Ho)/o(HS) > 3 and A(NUV-g)/a(NUV-g)> 3, the os denoting the
measurement errors of HJ and NUV-g). This method of selecting post-starbursts
recovers almost all of the quenched post-starbursts from Figure 2.3 and identifies
many FPSBs (N ~ 105). By using (NUV-g)4. color as an additional selection
criterion, specifically by requiring A(NUV-g)> 0, a large number of contaminants
(N ~ 50) are removed. A significant number of these contaminant galaxies show
color gradient (have red centers but blue outer parts) and are (edge-on) disk
galaxies.

In Figure 2.4d we plot (NUV-g)4. color versus Wy, a variant of Figure 2.3
in which Wy, g is replaced by (NUV-g)q4. color. The overall trends of this figure
and Figure 2.3 are similar. We previously used A(NUV-g) and A(H6) in our
selection because a starburst will cause these deviations in this diagram. By
construction, the FPSBs do not overlap with normal galaxies in this diagram.
There is also minimum overlap in Figure 2.4a, and the overlap in Figure 2.4b is

a projection effect. The selection in 3D space cleanly separates FPSBs because it
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Figure 2.5:. The flux density ratio between WISE 12 pm and GALEX NUV, fi9,m/fo.2m,
versus the ratio of WISE 4.6 pm to WISE 3.4 pum. The f2,m /fo.2,m ratio quantifies the amount of
obscured star formation versus unobscured star formation while the f4 6,m /f3.4,m ratio quantifies
hot dust emission from an AGN or a starburst. We define obscured post-starbursts (OPSBs) as
galaxies in the upper right box and with Wy > 4A. Many of the previously-selected starbursts
(69%) and fading post-starbursts (45%) are as obscured as OPSBs, even though this previous
selection may be biased against obscured galaxies. We will later show these obscured post-
starbursts galaxies have similar properties as the fading post-starbursts. The dashed vertical
line denotes the boundary for local DOGs (Hwang & Geller, 2013).
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Figure 2.6:. The evolutionary path of a simulated merger-induced starburst. The merger
model (triangles colored-coded by time since the start of simulation) shows that starbursts pass
through the DOG phase which coincides with AGN activity. Two classic dust-obscured AGN,
Arp 220 and NGC 6240, are shown for a reference. The inset plot shows that star formation
declines before the peak of AGN activity.
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removes contaminants that are offset from normal galaxy in Figure 2.4a but not
Figure 2.4d. Perhaps the offset of these contaminants in Figure 2.4a is due to the
fiber effect of SDSS spectra.

The selection of the TPSBs employed so far only identifies objects that are
significantly offset from the normal galaxy locus and therefore misses a subset
that overlaps with the normal galaxies (or those whose colors and spectral indices
are not well-measured). This is evident from the small gaps between the SBs and
the FPSBs in Figure 2.3 & 2.4. The next subsection will describe how some of

these missing objects are identified.

2.3.4.2 Obscured Post-starbursts (OPSB)

As discussed in the introduction, we aim to test the merger-driven evolutionary
framework for post-starbursts. Theoretically, it is thought that major mergers
naturally result in highly dust-obscured galaxies (Hopkins et al., 2006; Jonsson
et al., 2006; Chakrabarti et al., 2008; Narayanan et al., 2010; Hayward et al.,
2012). Since PSBs are believed to be the results of such mergers (Hopkins et al.,
2006, 2008; Bekki et al., 2001, 2005; Snyder et al., 2011), it is plausible that they
exist in dust-obscured phase as they quench (Poggianti & Wu, 2000; Bekki et al.,
2001; Shioya et al., 2001). Thus, we search for dust-obscured objects in our sample
that likely bridge the gap between SBs and FPSBs. These objects have similar
spectral indices and near UV colors as normal galaxies and therefore could not be
identified in the previous section.

Figure 2.5 plots the flux density ratio between WISE 12 ym and GALEX NUV,
f12m/f0.2um versus the ratio of WISE 4.6 um to WISE 3.4 um. The fi2,m/f0.2um
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ratio roughly quantifies the amount of obscured versus unobscured star forma-
tion (Narayanan et al., 2010; Hwang & Geller, 2013). We consider galaxies with
fi2um/fo2um > 200 as significantly dust-obscured (cf. Narayanan et al., 2010).
Local DOGs have f15,m/f0.2,m > 892 (Hwang & Geller, 2013). According to our
definition, 69% of the starbursts, 45% the FPSBs and the 20% QPSBs are sig-
nificantly dust-obscured. Likewise, 20% of the starbursts and 8% of the FPSBs
are classified as DOGs. In comparison, only about 13% of galaxies in the parent
sample are significantly dust-obscured and only 0.8% are DOGs.

The fact that starbursts and post-starbursts selected thus far are significantly
more dust-obscured than normal galaxies provides further motivation to select
the second class of transiting post-starbursts using Figure 2.5. We define the
obscured post-starbursts (OPSBs) as galaxies with Wy, > 4A, f12m/f0.24m > 200
and f46um/f5.4um > 0.85 (the median value for SB is 0.8). Note that 20% of the
OPSBs are DOGs.

As further confirmation of the OPSB selection, Figure 2.6 shows how a sim-
ulated major merger evolves in the fy¢um/f5.4um vS. fi2um/fo.2um plot. The inset
in this figure shows the time evolution of the star formation rate and AGN lu-
minosity near the time of coalescence of the galaxies (at ~ 1.13 Gyr). As the
galaxies coalesce, a strong starburst is induced. Simultaneously, the AGN lumi-
nosity increases rapidly as the black hole particles accrete gas. Because most of
the gas in the galaxies is consumed or heated (by shocks and AGN feedback) dur-
ing the starburst, the star formation rate rapidly decreases. The AGN continues
to accrete for ~ 100 Myr after star formation is terminated because the gas inflow

rate needed to sustain the black hole accretion is < 0.1M, yr~!, which is orders
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of magnitude less than the star formation rate during the starburst. Dynamical
effects can also cause a delay between the maxima in the star formation rate and
black hole accretion rate (Hopkins, 2012). Note that gas consumption, not AGN
feedback, is the dominant cause for the termination of the simulated starburst.
The effect of the AGN feedback in the simulation is to further reduce the post-
starburst star formation rate and expel the remaining gas and dust in the nuclear

region (Hayward et al., 2014a; Snyder et al., 2011).

2.4 AGN and Their Connection to PSBs

Having identified plausible candidate galaxies on the evolutionary pathway
from starburst to quenched post-starbursts, we now explore the possible connec-
tion between AGN activity and quenching in these objects. The tight correlation
between masses of galactic center super-massive black holes (SMBH) and prop-
erties of host galaxy bulges (e.g., Magorrian et al., 1998; Ferrarese & Merritt,
2000; Tremaine et al., 2002) imply that galaxy evolution and SMBH accretion oc-
cur in a long history of coupled growth and regulation (but see Kormendy & Ho
(2013) for a contrarian perspective on co-evolution). Many semi-analytical mod-
els and theoretical simulations require AGN feedback to quench star formation
and correctly predict the observed color bi-modality of galaxies and the shape of
the galaxy luminosity function (e.g., Kauffmann & Haehnelt, 2000; Croton et al.,
2006; Hopkins et al., 2006; Somerville et al., 2008; Gabor et al., 2011).

The rapid quenching of post-starburst galaxies makes them the ideal test-bed
for AGN feedback models (e.g., Hopkins et al., 2006; Snyder et al., 2011; Cen,

2012). With our samples spanning the whole post-starburst evolutionary path,
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we quantify the fraction of AGN hosts among post-starbursts and their properties
(stellar population age, AGN strength, dust properties, etc). These quantities may
help us infer whether AGN are primarily responsible for quenching starbursts or

not.

2.4.1 Optical AGN diagnostics

In Figure 2.7a, we show the BPT diagnostic using the O 111/Hf and N 11/Ha line
ratios (Baldwin et al., 1981; Veilleux & Osterbrock, 1987). The position of an
object in this diagram depends on its nebular metallicity and the hardness of
its radiation field. Thus, the BPT diagram distinguishes between emission lines
from H 11 regions and AGN. AGN-dominated galaxies have larger O 111/H/ and
N 11/Ha ratios and occupy the upper right part of the diagram, while the softer
ionization of H II regions means star-forming galaxies occupy the lower left.

The dashed (magenta) curve demarcates the theoretical boundary for extreme
starbursts, and galaxies above this curve probably host AGN (Kewley et al.,
2001). The solid (orange) curve demarcates the empirical lower boundary for
AGN (Kauffmann et al., 2003c). Objects below this curve are likely “pure” star-
forming galaxies. Galaxies between the boundaries of extreme starbursts and
“pure” star formation are thought to be mostly composites of star formation and
AGN; although some have argued that unusual ionization in H 1I regions can lead
to starbursts without AGN lying in the composite region (e.g., Brinchmann et al.,
2008). Similarly, galaxies in the AGN region may also have some star formation
contribution, but their ionization state is dominated by the AGN.

The starburst galaxies are distributed over the star-forming and composite
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regions (25%) of the diagram and only 3% are AGN. On the other hand, almost
all (93%) of the quenched post-starburst galaxies with well-measured emission
lines lie in the AGN region of the BPT diagram (cf. Yan et al., 2006). This
might indicate weak AGN, although there is some evidence that photo-ionization
in weak emission-line galaxies such as QPSBs can also be produced by shocks or
post-asymptotic giant branch stars (Ho, 2008; Cid Fernandes et al., 2011; Yan
& Blanton, 2012; Singh et al., 2013). For instance, Cid Fernandes et al. (2011)
have found that the ionization in galaxies with (dust-extincted) Wy, < 3A can be
sufficiently accounted for by ionization from hot evolved stars without invoking
AGN. The authors classified AGN into Seyferts or Low lonization Narrow Emis-
sion Region (LINER) galaxies if they have log (N 11/Ha) > —0.4 and Wy, > 6A
or log (N 11/Ha)> —0.4 and 3A < Wy, < 6A respectively. QPSBs are defined
as objects with Wiy gc < 3A and accordingly they are not LINERSs, but they are
LINER-like (objects above the starburst boundary of (Kewley et al., 2001) and
with Wi qe < 34).

The OPSBs and FPSBs bridge the starbursts and QPSBs. This is consistent
with our evolutionary path from starburst to transiting to quenched post-starburst
galaxies, with star formation decreasing along the sequence as AGN emerge. 53%
of the FPSBs and 37% OPBSs are AGN while about 16% FPSBs and 49% of
OPSBs are composite. Therefore, about 36% and 35% of transiting PSBs are AGN
and composites respectively. In comparison, only 10% and 32% of normal galaxies
in the parent sample with Wy, g0 > 3A are AGN and composites respectively.

Figure 2.7b presents the AGN fraction in transiting post-starbursts using a

bar chart. It subdivides the (BPT) AGN into Seyferts and LINERs if they have
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Whade > 6A or 3A < Whade < 6A respectively. Seyferts are about 5 times more
common in transiting post-starburst galaxies than in normal galaxies in our chosen
mass range. LINER-like objects are shown in the figure for completeness, but our

estimate of AGN fraction in PSBs does not include such objects.

2.4.2 A time delay between AGN and starbursts

In this subsection, we quantify the time delay between the starburst and AGN
phase.

Figure 2.8 shows the distribution of (NUV-g)4. color and D,,(4000)q. (i.e, ob-
servable proxy for age) of starbursts and AGN in transiting post-starbursts. The
(NUV-g)q. color and D,,(4000)4. of TPSBs are significantly offset to higher values
(older age) compare to values of starburst. The Kolmogorov-Smirnov test (K-S
test) indicates that the null hypothesis that the (NUV-g)q4. color and D,,(4000)qc
of starbursts and TPSBs come from the same distribution (i.e, the two population
are coeval) can be rejected at o < 0.001 significance level.

Furthermore, Figure 2.9 shows the z band-normalized median and quartile
SEDs of galaxies evolving from the starburst to quenched post-starburst phase.
We overplot BC03 models with SFR timescale, 75, of 100 Myr and burst mass-
fraction by of 20% at different ages in order to indicate the time after the second
burst. This ballpark estimate shows that the median age of OPSBs is about
400-500 Myr and there is = 200 Myr gap between the median age of starbursts
and the AGN hosts among TPSB. Because of the burst mass-age degeneracy,
the ages of the post-starbursts depends on the decay timescale (73) assumed. As

shown in Appendix 5.1.2, models tracks with 7, = 0.05 — 0.2 can describe the
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Figure 2.7:. Panel (a) shows the BPT emission-line ratio AGN diagnostic for the parent
sample, starbursts and PSBs whose emission lines are detected with SNR > 3. The (magenta)
dashed curve denotes the theoretical boundary for extreme starbursts (Kewley et al., 2001)
while the solid (orange) curve denotes the empirical boundary of pure star-forming galaxies
(Kauffmann et al., 2003c). The diagram shows that the QPSBs have LINER-like emission while
TPSBs have both star formation and AGN-dominated emission line ratios. The latter smoothly
bridge the starbursts and the QPSBs. Panel (b) shows the percentage of AGN in starbursts,
post-starbursts and galaxies in the parent sample. LINERs are objects in AGN region of the
BPT diagram with 3A < Wy, < 6A while LINER-like objects are the corresponding objects
with Wy < 3A.
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Figure 2.8:. The distributions of (NUV-g)q. color and D,,(4000)q4. for starburst galaxies and
transiting PSB with AGN. The offset between the peaks indicates that the two population

are not coeval, with peak AGN activity appearing considerably after the peak star formation
activity.

52



starburst to post-starburst evolution while models with 7 outside this range are
excluded since they would not produce the observed population of post-starburst
galaxies (cf. Wild et al., 2010). Therefore, in agreement with the findings of
several recent observational works (e.g, Davies et al., 2007; Bennert et al., 2008;
Schawinski et al., 2009a; Wild et al., 2010), the time delay might range between
100 — 400 Myr depending on the assumed 7.

The significance of this time delay is that it strongly suggests that AGN do
not directly quench starbursts. Recent theoretical works are converging to a view
that, in merger-fueled post-starburst evolution, AGN may play a secondary or
limited role in quenching (Croton et al., 2006; Wild et al., 2009; Snyder et al.,
2011; Cen, 2012; Hayward et al., 2014a). In other words, a post-starburst results
from exhaustion of a bulk of its gas supply in a starburst and/or from its expulsion
by stellar feedback; AGN feedback mainly reheats or ejects the remaining gas that
would otherwise fuel low-level star formation over the next few billion years.

In particular, Cen (2012) proposed a new evolutionary model of galaxies and
their SMBH. In this model, starbursts and AGN are not coeval and AGN do
not quench starbursts. They argued that the main SMBH growth occurs in the
post-starburst phase, fueled by recycled gas (cf. Scoville & Norman, 1988; Ciotti
& Ostriker, 2007; Wild et al., 2010; Hopkins, 2012) from aging stars in a self-
regulated fashion on a timescale that is substantially longer than 100 Myr. Our
analysis supports the Cen (2012) model in that AGN are more frequent in post-
starbursts and they appear significantly delayed from the starbursts phase. But as
we will show later, we do not find observational support for the model’s prediction

that a substantial (x10) black hole growth occurs in the post-starburst phase
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Figure 2.9:. The z band-normalized median and quartile fluxes at the effective wavelengths of
the NUV, u, g,r, 1, z bands (the flux ratios are dust-corrected). The (cyan, orange and magenta)
overplotted spectra are Bruzual & Charlot (2003) burst models with SFR timescale 75 = 0.1 Gyr
and burst fraction by = 20% of different ages, as indicated on each panel. The lowest (black)
spectrum in each panel is that of a 12.5 Gyr old galaxy (before the burst). The model spectra
are not actual fits to the data but are chosen to be approximately consistent with the data.
Galaxies follow an age sequence from starbursts (panel a) to obscured PSBs (panel b) to fading
PSBs (panel ¢) to quiescent PSBs (panel d). It is also notable that the SEDs of transiting PSBs
hosting AGN (panels e and f) are significantly older than the starbursts, indicating a ~200 Myr
delay between a starburst and the appearance of an AGN. This indicates that the AGN is not
the primary source of quenching in starbursts.
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compared to the starburst phase.

2.4.3 Dust properties of AGN host

In Figure 2.5, we showed that more than two-thirds of starbursts and more
than a third of FPSBs are significantly more dust-obscured compared to normal
star-forming galaxies. We also identified heavily dust-obscured PSBs that precede
the FPSBs. Therefore, our finding that quenched post-starbursts were once heav-
ily dust-obscured, and that some dust-obscured AGN are likely post-starbursts,
is consistent with the later removal of obscuring gas and dust by AGN feedback.
However, beyond this consistency, there is no clear observational evidence yet
that AGN clear away the remaining gas and dust in post-starburst galaxies (e.g.,
Tremonti et al., 2007; Coil et al., 2011). Therefore, future study of post-starburst
with strong AGN identified in this work, may provide further clues on the (sec-
ondary) role of AGN and its relationship with its host galaxy. As presented in
Chapter 3, we have done a follow up of AGN identified in this chapter and we find
a compelling evidence that AGN are responsible for the destruction molecular gas
in later stage Seyfert post-starbursts.

Figure 2.10 shows the distribution of V-band nebular attenuation Ay for nor-
mal star-forming galaxies, starbursts and transiting post-starbursts. SBs and
AGN in TPSB have higher dust attenuation (Ay = 2.7+ 3.4 and Ay =2.2+0.9
respectively) than normal star-forming galaxies (Ay = 1.6 £ 0.7). K-S test indi-
cates that the null hypothesis that the Ay distribution of SBs or AGN TPSBs
come from that of normal star-forming galaxies can be rejected at 30 (o < 0.001)

significance while Ay distribution of SBs and AGN TPSBs are similar only at

%)



0.25 AARRRARS ARARRARRS AARRRRARS ARARRARRS -

[ 1 Starburst ]

[ ~AGN TPSB |

0.20 m Normal SF

S 0.15F .
= [ 7, ]
S [ % :
o 0.10 % 7
[ % ’

0.05 | % Y
%//, § :

0.00 NN

0 1 2 3 4 5
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approximately half the nebular attenuation. The AGN hosted by TPSBs are significantly less
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a < 0.05. This observation is consistent with a removal of dust by AGN feedback.

So far we have shown: 1) Starbursts and post-starbursts are likely more dust-
obscured than normal star-forming galaxies. The starburst to quenched post-
starbursts evolutionary sequence is a decreasing dust sequence. 2) AGN are about
three times more common in transiting post-starbursts than in normal galaxies.
However, we found, similar to previous works, that there is a significant time
delay between starburst and the peak of AGN activity in both obscured and

fading post-starbursts.

2.4.4 Broad-Line AGN (BLAGN)

Special techniques are often required to disentangle AGN and galaxy emission
in BLAGN host galaxies. Trump et al. (2013) have recently used SDSS aperture
photometry and z band concentration index to disentangle the light of broad-line
AGN and their host galaxies. By doing so, they have assembled a large sample of
BLAGN with host galaxy colors and stellar mass measurements.

The selection criteria of post-starbursts discussed in previous subsections will
not identify post-starbursts galaxies hosting BLAGN because their NUV fluxes
and spectral indices are rendered immeasurable by the bright AGN. Nevertheless,
to constrain how BLAGN fit in our starburst sequence, we select a subset of broad-
line AGN from Trump et al. (2013) that have similar stellar mass and redshift
range as the parent sample. The properties of these objects are discussed in

Appendix 5.1.4 .
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2.5 The bulge properties of PSBs and its neces-
sity for quenching

The overall aim of this section is to provide a complimentary check on our
sample selection by showing that the starbursts and post-starbursts are both
bulge-dominated, unlike most normal star-forming galaxies. We show that their
morphology is consistent with that of galaxies transitioning between blue and red
galaxies. In a future work we will present other structural parameters that better
discriminate between post-starbursts and the slowly quenching normal galaxies.

Figure 2.11a shows the relationship between the stellar mass surface density,
fx, and the dust-corrected (NUV-g)q4. color. NUV-optical color and p, are known
to trace gas consumption time and the change in SFH that takes place as galaxies
transition from disc-dominated to bulge-dominated systems (Kauffmann et al.,
2006; Catinella et al., 2010). Comparisons between stellar surface mass density
and bulge-to-total ratio by Wild et al.(in preparation) shows that galaxies with
s > 3.0 x 108 My kpe=2 are classical bulge-dominated galaxies while ones with
1.0 x 10 My kpe™2 < pu, < 3.0 x 10* My kpe™2 are pseudo-bulges. About 67%
(95%) of starbursts and 65% (91%) of post-starburst have u, > 6 x 10% (3 x
10%) Mg kpe™. In comparison, only about 30% (68%) of normal star-forming
galaxies have p, > 6 x 10® (3 x 10%)Mg kpc™2. K-S test also indicates that the
distribution pu, for starbursts and post-starbursts are significantly different from
normal star-forming galaxies (they are drawn from same distribution at o <
0.001). The compactness of large majority of starbursts and post-starbursts is

consistent with the necessity of bulge build-up for quenching (Wuyts et al., 2011;
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Figure 2.11:. The median and upper/lower quartile values of (NUV-g)q4. color versus stellar
mass surface density in Panel (a) and (NUV-g)q. color versus velocity dispersion in panel (b) are
plotted. Starbursts and post-starbursts have similar morphology and they are offset from normal
star-forming galaxies in mass surface density and velocity dispersion (i.e, have more prominent
bulges). If we assume that velocity dispersion correlates with black hole mass following the
Mppy — o relation from Tremaine et al. (2002), then there is little black hole growth from SBs
to QPSBs, in contrast with the prediction of Cen (2012).
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Bell et al., 2012; Cheung et al., 2012; Fang et al., 2013; Mendel et al., 2013).

Similarly, Figure 2.11b shows (NUV-g)q. color as a function of the velocity
dispersion, o. The velocity dispersion is the best correlated parameter with galaxy
color and star formation history (Wake et al., 2012; Fang et al., 2013). The Mpy—o
relation (Magorrian et al., 1998) also means that velocity dispersion is a tracer of
black hole mass: the upper z-axis in Figure 2.11b shows the inferred black hole
mass using the Tremaine et al. (2002) relation.

The general galaxy population forms the blue cloud at lower velocity disper-
sions (median 0 = 108 kms™!) and the red sequence at higher velocity dispersions
(median o = 160 kms™!). As expected for quenching/recently quenched galaxies,
the starbursts and the three post-starbursts classes are located in the transition
region between the blue cloud and the red sequence, at intermediate velocity dis-
persion (o ~ 125 — 140 kms™1).

The SB to QPSB sequence is offset as a whole from the normal SFR galaxies by
about a factor of two in black hole mass. However, from starburst to transiting
to quenched post-starbursts, there is little or no black hole growth along the
evolutionary sequence. This observation does not not support the prediction of
substantial (x10) black hole growth in the post-starburst phase compared to the
starburst phase (Cen, 2012).

In summary, we have shown that the three post-starburst classes are bulge-
dominated unlike most normal star-forming galaxies. The fact both SBs and PSBs
have similar morphology is independent evidence that these two populations are
linked. Similarly, the fact FPSBs and OPSBs have structural properties that

are fully consistent with each other supports that they are objects in the same
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category despite their different selection criteria.

2.6 Discussion and Conclusion

2.6.1 Building the red sequence through post-starbursts

The quenching process happens in both slow and fast-mode (e.g., Cheung
et al., 2012; Barro et al., 2013; Fang et al., 2013; Dekel & Burkert, 2014). We
attempt to constrain the transit time and the fraction of galaxies evolving through
the two modes of quenching using simple crude estimates. Assuming that the
starbursts are triggered by mergers or by some other phenomenon that has a
redshift dependence and using our thorough and fairly complete post-starbursts
sample today, one can constrain how many of each kind of product evolved to the
red sequence through the two quenching modes in the past 10 Gyr.

The number of galaxies in the parent sample is ~ 67,000 of which ~ 40,400
galaxies are located in the blue cloud, ~ 14,700 galaxies are in the red sequence
and ~ 11,900 galaxies are in the green valley (see Figure 2.1b). If half of galaxies
currently on the red sequence had under gone a dry major merger since z ~ 2
(Bell et al., 2006; Hopkins et al., 2010), accounting for galaxies that might have
evolved out of the parent sample, a total of < 22,000 red sequence galaxies must
have been in the parent sample since z ~ 2.

On the other hand, from Figure 2.3 the total number of post-starburst galaxies
in the parent sample is 341. If we take the difference between the median age of
SB and QPSB to be the quenching time or the transit time to the red sequence,

this transit time is ~ 600 Myr for a star formation timescale of 75 = 0.1 Gyr (as
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shown Appendix 5.1.2, the transit time may range between 400-900 Myr). This
suggests that about 570 galaxies per Gyr are currently moving to the red sequence
through the post-starbursts path at the constant mass.

Theoretical models argue that post-starbursts are the end-products of galaxy
mergers (Hopkins et al., 2006, 2008; Bekki et al., 2001, 2005; Snyder et al., 2011).
Assuming a uniform merger (production) rate since z ~ 2 (last 10 Gyr), then the
total production of post-starbursts in our adopted mass range would be about
5700 galaxies. This is about 40% of the galaxies on the red sequence in the parent
sample today. The major-merger rate however is thought to increase with redshift
roughly as oc (1 + 2)?73 (Kartaltepe et al., 2007; Hopkins et al., 2010; Lotz et al.,
2011). In this case, the transit rate through post-starbursts integrated to z ~ 2
gives 3 — 6 times more post-starbursts than the estimate that assumes a uniform
merger rate. Therefore, integrated over time post-starbursts are an important
pathway to the red sequence. They can account for at least a quarter, and up to
essentially all of the red sequence galaxies that are (were) in the parent sample.

At high redshifts, disk instability-induced starbursts may be more common
than merger-induced starbursts (Bournaud et al., 2008; Dekel et al., 2009). Our
estimate of post-starburst fraction above does not include post-starbursts that
might have resulted from this mechanism. In addition, we also have not accounted
for post-starbursts that host broad-line AGN (which we do not have a way of
identifying). For these and other reasons, the total contribution of the post-
starburst path over time to the build-up of the red sequence is certainly above
25%. Similarly, Wild et al. (2009) found that about 40% of the mass growth of the

red sequence at z ~ 1 is likely due to galaxies passing through the post-starbursts
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phase while Barro et al. (2013) found that almost all quiescent galaxies at z 2 2
are descendants of rapidly quenching compact star-forming galaxies.

If we conservatively assume that = 25% of the red sequence galaxies in the
parent sample (over the past 10 Gyr) descended from post-starbursts, we can con-
strain the transit time across green valley for slowly quenching galaxies. Excluding
the ~ 5700 galaxies that might have descended from PSBs, about 16,300 out of the
total of < 22,000 red sequence galaxies must have gone through the slow mode of
quenching over the past 10 billion years. Assuming a constant transit time across
the green valley (Faber et al., 2007), the fact that we currently observe ~ 11,900
slowly fading normal galaxies in green valley implies that the transit time through
GV for the slow track is = 7 Gyr. This lower limit is a factor of two higher than
the transit time found by Martin et al. (2007). They estimated that slow fading
blue galaxies take ~ 3 Gyr to arrive in green valley, plus additional ~ 3 Gyr to
reach the red sequence. However, the ~ 3 Gyr estimate of Martin et al. (2007)
is strictly speaking a lower limit because it includes bursting and dust-extincted
galaxies among green valley galaxies.

Moreover, even though PSBs may account for essentially all of the red se-
quence, the evidence for evolution via both the slow and fast track is indisputable.
Previous studies suggest that nearly half of the red sequence galaxies have disk-
like morphologies (e.g., Bundy et al., 2010; Cheng et al., 2011; van der Wel et al.,
2011), indicating that the two modes of quenching are about equally important.
Similarly, Fang et al. (2012) find that a non-negligible fraction of green valley
galaxies have disk-like morphologies (Salim et al., 2012) and can remain in the

GV for several Gyr, which both point to the slow mode.
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Likewise, disks in quenched galaxies are not rare at high redshift despite the
expected dominance of mergers then. Bundy et al. (2010) studied quiescent galax-
ies at 1 < z < 2 and found that passive disks with typically Sa-Sb morphological
types represent nearly one-half of all red sequence galaxies. Similarly, van der Wel
et al. (2011) investigated morphology of massive, quiescent galaxies at z ~ 2. They
estimate that more than 65% of these galaxies are disk dominated. At a similar
redshift, Kocevski et al. (2012) found that moderate luminosity, X-ray-selected
AGN do not exhibit a significant excess of distorted morphologies relative to a
mass-matched control sample. About half of the AGN reside in galaxies with dis-
cernible disks. The observed high disk fraction in AGN hosts is hard to reconcile
with the merger picture of AGN fueling discussed in § 2.1.

Despite its theoretical appeal, compelling observational evidence linking merg-
ers with AGN activity has been elusive, with results in favor of (Silverman et al.,
2011; Ellison et al., 2011; Liu et al., 2012) and against (Jahnke & Maccio, 2011;
Cisternas et al., 2011; Kocevski et al., 2012; Schawinski et al., 2012; Villforth
et al., 2014) this picture. There are several effects that make it difficult to iden-
tify the connection between AGN activity and mergers. One is the extreme dust
obscuration that can be expected in such systems (Hopkins et al., 2006), making
AGN detection challenging. The second is the significant time delay between the
onset of the merger and the peak of the AGN activity. Because of this delay, the
most obvious merger signatures may have faded by the time the merger remnant
is identified as a bright AGN.

We have looked at mergers fraction in starbursts and post-starbursts in our

sample. We entatively find that starbursts are more disturbed than normal star-
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forming galaxies (the disturbance could be due to major or minor mergers). We
visually classified about 30% the starbursts as merging or disturbed galaxies (they
show either tidal tails or strong asymmetries or have close companions). In con-
trast, only about 3 % of 200 randomly selected normal star-forming galaxies show
merger signatures. Likewise, according to the Galaxy Zoo classification (Lintott
et al., 2011), which rather tend to be conservative in calling something a merger,
about 10% of the starbursts have a weighted merger fraction f,,, > 0.4 while only
1% of normal star-forming galaxies have a weighted merger fraction above this
value. The f,, is calculated by taking the ratio of the number of merger classi-
fications for a given galaxy to the total number of classifications for that galaxy
multiplied by a weighting factor that measures the quality of the classifiers that
have classified the galaxy. Darg et al. (2010) have shown that almost all galax-
ies with f,, > 0.4 are robust major mergers. However, we also find that merger
signatures disappear after the starburst phase, and the transiting and quenched
post-starburst galaxies in general are much smoother than the starbursts. We
classify about 15% of TPSBs as as merging or disturbed galaxies and 6% have
fm > 0.4. Perhaps the merger signature are washed out because of the substan-
tial time lag between the starburst and the PSB (AGN) phases. Galaxy merger
simulations estimate that major merger signatures have a timescale of 200-400
Myr (Lotz et al., 2010). Our estimated age of the transiting post-starburst phase
(2 300 Myr) or the time delay between starbursts and AGN (2 200 £ 100 Myr)
is in accord with the timescale for the disappearance of merger signatures. The
color gradient and metallicity of starbursts and PSB are also consistent with the

merger origin of these galaxies (see Appendix 5.1.5 & 5.1.6).
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The above tentative result supports that the fast-track, in local universe, is
triggered by merger starbursts, whose signatures are washed out in the post-
starbursts phase. We have also shown that velocity dispersion and global mass
surface density are high, presumably from mergers, leaving post-starburst rem-
nants which are smaller, more compact, and with high stellar surface mass den-
sity than non-bursty star-forming galaxies. However, despite their high velocity
dispersion and global mass surface density, the post-starbursts still overlap in
morphology with many slowly quenching galaxies. Future work will explore bet-
ter morphological discriminants between the fast and slow mode (Yesuf et al., in
preparation).

Deep high resolution studies of handful of K4+A galaxies and post-starburst
quasars however find significant morphological disturbances in these objects (e.g.,
Canalizo & Stockton, 2001; Bennert et al., 2008; Yang et al., 2008; Cales et al.,
2011). Galaxies we classified as undisturbed using the SDSS images may have faint
tidal features visible in deeper images. Therefore, deep high resolution studies
with more robust measurements of merger signatures in transiting post-starburst
galaxies will be useful to test merger origin of post-starbursts and to understand

the AGN triggering mechanism in post-starbursts.

2.6.2 Conclusion and summary

The unique spectral properties of quenched post-starburst galaxies hint that
these objects are recently quenched starbursts. We investigated this inferred rela-
tionship in detail by directly tracing them back to the starbursts through a newly

identified population of “transiting” post-starbursts in the midst of quenching. We

66



showed that dust-obscured post-starbursts comprise the majority of the transiting
post-starburst population.

With our new sample of post-starbursts, we studied the connection between
quenching and AGN in post-starbursts. We found that AGN are more commonly
hosted by post-starbursts than by normal galaxies. Post-starburst AGN hosts
make up 2 36 £+ 8% of transiting post-starbursts. Despite the high frequency of
AGN in post-starbursts, we found that the clear presence of AGN is significantly
delayed from the peak of starbursts by = 200 + 100 Myr.

As long as the AGN appearance is delayed, our results are generally consistent
with “merger hypothesis” of post-starbursts (Hopkins et al., 2006; Snyder et al.,
2011; Cen, 2012), where mergers between gas-rich galaxies drive nuclear inflows
of gas thereby leading to nuclear starbursts, bulge formation, AGN activity, and
eventually to quenched post-starbursts. In support of the merger hypothesis, we
tentatively find that the starbursts are relatively metal-poor at earlier stages, ex-
hibit clear merger signatures, and have shallower color gradients and prominent
young bulges. On the other hand, consistent with the time delay, merger signa-
tures disappear after the starburst phase and that our three post-starburst classes
also have shallower color gradients and prominent young bulges.

We also showed that starbursts and transiting post-starbursts are significantly
more dust-obscured than normal galaxies and quenched post-starbursts. The
fact that starbursts and post-starbursts evolve through a heavily dust-obscured
phase which also seems to coincide with AGN activity, is consistent with later
removal of dust by AGN feedback. We therefore conclude that AGN may not

primarily quench starbursts but may play an important role in quenching or
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preventing low-level star formation in post-starbursts. We acknowledge that the
large extent of the SDSS fiber beyond the nuclear region of a galaxy could be a
major concern since the line ratios of an AGN may be diluted by on-going star
formation inside the fiber. Future works with spatially resolved line ratios or with
other AGN selection criteria unbiased by the host properties will hopefully provide
a more definitive test on the time delay between the AGN phase and the starburst
phase, and they will also help estimate the AGN fraction in post-starbursts more
accurately than we have attempted in this work. Similarly, a more direct evidence
on the role of AGN in removing a leftover gas and dust during the post-starburst

phase may come to light from observations of TPSBs using new facilities such as

ALMA.
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Chapter 3

From Starburst to Quiescence:
Rapid Evolution of Molecular

Gas fraction in Local Seyfert,

Post-starburst Galaxies, a

compelling evidence for a delayed

AGN feedback

3.1 Introduction

Despite extensive observational and theoretical studies, the physical mecha-

nisms that regulate the star formation rates of galaxies are still poorly understood.
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Star formation quenching, by yet unknown mechanisms, causes star-forming galax-
ies to migrate to the “red sequence” (Gladders et al., 1998; Faber et al., 2007).
One likely such formation of mechanism of the red-sequence is the transformation
of star forming, disk-dominated, gas-rich galaxies into early types via mergers and
their associated feedback (Toomre & Toomre, 1972; Hopkins et al., 2006).
Post-starburst (PSB) galaxies are candidate post-merger objects, rapidly tran-
sitioning from the blue-cloud to the red-sequence (e.g., Dressler & Gunn, 1983;
Couch & Sharples, 1987; Zabludoff et al., 1996; Wild et al., 2009; Snyder et al.,
2011; Yesuf et al., 2014; Pawlik et al., 2016). In their quiescent phase, their spectra
reveal little-to-no current star formation, but a substantial burst of star formation
before an abrupt cessation ~1 Gyr ago, long enough for the ionizing O&B stars to
evolve away, but recent enough for A-stars to dominate the stellar light. Recent
observational efforts have enlarged the traditional definition of post-starburst to
include a more complete and less biased sample of galaxies with ongoing star for-
mation or/and AGN activity (Wild et al., 2010; Yesuf et al., 2014; Alatalo et al.,
2014). With the identification of this sample, which spans the entire starburst to
quenched post-starburst evolutionary sequence, better constraints on theoretical
models of galaxy evolution have started to emerge. One of the the firm constraints
is the observed time delay between the starburst phase and the AGN activity by
about 200 Myr (Wild et al., 2010; Yesuf et al., 2014). This time delay suggests
that AGN are not primarily responsible in the original quenching of starbursts
but may be responsible for keeping star formation at a low level by removing gas
and dust during the post-starburst phase. The other emerging but contested con-

straint is the molecular evolution along starburst-AGN-quenched post-starburst
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sequence (Schawinski et al., 2009b; Rowlands et al., 2015). This chapter aims to
further examine the molecular gas evolution along this sequence using both new
and existing data, and presents a unifying picture on this important constraint on
galaxy evolution models.

In gas-rich model mergers, gas is funneled to galaxy centers, powering intense
nuclear starbursts and obscured nuclear AGN activity. At the end of the starburst,
the leftover gas and dust are cleared out due to feedback from the AGN (e.g.,
Sanders et al., 1988; Barnes & Hernquist, 1991; Silk & Rees, 1998; Di Matteo
et al., 2005; Springel et al., 2005b; Kaviraj et al., 2007; Hopkins et al., 2006, 2008;
Wild et al., 2009; Snyder et al., 2011; Cen, 2012). For instance, Narayanan et al.
(2008) found that galactic winds are a natural consequence of merger-induced star
formation and black hole growth. In their simulated galaxies, the galactic winds
can entrain molecular gas of ~ 108 —10°M, which, the authors showed, should be
observable in CO emission. The molecular gas entrained in the winds driven by
AGN are predicted to be longer-lived than the gas entrained solely in starburst-
driven winds. The wind velocities in the simulated galaxies with AGN-feedback
can reach close to 2.5 times the circular velocity. Thus, making AGN-feedback a
viable mechanism to get rid off a residual gas and dust at the end of a starburst.

Despite its theoretical appeal, the evidence that connects AGN activity with
removal or destruction of gas and dust in galaxies has been elusive, with evidence
both for (Schawinski et al., 2009b; Alatalo et al., 2011; Cicone et al., 2014; Garcia-
Burillo et al., 2014) and against (Fabello et al., 2011; French et al., 2015; Geréb
et al., 2015; Rowlands et al., 2015; Alatalo et al., 2016).

Now we review previous works. Using IRAM CO observations, Rowlands
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et al. (2015) investigated the evolution of molecular gas and dust properties in 11
PSBs on the starburst to quenched post-starburst sequence at z ~ 0.03. Two of
these PSBs are Seyfert galaxies while the rest are either star-forming or composite
galaxies of star formation and AGN activity. 10/11 of the PSBs were detected in
the CO (1-0) transition and 9/11 of the PSBs were detected in CO (2-1) transition.
The gas and dust contents, the star-formation efficiency, the gas depletion time
of majority of these PSBs are similar to those of local star-forming spiral galaxies
(Saintonge et al., 2011; Boselli et al., 2014) and gas-rich elliptical galaxies (Young
et al., 2011; Davis et al., 2014). In addition, the authors found a decrease in dust
temperature with the starburst age but they did not find evidence for dust heating
by AGN at late times.

Similarly, Alatalo et al. (2016) studied 52 transition PSBs with shock signa-
tures at z = 0.02 — 0.2 using IRAM and CARMA. About of half of these PSBs
are at z > 0.1, 14/52 are Seyferts, and 90% have CO (1-0) detections. The molec-
ular gas properties of these PSBs are also similar to those of normal star-forming
galaxies. More than 80% of the PSBs in Alatalo et al. (2016) and Rowlands et al.
(2015) samples are located in the blue-cloud.

French et al. (2015) studied 32 “quenched” PSBs in the green valley at z =
0.01 — 0.12 using IRAM and the Submillimeter Telescope (SMT). Almost all of
these PSBs have signatures mimicking low-ionisation nuclear emission line regions
(LINERs), and 53% of them have CO detections. Those detected in CO have
gas masses and gas to stellar mass fractions comparable to those of star-forming
galaxies while the non-detected PSBs have gas fractions more consistent with

those observed in quiescent galaxies.
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The three aforementioned studies on the molecular gas contents of PSBs sug-
gested that the end of starburst in these galaxies cannot be ascribed to a complete
exhaustion or removal or destruction of molecular gas. The studies also suggested
that multiple episodes of starburst or/and AGN activities may be needed for the
eventual migration of these galaxies to the red-sequence and that a transition time
longer than 1 Gyr may be needed for this migration to take place.

Saintonge et al. (2012) found that, among the gas-rich, disk-dominated galaxy
population, those which are ongoing mergers or are morphologically disturbed
have the shortest molecular gas depletion times. They found no link between
the presence of AGN and the long depletion times observed in bulge-dominated
galaxies. Even though their AGN sample has lower molecular gas fractions than
the control sample matched in NUV-r color and stellar mass surface density, the
depletion times of the two populations are similar. More than 90% of the AGN
studied by Saintonge et al. (2012) are not Seyferts, and instead are LINERs.

In contrast, Schawinski et al. (2009b) presented evidence that AGN are respon-
sible for the destruction of molecular gas in morphologically early-type galaxies at
z ~ 0.05. Their sample included 10 star-forming galaxies, 10 star-formation and
AGN composite galaxies and 4 Seyfert galaxies. The galaxies studied by Schawin-
ski et al. (2009b) are not post-starbursts but might have experienced mild recent
star-formation (see Schawinski et al., 2007). The authors found that the gas mass
drops significantly 200 Myr after a recent star formation in the composite galax-
ies, and none of their Seyferts have CO detections. The authors interpreted their
observations as evidence for a destruction of molecular gas and for a suppression

of residual star formation by low-luminosity AGN. Likewise, many studies have
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reported molecular outflows with high mass-outflow rates as evidence for AGN
feedback in non-PSB AGN host galaxies (e.g., Fischer et al., 2010; Feruglio et al.,
2010; Sturm et al., 2011; Spoon et al., 2013; Veilleux et al., 2013; Cicone et al.,
2014; Garcia-Burillo et al., 2014; Sun et al., 2014).

In this work, we study molecular gas in 24 green-valley, Seyfert PSBs using
SMT CO (2-1) observations, in combination with an existing sample of ~ 100
PSBs from the literature. Our observations were motivated by French et al. (2015)
and Rowlands et al. (2015) and were designed to be complementary to the samples
in these two works. Our original aim was to increase the number of Seyfert PSBs,
which are only three in the two works, by more than a factor five, and firmly test
the effect of AGN in the molecular gas evolution of PSB galaxies. Fortunately,
our sample is also complementary to the recently published 14 randomly selected
Seyferts in Alatalo et al. (2016) sample. These Seyferts are mainly located in the
blue-cloud. Our sample is comparable in number to the existing sample of Seyfert
PSBs but represents the ones in the later stage of evolution. When combined with
other samples, our sample is indispensable in sampling the entire starburst-AGN-
quenched post-starburst evolutionary sequence.

The rest of this chapter is organized as follows: section 3.2 presents the sample
selection. Section 3.3 presents overview of statistical methods used in the chap-
ter. Section 3.4 presents the main results of the chapter. A hasty reader can skip
section 3.3 and may read it later if necessary. Section 3.5 discusses our sample in
comparison with other samples of PSBs, LIRGs, AGN and QSOs. Section 3.6
summarizes the main findings of this work. Section 5 provides ancillary informa-

tion on how our sample relates to existing samples of PSBs with molecular gas
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measurements. We assume (€2,,,, Qx,h) = (0.3,0.7,0.7) cosmology.

3.2 Sample Selection & Observations

3.2.1 Sample selection

Using the cross-matched catalog of SDSS, GALEX and WISE (Martin et al.,
2005; Wright et al., 2010; Aihara et al., 2011; Yesuf et al., 2014), we select a
sample of 24 transition post-starburst Seyferts based on the evolutionary path that
starbursts and post-starbursts follow in the dust-corrected NUV-g color and the
4000A break (Yesuf et al., 2014), and based on the BPT line ratio AGN diagnostic
(Baldwin et al., 1981; Kewley et al., 2001; Kauffmann et al., 2003c). D,,(4000)
probes the average temperature of the stars responsible for the continuum emission
and is a good indicator of the mean stellar age (Bruzual A., 1983; Balogh et al.,
1999). It is less sensitive to dust effects (MacArthur, 2005). As discussed in
Yesuf et al. (2014), we acquired the measurements for physical parameters such
as stellar masses and spectral indices from the publicly available catalogs. We did
not measure them ourselves. Our sample is restricted to galaxies with redshift,
z < 0.06, stellar mass, M > 10'° My, NUV-g > 2.5 and D,,(4000) < 1.6.

Figure 3.1 shows the D,,(4000) index versus the dust-corrected NUV-g color
on top panel and the Hé equivalent width against dust-corrected NUV-g color on
bottom panel. The contours represent the number densities of SDSS galaxies at
2z = 0.02 — 0.06 and M= 10 — 10! M. The density clouds are the blue-cloud
of young star-forming galaxies in the upper left, and the quiescent old and red

galaxies in the lower right. As shown by the two blue curves, which are Bruzual
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& Charlot (2003) starburst tracks, with a star formation timescale, 7 = 0.1 Gyr,
and a burst mass fraction (by) 3% or 20%, starbursts evolve differently in this
diagram compared to non-starburst galaxies. As detailed in Yesuf et al. (2014),
this diagram is useful in identifying late stage post-starburst galaxies, which are
outliers at intermediate age from the main relation to the lower left. The red
diamonds are the new sample of green valley Seyfert PSBs selected in this work.
They are selected quantitatively as objects that are more than 2o outliers from
normal galaxies, at a given D,,(4000), in their dust-corrected NUV - g colors and
H¢ absorption equivalent widths (See Figure 4 of Yesuf et al., 2014).

As shown in Figure 3.2, the Seyfert activity is identified using the BPT dia-
gram and it is used as an additional constraint in the sample selection (Baldwin
et al., 1981; Kewley et al., 2001; Kauffmann et al., 2003c). Similar to the pre-
vious figure, the red diamonds are the Seyfert PSBs selected in this work. The
magenta open squares are “quiescent” PSB studied by French et al. (2015). They
were selected because they lack significant Ha emission but have enhanced Hé
absorption. The blue triangles are PSBs studied by Rowlands et al. (2015). They
were identified using the principal component analysis (PCA) of the 4000A break
strength and the Balmer absorption lines (Wild et al., 2009). We showed in the
previous chapter that about 35% of transiting PSBs host Seyferts AGN. However,
only 3 of the 43 combined samples of Rowlands et al. (2015) and French et al.
(2015) are Seyferts. Since Seyferts were under-represented in these two works, and
because the previous works did not find evidence for AGN feedback, this work was
initiated as a follow-up to increase sample of Seyferts PSBs with molecular gas

measurements. The data on the 14 Seyfert PSBs by Alatalo et al. (2016) were
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published after we have completed our observations. Fortuitously, this new sample
is complementary to our sample as a large majority of these galaxies, including
the Seyfert PSBs, are located in the blue-cloud. These galaxies are likely to be
the precursors to our Seyfert PSBs.

Figure 3.3a shows the D,,(4000) index versus NUV-g color without the dust
correction. The symbols have the same meaning as the figure with the dust
correction. It is clear that the Seyfert PSBs selection does not primarily depend
on the dust correction. They would be still be selected as outliers from normal
galaxies without the dust correction. The purpose of the dust correction is to
remove normal dusty galaxies that masquerade as late stage post-starbursts. A
visual inspection of their SDSS images (Figure fig:cutouts) also reveal that they
are less dusty than most of the PSBs studied by Alatalo et al. (2016). Note that
the Seyfert PSBs have similar colors and ages as the quiescent PSBs of French
et al. (2015) according to Figure 3.3.

Figure 3.3b plots the time since the starburst versus D,,(4000) for the Bruzual
& Charlot (2003) starburst tracks with a star formation timescale, 7 = 0.1 Gyr,
and a burst mass fraction (by) of 3% or 20%. Based on their D,,(4000), the Seyfert
PSBs have average stellar age of ~ 0.5 — 0.7 Gyr.

In the sample selection, the redshift cut, z < 0.06, was imposed due to the
sensitivity of the SMT to achieve the desired signal-to-noise ratio in 6-8 hours.
This severely limited the number of Seyferts available for the observation. In
addition, in the second year of the observation, the sample was restricted to
be above a declination of 35°(away from the sun avoidance zone for the SMT),

further limiting the observable sample. Therefore, we did not impose the Hy >
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4A absorption cut that was done in the original sample selection of Yesuf et al.
(2014). Most of the galaxies in our sample have, within the measurement errors,
H§ absorptions above 3A, which is expected in young post-starbursts or rapidly
truncated star-forming galaxies (e.g., Poggianti et al., 1999). Our sample on
average has lower Ho than do the aforementioned previous samples. Note that
the H equivalent width is ~ 2A at 1 Gyr after a starburst with 7 = 0.1 Gyr and
by = 20%. For starburst with 7 = 0.1 Gyr and by = 3%, Hé ~ 0 at 1 Gyr (see
Figure 5.9 in Appendix). Thus, not imposing Hé > 4A cut helps select old PSBs.
In the Appendix section, we present series of plots that show our post-starburst
sample relative to other post-starburst samples (French et al., 2015; Rowlands
et al., 2015; Alatalo et al., 2016). The plots show that our PSBs are consistent
with being later stage PSBs compared to more than 70% the previously studied
PSBs.

It should be noted that at z < 0.06, the SDSS fiber covers only ~ 3.5 kpc of the
central region of a galaxy, and the spectroscopic measurements may not reflect the
galaxy-wide values. On the other hand, the NUV-g color is an integrated galaxy-
wide quantity. By combining the spectroscopic measurements with NUV-g color

, we select only (PSB) galaxies that are fading galaxy-wide.

3.2.2 SMT CO observations

The observations were carried out using the Submillimeter Telescope (SMT)
in Mount Graham, Arizona. The observing runs were in February 25 — March 10,
2015 and in March 4 — 25, 2016. We follow the same instrument set up and observ-

ing strategy as French et al. (2015). Namely, we used the 1 mm ALMA Band 6 dual
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Figure 3.1:. Sample selection: The 4000A break against dust-corrected NUV-g color (top
panel). HJ absorption equivalent width against dust-corrected NUV-g color (bottom panel).
The contours denote the distribution of bi-model massive galaxy population at redshift z =0.02—
0.06 and log M (Mg) =10-11 observed by SDSS and GALEX. The blue dashed and solid curves
are the Bruzual & Charlot (2003) burst model tracks with a star formation timescale, 7 = 0.1
Gyr and a burst mass fraction (by) 3% or 20%.
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Figure 3.2:. Sample selection: The BPT emission-line ratio AGN diagnostic. Seyferts are
located in the upper corner of the AGN region, above the dashed green line (Schawinski et al.,
2007) and the orange dashed curve, which demarcates the maximum starburst boundary (Kewley
et al., 2001). About 35% of PSBs are Seyferts (Yesuf et al., 2014). The previous two PSBs studies
(French et al., 2015; Rowlands et al., 2015) only studied 3/43 Seyferts. This work was designed
to be complementary to these two works.
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7 = 0.1 Gyr, and a burst mass fraction (bs) 3% or 20%.
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polarization sideband separating SIS (superconductor-insulator-superconductor)
receiver and 1 mHz filterbank to measure the CO (2-1) 230.5 GHz emission line.
The beam size of the SMT for this line is about 33”. Beam switching was done
with the secondary at 2.5 Hz switching rate and a throw of 120", in the BSP
(beam switching plus position switching) mode. 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. The observing times range be-
tween 4 — 9 hours. French et al. (2015) observed a subset of 13 PSBs using both
SMT and TRAM have demonstrated that SMT can have comparable sensitivity
and data quality as IRAM with a longer integration time, which was 3 — 9 hours
for their sample.

The data reduction is done using CLASS, a program within the GILDAS
software package'. The main beam efficiency is calculated using Jupiter/Saturn
in each polarization. A first-order polynomial baseline is subtracted from the
spectra using data between [-600, 600] km s™!, excluding the central regions of
300, 300] km s~!. The spectra are scaled using the main beam efficiency, and
are coadded by weighting with the root-mean square (RMS) noise. The spectra

are rebinned to 14 km s~}

velocity bins. The typical RMS error per bin is 1-2
mK. Thus, we achieve similar sensitivity as previ