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We present a study of cold gas and star formation in low-mass blue-sequence
E/SO galaxies — a population that is morphologically early-type, but resides on
the blue sequence in color vs. stellar mass space alongside spirals. A subset of
these blue-sequence E/SOs may provide an evolutionary link between traditional red
and dead early-type galaxies and star-forming spirals via disk (re)growth. In this
dissertation, we use data from the Green Bank Telescope (GBT), the Combined
Array for Research in Millimeter-wave Astronomy (CARMA), the Spitzer Space
Telescope, and the Galazy Evolution Explorer (GALEX) to examine the potential
for morphological transformation of low-mass blue-sequence E/SOs.

In considering the HI content of these galaxies, we find that, normalized to stellar
mass, the atomic gas masses for 12 of the 14 blue-sequence E/SOs range from 0.1 to
21.0. These gas-to-stellar mass ratios are comparable to those of spiral and irregular
galaxies, and have a similar dependence on stellar mass. Assuming that the HI is
accessible for star formation, we find that 9 of 14 blue-sequence E/S0Os can increase
in stellar mass by 10-60% in 3 Gyr with current HI reservoirs alone. We present
evidence that star formation in these galaxies is bursty and likely involves externally
triggered gas inflows.

For a sub-sample of eight E/SOs (four blue-, two mid-, and two red-sequence)

whose CARMA CO(1-0), Spitzer MIPS 24 ym, and GALEX FUV emission dis-



tributions are spatially resolved on a 750 pc scale, we find roughly linear relation-
ships between molecular-gas and star-formation surface densities within all galaxies,
with power law indices N = 0.6-1.9 (median 1.2). Adding 11 more blue-sequence
E/SOs whose CO(1-0) emission is not as well resolved, we find that most of our
E/S0Os have 1-8 kpc aperture-averaged molecular-gas surface densities overlapping
the range spanned by the disks and centers of spiral galaxies. While many of our
E/SOs fall on the same Schmidt-Kennicutt relation as local spirals, ~80% are off-
set towards apparently higher molecular-gas star formation efficiency. We discuss
possible interpretations of the apparently elevated efficiencies.

We examine star formation in blue- and red-sequence E/S0Os as traced by the 8 ym
PAH emission. We find the 8 ym PAH/3.6 pm emission ratios for most of our blue-
sequence E/SOs to be similar to those of local spirals. Ratio images of the two tracers
reveal ring-like and non-axisymmetric structures in some of our E/SOs, suggestive
of internally and/or externally triggered gas inflow and centrally concentrated star
formation. Comparison between the CO(1-0) and 8 yum PAH emission distributions
shows good agreement globally, although the 8 yum PAH/3.6 um emission ratio ap-
pears to better trace non-axisymmetric structures observed in CO. Similar to CO
observations of spiral galaxies, we find detectable CO emission in our E/SOs to be
centrally concentrated, ranging from 0.1-0.6r95 (median 0.3r95). We also find that
the aperture-averaged 8 yum PAH to 3.6 um stellar emission ratio correlates with the

atomic and molecular gas mass fractions.
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Preface

Some of the work presented in this dissertation has been published, and the rest has
either been submitted or is in preparation for submission. Chapter Two has been
published in The Astrophysical Journal as Gas Mass Fractions and Star Formation
in Blue-Sequence E/S0 Galaxies (Wei, Kannappan, Vogel, & Baker|2010a). The
results of this paper were also presented as a poster at the 2009 Galaxy Wars Con-
ference in Johnson City, Tennessee and as an oral presentation at the 2010 winter
American Astronomical Society Meeting in Washington, D.C.

Chapter Four was accepted for publication to The Astrophysical Journal Let-
ters in November of 2010 (L. Wei, S. Vogel, S. Kannappan, S. Baker, D. Stark,
& S. Laine). Much of this work was given as an oral presentation in a Tuesday
UVa/NRAO Astronomy Lunch Series talk in May 2010.

We are currently preparing Chapter Five for submission to The Astrophysical
Journal (L. Wei, A. Baker, S. Kannappan, S. Laine, A. Moffett, M. Regan, & S.
Vogel), with an abridged version of Chapter Three as an Appendix in the paper.
Parts of this chapter were presented at The Fourth North American ALMA Science
Center Conference in Charlottesville, Virginia in September of 20009.

Appendix B was released as CARMA Memorandum Series #45: Bandpass Cal-
ibration for CARMA (L. Wei, D. Woody, P. Teuben, M. La Vigne, & S. Vogel) in
July of 2008.
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Chapter 1

Introduction

1.1 Historical Galaxy Classification

1.1.1 The Hubble Sequence

After demonstrating that spiral nebulae are extragalactic objects based on Cepheid
variable distances, Edwin Hubble classified these galaxies by morphology. Because
of their smooth, spherical, and uncomplicated appearance, Hubble considered ellip-
tical galaxies (E) to be “early-type” galaxies. Spiral galaxies, on the other hand,
appeared to be much more complex structurally, and so Hubble defined these as
“late-type” galaxies (Hubble [1926). This led to the mistaken assumption of a tem-
poral evolutionary sequence (E—Sa—Sb—Sc), characterized by the “Hubble Tuning
Fork” (Figure [1.1]), which also showed the spiral galaxies branching off into barred
(SB) and unbarred (S) galaxiedl] Later studies, however, determined that the stel-
lar population in late-type galaxies is in fact much younger than that of early-type

galaxies, refuting the direction of the perceived evolutionary sequence. The nomen-

'Hubble meant to use “early” and “late” to describe the progression from simple to complex

structures, and explicitly rejected the temporal connotations of those words (Hubble|/1926]).
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Figure 1.1: (Figure Credit: http://www.astro.lsa.umich.edu) The
Hubble Tuning Fork, which illustrates Hubble’s classification scheme for
galaxies. Ellipticals and lenticulars (left) are referred to as early types,
while spirals are referred to as late types.

clature of “early” and “late” types, however, remains widely used today to describe
elliptical and spiral galaxies, even though galaxy evolution appears to be primarily

occurring in the other direction, from late to early type.

1.1.2 Galaxy Bimodality

The differences between early- and late-type galaxies can be characterized by the
bimodal distribution of many galaxy properties, much of which appears to be related
to the bimodality mass (M, ~ 3 x 10 M). In color vs. magnitude space, there

“red sequence”, which dominates

appear to be two distinct galaxy populations: the
the galaxy population above M, and the “blue sequence”ﬂ which dominates the

galaxy population below M, (Bell et al.|2003; Baldry et al.[2004)). The two sequences

2Sometimes referred to as the “blue cloud”.



are clearly separated in color vs. absolute magnitude parameter space (Figure ;
Baldry et al.|2004) as well as vs. stellar mass parameter space (see . Mor-
phologically, blue-sequence galaxies are typically disk-dominated late-type galaxies,
while red-sequence galaxies tend to be spheroidal, early-type galaxies (Kauffmann
et al.|2003; Blanton et al. 2005)). The lower-mass blue-sequence galaxies generally
have younger populations and more active star formation than the high-mass red-
sequence galaxies (e.g., [Kauffmann et al.||2003), suggesting that the more massive
galaxies formed the bulk of their stars at higher redshifts (i.e., “downsizing”). These
differences appear to be related to the environments of the host galaxies, as blue-
sequence galaxies tend to reside in low-density environments, while red-sequence

galaxies tend to reside in high-density environments (e.g., Blanton et al./2005).

1.2 Hierarchical Galaxy Evolution

The currently accepted paradigm of galaxy formation and evolution is based on the
hierarchical buildup from smaller systems through the successive merging of dark
halos (White & Rees |1978; |White & Frenk|1991) and the galaxies within those halos
(e.g., Kauffmann et al.[1993; |Cole et al.|[1994; Somerville & Primack||1999; Bower
et al./|2006)). In these models, galaxies evolve within the Hubble sequence through a
series of violent and quiet phases, with major mergers forming dynamically hot E/S0O
systems and quiescent periods allowing the regrowth of dynamically cold stellar disks
(e.g., [Steinmetz & Navarro 2002; |Governato et al.|[2007)).

The idea of transformation from late to early type via major mergers of similar-
mass disk galaxies dates back to at least [Toomre & Toomre (1972)); this process is
still widely recognized today as a source of classical ellipticals. Additionally, recent

simulations find that unequal mass or gas-rich mergers of galaxies result in SOs
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Figure 1.2: (Figure Credit: Baldry et al.[2004)) u—r color vs. absolute
magnitude contours for galaxies in the Sloan Digital Sky Survey, revealing
a bimodal distribution of galaxies.

and hybrid galaxies with properties of both early and late types (Bekki||1998; Naab
et al.2006; Bournaud et al|2005; [Hopkins et al.|2009)). Observationally, there is
substantial evidence confirming that early-type galaxies can form through major
mergers (e.g., [Schweizer & Seitzer |1992; van Dokkum [2005; [Dasyra et al.[[2006b)).
In agreement with the simulations, [Emsellem et al. (2007)) argue that larger, slow-
rotating elliptical galaxies form from dry major mergers while fainter, fast-rotating
ellipticals and SOs seem to form from minor mergers or very gas-rich major mergers.

What about evolution in the other direction, from early to late type? Simula-

tions suggest that galaxy evolution in this direction involves the regrowth of stellar



disks (Steinmetz & Navarro 2002; |Governato et al.[2007) from gas disks that either
survived a gas-rich major merger (Hopkins et al.|2009; Stewart et al.[2009)) or are re-
built via cold-mode gas accretion (e.g., Dekel & Birnboim|2006). As disk (re)growth

is a relatively quiescent process, however, observational evidence has been elusive.

1.3 Requirements for Morphological Evolution

Morphological transformation from early to late type requires that several conditions
be met. We discuss these conditions and what is currently known about early-type

galaxies below.

1.3.1 Cold Gas Reservoir

First, the transformation from early- to late-type requires a substantial reservoir of
cold gas — the raw material for disk regrowth. Historically, early-type galaxies were
thought to be gas-poor (Faber & Gallagher|[1976; Knapp et al.|[1978). Subsequent
surveys, however, found that the ratio of gas mass to blue luminosity (My;/Lg) in
early-type galaxies ranges from upper limits of My;/Lg ~ 0.009 M /Ls to mea-
sured Myy/Lp ~ 2.7 My /L, (Hawarden et al||1981; Knapp et al.|[1985; Wardle &
Knapp||1986; Sadler et al. 2000; (Oosterloo et al.2002); at the high end, the early-
type galaxies have atomic gas reservoirs (normalized to stellar mass) comparable to
spirals. The 70% HI detection rate by Morganti et al.| (2006) suggests that atomic
gas reservoirs are actually relatively common in field early-type galaxies. The large
range in cold gas content hints that there may be distinct sub-populations of early-
type galaxies — the conventional red and dead early types, and a population that
is still accreting gas and forming stars.

In addition to the presence of cold gas, the distribution of the gas in an equi-



librium configuration (i.e., disks) is important in assessing the potential for disk
regrowth. Atomic gas accreted from small companions via dynamical friction, los-
ing momentum/kinetic energy from gravitational interactions with the dark matter

halo, is often not in equilibrium. The HI is typically distributed in tidal tails and

streams (e.g., Hibbard et al.|2001) soon after a merger/interaction, and requires

time to settle into regularly-rotating disks and rings that are conducive for disk

growth.

The existence of giant HI disks and rings (Morganti et al.|[1997; |Serra et al.

2007)), as predicted by simulations of mergers between gas-rich galaxies

2002; Hopkins et al.[2009), makes it possible for stellar disks to form from already-

present gas disks. The HI structures around some early-types galaxies are known

to have regular velocity fields, with a continuity between ionized and neutral gas

(van Gorkom et al|1986; |[Schweizer et al.|[1989; |Schiminovich et al.|[1995; Morganti

et al.[[2006). [Hibbard & van Gorkom (1996) find a rotationally supported HI disk

in the elliptical galaxy NGC 520, which, if star formation is triggered in the disk,
may transform it into a late-type galaxy. All these observations suggest that the gas
disks around some, possibly most, early-type galaxies have reached an equilibrium

arrangement suitable for disk growth.

1.3.2 Molecular Gas

While a substantial atomic gas reservoir is necessary for morphological transfor-

mation, it is molecular gas that appears to be most intimately connected to star

formation in spiral galaxies (e.g., Kennicutt|1998; [Wong & Blitz| 2002} Bigiel et al.|

2008). The fact that large single-dish surveys of CO emission in FIR-bright early-

type galaxies (Wiklind & Henkel |1989; [Lees et al.|1991; Wiklind et al.[1995) typically

have higher detection rates than volume or flux-limited surveys (Knapp & Rupen




11996; Welch & Sage| 2003} [Sage et al.|[2007; Combes et al.2007) suggests that this

is also the case for early-type galaxies. These surveys find molecular gas masses

ranging from 107 to 10°M, in 28-78% of early-type galaxies (with higher detection

rates for FIR-bright galaxies; |Lees et al.|1991; Knapp & Rupen|[1996; Welch & Sage|

2003; [Sage et al.|2007; (Combes et al.|2007)).

Spatially-resolved studies of molecular gas in early-type galaxies, however, are
sparse, as interferometric observations are time-consuming and difficult to obtain.

There have been some single-galaxy studies of early types that find the molecular gas

to be very centrally concentrated, often with ring morphologies (Wiklind & Henkel

11992; Inoue et al.[1996; [Wiklind et al.[1997; Okuda et al.[2005). More recent efforts

by have more than doubled the number of interferometric observations

of early-type galaxies, finding evidence that the molecular gas in some of these

galaxies was acquired from external sources (Young et al.|2008), as well as good

spatial correlation between molecular gas and star formation (Young et al.[2009).

1.3.3 Star Formation

In addition to the presence of cold atomic and molecular gas disks in equilibrium
configurations, there must be a non-negligible amount of on-going star formation

for morphological change to occur in early-type galaxies. Recent work finds that

20-30% of field early-type galaxies are either actively star-forming (Schawinski et al.|

2009) or have had recent (<1 Gyr) star formation (Yi et al.2005). The level of star

formation in early-type galaxies is typically low, ranging from 0.02 to 0.2 Mg yr—!

for the local, typically massive (Mp < —18) SOs from the Spectrographic Areal Unit

for Research on Optical Nebulae survey (SAURON; Temi et al.|2009a) and 1 to 10

Mg yr~* for the most infrared-luminous SOs (Temi et al.[2009b).

In a single-dish survey of CO emission in SAURON E/S0s, (Combes et al.| (2007)




find that their galaxies follow the N = 1.4 disk-averaged power law between
molecular-gas and star-formation surface densities, characteristic of spirals (Ken-
nicutt |1998). Using multiple star-formation tracers, |Crocker et al| (2010) find a
similar result for a sample of 12 E/SOs, although possibly at lower total-gas star
formation efficiencies than spirals. [Shapiro et al. (2010)) update the |Combes et al.
results with spatially resolved maps, localizing both CO emission and star formation
in the central regions of the E/SOs.

Considering the body of work on early-type galaxies, there appear to be at
least some galaxies that satisfy requirements for evolution towards later-type mor-
phologies. The focus of these studies, however, is on high-mass early-type galaxies
(M, > 3 x 10! M), for which there is no clearly defined population that appears
to be transitioning from early to late type. Additionally, most studies predict that
the majority of these galaxies will eventually exhaust their gas reservoirs and evolve

passively.

1.4 Low-Mass Blue-Sequence E/S0s

Kannappan, Guie, & Baker| (2009, hereafter KGB) have recently identified a pop-
ulation of galaxies that are morphologically early type, but reside alongside spiral
galaxies on the blue sequence in color vs. stellar mass parameter space (Figure .
These blue-sequence E/S0Os fall between spirals and red-sequence E/SOs in scaling
relations (stellar mass M, vs. radius and vs. velocity dispersion o), implying that
blue-sequence E/SOs may form a transitional population between the two groups
(KGB).

Unlike red-sequence E/SOs, whose mass function peaks at high masses, blue-

sequence E/S0Os increase in numbers for M, < 3 x 10'° M, (KGB]). Their abundance
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Figure 1.3: (Figure Credit: KGB) U — R color vs. stellar mass for (a)
a sample of galaxies from HyperLeda/SDSS/2MASS and (b) the Nearby
Field Galaxy Survey (Jansen et al|[2000b). Symbols denote morphological
type. The red sequence, the main locus of high-mass and/or cluster E/SOs,

lies above the dashed line, while the blue sequence, typically populated by
spiral galaxies, lies below. Note the presence of a population of galaxies
with early-type morphology in the region of color vs. stellar mass space
populated by spirals.
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Figure 1.4: (Figure Credit: KGB) Composite-color images from
SDSS of blue- and red-sequence E/SOs from the NFGS and Hyper-
Leda/SDSS/2MASS sample presented in (u — r)* color vs. stellar mass
space.
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increases sharply to 20-30% of E/SOs below M, < 5 x 10° M, which is the same
transition mass below which galaxies become notably more gas-rich (Kannappan &
Weil 2008, based on [Kannappan 2004). Most high-mass blue-sequence E/S0Os are
clearly recent major merger remnants or disturbed satellites of larger galaxies, and
as such destined to fade onto the red sequence, consistent with recent studies of
blue, high-mass E/S0Os (Schawinski et al.2009). At intermediate masses between
101 and 10" M, [KGB]| find that blue-sequence E/SOs include examples of both
major mergers that are likely to fade onto the red sequence after exhausting their
gas and also settled galaxies that may be evolving toward later-type morphologies.
The former dominate at higher masses, and the latter at lower masses within this
intermediate mass range.

These low-mass blue-sequence E/SOs show signs of disk (re)building such as blue
outer disks as well as blue centers (Figure that may reflect disky “pseudobulge”
growth involving instabilities and/or satellite interactions (KGBJ). As non-classical
bulges, pseudobulges have exponential surface brightness profiles, blue colors, and
rotationally supported dynamics (Kormendy & Kennicutt|2004)). Pseudobulges seem
to form within and together with large disks, as the size of the two components
correlate (Courteau et al.[1996), so the presence of a pseudobulge may imply the
existence of a large disk. Further supporting this disk-building picture, |KGB| find
evidence for kinematically distinct disks (i.e., counterrotating or polar) in a sub-
population of blue-sequence E/S0Os. [KGB| also find concentration indices in blue-
sequence E/S0Os to be similar to those identified by Kauffmann et al.| (2006) as being
optimal for peak (total-gas) star formation efficiency, suggesting that many blue-
sequence E/SOs are in a“sweet spot” for star formation in their evolutionary life
cycle that may enable large-scale disk building.

Simulations of hierarchical galaxy formation/evolution (e.g., Steinmetz & Navarro
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2002)) predict that there should be galaxies that are actively re(growing) stellar disks
and transitioning from early to late type. Observational evidence for these transi-
tional galaxies has been scarce. The subset of blue-sequence E/SOs with low-to-
intermediate masses may represent the missing link between early- and late-type

galaxies expected by these simulations.

1.5 Tracers of (zas, Stars, and Star Formation

We discussed in conditions required for morphological transformation such as
a large atomic gas reservoir, molecular gas, and active star formation. Here we de-
scribe the measurements that must be made in order to quantify these characteristics
in galaxies.

Atomic Hydrogen : We estimate the amount of atomic hydrogen (HI) present
from 21 cm radiation observed in the radio regime of the electromagnetic spectrum.
The ground state of atomic hydrogen is split into two hyperfine levels; the configu-
ration where the spin of the electron and proton are parallel has higher energy than
the configuration where the spins are anti-parallel. When the atom flips from the
parallel to the anti-parallel state, a photon with wavelength 21.105 cm (correspond-
ing to a frequency of 1420.405 MHz) is emitted. Based on the probability of such a
transition, one can estimate the HI mass of a galaxy based on the observed 21 cm
flux.

Molecular Hydrogen : Because molecular hydrogen (Hy) does not have a
dipole moment, it is difficult to directly estimate the amount of Hy in a galaxy.
Molecular hydrogen gas masses are often indirectly estimated based on the emis-
sion from carbon monoxide (CO) through its rotational (J) transitions. The most

commonly used CO lines for estimating H, in galaxies are at 2.6 and 1.3 mm in the
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radio regime (115 and 230 GHz), corresponding to the J=1-0 and J=2-1 transi-
tions. Collisions with Hy molecules in molecular clouds keeps the CO excited, as
the lifetimes of rotationally excited levels of CO are relatively short. Thus one can
estimate the amount of Hy present based on the strength of the CO emission. Be-
cause 2CO is optically thick, the conversion from CO to Hy (X¢go) is empirically
determined by estimating the virial mass of a molecular cloud in the Milky Way
based on the size and velocity dispersion of that cloud (e.g., Solomon et al.|[1987)).
In lower-mass systems, the value of X¢o is somewhat uncertain and controversial
(e.g., Maloney & Black! |1988; Pak et al.|[1998; Pelupessy & Papadopoulos 2009) as
CO molecules are destroyed by hard radiation fields in lower dust and metallicity
environments.

Stars : On the Rayleigh-Jeans tail of the stellar blackbody curve, the emission
scales linearly with temperature, so the low-mass stars with lower effective tempera-
tures contribute a significant fraction of the emission in the near-infrared. Emission
from the stellar photospheres of low-mass K and M stars can be observed at 3.6 um
(Pahre et al.[2004a). The bulk of a galaxy’s stellar mass can be directly traced
by emission around the K-band (~2.2 um). The other advantage of observing the
stellar mass distribution at infrared wavelengths is that it is virtually unaffected by
extinction compared to optical wavelengths. An improved estimate of the stellar
mass of a galaxy can be obtained by fitting the spectral energy distribution with
stellar population models.

Star Formation : In H II regions, hydrogen is ionized by emission from the
most massive (O and early-type B) stars with wavelength shortward of 912A. As
the lifetimes of these stars are quite short (~few million years), Ha emission at
6562.81A, originating from the recombination of ionized hydrogen with electrons

and transitioning from the n=3 to n =2 state is a good tracer of very recent star
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formation. While only O and very early B stars produce ionizing photons, the longer-
lived later-type B stars produce copious UV photons longward of the 912ALyman
limit. Thus UV observations trace star formation averaged over ~10® years. Both
estimate recent star formation directly, but may be strongly affected by extinction by
dust absorption. Thus it is important to consider tracers of obscured star formation
as well.

In the infrared at 24 um, the emission is dominated by the re-radiation of dust-
absorbed UV /optical light from young, massive stars. This is a good tracer of
obscured star formation and is complementary to the Ha/UV tracers, and a linear
combination of optical/UV and infrared tracers is often used to estimate the total
star formation rate in a galaxy (e.g., Bigiel et al.|2008; Kennicutt et al.[[2009). At
shorter wavelengths (e.g., 8 um), the infrared emission is attributed to polycyclic
aromatic hydrocarbons (PAHs) — small dust grains that are heated by UV /optical
photons from young stars. PAHs are sensitive to the local radiation field strength
and metallicity, and thus may be a less reliable tracer of obscured star formation

than 24 ym emission (Calzetti et al.[2007 and references therein).

1.6 The Structure of this Dissertation

The goal of this dissertation is to study the potential for morphological evolution of
low-mass blue-sequence E/S0Os from the perspective of cold gas and star formation.

In Chapter 2], we approach the question of morphological evolution from the point
of view of atomic gas reservoirs. KGB|addressed this question with limited archival
data for the Nearby Field Galaxy Survey (NFGS, |Jansen et al. [2000b)), finding
preliminary evidence for gas reservoirs (normalized to stellar mass) comparable to

those of spiral galaxies. In this chapter we present more complete, higher-quality

14



data for all NFGS E/SOs with M, < 4 x 10'° M, and a sampling of more massive
E/SOs. We compare the atomic gas masses (normalized to M,) of blue-sequence
E/S0Os with those of other galaxies, and we examine the possible fractional growth
in M, given current rates of star formation. We discuss preliminary evidence from
our work and that of others that suggests efficient conversion is plausible.

In Chapter [3] we examine the distribution of molecular gas in 12 E/SOs (pri-
marily on the blue sequence) as traced by CO(1-0) emission. We present CO(1-0)
channel maps, velocity-integrated emission maps, and velocity fields obtained from
the Combined Array for Research in Millimeter-wave Astronomy (CARMA). We
discuss the galaxies individually and compare the molecular gas distribution with
optical and infrared tracers.

In Chapter [4] we consider the relationship between molecular gas and star for-
mation surface densities (Xp,, Yspr) for a sub-sample of E/SOs predominantly on
the blue sequence. For galaxies whose CARMA CO(1-0), Spitzer MIPS 24 pym, and
GALEX FUV emission distributions are spatially resolved on a 750 pc scale, we
consider the pixel-to-pixel relationship between ¥y, and Ygpgr for our E/SOs and
compare with that for local spirals from |Bigiel et al. (2008). We also consider the
molecular Schmidt-Kennicutt relation (Xgpr vs. X, ) on a global scale for additional
blue-sequence E/S0s whose CO(1-0) emission is not as well resolved. We compare
our results with those of normal disk and starburst galaxies from Kennicutt| (1998))
and SAURON E/SOs from |Shapiro et al.| (2010).

In Chapter [5] we use the 8 um PAH emission observed by the Spitzer InfraRed
Array Camera as a star-formation tracer for a larger sample of E/SOs on both
sequences to investigate the nature of star formation in early-type galaxies, with

emphasis on lower-mass E/S0Os. We consider the spatial distributions of 8 um PAH
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and 3.6 um stellar emission, and compare our E/SOs with spiral disks from |[Regan
et al| (2006) and SAURON E/SOs from [Shapiro et al.| (2010). For select galaxies
with resolved CO maps, we examine the relationship between 8 ym PAH emission
and CO emission. Finally, we consider the correlation between global 8 ym PAH
emission and measures of star formation as well as global atomic and molecular gas
masses.

We summarize our results and discuss possible future work in Chapter [0}

16



Chapter 2

Atomic Gas Mass Fraction and

Star Formation

2.1 Introduction

Current models of galaxy formation and evolution favor hierarchical growth of galax-
ies from smaller systems (e.g., White & Frenk|[1991; Somerville & Primack| [1999;
Bower et al.|2006). Within the paradigm of hierarchical galaxy formation, galaxies
evolve along the Hubble sequence, transforming back and forth between E/SO and
spiral/irregular morphology through a series of quiescent and violent phases.
Recognition that galaxies can transform from late to early type dates back at
least to Toomre & Toomre (1972), who proposed that elliptical galaxies can form
from mergers of similar mass late-type galaxies. Recent simulations find that while
similar mass (1:1-3:1) mergers of disk galaxies result in classical ellipticals, unequal
mass (4.5:1-10:1) or gas-rich mergers of galaxies result in SOs and hybrid galaxies
with properties of both early and late types (Bekki |1998; Naab et al.|2006; |[Bournaud

et al|2005)). Substantial observational evidence confirms that early-type galaxies
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can form through major mergers (e.g., [Schweizer & Seitzer|1992; van Dokkum/2005;

Dasyra et al|[2006a)d). In agreement with the simulations, Emsellem et al.| (2007)

argue that larger, slow-rotating elliptical galaxies form from dry major mergers while
fainter, fast-rotating ellipticals and SOs seem to form from minor mergers or very
gas-rich major mergers.

Can galaxies evolve in the other direction, from early to late type? Simulations

suggest that galaxy evolution in this direction involves the regrowth of stellar disks

(Steinmetz & Navarro |2002; (Governato et al.|2007)). Morphological transformation

from early to late type requires that several conditions be met, which recent studies
have found satisfied in some early-type galaxies.
First, the transformation from early- to late-type requires a substantial reser-

voir of cold gas — the raw material for disk regrowth. Historically, early-type

galaxies were thought to be gas-poor (Faber & Gallagher||1976; Knapp et al.|1978]).

Subsequent surveys, however, found that the ratio of gas mass to blue luminosity
(My1/Lg) in early-type galaxies ranges from upper limits of My;/Lg ~ 0.009 M,/ L

to measured My;/Lp ~ 2.7 My /L for large atomic gas reservoirs similar to those

of spiral galaxies (Hawarden et al.|1981; Knapp et al.|1985; Wardle & Knapp||1986;

Sadler et al.|[2000; (Oosterloo et al.[2002)). The 70% HI detection rate by

(2006)) suggests that atomic gas reservoirs are actually relatively common in

field early-type galaxies. Recent surveys also find molecular gas (107-10°M,) in

28-78% of early-type galaxies, depending on the survey (Lees et al|1991; Knapp|

& Rupen! [1996; Welch & Sage| 2003} [Sage et al.2007; |Combes et al.|2007). The

large range in cold gas content hints that there may be distinct sub-populations of
early-type galaxies — the conventional red and dead early types, and a population
that is still accreting gas and forming stars.

In addition to the presence of cold gas, the distribution of the gas is important in
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assessing the potential for disk regrowth. The existence of giant HI disks and rings
(Morganti et al.|(1997; [Serra et al. 2007), as predicted by simulations of mergers
between gas-rich galaxies (Barnes2002), makes it possible for stellar disks to form
from already-present gas disks. The HI structures around some early-types galaxies
are known to have regular velocity fields, with a continuity between ionized and
neutral gas (van Gorkom et al.[|[1986; Schweizer et al.|1989; Schiminovich et al.|1995;
Morganti et al.|2006). Hibbard & van Gorkom| (1996) find a rotationally supported
HI disk in the elliptical galaxy NGC 520, which, if star formation is triggered in the
disk, may generate a late-type galaxy. Kiloparsec-scale disks of regularly rotating
molecular gas have also been found in the center of some early-type galaxies (Young
2002, 2005; [Young et al.|2008; Crocker et al./2008]). All these observations suggest
that the gas disks around some, possibly most early-type galaxies have reached an
equilibrium arrangement suitable for disk growth.

While the presence of cold gas disks in an equilibrium configuration is necessary
for stellar disk growth, it does not imply that star formation is actually occurring.
A key question is whether E/SO galaxies with such disks are currently evolving
morphologically, and whether such galaxies constitute a significant fraction of the
early-type galaxy population. To answer these questions, one must be able to distin-
guish between old, gas-poor early-type galaxies and those undergoing morphological
transformation via disk regrowth.

Kannappan, Guie, & Baker| (2009, hereafter KGB) have recently identified a
population of E/SOs that reside alongside spiral galaxies on the blue sequence in
color vs. stellar mass parameter space. They argue that among these “blue-sequence
E/S0s,” a subset with low-to-intermediate masses may represent the missing link —
i.e., galaxies that are actively (re)growing stellar disks and plausibly transitioning

from early to late type. KGB| find that these blue-sequence E/SOs fall between
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spirals and red-sequence E/SOs in scaling relations (stellar mass M, vs. radius and vs.
velocity dispersion ), implying that blue-sequence E/SOs might form a transitional
population between the two groups. Compared to conventional red-sequence E/SOs,
blue-sequence E/SOs consistently have bluer outer disks, and often bluer centers
as well — suggesting on-going star formation in both disks and disky bulges (i.e.,
pseudobulges). Further supporting this disk-building picture, KGB| find evidence
for kinematically distinct disks (i.e., counterrotating or polar) in a notable sub-
population of blue-sequence E/SOs.

Unlike red-sequence E/SOs, whose mass function peaks at high masses, blue-
sequence E/SOs are rare for M, > 1-2 x10™ M, and are common only for M, <
3 x 101° M, (KGB)). Their abundance increases sharply to 20-30% below M, <
5 x 10° M, coincident with the mass threshold below which galaxies become no-
tably more gas-rich (Kannappan & Wei 2008, based on [Kannappan 2004). At in-
termediate masses between 10'° and 10! M, KGB| find that blue-sequence E/S0s
include examples of both major mergers that are likely to fade onto the red sequence
after exhausting their gas, and settled galaxies that may be evolving toward later-
type morphologies. The former dominate at higher masses, and the latter at lower
masses.

One outstanding question that remains is the extent of disk growth possible
in low-to-intermediate mass blue-sequence E/S0Os. In this Chapter, we approach
this question from the point of view of atomic gas reservoirs. KGB| addressed this
question with limited archival data for the Nearby Field Galaxy Survey (NFGS,
Jansen et al.|[2000b)), finding preliminary evidence for gas reservoirs comparable to
those of spiral galaxies. In this Chapter we present more complete, higher-quality
data for all NFGS E/SOs with M, < 4 x 10 M, and a sampling of more massive

E/SOs. We compare the atomic gas masses (normalized to M,) of blue-sequence
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E/SOs with those of other galaxies, and we examine the possible fractional growth
in M, given current rates of star formation. The question of how efficiently the
atomic gas might flow inward and condense into molecular gas is beyond the scope
of this Chapter; however, we discuss preliminary evidence from our own and others’
work that suggests efficient conversion is plausible (elaborated in a forthcoming
paper: [Kannappan et al.|2010| hereafter K10).

Section describes our statistically representative sample of red- and blue-
sequence E/SOs from the NFGS, and presents new Green Bank Telescopdﬂ (GBT)
data for the galaxies with M, < 4 x 10'° M, which are expected to show the most
disk growth (KGBJ). We also present a tabulation of HI data for the full NFGS.
Section compares atomic gas masses of blue-sequence E/S0s with those of red-
sequence E/SOs and galaxies of later-type morphology within the NFGS. We also
compare to the sample of Sage & Welch| (2006)). Section examines the fractional
stellar mass growth possible for blue-sequence E/S0Os given the current star formation
rate, in two limiting scenarios — constant (i.e., allowing gas infall) and exponentially
declining (i.e., closed box) star formation. In Section we discuss gas exhaustion
and gas inflow timescales, and we examine evidence for bursty star formation in blue-
sequence E/S0s, which likely implies efficient conversion of HI to Hy. We conclude
with a discussion of the evolutionary fates of blue-sequence E/SOs.

Appendix [A] details features of our new HI data for interesting individual galax-

ies. In this Chapter, we assume Hy = 70 km s~ Mpc™1.

!The National Radio Astronomy Observatory is a facility of the National Science Foundation

operated under cooperative agreement by Associated Universities, Inc.
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2.2 Sample and Data

2.2.1 Sample

NFGS Sample and Data

To understand the role of blue-sequence E/SOs in the morphological evolution of
galaxies, we need to examine these galaxies alongside different types of galaxies in
various stages of evolution. The NFGS provides an ideal parent sample for such
study, spanning the natural diversity of galaxies in the local universe in terms of
mass, luminosity, and morphological type. |Jansen et al.| (2000b) selected the NFGS
galaxies from the CfA redshift catalog, which they binned by absolute magnitude and
sub-binned by morphological type. After applying a luminosity-dependent minimum
redshift to avoid galaxies of a large angular size, Jansen et al. (2000b)) chose every
Nth galaxy from each bin, scaling N to approximate the local galaxy luminosity
function. The resulting NFGS spans the full range of morphological types and eight
magnitudes in luminosity, providing a distribution of galaxies that is statistically
consistent with that of the local universe.

Archival NFGS data include U BR photometry (Jansen et al.|2000a)), integrated
spectrophotometry (Jansen et al.2000b)), and ionized gas and stellar kinematic data
(Kannappan & Fabricant{2001; Kannappan et al.[2002)). All NFGS galaxies also have
JH K photometry from 2MASS (Skrutskie et al.|20006).

Stellar masses are estimated by fitting stellar population models to UBRJHK
photometry and integrated spectrophotometry as described in KGB| (updating |Kan-
nappan & Gawiser| |2007; see also Kannappan & Wei 2008), following the “diet”
Salpeter IMF of Bell et al.| (2003)). This limits the “full NFGS sample” to 176 galax-

ies for which stellar masses are available. For consistency with the red /blue sequence
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dividing line of KGB, we use U — R colors with those authors’ extinction correc-
tions and k-corrections. Total magnitudes are also extinction corrected. We also
use star formation rates calculated by KGB| from extinction-corrected Ha spectral
line data, integrated by scanning the slit across each galaxy and calibrated against

IRAS-based star formation rates (SFRs) following Kewley et al. (2002)P

Sub-M, E/SO0 Sample

We consider a subsample of NFGS E /S0 galaxies for detailed study of the M, regime
where [KGB| report abundant blue-sequence E/S0s. Our focus sample includes all
14 blue-sequence E/SOs with M, < 4 x 10'° My, with the limit chosen where the
blue-sequence E/SOs tail off (Figure [2.1)). To make a fair comparison, we include all
11 NFGS red-sequence E/SOs with M, < 4 x 10 M. We also include two galaxies
that lie on the dividing line between the red and blue sequences, which we will refer
to as “mid-sequence” E/S0Os following the naming convention of [KGB. Our cutoff
mass is very close to the bimodality mass (M, ~ 3 x 10'° M) discussed in KGB, so
henceforth we refer to this sample as the “sub-M,” E/SOs.

The sample mass limit M, < M, excludes a large population of high-mass red-
sequence E/S0s; this is appropriate because many properties scale with stellar mass,
and including the high-mass galaxies would bias statistical comparison. Figure [2.1
shows the sub-M;, sample in U — R color vs. stellar mass parameter space, illustrating
similar mass distributions with good coverage of both the red and blue sequences.
KGB divide the two sequences with the dashed line in Figure [2.1] which is chosen
with respect to the locus that hugs the upper boundary of the distribution of most

late-type galaxies. The line levels out at U — R values of 1.14 and 1.64, in agreement

2The |[Kewley et al.|(2002) SFRs were scaled to the same “diet” Salpeter IMF used in the stellar

mass estimation by KGB|
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with [Baldry et al.| (2004). The rest of the NFGS (spirals and irregulars) is plotted
in the background in the same figure for comparison. Because the full NFGS was
selected to be broadly representative of the local universe, we expect our sub-M,

E/S0 sample to encompass a wide range of evolutionary stages as well.

2.2.2 HI Data

We present the compilation of HI data for the full NFGS in Table

HyperLeda and Literature

HI fluxes are available for most of the NFGS from the HyperLeda database (Pa-
turel et al.|2003), which consists of data compiled from the literature. Because the
HyperLeda database is compiled from observations made at different telescopes by
different observers, [Paturel et al. homogenize the HI data to account for differences
in observational parameters such as beamsize, spectral resolution, and flux scale.
For NFGS galaxies lacking HI data in HyperLeda, we gather data from the lit-
erature when possible. We obtain upper limits for three galaxies from Huchtmeier
& Richter (1989), four HI fluxes and one upper limit from the Cornell EGG HI
Digital Archive (Springob et al. 2005), and six upper limits and one flux measure-
ment from the HI Parkes All Sky Survey (HIPASS, Barnes et al.[2001)). Because
these measurements are often upper limits or taken at telescopes not included in
the homogenization effort of [Paturel et al.| (2003)), the fluxes for these galaxies are

not homogenized to the HyperLeda dataset.
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Figure 2.1: U — R color vs. stellar mass for galaxies in the Nearby Field
Galaxies Survey (NFGS, Jansen et al.[[2000b)). Symbols denote morpholog-
ical type classified by eye using monochrome B or g band images (KGB).
The red sequence, the main locus of high-mass and/or cluster E/SOs, lies
above the dashed line, while the blue-sequence, typically populated by spiral
galaxies, lies below. Note the presence of a population of galaxies with early-
type morphology in the region of color vs. stellar mass space populated by
spirals. For consistency with the red/blue sequence dividing line of KGB|, we
use U — R colors with those authors’ extinction corrections and k-corrections.
The sub-M, E/S0 sample of galaxies are boxed, with the two mid-sequence
E/S0s on the borderline between the red and blue sequences also enclosed
in diamonds. Note that in this Chapter “sub-M,” means M, < 4 x 1019 M,
i.e., we use a cutoff slightly above M, = 3 x 10'° M, due to our original
sample selection.
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New GBT HI Observations

Good quality literature data are lacking for many early-type galaxies in the NFGS,
so we have obtained GBT HI observations for many of these galaxies, with priority
for our sample of sub-M;, E/SOs. The observations were obtained with the GBT
Spectrometer in L-band, with 50 MHz bandwidth, one spectral window, and nine
sampling levels, in ten minute on-off source pairs (five minutes per position) during
March and October of 2007. The total on-source time for each galaxy was deter-
mined during the observing runs based on the strength of the HI emission relative
to the noise.

The spectra were reduced using GBTIDL (Marganian et al. 2006). Individual 30
second records with large harmonic radio frequency interference (RFI) were flagged,
and persistent RFI spikes near the velocity range of the galaxy were interpolated
across in a few cases. The scans were accumulated and averaged for all data for an
individual galaxy, and a polynomial of order <5 was fitted over a range of ~20 MHz
to subtract the baseline. Hanning and fourth order boxcar smoothing, with deci-
mation, were then applied to all the baseline-subtracted data, resulting in channel
resolution of 0.0244 MHz (~5 kms™!). Flux calibration is derived from simultaneous
observations of an internal noise diode whose intensity is stable.

Figures and present the spectra of red-, blue-, and mid-sequence E/S0Os
obtained with the GBT, and Table lists the observational parameters and mea-
sured quantities. Col. (6) lists the total on-source time in seconds; Col. (7) is the
heliocentric recession velocity measured at the mid-point of 20% flux after excluding
companions (Vy, see §2.2.2). Cols. (8) and (9) are the HI line widths measured
at the 20% and 50% level (Wy, Wso). Col. (10) gives the velocity-integrated flux
and error (fur, 0py), both in Jy kms™', and Col. (11) gives the dispersion of the

baseline channels measured in a line-free part of the spectrum (epan) in mJy.
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Figure 2.2: HI spectra of red-sequence E/SOs from the NFGS observed with the GBT.
The galaxies are ordered left to right, top to bottom by decreasing stellar mass. Double
vertical lines indicate the ranges of ionized-gas rotation (or stellar rotation, if ionized
gas data are not available) between which we measure the HI flux to exclude companion
flux. Please see Appendix [A] for more details on individual galaxies. Single vertical lines
mark the optical velocities for the target galaxies with HI upper limits. NGC 4308 is
considered a non-detection because the measured HI velocity coincides exactly with the
optical velocity of a nearby companion. Assigning the gas to NGC 4308 would not change
any results since the measured HI flux would still be extremely low for this galaxy’s stellar
mass. o7
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Figure 2.3: HI spectra of blue- and mid-sequence E/S0Os from the NFGS observed with
the GBT. The galaxies are ordered left to right, top to bottom by decreasing stellar
mass. Double vertical lines indicate the ranges of ionized-gas rotation (or stellar rotation,

if ionized gas data are not available) between which we measure the HI flux to exclude

companion flux. Please see Appendix [A] for more details on individual galaxies. A single
vertical line marks the optical velocity for the galaxy (IC 1144) with an HI upper limit.
IC 1144 is not in the sub- M, sample because of its large stellar mass (M, = 1.6 x10'* M).
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We estimate the error of our flux measurements following |Schneider et al. (1986,
1990), who derived the following analytical expression for uncertainty in total HI

flux (o4,,):

Oy = 20ehanV/ 1.2Woo AV Jykms™ (2.1)

where 0., 1S the rms dispersion of the baseline in Jy and AV is the velocity reso-

lution of the spectrum in kms™!

. The errors in the measured heliocentric velocity
(ov, ) and velocity widths (owy,, ow,,) are estimated following |Fouque et al.| (1990)),

using:

ov, = 4VAV P (S/N)~! kms™! (2.2)
oWy, = 20y, kms™! (2.3)
OWsy = 30’V® km Si1 (24)

where P is the steepness of the profile, (Way — Ws)/2, and S/N is the ratio of the
peak signal to oepan.

We cannot homogenize our HI fluxes to the HyperLeda system of [Paturel et al.
(2003), because these authors do not include the GBT in their homogenization cal-
culations. However, because of the large beam of the GBT at 21cm (~9') compared
to the small optical sizes of our galaxies (~2'), no beam-filling correction is needed.
Also, flux calibration of GBT HI spectral line data is extremely stable and accurate,
so large offsets in the flux scale between our GBT data and the HyperLeda data are
unlikely. In fact, comparison between our new GBT HI data and existing HI data

from HyperLeda for 11 galaxies show that over half have GBT fluxes within 20%
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of published HI fluxes, even though the HyperLeda data are of poorer quality in
all cases. We discuss the HI fluxes and line profiles of individual galaxies in further

detail in Appendix [A]

Companions

We check for companions to our GBT galaxies by setting the search radius in the
NASA/IPAC Extragalactic Database (NED) to match the beam of the GBT. For
galaxies with known or obvious companions, we measure the HI flux twice: the
first time we measure the flux within the velocity ranges from ionized-gas rotation
curves (or stellar rotation curves, if ionized gas is not available), and the second time
we include all flux in the beam within a reasonable velocity range near the galaxy
(£300kms™"). We mark the ionized-gas/stellar velocity range used to measure
fluxes for the first method in Figures and with double vertical lines. We
present both measurements in Table 2.5} the first row contains values measured in
the ionized-gas/stellar velocity range, while the second row includes companion flux
(if any) within +300 kms™!.

The first method most likely underestimates HI content for the two galaxies
(IC 1639, IC 195) for which we must determine the velocity range from stellar
rotation curves, as those rotation curves are still rising at the last measured point.
The ionized-gas rotation curves used for the other galaxies, on the other hand, are
flat, so the underestimation of HI flux for those galaxies should be small. The second
method likely overestimates a galaxy’s HI reservoir, since cold gas from a companion
may not be readily accessible for star formation in the target galaxy. We only use
fluxes measured with the first method in our analysis, as conservative estimates of

HI gas mass. We discuss how our results may change if we include companion gas

in §2.5.1
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Kinematics

We estimate the observed maximum rotation speed, Vi for each galaxy following

Paturel et al.| (2003):

log2Vii™ = alogW (r,1) + b (2.5)

where a and b are specified for a given velocity width W measured at % level [ and
velocity resolution 7, enabling galaxies from disparate HI datasets to be compared.
For our GBT data, we adopt the recommended values of a = 1.071 and b = —0.21
to convert our Wiy widths into Viin (Table[2.4 Col. (7)).

We find the difference between heliocentric measurements of the HI velocity and
the optical velocity for NFGS galaxies to be small, centered around 0 kms—!, with

a standard deviation of 33 kms™'.

Atomic Gas Masses

Of the 200 galaxies in the NFGS, we have HI information for 170: new GBT ob-
servations for 27 galaxies, HyperLeda HI data for 128 galaxies, and other literature
data for 15 galaxies. The 30 galaxies with no HI information are distributed rea-
sonably evenly between morphological types (53% early, 40% late, and 7% Pec/Im)
as well as sequences (43% blue, 43% red, and 14% unknown because no stellar mass
estimate is available). We plot U — R color as a function of R-band luminosity in
Figure to show the distribution of the NFGS sample with HI information. There
is a somewhat higher frequency of missing data among the brightest galaxies (also
the most distant, |Jansen et al.|2000b)).

The HI gas masses given in Col. (9) of Table are calculated from fy; following

Haynes & Giovanelli (1984):
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Figure 2.4: U — R color as a function of R-band luminosity, both extinction
corrected, for galaxies in the NFGS. HI detections are shown as dots, HI
upper limits are represented by x’s, and galaxies with no HI data are shown
as open circles.

M = 2.36 x 10% fygy (208

2
vavey2
HO) ©

(2.6)

where vyjgyc is the Local Group and Virgocentric flow corrected recessional velocity
from |Jansen et al. (2000b), which we use to be consistent with the stellar mass
estimates. We multiply the HI gas mass by a factor of 1.4 to account for the

presence of helium.
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Upper Limits to HI Masses

To calculate upper limits, we measure the rms dispersion of the baseline, oy, in
a signal-free part of the spectrum within the velocity range from ionized-gas (or

stellar) rotation curves. We then estimate o, following:

Tup = Ochan AV VN (2.7)

where N is the number of channels in the velocity range we measured from, and AV

1

is the width of each channel in units of kms™. We estimate the HI mass upper

limit using 30y, as the HI flux and following Equation

2.3 Gas Reservoirs

2.3.1 Comparison of (Gas Reservoirs in NFGS Galaxies

All of our sub-M, blue-sequence E/SOs, as well as both mid-sequence E/SOs, are
detected in HI and have atomic gas masses (Myr ) ranging from 107 to almost
10" M. In contrast, four of our eleven sub-M, red-sequence E/SOs were not de-
tected, although we integrated down to upper limits of 10°-107 M. The remaining
seven galaxies have atomic gas masses ranging from 107-10° M.

We plot the distribution of atomic gas mass as a function of stellar mass for
the sub-M, blue- and red-sequence E/SOs, mid-sequence E/SOs, and other NFGS
galaxies in Figure We find that, at a given M,, blue-sequence E/SOs tend to have
larger gas masses than red-sequence E/SOs. This result confirms the preliminary
results of KGB|, for HI data that are much more complete in terms of sampling sub-
M, E/SOs. Since almost half of the red-sequence E/SOs are actually upper limits,

the separation between the gas masses of blue- and red-sequence E/SOs is actually
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Figure 2.5: Distribution of atomic gas mass (HI 4+ He) for galaxies in the
NFGS, as a function of stellar mass. Solid line indicates 1:1 ratio; downward
arrows indicate upper limits.

larger than it appears in Figure [2.5]

Even more intriguing is the location of blue-sequence E/SOs in between spi-
ral/irregular galaxies and red-sequence E/SOs in the Mpripe vs. M, relation shown
in Figure In fact, there is considerable overlap between blue-sequence E/SOs
and spiral /irregular galaxies. This supports the [KGB suggestion that blue-sequence
E/SOs form a transitional class between spirals/irregular galaxies and traditional
red-sequence E/SOs, as originally inferred from the fact that blue-sequence E/SOs

also lie between spiral/irregular galaxies and red-sequence E/SOs in the M,-radius
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and M,-o relations.

Since we are interested in the potential for morphological transformation in blue-
sequence E/S0Os, it is informative to consider Myp; o/ M, — the mass of the atomic
gas relative to the current stellar mass of a galaxy. We plot the distribution of
atomic gas-to-stellar mass ratios for sub-M, E/SOs on both sequences in Figure
and list their values in Table 2.1} A Kolmogorov-Smirnov test on the distributions
of My ne/M, for sub-M, red- and blue-sequence E/SOs rejects at the 99% level the
possibility that these galaxies derive from the same parent population.

While most of the sub-M, blue-sequence E/SOs and both the mid-sequence E/SOs
have My pe/M, in the range of 0.1 to 1.0, all but two of the sub-M, red-sequence
E/SOs have Myripe/M, < 0.1. Following Binney & Merrifield (1998)) Figure 4.51,
the formation of new stars in an extended disk constituting 25% of original total
stellar mass will change the typical SO galaxy to an Sa galaxy. This suggests that
at least half of the sub-M, blue-sequence E/SOs do have large enough gas reservoirs
for major morphological transformation if all the gas is converted into stars in the
disk. We discuss in later sections whether the gas is actually forming stars. But for
now, we can say that at least half of our sub-M, blue-sequence E/SOs do have the
potential to transform their morphologies simply based on their atomic gas masses.
In contrast, sub-M, red-sequence E/SOs lack sufficient atomic gas to do the same,

with rare exceptions.

Interesting Outliers

Figure shows that while sub-M, red-sequence E/SOs tend to have lower values
of Myurine/M., sub-M, blue-sequence E/SOs tend to have higher values. There are,
however, a couple of outliers that do not seem to follow this trend. The most

prominent of the outliers are the red-sequence E/SO with a large gas reservoir,
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Figure 2.6: (a) Histogram of the distribution of atomic gas-to-stellar mass ratio for
red-, blue-, and mid-sequence E/SOs in the sub-M; E/S0O sample. (b) Atomic gas-to-
stellar mass ratio as a function of stellar mass for galaxies in the NFGS. The arrow in the
upper right indicates a factor of two error in stellar mass in either direction (increasing
or decreasing). Downward arrows indicate upper limits. The solid/dashed line is the
forward fit of Myrine/M. as a function of M, for late/early-type galaxies in the NFGS.
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Table 2.1.  Values of M, and Myy,ye/M. for the sub-M, sample.
Galaxy Name M, (My)  Murine/M.
IC 1639 3.9 x 1010 0.01
IC 195 3.1 x 10? 0.12
NGC 3011 2.3 x 10? 0.12
UGC 6003 1.2 x 1010 0.29
IC 692 7.2 x 108 0.53
UGC 6637 1.6 x 10° 0.38
UGC 6655 9.0 x 107 0.26
UGC 6805 7.9 x 108 0.07
NGC 5173 1.9 x 1010 0.15
UGC 9562 7.5 % 108 3.35
IC 1141 2.3 x 1010 0.12
NGC 7077 6.8 x 108 0.34
NGC 7360 3.3 x 1010 0.18
UGC 12265N 1.2 x 109 0.30
UGC 6570 3.6 x 10° 0.10
UGC 7020A 2.2 x 10? 0.25
NGC 516 1.1 x 1019 <0.003
UGC 5923 1.3 x 108 0.51
NGC 3499 8.6 x 10° 0.01
NGC 3522 4.7 x 10° 0.07
NGC 3605 1.5 x 10° <0.002
NGC 4117 5.0 x 10° 0.05
NGC 4308 5.4 x 108 <0.003
NGC 5338 7.2 x 108 0.04
UGC 8876 1.5 x 101 <0.004
NGC 5596 2.5 x 1010 0.03
NGC 6123 3.8 x 1010 0.10

Note. — Values of M, and My ipe/M.
for blue-, mid-, and red-sequence E/SOs in
the sub-M;, sample. Typical uncertainty in
Mnurine/M. is < 10%.
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UGC 5923 (log Myrine/M, = —0.3), and the blue-sequence E/S0O with a very small
gas reservoir, IC 1639 (log Mpurine/M,. = —2.0). Taking the stellar masses of these
galaxies into consideration, however, provides plausible explanations for their gas-
to-stellar mass ratios.

UGC 5923, the gas-rich red-sequence E/SO0, has the lowest stellar mass of all red-
sequence E/S0Os in the NFGS with M, = 1.3 x 108M,, so it is not surprising that
this galaxy has a fractionally large gas reservoir, despite its red color. Ha emission
indicates that there is some low-level star formation in UGC 5923, but not enough
to push the galaxy towards the blue sequence. This galaxy does, however, appear
dusty and has the highest internal extinction of all sub-M, red-sequence E/SOs,
which suggests that it could also be forming stars now behind an obscuring dust
screen. But for dust, this object might well follow the trend of the blue-sequence
E/SOs in Figure [2.6]

IC 1639, the gas-poor blue-sequence E/SO, is on the other end of the stellar
mass scale as the galaxy with the largest stellar mass in the sub-M, E/S0O sample
(M, = 3.9 x 10" My,). [KGB| argue that blue-sequence E/SOs at these higher stellar
masses are more often associated with violent encounters than disk building. It is
possible that this galaxy underwent an interaction with its larger companion in the
not-so-distant past, which triggered a burst of star formation (hence its blue color)

and quickly exhausted its gas reservoir.

Myiine/M, as a Function of Stellar Mass

The outliers described in the previous section indicate the importance of taking

stellar mass into account when considering the gas-to-stellar mass ratio. Hence we
plot Mpurine/M, as a function of M, (Figure ) for all galaxies in the NFGS.

We fit the trend of decreasing atomic gas-to-stellar mass ratio with increasing

38



Table 2.2.  Fits of Murine/M. vs. M,

NFGS population  Fit Type Slope Intercept  Scatter
Blue Sequence:
forward -0.45 + 0.05 4.09 0.45
bisector -0.72 6.70
Spiral /Irregular:
forward -0.45 +£ 0.05 4.04 0.44
bisector -0.70 6.49
Red Sequence:
forward -0.67 + 0.12 5.23 0.58
bisector -1.46 13.0
E/S0:
forward -0.67 £ 0.12 5.17 0.59
bisector -1.57 13.9

Note. — Fits of log( Murine/M,) = mlog(M,) + b for all galaxies in
the NFGS with HI data, grouped by either sequence or morphological
type. The forward fits were done using Buckley-James survival method
in the ASURV package (Lavalley et al.|[1992)). The bisector fit is the
mathematical bisector of the forward and backward fits using the same
survival method, and so lacks estimates of the uncertainty and scatter.

stellar mass in Figure[2.6b with a line in the form of log(Muryue/M.) = mlog(M.) + b
for all NFGS galaxies with HI data, using survival analysis (the ASURV package:
Lavalley et al.[1992) to include galaxies with Myrpe upper limits. Table[2.2|lists the
coefficients for the different fits (forward, bisector) for different populations (Blue
Sequence, Red Sequence, Spiral/Irregulars, and E/S0s).

As mentioned earlier, most of the sub-M, blue-sequence E/SOs have My p./M.,
in the range of 0.1 to 1.0, while all but two of the sub-M, red-sequence E/SOs have
Muyrine/M, < 0.1. The separation between the two populations is even more strik-
ing in Figure 2.6, and re-emphasizes the difference in potential for morphological

transformation between sub-M, blue- and red-sequence E/SOs.
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2.3.2 Comparison with Sage & Welch E/S0 Sample

We compare the masses of gas reservoirs in our sample of sub-M, E/SOs with an
ongoing survey of cold gas (HI and CO) in a volume-limited sample of nearby E/S0Os
by Sage & Welch| (2006) and [Sage et al.| (2007)). [Sage & Welch (2006)) report that
E/SOs contain less than ~10% of the cold gas mass (HI 4 He 4 Hy) predicted for
gas return by analytical stellar evolution models (Ciotti et al.[1991)). In particular,
Ciotti et al.| (1991) predict that M,,s ~ Lp in solar units, while Sage & Welch| (2006))
conclude that Mg,s < 0.1 Lp for SOs and suggest that this also applies to ellipticals
based on preliminary data (Sage et al.|2007)).

We plot M,s/Lp vs. Lp in Figure , showing Mg, ~ 0.1 Lp as a dashed line.
We divide Mg,s by Lp rather than M, to facilitate comparison with Sage & Welch
(2006)); although the larger scatter compared to Figure suggests that Lg does
not work as well in tracing the stellar mass as M,, M, is not available for the E/SOs
from [Sage & Welch (2006) and Sage et al.| (2007).

While there are a few E/S0O galaxies from [Sage & Welch| (2006]) and [Sage et al.
(2007) with values of Mg,s/Lp > 0.1, the majority of their E/SOs have much smaller
values of Mgas/Lp. In contrast, all but two of our sub-M, blue-sequence E/SOs fall
above the 0.1 M,/ Lp cutoff, as do both of the mid-sequence and a few red-sequence
E/SOs. Note that our data points do not include molecular gas as opposed to the
Sage & Welch| (2006) data points, so the values of My,s/Lp for our galaxies reflect
only the neutral atomic ISM, and the actual values could be even higher. This
result suggests that the sub-M, blue-sequence E/SOs in our sample have some of the
most massive fractional gas reservoirs among early-type galaxies, in comparison to
red-sequence E/SOs in our sample as well as E/S0Os from the literature.

The differences in how galaxies in the two samples are selected may explain the
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disparity in Mg,s/Lp between them. The|Sage & Welch! (2006) sample, selected from
the Nearby Galaxies Catalog, inherits the parent sample’s biases against optically
small galaxies (diameter < 1'.5-2') and HI-poor systems (Welch & Sage [2003).
Hence, it is likely that the|Sage & Welch| (2006)) E/SOs are more massive and therefore
more likely to be on the red sequence than our sample of E/SOs. The distribution
of Lp for the two different samples in Figure hints at this, with our sample
of sub-M, E/SOs predominantly at lower Lp and the Sage & Welch| (2006) sample
dominating at higher values. Note that the Lg of blue-sequence E/S0s in our sub-M,
sample may be systematically enhanced by star formation, decreasing My,s/Lp, s0
the difference in My, /M, between our sub-M, E/SOs and the Sage & Welch| (2006)
galaxies may be even larger.

Although our sub-M, blue-sequence E/SOs have larger gas mass reservoirs than
seen by [Sage & Welch, we still find much smaller reservoirs than those predicted
for gas return by the analytical stellar evolution models discussed in [Sage & Welch
(2006)), ranging from 10% to 30% of the predicted values. Our findings support Sage

& Welch'’s conclusion that stellar mass loss is not the primary source of HI in E/SOs.

2.4 Star Formation and Stellar Mass Growth

Now that we have established that sub-M, blue-sequence E/SOs typically have sub-
stantial fractional atomic gas reservoirs and therefore potential for morphological
transformation, we consider the question of whether this gas is being converted into
stars at a rate that can lead to morphological transformation in a reasonable amount
of time. Although we lack information about the spatial distribution of the atomic
gas, we can make some simplifying assumptions and create limiting scenarios for

the evolutionary trajectory of blue-sequence E/SOs given the current rate of star
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Figure 2.7: Ratio of gas mass to B-band luminosity (in solar units) vs. B-
band luminosity. The B-band luminosities are corrected for foreground and
internal extinction. Mg,y values for E/SOs from Sage & Welch (2006, 2007;
x’s) account for HI, He, and Hy, while M,,s values for blue-, red-, and mid-
sequence E/SOs from this Chapter (filled and empty circles, same symbols
as Figures and ) account for only HI and He. The cold gas cutoff
at Mgas ~ 0.1 Lp found by [Sage & Welch! (2006) is shown as a dashed line.
Downward arrows indicate upper limits.
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formation.

2.4.1 Two Limiting Scenarios for Growth in the Stellar Com-

ponent

To construct truly realistic scenarios for the evolutionary path of our galaxies, we
would have to account for all sinks and sources of gas. The sink terms are the rates
at which gas is converted into stars and ionized and/or expelled due to stellar winds
and supernovae. The source terms include the rate at which fresh gas is brought
in from external sources (minor mergers, interactions, etc.) and at which gas is
returned by stellar evolution. A detailed accounting of all these processes, however,
is beyond the scope of this Chapter. While there are many theoretical studies of the
hierarchical assembly of galaxies (many of which include estimates of the frequency
of mergers), simulations still lack the resolution to predict the frequency of very
minor mergers and interactions. We discuss current simulations in more detail in
25T

We consider here the range of plausible evolutionary trajectories for our blue-
sequence E/SOs by presenting two simplified, but limiting, scenarios. We should
note that we assume that the atomic gas is distributed in such a way that it can be
made available for star formation (e.g., via conversion to molecular gas) at a rate
comparable to the current star formation rate. This may not always be the case,
but we argue that this is a plausible assumption in and §2.5.2]

In the first scenario, we assume that the current star formation rate remains con-
stant over time, which is an assumption many population synthesis models make.
Preserving a constant star formation rate requires an increasing star formation ef-
ficiency for a closed box, or open-box inflows. This scenario provides a reasonable

upper limit on the possible growth in stellar mass per unit time and a lower limit
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on the amount of time it takes for that mass to form.

The second scenario represents the other limit: an exponentially declining star
formation rate (i.e., closed box with no gas return). For each galaxy, we start out
with the current cold gas reservoir (Mpyrypeo) and star formation rate (SFRg). As
time progresses, the star formation rate declines exponentially following SFR(t) =
SFRy e "7 as gas is converted into stars, where 7 = Muiime0/SFRg (e.g., |Li et al.
2006). This scenario defines the lower limit on the amount of gas converted to stars
within a fixed time, as the star formation rate is declining exponentially.

Because we lack information regarding the frequency of internal/external gas
replenishment, these two scenarios (exponentially declining SFR with no new gas,
and constant SFR allowing gas infall) represent simplified limits that likely bracket

the actual amount of growth in the stellar component in these galaxies.

2.4.2 Estimates of Stellar Mass Growth Over Time

Given the two limiting scenarios described in the previous section, how much growth
in stellar mass is possible for the different galaxies? We plot the ratio of new stellar
mass formed relative to the current stellar mass as a function of current stellar
mass 1, 2, 3, and 4 Gyr in the future in Figures 2.8a—d, respectively. Here we
note that 11 E/SOs from the sub-M, sample (two on the blue sequence and nine on
the red sequence) do not appear in Figure . These galaxies have spectra that
are integrated over the galaxy, but no Ha emission was detected, so these galaxies
do not appear in any of the figures using star formation rates. Future work with
GALEX and Spitzer data will provide better estimates of the star formation rates
in these galaxies.

For each galaxy, a vertical line in Figure represents the range of possible

fractional increase in stellar mass, with the lower end representing the exponentially
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declining SFR scenario and the upper end representing the constant SFR scenario.
We mark the vertical line with a horizontal dash to note the stellar mass fraction
at which the original gas reservoir run out. Any growth in the stellar component
indicated by the line above the horizontal dash requires inflow of gas, which we
allow in the constant star formation scenario. Galaxies that have not converted all
of the original gas mass in the constant star formation rate scenario after the time
specified for each figure do not have a horizontal dash. Since these two scenarios
are the limiting cases, it is likely that the actual amount of stellar mass growth is
somewhere in between the two ends of the line.

Figure shows that many of the sub-M, blue-sequence E/SOs (dark solid
lines) have the potential to increase their stellar masses by a large fraction in just
2 Gyr, with seven of the fourteen sub-M, blue-sequence E/SOs crossing or above
the 10% line. In 3 Gyr, the time by which most sub-M, blue-sequence E/S0Os have
exhausted their gas reservoirs , nine of the fourteen sub-M, blue-sequence
E/S0s will cross or be above the 10% line. The remaining five blue-sequence E/S0Os
have lower SFRs, so they are below the 10% line after 3 Gyr has passed. In fact,
the SFRs for NGC 7360, IC 1639, and IC 195 are so low they do not form >0.1% of
their current stellar masses within 3 or even 4 Gyr, so they do not appear on any of
the panels in Figure [2.8] This large spread in the fractional stellar mass growth in
blue-sequence E/SOs reflects the spread in star formation rates, which in turn may
be indicative of differences in burst stages of the galaxies within this population.
We discuss this in more depth in §2.5.2]

The two mid-sequence E/SOs in our sample also have potential for substantial
morphological transformation. UGC 7020A (M, ~ 2.2 x 10°) can form new stellar
mass in the range of 20-40% of its current stellar mass within 3 Gyr, and UGC 6570

(M, ~ 3.6 x 10%) can form new stellar mass ~10% over the same period.

45



1.00f™

M *new/ M *orig
o
=
o

0.01L

1.00f™

M *new/ M *orig
o
=
o

0.01L
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growth. Dark solid vertical lines represent sub-M, blue-sequence E/SOs,
short vertical dashes are sub-M,, red-sequence E/SOs, long vertical dashes
are mid-sequence E/SOs, and solid grey lines are spiral/irregular galaxies.
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The low-mass red-sequence E/SO with a surprisingly large gas mass reservoir
discussed earlier, UGC 5923 (M, ~ 1.3 x 108), has a relatively low star formation
rate, but can still form new stellar mass >10% of its current stellar mass within 3
Gyr. NGC 5338 (M, ~ 7.2 x 10®) has a very small gas reservoir but might form
significant stellar mass if there is replenishment of gas. The rest of the sub-M, red-
sequence E/SOs have such low SFRs that they are below the 1% line (i.e., off the
plot) in all four panels of Figure .

We plot the same lines of fractional stellar mass growth for spiral and irregular
galaxies with M, < 4 x 10'°M,, in grey in Figures 2.8h—d for comparison. For sub-
M, blue-sequence E/S0s, the ratio of new stellar mass formed in 1-3 Gyr to original
stellar mass is comparable to that of the spiral/irregular distribution (Figure [2.8a—
c¢). This suggests that, as a population, sub-M,, blue-sequence E/S0Os have potential
for growth in the stellar component similar to that of spiral/irregular galaxies in the
near term future (~1-3 Gyr). The horizontal dashes marking where the original gas
reservoirs runs out, however, suggest that the inflow of fresh gas is important to the

long-term evolution of our galaxies (Figure 2.8, d).

2.5 Availability of Gas for Star Formation

2.5.1 Timescale for Gas Exhaustion and Inflow

Without maps of the distribution of HI, we cannot say for certain that the atomic
gas is distributed in such a fashion that it is readily available for star formation. In
§2.5.1| and below, we argue that regardless of the distribution of the atomic
gas (extra-planar, in the disk, or in companions), the timescale for inward travel
of gas is most likely shorter than the duration of star formation in blue-sequence

E/S0s. This suggests that assuming that the atomic gas reservoir is readily available
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for star formation is reasonable given internal or external mechanisms to drive gas
inflow. In §2.5.2] we will discuss evidence for frequent, externally driven inflow in

the sub-M, blue-sequence E/SO population.

Gas Exhaustion Time

The timescale that can be directly estimated from the atomic gas mass and star
formation rate of a galaxy is the (atomic) gas exhaustion time (7 = Myrype/SFR)
— the amount of time it would take to convert all the gas into stars, assuming
the current star formation rate remains constant. This is the same 7 as the one
used in the exponentially declining star formation rate calculation for the second
scenario in §2.4.1], although by definition the gas reservoir will never be exhausted
in this scenario since the SFR decreases exponentially in parallel with decreasing
gas mass. Most of the gas mass, however, will be converted into stellar mass within
the timescale 7, so this is an interesting timescale to consider for both scenarios.
Table lists the gas exhaustion times for galaxies in the sub-M, E/SO sam-
ple that have star formation rates. The large spread in gas exhaustion times may
be reflective of the diversity of evolutionary states within the blue-sequence E/S0
population, which we explore further in Note that the range of gas exhaus-
tion timescales we find includes shorter timescales than found by KGB because of
preferential incompleteness at low HI masses in the archival data used by KGB.
For a more informative picture, we plot the fraction of sub-M, galaxies that
will not have exhausted their original atomic gas reservoirs at a given future time
in Figure 2.9 We include the mid-sequence E/SOs with the blue-sequence E/SOs
in this figure as they seem to behave similarly. While the fraction of star-forming
spiral/irregular galaxies seems to have a gradual, smooth decline in this figure, the

blue-sequence E/SOs have a sharp drop-off at ~3 Gyr. In agreement with Figure
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Table 2.3.  Timescales for sub-M, E/SOs

Galaxy Seq. T tagnH1  Tdyn,GBT

(Gyr)  (Gyr)  (Gyr)

NGC 3011 B 6.7 0.06 1.0
UGC 6003 B 1.8 0.12 2.5
IC 692 B 12.1 0.15 1.3
UGC 6637 B 6.4 0.17 1.6
UGC 6655 B 3.1 0.09 1.0
UGC 6805 B 1.1 0.06 1.1
NGC 5173 B 21.1 0.17 0.7
UGC 9562 B 38.3 0.10 1.6
IC 1141 B 2.5 0.07 1.3
NGC 7077 B 2.7 0.17 1.1
NGC 7360 B 168.5  0.15 1.1
UGC 12265N B 1.4 0.17 2.4

UGC 6570 Mid 2.7 0.22 0.9
UGC 7020A  Mid 1.9 0.28 1.0
UGC 5923 R 18.7 0.04 0.7
NGC 5338 R 0.8 0.40 0.4

Note. — Col. (3): Gas exhaustion time, 7 =
Mpyrine/SFR, in Gyr. Col. (4): Inward travel time
of gas from the edge of the HI disk, following t4yn =
mrur/2v. (Binney & Tremaine 2008). We estimate
rgr using a typical ratio of HI to blue optical diame-
ter of 2.11 for early type galaxies from Noordermeer
et al. (2005)), and v, is the inclination-corrected max-
imum rotation speed of the HI from Vg, Col. (5):
Inward travel time of gas from the edge of the GBT
beam, following tgyn = \/ w2l JAG M,y (Binney
& Tremaine| 2008)), where M, is the stellar mass
of the galaxy multiplied by 10 to account for dark
matter and peam is the distance from the edge of the
GBT beam to the center of each galaxy.
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—d, Figure suggests that sub-M, spiral/irregular galaxies typically continue
forming new stars long after star formation in sub-M, blue-sequence E/S0Os is extin-
guished by the exhaustion of the original gas reservoir.

There is no drop-off for the sub-M, red-sequence E/SOs, as we have SFRs for
only two of the eleven galaxies. The fact that most of the sub-M, red-sequence
E/SOs have extremely low star formation rates, however, supports the conclusion
that the near-term evolutionary trajectories of blue- and red-sequence E/S0s will be

quite different.

Inward Travel of Gas

In and , we have demonstrated that blue-sequence E/SOs have substan-
tial fractional atomic gas reservoirs that, if readily available for star formation, can
translate into significant growth in stellar mass and consequent morphological trans-
formation. The key uncertainty is whether this gas is or can be made available for
star formation on a reasonable timescale compared to the gas exhaustion timescale
just discussed.

The GBT spectra, at 21 cm, have a resolution of only ~9’, which (for our sam-
ple) translates to an uncertain radius of 10-110 kpc in the location of atomic gas,
depending on the distance to the galaxy. Without maps with sufficient angular
resolution (e.g., VLA HI maps), we do not know whether the cold atomic gas is
accessible for conversion into Hy for star formation or not. Broadly, there are three
possible distributions for the HI gas: on a trajectory falling into the galaxy, in an
HI disk that is a part of the galaxy (the most plausible configuration for reasons
discussed below), or in companions.

Infalling Gas: If the gas is somewhere outside the galaxy on its way inward, we

expect it to travel inwards to the galaxy on a dynamical timescale. The 9" GBT
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Figure 2.9: Fractions of galaxies that have not exhausted their atomic gas
reservoirs as a function of time in a constant star formation rate scenario.
Fractions begin below 1.0 because some E/SOs have no detected star forma-
tion.

beam at 1.4 GHz corresponds to radii of 10-110 kpc from the centers of galaxies in
the sub-M, E/SO sample, with a median of 34 kpc. We list the dynamical timescale
for inward travel of gas from the edge of the beam for each galaxy in the sub-M,
sample in  Col. (5) of Table 2.3] The dynamical timescale estimates for inward
travel of gas range from 0.4 to 2.5 Gyr, with a median of 1.1 Gyr. These timescale
estimates are smaller than the gas exhaustion times for all but two of the galaxies.

These two galaxies happen to be the most distant of all sub-M, E/SOs in Table
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2.3 so the edge of the GBT beam corresponds to >100 kpc. Therefore it is not
surprising that these galaxies have long timescales for infall from the edge of the
beam that are greater than their gas exhaustion times.

Assuming that the gas is at the edge of the beam is the most extreme case; it
is much more likely that the gas is much closer to the galaxy, which would reduce
the infall time as r%/2. For example, the dynamical time for inflow of gas from the
predicted HI radius (2-17 kpc, scaling from the blue optical radius using an assumed
ratio of 2.11; Noordermeer et al.|2005) is much shorter than the gas exhaustion
time in all cases, ranging from 50-400 Myr, with a median of 150 Myr (Table ,
Col. (4)). Fraternali & Binney| (2008) find evidence for the infall of extra-planar gas
onto star-forming spiral galaxies on short timescales — at rates comparable to their
star formation rates (~few Mg yr~!), which supports our estimates above.

The dynamical timescales we estimate here are for inward travel of gas all the way
to the center of the galaxy. However, the gas is capable of forming stars far from the
centers of galaxies, depending on parameters such as local surface density and mid-
plane pressure (e.g., Blitz & Rosolowsky|2004; [Leroy et al.|2008). Thus the distance
infalling gas has to travel to reach star forming regions and the corresponding infall
timescale may be even shorter than our estimates above.

Disk Gas: Comparison between ionized-gas rotation curves and the new GBT
HI profiles suggests that most of the atomic gas is likely distributed in rotating
disks for all the GBT galaxies. We identify four particularly interesting cases. The
ionized gas data show marginal or no rotation for UGC 6805, UGC 7020A, and
UGC 6003, but their HI profiles have the appropriate widths for rotation given their
stellar masses (e.g., based on the M,-rotation velocity relation in KGBJ). There is no
ionized gas detection at all for NGC 3522, so the HI profile for this galaxy indicates

the presence of a previously unknown gas disk.
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If the gas is in a stable orbit in the disk of a galaxy, it will not necessarily
travel inwards towards star forming regions on a short timescale compared to the
gas exhaustion time. Depending on the density of the gas, the gas disk may or may
not collapse to form stars. A dense disk of gas could dovetail nicely with either of
our star formation scenarios above — it will collapse and form a stellar disk at the
rate of the global SFR. If, however, the HI disk is too diffuse and spread out in an
extended disk, the gas will continue in circular orbit in a dormant fashion unless it
is perturbed by internal instabilities or events such as minor mergers or interactions.

Recent simulations find that the frequency of mergers increases as the ratio of
masses between the progenitors (§ < 1) decreases (e.g., |Stewart et al.|2008; [Fakhouri
& Ma|2008 and references therein). At the finest resolution currently available with
the Millennium Simulation, [Fakhouri & Ma| (2008)) find minor merger rates of 0.2
to 0.7 mergers per halo per Gyr at z = 0 for £ = 1:30 to 1:100, respectively. These
minor merger rates correspond to one merger every 5 Gyr on the high mass end
(1:30) and one per 1.4 Gyr on the low mass end (1:100). The minor merger rate at
the high mass end (1:30) is perhaps a bit long relative to the gas exhaustion times for
our galaxies, but minor mergers with progenitor mass ratios down to 1:100 and even
smaller may still be capable of inducing gas inflow and star formation. Due to the
lack of resolution, however, Fakhouri & Maj (2008)) do not consider progenitor mass
ratios smaller than 1:100, where mergers are extrapolated to occur on timescales
shorter than 1 Gyr.

There is also observational evidence suggesting that tidal interactions with small
companions occur relatively frequently in field galaxies, bringing fresh infall of gas.
At least 25% of field galaxies observed in HI in several surveys show asymmet-
ric features, indicating that they have recently undergone or are undergoing tidal

interactions (Sancisi 1992; |Verheijen & Sancisi 2001; van der Hulst et al.|2001)).
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Moreover, if one takes lopsided structure (azimuthal distortions in the stellar disk)
and kinematics as evidence of interaction, the fraction would increase to more than
50% of field galaxies (Zaritsky & Rix![1997).

The frequency of minor mergers, taking into account recent studies of how
gaseous disks could survive mergers and interactions (Hopkins et al. 2009; |Stew-
art et al.|2009), suggests that if some of the galaxies in our sub-M, E/SO sample
have large, diffuse, and extended HI disks, they may not lie dormant for too long
before a minor merger or interaction induces the gas to flow inwards and triggers
star formation. Once a minor merger or interaction occurs, we expect the gas to
travel inwards on the order of a dynamical timescale or shorter (Barnes 2001). As
we discussed above, these are short timescales relative to the frequency of minor
mergers in simulations, and so we take the merger rate as the limiting factor in this
case, not the subsequent inward travel time.

Here we have considered only external mechanisms that could drive the disk gas
inwards, but secular mechanisms that are internally driven (e.g., cloud-cloud colli-
sions that provide an effective viscosity, bars that may be able to form independently
of external perturbations, resonances, instabilities, etc.) likely also play a role in
the inflow of disk gas. Because these mechanisms do not require external triggers,
including the effects of internal mechanisms will shorten the gas inflow timescales
we estimate from minor mergers/interactions alone.

Companion Gas: As described in §2.2.2] we adopt a conservative approach and
limit the HI flux measurement to the velocity range indicated by the primary ionized-
gas (or stellar) rotation curve for galaxies with known companions. Since we restrict
the flux measurements, our fluxes are most likely underestimates.

Of the four sub-M, E/SOs with known companions in NED (UGC 12265N,

IC 195, IC 1639, and NGC 4117), only UGC 12265N has a non-negligible SFR
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and appears in the plots in §2.4] The other three will increase their atomic gas-to-
stellar mass ratios by factors of 1.6-3.7 if we include the companion gas (IC 195:
0.12 — 0.20, IC 1639: 0.01 — 0.03, NGC 4117: 0.05 — 0.12), but do not change
the results of significantly. Because these three galaxies have no detected star
formation, the fractional stellar mass growth over time remains negligible.

Including the companion gas, the atomic gas-to-stellar mass ratio for UGC 12265N
would quadruple from 0.3 to 1.2, giving it the second highest value of My, g/ M, for
sub-M, blue-sequence E/S0Os. The amount of growth over time (Figure would
not change by much; the upper limit would remain the same, but the lower limit
would increase since 7 is larger with the extra gas. If the atomic gas is readily
accessible for star formation, the gas exhaustion timescale would then increase from
1.4 Gyr to 5.6 Gyr.

Following Equation 4 of Lin & Tremaine (1983), we estimate the timescale for a
merger via dynamical friction between UGC 12265N and its companion (UGC 122658S)
12 kpc away (neglecting the unknown line-of-sight distance) to be ~70 Myr ﬂ This is
shorter than its gas exhaustion timescale, which suggests that much of the compan-
ion gas is available for star formation in the near future and the amount of growth
in the stellar component for this galaxy is greater than our conservative estimates
in the previous sections.

Given the 1:2 progenitor mass ratio for this system, the resultant burst of star
formation is likely to be more extreme than the scenarios discussed in §2.4.1],

enhancing the star formation rate by a factor of two or more (e.g., |Li et al.|2008;

3y _10"yr 1 7.(0) 72 110'° Mg Ve
merge = i [F5kge)” [P ) | e ]

, where r; and my is the distance to and the
mass of the satellite. We assume that In A = 3.3, v, = 250kms~!, and the companion is half
as massive as UGC 12265N. If the companion is more massive than our assumption, the merger
time would decrease by the same factor. If the companion is less massive and/or further away, the

timescale for merger would increase as m; ! and 72.
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Darg et al.[|2009). Whether the merger between UGC 12265N and its companion
and the subsequent star formation will result in late-type morphology is unclear. A
burst of central star formation may leave UGC 12265N with early-type morphology
(e.g., Dasyra et al. [2006b)), but the gas-richness of this pair suggests that a disk-
dominated remnant may be more likely (KGBj [Hopkins et al. 2009; Stewart et al.
2009).

2.5.2 Evidence for Episodic Gas Inflow

In above, we presented the possibility of minor mergers and/or interactions
acting as a trigger which induces gas inflow and star formation. Here we examine
observational evidence that inflow events, most likely triggered externally, are in
fact occurring in blue-sequence E/SOs.

In addition to having bluer inner and outer disk colors than red-sequence E/SOs,
half of the blue-sequence E/SOs in the NFGS have centers (within 50% light radii)
that are bluer than their outer disks (50-75% light radii) (KGB)). Figure plots
the distribution of a related quantity, A(B — R)con, for sub-M, NFGS galaxies.
A(B — R)core is the color gradient of a galaxy “corrected” for the mean color differ-
ence of galaxies of the same Lp (Kannappan et al.[2004), since larger galaxies may
have central colors diluted by preexisting red bars or bulges. Figure shows that
all but one of the sub-M,, blue-sequence E/S0s and both mid-sequence E/SOs are on
the more blue-centered end of the distribution for spiral/irregular galaxies.

In the broader NFGS, larger values of A(B — R)con reflect central star forma-
tion enhancements and correlate strongly with morphological peculiarities and the
presence of nearby companions (Kannappan et al.[|2004)), suggesting a triggered gas
inflow scenario. Kewley et al.| (2006a)) also find evidence for gas inflows in interacting

blue-centered galaxies based on radial trends in gas metallicity. These results are
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Figure 2.10: Distribution of A(B — R)corr for sub-M, NFGS galaxies, where
A(B — R)corr is the outer disk color (between 50-75% light radii) minus the
central color (within 50% light radii), corrected for the typical color gradient
of a galaxy at that galaxy’s blue luminosity (see Kannappan et al.|2004).

consistent with preliminary evidence for a relationship between A(B — R)coy and
molecular-to-atomic gas mass ratios in SO-Sb galaxies, to be reported in |[Kannappan
et al.| (2010) and [Stark et al.| (2010), which implies that HI can in fact flow inwards
and become Hy, fueling central star formation.

If the range of blue-centeredness we see in the sub-M, blue-sequence E/SOs in-
dicates different burst stages resulting from episodic gas inflow, then perhaps the

specific star formation rate (SSFR) in these galaxies should scatter about some av-
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erage SSFR expected based on the median 3 Gyr gas exhaustion timescale and the
atomic gas mass of each galaxy. We consider the difference between this expected
SSFR (SSFRexpected = SFRexpected/Mx = (Mpurine/3 Gyr)/M. ) and the observed
SSFR as a function of A(B — R)cor (Figure 2.11). The error bars for A(B — R)cor
are formal errors, and do not include systematic uncertainties from A(B — R) not
being corrected for dust and/or from delays between the bluest stellar population
colors and the peak of star formation. Such uncertainties may cause some of the
significant scatter seen in this figure. Nonetheless, there is a suggestive trend with
the more blue-centered galaxies having enhanced SSFRs, and the less blue-centered
galaxies having reduced SSFRs.

The Spearman rank correlation coefficient for the data in Figure [2.11|is —0.39,
with the probability of a null correlation at 19%. However, if we exclude IC 692
(SSFRexpected — SSFRopserved = 0.13) from the calculation, the correlation coefficient
becomes —0.64, with a probability of a null correlation decreasing to 3%. Given the
error bars, we infer that the relationship is likely real. This supports the inflow-
driven burst picture, although follow-up on the apparent outliers would be informa-
tive.

The correlation between blue-centeredness and several properties — morpholog-
ical peculiarities, the presence of companions, increasing molecular-to-atomic gas
mass ratios, and enhanced SSFRs — suggests that the inflow of gas in sub-M, blue-
sequence E/SOs may be episodic and triggered externally. Episodic inflows of gas in
sub-M,, blue-sequence E/S0Os would imply that these galaxies are in various stages
of bursty star formation, which is in agreement with the large ranges of prospec-
tive stellar mass growth (§2.4.2) and gas exhaustion times (§2.5.1)) we see for this
population.

This result also suggests that our focus on HI rather than molecular gas (to be
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Figure 2.11: Difference between expected specific star formation rate
(SSFRexpected EMH‘+/3GW) and observed specific star formation rate for
sub-M, blue- and mid-sequence E/SOs as a function of blue-centeredness.
One of our blue-sequence E/S0s, UGC 9562, is excluded from this figure
because it is a polar ring galaxy and not expected to behave normally with
respect to inflow (KGB)).

discussed in Wei et al., in prep.) does not render our estimates of stellar mass growth

and gas exhaustion time in §2.4.2  and [2.5.1] highly inaccurate. Although stars typi-

cally form from molecular gas, the estimates of inflow and minor merger /interaction
timescales suggest that the transition from HI to Hy may occur quickly enough that
the potential for morphological transformation can be realized even after material

already in the molecular phase has been consumed or otherwise dispersed. These in-
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flow events may also play an important role in bridging between the sub-M, red- and
blue-sequence E/SO populations, triggering star formation in sub-M), red-sequence
E/S0s such as the gas-rich UGC 5923 (discussed in and moving E/S0Os onto
the blue sequence.

Observations of the SAURON E/SO sample (de Zeeuw et al.|2002; |Emsellem
et al.|2004) have found that many intermediate-mass early-type galaxies seem to
contain a disk-like stellar component (e.g., Emsellem et al.|[2007; |Krajnovi¢ et al.
2008)) — possibly the remnant of a burst of star formation induced by the inflow of
gas as discussed in this section. It is possible that some of our sub-M, blue-sequence
E/SOs are in an active, post gas-infall star-forming phase but will eventually become
passive early-type galaxies like those observed by |[Krajnovi¢ et al.| (2008).

Some of the differences between the SAURON E/SOs and our blue-sequence
E/SOs, however, likely arise from the differences between the two samples. While
there are some E/S0Os below the bimodality mass M; ~ 3 x 10*° M, in the SAURON
sample, these are in the minority; in contrast, the disk-building sub-population of
blue-sequence E/S0s becomes numerically important only below this mass, and more
notably below the threshold mass at 5 x 10 M, (KGB]). It is also possible that the
accretion of fresh gas from external sources, as discussed in will reignite
star formation in some red-sequence E/SOs (in both samples) and continue building
disks (KGB; (Cortese & Hughes 2009). The high frequency of blue-sequence E/SOs
below the threshold mass (~5% of the general galaxy population and ~25% of
E/S0s, KGB|) would be difficult to explain by quenching mergers alone, but could

be explained if these systems’ star-forming phase is either long or episodic.
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2.6 Summary

Kannappan, Guie, & Baker| (2009) have recently identified a population of mor-
phological E/S0Os on the blue sequence in color vs. stellar mass space, where spiral
galaxies typically reside. Blue-sequence E/SOs increase in numbers below the bi-
modality mass (M, ~ 3 x 10'% M) and especially below the gas richness threshold
mass (~5x10% M). These sub-M, blue-sequence E/SOs are characterized by fairly
regular morphology, and many appear to be rebuilding disks (KGB)). Blue-sequence
E/SOs also fall between red-sequence E/SOs and spirals in the M,-radius and M,-o
relations, suggesting that they may be a transitional population (KGB).

In this Chapter, we examined the atomic gas content of blue-sequence E/SOs
below ~ M, to determine whether they have large enough gas reservoirs to transform
to later-type morphology. In a representative sample drawn from the Nearby Field
Galaxy Survey, we find that blue-sequence E/S0Os have substantial atomic gas masses
in the range of 10710 M., comparable to the gas masses of spiral and irregular
galaxies in the same stellar mass range. Blue- and red-sequence E/S0Os have distinctly
different atomic gas-to-stellar mass ratios, with most blue-sequence E/SOs in the
range of 0.1-1.0 and most red-sequence E/SOs <0.1. This suggests significantly
greater potential for morphological transformation in blue-sequence E/S0Os than red-
sequence E/SOs.

Combining these atomic gas masses with current rates of star formation, we find
that many of the sub-M, blue-sequence E/SOs can form new stars in the range of
10-60% of their current stellar masses within 3 Gyr, in both constant (i.e., allowing
gas infall) and exponentially declining (i.e., closed box) star formation scenarios,
provided that the atomic gas reservoir is available for star formation. In the constant

star formation scenario, we find that about half of the sub-M, blue-sequence E/S0
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systems will exhaust their gas reservoirs in <3 Gyr if no fresh gas infall is permitted.

Because of the lack of spatial resolution in our HI data, we cannot say for cer-
tain that the gas is readily available for star formation. We find evidence, however,
which indicates that fresh gas may be brought inwards and made available for star
formation on timescales shorter than the gas exhaustion timescale. We estimate the
dynamical timescale for infall of extra-planar gas to be on average <1 Gyr, shorter
than the gas exhaustion time for most of our galaxies. The frequency of inflow for gas
trapped in diffuse disks may be dominated by the rate of minor mergers/interactions,
which simulations find to occur every 1.4 Gyr or less for progenitor mass ratios of
1:100 or smaller (Fakhouri & Ma|2008). As evidence of such events, we find that
sub-M,, blue-sequence E/SOs are more often blue-centered than the general galaxy
population, where blue-centeredness is measured relative to the typical color gradi-
ent of galaxies at a given luminosity. [Kannappan et al. (2004) find blue-centeredness
to correlate with morphological peculiarities and companions, which supports the
externally triggered gas inflow scenario. For blue-sequence E/SOs, we find a re-
lationship between blue-centeredness and variations in specific star formation rates
relative to typical reference values, suggesting that such inflows may be episodic and
trigger bursts of star formation. In summary, this work clearly confirms that blue-
sequence E/S0Os have both the gas reservoirs and the potential for sustained star
formation necessary for significant disk growth, consistent with evolution toward
later-type morphology if the spatial distribution of the gas is extended.

While our sample of 27 blue- and red-sequence E/SOs is sufficient for the analysis
presented in this Chapter, it is important to extend our work to a larger sample of
sub-M, E/SOs for more robust statistics. The multi-wavelength RESOLVE Survey
underway (Kannappan & Wei 2008)) would be an ideal data set for such a study. Ac-

tive follow-up of our current sample includes obtaining IRAM CO(1-0) and CO(2-1)
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spectra to quantify the molecular gas content in these galaxies, which may be a large
fraction of the gas mass content and further extend the potential for morphologi-
cal transformation in blue-sequence E/SOs. We are also obtaining VLA HI maps
(supplementing the CARMA CO(1-0) maps described in Chapter |3 to resolve the
distributions of the atomic and molecular gas in blue-sequence E/SOs. HI maps will
allow us to look for extended gas disks, small companions, and/or signs of inter-
actions. The CO(1-0) maps are well-suited to reveal inner disky “pseudobulges”
growing in tandem with extended disks, as would be expected during the formation

of late-type galaxies.
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Chapter 3

CARMA Observations of E/SOs

3.1 Introduction

Until recently, early-type galaxies were considered to be red and dead — dried out
remnants of major mergers that quickly exhausted/expelled their gas in a burst
of star formation. Studies over the past couple of decades, however, have revealed
several sub-populations that may have active star formation. Recent work finds that
20-30% of field early-type galaxies are either actively star forming (Kannappan et al.
2009; Schawinski et al.2009)) or have had recent (<1 Gyr ago) star formation (Yi
et al.|[2005).

Where there is star formation, there must be gas to fuel the star formation. Sur-
veys of atomic gas have found significant amounts of atomic gas (up to My;/Lp ~
2.7M,/Ls) in a large percentage of early-type galaxies, up to 70% depending on
the survey (Hawarden et al.|[1981; |Knapp et al.|1985; Wardle & Knapp [1986; Sadler
et al.[2000; |Oosterloo et al.[2002; Morganti et al.[2006; [Wei et al.|[2010al). These re-
sults suggest that at least some sub-population of early-type galaxies has sufficiently
large gas reservoirs to sustain star formation over long periods of time (Chapter ,

Wei et al.|2010a)).
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It is molecular gas, however, that appears to be most intimately connected to

star formation in spiral galaxies (e.g., Kennicutt||1998; [Wong & Blitz|2002; Bigiel

2008)). The fact that large single-dish surveys of FIR-bright early-type galaxies

(Wiklind & Henkel||[1989; |Lees et al.|[1991; Wiklind et al.|1995)) typically have higher

CO-detection rates than volume or flux-limited CO surveys (Knapp & Rupen||1996;

Welch & Sage|2003; [Sage et al.|2007; Combes et al.|2007) suggests that this is also

the case for early-type galaxies.
Spatially resolved studies of molecular gas in early-type galaxies, however, are
sparse as interferometric observations are time-consuming and difficult to obtain.

There have been some single-galaxy studies of early types that find the molecular gas

to be very centrally concentrated, often with ring morphologies (Wiklind & Henkel

11992; Inoue et al.|[1996; [Wiklind et al.[1997; Okuda et al.[2005). More recent efforts

by have more than doubled the number of interferometric observations

of early-type galaxies relative to (2002), finding evidence suggesting that the

molecular gas in some of these galaxies was acquired from external sources (Young
2008)), as well as good s