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The star formation histories of low surface brightness galaxies are interesting but
poorly constrained. These objects tend to be rather blue, contradicting the initial
impression that they may simply be faded remnants of higher surface brightness
galaxies whose star formation has finished. Other scenarios span a broad range: a
young mean age, less dust, a lower metallicity, perhaps even a variable IMF. Dis-
tinguishing between these scenarios requires sufficient information to build stellar
population synthesis models which, if not unique, at least exclude certain possibili-
ties.

The total stellar mass (M) of a galaxy is most closely traced with the Ky -band
light. Considering that this mass must form over a Hubble time, this in effect gives
a measure of the time averaged star formation rate (< M > ~ M, H,). Ha emission
traces the location of star formation, and also provides a fairly robust quantitative
measure of its current rate (M,). We have obtained near-infrared broadband pho-
tometry and Ha photometry of a large sample of low surface brightness galaxies to
measure the current and the time-averaged star formation rate in order to constrain
their star formation histories.

The current star formation rates of LSBGs generally are higher than their past
star formation rate, suggesting that the mean age of their stellar population is

relatively young. This may stem from either a late epoch of formation or a sluggish



evolution. In the latter case, the star formation efficiency may be an increasing
function of time, perhaps due in part to the slow build up of metals and dust.
Nevertheless, star formation remains sporadic and is generally not well organized
across the disk.

We find a strong correlation between the ratio of current to past average star
formation rate and the gas mass fraction. Galaxies with large reservoirs of gas
have relatively high current SFRs. There is a conspicuous absence of high gas mass
fraction, low SFR galaxies, suggesting that the observed trend is not driven by

bursts of star formation with short duty cycles.
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Chapter 1

Introduction

1.1 Emergence of Low Surface Brightness Galax-
ies

The study of low surface brightness galaxies (LSBGs) has been one of the fastest
growing fields in astronomy during the past decade. Generally unknown as recently
as three decades ago due to their intrinsic low surface brightness characteristic,
LSBGs have many interesting physical properties, which potentially play important
roles in revealing the formation and evolution of galaxies. Galaxies, which are diffuse
objects, can be overwhelmed by the brightness of the night sky. In order for a galaxy
to be detected, it must be above a certain percentage of the night sky brightness.
And it still must have a large enough angular size lest it be confused with stars.
Although this censorship due to surface brightness was discussed by Zwicky
(1957) and Arp (1965) first, it was Disney (1976) who investigated observational bias
against galaxies with low surface brightness quantitatively. Before Disney (1976),
the distribution of galaxy central surface brightness was believed to peak (Freeman

1970). The earliest work by Freeman (1970), using a sample of 36 disk galaxies,



showed that 28 of the 36 sample galaxies have approximately the same central

2

surface brightness at po = 21.65 4+ 0.35 mag arcsec™ in B for their exponential

surface brightness profiles given by

u(r) = ,u0+1.086§ (1.1)

where 11 is the central surface brightness and « is the scale length of the disk. This
is known as “Freeman’s law”, which, if correct, would imply that galaxy formation
processes must lead to a certain central mass surface density.

By deriving an equation for the apparent radius of galaxies in terms of the
limiting and central surface brightnesses, Disney (1976) showed that the distribution
of spiral galaxies is strongly peaked around the Freeman value while ellipticals show
a similar, but broader peak around the Fish value (Fish 1964), considering that
the limiting surface brightness must be close to 24 mag arcsec™2 in B for most
plate material. With this analysis, Disney (1976) concluded that galaxies of all
luminosities with the central surface brightness different from the Fish-Freeman
values will be under-represented.

While Disney & Phillipps (1983) followed the reasoning of Disney (1976) by
quantifying the volume sampled by galaxy surveys as a function of central surface
brightness, Allen & Shu (1979) suggested that the selection effects involved were not
likely to function as described by Disney (1976), and stated that the lack of large
galaxies must be real. However, Allen & Shu (1979) still agreed that there is a bias
against the faint end of the distribution of central surface brightness.

McGaugh et al. (1995a) were the first to confirm that the night sky selection
effects are real and significant. They determined the space density of galaxies as a
function of disk central surface brightness and found this distribution to be roughly

flat toward the fainter side of the Freeman value with the assumption that central



surface brightness is independent of disk scale length. They also found a sharp
decline in the distribution toward the brighter side of the Freeman value. Mec-
Gaugh et al. (1995a) completely ruled out “Freeman’s law” and stated that low
surface brightness galaxies (those with central surface brightness fainter than 22
mag arcsec”2 in the B-band) comprise half the general galaxy population.

Many studies showed that LSBGs are really under-represented since Disney
(1976). Notable early works, such as Schombert & Bothun (1988), Schombert et al.

(1992), Impey et al. (1996), discovered and catalogued a large number of LSBGs.

1.2 Characteristics of Low Surface Brightness Galax-
ies

1.2.1 Colors and Star Forming Rates

Compared to their high surface brightness counterparts, little is known about the
star formation properties of LSBGs. These galaxies are generally blue in the optical
broad-bands (de Blok et al. 1995; McGaugh & Bothun 1994). Mean colors from these
studies range from U—B = —0.174+0.05, B—V = 0.4940.04, and V —1 = 0.894+0.04
(McGaugh & Bothun 1994) to U — B = —0.14 £ 0.05, B — V = 0.52 £ 0.05 ,
B—R=0.784+0.1,and V —I = 0.69+0.1 (de Blok et al. 1995). By comparison, a
high surface brightness galaxy (HSBG) sample from de Jong & van der Kruit (1994)
has mean values of B—V = 0.754+0.03 and V—R = 0.53+0.02. However, it should be
noted that giant LSB galaxies from Sprayberry et al. (1995) have indistinguishable
mean values in both colors (B —V = 0.73 £ 0.05, and V — R = 0.50 £ 0.04) from
HSBGs.

Several studies claimed that the bluer trend stays true in the near-infrared (NIR)



wavelength regime by combining NIR broad-band photometry with optical broad-
band photometry. Tully et al. (1996) performed a photometry study on the Ursa
Major cluster using B, R, I, and K'bands. They claimed that there exists bimodality
of the central surface brightness distribution using their surface photometry result.
For their LSBG subsample, the mean colors are B — R = 0.96 £ 0.5 and B — K’ =
2.98 +0.7.

Another study with a large sample, Bell et al. (2000), has similar results. They
tracked stellar populations of 26 LSBG sample galaxies using optical and NIR pho-
tometry of these galaxies, which were selected from three subsets of LSBGs; blue
selected LSBGs, red selected LSBGs, and giant LSBGs. Their sample galaxies have
mean colors of B —V =0.67+0.17, B— R=1.00+0.26, and B — K' = 3.2+ 0.6.
With a smaller sample with 14 LSBGs, Bergvall et al. (1999) showed mean colors
of V-1 =065+0.1and V —J = 1.1+0.1 for their blue selected samples. Two
B — K’ colors which they obtained are B — K’ = 2.0 and 2.4.

Galaz et al. (2002) tried to obtain NIR photometry for the largest sample of
LSBGs so far using a LSBG catalog from Impey et al. (1996), although there are no
optical broad-band colors available. They divided their sample into two subsets, one
of which is a high HI mass sample with log (Mpg;/Mg) > 9.5 and the other is a low
HI mass sample with log (My;/Mg) < 9. Mean J — K’ color values for these subsets
are J — K' = 0.84 + 0.19 for the high HI mass sample and J — K’ = 0.62 + 0.17 for
the low HI mass sample.

There have not been many studies which try to measure star formation rates
(SFRs) of LSBGs using star formation indicators, such as Ha photometry, ultraviolet
photometry and far-infrared photometry. However, since the emission equivalent
widths of HII regions in LSBGs are lower than those in HSBGs (McGaugh 1994;

cf. Phillipps & Disney 1985) and these LSBGs have fewer HII regions than HSBGs



(McGaugh et al. 1995a), the average SFRs were known to be lower than those of
HSBGs by at least an order of magnitude (Bothun et al. 1997).

Since then, a couple of studies have shown that LSBGs truly have very low star
formation rates (~ 0.1M, per year). While mainly concentrating on dwarf galaxies,
van Zee (2001) has several LSBGs in her sample. These LSBGs have SFRs lower
than 0.1Mg per year. Recently, O’Neil et al. (2007a) measured SFRs for 15 large
LSBGs and found that they also have lower SFRs than HSBGs with similar sizes.

The average value is 1.91 M, per year for these LSBGs with mean B— R = 1.14+0.4.

1.2.2 Metallicity, Gas and Dust

LSBGs are generally low metallicity systems. Their HII region metallicity is about
the same or lower than 1/3 solar abundances (de Blok & van der Hulst 1998a; de
Naray et al. 2004; McGaugh 1994). McGaugh (1994) did the first study of this
subject and measured oxygen abundances in 22 LSB disk galaxies using optical
spectra of 71 HII regions in these galaxies. He found that these galaxies have
generally log (O/H) < -3.6, or metallicity, Z < 0.3Z,. With spectra of 62 HII
regions in 12 LSBGs, de Blok & van der Hulst (1998a) also showed that most sample
LSBGs have oxygen abundances of Z ~ 0.1 to 0.5 Z,. de Naray et al. (2004)
reconfirmed these results by measuring oxygen abundances of HII regions of six
LSBGs comparing them with those values from McGaugh (1994). However, unlike
McGaugh (1994), de Naray et al. (2004) reported that, with newly added samples,
LSBGs also follow the metallicity-luminosity relationship. This is what Boissier
et al. (2003) found based on their “homogeneous” data set which is constructed by
combining several literature samples. A step further, Bergmann et al. (2003) even
reported that four of their 19 LSB sample galaxies have a range of abundances from

less than 1/2 solar to two times solar metallicity.



LSBGs are deficient in molecular clouds, or the formation of molecular clouds,
although they are highly rich in neutral hydrogen gas. It was not until a couple years
ago that any attempt to detect CO emission from LSBGs turned out successful.
Schombert et al. (1990) tried to detect the CO J = 1 - 0 line from six LSBGs
and did not have any detection. They explained this deficiency by reduced metal
abundance. de Blok & van der Hulst (1998b) also tried to detect the cold, molecular
interstellar medium (ISM) using the CO J = 2 - 1 line. They also failed to detect it
from three late-type LSBGs.

Matthews et al. (2005) is the very first study to claim such detection. Using the
IRAM 30 m telescope, they obtained CO J =1 -0 and 2 - 1 lines from four of 15
late-type edge-on, LSB spiral galaxies, although every detection was made around
nuclear regions. Concentrating more on a relatively high metallicity LSBG sample,
Das et al. (2006) detected CO J =1 - 0 emission in the disks of two giant LSBGs
among their seven LSBGs . They also reported that they detected a millimeter
continuum source in the center of UGC 6614, which they suspected is active galactic
nucleus (AGN) activity.

Unlike the heavier counterparts, neutral hydrogen is relatively abundant in LS-
BGs, although its surface density in LSBGs is quite low (de Blok et al. 1996; van
der Hulst et al. 1993a). van der Hulst et al. (1993b) observed eight LSBGs using
the Very Large Array (VLA) and found they have extended HI features beyond
their optical extent and have average surface densities which are about a factor two
lower than HSBGs. Following van der Hulst et al. (1993b), de Blok et al. (1996)
obtained HI maps of 21 late-type LSBGs with VLA and Westerbork Synthesis Ra-
dio Telescope (WSRT). They found that these late-type galaxies have very low HI
surface densities which are about a factor of 3 lower than late-type HSBGs. They

also reported that their sample LSBGs have higher gas fractions than HSBGs.



These high gas fractions and high mass-to-light (M /L) ratios for LSBGs have
been known and discussed for a long while (de Blok et al. 1996; Matthews et al.
2001; Romanishin et al. 1982; Schombert et al. 2001). Gas mass fractions of LSBGs
sometimes approach unity (de Blok et al. 1996; Schombert et al. 2001). The M/L
ratio, which is ratio of dynamical mass to luminosity, typically is a factor of two
higher than in HSBGs, sometimes reaching a factor of three for LSB dwarf galaxies
(Matthews et al. 2001; Romanishin et al. 1982; Schombert et al. 2001).

Not only do LSBGs have higher gas mass fractions and higher M /L ratios, their
gas components also have a similar distribution to those of higher surface brightness
counterparts, albeit LSB dwarf galaxies. Schombert et al. (1992) found that the
distribution of HI masses for their sample is not significantly different from the
Uppsala General Catalogue of Galaxies (Nilson 1973; hereafter UGC). Other large
HI surveys of LSBGs (Impey et al. 2001; O’Neil et al. 2004) also had similar findings.

LSBGs have been suspected to be dust-poor (Bell et al. 2000; Bothun et al. 1997).
Recent studies based upon Spitzer Space Telescope observations, revealed that this
is approximately true. Using the Infrared Array Camera (IRAC; Fazio et al. 2004)
and Multiband Imaging Photometer (MIPS; Rieke et al. 2004) mounted on Spitzer,
Hinz et al. (2007) and Rahman et al. (2007) found that their LSBG samples, which
consist of five LSBGs and three giant LSBGs respectively, are at best modest in

terms of their dust components.

1.2.3 Stellar Populations, Star Formation History and Age

As mentioned, most LSBGs have optical colors which indicate rather young stellar
populations (Bell et al. 1999; de Blok et al. 1995). Based on bluer optical colors (not
only U—B and B—V, but also B—R and V —1I) of LSBGs, de Blok et al. (1995) ruled

out various scenarios such as a disc-fading, an initial starburst, an exponentially



declining star formation rate (SFR) and a constant SFR. Especially with V' — [
which is an indicator of the position and degree of development of the giant branch
in the Hertzsprung-Russell diagram (hereafter HR-diagram) (Bothun et al. 1984),
the bluer V' — I colors of LSBGs suggest low metallicity and no early enrichment
of ISM, which suggest a lack of major star formation in the past. Although Bell
et al. (1999) advocated roughly constant sporadic star formation histories (SFHs)
and did rule out very low metallicity for LSBGs, they agreed that blue LSBGs have
experienced very different SFHs from HSBGs.

However, comparing optical broad-band colors with model color grids by Bruzual
& Charlot (1993), van Zee et al. (1997a) argued that their LSB dwarf galaxies
underwent decreasing SFHs and their typical age is at least 2 ~ 4 Gyr. Similarly, van
den Hoek et al. (2000) claimed that LSBGs not only have exponentially decreasing
SEFRs, but also do follow the same evolutionary history as HSBGs, albeit at a much
slower rate. They insisted that it only requires small star formation bursts to explain
bluer colors of LSBGs.

Recently, using optical and NIR photometry along with Ha emission line data,
Zackrisson et al. (2005) found their sample LSBGs do not appear to have formed
stars over cosmological time scales even with either constant or increasing SFRs.
They also claimed that, even with NIR photometry available, the ages of these
galaxies are poorly constrained.

Although there has not been a consensus on the SFHs of LSBGs, there is a
common proposition. The current low gas surface density of LSBGs is the key factor
in suppressing their star formation activity. O’Neil et al. (1998) ran simulations
to investigate the effect of localized starburst on the color and surface brightness
of LSBGs. They found that it is impossible to change the galaxy’s central surface

brightness without placing a high threshold criterion for the gas, while large amounts



of induced star formation result in centralized core components, namely bulges.
These simulations suggested that star formation in LSBGs is intrinsically smaller
than that in HSBGs, with fewer massive stars per HII region and that LSBGs have
fundamentally different star formation processes from those of HSBGs, not just
scaled-down versions.

However, Gerritsen & de Blok (1999) claimed that it requires more than low
surface density to explain the slow evolution of LSBGs. They argued that a low
metal content of the gas is essential and showed that a SFH model with a SFR
which is low, but fluctuates, fits best. With models developed to derive the physical
and chemical structure of the ISM, Mihos et al. (1999) suggested that the different
evolutionary tracks of HSBGs and LSBGS are due to differences in their disk surface
densities and in the conditions of their ISMs. With a smaller fraction of molecular
mass and lower surface density, it is difficult for LSBGs to trigger star formation,
or form a multiphase ISM and maintain it.

Bell et al. (2000) insisted that in LSBGs it is surface density which correlates
with age and SFH, while metallicity correlates with both mass and surface density.
They showed that there are strong correlations between an LSBG’s SFH and its
K-band surface brightness, K-band luminosity and gas mass fraction. Still, the
aforementioned Zackrisson et al. (2005) argued that LSBG formation epochs are

too ambiguous to decide even with these correlations.

1.3 The Goal of This Study

As described in the previous section, the characteristics of LSBGs raise questions
regarding their formation and star formation histories which are short, but not

simple:



1. When did LSBGs form? Did they form early as hierarchical galaxy formation

models predict, or did they form late?

2. Why do LSBGs have such low star formation efficiencies even with large
amounts of gas? Do they have a fundamentally different star formation pro-

cess?

3. What do the SFHs of LSBGs look like? Have they been decreasing, constant,

or increasing?

Studies of the SFHs and stellar populations of LSBGs have been mainly done
using optical broad-band photometry. Obviously, as much as the use of broad-band
colors is one well-established technique for probing the SFH of stellar populations,
it has been difficult to quantify systematic trends in the SFH and relate them to
observable physical properties. Color variation depends on many variables, such as
the ages of galaxies (epoch of the formation of the first stars), the ages of stars (the
luminosity weighted mean age of the stellar populations), metallicity, dust, and the
initial mass function (IMF) | which results in many degeneracies when trying to
constrain SFHs of galaxies.

The age-metallicity degeneracy has in particular been known to make it difficult
to interpret colors. The spectra of composite stellar populations are virtually indis-
tinguishable if the change in age or metallicity follows Aage/AZ ~ 3/2 (Worthey
1994). This age-metallicity degeneracy is especially important in understanding the
SFHs of LSBGs. Generally blue in their colors, LSBGs are dominated by young
stellar components, even if they are not young. If indeed LSBGs formed as recently
as 2 ~ 4 Gyrs ago, their presence challenge current models of hierarchical galaxy
formation in the ACDM cosmology (Zackrisson et al. 2005). Based on the hydrody-

namic galaxy formation models of Nagamine et al. (2000), only a small fraction of
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galaxies with present stellar mass lower than 10'°M, should have formed that late
in this cosmology.

However, there exist giant LSBGs (an extreme example of which is Malin 1)
whose central colors are similar to those of old stellar populations. There also exists
a substantial population of red LSBGs (O’Neil et al. 1997) which does not fit into
the picture developed to explain blue LSBGs. Although the red colors could result
either from age or metallicity, the existence of old or metal-rich LSBGs is hard to
understand if LSBGs are expected to be unevolved because of their low surface
densities.

This age-metallicity degeneracy is only broken by certain combinations of spectral-
line indices or limited combinations of broad-band colors (de Jong 1996). Bell et al.
(2000) applied this methodology to avoid the age-metallicity degeneracy and to
investigate the SFHs of LSBGs using a combination of optical and NIR colors avail-
able. However they assumed an absolute age of the galaxies, 12 Gyrs. Zackrisson
et al. (2005) showed that certain colors of a galaxy may well be represented by
multiple combinations of absolute ages, average ages of stars and different SF'Hs.

While it still looks like a complicated task, we can put more constraints on the
SFHs of LSBGs by adding more observable physical parameters. First of all, we
can put more constraints on the normalization of the SFHs with the current star
formation rates and the time averaged star formation rates.

It is also known that for continuously star forming galaxies, the near-IR colors
are better indicators of the total stellar mass than the bluer optical bands. With
the current star formation rates, M from Ha and the time averaged star formation
rates, (M) from the total stellar mass over the Hubble time, we can put more
constraints on the normalization of the SFHs. If we consider SFHs of galaxies

as functions of time, these two parameters, total stellar masses and current star
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formation rates determine the “amplitudes” of SFHs, while the gas mass fraction
determines “shapes” of the SFHs. Since the total mass of consumed gas is the
total stellar mass which is formed by the gas consumption assuming “closed-box”,
the dependence of gas mass fractions on time determines how the SFHs of galaxies
vary. On the other hand, while combined colors of optical and near-IR bands help
break the age-metallicity degeneracy, these colors provide star formation time scales.
Therefore, with this study, we hope to construct the overall SFHs using M, (M )
and gas fraction.

In Chapter 2, we present our data and analysis of optical and near-infrared
broadband photometry of a large sample of LSBGs. We perform surface photometry
on these data and analyze their disk and bulge structure. We also discuss LSBG
colors and the correlation of color with other physical properties.

In Chapter 3, we present Ha photometry of sample low surface brightness galax-
ies as well as current star formation rates for these sample galaxies and discuss
dependence on other parameters. We also discuss the composite HII region lumi-
nosity function.

In Chapter 4, we illustrate our methods for calculating the mass of the stellar
component masses of our sample galaxies based on broadband colors. Based on
these results, we also derived gas mass fraction. With multiple data sets, namely
gas and stellar components and their masses, current star formation rates, colors
and structural parameters from broadband photometry, we analyze their correla-
tions and impact on star formation histories of low surface brightness galaxies. We
construct the normalized star formation rate, which is the ratio between current
star formation rates and past star formation rates, and their correlations with other
physical properties. We then discuss what these correlations mean.

In Chapter 5, we summarize our results and discuss prospects for future research.
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Chapter 2

Optical and Near-infrared
Broadband Photometry of Low

Surface Brightness Galaxies

2.1 Overview

Tracing the star formation history (SFH) of galaxies is fundamental to understand-
ing the evolution of galaxies. However, it is a hard task to analyze generations of
stellar populations in galaxies which have continuing stellar formation with various
physical conditions. Especially, it is impossible to resolve young individual stars in
galaxies beyond the Local group, so we are limited to the statistical study of large
scale star formation events for most galaxies, one of which is the use of broadband
colors.

Color variation depends on the ages of galaxies (epoch of the formation of the
first stars), the ages of stars (the luminosity weighted mean age of the stellar popula-

tions), metallicity, dust, and the IMF. The age-metallicity degeneracy in particular
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makes it difficult to discern integrated spectra of composite stellar populations. The
spectra of composite stellar populations are virtually identical if the change in age
or metallicity (Z) follows Aage/AZ ~ 3/2 (Worthey 1994). This age-metallicity
degeneracy is only broken for certain combinations of spectral-line indices or for
limited combinations of broadband colors (de Jong 1996).

Compared to their high surface brightness counterparts, little is known about
the star formation properties of low surface brightness galaxies (LSBGs ; galaxies
usually with B-band central surface brightness fainter than 23 mag arcsec™2). Most
LSBGs have optical colors which indicate rather young stellar populations (Bell et al.
1999; de Blok et al. 1995). Most observations (low current massive star formation
rates, high gas mass fraction and low metallicity) are consistent with a scenario in
which LSBGs are unevolved, low-metallicity, low mass surface density systems, with
constant or increasing SFRs (de Blok et al. 1996).

However, there have been various difficulties for this scenario. The existence of
giant LSBGs (an extreme example of which is Malin 1) whose central colors are
similar to those of old stellar populations, is one example of the difficulties. There
also exists a substantial population of red LSBGs (O’Neil et al. 2007a) which does
not fit into the picture developed to explain blue LSBGs. The red colors, however,
could result either from age or metallicity. Still, the existence of old or metal-rich
LSBGs is hard to understand if LSBGs are expected to be unevolved because of
their low surface densities. Using a combination of optical and near-IR colors, it is
possible to avoid the age-metallicity degeneracy and to learn more about SFH for
stellar populations with ongoing star formation (Bell et al. 2000).

In this chapter, we present our optical and near-infrared observations and data
in order to investigate stellar populations of LSBGs. In section 2.2, we describe our

observations and data reduction in detail. In section 2.3, we present optical and
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near-infrared images which we obtained from observations and describe our sample
galaxies. In section 2.4, we present our surface photometry and describe results. We
talk about structural parameters which measure from our surface photometry. In

section 2.5, we discuss results.

2.2 Observations and Data Reduction

2.2.1 Sample Selection

We select about 50 sample galaxies which already have some target observations.
These galaxies have been selected for previous studies since their central surface

2 which is

brightnesses are known to be low, at least lower than 22.0 mag arcsec™
one sigma below Freeman’s value (uo(B) = 21.65 £ 0.30 mag arcsec™2). The cutoff
in central surface brightness is not firmly fixed to define low surface brightness
galaxies. Certainly, however, our sample galaxies have central surface brightnesses
fainter than 22.0 mag arcsec™2.

Among previous studies on LSBGs, de Blok et al. (1996) provides good sample
LSB galaxies which have neutral hydrogen maps and optical broadband photometry.
The Second Palomar Sky Survey (SPSS) sample provided by Pildis et al. (1997)
and Schombert et al. (1997) are gas-rich (fy.s > 0.3; in some cases fys > 0.9;
McGaugh & de Blok 1997; Schombert et al. 2001) dwarf galaxies (Vi < 90 km s™;
M, < 109My; McGaugh 2005) with optical broadband photometry. de Blok et al.
(2001) and McGaugh et al. (2001) have UGC and ESO-LV galaxy samples with high
resolution rotation curves. We randomly picked our sample galaxies from these two
studies.

By no means, is our sample complete. Defining a complete sample of LSBGs is

virtually impossible since the most extreme cases by definition reside in the margins
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of survey completeness. However, our sample LSBGs does have a wide range of
physical parameters. We randomly select galaxies from multiple previous studies,
thereby we should at least obtain a fair sampling of the properties of known LSBGs.

Basic properties of our sample galaxies are provided in Table 2.1.

2.2.2 Near-Infrared Data

Observations

All observing runs for NIR broadbands were obtained with the Mayall 4-m telescope
at Kitt Peak National Observatory using the Florida Multi-object Imaging Near-IR
Grism Observational Spectrometer (hereafter FLAMINGOS;
http://www.noao.edu/kpno/manuals/flmn/). FLAMINGOS has a single 2k x 2k
HgCdTe array, which has a pixel scale of 0.”316 pixel ! at the Mayall 4-m telescope.
The field of view is 10./8 x 10.’8.

There were 3 runs of four to seven nights, the first of which started on October
10, 2003 and finished on October 16, 2003. For this run, we lost about a third of
the time due to weather, in particular due to thunderstorm. For the rest of the
run, it was photometric. The second run started on May 27, 2004 and finished on
May 30, 2004. Although it was photometric for most of the run, the instrument
control system crashed from time to time due to unknown reasons. Although this
phenomenon had been known to happen quite often, no viable solution other than
“being careful” was known by the time of our third run. Due to this crash, we lost
about a night from the second run and another night and a half from the third run,
which started on January 27, 2005 and finished on January 31, 2005.

Observation procedures were carefully designed due to the low surface brightness

of sample galaxies. Based on known optical broadband surface brightness, we esti-
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Table 2.1. Basic Properties of Sample Galaxies

RA Dec Vhelio Distance i P.A. Alternate
Galaxy (J2000.0) (kms—1) (Mpc) (deg) (deg) Names
(1) (2) (3) (4) (5) (6) (7) (8)
D512-2 14 33 20.1 426 59 50.0 835 11.6 61 F512-1
D570-4 1118 21.4  +17 41 51.0 1051 14.6 47¢ F570-7
D575-2 12 52 21.1 421 37 46.2 776 10.8 61 UGC 8011
D575-5 12:55:40.5  419:12:33.0 419 5.8 64¢ F575-3
D584-2 16 01 49.3 +18 43 14.6 2627 36.5 52¢ UGC 10410
D584-4 1557 27.5 420 39 58.0 2264 31.4 63% 355 F583-1
D646-5 12 52 59.1 414 24 04.9 1020 14.2 63¢ 29 F646-1
D721-5 14 02 43.5 +09 59 29.0 5811 80.7 47¢ F721-v4
F561-1 08 09 41.3 422 33 33.0 4807 66.8 24b
F563-V1 08 46 37.8 418 55 26.0 3890 54.0 60° D563-3
F568-1 10 26 06.3  +22 26 01.0 6524 90.6 26° 13
F571-8 11 33 55.1  +19 21 36.7 3731 51.8 90° 165
F577-V1 13 50 10.1 418 16 07.7 7788 108.2 35¢ 40
F611-1 0119 474 416 47 24.6 2163 30.0 38¢
F730-V1 1703 55.9  +10 10 48.0 10714 148.8 50¢ 16
NGC 4455 12 28 44.1 422 49 21.0 637 8.8 78¢ 197 UGC 7603
UGC 128 00 13 50.9 43559 39.0 4531 62.9 57f 62
UGC 334 00 33 54.9  +31 27 02.6 4627 64.3 249 45 DDO 4
UGC 628 0100519 +19 28 32.9 5446 75.6 569 139
UGC 731 01 10 43.9 449 36 07.9 639 8.9 57¢ 257 DDO 9
UGC 1230 0145325 +253116.0 3833 53.2 25¢ 112
UGC 2259 02 47 55.4 +37 32 18.6 583 8.1 43k 160
UGC 2885 03 53 04.3 43535 31.0 5802 80.6 62° 225
UGC 3371 05 56 38.6 475 18 58.0 816 11.3 49¢ 133 DDO 39
UGC 6614 11 39 14.8 +17 08 36.8 6352 88.2 34¢ 108
UGC 8837 13 54 45.7  +53 54 02.7 144 3.8% 80¢ 22 DDO 185
UGC 9992 1541 47.8 +67 15 15.3 427 8.8* 309 35
UGC 10310 16 16 18.3  +47 02 47.1 716 9.9 34 19¢ DDO 204
UGC 11454 19 31 33.6 449 52 46.4 6628 92.1 644 106
UGC 11557 2023 58.3 +60 11 33.4 1390 19.3 364 94
UGC 11583 20 30 15.3 460 26 25.0 127 5.9* 834 88
UGC 11616 20 41 13.5 +63 30 38.4 5244 72.8 60¢ 99
UGC 11648 2053 09.5 +67 10 32.9 3361 46.7 834 145
UGC 11748 21 27 39.8  +45 28 58.8 5265 73.1 814 103
UGC 11819 21 49 10.7 +41 56 53.3 4261 59.2 667 167
UGC 11820 2149 28.4 +14 13 52.0 1104 15.3 50% 48
UGC 11944 2212 00.7 +17 54 09.6 1734 24.1 724 30
UGC 12695 23 36 02.2 +12 52 32.5 6185 85.9 49¢

Note. — This research has made use of the NASA /IPAC Extragalactic Database (NED), which is
operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the
National Aeronautics and Space Administration.

* : Refer to Col(5) explanation

Col.(2),(3),(4): Based on NASA/IPAC Extragalactic Database.

Col(5): Hubble flow distances assuming Ho = 72kmsec™ ' Mpc~! except UGC 8837, UGC 9992 and
UGC 11583, for which Hubble flow distances calculated based on Local group model are listed.
REFERENCES - (a)Eder & Schombert (2000) (b)de Blok et al. (1996) (c) McGaugh & Bothun (1994)
(d) McGaugh et al. (2001) (e) de Blok & Bosma (2002) (f) de Blok et al. (1995) (g) Bell et al. (2000)
(h) Carignan et al. (1988) (i) Canzian (1993)
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mated exposure times for the J and K bands. Our target exposure time in the K
band was 40 minutes. While sky subtraction is applied by median sky frames from
target images for many cases, we wanted to be more careful with handling our sam-
ple galaxies. Therefore we always obtained a separated dithered sets of sky for each
galaxy matching total exposure time on sky to galaxies. We also accounted for rapid
sky fluctuation in the sky by sandwiching each dithering set of target galaxy frames
and sky frames, which means that, after a dither set of a galaxy which generally
consists of nine exposures, a dither set of neighboring sky field which also consists
of 9 exposures follows. With typical exposures time for an individual image running
from 30 seconds to 45 seconds, a dither pattern never took longer than 8 minutes.
We also chose sky fields very carefully so that there is no major extended object,
especially bigger than a dithering gap, in those fields. With a default dithering gap
of 5”, we increased it to 10” when we could not find any suitable sky fields without a
major extended object. Considering overhead, it generally took slightly longer than

2 hours to obtain an image set for a galaxy.
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Table 2.2. Parameters of Near-Infrared Observations
Galaxy Date Telescope/Instrument Band Exp.Time
D512-2 May 28 2004 KPNO 4m/FLMN K 31.5min
D564-8 Feb 1 2005 KPNO 4m/FLMN K 36min
D565-5 Jan 29 2005 KPNO 4m/FLMN K 45min
D570-4 May 29 2004 KPNO 4m/FLMN K 36min
D575-2 May 30 2004 KPNO 4m/FLMN K 36min
D575-5 May 31 2004 KPNO 4m/FLMN K 36min
D584-2 May 30 2004 KPNO 4m/FLMN K 36min
D584-4 May 31 2004 KPNO 4m/FLMN K 36min
D721-5 May31 2004 KPNO 4m/FLMN K 36min
D723-4 Jan 29 2005 KPNO 4m/FLMN K 22.5min
D774-1 Jan 31 2005 KPNO 4m/FLMN K 36min
F563-1 Feb 1 2005 KPNO 4m/FLMN K 36min
F563-V1 Jan 31 2005 KPNO 4m/FLMN K 22.5min
Feb 1 2005 KPNO 4m/FLMN K 13.5min
F563-V2 Jan 31 2005 KPNO 4m/FLMN K 22.5min
Feb 1 2005 KPNO 4m/FLMN K 13.5min
F565-V2 Jan 29 2005 KPNO 4m/FLMN K 45min
F568-1 May 28 2004 KPNO 4m/FLMN K 27min
F568-V1 Jan 29 2005 KPNO 4m/FLMN K 36min
F571-8 May 30 2004 KPNO 4m/FLMN K 36min
F577-V1 May 29 2004 KPNO 4m/FLMN K 40min
F611-1 Jan 28 2005 KPNO 4m/FLMN K 40.5min
NGC 4455  May 28 2004 KPNO 4m/FLMN K 40.5min
UGC 128 Oct 14 2003 KPNO 4m/FLMN K 40min
UGC 334 Oct 15 2003 KPNO 4m/FLMN K 26.7min
Oct 17 2003 KPNO 4m/FLMN K 13.3min
UGC 628 Oct 13 2003 KPNO 4m/FLMN K 45min
UGC 731 Oct 12 2003 KPNO 4m/FLMN K 41.25min
UGC 1230 Oct 14 2003 KPNO 4m/FLMN K 40min
Oct 17 2003 KPNO 4m/FLMN J 40min
UGC 2259 Oct 13 2003 KPNO 4m/FLMN K 45min
Oct 16 2003 KPNO 4m/FLMN J 40min
UGC 2885 Oct 12 2003 KPNO 4m/FLMN K 30min
Oct 14 2003 KPNO 4m/FLMN K 15min
UGC 3371 Oct 15 2003 KPNO 4m/FLMN K 34.7min
Oct 16 2003 KPNO 4m/FLMN K 5.3min
Oct 17 2003 KPNO 4m/FLMN K 10.7min
Oct 17 2003 KPNO 4m/FLMN J 40min
UGC 5750 Jan 29 2005 KPNO 4m/FLMN K 36min
UGC 5981 Feb 1 2005 KPNO 4m/FLMN K 40min
UGC 6614  May 31 2004 KPNO 4m/FLMN K 36min
UGC 8837  May 30 2004 KPNO 4m/FLMN K 36min
UGC 9992 May 29 2004 KPNO 4m/FLMN K 36min
UGC 10310  May 29 2004 KPNO 4m/FLMN K 18min
May 30 2004 KPNO 4m/FLMN K 9min
May 31 2004 KPNO 4m/FLMN K 4.5min
UGC 11454  Oct 13 2003 KPNO 4m/FLMN K 45min
UGC 11557  Oct 14 2003 KPNO 4m/FLMn K 40min
UGC 11583  Oct 15 2003 KPNO 4m/FLMN K 40min
UGC 11616  Oct 12 2003 KPNO 4m/FLMN K 45min
May 28 2004 KPNO 4m/FLMN K 22.5min
May 31 2004 KPNO 4m/FLMN K 9min
UGC 11648  Oct 15 2003 KPNO 4m/FLMN K 26.7min
Oct 16 2003 KPNO 4m/FLMN K 13.3min
UGC 11748  Oct 14 2003 KPNO 4m/FLMN K 40min
UGC 11819  Oct 15 2003 KPNO 4m/FLMN K 40min
Oct 17 2003 KPNO 4m/FLMN J 40min
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Table 2.2 (cont’d)

Galaxy Date Telescope/Instrument ~ Band  Exp.Time
UGC 11820  Oct 16 2003 KPNO 4m/FLMN K 40min
Oct 16 2003 KPNO 4m/FLMN J 40min
UGC 11944  Oct 13 2003 KPNO 4m/FLMN K 30min
Oct 17 2003 KPNO 4m/FLMN K 15min
UGC 12695 Oct 16 2003 KPNO 4m/FLMN K 40min
Oct 17 2003 KPNO 4m/FLMN J 40min

Data Reduction

We used XDIMSUM for data reduction. XDIMSUM is an add-on IRAF pack-
age for creating accurate sky subtracted images from sets of dithered observations
(http://iraf.noao.edu/iraf/ftp/iraf/extern/xdimsum020627 /xdimsum.readme). How-
ever, the reduction procedure from XDIMSUM assumes that there is no separate
set of sky fields. Therefore we used the reduction scheme as follows.

After subtracting an average dark frame, which has the same exposure time as
the source, each galaxy and sky image is divided by a dome flat. This dome flat is
generated by subtracting an average image of a series of low illuminated dome flats
from an image of another series of high luminated dome flats.

Then we measured the median value of images using the center quarter of images.
With these median values, we calculated differences of sky medians from the lowest
one. Then we constructed a new set of sky frames by subtracting the differences
from original sky frames. Via this process, we eliminated excessive sky fluctuation
in order to obtain true local variation in sky level.

After calculating shifts between sky images, we constructed combined sky im-
ages for each dither set. Adding object masks extracted from each sky image to bad
pixel masks and cosmic ray masks which are generated before combining, we gen-
erated a mask for each sky frame. When we combined sky images within dithering

sets without shifts, we produced true sky frames, which we subtracted from galaxy
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frames.
However, differences between median levels were considered yet again, and sub-
tracted from galaxy frames before sky subtraction. Then final images are con-

structed considering shifts between image frames.

Astrometric Calibration

Basic astrometric calibration is performed by MSCGETCAT and MSCCMATCH
tasks, which are provided by MSCRED package. Although our combined images
are not mosaic images, we used MSCCMATCH task since its interactive procedures

perform fast and effectively on single images as well.

Photometric Calibration

In order to perform photometric calibration, we refer to Persson et al. (1998). We
obtained a dithered set of images of standard stars from Persson et al. (1998), which
were available between acquisitions of target galaxy images. Generally, we observed
about 4 sets of standard star images per night. A dithered set consists of 5 frames,
of which exposure time is either 5 seconds, or 10 seconds depending on apparent
magnitudes of target standard stars.

Since we have too few standard stars per night, we do not measure extinction
coefficients (Figs.2.1 (a) and (b)). In addition to lack of standard star data points,
sky background fluctuation overwhelms error in measurement. A typical value for
sky fluctuation in a given K image is about 0.07 mag, sometimes reaching 0.1 mag.
This is comparable to the typical extinction correction at the observed airmasses.

Instead, we calculated averages of photometric zeropoints given by each mea-
surement. Figs.2.1 (c¢) and (d) show averages of zeropoints for each night during

October 2003 and May 2004 runs.

21



A22-5 EI T T T T I T T T L I L L L L I L L T IE 22-6 E I I I I I I E
g {18 225
E2osfE JE2R5¢ 3
3 3 09, o 373 224 F . =
g223F .7 ° N !
3 : ) 18 223F } LR
N E -
ge22 b 48
,g E 222 F E
8221 F 18 0o B E
o, E Ja 3 3

22 :I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I: 22 : I I I I I I :

Airmass

A22-55| T L L B 22.6 T T T T 3
g E 1 225
Eoos E ) JE RS
- ‘o E 3 E
N ° 15 2R4F . 3 '3
gRR3 F e $
S - q &~ E 3
N jg2sp
L0222 F = 3 E
‘E .}E; 222 3 E
d221 F =
5 2 15 &1 E
o E ia 3 E

22 :I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I: 22 : I I I I :

1 1.25 1.5 1.75
Airmass

[\
Q
o
-
o

Figure 2.1: (a) Photometric zeropoints of standard stars plotted against airmass
for October 2003 run and (b) May 2004 runs. (c) Average zeropoints for each
night of October 2003 run. Error bars show a standard deviation for each night.
(d) Average zeropoints for each night of May 2004 run.

Our estimated photometric zeropoints are 22.328 mag and 22.388 mag for Oc-

tober 2003 and May 2004, respectively.
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2.2.3 Optical Data

Observation

10 LSB galaxies were observed at the 2.1-m telescope at Kitt Peak National Ob-
servatory through BV R filters in 2003 June after a three day run was stormed out
totally in 2002 June. T2KA CCD was used during the three day run. This CCD
has a pixel size of 0.”305 pixel ™! and has a comparable field of view (~ 10’ x 10) to
FLAMINGOS. Another LSB galaxy, UGC 2259, was observed at the 2.1-m telescope
at Kitt Peak National Observatory using the same instrument by Kuzio-de Nary in
September, 2004.

Data reduction for these optical images followed standard procedures using
IRAF. This applied bias and dark current subtraction and flat fielding, which is
performed with dome flats.

In order to complement our optical data, we used optical broadband images for
11 LSB galaxies from McGaugh & Bothun (1994). Theses images were obtained
through filters with the McGraw Hill 1.3-m telescope of the MDM Observatory
in 1991 February, 1991 November, and 1992 January. Two similar CCDs were
employed for these runs. A TI-4849 CCD was used for the 1991 February session
and a Thomson CCD was used for the other two session. Both of the CCDs have
the identical scale, 0.”48 pixel~!. Standard procedures using IRAF were used for the
data as well. McGaugh & Bothun (1994) describes observations and data reduction

in detail.
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Table 2.3. Observation Parameters for Sample Galaxies

Galaxy Date Telescope/Instrument Band Exp.Time
D646-5 Jun 27 2003 KPNO 2.1m/CFIM+T2KB B 30min
Jun 27 2003 KPNO 2.1m/CFIM+T2KB % 20min
Jun 27 2003 KPNO 2.1m/CFIM+T2KB R 20min
D721-5 Jun 26 2003 KPNO 2.1m/CFIM+T2KB B 30min
Jun 25 2003 KPNO 2.1m/CFIM+T2KB \%4 20min
Jun 25 2003 KPNO 2.1m/CFIM+T2KB R 20min
F730-V1 Jun 25 2003 KPNO2.1m/CFIM+T2KB B 30min
Jun 25 2003 KPNO2.1m/CFIM+T2KB \% 20min
Jun 25 2003 KPNO2.1m/CFIM+T2KB R 20min
UGC 2259  Sep 122004 KPNO 2.1m/CFIM+T2KB B 20min
Sep 12 2004 KPNO 2.1m/CFIM+T2KB R 10min
UGC 11454  Jun 26 2003 KPNO 2.1m/CFIM+T2KB B 30min
Jun 26 2003 KPNO 2.1m/CFIM+T2KB \% 20min
Jun 26 2003 KPNO 2.1m/CFIM+T2KB R 20min
UGC 11583  Jun 25 2003 KPNO 2.1m/CFIM+T2KB B 30min
Jun 25 2003 KPNO 2.1m/CFIM+T2KB \% 20min
Jun 25 2003 KPNO 2.1m/CFIM+T2KB R 20min
UGC 11616  Jun 26 2003 KPNO 2.1m/CFIM+T2KB B 30min
Jun 26 2003 KPNO 2.1m/CFIM+T2KB \%4 20min
Jun 26 2003 KPNO 2.1m/CFIM+T2KB R 20min
UGC 11748  Jun 26 2003 KPNO 2.1m/CFIM+T2KB B 30min
Jun 26 2003 KPNO 2.1m/CFIM+T2KB \% 10min
Jun 26 2003 KPNO 2.1m/CFIM+T2KB R 20min
UGC 11819  Jun 25 2003 KPNO 2.1m/CFIM+T2KB B 30min
Jun 25 2003 KPNO 2.1m/CFIM+T2KB % 20min
Jun 25 2003 KPNO 2.1m/CFIM+T2KB R 20min

Astrometric Calibration

Since original CCD images obtained from KPNO 2.1-m telescope and T2KB CCD
combination do not carry any world coordinate system (WCS) information in them,
we have to run processes in order to generate one in each image. Basically we in-
serted WCS information which roughly corresponds to centers of sample galaxies
and orientation of the instrument. Then we run an identical astrometric calibra-
tion process with MCSGETCAT and MSCCMATCH tasks. As with the case of

FLAMINGOS images, this provides us quicker and more efficient solutions.
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Photometric Calibration

We use reference stars from Landolt (1992). We measure zeropoints for standard
stars first, then measure extinction coefficients based on given airmass using the
least-square fitting. With extinction coefficients added, we fit color terms based on
colors given in Landolt (1992). We choose B-V, B-V, and V-R for B-, V-, and R-
bands, respectively, for June 2003 run and B-R for both B-, and R-bands. Once we
obtain photometric calibration relations, we fit for extinction coefficients again with
added color terms, and then for color coefficients again. We run recursive fittings
for extinction and color coefficients until shifts in fitting results are slight. Generally
it does not require more than 3 recursive fitting processes.

Final photometric calibration relationships for June 2003 run are;

B—b = 23.827+0.088x (B—V)—0.236 x x5 (2.1)
V—v = 23894+0.048 x (B— V) —0.141 x xy (2.2)
R—r = 23.965+0.075 x (V — R) — 0.103 X xz (2.3)

Those fits are shown in Fig.2.2.

Then, for September 2004, they are;

B—-b = 23737+ 0.009 x (B— R)—0.189 x xp (2.4)
R—r = 23963+ 0.020 x (B — R) —0.085 X xr (2.5)
Fig.2.3 shows fits for photometric calibration of September 2004 run.

For the sample galaxies from McGaugh (1992), we use photometric calibration
relationship derived and given by McGaugh (1992). For February 1991 run, they
are;

B—b = 21.234—0.061 x (B — ) — 0.250 X x5 (2.6)

I—i = 21.594+0.065 x (B —1I)—0.060 x x; (2.7)
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For October/November 1992 run, they are;

U—u = 19.901+0.038 x (U — B) (2.8)
B—b = 20.909—0.099 x (B—V) (2.9)
V—v = 21.725+0.005 x (B—V) (2.10)

I—i = 21.864—0.040 x (V —I) (2.11)

for the first three nights of the run. Then, for the last three nights of the run, they

are;

U—u = 19.989+0.039 x (U — B) (2.12)
B—b = 21.022—0.081x (B—V) (2.13)
V—v = 21.810+0.023 x (B—V) (2.14)

I—i = 21.900—0.033 x (V — 1) (2.15)

Since instrumental magnitudes have been corrected for atmospheric extinction
with the “Mt. Pinotubo” coefficients, these do not have extinction terms separately.

For January/February 1992 run, they are;

U—u = 19.892 —0.017 x (U — B) (2.16)
B—b = 20.916—0.130 x (B—V) (2.17)
V—v = 21.686+0.019 x (B—V) (2.18)

I—i = 21.790 —0.020 x (V —I) (2.19)

These do not include extinction coefficients since their instrument magnitude already

have been corrected with “Mt. Pinotubo” coeflicients as well.
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Figure 2.2: Photometric calibration for June 2003 run at KPNO 2.1-m telescope.

2.3 Images of Sample Galaxies

We present here the K -band images of sample galaxies along with available multi-

color optical CCD images.
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Figure 2.3: Photometric calibration for September 2004 run at KPNO 2.1-m

telescope.

2.3.1 D512-2

This LSB galaxy is barely detected in K-band, while a bright foreground star resides

southwest to the center of the galaxy (Fig.2.23 (a)). Although the galaxy is hardly

prominent against the sky, it still clearly shows asymmetric structure. It has a broad

tail-like feature northeast, while it does not show anything beyond the foreground

star.

2.3.2 D575-2

An asymmetric, amorphous galaxy does not show any clear feature, although it has

several knots on it. Its surface brightness profile does not have a clear exponential

disk, either (Fig.2.23 (b)).

28



2.3.3 Db584-2

Although this LSB dwarf galaxy hints some morphological structure, especially an
exponential disk, it is still an amorphous LSB galaxy (Fig.2.4). However, around
the central region, it shows some star formation activity which will be discussed

more later.

2.3.4 D721-5

This LSB disk galaxy looks like nothing but a small lump in the K -band (Fig.2.6).
However, this lump is actually the bulge region of this LSB galaxy, which has an
extended disk. Its surface brightness profiles in the optical and the K -band fit

nicely into Freeman type 2 exponential disk.

2.3.5 F561-1

This LSBG is very similar to D721-5 although it is a little closer. (Fig.2.7) Only

the B-band image shows its spiral structure clearly.
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2.3.6 F563-V1

This is an amorphous LSBG (Fig.2.8). It does not show any clear structure, such

as bulge, disk or spiral arms.

2.3.7 F563-V2

This LSBG shows very interesting features. First, it has an extended structure
northwest. This structure may be a spiral arm and a big blog just west to the
center of F563-V2 may be a companion galaxy. There is nothing southeast to its

center. (Fig.2.9)

2.3.8 F568-1

This LSB disk galaxy is a type Sc and still shows in the K -band (Fig.2.10). Al-
though with weak spiral arm feature, it has a very clear bulge and a type I expo-
nential disk. At the redshift of 0.0218, its scale length is also very big (~ 21.5 kpc)

in the K -band.

2.3.9 F571-8

With a very thick bulge inside, this edge-on disk galaxy shows very long, extended,
albeit thin disk (Fig.2.23 (c)). The surface density profile shows a dominant central
region. Since the bulge is so big, it does not resemble any typical disk type, although

its disk shows a nice clean exponential feature.
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2.3.10 F577-V1

This LSB galaxy barely shows detection, although it still shows weak spiral arm
and bar feature (Fig.2.11). Without a clear showing of exponential disk, this galaxy
can be a representative example of hidden galaxies, if longer exposure reveal more

distinctive structure.

2.3.11 F611-1

This is an asymmetric LSB dwarf galaxy (Fig.2.12). There is a very compact nucleus

in the northwest and other diffuse structures lie southeast to it.

2.3.12 F730-V1

This LSBG is a quite distant galaxy which shows a quite big central structure with

a small disk (Fig.2.13). It is very difficult to distinguish its spiral arms from its disk.

2.3.13 NGC 4455

This galaxy is another high surface brightness galaxy (Fig.2.25 (e)). While this
galaxy has a relatively smooth exponential disk, it still has lumpy features on its
surface brightness profile. It has lots of knots along outer parts of the disk. Com-

parison to Ha images will follow in a separate paper for Ha data.
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2.3.14 UGC 128

This galaxy shows nice spiral arm features in available optical band images (Fig.2.23
(d)). On the other hand, its K -band image only hints its spiral arm feature at the

rim of its bulge area by showing a couple nudging tips outward.

2.3.15 UGC 334

This LSB galaxy shows a very clear bar in available optical band images and prob-
ably is a type SBb galaxy (Fig.2.23 (e)). However, in our K -band image, the only
feature which it shows best is its bar. It still hints its northeast spiral arm from the

tip of its bar, though. Its disk has a weak exponential feature.

2.3.16 UGC 628

While this disk galaxy shows a bar-like feature within the central region, it also
suggests spiral arms branched off the bar-like feature (Fig.2.23 (f)). Its central
region looks very dominant, while its surface brightness profile shows an exponential

disk without an eminent central peak.

2.3.17 UGC 731

This LSB galaxy looks just amorphous in the K -band (Fig.2.24 (a)). However, it
shows its spiral arms moving up to shorter wavelengths and, probably its huge bar
as well. The same features are noticeable in the K -band, if one looks into the image

carefully.
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2.3.18 UGC 1230

This face-on LSB galaxy has an extremely thin disk through which several back-
ground galaxies are detected (Fig.2.14). This is true for images from optical bands
through the K, -band. On the other hand, it has spiral arms, which are not evi-
dent through all bands. While spiral arm feature exist, it is extremely difficult to
distinguish one arm from another. Type 1 exponential disk is well fitted to surface

photometry.

2.3.19 UGC 2259

This is a nice face-on galaxy which has two distinctive spiral arms (Fig.2.15). It has
a ring around its central region, which also shows up on its exponential disk of the

surface brightness profile.

2.3.20 UGC 2885

This galaxy is an intermediate surface brightness galaxy, which is included into the
sample for comparison (Fig.2.24 (b)). Although it has a moderate central surface
brightness, this galaxy has huge scale lengths, even in the Ky -band (~ 16.5 kpc).
With a very bright foreground star northeast, it displays asymmetric spiral arm
feature, although its spiral arms are evident. Its exponential disk is well-defined

and flat.
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2.3.21 UGC 3371

This is an amorphous dwarf LSB galaxy (Fig.2.24 (c)). This nearby galaxy does
not show any distinctive central feature. Still, its surface brightness profile shows

an exponential fit.

2.3.22 UGC 6614

This is one of the huge red LSB galaxies, which is comparable in size to Malin 2
(a ~ 12h~'kpe) (Fig.2.16). With a clear type 2 disk feature, it has a scale length of
5.2 kpc in the K -band, which is significantly shorter than in optical wavelengths.
While lack of detection for outer disk regions might have contributed to it, it still

shows its morphological features, which are nicely seen in optical bands.

2.3.23 UGC 8837

This amorphous LSB galaxy has an asymmetric structure, which has a broad plum-
like feature southwest, while ending abruptly northeast (Fig.2.24 (d)). It still has
a nice exponential disk with a shallow lump inside. There is an interesting feature
just off the center northeast, which looks similar to a huge foreground dust band.
However, this feature is not aligned with any structure of the galaxy and simply

cuts the galaxy.
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2.3.24 UGC 9992

This LSB galaxy shows a clear spiral arm feature, although an asymmetric one
(Fig.2.24 (e)). An arm extends well northwest, while another arm fades very quickly

southeast. It does not have any sign of a bulge or nucleus.

2.3.25 UGC 10310

This face-on LSB galaxy shows a very clear exponential disk while having big HII
regions on its spiral arms (Fig.2.24 (f)). Although weak, it also suggests a thick
feature inside, which makes this galaxy the Hubble type of SBb or SBc. While its
disk is clearly shown, it looks very thin; more than a couple background galaxies

show through it.

2.3.26 UGC 11454

This spiral galaxy shows two spiral arms very clearly, while its exponential disk has
a comparable scale length of 4.25 kpc (Fig.2.17). This spiral galaxy probably does
not qualify as an LSBG, if the stricter traditional standard (up > 23 mag arcsec™?)
is applied. With a small distinctive bulge, this galaxy can be categorized as Sc type

even in the K, -band.

2.3.27 UGC 11557

This face-on galaxy hints two spiral arms, while it has diffuse disk feature (Fig.2.25
(a)). It also has a very bright central structure, although it is not clear what
exactly lies in its center in the K -band. However, the bright central feature is very
elongated, which well matches available optical images with a clear bar-feature. It

has a well-defined exponential disk.
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2.3.28 UGC 11583

This edge-on galaxy has a very thin disk, while it has a very compact, relatively
bright central structure (Fig.2.18). While it is difficult to discern any spiral feature
from the K,-band image, its surface brightness profile shows relatively clear type 2

disk.

2.3.29 UGC 11616

One of the brightest galaxies among the sample, this spiral galaxy shows every
feature very clearly (Fig.2.19). With a relatively big bulge, one of its spiral arms has
several big knots, which represent HII regions. While once regarded as a LSB galaxy,
multiband observation suggest that this one with the central surface brightness in

the K,-band at 17.8 mag arcsec ~2 may not be one.

2.3.30 UGC 11648

Looking asymmetric, it is difficult to judge if it actually features an asymmetric
extended disk or something else (Fig.2.25 (b)). It has a broad peak in its central
region, while its extended feature southeast is very thin and irregular. It probably

does not belong to the traditional LSBG category (up > 23.5 mag arcsec™?) either.

2.3.31 UGC 11748

This is a well-defined, relatively big spiral galaxy (Fig.2.20). It has a big bulge
inside and shows spiral arm feature with a small pitch angle, although it is not very

distinctive. Its disk is a well-defined type 1 exponential disk.
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2.3.32 UGC 11819

This is a well-defined spiral galaxy, which has a distinctive type-2 exponential disk
(Fig.2.21). It has two clear spiral arms, which are diffused in the K -band and are
difficult to detect. Star forming regions along the spiral arms are evident accross
the bands (from B-band through K,-band). While its spiral arms end at around 25
arcsec, it has an extended disk feature beyond them. It is not clear, though, if this

feature is a part of spiral arm.

2.3.33 UGC 11820

This galaxy is an amorphous dwarf galaxy, which is just detected in Ky-band
(Fig.2.25 (c¢)). This LSBG looks almost like a globular cluster, albeit very low,
it has a central peak. It also shows a type-2 exponential disk. It is possible for this
galaxy to be a typical LSBG, which looks like an amorphous smudge on the sky if

given only a short exposure time.

2.3.34 UGC 11944

This LSBG looks amorphous while hinting that it may have thick disk feature
(Fig.2.25 (d)). The Ks-band images represents an exponential disk with a dipped
central region, however, optical band images from large surveys (e.g. DSS) suggest
that the thick disk feature might be a bar from which two spiral arms begin. This

galaxy may turn out to be type SBa with longer exposure.
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Figure 2.4: Images of D584-2. North is up and East is left. Intensity levels are
adjusted arbitrarily in order to show the galaxy best. The bar on the upper left
corner in (a) frame shows 1’. (a) B (b) V (c¢) R (d) K,

Three optical images are obtained with T2KA at KPNO 2.1-m telescope and the
Ks-band images is obtained with FLMN at KPNO 4-m telescope.

2.3.35 UGC 12695

This LSBG looks like an amorphous knot in the K -band, while it shows some
disk-like feature in the optical band images (Fig.2.22). In the these bands, it has a
boomerang-shape, which has its opening eastward. Throughout the bands, it does

not show any particular feature resembling a distinctive spiral arm.
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Figure 2.5: Images of D646-5. North is up and East is left. Intensity levels are
adjusted arbitrarily in order to show the galaxy best. The bar on the upper left

corner in (a) frame shows 1. (a) B (b) V (¢) R Three optical images are obtained
with T2KA at KPNO 2.1-m telescope.
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Figure 2.6: Images of D721-5. North is up and East is left. Intensity levels are
adjusted arbitrarily in order to show the galaxy best. The bar on the upper left
corner in (a) frame shows 1. (a) B (b) V (¢) R (d) Ks; Three optical images
are obtained with T2KA at KPNO 2.1-m telescope and the Ks-band images is
obtained with FLMN at KPNO 4-m telescope.
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Figure 2.7: Images of F561-1. North is up and East is left. Intensity levels are
adjusted arbitrarily in order to show the galaxy best. The bar on the upper left
corner in (a) frame shows 1’. (a) U (b) B (c) V (d) I These optical images are
from McGaugh et al. (1995b).
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Figure 2.8: Images of F563-V1. North is up and East is left. Intensity levels are
adjusted arbitrarily in order to show the galaxy best. The bar on the upper left
corner in (a) frame shows 1’. (a) U (b) B (¢) V (d) I These optical images are
from McGaugh et al. (1995b).
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Figure 2.9: Images of F563-V2. North is up and East is left. Intensity levels are
adjusted arbitrarily in order to show the galaxy best. The bar on the upper left
corner in (a) frame shows 1’. (a) U (b) B (¢) V (d) I These optical images are
from McGaugh et al. (1995b).

Figure 2.10: Images of F568-1. North is up and East is left. Intensity levels are
adjusted arbitrarily in order to show the galaxy best. The bar on the upper left

corner in (a) frame shows 1’. (a) B (b) I Two optical images are from McGaugh
et al. (1995b)
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Figure 2.11: Images of F577-V1. North is up and East is left. Intensity levels are
adjusted arbitrarily in order to show the galaxy best. The bar on the upper left
corner in (a) frame shows 1. (a) U (b) B (¢) V (d) I (e) K, Four optical images
are from McGaugh et al. (1995b) and the Ks-band image is obtained with FLMN
at KPNO 4-m telescope.
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Figure 2.12: Images of F611-1. North is up and East is left. Intensity levels are
adjusted arbitrarily in order to show the galaxy best. The bar on the upper left
corner in (a) frame shows 1’. (a) U (b) B (¢) V (d) I These optical images are
from McGaugh et al. (1995b).
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Figure 2.13: Images of F730-V1. North is up and East is left. Intensity levels are
adjusted arbitrarily in order to show the galaxy best. The bar on the upper left

corner in (a) frame shows 1. (a) B (b) V (c¢) R These optical images are obtained
with T2KA at KPNO 2.1-m telescope.
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Figure 2.14: Images of UGC 1230. North is up and East is left. Intensity levels
are adjusted arbitrarily in order to show the galaxy best. The bar on the upper
left corner in (a) frame shows 1’. (a) U (b) B (¢) V (d) I (e) K, Four optical
images are from McGaugh et al. (1995b) and the K -band image is obtained with
FLMN at KPNO 4-m telescope.
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Figure 2.15: Images of UGC 2259. North is up and East is left. Intensity levels are
adjusted arbitrarily in order to show the galaxy best. The bar on the upper left
corner in (a) frame shows 1’. (a) B (b) R (¢) K5 Two optical images are obtained
with T2KA at KPNO 2.1-m telescope by Kuzio de Naray and the Ks-band image
is is obtained with FLMN at KPNO 4-m telescope.
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Figure 2.16: Images of UGC 6614. North is up and East is left. Intensity levels
are adjusted arbitrarily in order to show the galaxy best. The bar on the upper
left corner in (a) frame shows 1. (a) U (b) B (¢) V (d) I (e) K, Four optical
images are from McGaugh et al. (1995b) and the Ks-band image is obtained with
FLMN at KPNO 4-m telescope.
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Figure 2.17: Images of UGC 11454. North is up and East is left. Intensity levels
are adjusted arbitrarily in order to show the galaxy best. The bar on the upper
left corner in (a) frame shows 1. (a) B (b) V (¢) R (d) Ks Three optical images
are obtained with T2KA at KPNO 2.1-m telescope and the K,-band image is
obtained with FLMN at KPNO 4-m telescope.
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Figure 2.18: Images of UGC 11583. North is up and East is left. Intensity levels
are adjusted arbitrarily in order to show the galaxy best. The bar on the upper
left corner in (a) frame shows 1. (a) B (b) V (¢) R (d) Ks Three optical images
are obtained with T2KA at KPNO 2.1-m telescope and the K,-band image is
obtained with FLMN at KPNO 4-m telescope.
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Figure 2.19: Images of UGC 11616. North is up and East is left. Intensity levels
are adjusted arbitrarily in order to show the galaxy best. The bar on the upper
left corner in (a) frame shows 1. (a) B (b) V (¢) R (d) Ks Three optical images
are obtained with T2KA at KPNO 2.1-m telescope and the K,-band image is
obtained with FLMN at KPNO 4-m telescope.
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Figure 2.20: Images of UGC 11748. North is up and East is left. Intensity levels
are adjusted arbitrarily in order to show the galaxy best. The bar on the upper
left corner in (a) frame shows 1. (a) B (b) V (¢) R (d) Ks Three optical images
are obtained with T2KA at KPNO 2.1-m telescope and the K,-band image is
obtained with FLMN at KPNO 4-m telescope.

93



: ‘ S * W Sy ; 2
ﬁ T ‘ ,... . . " ... ..:.
L L " e i o 2N o %
. o ' . .. N
. - . o Bk Wty
. " & :. . i ‘.. . . ::
. g : : . s i e
..‘ . . .sl.. r G l: i.. b A
*Y N » vy . ’
. a>. . k] . .<b>‘ 8 g
i . 2 . -
- P e . R
. - . .' . (2 ’ Syt i
N ‘u 5,' i
L (@

Figure 2.21: Images of UGC 11819. North is up and East is left. Intensity levels
are adjusted arbitrarily in order to show the galaxy best. The bar on the upper
left corner in (a) frame shows 1. (a) B (b) V (¢) R (d) Ks Three optical images
are obtained with T2KA at KPNO 2.1-m telescope and the K,-band image is
obtained with FLMN at KPNO 4-m telescope.
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Figure 2.22: Images of UGC 12695. North is up and East is left. Intensity levels
are adjusted arbitrarily in order to show the galaxy best. The bar on the upper
left corner in (a) frame shows 1. (a) U (b) B (¢) V (d) I (e) K, Four optical
images are from McGaugh et al. (1995b) and the Ks-band image is obtained with
FLMN at KPNO 4-m telescope.
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Figure 2.23: K -band images of sample galaxies without optical images. North is
up and East is left. Intensity levels are adjusted arbitrarily in order to show the
galaxy best. The bar on the upper left corner in (a) frame shows 1’ and linear
sizes are same for every image. (a) D512-2 (b) D575-2 (c¢) F571-8 (d) UGC 128
(e) UGC 334 (f) UGC 628
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Figure 2.24: Another Ks-band image set for sample galaxies without optical im-
ages. North is up and East is left. Intensity levels are adjusted arbitrarily in order
to show the galaxy best. The bar on the upper left corner in (a) frame shows 1/
and linear sizes are same for every image, except (d) UGC 8837. For UGC 8837,
the bar on the upper left corner indicates 0.5". (a) UGC 731 (b) UGC 2885 (c)
UGC 3371 (d) UGC 8837 (e) UGC 9992 (f) UGC 10310

57



Figure 2.25: Final Ks-band image set for sample galaxies without optical images.
North is up and East is left. Intensity levels are adjusted arbitrarily in order to
show the galaxy best. The bar on the upper left corner in (a) frame shows 1’. (a)

UGC 11557 (b) UGC 11648 (c) UGC 11820 (d) UGC 11944 () NGC 4455
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2.4 Surface Photometry

2.4.1 Methodology

Surface photometry is carried out by ARCHANGEL package, which was devel-
oped by Dr. J. Schombert for surface photometry of galaxies (Schombert 2007).
ARCHANGEL enables one to perform quick and precise surface photometry auto-
matically.

When ARCHANGEL decides centers of sample galaxies in image frames, it eval-
uates sky values depending on parameters, such as grid sizes, and o values for
object detection. Once ARCHANGEL estimates sky values, then it generates clean
images by eliminating foreground and background stars, background galaxies, and
other non-factor objects. Then it runs ellipse fitting, which resembles ELLIPSE
task from IRAF. While ELLIPSE task required you to decide many options be-
fore running properly, ARCHANGEL generally provides reliable automated fitting
through several available options. Once surface photometry profiles are produced
by ARCHANGEL, exponential disk profiles are eye-fitted. Then, basic parameters,
such as total magnitude, exponential disk scale length, and central surface brightness
are measured. Exponential disk fits on sample galaxies are described and discussed

in the following sections in detail.

2.4.2 FError Analysis

There are four possible error sources for our surface photometry. The first one is
erroneous photometric calibration. Photometry on standard stars and photometric
zeropoint fitting can cause offsets. Typically photometry on standard stars does

not issue a big error. For our optical and NIR photometry, this is generally smaller
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than 0.01 mag. Since recursive least-square fitting uses this error, we do not have
to consider this error separately. Photometric zeropoint fitting involves airmass and
colors. Since our NIR images were acquired during a wide range of airmass, we
decided to pick averages of photometric zeropoints for NIR photometry. Errors are
less than 0.05 mag. With recursive fitting, photometric zeropoints for optical runs
have even smaller errors, less than 0.02 mag.

Another measurement error is from isophote measurement. ARCHANGEL pro-
vides measurement errors of isophotes which it generates. These errors are standard
deviations along borders of isophotes. These errors become bigger toward outer
ellipses since skybackground become dominant in outer regions.

However, the biggest source of error is sky uncertainty. de Jong (1996) claimed
that sky subtraction is very important to the practice of bulge/disk decomposition.
With intensive simulations and tests, MacArthur et al. (2003) confirmed that sky
uncertainty provides the biggest error in studies of surface photometry. Our method
to measure skybackground was as following. We put multiple (typically around
20) boxes around our target galaxies. Bright objects were generally masked out
beforehand, or median values were chosed instead of averages. For NIR images
which we subtracted skybackground, we measure these averages from sky frames,
instead of target galaxy frames. Then we calculated standard deviations of those

averages of boxes. We take these standard deviations as our skybackground errors.
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Table 2.4. Results of Surface Photometry

Galaxy Band mrp M 1o ,u(c)‘”" ht h2 Ai
D512-2 Ve -16.96 21.1 0.5
Ie -17.76
K, 11.649 -18.67 19.7 20.5+0.01 89  0.54+0.05 0.006
D575-2 Ut -15.26+0.04
B -15.1440.01
Vo -15.56040.02  23.664-0.09 1.5640.07
K, 15.840 -14.32 21.2 22.0£0.08 38 2.040.23  0.014
D575-5 U -12.79+0.04
B -12.6540.01
Vo -12.854+0.03  24.69+0.09 1.5640.07
D584-2 B 16.707 -16.10 23.55 24.1£0.02 5.94 1.05+0.05 0.297
\Ys 16.612 -16.20 22.71 23.240.02 7.80 1.3840.05 0.228
R 18.902 -13.91 22.3 22.840.03 9.33 1.65+0.15 0.184
K, 15.037 -17.775 20.1 20.6+0.25 6.22 1.14+0.21  0.025
D584-4 O3 -17.2640.05
B -16.8940.01
vb -17.1740.02  23.35+0.06 2.53+0.06
D646-5 B 16.678 -14.08 23.3 24.240.01 9.5 0.65+£0.02 0.132
AV 16.624 -14.13 22.75 23.64£0.01 87  0.6£0.02 0.101
R 16.168 -14.59 22.4 23.3+£0.02 9.5  0.65+0.05 0.082
D646-7 83 -12.7040.02
B -12.25+0.01
Vb -12.53+0.02  21.72+0.20 0.1540.01
D721-5 B 18.037 -16.50 23.15 23.6£0.07 4.68 1.83£0.09 0.111
\Ys 17.011 -17.52 22.25 22.740.07 4.80 1.884+0.10 0.085
R 16.699 -17.84 21.95 22.3540.09 5.75 2.25+0.11 0.069
K, 16.304 -18.23 20.95 21.354+0.19 7.54 2.954+0.30  0.009
F561-1 U 15.489 -18.601 23.45 23.55+0.10 17.1 5.563+0.23 0.253
B 16.505 -17.585 23.45 23.554£0.09 12.5 4.05+0.18 0.201
v 16.052 -18.038 23.05 23.15+0.09 11.4 3.740.22 0.154
I 14.802 -19.288 22.35 22.45+0.11 14.6  4.73+£0.46  0.090
F563-V1 U 17.705 -15.925 24.15 24.9+0.05 13.5 3.53%£0.16 0.141
B 18.189 -15.441 23.55 24.340.05 109 2.854+0.12 0.112
v 16.869 -16.761 23.35 24.14£0.04  9.35 2.454+0.08  0.086
I 15.453 -18.177 22.35 23.14£0.08  8.97 2.35+0.22  0.050
F563-V2 U 13.107 -20.749 23.35 23.5£0.08 11.4 3.3£0.35  0.091
B 16.922 -16.934 22.3 22.440.07 102  2.954+0.29 0.072
v 16.191 -17.665 22.35 22.540.07 10.0 2.940.27  0.055
I 14.929 -18.927 21.0 21.15+0.12 7.9  2.3+0.41  0.032
F568-1 B 16.443 -18.313 23.65 23.7£0.08 125 5.25+0.35 0.083
I 15.616 -19.140 21.15 21.340.12  10.2  4.540.41  0.037
K, 13.103 -21.68 19.9 20.04+0.12 9.8  4.34+0.35  0.007
F571-8 K, 13.047 -20.53 18.95 18.95£0.05 11.3 2.85+£0.27 0.009
F577-V1 U 17.293 -17.848 22.05 22.3+0.03 3.2 1.65£0.21 0.123
B 17.172 -17.969 22.08 22.340.01 6.8 3.55+0.16 0.097
vV 17.062 -18.079 21.65 21.940.02 2.9  15+0.27 0.075
I 15.617 -19.524 20.15 20.440.01 3.6 1.940.13  0.044
K, 17.914 -17.26 20.15 20.440.03 1.9  1.04£0.21  0.008
F611-1 U 16.494 -15.89 22.68 22.9+0.03 144 2.1+0.09 0.490
B 15.394 -16.99 23.68 23.940.02 11.3  1.654+0.08  0.389
Vv 13.924 -18.46 23.35 23.6+0.02  12.0 1.754+0.07 0.299
I 16.727 -15.66 23.25 23.540.05 10.3  1.54+0.13  0.175
F730-V1 B 16.642 -19.224 22.35 22.840.03 9.6  6.9£0.25 0.435
Vv 16.009 -19.857 21.75 22.240.02 83  6.040.27 0.334
R 15.590 -20.276 21.35 21.840.02 8.1 5.854+0.30 0.269
NGC 4455 K 10.069 -24.67 18.4 20.0£0.02 245 1.05+0.03 0.008
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Table 2.4 (cont’d)

Galaxy Band mp Mp Lo ug" hl! h2 Ai
UGC 128 Ue 15.0+£0.2 -19.00 23.96+0.15 32+6

Be 15.1640.05 -18.84 23.55+0.05 2440.6

Ve 14.50+0.05 -19.50 22.9440.02 2540.5

Re 14.3540.05 -19.65 22.50+0.01 2240.01

Ie 14.0640.05 -19.94 22.09+0.04 214+0.3

K, 11.298 -22.70 19.1 19.95+0.05 7.05 2.154£0.18  0.023
UGC 334 B¢ 15.4+0.3 -18.64 23.540.1 25+10

Ve 14.740.3 -19.34 22.6+0.2 23411

Re 14.44+0.3 -19.64 22.3+0.2 2147

Ie 14.440.2 -19.64 21.940.1 1743

K, 10.594 -23.45 19.55 19.65+0.07 8.7 2.740.27  0.020
UGC 628 Ue 15.5+0.1 -18.89 23.0£0.1 17+1

Be 15.640.1 -18.79 23.140.1 1742

Ve 15.14+0.1 -19.29 22.5540.05 16.5+0.7

Re 14.740.1 -19.69 22.14+40.05 16.0+0.3

Ie 14.240.05 -20.19 21.6540.02 15.240.3

K, 10.382 -24.01 18.65 19.25+0.01 6.1 2.2540.04 0.016
UGC 731 W3 -17.4440.02

B -17.1240.01

Vo -17.464+0.02  23.3340.04 3.0940.08

K, 10.192 -19.55 19.1 21.4540.06 8.4 0.364+0.06 0.051
UGC 1230 U 14.915 -18.686 21.35 21.45%0.02 7.9 2.05+0.14 0.627

B 16.111 -17.490 21.65 21.75+0.01 7.6 1.954+0.09  0.498

Vv 15.573 -18.028 21.05 21.1540.01 7.4 1.940.07  0.382

I 14.627 -18.974 20.0 20.1+0.01 5.8 1.540.05  0.224

K, 9.711 -21.04 19.15 19.2540.01 5.2 1.3540.06  0.042
UGC 2259 B 13.809 -15.703 22.7 23.0£0.02 40.8 1.6£0.05 0.315

R 12.489 -17.023 21.5 21.8+0.02 39.5 1.554£0.06  0.195

K, 9.133 -20.41 19.5 19.85+0.04 19.1 0.75+0.10  0.027
UGC 2885 B4 -22.80 22.0 13.0

A4 -23.27

K 8.067 -26.26 17.55 18.35 42.2 16.5 0.073
UGC 3371 Ue 13.60 -16.68

B¢ 13.7140.19  -16.56+0.19 24.21 3.65

ve 13.05 -17.23

K, 10.435 -19.84 20.65 21.10+0.04 11.5 0.634£0.05 0.054
UGC 6614 U 16.249 -18.451 21.6 21.8£0.23 9.4 4.0£0.35 0.153

B 14.781 -19.919 21.3 21.5+0.15 14.7 6.3+0.27  0.122

\% 13.406 -21.294 20.35 20.55+0.15 8.5 3.654+0.30  0.094

I 11.377 -23.323 19.1 19.340.24 8.7 3.7£0.29  0.055

K 10.741 -23.99 18.2 18.440.25 11.5 4.940.36  0.010
UGC 8837 Ut -14.7440.02

B -14.47+0.01

VP -14.9540.01  22.87+0.05 0.7940.01

K, 10.581 -17.28 20.15 21.940.01 33.0 0.604+0.02  0.005
UGC 9992 g 14.54 -15.18

B¢ 14.7040.10  -15.0240.10 22.84 0.71

ve 14.33 -15.39

K, 12.640 -17.08 19.4 19.640.01 9.7 0.4140.01  0.013
UGC 10310 Ut -17.5440.01

B -17.20+0.01

Vo -17.5840.01  22.30+0.11 1.7440.10

K, 10.714 -19.27 20.05 20.2540.02 37.3 1.840.04  0.004
UGC 11454 B 14.022 -20.80 21.4 22.25+0.03 9.0 4.0£0.23 0.422

\% 13.050 -21.77 20.55 21.440.02 9.0 4.040.13  0.324

R 12.792 -22.03 20.3 21.15+0.01 10.1 4.54+0.28  0.261
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Table 2.4 (cont’d)

Galaxy Band mr M o g hl h2 A§\
K, 10.604 -24.22 17.8 18.65+0.02 7.4  3.3£0.20  0.036
UGC 11557 K 9.742 -21.69 18.88 19.10£0.01 454 4.25£0.02 0.087
UGC 11583 B 14.668 -14.183 22.3 24.30£0.01 327 0.28+£0.01 1.319
\Y% 14.667 -14.184 21.65 24.65+£0.01 29.2 0.25+0.01 1.013
R 13.369 -15.481 21.3 23.3+0.01 36.2 0.31+£0.01 0.817
K 11.679 -17.172 19.85 21.854+0.01 21.0 0.18+0.01 0.112
UGC 11616 B 13.581 -20.73 21.55 22.3+0.04 17.0 6.0+£0.08  1.497
\Y% 13.102 -21.21 20.85 21.6+0.04 153  5.4+0.09 1.150
R 12.734 -21.58 20.25 21.04£0.05 13.9 4.940.12 0.927
K 10.387 -23.92 17.85 18.64+0.07 85  3.040.14  0.127
UGC 11648 K 10.394 -22.95 17.25 19.25£0.02 16.8 3.8£0.04 0.199
UGC 11748 B 12.394 -21.93 2275 24.6+0.03 85  3.0£0.15  2.757
\Y% 11.764 -22.56 21.45 23.340.02 9.7  3.43+0.13 2.118
R 11.30 -23.02 20.40 22.254+0.05 88  3.13+0.15 1.708
K 10.071 -24.25 15.3 17.15£0.04 7.1  2.5+0.18 0.234
UGC 11819 B 14.226 -19.605 21.5 22.45+0.03 227 6.5+0.19 1.731
Y, 13.557 -20.274 20.65 21.6+0.03 19.9 5.7£0.22  1.330
R 13.202 -20.629 20.1 21.054+0.03 18.5 5.3+0.24  1.072
K 10.800 -23.06 17.85 18.840.04 15.7 4.540.25  0.147
UGC 11820 Ub -17.4140.02
BP -17.1740.01
vb -17.56+0.02  23.6440.07 3.5040.10
K, 12.235 -18.70 19.65 20.140.02  43.0  3.240.03  0.046
UGC 11944 Uc 14.74 -17.17
B¢ 14.92+0.09 -16.99 24.30 4.32
ve 14.50 -17.41
K, 11.413 -20.50 20.2 21.4540.03 11.6 1.354+0.10 0.017
UGC 12695 U 16.739 -17.901 21.85 22.3+0.01 4.9 2.05+£0.12 0.316
B 17.370 -17.27 22.05 22.5+0.01 5.3  2.204+0.11 0.251
\Ys 17.084 -17.556 21.65 21.954+0.01 4.3  1.804+0.09 0.193
I 17.145 -17.495 21.05 21.5+0.02 4.9 2.05+0.12 0.130
K, 12.500 -22.17 21.35 21.840.05 3.2  1.35+0.11 0.021

Note. — Col.(1): Galaxy name Col.(2): Band Col.(3) : Apparent total magnitude Col.(4) : Absolute total
magnitude Col.(5) : Central surface brightness only corrected for galactic extinction Col.(6) : Central surface
brightness corrected for galactic extinction and inclination Col.(7) : Disk scale length in arcsec Col.(8) : Disk

scale length in kpc Col.(9) : Galactic extinction from NED based on Schlegel et al. (1998)

Reference :(a)Pildis et al. (1997) (b)Hunter & Elmegreen (2006) (c)van Zee (2001) (d)Chattopadhyay & Chat-
topadhyay (2006)

2.4.3 Structure of Sample Galaxies

For disk galaxies, an exponential disk profile is generally fit in the form of

X(r)

= ZQG_T/Q,

while their inner regions are fit using the de Vaucouleurs r'/* profile

%(r)

266—7.67[(7’/7’@)—1] ]
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Figure 2.26: Ks-band surface photometry profiles of sample galaxies (a) D512-2
(b) D575-2 (c¢) F571-8 (d) NGC 4455. Upper x-axis is in kpc. Arrows indicate
profile portions where exponential disk fitting is performed.
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Figure 2.27: K;-band surface photometry profiles of sample galaxies (a) UGC 128
(b) UGC 334 (c) UGC 628 (d) UGC 731. Arrows indicate profile portions where

exponential disk fitting is performed.
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Figure 2.29: Kg-band surface photometry profiles of sample galaxies (a) UGC
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portions where exponential disk fitting is performed.
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Figure 2.30: Multiband surface photometry profiles of sample galaxies Each sym-
bol represet as follow: empty triangle U, filled square B, empty circle V, filled
triangle R, empty square I, filled circle K for photometry profiles which are pre-
sented in upper boxes. Generally from the top to the bottom they are K-, I-, R-,
V-, B-, and U-band.

Colors in lower boxes are represented by filled circles for R-K;, empty triangles
for V-R, or V-1, filled squares for B-V, and empty circles for U-B.

(a) D584-2 (b) D646-5 (c) D721-5 (d) F561-1
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Figure 2.31: Multiband surface photometry profiles of sample galaxies (a) F563-v1
(b) F563-v2 (c) D721-5 (d) F568-1. Symbols are the same as in Fig.2.30.
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in Fig.2.30.
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Here, ¥ is the surface luminosity density in flux units, r is the major axis radius,
Yo is the central surface brightness and « is the scale length of exponential disk. X,
and 7. are the effective surface brightness and effective radius, respectively.

For sample galaxies, exponential disk profiles are fit to surface brightness profiles
generated by ARCHANGEL. Each surface brightness profile is examined carefully,
then it is decided which portion of a profile is fitted as “disk”. We performed this
process by eye-examination. Each portion which is used as a disk is marked by
arrows in each surface brightness profile plot. Then linear square fittings were run
on these portions in order to calculate the central surface brightnesses and scale
lenghts of disks.

Throughout bands, the central surface brightness and the exponential disk scales
do not show any typical value, or any strong correlation within a given band
(Fig.2.35).

For the sample galaxies with available B-band images, the average central surface

2

brightness in the B-band is 23.13 mag arcsec™ with a standard deviation of 0.93 mag

2

arcsec””. Among these 19 galaxies, 2 galaxies have the central surface brightness

brighter than 22 mag arcsec™2.

The average of exponential disk scale length for
these galaxies is 3.29 + 2.01 kpc.

Although not for the same sample galaxies, average central surface brightness
for other bands are 22.54 4 1.09 mag arcsec 2 , 22.08 £ 0.83 mag arcsec” 2, and
19.99 £ 1.27 mag arcsec™? for V-, R-, and K -bands, respectively.

Average exponential disk scale lengths are 2.84 + 1.68 kpc, 3.01 £ 1.91 kpc, and
2.57 £+ 2.93 kpc for V-, R-, and K;-bands, respectively.

These values do not represent trends through bands since their sample galaxies

do not overlap exclusively. However, they still suggest that there exist some trends.

Correlation coefficients between parameters within bands are given by Table 2.5,
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Table 2.5. Correlation Matrix of B-band Parameters

h My

p -048  0.59

Table 2.6. Correlation Matrix of V-band Parameters

h My

p -048  0.52
h -0.59

2.6, 2.7 and 2.8. Trends through bands will be discussed in section 2.4.6 in detail.

2.4.4 Luminosity

ARCHANGEL measures flux of a target galaxy by integrating isophote flux along
its radius. As for structural parameters, sample galaxies do not have any typical
luminosity values through bands. (Fig.2.36). The only noticeable trend is that
scatters increase for longer wavelength bands. The K -band luminosity has a much
larger scatter compared to the B-band luminosity (Fig.2.36 (c)).

Sample galaxies have a wide range of luminosity. The brightest galaxy in the
sample is roughly 4 orders of magnitude brighter than the least bright galaxy. This

is valid throughout all bands.

Table 2.7. Correlation Matrix of R-band Parameters

h Mr

pn -0.67  0.46
h -0.53
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Table 2.8. Correlation Matrix of K,-band Parameters

h Mr

u -057 059
h -0.51
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Generally, sample galaxies are brighter when their central surface brightness is
brighter through bands, although the scatter is big (Figs. 2.37). Likewise, sample
galaxies are brighter when their disk scale lengths are bigger (Fig.2.38). This is an
obvious trend since sample galaxies are selected to have a narrow window of central

surface brightness.
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K..

2.4.5 Colors

Since our optical broadband data are patchwork, colors should be taken carefully.
For 32 galaxies, which have both B—, and V —bands available, the average of B—V
is 0.453 + 0.28. For B — R, the average is 1.035 £ 0.28 with 12 sample galaxies,
while -0.25+ 0.422 and 0.99 4 0.40 for U — B with 21 galaxies, and V — I with 11
galaxies, respectively.

Compared to other studies, these mean colors are well matched. Mean colors
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(d) K.
from McGaugh & Bothun (1994) are U — B = —0.17 £ 0.05, B — V' = 0.49 £ 0.04,
and V' — 1 = 0.89 £ 0.04. de Blok et al. (1995) has U — B = —0.14+0.05, B -V =
0.52+0.05,B—R=0.78+ 0.1, and V — I = 0.69 £+ 0.01.

In order to compare the colors of our sample LSBGs to HSBGs, we used color
values derived by de Blok et al. (1995). Using the RC3 (de Vaucouleurs et al. 1991),
the ESO-LV (Lauberts & Valentijn 1989), and results from some other studies, de

Blok et al. (1995) determined the color of typical HSB Sdm-Sm galaxies. These
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Figure 2.39: B — R versus R — K, for sample galaxies.

colorsare U — B=—-0.14,B—-—V =0.51,B— R =092, and V — I =0.9.
Comparison with these colors show that U — B and B —V of LSBGs are roughly
identical to those of late-type HSB spiral galaxies. These blue colors are generally

associated with star formation, which is taking place in LSBGs.

79



V—Ks

5.5

4.5

1 15 2 25 3 35

0.5

-15 -1 -05 0

—-0.5 0 0.5 1 1.5 2

F [T \ T \ T \ E
- l .
- ! E
M
g t— i
- | i E
- I — :
- I ! B
- i E
N ! |
= I E
- I -
El l o l C L A
—-0.5 0 0.5 1 1.5 2

Figure 2.40: B — V versus V — K for sample galaxies.

80



2.4.6 Color Dependence of Structure Parameters

The structural parameters of exponential disk profiles depend on wavelength. In or-
der to verify more carefully, sample galaxies which share same broadband luminosity
data are plotted for various parameters (Figs. 2.41, 2.42,2.43, 2.44, 2.45).

For sample galaxies with B—,V —, and K;—bands in common, central surface
brightness increases from py = 22.88 + 1.02 for B—band, to pug = 22.18 £+ 1.12
for V—band, to pug = 19.71 £ 1.49 for K,-band. Exponential disk scale length also
increases from 3.33 £ 2.06 (kpc) for B—band, to 2.81 + 1.67 (kpc) for V—band, to
2.38 £ 1.44 (kpc) for Ks-band.

This is also true for sample galaxies with B—, R—, and K,— bands. Central
surface brightness decreases from py = 23.25 £+ 0.89 for B—band, to pug = 21.96 £+
0.80 for R—band, to pg = 18.81 £ 1.84 for K-band. Exponential disk scale length
decreases from 3.03 £+ 2.14 (kpc) for B—band, to 2.94 + 1.69 (kpc) for R—band, to
2.29 + 1.38 (kpc) for Ks-band.

It is noticed that, for disk scale length, ratios between disk scale length of each
band should be examined rather than simple averages, because changes within small
galaxies with small disk scale lengths would be hidden with simple comparison of
averages.

That being said, it is relatively clear that disk scale length of K is shorter than
those of B—,V —, and R—bands. It is not clear that this will invoke color gradient
on disk stellar populations, since, for some sample galaxies, K,-band images show
marginal detection and lead to short disk scale lengths. Our surface brightness
detection limit for the K,-band images is about 23.5 mag arcsec 2. There are sample
galaxies whose exponential disks do not extend to two to three times their disk

scale lengths above this limit (e.g. UGC 12695 see Fig.2.34 (d)). We excluded
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Table 2.9. Correlation Matrix of Color Dependence

B-V  B-R R-Ks

Mp -049 051  0.12
Mgs -032 041  0.15
wp  -0.71 -0.12  0.07
wrs -0.59  -0.55  0.10
hg 051 -0.65 0.09
hxs 0.65 -0.53  0.16

sample galaxies which do not show their disks extending two times their optical
scale lengths, then calculated ratios of B-band exponential disk scale length to K-
band exponential disk scale length. For those 13 sample galaxies, the mean ratio
between two disk scale lengths is 0.67 compared to the mean ratio of 0.57 for the
entire sample. Therefore, we can conclude K -band disk scale lengths generally are
shorter than B-band disk scale lengths for our sample LSBGs. de Jong & van der

Kruit (1994) and Peletier et al. (1994) found similar results.

2.5 Discussion

We have looked into colors of our sample LSBGs and compared them to colors of
LSBGs from literatures and those of HSBGs. In this section, we describe a few
plausible scenarios which may apply to LSBGs, and discuss their strengths and

shortcomings.

2.5.1 Initial Starburst Scenario

An initial starburst with subsequent cutoff in star formation makes disks, or galaxies
redder and fainter with time, as short-lived blue stars die. When LSBGs were first
found, this scenario was considered as a very natural explanation for the nature of

LSBGs. They were simply regarded as the faded remnants of normal galaxies.
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Figure 2.41: Correlations between central surface brightness, disk scale length and
luminosity for various bands. Left panels represent sample galaxies with B, V, and
K, bands. Right panels represent sample galaxies with B, R, and K bands. Blue
symbols represent B-band values, green symbols represent either V (left panels),
or R-band (right panels) values, and red symbols represent K -band values. (a)
luminosity versus central surface brightness (b) luminosity versus central surface
brightness (c) central surface brightness versus disk scale length (d) central surface
brightness versus disk scale length.
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Figure 2.42: Correlations between central surface brightness, disk scale length and
luminosity for various bands. See Fig.2.41 for symbol descriptions. (a) luminosity
versus disk scale lengths (b) luminosity versus disk scale lengths.

However, we should be able to witness a strong correlation between their central
surface brightnesses and colors, or any age indicators for that matter. Fig. 2.43 (b)
does not show the necessary trend. If LSBGs truly had been once normal galaxies,
their central surface brightnesses should become fainter as B — V' colors become
redder. This is not shown by Fig. 2.43 (b). Based on this plot, generally bluer

galaxies are those galaxies with fainter central surface brightnesses, not only in the

B-band, but also in the K,-band.
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2.5.2 Exponentially Declining Scenario

The scenario with exponentially declining star formation rates (SFRs) has been
considered as the standard star formation history for spiral galaxies. This scenario
can result in blu colors in U — B and B — V' bands which are similar to those of

spiral galaxies since these two colors are sensitive to recent star formation activity.
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Figure 2.44: Color dependence of central surface brightness, disk scale length and
luminosity. See Fig.2.41 for symbol descriptions. These panels are galaxies with
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brightness (c) B-R versus disk scale length.
Although very weak, LSBGs do have star forming activity and this scenario with
declining SFRs fits well with low current SFRs that we observe in LSBGs.
Therefore, in order to confirm whether LSBGs really have gone through the SFHs
with exponentially declining SFRs, we have to look at the presence or absence of a

large old, red stellar population, since a greater amount of stars should have been

formed in the past with this SFH. These old stars should be eminent in the R— and
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I— bands and colors of galaxies with these old populations will be similar to those
of late-type HSBGs. However, the B — R and V — I colors of LSBGs are bluer than
those of HSBGs.

K,-band photometry may be the best indicator for old stellar populations since
it is believed to be insensitive to current star forming activity. Although LSBGs
generally are less luminous than HSBGs in the K -band, there are several LSBGs
which are quite luminous in the K,-band. Indeed, among our sample LSBGs, there
are several galaxies whose absolute K ,-band magnitudes reach ~ -24 mag. However,
galaxies which are luminous in the K,-band do not always have red colors in V' — I
similar to those of HSBGs. Of ten sample LSB galaxies whose K,-band absolute
magnitudes are brighter than -22.0 mag, three LSBGs clearly have bluer V — I,
or R — I colors and another three galaxies have intermediate colors. Hence the

exponentially decreasing scenarios is not favored to explain colors of LSBGs.

2.5.3 Constant Star Formation Scenario

A galaxy with a constant SFR scenario would have U — B and B — V' colors similar
to those of LSBGs. B — R and V — I colors are also expected to show the presence
of of a large old population which have been formed through the life time of a
galaxy. Although we can claim that generally our sample LSBGs have bluer colors
of B— R and V — I, we can not simply rule out this scenario. Unlike what de Blok
et al. (1995) found, we have many LSBGs with high luminosity in NIR photometry,
which potentially lead into a large amount of old stellar populations, and a decent
number of our sample LSBGs have redder colors of B — R and V' — [ than values
from previous studies. A roughly constant SFR over time does thus seem grossly

consistent with the observed colors.
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2.5.4 Sporadic Star Formation Scenario

The blue U — B and B — V colors, combined with the fact that there are star
formation activities in LSBGs, suggest that LSBGs may have SFHs with sporadic
SFRs. Based on low metallicity and the near absence of molecular ISM, it is quite
unlikely that LSBGs have had a large amount of past star formation. Still a small
surge in SFR can make those colors bluer. Salzer et al. (1991) show that it does not
require a large amount of young blue populations to produce blue colors especially
in LSB regions. Therefore, if a small hike in the SFR of a LSBG is taking place at
the moment, it leads to bluer colors for the galaxy, whether or not it has had a very

low constant SFR.

2.6 Summary

We have looked into luminosities, colors, and structural parameters of a large sample
of LSBGs. They are generally blue in optical and NIR colors, as has been docu-
mented. Although we cannot draw firm conclusions on the SFHs of LSBGs, it is
clear that the stellar populations do indeed contain a young components. Much of
light from LSBGs originate from their young stars. Several SFH scenarios, such
as an initial burst scenario and an exponentially decreasing SFR scenario do not
explain colors of LSBGs. We still need to look into their current star formation
activity and amounts of their old stellar populations in order to confirm how their
SFHs have been evolving.

Structural parameters of LSBGs, along with their luminosities, have a large range
of values. The most distinctive relationship is that disk scale lengths become shorter

toward longer wavelengths, especially in the NIR wavelengths.
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Chapter 3

Star Formation in Low Surface

Brightness Galaxies

3.1 Introduction

Star formation is one of the most important factors in deciding the evolutionary
histories of galaxies. Galaxies turn gas into stars in variety of different ways with
different star formation histories (SFHs). The stellar life cycle changes properties
of galaxies such as luminosity, colors and morphology. Of star formation properties,
young massive star formation is most important because it involves large and rapid
changes. Therefore, investigation of the younger stellar content of galaxies have
been very important for understanding star formation properties of galaxies and
their implications for the evolutionary properties.

There are several methods to trace the young stellar populations of galaxies,
which rely on integrated light measurement, or nebular recombination lines. The
most basic method involves the use of integrated colors and spectra along with

synthesis models (Bruzual & Charlot 1993). However, star formation rates (SFRs)
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derived from integrated colors are relatively uncertain due to reddening, IMF, age,
or metallicity. Ultraviolet continuum is dominated by young stars, thus provides
a more reliable probe across redshifts, although the extinction calibration is prob-
lematic. On the other hand, since the dust absorbs a large portion of the ultra-
violet continuum and re-emits in the thermal infrared around at 10~300 pm, the
far-infrared emission can be a good tracer of the SFR. However, dust heating and
re-emitting are complex processes that make the relationship between IR emission
and the SFR uncertain.

Although it has its own shortcomings, using the nebular emission lines, in partic-
ular Ha luminosity, is most popular to measure the SFR. The emission lines re-emit
the integrated stellar luminosity of galaxies shorter than the Lyman limit, therefore
provide a direct, sensitive probe of the young massive stellar population.

LSBGs are known to have very low SFRs, probably an order of magnitude lower
than that of HSBGs (Bothun et al. 1997; McGaugh et al. 1995a). However, there
have not been many studies which have tried to measure SFRs from a large sample
of LSBGs. van Zee (2001) measured SFRs of several LSBGs in her sample, while
her main samples consist of dwarf galaxies. Recently, O’Neil et al. (2007a) measured
SFRs for 15 LSBGs. However, their sample consists mainly of large LSBGs.

We measured SFRs of a large random sample of LSBGs and investigate their star
formation properties We studied correlations between star formation characteristics
and other physical parameters, such as luminosity, colors, structural parameters
and so on. In section 3.2, we present our observation and data reduction process
in detail. Results follow in Section 3.3 providing basic measurement results along
with correlations between parameters. In section 3.4 we present Ha images of sample
galaxies and discuss Ha emission morphology. In section 4.4 we discuss implications

of our results for star formation history of LSBGs.
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3.2 Observations and Data Reduction

3.2.1 Sample Selection

Sample selection criteria for the near-infrared observation is given in 2.2.1. Basic

properties of sample galaxies are provided by Table. 3.1.

Observations

All observation runs for Ha photometry were performed by the Mino-Mosaic Imager
at the WYIN 3.6-m telescope. The Mini-Mosaic Imager (heerafter, MIMO) consists
of two SITe 4096x2048 chips separated by a tiny gap, which corresponds to 50.5
pixels. The MIMO has a pixel scale of 0.14” /pixel and a large field of view (9.6 x
9.6 /), which is fairly compatible with FLMN. Each of the two CCDs is read out
through 2 amplifiers, resulting in a modestly short readout time for the 4096 x 4096
equivalent array.

There were two runs in November 2003 and May 2004, which consist of 4 and 3
nights, respectively. We lost a night from November 2003 run due to weather. The
first night of May 2004 run was not photometric. For the rest of the nights, weather
condition was photometric.

Observations were executed following these procedures. Zero and dark frames
are obtained during day time as much and as often as possible. We also obtained
dome flats for each Ha filter, including WIYN-14, which is an off-band filter. For
scientific frames, we obtained at least 2 frames, per sample galaxies, which shift
along the north-south direction. This is to eliminate the known cross-talk ghost
effect between amplifiers. We generally had sample galaxies sit around the center

of each CCD chip for each exposure.
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Table 3.1. Basic Properties of Sample Galaxies

RA Dec Vhelio Distance ) Morphological Alternate
Galaxy (J2000.0) (km s~1) (Mpc) (deg) Type Names References
(1) (2) 3) (4) (5) (6) (7) (8) (9)
D500-2 10 31 43.4  +25 18 30.0 1282 17.8 Sm UGC 5716
D512-2 14 33 20.1  +26 59 50.0 835 11.6 61 Sm F512-1 (2)
D570-4 1118 21.4 +17 41 51.0 1051 14.6 47 dr F570-7 (2)
D575-5 12:55:40.5  +19:12:33.0 419 5.8 64 dI F575-3 (2)
D584-2 16 01 49.3 +18 43 14.6 2627 36.5 52 Im UGC 10410 (2)
D646-7 12 58 40.4  +14 13 03 214 3.0 ImV UGC 8091
DDO 189 14 22 32.2 445 23 02.0 686 9.5 Im UGC 9211
F561-1 08 09 41.3 422 33 33.0 4807 66.8 Sm
F563-V1 08 46 37.8 418 55 26.0 3890 54.0 dI D563-3
F568-1 10 26 06.3  +22 26 01.0 6524 90.6 26 Sc (1)
F577-V1 1350 10.1  +18 16 07.7 7788 108.2 35 Sd (3)
NGC 1560 04 3249.1 47152 59.0 -36 4.5 SAd UGC 3060
NGC 4455 1228 44.1 42249 21.0 637 8.8 78 SBd UGC 7603 (5)
UGC 128 00 13 50.9  +35 59 39.0 4531 62.9 57,26 Sdm (6),(7)
UGC 334 00 33 54.9 43127 02.6 4627 64.3 24 Sm DDO 4 (7
UGC 628 0100 51.9 +19 28 32.9 5446 75.6 56 Sm (5)
UGC 731 0110 43.9  +49 36 07.9 639 8.9 57 Im DDO 9 (5)
UGC 1230 01 45325 425 31 16.0 3833 53.2 25,22 Sm (3),(5)
UGC 2259 0247 554 437 32 18.6 583 8.1 43 SBdm (8)
UGC 2885 0353043 43535 31.0 5802 80.6 62 SAc 9)
UGC 3371 0556 38.6 475 18 58.0 816 11.3 49 Im DDO 39 (3)
UGC 5750 10 35 45.1 420 59 24.0 4169 57.9 SBdm
UGC 5981 1052 03.9 410 08 54.0 2720 37.8 SAc NGC 3433
UGC 6151 11 05 56.3 +19 49 31.0 1335 18.5 Sm DDO 91
UGC 6614 11 39 14.8 417 08 36.8 6352 88.2 34,36 SAa (3),(4)
UGC 8837 1354 45.7 453 54 02.7 144 3.8% 80 IBm DDO 185 (5)
UGC 9992 1541478 467 1515.3 427 8.8* 30 Im (4)
UGC 10310 16 16 18.3 447 02 47.1 716 9.9 34 SBm DDO 204 (4)
UGC 11454 1931 33.6 +49 52 46.4 6628 92.1 64 Sdm (4)
UGC 11557 2023 58.3 +60 11 33.4 1390 19.3 36 SABdm (4)
UGC 11583 20 30 15.3 460 26 25.0 127 5.9* 83 Irr KK98 250 (4)
UGC 11616 20 41 13.5 +63 30 38.4 5244 72.8 60 Scd (4)
UGC 11648 2053 09.5 +67 10 32.9 3361 46.7 83 Im (4)
UGC 11748 21 27 39.8  +45 28 58.8 5265 73.1 81 S (4)
UGC 11819 2149 10.7 +41 56 53.3 4261 59.2 66 Im (4)
UGC 11820 2149 28.4 +14 13 52.0 1104 15.3 50 Sm (4)
UGC 11944 2212 00.7 +17 54 09.6 1734 24.1 72 Im (4)
UGC 12695 23 36 02.2 412 52 32.5 6185 85.9 49 Sm (3)
Note. — Col.(9): References for inclination angle, and position angle.

REFERENCES - (1) de Blok et al. (1996) (2) Eder & Schombert (2000) (3) McGaugh & Bothun (1994) (4) McGaugh et al.
(2001) (5) de Blok & Bosma (2002) (6) de Blok et al. (1995) (7) Bell et al. (2000)(8) Carignan et al. (1988)(9) Canzian (1993)
(10) Swaters et al. (2003)

93



Table 3.2.

Parameters of Ha Filters

Name Center Wavelength FWHM Tmas Vhelio Comments
WIYN-14 6562 378 89 N/A Ha continuum
WIYN-15 6569 73 84 0 ~ 1280 Ha narrow
WIYN-16 6620 72 86 960 ~ 4250 Ha narrow

KPNO-1565 6653 68 83 2560~ 5670 Ha narrow
KPNO-1566 6709 71 83 5050~ 8300 Ha narrow

We used 4 Ha narrow band filters for our emission line acquisition. They are

WIYN-15, WIYN-16, KPNO-1565, and KPNO-1566, which are chosen to corre-

sponds to heliocentric velocity of sample galaxies. We also chose WIYN-14, which

is an intermediate band filter designed to sample the continuum in the vicinity of

Ha. Properties of each filter are given by Table. 3.2.

For most sample galaxies, narrow band acquisition consists of two fifteen-minute

exposures totaling thirty minutes. WIYN-14 images for continuum subtraction fol-

lowed immediately after narrow band images with five-minute exposure time per

pointing, totaling ten minutes. This pattern is applied all but one galaxy, which is

F568-1 with 45-minute exposure of narrow band frames. Parameters of Ha obser-

vations are given with Table. 3.3.
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Table 3.3. Parameters of Ha Observations

Galaxy Date Telescope/Instrument Band Exp.Time
D500-2 May 18 2004 WIYN 3.6m/MIMO W14 10min
May 18 2004 WIYN 3.6m/MIMO W15 30min
D512-2 May 18 2004 WIYN 3.6m/MIMO W14 10min
May 18 2004 WIYN 3.6m/MIMO W15 30min
D570-4 May 18 2004 WIYN 3.6m/MIMO W14 10min
May 18 2004 WIYN 3.6m/MIMO W15 30min
D575-5 May 18 2004 WIYN 3.6m/MIMO W14 10min
May 18 2004 WIYN 3.6m/MIMO W15 30min
D584-2 May 19 2004 WIYN 3.6m/MIMO W14 10min
May 19 2004 WIYN 3.6m/MIMO W16 30min
D646-7 May 19 2004 WIYN 3.6m/MIMO W14 10min
May 19 2004 WIYN 3.6m/MIMO W15 30min
DDO 189  May 17 2004 WIYN 3.6m/MIMO W14 10min
May 17 2004 WIYN 3.6m/MIMO W15 30min
F561-1 Nov 19 2003 WIYN 3.6m/MIMO W14 10 min
Nov 19 2003 WIYN 3.6m/MIMO KP1565 30 min
F563-V1 Nov 19 2003 WIYN 3.6m/MIMO W14 10 min
Nov 19 2003 WIYN 3.6m/MIMO KP1565 30 min
F568-1 May 17 2004 WIYN 3.6m/MIMO W14 15 min
May 17 2004 WIYN 3.6m/MIMO W15 45 min
F577-V1 May 17 2004 WIYN 3.6m/MIMO W14 10min
May 17 2004 WIYN 3.6m/MIMO KP1566 30min
NGC 1560 Nov 19 2003 WIYN 3.6m/MIMO W14 10 min
Nov 19 2003 WIYN 3.6m/MIMO W15 30 min
NGC 4455 May 18 2004 WIYN 3.6m/MIMO W14 10min
May 18 2004 WIYN 3.6m/MIMO W15 30min
UGC 128 Nov 20 2003 WIYN 3.6m/MIMO W14 10 min
Nov 20 2003 WIYN 3.6m/MIMO KP1565 30 min
UGC 334 Nov 20 2003 WIYN 3.6m/MIMO W14 10 min
Nov 20 2003 WIYN 3.6m/MIMO KP1565 30 min
UGC 628 Nov 18 2003 WIYN 3.6m/MIMO W14 15 min
Nov 18 2003 WIYN 3.6m/MIMO W15 30 min
UGC 731 Nov 20 2003 WIYN 3.6m/MIMO W14 10 min
Nov 20 2003 WIYN 3.6m/MIMO W15 30 min
UGC 1230  Nov 19 2003 WIYN 3.6m/MIMO W14 10 min
Nov 19 2003 WIYN 3.6m/MIMO KP1565 30 min
UGC 2259 Nov 18 2003 WIYN 3.6m/MIM O W14 10min
Nov 18 2003 WIYN 3.6m/MIMO W15 300min
UGC 2885  Nov 20 2003 WIYN 3.6m/MIMO W14 10 min
Nov 20 2003 WIYN 3.6m/MIMO KP1566 30 min
UGC 3371  Nov 19 2003 WIYN 3.6m/MIMO W14 10 min
Nov 19 2003 WIYN 3.6m/MIMO W15 30 min
Nov 20 2003 WIYN 3.6m/MIMO W14 10 min
Nov 20 2003 WIYN 3.6m/MIMO W15 30 min
UGC 5750 May 19 2004 WIYN 3.6m/MIMO W14 10min
May 19 2004 WIYN 3.6m/MIMO KP1565 30min
UGC 5981  Nov 20 2003 WIYN 3.6m/MIMO W14 10 min
Nov 20 2003 WIYN 3.6m/MIMO W16 30 min
May 19 2004 WIYN 3.6m/MIMO W14 10min
May 19 2004 WIYN 3.6m/MIMO W16 30min
UGC 6151  May 17 2004 WIYN 3.6m/MIMO W14 10min
May 17 2004 WIYN 3.6m/MIMO W15 30min
UGC 6614 May 19 2004 WIYN 3.6m/MIMO W14 10min
May 19 2004 WIYN 3.6m/MIMO KP1566 30min
UGC 8837 May 18 2004 WIYN 3.6m/MIMO W14 10min
May 18 2004 WIYN 3.6m/MIMO W15 30min
UGC 9992 May 17 2004 WIYN 3.6m/MIMO W14 10min
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Table 3.3 (cont’d)

Galaxy Date Telescope/Instrument Band Exp.Time
May 17 2004 WIYN 3.6m/MIMO W15 30min
UGC 10310 May 18 2004 WIYN 3.6m/MIMO W14 10min
May 18 2004 WIYN 3.6m/MIMO W15 30min
UGC 11454  Nov 19 2003 WIYN 3.6m/MIMO W14 10min
Nov 19 2003 WIYN 3.6m/MIMO KP1566 30min
UGC 11557  Nov 20 2003 WIYN 3.6m/MIMO W14 10 min
Nov 20 2003 WIYN 3.6m/MIMO W15 30 min
UGC 11583  Nov 19 2003 WIYN 3.6m/MIMO W14 10min
Nov 19 2003 WIYN 3.6m/MIMO W15 30min
UGC 11616  Nov 20 2003 WIYN 3.6m/MIMO W14 10 min
Nov 20 2003 WIYN 3.6m/MIMO KP1566 30 min
UGC 11648 Nov 20 2003 WIYN 3.6m/MIMO W14 10 min
Nov 20 2003 WIYN 3.6m/MIMO W16 30 min
UGC 11748  Nov 19 2003 WIYN 3.6m/MIMO W14 10min
Nov 19 2003 WIYN 3.6m/MIMO KP1566 30min
UGC 11819  Nov 20 2003 WIYN 3.6m/MIMO W14 10 min
Nov 20 2003 WIYN 3.6m/MIMO KP1565 30 min
UGC 11820 May 17 2004 WIYN 3.6m/MIMO W14 10min
May 17 2004 WIYN 3.6m/MIMO W15 30min
May 18 2004 WIYN 3.6m/MIMO Wi4 5min
May 18 2004 WIYN 3.6m/MIMO W15 15min
UGC 11944 May 19 2004 WIYN 3.6m/MIMO W14 10min
May 19 2004 WIYN 3.6m/MIMO W16 30min
UGC 12695 Nov 19 2003 WIYN 3.6m/MIMO W14 10min

Nov 19 2003 WIYN 3.6m/MIMO KP1566 30min

3.2.2 Data Reduction

Data reduction for these Ha photometry followed standard procedures using IRAF,
except preparatory procedures to eliminate known bad lines on CCD chips. These
procedures are provided in Interactive Data Language (hereafter, IDL) codes pro-
vided by Dr. Abhijit Saha (ftp://taurus.tuc.noao.edu/pub/saha/MIMOfixes). These
pre-procedures also flag saturated pixels to set up master bad pixel masks.

After processing images with these IDL codes, bias and dark current subtraction

followed before flat fielding with dome flat frames is executed.
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3.2.3 Astrometric Calibration

Astrometric calibration is performed by MSCGETCAT and MSCCMATCH tasks,
which are included in MSCRED package for IRAF. However, MIMO images have a
known error in WCS parameters of their headers. These images simply have 180-
degree rotated WCS values. This can be corrected with a simple MSCWCS task

execution. After MSCWCS runs, MSCGETCAT and MSCCMATCH tasks followed.

3.2.4 Photometric Calibration

Spectrophotometric standard stars are available in the literatures (e.g.Massey et al.
1988; Oke 1974; Stone 1996). We chose several standard stars which were above the
horizon at acquisition time.

We measure zeropoints for each exposure and plot for each observing night,
standard star, and filter. There is not much variation, or trend between each filter,
even for WIYN-14. Each night gives pretty consistent zeropoints as well, except
May 17 2004, which is the first night of the run.

Although these measurements provide consistent zeropoints, we decided not to
use extinction coefficients. Very well-defined photometric correlation of airmass
for May 2004 run, shows reverse correlations (zeropoints increasing with increasing
airmass), while November 2003 run has a too steep slope (Fig.3.1).

Although it actually shows very reasonable fit (Fig.3.1 (c¢)) by combining two
sets of photometric zeropoints, we decided to use averages of zeropoints separately,
since the observing runs happened to be too far apart.

Therefore, spectrophotometric calibration relations are;

M, —m, = 22.674+0.216 (3.1)
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Figure 3.1: Plots for photometric calibration of Ha observation.

(a) Photometric zeropoints versus airmass for November 2003

(b) Photometric zeropoints versus airmass for May 2004

(¢) Combined zeropoints from two runs.

Each symbol represent a filter as follows: empty circle W14, empty triangle W15,
filled square W16, empty star KP 1565, filled circle Kp1566.
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for November 2003 run, and
M, —m, = 22349+ 0.088 (3.2)

for May 2004 run, respectively.

The conversion of these magnitudes to flux units is given as
m, = —25logf, —48.59, (3.3)

where f, is in units of ergs cm™ s™! Hz™! (Oke 1974). This conversion is based on
the Hayes & Latham (1975) calibration with the magnitude of Vega being 0.04 at
5556 A.

3.2.5 Continuum Subtraction

As mentioned in 3.2.1, we chose WIYN-14 Ha continuum filter to subtract con-
tinuum from narrow band images. In order to scale the flux of the much broader
continuum filter to that of the narrow band Ha filter, we picked about 20 stars from
each galaxy image. Generally we picked stars throughout two amplifiers around
target galaxies, so that each amplifier has about 10 stars each.

Using a basic photometry IRAF task, namely, PHOT, we measured flux of those
stars for narrow band images and continuum images. We used 3" aperture, which
corresponds to 21 pixel aperture. We applied the aperture correction, which we
acquired from curves of growth for standard stars.

After we calculated ratios between two fluxes of each star, we picked a median of
those values to scale the continuum images. After the sky levels were subtracted from
narrow band images and continuum images, narrow band images were subtracted by
scaled continuum images. This matches the continuum level, but the line emission

contamination is still a concern, since the Ha emission line does fall within the
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bandpass of the continuum filter. In order to solve this, we adapted the recursive
technique used by Schmitt et al. (2006). A subtraction of simple scaled continuum
image from the line image will underestimate the total Ha flux, since the broad
filter images are contaminated by line emission.

The recursive subtraction was done as follows. The narrow band image is sub-
tracted by the scaled continuum image first. Then, in order to eliminate contribution
from the emission line to the continuum image, the resulting line image was scaled
and subtracted from the continuum image. The corrected continuum image was
subtracted from the original line image.

This process was repeated a few times, until the Ho and continuum fluxes varied
less than 0.5% between consecutive iterations. Like Schmitt et al. (2006), generally,

2-3 iterations sufficed to reach this goal.

3.3 Results

3.3.1 Ha Photometry

Contamination by [NII] A6548, 6584 is also a concern for our measurement of Ho
flux. There is no [NII]/Ha ratio available from spectroscopy for our sample galax-
ies. Still, there is a correction relationship derived by Jansen et al. (2000), and

reconfirmed by Helmboldt et al. (2004):

NIT
log[H] = [=0.13 £ 0.035] My + [—3.2 % 0.90], (3.4)
«

where My is the absolute magnitude in the R-band.
Ha extinction correction is also available using the equation used by Helmboldt

et al. (2004):

log(Ha)sm = [—0.12 %+ 0.048]Mp + [—2.5 + 0.96]. (3.5)
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However, there are sample galaxies which do not have R-band photometry data
available. For these galaxies, we simply used the observed ratio from the spectra
of similar LSBGs inde Naray et al. (2004) which is [NII]/Ha ~ 0.1. We found that

[NII]/He values calculated by Eq.3.4 are generally [NII]/Ha =~ 0.1.

3.3.2 Star Formation Rates

The most commonly used conversion between Ha luminosity and star formation

rate is given by, Kennicutt et al. (1994):
SFR(Mpyr™) = 7.937 x 107"L(Ha), (3.6)

assuming a Salpeter initial mass function (IMF) (Salpeter 1955) and solar abun-
dances, where L(Hc) is in the unit of erg s~!. Additionally, Kennicutt et al. (1994)
provides conversion factors using different IMFs, such as Kennicutt (1983) and
Kroupa et al. (1993) IMFs. Kennicutt et al. (1994) shows that the Kennicutt (1983)
IMF or a Salpeter IMF provide reasonable fits to its observed EW-color relation.

However, Bell et al. (2003) claims that a Salpeter IMF is too rich in low mass
stars, resulting in higher mass-to-light (M/L) ratio at a given color and adopted a
“diet” Salpeter IMF that has the same colors and luminosity as a normal Salpeter
IMF, but with only 70% of the mass due to a lower number of faint low-mass stars.

Therefore, we should be aware of the difference of IMF's while comparing SFRs
and stellar masses. We provide SFRs converted by Eq. 3.6 for this Chapter.

For 19 sample galaxies, the average Ha luminosity is 1.75 x 10*? erg s~!. This
is severely skewed due to a couple of galaxies, namely UGC 2885 and UGC 6614.
Both galaxies are fairly large galaxies in terms of exponential disk profiles. UGC
2885 also has an intermediate surface brightness and does not fit into the definition
of LSBGs. The median Ho luminosity is 4 x 10%° erg s~!. This corresponds to the

star formation rate of 0.30 Mg yr—'.
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Table 3.4. Results of Ho Photometry

Galaxy Ha Flux  Ha Flux,  Ho Luminosity SFR? Eq.Width$ B B-V Ks
(10713 ergs em~2 s71) (1038ergs—1) (Mg yr—1) A (mag) (mag) (mag)
D512-2 0.77 0.70 11+£30 0.00940.026 249 -18.67
D570-4 0.41 0.37 9.5£1.7 0.0084-0.0009 1.5£15
D584-2 1.62 1.47 235442 0.1940.034 T2 -16.10 0.1 -17.78
F568-1 0.11 0.09 934185 0.07+£0.14 449 -18.31 0.6 -21.68
F577-V1 3.3 2.9 4005+465 3.184+0.37 1745 -17.97 0.11 -17.26
NGC 4455 54.7 49.7 460£50 0.37£0.04 2145 -18.44 0.1 -24.67
UGC 128 37.1 30.3 14340+1300 11.441.1 442 -18.84 0.66 -22.70
UGC 334 0.06 0.05 2442 0.02+0.002 5+4 -18.64 0.7 -23.45
UGC 731 22.8 20.7 196+25 0.16+0.02 945 -17.12 0.34 -19.55
UGC 1230 50.3 45.7 15500165 12.3+1.3 11+5 -17.49 0.54 -21.04
UGC 2259 53.8 48.8 383+35 0.30+£0.03 2243 -15.70 -20.41
UGC 2885 375 341 261000£2500 210.4£21.1 1745 -22.80 0.47 -26.26
UGC 6614 34.0 24.6 2287042400 18.24+1.9 5+1 -19.92 1.38 -23.99
UGC 8837 109.3 99.4 172+12 0.144+0.01 1545 -14.46 0.43 -17.28
UGC 9992 8.7 7.9 T4£7 0.06£0.006 10+£3 -15.02 0.37 -17.08
UGC 10310 84.0 76.4 896455 0.71140.07 27+3 -17.20 0.38 -19.27
UGC 11557 77.6 70.5 31404250 2.540.2 2945 -19.71 -21.69
UGC 11820 3.4 3.1 86450 0.07£0.04 1245 -17.70 0.5 -18.70
UGC 12695 11.6 10.6 9340+1000 7.4+0.8 1943 -17.27 0.25 -22.17
Note. —  : [NII] emission and Ho intrinsic extinction corrected. i : Based on Salpeter IMF only. § : The ratio of total

Ha flux to Ha subtracted continuum

The basic results of Ha photometry is given in Table. 3.4.

3.3.3 Luminosity Dependence of Star Formation Rate

Generally, there is no strong correlation between galaxy luminosity and star for-
mation rate (Figs.3.2 (a) and (b)). Both B-band and Kg-band magnitude do not
dominate any trend in star formation rate, although the two galaxies with high star
formation rate are luminous in the B-band. However, this trend is more of the
obvious fact that large galaxies are luminous.

Still, F577-v1 is surprisingly dim in the Kg-band. Although this galaxy is ob-
viously detected, its well recognized features in optical bands are not seen in the
Kg-band. Therefore, it is plausible that the outside structure of F577-v1 fall below

detection limit of K,-band observation and was lost.
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3.3.4 Color Dependence of Star Formation Rate

The star formation rate does not show any strong correlation with color for our
sample galaxies (Figs.3.2 (c) and (d)). Other than formerly mentioned galaxies,
F577-v1 and UGC 6614, there is not a unique feature along their relationships.

It is easy to presume that young (blue) galaxies produce more young stars, which
is not the case with our sample, although it is possible that low metallicity causes
the small B-Kg color generally forming fewer stars.

On the other hand, UGC 6614 is obviously red, both in optical color and near-
infrared combined color. This galaxy is forming stars with a surprisingly high rate
for a large LSBG, which are considered to be old and a little different from classical
LSBGs. Actually, UGC 6614 has a higher star formation rate than every large
LSBGs measured for star formation rate by O’Neil et al. (2007b). Since there is
no distinctive characteristic of UGC 6614 from surface brightness analysis, which is
different from those sample galaxies of O’Neil et al. (2007b), there should be some

other physical factors in driving its star formation.

3.3.5 Structure Parameters and Star Formation Rate

Structure parameters, such as central surface brightness and exponential disk scale
length, do not govern star formation rate, either. While gas mass density has a
strong correlation with the star forming process and its efficiency (O’Neil et al.
1998), visible light representing formed stars seem to have a weak correlation with

current star formation rate.
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Table 3.5. Correlation Matrix of SFR
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Figure 3.2: Star formation rate versus luminosity and colors. (a) B-band lumi-
nosity versus SFR (b) Ks-band luminosity versus SFR (c¢) B-V versus SFR (d)
B-K; versus SFR.
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Figure 3.3: Structural parameters versus SFR. Left panels are for B-band param-
eters and right panels are for Ks-band parameters.

(a) B-band central surface brightness versus SFR (b) Ks-band central surface
brightness versus SFR (c) B-band disk scale length versus SFR (d) Ks-band disk
scale length versus SFR.

105



L TT T[T rr1 TT T ] [ s B R O L L LR

100 () : 160 = (0) §

] T ] - T E l[ +:

e L

10 E :.I E 10 ¢ ""P% E

x | 1= L - ‘ ]
[ [ca]

3 E 3 E

0.1 I | v b sy Ly 0.1 =l W T TN W A N PN Y W AN T W W

0 0.6 1 1.5 2 0 2.5 5
B-¥ B-K,

Figure 3.4: Equivalent width versus color plots for sample galaxies.
(a) EW versus B-V (b) EW versus B-K;

3.3.6 Equivalent Width-Color Relationship

Our equivalent width (EW) is simply the ratio of the total Ha flux to total scaled
continuum flux within narrow-band image. Generally our sample LSBGs have pretty
low equivalent width values. The average equivalent value is 12.5A. Our sample
galaxies do not show any strong trend between their equivalent widths and other
physical parameters, such as luminosity, colors, SFRs and so on (Figs.3.4).

The H EW and color can be used to measure the ratio of the current SFR to
the average past SFR, the Scalo b parameter Kennicutt et al. (1994). O’Neil et al.
(2007a) also showed that their large LSBG disks do not show strong correlations

with colors, or absolute magnitude.
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3.3.7 HII Region Luminosity Function

The HII region luminosity function (LF) is an important diagnostic of star formation
properties of galaxies, since HII regions are a primary indicator of high-mass star

formation. The differential HIT LF is parameterized as a power law:
N(L)dL = AL “dL, (3.7)

where N(L)dL is the number of the nebulae with luminosities in the range L to
L+ dL. The form of HII LF's have been linked to various properties of massive star
formation in galaxies. For example, many galaxies show a break in slope of their HII
LFs (Kennicutt et al. 1989; Rand 1992; Walterbos & Braun 1992), which has been
suggested to be caused by a transition between normal HII regions and the super
giant HII regions. Typically this break is around L(H«a) = 38.6 dex (Kennicutt
et al. 1989), below which slope is flatter. On the other hand, the difference in slope
for arm versus interarm HII regions, and among Hubble types has been attributed
to different gasdynamics and molecular cloud mass spectrum (Kennicutt et al. 1989;
Rand 1992). Therefore it is interesting to see if HII LFs of LSBGs look similar to
those of normal galaxies.

However, out of 19 sample galaxies, only UGC 11557 has about 50 HII regions
and only four other galaxies have more than ten distinctive HII regions. They are
NGC 4455, UGC 2259, UGC 8837, UGC 10310, and UGC 11557. It is difficult to
derive LF's of HII regions for individual galaxies when they have only a handful of HII
regions. Therefore we present a composite HII region LF (Fig.3.5). This histogram
consists of HII regions from our entire sample galaxies. The shaded histogram only
represents HII regions of UGC 11557 which has the most HII regions.

We found that our HII region LF has slope similar to the typical value of a~2 for

the higher luminosity end. However, our break occurs at higher luminosity (~5x10%
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erg s~ 1) than the typical observed values. The lower end of the LF lacks HII regions
and flattens. These findings can be attributed to a couple explanations.

First of all, we simply miss out many less luminous HII regions. Generally, typ-
ical observed HII LFs reach into L = 10%” erg s—1. We do not have any HII region
which has luminosity reaching the range. Our sample LSBGs have a wide range of
distances making the limiting flux correspond to a wide range of H luminosities. We
do not have complete HII regions between 1037 ~ 10% erg s=!. Secondly, LSBGs
may have a different evolution of the ionizing stars in the clusters. Oey & Clarke
(1998) show that stellar mass ranges, and possibly slopes of IMFs changes breaks
of HII LFs. They also claimed that stellar parameters within the sparse cluster
will result in more substantial variations of the form of the HII LFs. In particu-
lar, for “unsaturated population” for which small number statistics determine the
relative ionizing contribution of different stellar masses, the HII LF slopes tend to
be flatter, while do not fully reflect the parent slope in IMFs (McKee & Williams
1997). These factors mitigate against a clear distinction between the LSB HII LF
and that of brighter galaxies. The observed difference may be real, but it seems
plausibly explained by a combination of sample in completeness and LSBGs spo-
radically sampling the parent HII LF. Bear in mind, after all, that our LF is the
composite of many LSBGs, some of which have many HII regions, but most of which

have only one or a few.
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Figure 3.5: A composite luminosity function of HII regions from the entire sample.
A shaded histogram represents HII regions from UGC 11557 which has most HII
regions among our sample galaxies. Notice that our break (~ 10%9) is higher than
that of HII LF for normal galaxies.
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3.4 Morphology of Ha Emission

We present the Ha images of sample galaxies along with available multicolor optical

CCD images.

D512-2

Blocked by a foreground star, this galaxy still has diffuse Ha emission around its
central region (Figs.3.6 (a),(b), and (c)). Considering its elongated shape from

optical broadband images, its Ha emission comes from a very small area.

D570-4

This amorphous galaxy shows very weak diffuse Ha emission, but has an HII region
which is southeast to the center (Figs.3.6 (d),(e), and (f)).

D584-2

This small irregular galaxy has Ha knots throughout its central region (Figs.3.6
(g),(h), and (i)). As mentioned before, this galaxy can be an example of low surface
brightness spiral galaxies, which are hidden below sky noise. From optical broadband
images, it is easy to recognize a spiral-like feature onto northeastward, which has

some Ha emission along it.
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F568-1

A very similar case to D584-2, this galaxy has even lower surface brightness than the
former one (Figs.3.7 (a),(b), and (c)). It has very weak diffuse Ha emission around
its central region. Due to its fairly large distance, error on its flux measurement is
big. Therefore this value should be only considered as a higher limit of Ha flux of

this galaxy.

F577-V1

This very dim galaxy, hinting a bar feature and spiral arms, has two obvious star
forming regions, one in its center, and the other, where its bar-like feature and a
spiral arm meet (Figs.3.7 (d),(e), and (f)). There are also some hints for HII regions
on the spiral arm. Wich continuum subtracted, this galaxy looks to have a star
forming ring with strong star forming activity in its center. As one of more distant

galaxies (~ 100 Mpc), even deeper and higher resolution data would be desirable.

NGC 4455

Throughout its body, this galaxy has a lot of Ha knots and diffuse emission (Figs.3.7
(g),(h), and (i)). Due to its short distance, it also shows many distinctive HII regions
unlike other sample galaxies. Interestingly, HII regions and diffuse emission are not
concentrated around its center, rather scattered around a rim around the center.
Note that this is a high surface brightness galaxy for comparison.

It also shows a feature, which it shows in other optical broadband images. There
is a distinctive gap between outer southwest disk and the rest of disk. Even diffuse
emission almost disappears in the gap. There is no apparent companion for this
galaxy, therefore the mechanism should have arisen within the galaxy. Kinematics

information should provide more physical background to this phenomenon.
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UGC 128

Star formation is concentrated around its center (Figs.3.8 (a),(b), and (c)). It has

one distinctive HII region which is located on a spiral arm right north to its center.

UGC 334

Ha is almost nonexistent, although it shows a little bit of hint at its nucleus region
(Figs.3.9 (a),(b), and (c)). Among 19 galaxies presented in this chapter, this galaxy
has a lowest level of Ha flux. Considering its small nucleus, a bar-like feature, and

loose spiral arms, this is a bit surprising. It may be attributed to its distance.

UGC 731

UGC 731 has a weak asymmetric structure with its spiral arms, although its bar
stands out (Figs.3.8 (g),(h), and (i)). There is no eminent Ha detection on the bar.
All distinctive HII regions are located on its eastern spiral arm, in particular where

the spiral arms meets the bar.

UGC 1230

UGC 1230 does not show any interesting feature in its continuum image (Figs.3.9
(d),(e), and (f)). Once continuum subtracted, even its central region does not have
strong Ha emission. However, three very bright HII regions stand out. They are not
associated with any particular feature of UGC 1230, since its structure is simply too
ambiguous to perceive. Two HII regions are northeast to its center and the other is

south to the center.
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UGC 2259

HII regions are abundant in UGC 2259 (Figs.3.9 (g),(h), and (i)). However, there
is little star formation in interarm regions, although continuum and narrow-band
images show diffuse in these regions. HII regions are distributed evenly along its

spiral arms.

UGC 2885

A SAc-type galaxy is an intermediate surface brightness galaxy which has a mod-
erate size of bulge and shows dust lane features in its interarm regions (Figs.3.8
(d),(e), and (f)). It has a bright foreground star sitting on its northeast edge of
spiral pattern.

It has massive star forming going on its spiral arms. Even with its large distance
(~ 80 Mpc), it does show lots of distinctive star forming regions along its spiral

pattern. They appear to be avoiding dust lanes.

UGC 6614

As one of the biggest low surface brightness disk galaxies, this one is relatively
red in optical colors (B —V > 1) (Figs.3.10 (a),(b), and (c)). Still, it shows very
impressive Ha features. First of all, prominent Ha emission only appear in its center
and its ring-like feature, which encircles its center with a radius of 50”. This radius
corresponds to 22 kpc at the distance assumed.

Das et al. (2006) detected weaks CO signal on its disk and this detection was
made about 40” west to the nucleus. Since the signal was weak and it is still slightly
inside the ring, we can not confirm that the ring is associated with this dection.

Its very transparent disk, and its spiral arms do not show any Ha emission. Also,

its large bulge only has very compact Ha emission area considering the size of its
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bulge.

UGC 8837

This amorphous LSB galaxy has HII regions throughout its body, like NGC 4455
(Figs.3.10 (d),(e), and (f)). The difference between these two galaxies is the lack of
diffuse emission for UGC 8837. Still like NGC 4455, UGC 8837 has its HII regions
around outer disk-like feature, not around its central region. Including a big blob

in its northeastern wing, this galaxy has more than 10 HII regions.

UGC 9992

With asymmetric spiral arms, this galaxy does not show strong concentration of Ha
emission (Figs.3.10 (g),(h), and (i)). Eminent blobs along northwest and southeast
spiral arms in the K- band image, which look like HII regions, disappears quickly in

the Ha image. Most Ha flux comes from diffuse emission around its central region.

UGC 10310

With continuum subtracted, this galaxy looks more like a bar galaxy compared to
its optical broadband images (Figs.3.11 (a),(b), and (c)). It has many distinctive
Ha emission blobs along its central bar-like feature and its two spiral arms. Still
its HII regions are more prominent along its spiral arms than around its center. In

particular there is a huge Ha blob southeast of its central region.
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UGC 11557

UGC 11557 has an intermediate size bulge which looks elongated a little (Figs.3.11
(d),(e), and (f)). HII regions are located across its disk. Their distribution does not
show any trend favoring any angle or radius, although slightly larger HII regions are
located around its edge of disk. It does not have any strong Ha emission from its

center.

UGC 11820

This amorphous dwarf galaxy has a few Ha emitting feature hidden in its body,

although they are weak and vague (Figs.3.11 (g),(h), and (i)).

UGC 12695

Probably the most peculiar galaxy among sample galaxies, UGC 12695 also has a
very unique star forming feature (Figs.3.12 (a),(b), and (c)). Around its distorted
center, there is diffuse structure. This structure looks like very dim spiral arms.
However certainly there is no Ha emission coming out of these regions. About 35"
apart from its center, there are several Ha knots both east and west to the center.
Overall, it resembles a butterfly which has stars forming on its wingtips.
Interestingly, but surely coincidingly, there is a background galaxy in each di-

rection around those Ha knots.
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3.5 Discussion

We have presented results from Ha photometry of 19 LSBGs. Although they have
very low Ha luminosity and consequently very low star formation rates, there are
several sample LSBGs which have relatively higher values, as much as their higher
surface brightness counterparts. Unfortunately, those galaxies with higher Ha lu-
minosity do not posses lots of common characteristists. Their optical and NIR
luminosities along with colors and sizes do not control current star forming activity
of LSBGs. Therefore, we have to wonder what causes them to have higher star
forming rate than other LSBGs and still have low surface brightness? Furthermore,
have they been sustaining this star forming rates which are similar to those of high
surface brightness galaxies over long periods?

These questions are not easy to answer given the wide range of physical parame-
ters of sample galaxies. Here, rather than giving definite answers to these questions,
we will simply elaborate questions a little further.

LSBGs are known to have high gas mass fraction (de Blok et al. 1996; McGaugh
& de Blok 1997), which means that they have large amounts of gas to turn into stars
intact. However, if those LSBGs with SFRs similar to HSBGs had had extended
star forming activity while sustaining low surface brightness and blue colors, they
should have consumed decent amounts of gas and turned them into stars. It is not
evident, at least, from our sample galaxies. Those galaxies with high SFRS also
have higher gas mass fractions.

Therefore, it is likely that these LSBGs have episodic star formation histories
(SFHs). During the recent past, these galaxies have had lapses between bursty, or
nonbursty star formation events after they have had long quiescent periods. We

also have tools to look into this question a little bit further. With optical and NIR
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photometry and colors available, we can constrain old stellar masses which have

been assemble over the Hubble time. We will talk about it in Chap.4.
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Figure 3.6: Ha images of D512-2, D570-4, and D584-2. North is up and East
is left. Intensity levels are adjusted arbitrarily in order to show the galaxy best.
The bar on the upper left corner in (a) frame shows 1’.

Images in the same line are for a same galaxy. The first column is for continuum
image, the second column is for Ha narrow band image before continuum sub-
traction. continuum subtraction.

(a) D512-2 continuum (b) D512-2 Ha (¢) D512-2 Ha after continuum subtraction
(d) D570-4 continuum (e) D570-4 He (f) D570-4 Hev after continuum subtraction
(g) D584-2 continuum (h) D584-2 Ha (i) D584-2 Hav after continuum subtraction.
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Figure 3.7: Ha images of F568-1, F577-v1, and NGC 4455. North is up and East
is left. Intensity levels are adjusted arbitrarily in order to show the galaxy best.
The bars on the upper left corner in (a) frame and (g) frame show 1’.

Images are in the same order as Fig. 3.6

(a) F568-1 continuum (b) F568-1 Ha (c) F568-1 Ha after continuum subtraction
(d) F577-v1 continuum (e) F577-v1 Ha (f) F577-vl Ha after continuum sub-
traction (g) NGC 4455 continuum (h) NGC 4455 Ha (i) NGC 4455 Ha after
continuum subtraction.
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Figure 3.8: Ha images of UGC 128, UGC 2885, and UGC 731. North is up and
East is left. Intensity levels are adjusted arbitrarily in order to show the galaxy
best. The bar on the upper left corner in (a) frame shows 1’.

Images are in the same order as Fig. 3.6

(a) UGC 128 continuum (b) UGC 128 Ha (¢) UGC 128 Ha after continuum
subtraction (d) UGC 2885 continuum (e) UGC 2885 Ha (f) UGC 2885 Ha after
continuum subtraction (g) UGC 731 continuum (h) UGC 731 Ha (i) UGC 731
Ha after continuum subtraction.
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Figure 3.9: Ha images of UGC 334, UGC 1230, and UGC 2259. North is up and
East is left. Intensity levels are adjusted arbitrarily in order to show the galaxy
best. The bar on the upper left corner in (a) frame shows 1’.

Images are in the same order as Fig. 3.6

(a) UGC 334 continuum (b) UGC 334 Ha (¢) UGC 334 Ha after continuum
subtraction (d) UGC 1230 continuum (e) UGC 1230 Ha (f) UGC 1230 Ha after
continuum subtraction (g) UGC 2259 continuum (h) UGC 2259 Ha (i) UGC 2259

Ha after continuum subtraction.
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Figure 3.10: Ha images of UGC 6614, UGC 8837, and UGC 9992. North is up
and East is left. Intensity levels are adjusted arbitrarily in order to show the

galaxy best. The bar on the upper left corner in (a) frame shows 1’.

Images are in the same order as Fig. 3.6

(a) UGC 6614 continuum (b) UGC 6614 Ha (¢) UGC 6614 Ha after continuum
subtraction (d) UGC 8837 continuum (e) UGC 8837 Ha (f) UGC 8837 Ha after
continuum subtraction (g) UGC 9992 continuum (h) UGC 9992 Ha (i) UGC 9992
Ha after continuum subtraction.
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Figure 3.11: Ha images of UGC 10310, UGC 11557, and UGC 11820. North is
up and East is left. Intensity levels are adjusted arbitrarily in order to show the
galaxy best. The bars on the upper left corners of left column frames show 1’.
Images are in the same order as Fig. 3.6

(a) UGC 10310 continuum (b) UGC 10310 Her (¢) UGC 10310 He after continuum
subtraction. (d) UGC 11557 continuum (e) UGC 11557 Ha (f) UGC 11557 Ha
after continuum subtraction (g) UGC 11820 continuum (h) UGC 11820 Ha (i)
UGC 11820 Ha after continuum subtraction.
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Figure 3.12: Ha images of UGC 12695. North is up and East is left. Intensity
levels are adjusted arbitrarily in order to show the galaxy best. The bar on the

upper left corners of (a) frame shows 1’.
(a) UGC 12695 continuum (b) UGC 12695 Ha (¢) UGC 12695 Ha after continuum

subtraction.
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Chapter 4

Gas, Stars and the Evolution of

Low Surface Brightness Galaxies

4.1 Introduction

Gas and stars are two major components of galaxies which show the evolutionary
paths of galaxies. In particular, the gas mass fraction, f;, which represents balance
between gaseous and stellar components is the primary parameter to quantify the
evolutionary state of a galaxy.

Historically, low surface brightness galaxies (LSBGs) have been known to be
gas-rich, albeit only with neutral hydrogen (de Blok et al. 1996; van der Hulst et al.
1993a). The general consensus on these objects is that they have had very low star
formation rates (SFRs) in the past and still remain so. In Chapter 3, we showed that
generally LSBGs have low star formation rates although some relatively red LSBGs
have higher than other LSBGs. McGaugh & de Blok (1997) confirmed that LSBGs
are rich in gas compared to their stellar mass and have the potential to become very

bright systems if certain process ignites their star formation efficiency. They also
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found that there is a strong correlation between a galaxy’s gas supply and its stellar
density, such that galaxies which have lower surface brightness tend to have larger
My;/L and f, ratios (McGaugh & de Blok 1997).

Understanding the distribution of galaxy luminosity and stellar masses is also
very important with respect to studying impacts of gaseous and stellar components
of a galaxy on its evolution. As pointed out by McGaugh & de Blok (1997), stellar
mass-to-light (M /L), which is estimated by population synthesis models, have big
uncertainties and depends on many factors, such as the initial mass function (IMF),
metallicity, gas-recycling, and star formation history. Bell & de Jong (2001) claim
that near-infrared (NIR) luminosities are better probes as the stellar M/L ratios
vary only by a factor of 2 or less across a wide range of star formation histories.
Based on this result, Bell et al. (2003) provide formulas to calculate stellar M /L
ratios as functions of color.

In this chapter, we investigate correlations between the gas mass fraction of
LSBGs and evolutionary parameters of them. In particular, we want to study if
the gas mass fraction has any impact on star forming efficiency of LSBGs and
its change over the Hubble time. In section 4.2, we discuss our methodology to
calculate stellar component masses of our sample galaxies and gas mass fractions
consequently. In particular, we explain formulas to calculate stellar M /L ratios in
detail. In section 4.3, we explain our parameters which we adopt to investigate star
formation histories (SFHs) of LSBGs and discuss correlations between them. In

section 4.4, we summarize.
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4.2 Stellar and Gaseous Components of LSBGs

4.2.1 Stellar Mass of LSBGs

Stellar Mass to Light Ratio

Bell et al. (2003) formulates relationships between broadband luminosities and stel-
lar mass-to-light (M/L) ratios depending on broadband colors of galaxies. They
used a large sample of galaxies from the Two Micron All Sky Survey (2MASS;
Skrutskie et al. 1997) and the Sloan Digital Sky Survey (SDSS; York et al. 2000)
to estimate present-day stellar mass-to-light ratios, as well as corrections for galaxy
evolution and passband shifting between classical Johnson broadband filters and
SDSS ugriz filters.

Realizing that the main source of uncertainty in stellar M /L ratios is the stellar
IMF, Bell et al. (2003) claim that the traditional Salpeter IMR is too rich in low
mass stars, resulting in higher mass-to-light (/L) ratio at a given color. Therefore,
they used the “diet” Salpeter IMF, which is devised to satisfy a “maximum-disk”
constraint by Bell & de Jong (2001). This is based on the assumption that all disks
are maximal. However, Bottema (1993, 1997, 1999) argued that generally disks
are not maximal, but rather submaximal. In particular, slow rotating galaxies are
substantially submaximal. Therefore, using formulae based on the “diet” Salpeter
IMF may not be appropriate.

Hence, we decide to adapt both formulae based on the “diet” Salpeter IMF,
Kennicutt IMF (Kennicutt 1983) (hereafter, K83) and Kroupa IMF (Kroupa et al.
1993) (hereafter, KTG93) and compare them, while using Table 7 of Bell et al.
(2003) to calculate stellar masses from luminosities of our sample galaxies.

Bell et al. (2003) provides stellar M /L ratios as a function of color. For a Salpeter
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IMF,

logio(M/Lg) = —0.206+ (0.135 x (B — V) (4.1)
logio(M/Lp) = —0.942+ (1.737 x (B — V), (4.3)

where the M /L ratio is given in solar units, and luminosities are in Vega magnitudes,
instead of in AB magnitudes. For a K83 IMF, or KGT93 IMF, 0.15 dex should be
subtracted from the above zero points.

Mainly, we have K,-band magnitudes available for our galaxies, therefore we
convert this K -band luminosity into stellar mass. However, for galaxies without K-
band photometry, we use either our optical broadband photometry results, mainly
B-band magnitude, or available photometry information from literature.

We include photometry data which we use in Table. 4.1. Detail information

about photometry results are listed in Table. 2.4.

Stellar Mass

Results of calculated stellar mass are given in Table. 4.1. For our sample galaxies,
stellar mass has very strong relationships with various parameters from K,-band
data. As given in Table 7 from Bell et al. (2003), M/L ratio in Ks-band is the least
sensitive to color variation (the color dependence term is 0.135 as opposed to 1.737 in
B-band). K,-band structure parameters show strong relationships with stellar mass
(Fig.4.1 (a) and (b)). Although it is natural to see a strong correlation between
disk scale length and stellar mass, since our sample is basically surface brightness
limited, a relation between central surface brightness and stellar mass is stronger
than one between disk scale length and stellar mass.

Sample galaxies do not show strong relationships between central surface bright-

ness and stellar mass in the other bands. Considering that there is a weak correlation
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between central surface brightness and disk scale length, it is strongly noticeable how
the K -band luminosity depends strongly on its central surface brightness, leading
to conclusion that stellar mass of LSBGs depending on the K -band central surface
brightness.

However, it is likely that central surface brightness is not a cause, but an effect.
Although there is a fairly strong relationship between central surface brightness and
gas mass fraction (Fig.4.3 (d)), it is weaker than the one between surface brightness
and stellar mass. Also Galaz et al. (2002) argues that they do not see a strong
relation between them, albeit within the J-band. Colors do not have strong relations

with stellar mass, either (Fig.4.1 (c¢) and (d)).

4.2.2 Gas Mass Fraction

The baryonic gas mass fraction is

M,
9 4.4
M, + M, (44)

fo =
where M, is the total mass in the form of gas, and M, is the total mass in the form
of stars. We measure M, from K,-band data, and therefore need M,. To have M,
we need to know the amount of gas represented by neutral hydrogen (M, = nMpy;).
71 should be corrected for both the hydrogen mass fraction X and the phase of gas
other than atomic hydrogen.

Following McGaugh & de Blok (1997); Schombert et al. (2001), we adapt a solar
hydrogen mass fraction, giving n = X ! = 1.4. Generally, this is due to primordial
helium and does not vary more than 10% due to variation in helium and metal
content. Ionized gas in HII regions and hotter plasma is of negligible mass in spiral

galaxies. Moreover, there has been no detectable CO emission in LSBGs, except

some large, red ones (Das et al. 2006; Schombert et al. 1990): the total gas mass
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Figure 4.1: Dependence of stellar mass on structural parameters and colors. For
upper panels, blue squares represent B-band parameters and red circles represent
K,-band paramters (a) central surface brightness versus stellar mass (b) disk scale
length versus stellar mass (c) B-V versus stellar mass (d) B-K; versus stellar mass.
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Figure 4.2: Absolute magnitude versus gas mass. Blue squares represent B-band
luminosity and red circles represent Ks-band luminosity. Gas mass is HI only.
in the molecular phase appears to be a small fraction of that in the atomic phase
in these galaxies. We obtained neutral hydrogen masses from various literature
sources. We list them in Table 4.1. There are relatively strong relations between
luminosity and gas mass (Fig.4.2). This simply shows that generally galaxies with
high gas mass are good reservoirs for star formation, regardless of their star forming

efficiency.
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4.2.3 The Relations between Properties

The gas mass fractions calculated as described above are listed in Table. 4.1 as
well as other inputs and stellar components. The gas mass fraction shows strong
relationships with luminosity, stellar mass, and central surface brightness, although
only K,-band has an evident correlation with central surface brightness (Fig.4.4,4.3).
It is relatively obvious that those parameters have strong relations with the gas mass
fraction.

While luminosity represents stellar mass depending on colors, the gas mass frac-
tion represents how efficiently a galaxy turns gas into stars. Therefore, a galaxy with
higher star forming efficiency should have generally higher stellar mass and higher
luminosity. Since LSBGs have a range of exponential disk scale lengths, galaxies
with high star forming efficiency have higher disk surface brightness on average.

Colors display rather interesting relationships with gas mass fraction (Figs.4.4 (c)
and (d)). As shown by Bell & de Jong (2000), optical colors represent exponential
folding time of SFH, while combined colors of optical and NIR bands represent
metallicity. In both B-V and B-Ks colors, bluer galaxies have higher gas mass
fraction.

On the other hand, bluer galaxies in B-Ks band are low metallicity galaxies.
The simplest interpretation is that a galaxy which turns its gaseous component into
stars tends to have high metallicity, while a galaxy which is slow to turn its gas
into stars tends to have low metallicity. This seems natural enough, as gas fraction
should be directly related to metallicity in closed box chemical evolution models:
high metallicity occurs, after the gas is mostly consumed. Correlation coefficients

of gas mass fraction with other parameters are listed in Table 4.3.
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Table 4.1. Stellar and Gaseous Components of Sample Galaxies
Galaxy Color Mr log (Msx/Mg)  Log(Mgr/Mg)$ fq References
(mag) Salpetert Salpetert
512-2 0.6% -18.67 8.66 8.16 0.385 2
D575-2 0.42°  -14.32 6.89 8.85 0.994 2
D584-2 0.10 -17.78 8.23 8.94 0.910 2
D646-5 0.05  -14.08¢ 6.96 8.31 0.978 2
D721-5 1.02 -18.23 8.54 9.23 0.906 2
F561-1 045  -17.59¢ 9.05 9.20 0.736 4
F563-V1 1.32  -15.44¢ 9.71 8.88 0.226 2
F563-V2 0.73  -16.93¢ 9.28 9.58 0.798 2
F565-V2 0.530  -15.41¢ 8.32 8.82 0.862 4
F568-1 0.620  -21.68 9.87 9.64 0.538 4
F568-V1 0.51  -17.88¢ 9.28 9.43 0.736 4
F571-8 0.7% -20.53 9.42 9.20 0.544 4
F577-V1 0.11 -17.26 8.03 9.44 0.981 4
F611-1 1.37  -16.99¢ 10.416 8.50 0.238 5
F730-V1 0.63  -19.22¢ 10.02
NGC 4455 0.1% -24.67 11.002 8.64 0.009 3
UGC 128 0.51°  -22.70 10.261 10.0 0.660 7
UGC 334 0.90°  -23.45 10.616 9.79 0.320 8
UGC 628 0.62°  -24.01 10.805
UGC 731 0.34°  -19.55 8.76 8.78 0.674 3
UGC 1230 0.54 -21.04 9.60 9.45 0.758 8
UGC 2259*  1.32¢  -20.41 9.40 8.71 >0.288 6
UGC 2885  0.7%0  -26.26 11.716 10.72 >0.168 6
UGC 3371  0.56°  -19.84 9.12
UGC 6614 1.38 -23.99 10.894 10.34 0.358 8
UGC 8837  0.43°  -15.92 8.26 8.11 0.512 3
UGC 9992  0.37°  -16.23 7.65 8.76 0.855 3
UGC 10310  0.39®  -19.27 8.87 9.01 0.739 3
UGC 11454  0.97 -24.22 10.938
UGC 11557  0.6% -21.69 9.87 9.31 0.353 3
UGC 11583  0.34  -14.553 6.98
UGC 11616  0.48 -23.92 10.749
UGC 11648  0.7¢ -22.95 10.394
UGC 11748  0.63 -24.25 10.905
UGC 11819  0.67 -23.06 10.427
UGC 11820  0.39>  -18.70 8.49 9.14 0.862 1
UGC 11944  0.42°  -20.50 9.22
UGC 12695  0.29 -22.17 10.02 9.91 0.606 8

Note. — % High Surface Brightness Galaxy t Based on Bell et al. (2000)’s formula for the “diet”

Salpter IMF. Subtracting 0.15 dex from these values provide stellar mass based on a Kennicutt or

Kroupa IMF based on Bell et al. (2000).
@ No color available. Picked up from comparison with other colors to median sample values. ® From

literature. Refer to Table.2.4 for references. ¢ Calculated using B-band luminosity instead of Ks-band

luminosity.

I Based on Portinari et al. (2004)’s formula for a Kroup IMF.
§ Neutral hydrogen masses are from literatures. References are indicated in Column (9).
References 1. van Zee et al. (1997b) 2. Pildis et al. (1997) 8. Swaters et al. (2002) 4. de Blok et al.

(1996) 5. Eder & Schombert (2000) 6. de Blok & McGaugh (1997) 7. McGaugh (2005) 8. McGaugh

& de Blok (1997)
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Figure 4.4: Correlations between gas mass fraction and mass components and
colors. (a) Gas mass versus gas mass fraction (b) stellar mass versus gas mass
fraction (¢) B-V versus gas mass fraction (d) B-Ky versus gas mass fraction.

4.3 Star Formation Histories

4.3.1 Star Formation Rates

Since we adopt both M /L ratio formula for a Salpeter IMF and K83/KTG93 IMFs,
we calculate star formation rates (SFRs) of our sample galaxies using conversion

factors for both IMFs as well.
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As mentioned in Section.3.3.2, the star formation rate is given by
SFR(My) = 7.937 x 107 L(Ha), (4.5)
for a Salpeter IMF. Then for a K8 IMF and a KTG93 IMF, it is

SFR(My) = 7.352 x 107L(Ha), (4.6)

SFR(My) = 1.786 x 100" L(Ha), (4.7)

respectively.

Star formation rates from 19 sample galaxies do not show any strong correlation
with luminosity, or other structure parameters, such as central surface brightness
and disk scale length (Fig.4.6). The current SFR appears to be just that which
happens to be occurring now, without regard to the global properties of the host

galaxy.

4.3.2 Average Past Star Formation Rates

The average past star formation rate is derived by estimating the total stellar mass

which are formed over life time of a galaxy. It can be given by a simple formula as
< SFR >p = M, /Ty (4.8)

While we have well-measured stellar mass information for our sample through K-
band photometry, the length of star formation time, 7y, is relatively unconstrained,
although it must not exceed the age of the universe.

Essentially all galaxies for which the necessary data can be obtained display at
least some very old stars. This is consistent with the notion that galaxies formed
shortly after the Big Bang. We therefore simply adopt 10 Gyr of T; for our esti-
mation of the average star formation rate. Various inputs and results are given in

Table. 4.2.
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Figure 4.5: Correlation between the normalized star formation rate and other
properties. The normalized star formation is the ratio of current star formation
rate to average star formation rate. Average star formation rates are calculated
by dividing stellar masses by 10 Gyr.

(a) Absolute magnitude versus the normalized star formation rate (b) B-V color
versus the normalized star formation rate (¢) B-band central surface brightness
versus the normalized star formation rate (d) Ks-band central surface brightness
versus the normalized star formation rate.
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Although <SFR>,.s does not cover a wide range of parameter space, it does
not show any strong trend either. However, the normalized SFR which is a ratio
of current SFR to <SFR>,,s does show an interesting trend. First, our sample
galaxies have generally higher current SFRs than <SFR> .. Those galaxies which
have lower current SFRs do not have anything in common except their relatively
low gas mass fraction. The gas mass fraction has a strong relation with the normal-
ized SFR (Fig.4.6 (a)), while stellar and gas mass do not show any trend with the
normalized SFR (Figs.4.6 (c¢) and (d)). Moreover total baryonic mass does not have
any correlation with the normalized SFR (Fig.4.6 (b)). This is quite interesting
since gas mass fraction shows quite a strong correlation with luminosity and stellar
mass (Figs.4.3 (a) 4.4 (a)).

Considering a relatively weaker correlation between gas mass fraction and gas
mass (Fig.4.4 (b)), this shows that a galaxy which has not formed a large amount
of stars out of its gas component, tends to be star-forming at the current epoch.

Another parameter which has a strong correlation with the normalized SFR is
K,-band central surface brightness, while other optical broad-bands do not show
any strong correlation with it by their central surface brightness (Fig.4.7 (a) and
(b)). As the K,-band central surface brightness becomes brighter, the normalized
SFR becomes smaller. This shows that galaxies with increased star forming activity
have fewer old stellar populations formed so far.

It is worth noting that these correlations match well the conclusions of Bell
et al. (2000). Comparing their sample colors to model grids, they concluded that
the age of an LSBG stellar population is correlated with its surface density. Based
on our tight relation between K -band luminosity, i.e. stellar mass, and its surface
brightness, LSBGs with low K,-band surface brightnesses should have increased

current SFRs. Therefore, at least their mean age of stellar population should be
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younger than those galaxies with high K,-band surface brightness.

Fig.4.8 shows that colors may have the expected trends with scatter. One outlier
from Fig. 4.8 (a) is UGC 6614 which is a huge “Malin”-type galaxy. While another
big LSBG, F568-1 does not have an increased current SFR, UGC 6614 shows a
star-forming ring around its nuclear region (Fig.3.10 (c¢)). On the other hand, an
outlier in the opposite direction is actually NGC 4455 which is a HSBG. F577-v1,
which has B — Ks of -0.71, was barely detected in the K -band and its K,-band
luminosity may not be meaningful. Correlation coefficients from these analyses are

given in Table 4.3.

4.3.3 Stellar Component Build-up Timescale

In order to estimate changes of SFHs of our sample galaxies, we calculate how long
it would take for them to build up their stellar mass components with their current

SFRs. We simply divide their stellar masses by their SFRs:
7. = M,/SFR. (4.9)

The average stellar component build-up timescale is 4.5 Gyr. However, there
are four galaxies whose build-up timescales are longer than the Hubble time, one
of which is NGC 4455, a normal galaxy. Clearly, this means that their SFRs have
decreased. Without these four galaxies, the average timescale is 1.6 Gyr which is

quite short compared to the Hubble time.

139



SFR gyrrem/ <SFR> pont

SFRyrrem/ <SFR> o0

o o
9 IIIIIIIIIII 9
(a) e o
[ ]
= HS
° ° é\:
™ ® o %
o
— (ﬂﬁ
- ° [« J—
° %o
o
5 S :
e © v 8 9 10 11 12

Total Baryonic Mass (Log(M,/M,))

100
100

e Q
H
A
- m“
>
n
v
~N
=) gd
o
[
i m—l
=) p : A \ :
© 7 8 9 10 11 12 © 7 8 9 10 11 12
Stellar Mass (Log (M,/Mg)) Gas Mass (Log (M,/M,))

Figure 4.6: Correlation between the normalized star formation rate and mass
components. The normalized star formation is the ratio of current star formation
rate to average star formation rate. Average star formation rates are calculated
by dividing stellar masses by 10 Gyr.

(a) Gas mass fraction versus the normalized star formation rate The dashed line
represent the least-square fit for two parameters, Log(SF Reyrrent/ < SFR >past
) = 2.24x f;—0.823. (b) total baryonic mass versus the normalized star formation
rate (c) stellar mass versus the normalized star formation rate (d) gas mass versus

the normalized star formation rate.
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Figure 4.7: Correlation between the normalized star formation rate and structural
parameters. See Fig.4.6 for a definition of the normalized star foramtion rate.
(a) B-band central surface brightness versus the normalized star formation rate
(b) Ks-band central surface brightness versus the normalized star formation rate
(a) and (b) are plotted in the same x-axis span for easy eye comparison.

(c) disk scale length versus the normalized star formation rate. Blue squares
represent B-band disk scale length and red circles represent Ks-band disk scale
length. (d) ratio between B-band central surface brightness and Ks-band central
surface brightness versus the normalized star formation rate.
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4.3.4 Gas Depletion Timescales

Whether a galaxy can continue to sustain their current SFRs for several gigayears
or not is interesting to see. The gas depletion timescale is calculated from current

SFR and the neutral hydrogen mass:
7y = nMui/SFR. (4.10)

The average gas depletion timescale is also 4.5 Gyr for our sample galaxies. Five
of the sample galaxies have gas depletion timescales shorter than 1 Gyr. UGC 2885,
a galaxy with a huge current SFR, is one of them. For those galaxies with large
amounts of gas components, it is easy to simply consider them with increasing SFRs

over the Hubble time. However, three of those five galaxies have longer 7, than their
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gas depletion timescales, which simply means that their stellar components are more
than their gas components.

For those four galaxies with 7, longer than the Hubble time, they have very long
gas depletion timescales as well, except NGC 4455. For example, UGC 334 whose
T, is longer than 2000 Gyr has its gas depletion timescale of ~ 200 Gyr with more
than 4x10° M, gas available.

It must also be noted that this gas depletion time scale assumes that a galaxy can
consume all of the available gas turning it into stars. The distribution of neutral
hydrogen generally extends well beyond its optical counterpart. It is unknown if
galaxies can convert their extended neutral hydrogen into stellar component. On
the one hand, a gradual extension of the stellar disk into the larger HI disk seems
consistent with the idea that disks grow inside-out. On the other, it is not clear
whether the low column densities of HI at larger radii will ever be able to sustain

star formation. The availability of this reservoir for star formation thus remains in

doubt.

4.4 Discussion

We have discussed stellar and gaseous components of LSBGs regarding their evo-
lution through star formation. In this chapter, we will discuss the SFHs of LSBGs
and their impact on physical properties of LSBGs.

In Section 2.5, we discussed colors of LSBGs and possible impacts of SFH on
them. Simply we ruled out the initial burst scenario and the declining SFR scenario
due to their broad-band colors, especially U — B and B — V. It is difficult to
conclude on when these galaxies have formed only based on their colors. Rather,

it is plausible that some of LSBGs have formed at fairly recent epochs. However,
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Table 4.2. Star Formation Rates and Evolutionary Time Scales of Sample
Galaxies
Galaxy log (M« /Mg) <SFR>past SFR (Mg yr—1) Log T« Log (Mg Log 74
Salpeter K83/KTG94 Mg yr—1) Sal K83 (yr) /Mg) (yr)
D512-2 8.66 8.51 0.032 0.009+£0.026  0.008  10.66 8.16 10.31
D570-4 8.02 7.87 0.007 0.00840.001  0.007  9.97 8.09 11.19
D575-2 6.89 6.74 0.0006 8.85
D584-2 8.23 8.08 0.012 0.1940.034  0.17 8.80 8.94 9.66
D646-5 6.96 6.81 0.0007 8.31
D721-5 8.54 8.39 0.025 9.23
F561-1 9.05 8.90 0.079 9.20
F563-V1 9.71 9.56 0.36 8.88
F563-V2 9.28 9.13 0.13 9.58
F565-V2 8.32 8.17 0.18 8.82
F568-1 9.87 9.72 0.52 0.07440.14  0.07 11.0 9.64 10.64
F568-V1 9.28 9.13 0.135 9.43
F571-8 9.42 9.27 0.19 9.20
F577-V1 8.03 7.88 0.076 3.1840.37  2.94 7.53 9.44 8.89
F611-1 10.41 10.26 1.82 8.50
F730-V1 10.02 9.87 0.74
NGC 4455 11.00 10.82 6.61 0.37+£0.04 034  11.43 8.64 9.30
UGC 128 10.26 10.11 1.29 11.4+1.1 10.5 9.21 10.0 8.98
UGC 334 10.61 10.46 2.88 0.0240.002 003 1231 9.79 11.31
UGC 628 10.80 10.65 4.47
UGC 731 8.76 8.61 0.041 0.16+£0.02  0.14 9.56 8.78 9.63
UGC 1230 9.60 9.45 0.28 12.3+1.3 114 8.51 9.80 8.74
UGC 2259 9.40 9.25 0.18 0.30+£0.03  0.28 9.92 8.71 9.26
UGC 2885 11.71 11.56 36.3 210.4421.1 1949  9.39 10.72 8.43
UGC 3371 9.12 8.97 0.093
UGC 6614 10.89 10.74 5.50 18.15£1.90 16.81  9.63 10.34 9.73
UGC 8837 8.09 7.94. 0.009 0.1440.014  0.13 8.94 8.11 9.51
UGC 9992 7.99 7.84 0.007 0.0584£0.006 0.054  9.23 8.76 10.28
UGC 10310 8.87 8.72 0.052 0.714£0.07  0.66 8.91 9.01 9.20
UGC 11454  10.93 10.78 6.03 9.31
UGC 11557 9.87 9.72 0.52 2.54+0.25 2.3 9.47 9.31 8.91
UGC 11583 7.98 7.83 0.0007
UGC 11616  10.74 10.59 3.89
UGC 11648 10.39 10.24 1.74
UGC 11748 10.90 10.75 5.62
UGC 11819  10.42 10.27 1.86
UGC 11820 8.64 8.49 0.031 0.07£0.04  0.063  9.79 9.14 10.36
UGC 11944 9.37 9.22 0.17
UGC 12695  10.02 9.87 0.74 7.440.8 6.9 9.15 9.91 9.07
Note. — t High Surface Brightness Galaxy
Table 4.3. Correlation Matrix
fg M Mgas 1B MKs hB th B-V B-Ks
SFReurrent/< SFR >past 062 -006 0.3  -049 013 -0.38 -055 054  0.54
f, -0.80 -021 -017 -062 -020 -04 -065 -0.78
M. 0.61 025 067 049 046 045  0.49
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Figure 4.9: Gas mass fraction versus timescale. Filled circles represent gas deple-
tion timescale and filled squares represent stellar component build-up timescale.
Notice that there is no strong correlation between gas mass fraction and 7.
based on K -band luminosity and amounts of their stellar masses, it is difficult to
exclude that the star formation epochs of some LSBGs date back to shortly after
the Big Bang. Their stellar component build-up timescales are generally several
gigayears.
However, it is still not clear whether these galaxies have been gradually increasing
their star formation rates, or kept it constant. If the SFR is gradually ramping up

to the present, the normalized SFR should have a tight correlation with B — V or
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B— K, colors. As described in section 4.3.2, they show the trends which are required
to explain colors. However, scatters are big and the gas depletion timescales range
fairly big as the stellar component build-up timescales. Fig.4.9 shows that there is
no strong correlation between the gas depletion time and gas mass fraction. If their
SFR has been gradually increased over the Hubble time, galaxies which turned more
gas into stars should have shorter gas depletion timescales. This is not shown in
Fig.4.9.

Therefore, the most plausible scenario to explain properties of LSBGs is perhaps
the episodic SFH with sporadic bursts, probably superimposed on either a constant
SFH or a slightly increasing SFH. With a big range of current SFRs and normalized
SFRs, what we are seeing now can be explained as a snapshot of sporadic SFHs. The
question of why LSBGs have these sporadic SFHs is very interesting, particularly
after a seemingly long hiatus of massive star formation. As mentioned, it is hard to
rule out that LSBGs actually have formed late, or significantly later after the Big
Bang. As shown by simulations, primordial halos with large angular momentum
collapse late and LSBGs are from these halos. Large angular momentum prevents
gas from falling into disks, eventually from turning into stars. If gas somehow still
collapses onto stellar disks, it may explain the SFHs of LSBGs.

However, according to the CDM paradigm, smaller galaxies form early and merge
into bigger ones. Surely, early formation epochs do not guarantee a large amount
of old stellar populations and old mean ages of stellar components. It also involves
environmental properties of galaxies to grow through the Hubble time. Still it is

clear that most LSBGs are surprisingly young in terms of their stellar populations.
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Chapter 5

Summary and Future Work

5.1 Summary

Little is known about the star formation history of low surface brightness galaxies
These galaxies are generally blue in the optical and the near-IR. This indicates an
undeveloped giant branch, which would be expected with a scenario in which they
are relatively unevolved or have delayed SFHs contradicting the initial impression
that they may simply be faded remnants of higher surface brightness galaxies whose
star formation has finished.

We obtained optical and near-infrared broadband photometry along with Ha
photometry of a large sample of low surface brightness galaxies to measure the
current and the time-averaged star formation rate in order to answer the following

questions:

1. When did LSBGs form? Did they form early as hierarchical galaxy formation

models predict, or did they form late?

2. Why do LSBGs have such low star formation efficiencies even with large

amounts of gas? Do they have a fundamentally different star formation pro-
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cess?

3. What do the SFHs of LSBGs look like? Have they been decreasing, constant,

or increasing?

In Chapter 2, we looked into luminosities, colors, and structural parameters of a
large sample of LSBGs based on our optical and NIR observation. We presented our
observation and data reduction in detail and analysis on their bulge-disk structures.
Low surface brightness galaxies have a surprisingly broad range of their physical
parameters; luminosity, size, gaseous and stellar mass. Still, they are generally
blue in optical and NIR colors, as have been documented and do have young stellar
populations. There is not a strong relation between luminosity, colors, and structure
parameters and trends across optical and NIR bands. Still, exponential disk scale
lengths are shorter in the Ky -band than other optical bands, which can lead into
color gradient along disks. Also, galaxies with longer disk scale lengths in the K-
band are generally redder.

In chapter 3, we presented our observation and the result from Ha photometry
of 19 LSBGs. The average Hoa luminosity of 19 sample galaxies is 175 x 10% erg
s71. Although this average is still low, the samples have a surprisingly wide range
of SFRs. We have not found any strong trend indicating a possible high SFR for a
LSBG, since those galaxies with higher Ha luminosity do not possess lots of common
characteristists. We have suggested that LSBGs have episodic SFHs based on the
fact that they are generally rich in their gaseous components and blue in colors
regardless of their current star forming rates.

We also looked into HII regions luminosity function (LF) in chapter 3 and pre-
sented a composite LF from our entire sample. Although this LF has a slope which
is similar to that of the LF from other galaxies, it has a relatively higher break for

slope and flatter slope below the break. We suggested three possibilities: incom-
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pleteness of lower luminous HII regions, blending in due to large distances and a
different initial cluster populations for LSBGs.

In chapter 4, we investigated impacts of gas and stellar components on star
formation histories of galaxies along with other parameters. First, we showed that
current star formation rates of LSBGs are higher than, or comparable to the average
past star formation rate. This shows that LSBGs have been slow to form stars and
have formed stars continuously, or even with an increasing efficiency.

We showed that gas mass fraction has a tight relation with the normalized star
formation rate, while stellar and gas mass do not show any trend with the nor-
malized SFR. Colors do not have have a tight relation, either. Kg-band central
surface brightness has strong relationships with other physical characteristics over
parameter space as well. In particular, stellar mass and gas mass fraction have tight
relationships with it.

We suggested that, combined with bluer colors in optical and NIR wavelengths,
these correlations shows that the most plausible SFH scenario is the episodic SFH
with sporadic burst. With a big range of SFRs, we possibly look into a snapshot of
sporadic SFHs which combine episodic burst either with a constant SFH or a slightly
increasing SFH. We also suggested that large angular momentum can explain the
LSBGs. It prevents gas from falling into a dense disk, impeding SFR in stars within
LSBGs. We suggest that if gas somehow still collapses onto stellar disks, it appears
as episodic SFHs of LSBGs.

Based on what we have found through this work, we will try those three ques-

tions.

1. It is not obvious when LSBs form. Their populations and gas fractions are
consistent with young ages, so relatively recent formation can not be excluded.

Neither can one exclude the possibility that they are all ancient, in the sense
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of perhaps having at least some ancient stars. However, in many cases, the
bulk of the mass in stars seems to have been formed in the more recent half
of the Hubble time. If all LSBGs are ancient as nominally expected in LCDM
models, then we must appeal to internal evolutionary processes to delay the

conversion of gas into stars.

. There is no clear evidence that the star formation process in LSBGs differs
fundamentally from that in other galaxies. Their inefficient conversion of gas
into stars seems to stem from the diffuse distribution of gas, which in turn
may arise from their high specific angular momenta. This much, at least, is
consistent with the notion common to many LCDM galaxy formation scenarios

in which LSBGs form in high spin dark matter halos.

. LSBGs seem to have experienced a variety of SFHs as diverse as their physical
properties. To the extent that a generalization can be made, it seems that
many of them have experienced SFHs that increase with time, or perhaps are
approximately constant with episodic increases in the SFR. There are many
examples of LSBGs whose current high specific star formation rates can not

have been maintained for a Hubble time.

5.2 Future Work

5.2.1 More Stellar Population

While population models predict that near-infrared bands are a much better
tracer of stellar mass than optical bands, it appears that 3.6um is even better
than the K -band from the early SINGs results. Therefore, it would be great

to have both the K -band and Spitzer IRAC 3.6um-band in order to measure
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stellar masses better. I plan to obtain Spitzer IRAC 3.6pum-band images for
sample LSBGs with the available K -band images. With great sensitivity of
IRAC, stellar mass library for LSBGs will expand tremendously and get more

accurate.

On the other hand, having only broad-band colors still has its limitation
in terms of stellar population study. Carefully designed spectroscopic study
should follow up to provide more information on stellar populations on various

parts of galaxies, or/and also on HII regions.

5.2.2 Test of Star Formation Laws

The gas content of disk galaxies is as fundamental as their stellar distribution.
Stars are formed from gas, and the relative distributions of the two components
reflect the history of the conversion of gas into stars. Understanding this
evolution through the process of star formation is one of the basic goals of

much of the current effort in astronomy.

While of enormous interest, the processes of star formation remain difficult to
perceive. Worse, there is a great gulf between the formation of individual stars
and star formation on galactic scales. However, there are two simple empirical

laws to focus on.

The first is the Schmidt law (Schmidt 1959):

Ysrr = AXY (5.1)

gas?

and various mechanisms that control star formation in galaxies; gravitational

instability, supersonic turbulence, magnetic fields, and rotational shear (Elmegreen
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2002; Kennicutt 1989; Larson 2003; Mac Low & Klessen 2004) have been dis-

cussed and debated.

The second empirical law is star formation threshold, which also lead into
various ideas about what determines the critical density of star formation.
Kennicutt (1989) associates the onset of large (~kpc) scale star formation
with regions where the gas surface density exceeds that for stability according
to the Toomre Q criterion (Toomre 1964) for gravitational instability. Martin
& Kennicutt (2001) confirmed that Kennicutt’s critical density is valid using

32 nearby spiral galaxy sample.

However, Wong & Blitz (2002) claimed that the ratio of gas surface density at
the threshold to the critical density (o) does not play a role for star formation,
but simply is a measurement of gas fraction. Schaye (2004) suggested that the
transition to the cold phase leads to gravitational instability and star formation
without assuming constant velocity dispersion. Observationally, these ideas
can be tested by observation of the gas. While the Kennicutt critical gas
density criterion works fairly well in high surface brightness spirals (HSBGs)
(Martin & Kennicutt 2001), it still has been tested only on global scales,
which means that only density azimuthally averaged over the entire galaxy
disc is tested for the criterion. It may not work well in different environments,
especially in the inner regions of LSBGs where rotation curves rise slowly.
Also, massive star formation rates in LSBGs are an order of magnitude lower
than those of HSBGs (van der Hulst et al. 1993b), while these galaxies usually
have fairly large gas mass fractions which sometimes approach unity despite
their exceptionally low gas surface densities (de Blok et al. 1996). These
physical characteristics make LSBGs an excellent testbed to investigate which

parameter ignites star formation.
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