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We present detailed studies of the kinematics and star formation properties of 

low surface brightness (LSB) galaxies. A total of five giant LSB galaxies including the 

prototype, Malin 1, were imaged in the 21-cm line of HI to provide the first glimpse 

into the kinematics of these systems. We find that these are some of the first examples 

to be uncovered of galaxies that are both massive and dark matter dominated. We also 

find that most of the galaxies have gas surface densities that lie below the critical density 

for star formation at all radii, consistent with their lack of star formation. In a couple 

of cases, though, the gas exceeds the critical density where there is no star formation 

implying a higher gas velocity dispersion or strong flaring of the gas disk. 

Long-slit optical spectroscopy and broadband CCD imaging are presented for a 

total of 71 LSB galaxies. We find that these galaxies follow a Fisher-Tuily relation with a 

slope that is in good agreement with the slopes found for other samples of LSB and HSB 

galaxies. We interpret both the optical and HI rotation curves in terms of mass models 

consisting of a halo only or a stellar component plus a halo of either an isothermal form 

or an NFW halo of the form described by Navarro et aL (1996b) and find that the rotation 

cvirves are generally best modeled by low mass-to-light ratio stellar components. By 

modeling the rotation curves v^th only an NFW halo and comparing the results with the 

predictions of cosmological simulations we find that these data are marginally consistent 

at best with Standard Cold Dark Matter and generally favor lower density models. 

However, we also find that when including the stellar component, the NFW halo gives 

a significantly worse fit than an isothermal halo in many cases. This suggests that the 

inner parts of galactic halos may not be well described by the NFW halo profile. 
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CHAPTER 1 

INTRODUCTION 

One only has to compare with the naked eye what the summer Milky Way looks 

like from the middle of a city to what it looks like from a high, dark mountain-top 

to see first hand how sky brightness affects how we view the universe around 

us. Even without the encroaching illumination of civilization, which certainly 

impacts professional as well as amatexir astronomy in many areas, the night sky 

has a finite brightness due to natural processes. At optical wavelengths in the 

range from 3500 A to about 7GOO A the main natural contributers are atomic and 

molecular airglow and zodiacal light. OH emission bands become the dominant 

source of sky brightaess longward of 7000 A. At a dark site on a moonless 

night the sxirface brightaess of the sky is about 22 V mag arcsec"-. Just as sky 

brightaess acts as a filter determining how much of oiir own galaxy we can see 

with our own eyes, it also acts as a filter determining what galaxies we can see 

and thus catalog and study. This point was first made by Zwicky (1957) and 

further developed by Arp (1965), Disney (1976), and Disney & Phillips (1983). 

The famous paper of Freeman (1970) showed that spiral galaxies have 
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extrapolated central disk surface brightness in a narrow range of 21.6 ± 0.4 B 

mag arcsec"^. This result has since become known as "Freeman's Law" and, if 

real, would have profound implications for galaxy formation and evolution. It 

would require various physical quantities and processes such as mass-to-light 

ratios, initial angular momenta, formation epochs, and star formation histories 

to all conspire to result in a narrow range of mass surface density. The work 

of Disney (1976), Allen & Shu (1979), and Disney & Phillips (1983), however, 

quantified the selection effects that could lead to the Freeman Law. UnHke point 

sources such as stars, extended objects like galaxies are not selected by their total 

fluxes. Rather, surveys for galaxies select down to a limiting isophote which 

depends on the brightness of the sky, the efficiency of the detector used, and 

how much exposure time was used. Galaxies with surface brightnesses below 

the limiting isophote will be excluded entirely and those with relatively small 

portions that exceed the limit will be dramatically underrepresented. Small, high 

surface brightness galaxies will also be biased against since they would be more 

easily confused with stars. These selection biases must be understood, accounted 

for, and minimized in order to measure the true surfece brightness distribution 

of galaxies. 

Over the past decade or so much work has concentrated on trying to 

overcome the biases inherent in cataloging galaxies- One of the first published 

surveys that concentrated on looking for low stirface brightness (LSB) galaxies is 

that of Schombert & Bothun (1988) and Schombert et al. (1992). This survey was 

performed using visual scans of the 2nd epoch Palomar Siy Survey (POSS-H) 

plates to select galaxies that appear to be of low surface brightness. While 

these criteria are not easily quantified into a selection function, this survey 

has provided a large number of LSB galaxies that have been used in many 
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subsequent studies. More recently, the survey published by Impey et al. (1996) 

provides a muc±i larger sample of more than 600 galaxies and has much more 

well-defined selection criteria. This survey also used photographic plates, but 

the galaxy selection was carried out using Automated Plate Measuring (APM) 

machine scans of these plates. The automated selectioa process results in a 

selection function that has been quantified by Sprayberry et al. (1996). Newer 

CCD surveys such as those of O'Neil et al. (1997a) also allow for automated 

detection and can recover much lower surface brightness objects. The sample of 

O'Neil et al. (1997a), for example, has « 27.5 R mag arcsec"^. 

The result of the work of Sprayberry et al. (1996) as well as that of de Jong 

(1995), McGaugh (1996), and O'Neil et al. (1997b) has been to show that while 

the cutoff at high surface brightness is real, there is a decline in number density 

but no clear evidence yet of a cutoff at low surface brightness. The number of 

galaxies that have been foimd to be 3-4cr lower in surface brightness than the 

Freeman value dearly shows that the intrinsic surface brightness distribution is 

not well-described by a normal distribution with a central value as originally 

measvired by Freeman (1970). For example, the surface brightness distribution 

found by McGaugh (1996) declines slowly faintward of the Freeman value 

indicating a sizeable space density of LSB galaxies. To calculate the contribution 

of LSB galaxies to the overall limiinosity and mass densities of the universe, 

however, requires knowledge of the bivariate distribution of siuface brightness 

and luminosity. To date this is still not well determined. The best estimate so far 

is that of de Jong (1996) which does show that the surface brightness distribution 

does vary with luminosity in the sense that low luminosity galaxies tend to have 

lower surfece brightnesses. 
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Dalcanton et al. (1997) shows how surface brightness selection effects 

together with a bivariate distribution of luminosity and surface brightness 

can sigruficantly effect the determination of galaxy luminosity functions. The 

greatest impact of selection biases is on the determination of the faint end slope. 

Higher limiting sxirface brightnesses result in the determination of shallower 

faint end slopes. This is an important consideration since semianalytic models 

of galaxy formation consistently predict faint end slopes that are steeper than 

what is observed, (e.g. Kauffman et al. 1993, Lacey et al. 1993, & Heyl et al. 

1995). Sprayberry et al. (1997) derive a luminosity function using the LSB galaxy 

survey of Impey et al. (1996) and indeed find a fairly steep faint end slope of 

—1.42, much closer to the predicted slopes. Taking surface brightness biases 

into accoxmt may be sufficient, or at least nearly so, to bridge the gap between 

observations and the theoretical predictions. In fact, the restilts of Sprayberry et 

al. (1997) suggest that the CfA Redshift Survey has missed perhaps one-third 

or more of the local galaxy population and that LSB galaxies form a significant 

portion of the local galaxy population. 

On the other hand, the deep siirvey in the 21-cm line of HI by Zwaan et al. 

(1997) does not find any evidence for a significant popxilation of galaxies that has 

been missed by optical surveys. Their sxirvey has a 5a limiting colvimn density of 

gas of 10^® cm~^ and thus is not as prone to the sxirfece brightness biases that can 

beset optical surveys. The HI mass function they derive is consistent with earlier 

estimates based on optically selected galaxies and has a feirly shallow (a ~ 1.2) 

feint end slope that leaves littie room for a large popxilation of gas-rich LSB 

dwarfe. The LSB galaxies imaged, in HI by van der Hulst et aL (1993), de Blok 

et aL (1996), and Pickering et al. (1997) show that while LSB galaxies generally 

have lower HI sxirface brightnesses than similar luminosity HSB galaxies, the 
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difference is not as great as in the optical. Roughly, a factor of 5 difference in 

optical surface brightness corresponds to about a factor of 2 difference in H I 

sxirface density All of the LSB galaxies observed in HI have peak HI column 

densities of > 10^° cm"- which is dearly high enough to be detected by a survey 

such as the one of Zwaan et al. (1997). 

There is, however, some bias involved in the LSB galaxies that have detailed 

HI observations. They were largely selected to have high HI fluxes to allow 

high S/N determinations of their HI kinematics. On the other hand, Zwaan 

et al. (1997) find no galaxies in their siirvey with average HI column densities 

of less than 10^^-^ cm~^. This implies that ionization by the extragalactic UV 

background of HI disks at low HI column densities of several x 10^^ cm~- or less 

is a very important effect. Other evidence for the effects of ionization exists in the 

form of galactic HI disks that truncate sharply at surface densities around 10^^-^ 

cm~- (van Gorkom 1993) as well as in the form of directly detected ionized gas 

beyond the truncated HI disk of NGC 253 (Bland-Hawthorn et al. 1997). Thus 

the extragalactic UV background imposes a physical sxirface brightness limit on 

the detection of gaseoiis disks. This may explain, at least in part, the discrepancy 

between the faint end slopes derived by Zwaan et al. (1997) and Sprayberry et al. 

(1997). The faint LSB galaxies that contribute to the faint end slope of Sprayberry 

et aL (1997) may largely be gas poor or have high gas ionization fractions due to 

their low densities and therefore escape detection in HI siirveys. 

One way to probe to even lower HI column densities is through quasar 

absorption line studies. HST has made it possible to do Lya absorption studies 

down to z = 0 which makes it possible to compare Lya absorbers to nearby 

galaxies (e.g. BahcaR et aL 1996). While associating individual Lya absorption 
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systems with individual galaxies is still a matter of debate, some fairly clear 

associations have been made between high column density absorbers and 

galaxies (Lanzetta et aL 1995, Stocke et al. 1995, & Steidel et al. 1997). Establishing 

cormections between lower column density absorbers and galaxies is rather 

more problematic since the candidate absorbers for a given feature are often 

hundreds of kpc from the line of sight. An example is the work of van Gorkom 

et al. (1996) who performed a deep HI search for counterparts to Lya absorbers. 

They foimd H lin the vicinity of 4 out of the 7 absorbers they looked at, but the 

nearest galaxy to any line of sight was a small galaxy at an impact parameter 

of 68 kpc la the detected cases the observed HI extents are an order of 

magnitude or so smaller than the projected distances to the absorbers. This in 

addition to the fact that some of the absorbers seem to be associated with loose 

groups of galaxies often makes it very difficult to say with any certainty that a 

galaxy causes a given absorber. 

More recent work by Chen et aL (1998) on a much larger set of Lya 

absorption systems suggests that they are mostly associated with galaxies and 

that galaxies are sxarrounded by extended gaseous envelopes of ~ 160 kpc 

in radius. Galaxies in their sample with impact parameters greater 160 kpc 

almost never have associated Lya absorption while those with impact 

parameters less than 160 kpc almost always do. They also find a significant 

correlation between impact parameter and Lya absorption equivalent width 

that becomes stronger if a galaxy's luminosity is taken into account. This argues 

that the gas is physically associated with galaxies and that the amoimt of gas 

intercepted along a line of sight depends on galaxy luminosity, Lg. The relation 

between absorption eqviivalent width and Lb can be used in conjimction with a 

galaxy luminosity function to predict the number of Lya absorption systems that 
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are produced by galaxies. Doing so Qien et al. (1998) find that galaxies may be 

responsible for all Lya absorption systems with equivalent width > 0.3 A, but 

this is imcertain due to uncertainties in the faint end of the galaxy luminosity 

function and in the absorption cross sections of low luminosity galaxies. 

Linder (1998) further develops the idea that LSB galaxies are an important 

contributer to low redshift Lyo: absorption. She uses the luminosity function of 

Sprayberry et al. (1997) to account for LSB galaxies and readily finds a scenario 

that is consistent with this luminosity function, the low redshift Lyo: absorber 

covmts, and predictions of Qb from standard nucleosynthesis. If a galaxy 

luminosity function is used that does not include LSB galaxies, then a consistent 

scenario carmot be obtained. The successful models have galaxy absorption cross 

sections that vary from ~ 10 kpc for dwarf galaxies to ~ 200 kpc for 

Ivuninous galaxies. The cross section for luminous galaxies is consistent with the 

results of Qien et al. (1998) and also with the halo extents measured for luminous 

galaxies by Zaritsky et al. (1997) and predicted by Navarro et al. (1996b). If Lya 

absorbers are largely associated with galaxy halos, then a significant number 

of LSB galaxies is required to produce the observed nvunber of Lya absorber 

counts. 

On the other hand, even more recent cosmological simulation work such as 

that of Dave et al. (1998) can explain the resoilts of Qien et al. (1998) and others 

zuithoiit requiring very extended halos. Rather, much of the Lya absorption in 

their simulations is due to density fluctuations in the intergalactic medium and 

they don't find any significant differences between the properties of absorbers 

that are gravitationally bound to galaxies and those that are imbound. The 

correlations foimd by Qien et aL (1998) are reproduced in the simulations and 
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arise because the absorbing structures and galaxies correlate similarly with 

the underlying large scale structure. These results do not exclude significant 

numbers of LSB galaxies, but neither do they necessarily require them. 

While the jury may still be out on the extent to which LSB galaxies comprise 

the local galaxy population, it is clear that they do exist which in itself has 

important implications on theories of galaxy formation and evolution. Follow-

up studies of the LSB galaxies fovmd in recent surveys have begun to paint a 

picture of the properties of LSB galaxies and how they fit in and compare with 

the generally high stirface brightness (HSB) galaxies that have been well-studied 

historically. 

The properties of LSB galaxies can be summarized as follows: 

• Many of the LSB disk galaxies in the Schombert et al. (1992) and 

Impey et al. (1996) samples have colors that are quite blue. After 

excluding galaxies with bulges, McGaugh & Bothxm (1994) foiand colors of 

LI — B = —0.17, B — V = 0.49, and V — I = 0.89. Colors this blue usually 

indicate active ongoing star formation and in fact are a bit bluer than an 

actively star forming Sc gala;9r (e.g. Bothun 1982), for example, but that is 

not the case in these LSB galaxies which are currently quiescent. However, 

not all LSB galaxies are blue. The predominance of blue LSB galaxies in 

early surveys was due to the use of blue-sensitive photographic plates. 

The CCD survey of O^Neil et al. (1997a) fotmd a large continuous range 

in colors from blue galaxies that are even bluer than those studied by 

McGaugh & Bothun (1994) (LT — B = —0.56, B ~V = 0.37) to red galaxies 

(II — B = 0.65,V — 1 = 2.2) with colors indicative of a faded disk that has 

not had significant star formation in several Gjn:. The giant LSB galaxies 



34 

studied by Sprayberry et al. (1995b) also have somewhat red colors of 

B — V = 0.73 and V — R = 0.50, though these do not exclude the significant 

bulge components in many of these galaxies. The evolutionary histories of 

LSB galaxies thus seem to be quite diverse. 

The LSB galaxies observed to date in HI have generally low gas surface 

densities to go along with their low optical surface brightnesses (McGaugh 

1992; van der Hulst et al. 1993; de Blok et al. 1996). The differences in 

surface density in HI when compared to HSB galaxies are not as great as 

the surface brightness differences in the optical and all of the LSB galaxies 

observed so far have peak HI surface densities of > 10^° cm"-. The gas 

densities still fall mostly below the critical density for star formation 

found by Kennicutt (1989) which is consistent with their low current star 

formation rates. 

LSB disk galaxies have generally low metallidties of about 30% solar on 

average (McGaugh 1994). This is further suggestion that LSB galaxies are 

relatively imevolved compared to HSB galaxies with similar luminosities. 

The low metallicities are consistent with the idea that the low gas densities 

in these galaxies have kept star formation rates low through their histories. 

However, so far the metaUicity data that exists for LSB galaxies is largely 

for lower luminosity systems. There is some indication even in the data 

of McGaugh (1994) that the more massive systems such as UGC 6614 and 

F568-6 have higher metallicities. 

LSB disk galaxies follow the same Fisher-Txilly relation between luminosity 

and peak rotation velocity that HSB galaxies do (Zwaan et al. 1995; 

Sprayberry et al. 1995a). That galaxies with very different scale lengths 
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and mass surface densities follow the same Fisher-TuUy relation is a very 

important result that has not yet been completely explained. There are 

many reasons why LSB and HSB galaxies should not follow the same 

Fisher-Tully relation, yet they do. As pointed out by Zwaan et al (1995) this 

requires some conspiracy between the mass-to-light ratio and disk surface 

density. 

• The rotation curves of LSB galaxies are slowly rising in most cases and 

are dominated by a dark halo component rather than by their luminous 

components (van der Hulst et al. 1993; de Blok et al. 1996; de Blok & 

McGaugh 1997). Thus the Fisher-Tully conspiracy runs even a little deeper 

since the maximiun rotation velocity occurs at larger radii in LSB galaxies 

than in HSB galaxies. These results may imply that the Fisher-Tully relation 

is driven largely by a galaxy halo properties rather than disk properties. In 

many LSB galaxies the halo is clearly dominant where the peak is obtained 

whereas in many HSB galaxies the rotation curve near the peak velocity 

can be well-described by scaling the luminous component by a suitable 

mass-to-light ratio. For the Fisher-TtiUy relation to work for both LSB and 

HSB galaxies given their respective rotation curve shapes implies that the 

disks in both cases are sub-maximal. 

fci Qiapter 2 of this thesis, we extend the kinematic studies of LSB galaxies to 

some the largest known LSB galaxies including the prototype giant LSB galaxy, 

Malin 1 (Bothm et al. 1987; Impey & Bothxin 1989). The HI rotation curves for 

these galaxies provide a clear test whether sxirface brightness really is a primary 

determinant of rotation curve shape since HSB galaxies with, similar luminosities 

generally have flat or slowly declining rotation curves. The rotation curves are 
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used to test how the measured gas surface densities compare with the predicted 

critical densities and also to test whether their shapes are consistent with the 

shapes predicted by the cosmological simulations of Navarro et al. (1996b). The 

work in this chapter was carried out in collaboration with C. D. Impey, J. H. van 

Gorkom, and G. D. Bothun and appeared in the literature as Pickering et ai 

(1997). 

In Chapter 3 we present detailed HI observations of another giant LSB 

galaxy, UGC 2936. This galaxy differs from the others in that it has much more 

widespread ongoing star formation. However, it is a large galaxy with a disk 

scale length approaching 10 kpc h:^ and has a slowly rising rotation curve 

like the other giant LSB galaxies. The work in this chapter was carried out in 

collaboration with J. H. van Gorkom, C. D. Impey, and A. Quillen. 

In Chapter 4 we revisit the Fisher-TuUy relation for LSB galaxies using a 

sample of 71 optical rotation curves for galaxies from the samples of de Blok et al. 

(1996) and Impey et al. (1996). We confirm that the Fisher-Tully relation does not 

have any dear dependence on surface brightness. This work w^as carried out in 

collaboration with J. F. Navarro, H.-W. Rix, and C. D. Impey. 

In Chapter 5 we perform mass modeling using the rotation curves and CCD 

imaging presented in the earlier chapters. We perform the mass modeling using 

both isothermal halos and halos of the form described by Navarro et al. (1996b). 

We compare the results with the predictior\s of cosmological simulations and 

test whether the halo profile of Navarro et al. (1996b) fits the data better or 

worse than the traditional isothermal halo. This work was also carried out in 

collaboration with J. F. Navarro, H.-W. Rix, and C. D. Impey. 
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CHAPTER 2 

NEUTRAL HYDROGEN 

DISTRIBUTIONS AND KINEMATICS OF 

GIANT LOW SURFACE BRIGHTNESS 

DISK GALAXIES 

We present high sensitivity VLA HI observations of four giant low sxirface 

brightness (LSB) disk galaxies. As in the optical, the HI surface brightnesses 

of these galaxies are low, though their total HI masses are quite high 

(~ 10^°The HI extents are similar to the optical disk sizes, ia some 

cases as large as 130 kpc h:^. The rotation curves rise slowly and are consistent 

with negligible disk contribution, similar to many previously observed dwarf 

galaxies. However, the peak rotation velocities of these galaxies are high 

(>200 km s~^) and infer high dynamical masses. These galaxies provide the 

first examples of galaxies that are both massive and dark matter dominated. 
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Therefore, their rotation curves provide an important constraint on the structure 

of dark matter halos. EXie to the small contribution of the baryonic component, 

interpreting the shapes of these curves is not strongly dependent on assumptions 

of stellar M/L. Also, the large masses of these LSB halos makes it difficult for 

large-scale baryonic blow-outs to affect the structiore of the halos as can occur 

in dwarf galaxies. At large radii even fairly low surface densities of gas can 

rise above the critical density threshold described by Kennicutt (1989). This is 

observed in two of these galaxies, however the regions with gas surface density 

above the threshold do not have attendant star formation. This implies that cr^s 

may be greater than 10 km s"^ in these cases. In one of these systems, F568-6, 

we find gas moving at high speed with respect to the regularly rotating disk 

and coincident with a region of active star formation. Most likely these are the 

remains of a dwarf fallen through the disk and having set off star formation in 

the process. This provides a possible clue as to how stars ever formed in these 

low volume density systems. 

2.1. Introduction 

The serendipitous discovery of Malin 1, whose remarkable properties are 

described by Bothun et al. (1987) and Impey & Bothtm (1989), demonstrated 

the existence of very large, very luminous, but very diffuse, galaxies. It also 

confirmed the idea, first clearly articulated by Disney (1976), that the brightness 

of the night sky biases our xmderstanding of galaxies and of the range of galaxy 

properties. Subsequent deliberate searches revealed a number of other giant, 

but diffuse, low stirface brightness (LSB) galaxies including F568-6 (Bothxm 

et aL 1990), 1226-f 0105 (Sprayberry et al. 1993), and seven others described 
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in Sprayberry et al. (1995b). In addition, other previously cataloged galaxies 

meet the criteria of large scale length and low central sxxrface brightness used 

in Sprayberry et al. (1995b). These include UGC 6614 and UGC 9024 (Nilson 

1973) plus five NGC galaxies (NGC 2770, NGC 4017, NGC 5533, NGC 5905, and 

NGC 5987) from the sample of Kent (1985b). These galaxies approach, but do 

not match the extreme properties of Malin 1. F568-6, UGC 6614,1226+0105, and 

two others firom Sprayberry et al. (1995b) have physically large disks with scale 

lengths greater than 10 kpc total luminosities of L* or greater, central surface 

brightnesses in B fainter than 23 mag arcsec"^, and total HI masses of greater 

than MqIi^. 

These giant LSB galaxies probe a previously unexplored region of parameter 

space for galactic disks. Knezek (1993) and Sprayberry et al. (1995b) have 

tabulated optical and single-dish HI properties, while previous H I synthesis 

studies of LSBs by McGaugh (1992), van der Hulst et al. (1993), de Blok et al. 

(1996), and de Blok & McGaugh (1997) concentrated largely on smaller, less 

Iximinous LSB galaxies. Rotation curve studies so far have shown that the shape 

of the rotation, curve is closely related to the rotation velocity of the galaxy. Slow 

rotators (i.e., the dwarfs mentioned above) have slowly rising rotation curves. 

Galaxies with rotation speeds in excess of 100 km s~^ tend to have flat rotation 

curves while the fastest rotators (> 200 km s~^) have slightly declining rotation 

curves (Casertano & van Gorkom 1991; Broeils 1992b). These results for the 

faster rotators are entirely based on HSB galaxies, however. Giant LSB galaxies 

therefore provide an interesting contrast to massive HSB galaxies. 

In the inner parts of HSB galaxies the rotation curves are often dominated 

by the luminous mass, i.e., the rotation curve can be fitted by scaling the 
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luminous component by a constant mass-to-light ratio (the "maximal disk" 

hypothesis). Only at large radii does the dark matter component become 

important. However, within the massive HSB galaxies a trend was also fovmd 

with surface brightness: less bright, less compact galaxies tend to be more dark 

matter dominated (Casertano & van Gorkom 1991). Here we extend the range of 

surface brightness probed by many magnitudes. 

We have obtained 21-cm HI data at the VIA for four giant LSB galaxies, 

including the prototype, Malin 1, which allows us to map out the HI surface 

densities and internal kinematics of these systems. These observations are also 

used to further test the hypothesis that these galaxies have meager star formation 

rates due to gas densities that fall below the critical density for star formation 

formulated by Kemicutt (1989). Previous HI observations of LSB galaxies by 

McGaugh (1992), van der Htdst et al. (1993), and de Blok et aL (1996) support 

this hypothesis. To complement the HI observations. Ha and broadband CCD 

images of these galaxies are used to compare the distribution of HI with the 

distributions of ionized gas and starlight. 

Heliocentric radial velocities (optical definition) and a Hubble constant of 

75 km s~^ Mpc~^ are used throughout this chapter. We adopt qo = 0.5, although 

the redshifts are low so derived quantities do not depend sensitively on the 

deceleration parameter. 
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2.2. Observations and Data Reduction 

The neutral hydrogen observations were made with the NRAO Very Large 

Array^ (VLA) in its 3 km (C-array) configuration. Malin 1 was at the time of the 

first observation (1988) the highest redshift galaxy to be imaged in H I. First, 

a number of test observations were done to investigate how well the system 

worked at those low frequencies. Then, two exploratory observations were 

made in the 1 km (D-array) configuration with low velocity resolution. Those 

observations showed that imaging was entirely feasible. The HI extent was 

found to be only ~ 2' and much higher quality data were obtained in the C 

configuration with higher velocity resolution. Since those data recover the entire 

flux, no attempt was made to combine the data and here we present only the data 

obtained in C-array. Note that in the last five years or so the sensitivity of the 

VLA at 20 cm and the capabilities of the correlator have improved dramatically 

and HI observations at redshifts of 0.1 are now being done routinely (e.g., van 

Gorkom 1996). Instrumental details of the observations are simimarized in 

Table 2.1. 

Standard VLA calibration procedures were used to correct for variations in 

gain, and phase with frequency xising observations of strong continuum sources. 

Before calibration, the visibility data were inspected for interference and any 

strongly deviant data points were deleted. The calibrated visibiKty data were 

then fransformed into data cubes consisting of 2D spatial maps for each of the 

63 velocity charmels. The channel spadngs and rms noise levels in the channel 

maps are given in Table 2.1. The continuum was subtracted in the uv plane for 

^The National Radio Astronomy Observatory is a fedlity of the National Science Foundation 
operated under cooperative agreement by Associated Universities, Inc. 
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Malin 1, F568-6, and UGC 6614. For MGC 7589 a mean continuum image was 

produced by averaging together several line-free charmels from both the high 

and low velocity sides of the cube and subtracting this mean continuum from 

all channels. CLEANed (Qark 1980) data cubes of HI emission were created 

using natural weighting to improve sensitivity and restored using an elliptical 

gaussian "clean beam." The H I intensity and intensity-weighted velocity 

(0th and 1st moment) maps were created by first smoothing the cubes both 

spatially (gaussian) and in velocity (Harming) and then blanking any pbcels in 

the smoothed cube below a specified flux cutoff. The non-blanked pixels were 

then integrated to create the maps. The HI surface brightnesses are corrected 

for cosmological dimming by (1 + z)^. Figxire 2.1 shows isovelocity contours 

overlayed on grey-scale representations of HI intensity for all four galaxies. 

Total HI spectra are calculated by summing emission in the CLEANed and 

continuum-subtracted channel maps. The spectra for all four galaxies appear in 

Figiire 2.2. Note that each galaxy exhibits a double-homed profile and a large 

profile width even though they appear relatively face-on, implying that their 

disks are at least somewhat inclined or may be warped. 

The optical Ha and R-band images of F568-6, NGC 7589, and UGC 6614 

were obtained using the Steward Observatory 2.3m Bok Telescope with a Loral 

2048x2048 CCD. The observations were made with an on-chip binning of 2x2 

for F568-6 and UGC 6614 and 3 x3 for NGC 7589 yielding pixel scales of 0.3" 

pixel"^ and 0.45" pixel"^ respectively. The Ha image of Malin 1 was obtained 

at the KPNO 2.1m using a TI 800 x 800 CCD biimed 2x2 yielding a 0.4" pixel"^ 

scale. The V image of Malin 1 was obtained at the Steward Observatory 61" 

telescope with a thinned, AR-coated Loral 2048 x2048 CCD biimed 2x2 to yield 

a pixel scale of 0.3" pixel"^. With the exception of the Ha image of UGC 6614, the 



43 

optical data were obtained imder photometric conditions. The CCD images were 

bias-subtracted and flat-fielded using standard IRAF tasks. The background 

in the reduced images is typically flat to within 0.5%. The R-band as well as 

the Ho: images were flux-calibrated using observations of spectrophotometric 

standards. The derived zero-points for the R images are accurate to about 0.1 

mag. The continuum-subtracted Ha images were created by scaling the R 

image with respect to the Ha image by the ratio of the equivalent widths of 

the filters and then subtracting the scaled R image. Corrections for galactic 

redderung were made using the maps of Burstein & Heiles (1982). Corrections 

for cosmological expansion of (1 -f zf and (1 -i- zf- were applied to the surface 

brightnesses and magnitudes, respectively. These corrections orily exceed the 

zero-point vincertainty by a significant amount in the case of Malin 1. Figure 2.3 

shows grey-scale representations of the R (V in the case of Malin 1) images 

with HI intensity contovirs overlayed. Likewise, Figiire 2.4 shows HI inteiisity 

contoxirs overlaid on the Ha images. 

2.3. Results 

The results of the analysis of the optical and HI data for the foxir galaxies are 

summarized in Tables 2.2 and 2.3 and discussed in detail below. 

Elliptical isophotes were fit to the broadband images to obtain optical 

surface brightness profiles and inclinations. Inclinations were calculated using 

the Holmberg (1958) relation cos^(f) = [(&/fl)^ — where the intrinsic 

flattening, q, is taken to be 0.2. Exponential disk and bulge models were fit 

to the surface brightness projSles to obtain bulge and disk parameters. In the 

cases of F568-6, UGC 6614, and Malin 1, the bxilge and disk models were fit 
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simultaneously with satisfactory results. In the case of NGC 7589, the bvdge and 

disk fits were done separately over restricted regions. The disk central surface 

brightnesses have been corrected for line-of-sight integration by subtracting 

2.5 log(cos i), the geometrical path length correction for a zero dust disk. Since 

little is known about the distribution and amount of dust in these galaxies, no 

additional internal extinction corrections were applied. Figure 2.5 shows the 

derived surface brightness profiles along with the bvilge and disk fits for all four 

galaxies. Total magnitudes were derived by summing intensities within the 

outermost isophote, then adding the integral of the exponential disk fit from the 

outermost isophote to infinity. 

Azimuthally-averaged radial HI surface density profiles were obtained 

by averaging along elliptical annuli using the inclinations and position angles 

derived from the optical sxirface photometry These profiles have been corrected 

for inclination by cos i. Azimuthally-averaged radial profiles have the advantage 

of being much less susceptible to the effects of beam dilution, as discussed in 

detail in van der Hulst et aL (1993). This is an important consideration since, for 

example, a 20" beam is 17.9 kpc in diameter at the distance of F568-6. 

Rotation curves were derived from the intensity-weighted velocity maps 

losing a tilted-ring analysis as described by Begeman (1989). The analysis was 

carried out using the task ROTCUR written by Begeman and contained within 

the Groningen Image Processing System (GIPSY). Each galaxy was divided into 

concentric rings typically one beam wide along the major axis with least-squares 

fits carried out on the velocity field within each individual ring. Ail of the points 

in the velocity fields were used in the analysis with a cos 9 weighting applied 

where d is the angle from the kinematic major axis. Excluding points within 30°,. 
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45°, or 60° of the minor axis did not significantly alter the results for any of the 

galaxies. Due to the low inclinations of UGC 6614 and F568-6 and the relatively 

small number of points in NGC 7589 and Malin 1, the inclinations were held 

fixed at the values derived optically in all cases. The values for the kinematic 

center, (xq, yo). the systemic velocity, Vsys/ and the position angle of the major 

axis, 0, were determined by allowing them to vary along with Vrmg in fits to 

several rings with a sufficient number of points. They were then held fixed at the 

values derived from these fits while doing fits to all rings with only V^ng allowed 

to vary, except in the case of Malin 1 where <p was also allowed to vary. The 

approaching and receding halves of the galaxies were fit separately with Knng 

taken to be the weighted mean of the best-fit values firom the two sides. Malin 

1 is too strongly warped and irregular to allow any stable solutions using only 

one half of the velocity field, so the entire velocity field was used in the analysis. 

Even so the restilt should be looked at with great scepsis. The uncertainty 

estimates for Vnng take into accoimt uncertainties due to asymmetries in the 

velocity field as well as the formal uncertainty estimates firom the least squares 

fits. The results of the tilted ring analysis for all four galaxies are listed in 

Table 2.4. The rotation curves for the four galaxies are shown in Figure 2.6. These 

rotation curves are also shown in Figure 2.7 superimposed on position-velocity 

(l-v) contour plots. The l-v maps were created by summing emission within 

a 15" swath centered on the kinematic major axis. Residual maps created by 

subtracting the best-fit tilted-ring models firom the velocity maps are shown 

in Figure 2.8. Because the 2D tilted-ring analysis utilizes off-axis data points, 

the outer points of the rotation curves in some cases fall beyond the major-axis 

emission in the l-v maps. 

The rotation curves we derive can be used to calculate critical densities for 
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star formation using the dynamical criterion of Kennicutt (1989). The principle, 

originally developed by Toomre (1964) and Goldreich & Lynden-Bell (1965), 

describes a critical surface density of gas below which a rotating, self-gravitating 

disk is stable against the growth of large-scale density perturbations and 

subsequent star formation. This critical gas density is given by 

where Cgas is the velocity dispersion in the gaseous disk and, where a is a 

dimensionless parameter found by Kennicutt (1989) to be 0.67. 

The gas velocity dispersions in these systems are not well known. Puche 

et al. (1992) measure a (Tgas of 6-7 km s~^ for the dwarf LSB galaxy Holmberg 

n and Meurer et al. (1996) measure a of 8-9 km s~^ in the LSB outer disk 

of NGC 2915. It is possible that the velocity dispersions in giant LSB disks may 

be somewhat higher. The slowly rising rotation curves imply that the disks of 

these galaxies are dominated kinematically by a dark halo which woiild caiise 

the restoring force in the disk to be reduced. Thus it is likely that the scale height 

of the HI in these galaxies is higher than in HSB galaxies. The efifect of increased 

scale height is similar to increasing cTgas- Due to the large scale lengths the ratio 

of HI scale height to scale length is still small and the thin disk assumption 

stiU. holds. The velocity resolutions of our HI observations are too coarse to 

directiy measvire UGC 6614 has the best velocity resolution of about 11 

km s~^. Figure 2.9 shows the 2nd moment (velocity dispersion) map for UGC 

6614. Along the major axis, where beam smearing effects are minimized, the 

Zcrit — OLKCgas/ltG^ (2.1) 

where k is the epicycHc frequency given by 

(2.2) 
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velocity dispersion is less than 15 km s"^ with a mean of 12 km s"^ within a 15" 

wide swath centered on the major axis. This is not sigruficantly greater than the 

velocity resolution and therefore should be considered an upper limit on the true 

velocity dispersion. The other three galaxies also do not show evidence for gas 

velocity dispersions that are sigruficantly greater than the velocity resolutions. 

We will assiime a agas of 10 km s~^ which is consistent with UGC 6614 and NGC 

2915. 

The critical gas density is converted to a critical HI density by assuming a 

mass fraction of hydrogen of X = 0.75 and no molecular gas (Schombert et al. 

1990). Rather than assuming a flat rotation curve when calculating Zcrit/ we use 

the slope derived from a linear fit to the meastured rotation cturve. The rotation 

curves, azimuthally-averaged HI profiles, and critical density profiles for all 

four galaxies are shown in Figure 2.10. 

Results specific to individual galaxies are discussed below. 

2.3.1. Malin 1 

Contour plots of the individual channel maps containing HI emission are shown 

in Figure 2.11. The flvix integral we derive is f Suiv)dv = 2.5 ± 0.2 Jy km s~^ 

which gives an HI mass of MHI = (6.8 ± 0.7} x 10^°This HI mass and 

flux is almost a factor of two smaller than the value (4.6 Jy km s~^) previously 

reported by Bothun et al (1987) and Impey & Bothim (1989) measured using the 

NRAO 43m. The VLA measures a total HI extent of 121" and finds no evidence 

of the more extended component sxispected to be present based on the NRAO 

43m resxilts (Lnpey & Bothun 1989). It is imlikely that the VLA observations are 

missing significant fliix since the early D-array observations measure the same 
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total flux as the C-array data. Also, the VLA's larger field-of-view rules out the 

presence of a gas-rich companion as a cause of the higher flux observed at the 

43m. Our measxired flux is similar to the flux found by the Arecibo data (2.7 Jy 

km s~^; Impey & Bothun 1989). Since the extent as measured with the VIA fits 

entirely within the Arecibo beam, those data need not be corrected for resolution 

effects to derive an HI mass as was done originally. Our 20% linewidth of 

322 ± 10 ion s~^ is somewhat smaller than the 355 ± 10 km s"^ found by Impey 

& Bothim (1989). The data cube was Hanriing smoothed to a velocity resolution 

of 24 km s~^ to improve the signal-to-noise ratio. 

The HI disk of this galaxy is very strongly warped as evidenced by the 

twisting of the contours in the channel maps. To account for the strong warp, the 

position angle of the kinematic major axis, <p, was allowed to vary in the tilted 

ring analysis. The best-fit values for (p vary from near 0° in the innermost ring 

to 34° in the outermost ring. The residual map shows that there are also may 

be strong non-drcular motions present. The strong warping and non-drcular 

motions, which will be modeled in greater detail in the future, render the 

rotation curve derived with the tilted-ring method suspect. However, the 

derived rotation curve does agree reasonably well with the l-v profile along the 

average kinematic major axis (Figure 2.7) which is somewhat svirprising since the 

l-v profile does not take the warping into accoimt. The accuracy of the rotation 

curve we derive is also hampered by the uncertainty in inclination. The optical 

inclination is not well-determined, but is ~ 45° with an imcertainty" of about 15°. 

Our rotation curve implies a critical density profile that falls below the HI 

density between 40 and 60 kpc (Figure 2.10). The observed peak in HI 

surfece density is 4.7 x 10^° cm~^ (3.7 MQ cm~^), above the critical density at 
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its radius of 44 kpc h:^ from the center. The actual peak must be even higher 

since the emission has been smeared by the low resolution of the data. The 

beamwidth at the distance of Malin 1 corresponds to 29 kpc Even the 

radially averaged surface density profile may be somewhat affected by beam 

smearing effects, though not as severely. Tests performed by van der Hulst et al. 

(1993) found that decreasing resolution from 0.5 to 17 kpc h:^ drops the peak 

of the radially-averaged distribution by about 25%. The uncertain inclination 

affects the scaling of the rotation curve and therefore Sent which depends on the 

rotation curve. A true inclination of 30° or less would be sufficient to make Zcrit 

greater than Sgas everywhere for a^as = 8-10 km s~^ The velocity resolution of 

our observatior\s is not sufficient to directly measure cTgas-

2.3.2. F568-6 

The channel maps shown in Figure 2.12 show more or less the classical pattern 

expected for a disk in differential rotation. A closer inspection, though, shows 

the presence of high velocity gas southwest of the center at velocities of 13,582 

to 13,627 km s~K Similarly, at that location there is a lack of gas in the velocities 

ranging from 13,717 to 13,785 km s~^ where it would be expected to be. Thus the 

gas is blueshifted by about 100 km s~^ with respect to the tmderlying velocity 

field. Interestingly, this high velocity gas coincides spatially with an actively 

star-forming spiral arm. The amount of high velocity gas is fairly substantial. 

Summing the emission due to this gas in the three channels centered at 13627.1, 

13604.6, and 13582.1 km s~^ gives a flux integral of 120 ± 10 mjy km s~^ and 

a mass of (9.6 ± 1.0) x The situation seems extremely similar to 

the high velocity gas in MlOl and NGC 628 (van der Hulst & Sandsi 1988; 

Kamphtiis & Briggs 1992). A detailed analysis of these results will be presented 
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in a forthcoming paper. As in the case of MlOl we conclude that the most likely-

scenario involves the infall of gas into the disk, thus triggering the observed star 

formation. The kinetic energy required to blow this amount of gas out of the 

galaxy at 100 km s"^ is 1 x 10®^ ergs, too large for this high velocity gas to be due 

to supemovae. Since in this paper we are mainly interested in the overall galaxy 

dynamics we blanked out the high velocity gas and used the resulting velocity 

field shown in Figure 2.13 for further analysis. 

The blanked data cube yields a flux integral f Su{v)dv = 4.4 db 0.3 Jy km s~^ 

which gives Mm = (3.6 ± 0.4) x 10^°MQ/Z^^. These values are somewhat higher 

than the values reported in Bothxm et al. (1990). This is not surprising since the 

DHI of 198" is the same size as the Aredbo beam. Our W20 value of 392 i 15 km 

s~^ is consistent with the Aredbo value of 396 km s"^. As noted in Bothxm et al. 

(1990), this is a remarkable value for a galaxy that appears to be fairly face-on. 

The elliptical isophote fits to the R image give an inclination of 38° ± 3°, 

consistent with the 36° ± 3° reported by Bothim et al. (1990). The HI distribution 

is dearly more asymmetric than the R band light, so we will adopt and use 

the optical inclination. The velodty field is not inclined enough to allow the 

determination of the inclination directly from the kinematics. The mafor axis 

position angles derived from the optical, H I, and kinematics are all consistent 

with each other within the errors. 

The peak observed Bi I surfiace density is 5.6 x 10^° cm~^ (4.4 MQ pc~^). This 

surfece density exceeds the critical density at that radius (29 kpc h:^), though 

the radial average at that radius does not. The position of the peak coinddes 

with a luminous H H region at the north end of the actively star-forming spiral 

arm. Almost all of the Ha emission in the galaxy occurs in the western half 
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and most of that comes from the prominent arm that seems to be associated 

with the high velocity gas. After blanking out the high velocity gas, the HI 

surface densities associated with this arm are rather low which further suggests 

that the high velocity gas is responsible at least in part for triggering the star 

formation there. The distribution of HI is sigmficantly more extended towards 

the west and north. The north semi-minor axis is about 2 times longer than the 

south minor axis. This makes determining inclination from the HI distribution 

problematic. The galaxy does not appear nearly as asymmetric in R-band light. 

This kind of lop-sided H I distribution has been observed in other galaxies, e.g., 

MlOl (Richter & Sandsi 1994). 

With the high velocity gas blariked out, the remaining velocity field is 

fairly regular and, except for the inner and outermost rings, is fairly symmetric 

(Figure 2.6). Some of the rings on the approaching side appear to be affected 

by the presence of a non-circular, streaming component. The innermost ring on 

the approaching side may also be affected by the high, velocity gas. For these 

reasons, the rotation curve derived for the receding half alone will be used in the 

mass modeling. The rotation curves for both halves agree well with the major 

axis l-v profile (Figure 2.7). The strengths of the non-circular components along 

with the density contrasts of the HI and optical spiral arms are used by Quillen 

& Pickering (1997) to show that the stellar M/L of the disk must be in the range 

of 1 to about 6. 

Correcting for inclination gives a velocity width W20 = 637 km s~^. The 

shape of this galajqr's rotation curve is quite remarkable given its high rotational 

velocity. HSB galaxies with similar rotation speeds generally have flat or 

slowly declining rotation curves (e.g., NGC 2841 & NGC 7331; Begeman 1987). 
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The shape of the rotation curve would even be remarkable if the inclination 

correction had been seriously overestimated. Previously observed galaxies with 

similarly rising rotation curves generally have peak rotational velocities < 100 

km s~^ (e.g., Casertano & van Gorkom 1991; Broeils 1992b; Cote et al. 1991; & 

de Blok et al. 1996). Extrapolating Figure 7 in Casertano & van Gorkom (1991), 

on the other hand, predicts that giant LSB galaxies with scale lengths greater 

than about 10 kpc should have slowly rising rotation curves such as the ones 

observed here. 

2.3.3. UGC 6614 

This galaxy has the highest HI flux integral of the four with f S„{v)dv = 15.0 ± 0.8 

Jy km s~^ giving Mm = (2.5 ±0.2) x 10^°MQ/I^~. In contrast to Malin 1 and 

F568-6, the HI channel maps (Figure 2.14) for UGC 6614 reveal no unexpected 

morphologies. The HI disk is regularly rotating with no obvious signs of 

warping. This galaxy was previously imaged in HI by vein der Hulst et aL (1993), 

but with lower velocity resolution (21.5 km s~^ vs 10.7 km s~^) and much lower 

signal-to-noise (3.2 mjy/beam for a 40" x 40" beam versus 0.7 m[y/beain for a 

21" X 19" beam). 

From the velocity field (Figure 2.1) one can see that the rotation curve must 

be rising up to the last measured point. However, the velocity field turns out to 

be quite asynunetric, with the rotation curve for the receding half much flatter 

than the rotation curve for the approaching half (Figure 2.6). The difference 

is about 30 km s~^ in the outermost ring. We have established that this is not 

an artifact of the tilted ring analysis. The l-v map in Figure 2.7 also shows the 

receding side to be flatter. The HI intensity map reveals the presence of HI 

coianterparts to the faint, LSB spiral arms visible in the outer parts of the R 
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image. The HI spiral arms are actually higher contrast features than the optical 

arms, the converse of what is generally found for HI disks of HSB galaxies (e.g., 

Visser 1980). In this LSB disk the optical arms have low contrast due to lack of 

ongoing star formation whereas the factor of ~ 1.5-2 density enhancement of 

the HI arms is not unusual. Quillen & Pickering (1997) find that the strengths of 

the spiral arms and the kinks they produce in the velocity map imply a stellar 

M/L in the disk in the range of 1-3. 

Optical isophote fits give an inclination of 35° ± 3° with a major axis 

position angle of 116°. HI isophote fits give the same inclination and uncertainty, 

however the major axis position angle of 10° is nearly orthogonal to the optical 

major axis. The position angle of the kinematic major axis is consistent mth the 

optical major axis. This discrepancy was also seen in the lower quality data for 

this galaxy reported in van der Hulst et al. (1993). It is likely due to biasing by the 

spiral arms that are much more pronoxmced in HI than they are in the optical. 

The observed peak HI surface density is 8.5 x 10^° cm~- (6.8 MQ pc~-) at 

a radial distance of 35 kpc This is almost 2 times higher than the criticai 

density at that radius, however, there is very little star formation currently 

occurring there (Figure 2.4). The radially averaged surface density does not 

exceed the criticai density, though it is dose. Ironically, most of the star formation 

is occurring in the prominent ring visible in the R and Ha images at a radius of 

about 16 kpc h:^, where the HI surface density is well below the criticai density. 

It is imlikely that gas density is high in the inner regions with most of the gas in 

either ionized or molecular form. BCnezek (1993) failed to detect ^CO, giving an 

upper limit on MH^ of 1.52 x Also, if a large fraction of the gas were 

ioruzed, a much higher Ha fLi:ix woxild be anticipated. 
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2.3.4. NGC 7589 

This large LSB galaxy taken from the APM survey did not make it into the 

analysis of Sprayberry et al. (1995b) due to unreliable optical observations. The 

R surface photometry we have obtained gives a central disk surfece brightness 

of /XR(0) = 23.3 ± 0.2 mag/arcsec^ (equivalent to fMaiO) for F568-6; McGaugh & 

Bothim 1994) and a scale length of QR = 12.6 ± 0.9 kpc h^. Therefore, this object 

does indeed qualify as a "Malin-type" galaxy. The inner disk and bar of this 

galaxy are fairly prominent. It is by virtue of these HSB features that this galaxy 

was previously cataloged in the RNGC. Figures 2.1 and 2.3 show that NGC 7589 

is accompanied by an HI rich dwarf companion at a projected distance of 113 

kpc and Ao of 170 km s'^. This companion, F893-29, was also selected as an 

LSB galaxy in the APM survey. 

The HI flux integral we derive for NGC 7589 is / Su(v)dv = 2.7 ± 0.3 Jy km 

s~^ giving an HI mass of (8.9 i 0.7) x 10^MQ/I^-. This is in agreement with the 

9.1 X IO^MQ/i^^ derived from single-dish observations by Impey et al (1996) at 

Aredbo. The HI flux integral of the companion is 1.6 ± 0.2 Jy km s~^ giving 

an HI mass of (5.3 ± 0.7) x within a factor of 2 of NGC 7589 and in 

contrast to the companion's diminutive optical appearance. The contour plots 

of the channel maps centered on NGC 7589 are shown in Figtire 2.15 with plots 

centered on the companion shown in Figure 2.16. Figure 2.17 shows the major 

axis l-v plot for the companion. 

Ellipse fits to the R image and the HI map both give an inclination of 

58" ± 3°. This inclination is high enough to attempt a full tilted ring analysis. 

However, the resolution is poor and there are too few points in each ring for 

there to be stable solutions when inclination is allowed to vary. The R-band and 



55 

HI isophote fits give major axis position ar\gies of 310° ± 5°, consistent with the 

302° ± 4° position angle of the kinematic major axis. 

Even though there is a close, possibly interacting companion of similar mass, 

the velocity field of NGC 7589 appears to be fairly regular with some evidence 

of the bar in the kinematics of the inner part of the velocity field. The rotation 

curves derived from the separate halves of the velocity field are consistent within 

the errors. As in the cases of the other three galaxies, the rotation curve of NGC 

7589 exhibits slowly rising behavior usually found in galaxies with peak rotation 

velocities < 100 km s"^ rather than 225 km s~^ as is the case here. The rotation 

curves agree fairly well with the major axis l-v profile, though the l-v profile 

implies that the rotation curve may be somewhat steeper than that derived from 

the tilted-ring analysis. 

The peak of the azimuthally-averaged radial surface density profile 

corrected for inclination is 2.6 x 10^° cm"^. Nowhere does the radially averaged 

profile exceed the calculated critical density (Figure 2.10). The observed peak HI 

surface density of 7.3 x 10-° cm"^ occurs at the east end of the bar. Another local 

maximum occurs at the west end. Correcting for inclination by cos i gives an 

observed peak of 4.2 x 10^° cm"^. This value is comparable to the critical density 

at that radius. Accoimting for beam smearing, the actual HI surface densities at 

the ends of the bar likely exceed the critical density. This is consistent with the 

active star formation occurring there. 

2.4. Mass Modeling 

The slowly rising rotation curves for these four galaxies suggest that their 

kinematics are dominated by their dark matter halos. Figure 2.18 bears this out. 
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Here the circular velocity profiles due to gas and stars (assximing M/ L  — 5 )  

are plotted along with the rotation curves. The circular velocity profiles due 

to gas are calculated by integrating the observed HI surface density scaled 

by a factor of 1.4 to accotmt for heavier elements. The profiles for the stellar 

components are calculated by integrating a de Vaucouleurs profile for the bulge 

and an exponential profile for the disk. The distributions of gas and stars alone 

cannot account for the shapes of these rotation curves. Scaling M/L up more 

only makes matters worse. Maximal disk fits without spherical dark or bulge 

components result in disk M/L's of 20—30 in each case and do not reproduce 

the shapes of the observed rotation curves well at all. The HI component is 

only dependent on distance and is taken directly from the radially averaged HI 

distributions. Therefore, an additional dark component must be introduced to 

explain the shapes of these curves. 

2.4.1. Isothermal Halo 

The standard method of modeling a dark halo is to assttme it is pseudo-

isothermal with a density profile of 

where the two firee parameters are po, the central density of the halo, and Rc, the 

core radius of the halo. Integrating this density profile gives a circular velocity 

profile of the halo of the form 

The M/Us of the steUar components introduce additional degrees of freedom 

when modeling observed rotation curves. Ideally, one would allow the 

(2-3) 

^haio(^^) = W 47rGpoi?^ ^ ~ X (2-4) 
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bxilge and disk to have independent M/ Us since they are expected to have 

somewhat different stellar populations. However, these rotation curves are not 

well-sampled or accurate enough to justify allowing both the disk and bulge 

M/L's to vary. Therefore we assume a single M/L for both stellar components 

leaving 3 free parameters in our fits: po, Rc, and M/ L. 

The results for these four galaxies are shown in Figure 2.19. These are "best" 

fits and no additional condition such as maximizing the stellar M/L is applied. 

Since the bulge and disk are constrained to have the same M/ L, the bulge and 

the inner parts of the rotation curves provide the tightest constraints on M/L. 

Table 2.5 tabulates the best-fit values as well as the ranges of parameters within 

xLn + 9 of the best-fit value. If the disk M/L were allowed to vary separately, 

larger disk M/L's would be allowed by the data. However, bulges generally 

have redder, older stellar populations and therefore higher M/L's than stellar 

disks. Observations of F568-6 and UGC 6614 by McGaugh & Bothun (1994) 

and of other giant LSBs galaxies by Sprayberry et al. (1995b) find that these 

galaxies indeed have bulges that are generally redder than their disks. Quillen 

& Pickering (1997) find that in the cases of UGC 6614 and F568-6 the disk M/ L's 

cannot be much higher than about 3 and 6, respectively, entirely consistent with 

these resxilts. Studies of smaller LSB galaxies by de Blok & McGaugh (1997) find 

their R-band maximal disk M/L's to be in the range of 0.3 to 6.3, also consistent 

with these results. Therefore, it's imlikely that the disk M/L's are significantly 

higher than the M/ L's foimd by constraining the bulge and disk to have the 

same M/L. The values for po we find are consistent with those found for smaller 

LSBs by de Blok & McGaugh (1997). Because these are much, larger and more 

massive galaxies otar values for Rc are correspondingly much, larger than those 

for smaller LSB galaxies. 
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2.4.2. NFWHalo 

Navarro et al. (1996b) firid that the dark matter halos in their cosmological 

N-body simulations are well-described by a density profile of a form proposed 

by Navarro et al. (1995), 

~ (2 5) 
Petit (r/r,)(l + r/rs)2' 

where = R2OO/C is a characteristic scale radius and pcrit = SH^/SttG is the critical 

density. The virial radius, raoo, is defined as the radius within which the mean 

density is 200 x pcrit- This gives a halo mass of M200 = 200pCTit(47r/3)r?oo and gives 

a characteristic overdensity, in terms of concentration, c, of 

, 200 
3 ln(l+c)-c/(H-c)- ^ '  

This density profile predicts a circular velocity curve of the form 

( Vc('')^^_ 1 ln(l + cx) — cx/{l ->r cx) 
^200 / X ln(l + c) — c/(l + c) 

(2.7) 

where x = r/r2oo is the radius in units of the virial radius. 

The simulations of Navarro et al. (1996b) show that there is a strong 

correlation between the mass of a halo (or equivalently its V200) and its 

concentration in the sense that m.ore massive halos are less concentrated. The 

exact form of the correlation depends on the assumed cosmogony. Navarro et aL 

(1996b) find that the rotation curves of bright, HSB galaxies are consistent with 

halo structures predicted by Standard Cold Dark Matter (SCDM; £2 = 1, A = 0) 

if the M/L of the disk increases with luminosity. However, since luminous 

matter contributes significantly to the rotation curves of HSB galaxies, especially 

within the inner few scale lengths, interpreting halo circular velocities from 

these rotation curves depends strongly on the assirtned M/L of the limiinous 

matter. Dwarf galaxies are observed to have rotation curves that are determined 
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to a much larger extent by a dark component. The rotation curves of dwarf 

galaxies discussed in Navarro et ai (1996b) are all inconsistent with SCDM halos 

in the sense that their halos are less concentrated than predicted by SCDM. Even 

"maximal halo" fits where the baryonic component is completely neglected give 

concentrations a factor of several lower than the SCDM prediction. Including 

the baryonic component in these fits only makes matters worse. A possible 

explanation for this discrepancy is that the central regions of dwarf galaxy halos 

have been perturbed by large scale baryonic outflows produced by starbursts 

(Navarro et al. 1996a). 

Neither of these caveats apply to LSB galaxies. The rotation curves are 

clearly not dominated by the luminous components and the halos inferred by 

their high peak rotational velocities are too massive to be seriously affected by 

baryonic outflows. Therefore, the rotation curves we observe for LSB galaxies 

should reflect the structure of their original halos more closely than do the 

rotation curves of dwarf or HSB galaxies. A "maximal halo" fit performed by 

fitting a circular velocity profile of the form given in Equation 2.7 to a rotation 

curve allows an upper limit on the concentration, c, of the halo to be determined. 

It is an upper limit because the more centrally concentrated baryonic component 

has the effect of raising the inner part of the rotation curve, thtis flattening it. This 

is caiised both by the Vc profile of the baryoris being more centrally concentrated 

and by the effect of the formation of the baryonic component on the structure of 

the halo. As the disk and bulge form at the center of the halo, the concentration 

increases as the halo is adiabatically compressed. The free parameters of the fits 

are V200 3nd c which are both independent of Ho and qo. The results of maximal 

halo fits to the LSB rotation curves are shown in Figure 2JZ0. 
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In 3 of the 4 cases, the maximal halo fits agree very well with the measxired 

rotation curves. For NGC 7589 and Malin 1, the reduced x^'s are rather low 

suggesting that the fit may be under-constrained by the data. The inner points 

of the rotation curve of UGC 6614 are probably affected kinematically by the 

prominent bulge. Figure 2.21 shows the results of these fits along with the results 

of maximal halo fits performed on published rotation curves of dwarf, HSB, and 

other LSB galaxies. Like the dwarfs, the LSB galaxies have halos that are several 

times less concentrated than predicted by SCDM. The fact that the LSB and 

dwarf galaxies give similar results suggests that the rotation curves of the dwarfs 

do reflect the structure of their original halos. The disagreement with the SCDM 

predictions implies that dark matter halos may indeed be less concentrated than 

predicted by SCDM. Due to the baryonic component dominating Vc in the inner 

regions of HSB galaxies, the fits to rotation curves of HSB galaxies give very high 

values of c. The luminous matter dominated HSB galaxies are clearly segregated 

from the dark matter dominated LSBs and dwarfs in this diagram. As shown 

by Navarro et al. (1996b), the halos inferred by rotation curves of HSB galaxies 

can be made consistent with SCDM predictions by scaling the steUar M/L. By 

scaling M/L a little higher, they can be made consistent with the LSBs and 

dwarfs as weU. 

While maximal halo fits can provide useful information, they are ultimately 

somewhat unrealistic. The formation and presence of a galajgr (assumed to be an 

exponential disk plus a spheroidal bulge with a de Vaucouleurs profile) within 

a CDM halo needs to be accovmted for. To do this, we asstime that the galaxy 

is assembled slowly and that the halo is adiabatically compressed during the 

galaxy formation process and follow the methodology used by Blumenthal et al. 

(1986), Hores et aL (1993), and Navarro et al. (1996b). Using this approximation. 
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the radius, r, of each halo mass shell after the galaj^^ has been formed is related 

to its initial radius, r,-, by 

'•[Mgai(r) + MhaioCOI = n-MiCr,), (2.8) 

where M,(r,) is the mass within radius r,- before galaxy formation calculated 

by integrating Equation 25, Mgai(r) = Mciisk(r) -I- MbuigeCr) -f Mgas(r) is the final 

galaxy mass within r calculated from HI and optical observatioris, and Mhaio('') 

is the final dark matter distribution to be solved for. Additionally, it is assximed 

that the halo mass shells do not cross so that MhaioC'") = ^haio(''i) = (1 — 

where the initial baryon fraction, is taken to be 0.06 (Walker et al. 1991). 

Incorporating the presence of a disk+bulge in the analysis introduces 

another free parameter, the stellar M/L, in addition to the c and V200 of the 

original halo. It would be more realistic to allow different M/Us for the disk 

and bulge, however our crude rotation curves do not warrant adding this extra 

degree of freedom to the modeling. In the cases of Malin 1 and F568-6, the 

best-fit stellar M/L approaches zero. For F568-6 the gas contribution is negligible 

so the values for c and TAoo are the same as those foxmd by the maximal-halo fit. 

The gas contribution is much more significant in the case of Malin 1, however, 

so formally M/L ^ 0 results in c = 5.4 and V200 = 148. The best-fit results for 

UGC 6614 and NGC 7589 give non-zeiro, though somewhat low, values for M/ L. 

These fits are shown in Figure 2.22. As a comparison, results for fits to data for 

two HSB disk galaxies, NGC 3198 (SBc) and NGC 2841 (Sb), taken from Begeman 

(1987) are shown in Figure 2.23. In these two cases, the best-fit values of the disk 

B-band M/L's are 2.01 for NGC 3198 and 4.50 for NGC 2841, consistent with 

their Hubble types. When modeled with NFW halos with the constraint that 

(M/L)disk = (M/L)buige the giant LSB galaxies are somewhat inconsistent with 
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M/L's this high. There is a strong correlation between c and M/L, though, so a 

wider range of disk M/L's is allowed by the data within Xmin + about 

1.5 for F568-6 and 2-6 for the rest. These values are consistent with the range 

of M/L's found by Quillen & Pickering (1997) for F568-6 and UGC 6614. Also, 

Malin 1 and F568-6 are the only ones most nearly inconsistent with a M/ L of 1 

(Figure 2.24), The rotation curve for Malin 1 is somewhat problematic due to 

the strong warping and non-drcular motions. In the case of F568-6 we excluded 

from our analysis the parts of the velocity field that are clearly affected by the 

presence of the high velocity gas we observe, but the presence of this gas may 

still call into question how well the gas velocity field as a whole reflects the true 

circular velocity. This is dependent on what the cause of the high velocity gas is, 

however, and given the fairly symmetric nature of the rest of the velocity field it 

is unlikely that it is affecting the overall shape of the rotation curve to any great 

extent. Therefore, our upper limit of 1.5 for the disk M/L for F568-6 together 

with the lower limit of 1 found by Quillen & Pickering (1997) provides the best 

constraint on the stellar M/L in a giant LSB disk. 

2.5. Discussion 

The rotation curve shapes for these LSB galaxies differ markedly from those 

of HSB galaxies with similar values of Vmax- Compare the LSB rotation curves 

with the rotation curves of NGC 3198 and NGC 2841 shown in Figxire 2.23, for 

example. The "Universal Rotation Ciirve"' of Persic et al. (1996) predicts that 

given their luminosities and rotation speeds, these LSB galaxies should have flat 

or, in the cases of UGC 6614 and F568-6, slowly declining rotation curves. This 

is clearly not the case, espedally within the inner 2 or 3 disk scale lengths where 
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the Universal Rotation Curve is defined. On the other hand, the Persic et ai 

(1996) sample largely consists of optical rotation curves of generally high surface 

brightness galaxies. 

These giant LSB galaxies have a large amount of angular momentum in 

their disks. Their HI disks are rotating at speeds of up to and exceeding 300 km 

s~^ at radii ^ 75 kpc h^. Work by Flores et al. (1993) and Dalcanton et aL (1997) 

shows that the entire range of observed galaxy rotation curve morphologies 

can be explained by the range of angular momenta predicted by simulations of 

tidal torquing of protogalaxies in the very early universe. This range of angular 

momenta is shown to be stiffident to produce rapidly rotating galaxies with large 

scale lengths (;^ 10 kpc h:^) and low surface brightnesses (;^ 24 Mb arcsec"-). 

The rotation airves predicted for such high angxilar momentum galaxies are 

slowly rising over observable radii and are very similar in shape to those we 

observe. These giant LSB galaxies therefore support the idea that a galaxy's 

angtilar momentum is very important in determining its structure. 

The current star formation rates in these galaxies are very low as evidenced 

by the sparse Ha emission. In the cases of F568-6 and NGC 7589, the azimuthally 

averaged HI density profile falls below the predicted critical density at all radii. 

This is consistent with the general lack of observed star formation in their disks. 

The few sites where star formation is occurring coincide with local maxima in 

HI stirface density. UGC 6614 and MaHn 1 have regions of their disks that are 

near or above the critical density, but have virtually no ongoing star formation. 

Perhaps the velocity dispersion of the gas is higher than assumed, although there 

is no obvious reason why the gas in these disks should be hotter than is the case 

in HSB disks. Also, in the case of UGC 6614, cTgas is observed to be less than 12 
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km s~^ not much more than our assumed value of 10 km s"^ Another possibility 

is that due to the dominance of the dark halo potential and the low mass density 

of the disk, the restoring force in the disk is low resulting in a HI disk with a 

larger scale height. If so, the volxome density at a given surface density in the LSB 

disk would be lower than in a HSB disk. The low volume density would imply 

that star formation could be suppressed even though the svirface density may 

exceed the critical value. However, Quillen & Pickering (1997) show that two 

of these galaxies, UGC 6614 and F568-6, have massive stellar disks which begs 

the question: How did stars form in these galaxies in the first place? It is also 

intriguing that 2 of the 4 galaxies have or appear to have a gas-rich companion, 

despite the potential of interactioris to trigger active star formation. 
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and discussioris and the Arizona Alumni Association Astronomy Camp for the 

time used to obtaia the optical image of Malin 1. This research was supported 

by the NSF under Grants No. AST 90-3158 to the University of Arizona and No. 

AST-9023254 to Columbia University. 



Table 2.1. Giant LSB VLA observing parameters. 

iVTaiin 1 F568-6 NCC7589 UCC 66U 

Field Center (1950) a U''34'"28n 10''37"9;9 23''15"4159 Il''36"'36f0 

S u'se'ig'/o 21°06'29'/0 -00°0c24i'4 17°24'00:'0 

Observation date Dec. 28,1990 July 25,1993 July 25,1993 July 25,1993 

Array Configuration C C C C 

On-source integration time 36'' U''46P0 S'-SSPS 4h29m5 

FWHM of primary beam acy 30' 3^ 

FWHM of synthesized beam 201'9 X 20'.'8 19'.'5 X 18;'4 2i;'4 X 17'.'3 2i:'4 X 19!'8 

of synthesized beam -46?5 -73?0 9?7 32?3 

Central velocity (km s~') 24750 13830 8938 6350 

Total bandvddth (MHz) 3.125 (>T5 6T5 3.125 

Number of channels 63 63 63 63 

Chaiuiel spacing (km s~^) 12J. 2Z6 21.9 10.7 

RMS noise in channel maps (mJy/beam) Qja 0J5 0^2 0.7 
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Table 2.2. Giant LSB H i properties. 

Galaxy /S„lv}dv' MHI" '"^HLcorr"' ^20.obs* '•VjO.corr'̂  

Oykms-I) (10'"Mg) (kms-') (10™ an-') (10™ cm"') n (kms'') (tuns"') 

Malin 1 23±0.2 6.8±0.7 24755x10 4.7 35 0to34 322±10 455±14 

F568-6 4.4i03 3.6±0.4 13835±5 5.6 4.4 75±3 392±;15 637i24 

UGC6614 I5.0±0.8 2.5±0J2 6353±7 So 7.0 296±3 287il0 500±17 

.MGC7589 2.7±03 0.9±0.1 8925±5 73 4.2 302±4 402=10 474±U 

"'ibtal H I line flux. 
''Total HI mass: Mm = 2J36 xlC^D-f S„(p)iii7, where the luminosity* distance, D = c(z -t-0.3(1.0 — ijo)z^)/Hq, is given 

in Mpc. 
""Heliocentric H I systemic velocity. 

''observed peak HI surface density. 

^Observed peak HI suifoce density corrected for inclination by cos t. 

^Position angle of the kinematic major axis measuied east from north to the receding half. 

^Observed HI linewfdth uncorrected for inclinatioiu 

^Observed HI linevvidth corrected for inclinatioru 
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Table 2.3. Giant LSB optical properties. 

Galaxy A'diskW P ^bulge('eff)'̂  '•etf" B/DS 

(mag arcsec"') (kpc/t '̂) n (mag arcsec"') (kpc/i '̂) (mag) 

Malin 1 26.0x0.3 82±17 45il5 21.4i:0.2 33±0.6 -22.9±0.4 0.40 

F568-6 2Zl±0.1 18J=0.2 38±3 20.0±0.1 3J5i0.03 -23.6i0.1 0.84 

UGC 6614 22.9±0.1 13.6±0.4 35=3 19.7i0.1 1.91i0.05 -22J±0.1 1J5 

NGC 7589 23.3±0.2 1Z6±0.9 58i3 20.3±0.1 2.23x0.07 -21.9i:0.2 1.78 

^Extrapolated disk central surface brightness. 

''EJisk e.xponential scale length. 

"^Disk inclination. 

'̂ Bulge surface brightness at the effective radius, 

®BuIge effective radius. 

^Total absolute magnitude. 

®Bulge-to-disk luminosity ration. 

Optical properties are for V band in the case of Malin 1 and R band for F568-6, UGC 6614, and NGC 7589. 



Table 2.4. Qeint LSB H l rotation curves. 

Malin 1 F568-6 UGC 6614 NGC 7589 

R Vc{R) R VciR) R Vc(R) R Vc{R) 
(") (km s~^) (") (km s~^) (") (kms~^) (") (km s"^) 

10 100±30 20 202±3 20 175±8 10 141drl5 
25 168±7 35 241±2 35 168±10 25 186±6 
40 184±3 50 275±2 50 176±7 40 210±7 
55 190±4 65 197±1 65 190±7 55 224±7 
70 191±5 80 307±2 80 206±4 70 224±11 

95 319±3 95 223±5 
110 320±7 110 228±12 

125 227±14 
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Table 2.5. Giant LSB disk+bulge-t-isothermal halo decomposition results. 

M/ L Rc Po 
(Mq/LQ)  (KPC/Z.;^^) (10-2MQ PC"^/Z^) 

Malin 1 
Best Fit 1.3 10.3 6.0 
Miriimtun M/L 0.0 7.1 12.3 
Maximum M/I 8.5 24.1 0.9 

F568-6 
Best Fit 1.2 21.7 5.4 
Minimum M/I 0.5 15.8 9.4 
Maximxim M/ L 1.8 27.6 3.6 

UGC 6514 
Best Fit 2.5 24.5 3.0 
Minimum M/L 1.9 25.0 3.2 
Maximimi M/ L 3.2 25.0 2.5 

NGC 7589 
Best Fit 1.1 75 21.2 
Minimum M/ L 0.0 4.3 59.0 
Maximum M/ L 3.0 14.5 6.7 

The "Best Fit" parameters are the ones which minimize the of the fits 
to the rotation curves. The "Mroimum M/ L" and "Maximtim MfL" values 
are those which correspond to the maximum and minimum M/ L's allowed 
within +-9 (99% confidence level). 
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Figure 2.1—Greyscale representations of HI intensity overlayed with isovelocity 

contours. The approaching side is on the right for F568-6 and Malin 1, on the left 

for NGC 7589 and UGC 6614, and on the bottom for F893-29. The first contoiurs 

on the approaching side and contour spadngs are 13620 and 20 km s~^ for F568-

6, 6180 and 20 km s~^ for UGC 6614, 8575 and 25 km s~^ for NGC 7589 and 

F893-29, and 24620 and 20 km s~^ for Malin 1. The beamsizes are plotted in the 

upper right-hand comers. The beamsizes correspond to 29 x29 kpc h:^ for Malin 

1,17x16 kpc h:^ for F568-6,12x10 kpc for NGC 7589, and 9x8 kpc h:^ for 

UGC 6614. 
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Figure 22. — Hi spectra for F568-6, Malin. 1, NGC 7589, and UGC 6614. 
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Figure 2.6 — Rotation curves for all four galaxies derived firom the tilted-ring 

analysis of their velocity fields. Rotation curves derived separately for the 

approaching halves (solid lines) and receding halves (dotted lines) are shown 

for F568-6, UGC 6614, and NGC 7589. The rotation curve derived from the entire 

velocity field is shown for Malin 1. 
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Figure 2.9 — 2nd moment (velocity dispersion) map for UGC 6614. Greyscale 

values given on right are in. km s~^. 
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Figure 2.13 — HI intensity grey-scale with, isovelodty contours for F568-6 after 

blanking out high velocity" gas. Contour levels are the same as in Figure 2.1. 



83 

17 28 

26 

24 

22!-

6?11.3kM/^ ^5(W.5kM/S 
o. F-' - 'a""-

'6489^ KM/S 6479.0 KM/S 6'468jkNI/S 

•  K • .  •  
a *1 

d 

, * • *> 

17 28 F 

26 

24 

22 ^ 

.. 64S7.5 KM/S" 644«^ KlVt/g M36.0 KM/^ 64253TaVi/^ 641^5 KM/S 
c?"" - [ I r •- I r\ - * I 
•^oT 

= > •  i 

24 N 

S 22 h m 5s 

t-^"tf403.7kNI/^ 6393.0 K^i/^_ 6382i KUt/S' ^ 63tl^ KM/Sf .. 6360.7 KM/^ 

j  o ^ '  -  •  ;  S v - i ;  I  -  . 1  . ^ j : ,  

: •  • • ' % / : • ]  

' ^ T ia 'a 
%y^ t • 6350.0 ksi/a^. 633M KM/S 6328.S.l6l/S-. 63l7.8 KM/S* ^307.0 KM/S 

V , ' r . / - .  i  -  -  • " .  - i . . .  - r  • . .  •  z : •--
2 -®r .1 

Z 241- ' 

a 221 ; - =3b' T v?" - T . 
A r * d > 

f;" 629.6.3 KM/S - tf28S.5 KM/S 6lfA& KM/S,. '6264.0 KM/S «2S33 KM® 

•7gi- 'L i - ^ i J 
^  K % -  . . - i V t , "  i  a i  M  

22 

17 28 

26 

24 

22 

6242.6 KM^, ^ ^^KM/^*' fi^U KVi/^ : 6210^ KM/S 6199^ KM/^ 

Jl %mO '  ̂o* 4 r» - > .V . -v 1 _ 1:1 • • ' 

° t 2, ' 

1136 45 30 113645 30 113645 30 
RIGHT ASCENSION (B1950) 

Figure 2.14—Qiarmel maps for UGC 6614. Contoxir levels are 1.7x 10 ^ x (—2 —1 

1234 5) Jy/beam. Crosses denote kinematic center. 



84 

00 01 

00 

-00 01 

02 
00 01 

00 

§ -00 01 
£ 02 

I 00 01 
% 00 

5 .00 01 
^ 02 
® 00 01 

00 

-00 01 
02 

00 01 
00 

-00 01 
02 
23 

Figure 2.15 — Qiannel maps for NGC 7589. Contotir levels are 8.0xl0~^x(—2 

—112345678) Jy/beam. Crosses denote kinematic center. 

9200.5 KM/S 

a 
•> 

9178.6 KM/̂  9156.7 KM/St . 9134.8 KM/S 9il3.0 KM/S 

'  i  , r '  #  .  
- / ; / , 1 . • Q • O. r iw n T 

, 9091.1 KM/S 

d 
o 

,79069.2 fOVI/Sl ^47!3KM  ̂ 9b25.5 KM/Sl W03.6XM/S 

: • ^ i i 
^ i , a 0 , • --t ' • -e . , -0 ^ "i . -

^-^^8981>KM/S ^959.9-KM/S  ̂ 8938.0 KM/S 
^ • ' , . -20, 

' % ' i 
1 

. /8916.1 KM/a ,8894.3 KM/S 

• _ ' ' % « 
- • i .  ̂ ' 7 * >. 

; 8872.4 KM?S 

0 'J i 

8850.6 KM/S '̂ 88 .̂8 KM/S 
0 " V 

• 4 
p 

/ -880619 lO/I/S- ̂ 8785.1 KM/S 
• ''j * 

^ - ft' 

8763.2 
^ » S. 

L 8741.4JKIV^S-c, 8719.6 KM/S|: 869^7.8 KM/S  ̂ 8675.9'KM/S 

•f c, t '<7 7. 
• ^ , f t "r , 

15 45 40 35 23 1545 40 35 23 15 45 40 35 
RIGHT ASCENSION (B1950) 



85 

8828.8 KM/^ 8806.9 KM/lS" 8785.1 KM/S 

C7 

t' 

i) 

8763.2 KM/^ 

d I 

8741.4 Tf 8719.6 KM/S 

Q 

8697.8 KM/^ 8675.9 KM/S" 
1 

8654.1 KM/S 

R%I A 

-i H 
86323 KM/^ 

0 

8610.5 KM/S 8588.7 KM/S 

0 

23 1536 34 32 30 
RIGHT ASCENSION (B19S0) 

231536 34 32 30 

Figiore 2.16 — Channel maps for F893-29, the companion to NGC 7589. Contour 

levels are 8.0 x 10"^ x (—2 —112345678) Jy/beam. 



86 

8550 

8600 

8650 

J 8700 

8750 

8800 

J 

8850 
I 

-00 04 30 00 03 30 00 02 30 00 
DECLINATION (B1950) 

Figure 2.17 — l-v plot for F893-29. Contour levels are 1.8 x 10 ^ x (—4 —3 —2 —11 

2 345 6 78 910)Jy/beain. 



87 

FS8a-8 

50 

Radius (kpo) 

NCC 7580 

20 30 
Radiufl (kpo) 

UGC 6814 

Radius (kpc) 

Radius (kpo) 
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(asterisks), HSB (closed triangles), and LSB (open triangles) galaxies. The arrows 

denote the feet that maximal halo fits give a lower limit on the true value of 1/c. 

The solid line is the relation predicted hy Standard Cold Dark Matter. 

The dwarf galaxies included in this plot are NGC 2915 (Meurer et aL 1996), NGC 

5585 (Cote et aL 1991), DDO 170 (Lake et aL 1990), NGC 1560 (Broeils 1992a), 

UGC 2259 (Carignan et aL 1988), DDO 154 (Carignan & BeauHeu 1989), NGC 300 

(Puche et aL 1990), NGC 247 (Carignan & Puche 1990), and NGC 55 (Puche et aL 

1991a). The HSB galaxies are NGC 3198 (Begeman 1989), NGC 2403, NGC 6503, 

NGC 7331, NGC 5371, NGC 2903, NGC 5033, and NGC 2841 (Begeman 1987), 

NGC 801, NGC, 2998, and NGC 6674 (Broeils 1992b), and NGC 253 (Puche et aL 

1991b). The LSB galaxies are taken firom de Blok et aL (1996). 



91 

UGC 6614 NGC 7589 

'  r— 

MA = 0.83 . 
; c = 2.79 
.  V ' '  Vjoo = 273.10 

\ I f  

— .  

r 
.  t »  ^  .  L  

20 40 60 

Radius (kpc) 

80 

MA = 0-24 
c = 8.19 

ZQ 40 

Radius (kpc) 

Figure 2.22 — Resiilts of disk-fbulge+halo fits to (a) UGC 6614 and (b) NGC 7589 

rotation curves. 



92 

NGC 3190 NGC 2041 

1—1—1—r-7—r-1 1 i y 1 1 1 r-r—r -r f 

-  j{ll^ '  1  1 1 1  1  i  i  '  r  1  •  

r"""-

M/L =2.01 : 
c = 2.40 

^-..,.>0 == 173.64 

. . 1 . . . . 1 . . . 1 . . . . 
10 20 30 

Radius (kpc) 

40 

o > o E CM 

> o o 

." • 1 I —' • 
- r t  

/ 
j/ -' "'X * MA = 4.50 

h " - ^200 * 
= 3.84 
316.23 

" 

^ . 1 ( . 
20 40 

Radius (kpc) 

Figure 2.23—Results of disk+bulge+halo fits to (a) NGC 3198 and (b) NGC2841. 



93 

nas-e 

so 
Radiua (kpc) 

100 

NGC 7589 

v.-

Radiua (kpc) 

UGC aeu 

80 40 

Raditia (kpc) 

1 

Radius (kpc) 

Figxire 2.24—Resiilts of disk+bxilge-(-halo fits to the giant LSB galaxies with M/ L 

held fixed to a value of 1. 



94 

CHAPTER 3 

KINEMATICS AND NEUTRAL 

HYDROGEN PROPERTIES OF THE 

GIANT LOW SURFACE BRIGHTNESS 

GALAXY UGC 2936 

We present high sensitivity, high velocity resolution VLA HI observations of 

the giant low surface brightness (LSB) galaxy, UGC 2936. Like the giant LSBs 

presented in the previous chapter, UGC 2936 is a large and massive galaxy. Its 

HI mass is it has detectable HI extending beyond 30 kpc//z75, and 

is a fast rotator (l^max — 250 km/s) with a slowly rising rotation curve. This 

galaxy also exhibits warping in the outermost isophotes of the optical images 

that appears to be visible in the HI distribution and kinematics as well- This 

galaxy's high inclination and relatively large amount of Ha emission provides 

a unique opportunity to compare high quality HI and optical rotation curves 
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in the same LSB galaxy. The optical and H I data show rough agreement, 

though the innermost points of the HI rotation curve are affected somewhat 

by beam-smearing. A large part of the disk of UGC 2936 lies above the critical 

density for star formation as described by Kennicutt (1989). This is consistent 

with the relatively large amount of star formation occurring within the disk 

of this galaxy and perhaps brings into question whether this galaxy should be 

considered a true LSB galaxy. 

3.1. Introduction 

Pickering et al. (1997) (Qiapter 2 of this volume) showed that the giant, so-called 

"Malin-type", LSB galaxies are some of the first identified examples of galaxies 

that are both massive and dark halo dominated. To follow up on these findings, 

we obtained HI data at the VIA for another giant LSB, UGC 2936 (0400+0149), 

described in Sprayberry et al. (1995b). LFGC 2936 was chosen for its large 

angular size to minimize the effects of beam smearing, for its high inclination to 

minimize the uncertainty in the scaling of its rotation curve, and for its copious 

HI (logMHi = 9.49Mq/z~^; Sprayberry et al. 1995b). It was also chosen for the 

warping visible in the outer parts of the optical disk for future studies on the 

flaring and warping of LSB optical and HI disks. UGC 2936 is most nearby of 

the Malin-iype galaxies studied to date with a recession velocity of 3817 km s~^ 

(Sprayberry et aL 1995b). Like most of the other Malin-type galaxies UGC 2936 is 

a late-tjrpe spiral whose morphology and and relatively small bulge component 

led Impey et al. (1996) to classify it as Hubble type Scd. 

Unlike the other giant LSBs, this gala^q?" has widespread Ha emission. This, 

along with the high inclination (78°; Sprayberry et al. 1995b), makes it possible 
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to obtain a good optical rotation curve to complement the HI rotation curve. 

Such an optical rotation curve has been obtained as part of the work described in 

Chapter 4 of this volume. The higher spatial resolution of optical rotation curves 

makes them well-suited to the irmer parts of galaxies whereas HI rotation curves 

can be measured to much larger radii. Comparing the two curves provides 

a direct estimate of the effects of beam smearing in the HI data, and more 

importantly, a measure of the efficiency of the conversion of gas to stars over a 

large range in radius. 

Heliocentric radial velocities (optical defirution) and a Hubble constant of 75 

km s~^ Mpc~^ are used throughout this chapter. 

3.2. Optical Observations and Data Reduction 

As part of a larger program to obtain optical rotation curves for LSB galaxies, 

an optical rotation curve was obtained for UGC 2936. This data was taken at 

the Mxaltiple Mirror Telescope (MMT) using the Red Qiannel spectrograph 

with a 1200 lines/mm grating blazed at 5767 A. The central wavelength for the 

observations was set to the rest wavelength for Ha, 6563 A, and the spectral 

resolution was 2.4 A (110 km s~^). Five 10 minute exposures were taken and 

co-added to create the 2-D spectrum. Distortions in the 2-D spectrum were 

corrected for using HeNeAr lamp exposures as well as a "comb" exposure 

obtained by illuminating a slit plate containing 1" holes centered 10" apart with 

a bright quartz lamp. This process linearizes the spectrum in both the dispersion 

and spatial directions. Since the HeNeAr lamp exposures were taken at the 

beginning of the night, the zero point of the wavelength calibration is corrected 

using a set of bright, unblended night sky lines. In this case there was a 0.6 A 
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shift between the HeNeAr lamps and the data exposmes with an RMS of 0.1 A. 

The rotation curve was extracted from the linearized 2-D spectrum by fitting 

gaussian profiles to the Ha line to obtain the centroid of the Ha line as a function 

of position on the slit. The spatial bin sizes ranged from 0.6" to 1.8" depending in 

the S/N which corresponds to 0.15 to 0.45 kpc at the distance of UGC 2936. Thus 

the Ha rotation curve does indeed have much better spatial resolution than the 

HI data where the 20" beam size corresponds to 5 kpc. 

The Vsys and Ha profile width for the optical rotation curve were found 

using a velocity histogram method similar to that used by Vogt (1994) and 

Courteau (1997) where the velocity width of the Ha line is taken to be the 

difference between the 5th and 95th percentile points of the velocity histogram 

and l^sys the midpoint between these points. The main advantage of this method 

over a simple difference between the minimum and maximum velocities is that 

it is not as susceptible to outlying points with large errors. The Vsys = 3822 ± 10 

km s~^ derived in this manner is consistent with the Vjys derived from the HI 

line. The kinematic center was taken to be the point at which V^ys intersects the 

rotation curve and the folded rotation, curve was created using that point as the 

center. 

Broadband R band imaging for UGC 2936 was obtained at the Steward 

Observatory 2.3m Bok Telescope using a Loral 2048 x2048 CCD and also at the 

61" using a TI 800x800 CCD plus focal reducer. Both observations were taken 

in photometric conditions and the zero points for the two observations agree 

to within 0.05 mag. However, the 90" data is deeper and of higher resolution 

due to much better seeing and is thios used in all subsequent analysis. The total 

integration time was 30 minutes which was split into five 6 minute exposures. 
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The CCD images were binned on-chip 3x3, bias-subtracted and flat-fielded 

using standard IRAF tasks, and then combined with median filtering to refect 

cosmic rays. The background in the reduced image is flat to within 05%. The 

sky level was determined by finding the mode in regions at each of the four 

comers and taking the mean of these values. After subtracting this sky level from 

the image, elliptical isophotes were fitted to the image using the ISOPHOTE 

package contained within STSDAS. The position angle and ellipticity were taken 

to be the average of these values over the outer 10 isophotes. The inclination 

was derived from the average ellipticity using the Holmberg (1958) relation 

cos^(2) = [(1 — where the intrinsic flattening, q, is taken to be 

0.1. There is now some evidence that LSB galaxies are quite thin and that this 

lower value of q is more appropriate (e.g. Dalcanton & Shectman 1996). At any 

rate, this only becomes important at high inclinations where these uncertainties 

don't greatly impact the ^ corrections to rotation velocities. 

The profile of average isophotal surface brightness versus isophote semi-

major axis was modeled with an exponential bulge plus an exponential disk. The 

exponential bulge profile provided a significantly better fit than the traditional 

de Vaucouleurs profile. This is consistent with the results of Courteau et aL 

(1996a) who fotmd that most of the late-type spirals in their sample were also 

better fit with a double exponential profile. The total magnitude was found by 

summing the actual pixel intensities within the last fitted isophote and then 

integrating the surface brightness model fit &om this last isophote out to infinity. 

The R-band CCD image, surface brightness profile, long-slit Ha spectrum, and 

extracted Ha rotation curve are shown in Figure 3.1. The results of the analysis 

of the optical imaging and spectroscopy are summarized in Table 3.1. 
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3.3. HI Observations and Data Reduction 

The neutral hydrogen observations were made with the NRAO Very Large 

Array^ (VLA) in its 3 km (C-array) configuration. Instrumental details of the 

observations are summarized in Table 3.2. Standard VLA calibration procedures 

were used to correct for variations in gain and phase with frequency using 

observations of strong continuum sources. Before calibration, the visibility 

data were inspected for interference and any strongly deviant data points 

were deleted. The calibrated visibility data were then transformed into a data 

cube consisting of 2D spatial maps for each of the 127 velocity channels. The 

continuum subtraction was performed in the image plane by subtracting a linear 

fit to line-firee channels from both the high and low velocity ends of the cube. For 

comparison purposes, a continuum subtraction was performed in the uv plane 

using a linear fit to the same channels. The results were indistinguishable from 

the fit in the image plane. There is a 43 mjy continuum point source centered at 

a = 4''00'"12!7,5 = 1°49'42'.'15 (B1950), about 6" N of the field center which is 

based on the coordinates given for this galaxy by Impey ef al. (1996). Inspection 

of the ATM scan for this galaxy showed that the reported position is offeet from 

the center of nuclear emission in the scan by 5.8" S and thus the radio and optical 

nuclear centers are in good agreement. Sprayberry et al. (1995b) show that this 

galaxy has an active nucleus, roughly of type Seyfert 2, and the existence and 

strength of the nuclear continuum source is consistent with this. 

The continuum subtracted image cube was then CLEANed (Qark 1980) 

using natural weighting to improve sensitivity and restored using an elliptical 

^The National Radio Astronomy Observatory is a facility of the National Science Foundation 
operated under cooperative agreement by Associated Universities, Inc. 
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gaussian "clean beam." Figures 3.2 and 3.3 show contour plots of the channel 

maps of the CLEANed image cube. Figure 3.4 shows a spectrum of the integrated 

HI emission in these channel maps. The HI intensity and intensity-weighted 

velocity (0th and 1st moment) maps were created by first smoothing the cubes 

both spatially (gaussian) and in velocity (Harming) and then blanking any pixels 

in the smoothed cube below a specified flux cutoff. The non-blanked pixels were 

then integrated to create the maps. Figure 3.5 shows the isovelodty contours of 

the 1st moment map overlayed on HI intensity greyscale. Figures 3.6 and 3.7 

show velocity and HI intensity contours overlayed on the R-band optical CCD 

image. 

3.4. Results 

The results of the analysis of the HI data are summarized in Table 3.3 and 

discussed in detail below. 

Integrating the HI emission yields a flux integral of f S,;,(v)clv = 16.3 ± 2.5 

Jy km s~^ which gives an H I mass of Mm = (1.00 ± 0.15) x 10^°Mq/i^^. This 

is significantly higher than the 5.5 x IO^Mq^i^^ reported by Sprayberry et al 

(1995b). This is probably because the large angular size of UGC 2936 nearly fills 

the 3.3' Aredbo beam. It's also possible that the continuum source in the nudevis 

affected the baseline determination in the Aredbo data. The linewidth measxired 

at 20% of the peak flux, W20, is 498±10 km s~^ and the systemic velodty, Vsys^ is 

3816 ± 3 km s~^, consistent with the values reported by Sprayberry et al. (1995b). 
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3.4.1. Rotation Curve Determination 

The rotation curve was derived from the intensity-weighted velocity map using 

a tilted-ring analysis as described by Begeman (1989). The analysis was carried 

out using the task ROTCUR written by Begeman and contained within the 

Groningen Image Processing System (GIPSY). The galaxy was divided into 

concentric rings 15" in deprojected width with least-squares fits carried out on 

the velocity field within each individual ring. All of the points contained within 

each ring were used in the analysis with a cos 9 weighting applied where 9 is 

the angle from the kinematic major axis. Excluding points within 30°, 45°, and 

60° of the minor axis did not significantly alter the results. The values for the 

kinematic center, (.ro, \/o), the systemic velocity, Vsys/ and the position angle of the 

major axis, <(>, were determined by allowing them to vary along with Vrmg in fits 

to several rings with, a sufficient nximber of points. They were then held fixed 

at the values derived from these fits while doing fits to all rings with only Vring 

allowed to vary. 

The kinematic center was found to be consistent within the uncertainties 

with the position of the nuclear continuum source. The position angle, 

was foimd to be 211° ± 3°, consistent with the PA derived from the optical 

surfece photometry. The best-fit value for Vsys from the tilted-ring analysis 

was 3804 ±5 km s~^, sHghtly lower than the 3816 ±3 km s~^ derived from the 

HI line measurements. The inclination in this case is high enough and there 

were enough points in 4 of the rings (at 45", 60", 75", and 90") to allow a fit 

for the inclination. The result was a best-fit i = 61° ±5° in those rings. This is 

somewhat lower than the 75° ± 5 "derived from the optical surface photometry. 

At inclinations this high, however, the absolute scaling of the rotation curve is 
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relatively insensitive to uncertainties in the inclination. The difference between 

i = 61° and 74° corresponds to a 10% difference in sini and thus V^nng- For the 

rest of this chapter we adopt the kinematically derived inclination. 

The approaching and receding halves were fit separately with Vrmg taken to 

be the weighted mean of the best-fit values from the two sides. The imcertainty 

estimates for Vring account uncertainties due to asymmetries in the 

velocity field as well as the formal imcertainty estimates from the least squares 

fits. The derived rotation curves for the approaching and receding halves are 

shown in Figure 3.8 and also in Figure 3.9 superimposed on a position-velocity 

(l-v) map created by integrating all of the galaxy's H I emission along the 

kinematic major axis. Figure 3.10 shows a velocity residual map created by 

subtracting the best-fit tilted-ring model from the intensity-weighted velocity 

map. The outer edges on the east and west sides show residuals that seem to 

indicate an overestimation of i in the outermost ring (van der Kruit & Allen 

1978). However, the outer ends of the major axis don't indicate this and reducing 

i by hand to improve agreement on the sides results in worse agreement on 

the major axis. No stable solution was fovmd when allowing both i and Vnng 

to vary in the outermost ring. The approaching half also shows evidence of 

non-drcular gas motions both in the residual map and upon close inspection 

of the isovelodty contours in Figure 3.7. Figure 3.11 shows the folded optical 

rotation curve along with the average HI rotation curve. 

The optical and HI rotation curves are both slowly rising compared to 

HSB spirals with similar rotation speeds such as those in Begeman (1987). This 

shows that this behavior cannot be entirely due to systematic effects such as 

beam-smearing. However, the inner points of the HI rotation curve are lower 
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than the optical rotation ctirve at those radii which suggests that they are 

somewhat affected by beam-smearing. Using the method of Begeman (1989) to 

estimate beam-smearing corrections yields a correction of +25 ± 10 km s~' for 

the innermost two points, +10 ± 10 km s~' and +5 ± 10 km s~S respectively, for 

the next two points, and 0 db 10 km s~' for the rest of the points. The uncertainties 

in the corrections are conservatively estimated based on the assumptions made 

about the true HI distribution and velocity field. The mean rotation curve 

including these corrections for beam-smearing is given in Table 3.4 and shown 

in Figure 3.11 along with the folded optical rotation curve. Figure 3.12 shows the 

unfolded optical rotation curve and the HI rotation curves for the two halves 

(corrected for beam-smearing) of the galaxy superimposed on a major axis l-v 

map. 

3.4.2. Determination, of the Critical Density for Star Formation 

The derived rotation curve can be used to calculate the critical density for star 

formation as a function of radius using the dynamical criterion of Kennicutt 

(1989). The principle, originally developed by Toomre (1964) and Goldreich & 

Lynden-Bell (1965), describes a critical siirface density of gas below which a 

rotating, self-gravitating disk is stable against the growth of large-scale density 

perturbations and subsequent star formation. This critical gas density is given 

Scrit — <3J/C0"gas/TTG, 

where k is the epicyclic firequency given by 

(3.1) 

(3.2) 
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where Cgas is the velocity dispersion in the gaseous disk and where a is a 

dimensionless parameter found by Kennicutt (1989) to be 0.67. The critical gas 

derisity is converted to a critical HI density by assuming a mass fraction of 

hydrogen of X = 0.75 and no molecular gas (consistent with the lack of CO 

detections by Schombert et al. 1990). Rather than assuming a flat rotation curve 

when calculating Zcrtt/ use the slope derived from a linear fit to the measured 

rotation curve. 

The azimuthally-averaged radial HI surface density profile was obtained 

by averaging along elliptical annuli using the inclination and position angle 

derived from the optical surface photometry. This profile has been scaled by 

cos i to correct for inclination. Azimuthally-averaged radial profiles have the 

advantage of being much less susceptible to the effects of beam dilution, as 

discussed in detail in van der Hiolst et al. (1993). In the case of UGC 2936, the 

beam corresponds to about 5 kpc. The average rotation curve for UGC 2936, its 

azimuthally-averaged HI profile, and its critical density profile are shown in 

Figure 3.13. Here is assumed to be 6 km s~^ for consistency with Kennicutt 

(1989) and the HI surface density of the disk is above the critical density from 

4 kpc radius out to a radius of about 14 kpc, consistent with the point at which 

the detectable Ha emission in the optical rotation curve stops. The velocity 

resolution of the observations is in principle good enough to directly rule out a 

cTgas of 10 km s~^ or greater, however the large inclination and beam smearing 

in this case makes it impossible to reliably estimate the line-of-sight gas velocity 

dispersion. 
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3.5. Discussion 

3.5.1. Is UGC 2936 Really a LSB Galaxy? 

The surface photometry of Sprayberry et al. (1995b) gives an extrapolated 

disk central svirface brightness of = 24.03 mag arcsec"- which would 

clearly qualify this galaxy as an LSB system. This value was derived assviming 

assximing there is no internal extinction in the disk. Removing their correction 

for inclination gives a raw = 22.32 mag arcsec"^. The R-band surface 

photometry here gives = 19.80 mag arcsec"- with no corrections for 

inclination. The central surface brightness in B, about 0.7 mag arcsec"- fainter 

than the canonical Freeman (1970) value of 21.65, qualifies it as an LSB and 

explains why it was included in the APM stirvey. However, the central siirface 

in R is significantly higher, 1 mag arcsec"- or more, than for the other giant LSBs 

and makes UGC 2936 the reddest of the giant LSBs described in Sprayberry et al. 

(1995b). The red colors, widespread star formation, and the significant difference 

between the kinematic and isophotal inclinations suggest that internal extinction 

may be significant in this case. 

The high Ha/HP ratios found in the H H regions show that this is indeed 

the case. Figure 3.14 shows a sample HII region spectrum of one of the brighter 

H n regions in the disk. This spectrum was obtained at the MMT using the Blue 

Qiannel spectrograph as part of a program to obtain metallidty data for a large 

number of LSB galaxies. The Ha/H/3 ratio in this case is 7.95 which corresponds 

to E{B — V) = 1.0 assuming a standard interstellar extinction curve (Cardelli 

et al. 1989). Other H n regions in UGC 2936 have Ha/H/? ratios in the range 

6-9 which corresponds to a range in E{B — V) of 0.7—1.1. Using the standard 

Rv = 3.1 gives a range of extinction values in V, Ay, of 22.—3A mag and in B, 
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Ab, of 2.9-4:.5 mag. The galactic -Ag in the direction of UGC 2936 is 0.65 mag 

(Burstein & Heiles 1982). Clearly, the zero dust approximation does not apply 

here. 

A sturface brightness profile corrected for extinction is generally expressed 

in the form 

(M{r) = (j.°{r) — 2.5Clog(fl/&) (3.3) 

where C is related to the transparency of the disk and is assvimed to be in 

the range 0 < C < 1 (Giovanelli et al. 1994). The transparent, dust-free case 

corresponds to C = 1 and the completely opaque case where the dust layer is 

opaque and tiiick corresponds to C = 0. UGC 2936 is probably closer to the latter 

case, so the central surface brightnesses derived from the surface photometry 

without any inclination corrections are probably close to the face-on values and 

will be the values used for further analysis. Also, Giovanelli et al. (1994) show 

that if C decreases with radius, then internal extinction can bias scale length 

measurements to be systematically high. Thus the scale length of the mass 

surface density may be shorter than the observed scale length of the luminous 

surface density. However, the effect is probably no larger than about 30% and 

the slowly rising rotation curve out beyond 15 kpc may argue for a longer scale 

length, though it may also argue for the existence of a dark halo. 

UGC 2936 is an LSB galaxy by virtue of a /^sCO) that is 0.7 mag or more less 

than the Freeman value for disk galaxies. The large scale length of 8.4 kpc and 

rotation curve morphology also argue that UGC 2936 fits in much better with 

the giant LSBs than with more "normal" HSB spirals. However, the red colors, 

abimdant star formation, and copious amount of dust certaii\ly set UGC 2936 

apart from the conunon preconception of what an LSB galaxy is like. 
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3.5.2. Does UGC 2936 Have a Warp or a Truncated Disk? 

There is clearly some warping visible in the faint outer disk in the optical images 

(Figures 3.6 and 3.7). The warping begins near the point at which the disk 

surface brightness drops sharply with a warp angle with respect to the inner 

disk of about 10°. The H I surfece density does not drop sharply where the 

optical surface brightness does, but the HI isophotes do follow the optical warp 

in the outer parts of the disk (Figure 3.6). The outer parts of the HI disk have a 

clear kinematic signature visible in the l-v maps in Figures 3.9 and 3.12 and more 

clearly visible in a greyscale l-v image in Figure 3.15, especially on the receding 

side. This feature is not as prominent in the intensity-weighted velocity map 

(Figures 3.5 and 3.7). It does not, however, appear in the rotation curve derived 

from the tnted-ring analysis and the optical rotation curve does not extend far 

enough to sample it. From the l-v map, the difference in velocity between the 

maximum and the velocity at the last measurable point is 30 km s~^ 

Depending on the viewing angle, gas in a warp can be at a different 

inclination than the unwarped disk. If the warp is oriented such that it appears 

to be at a lower inclination, the gas in it will appear to be rotating more slowly 

since what we observe is VcSinL For an inclination of the main disk of 61°, this 

woxild correspond to a change in inclination due to the warp of ^ 10°. This is 

quite plausible, but there are too few points in the HI velocity field in the warp 

region to allow for a reliable, independent inclination determination in the warp 

region using a tilted-ring model. It's hard to determine with confidence what the 

orientation is from the optical appearance. 

The drop in velocity could also be due to the disk mass density dropping 

sharply where the light does. This kind of tnmcated disk model has been used 
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to explain the HI kinematics of NGC 5907 by Casertano (1983) and of NGC 4013 

by Bottema (1996). UGC 2936 is qualitatively similar to these two cases, though 

more warped than NGC 5907 and significantly less warped than NGC 4013. 

The morphology of the l-v map of the receding side of UGC 2936 looks very 

similar to that of NGC 5907 shown in Figure 5 in Casertano (1983). However, the 

approaching side does not show the same degree of discontinuity and appears 

to be consistent with the rotation curve becoming flat or slowly decreasing with 

no discontinmty. This asymmetry does not show up with great significance in 

the rotation curve derived from the tilted-ring analysis. More detailed modeling 

of the velocity field and random/nondrcular motions of the HI gas as well as 

deeper optical imaging to get higher S/N in. the warp region would be required 

to sort these issues out quantitatively. 

3.5.3. Does UGC 2936 Require a Dark Halo? 

With a disk scale length of 8.4 kpc, one would expect a priori that even with a 

maximal disk, the rotation curve of UGC 2936 should be slowly rising out to at 

least 15 kpc since the peak of a rotation curve of an exponential disk occurs at 2.2 

scale lengths (Freeman 1970). Indeed, this is what is observed. Figure 3.16 shows 

a maximal disk fit to the combined optical and HI rotation curves using the 

R-band surface photometry from Chapter 4. The agreement is pretty good except 

for an overshoot near the center where the bulge contribution is overestimated 

and at > 25 kpc where the disk rotation curve is declining while the observed 

rotation curve remains constant. Thus even though the measurable HI rotation 

curve extends beyond 30 kpc, this is only 3—4 disk scale lengths so only the 

outermost points in the HI rotation curve begin to probe the region where a halo 

component is clearly needed to reproduce the rotation curve's morphology. If 
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the scale length of the disk is overestimated due to internal extinction, then the 

disk rotation would begin declining sooner and the need for a halo component 

would be more apparent. Given these uncertainties, the rotation curve for UGC 

2936 is consistent with having a dark halo, but does not clearly require one. 

This case is in stark contrast to the giant LSBs described in Pickering et al. 

(1997) where the rotation curve morphologies cannot be reproduced at all by 

scaling the luminous components by a constant M/L and where maximal disk 

fits yield R-band M/L's of 15-20 or more. The maximal disk M/L here of ~ 5 is 

much more reasonable and is consistent with the disk M/L upper limits derived 

for the giant LSB galaxies F568-6 and UGC 6614 by Quillen & Pickering (1997) as 

well as maximal disk M/L's derived for HSB galaxies (e.g. Begeman 1987). 

The existence of the warp argues for the presence of some halo component. 

Most models of warps treat them as normal bending modes in self-gravitating 

disks that are subjected to inclined, flattened halo potential (e.g. Sparke & 

Casertano 1988). A dark halo is also not precluded if the kinematics of the outer 

HI disk are due to a truncated disk. Casertano (1983) uses a tnmcated disk 

model to constrain the ratio of halo mass to disk mass for NGC 5907 and finds 

Mhalo/ Mdisk = 1.5 i 0.3. 

3.6. Conclusions 

UGC 2936 is a massive, gas-rich, galajgr with an HI mass of 10^°Mq^^^ and 

an HI rotation curve that is slowly rising over much of the visfole disk. These 

virtues as well as its low surface brightness in the optical place it in the class of 

giant, so-called 'Tv4alin-type", galaxies such as those described by Pickering et aL 

(1997). However, UGC 2936 differs considerably from the other giant LSBs in 
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some key respects: 

• UGC 2936 has vigorous ongoing star formation over much of its optical 

disk. This is a result of the higher HI siirface densities in UGC 2936 than in 

the other giant LSBs. 

• The star formation is consistent with the critical density for star formation 

if the gas velocity dispersion, cr^, is assumed to be ~ 6 km s~K The other 

giant LSBs lack much in the way of star formation and imply higher values 

of cTgas of around 10 km s~^. 

• The large amount of observed internal extinction in UGC 2936 infers a 

sizeable dust content that is not observed in the other giant LSBs. 

• While it's slowly rising over most of the visible disk, the rotation curve 

morphology for UGC 2936 is mostly consistent with a rotation curve 

derived by scaling the disk by a constant M/L. OrUy the outermost points 

of the rotation curve may require an additional dark halo component 

whereas the other giant LSBs require the dark component to be dominant 

over most of their visible disks. On the other hand, the rotation curve 

morphology of UGC 2936 also sets it apart from the more usual HSB 

galaxies with similar rotation speeds such as those in Begeman (1987). 

The HI kinematics also show the presence of what could either be the 

kinematic signature of the warp visible in the optical and HI surfoce density 

images or the signature of a truncated disk. More detailed modeling is required 

to reliably differentiate between these possibilities. The modeling of the warp 

and/or truncated disk may also provide independent tests of the existence of a 

dark halo in UGC 2936. 
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Table 3.1. Optical imaging and spectroscopy data for UGC 2936. 

e i  MR fid f^b 
(1) (2) (3) (4) (5) (6) 17) (8) (9) 

0.72±0.06 75° ±5° -21.1±0.1 21.8±03 8.4±03 19.2±0.2 0.6±0.1 3822±10 427i20 

'^'Ellipticity = 1 — b/a. 
®Inclination calculated using the Holmberg (1958) relation cos-(i) = [(1 — e)^ — <p)/[l — tr], where the intrinsic 

flattening, q, is taken to be 0.1. 
(3) 
^ '̂ Absolute integrated R magnitude. 

Extrapolated exponential disk central surfoce brightness in R mag arcsec"-. 

^^Exponential disk scale length in kpc//i75. 

^^^Extrapolated exponential bulge central sur^ce brightness in R mag arcsec"-. 

^^Exponential bulge scale length in kpc//i7s. 

systemtic velocity in km s"*^. 

profile width in km calculated as the difference between the 5% and 95% levels of the velocity histogram. 
The profile vridth is corrected for inclination by sin i. 
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Table 3.2. VLA observing parameters for UGC 2936. 

Field Center (1950) a 4hoomi2S5 

5 r49'36:'0 
Observation date August 9—10,1997 
Array Configuration C 
On-source integration time 12^20["5 
FWHM of primary beam 30' 
FWHM of synthesized beam 20'.'6 X 19'.'0 
P.A. of synthesized beam -5?9 
Central velocity (km s~^) 3817 
Total bandwidth (MHz) 3.125 
Number of frequency channels 127 
Channel spacing (km s"^) 5.28 
RMS noise in channel maps (mJy/beam) 0.43 
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Table 3.3. HI properties of UGC 2936. 

/ Sv(v)dv^ Mm" 'VHLote" ^HLcotr^ 0^ '̂ lO.obs® '̂ lO.corr^ 

(Jy km s"') (IO'OMq) (km s"') (10^1 cm-') (10^ cm-2) n (kms"') (km s"') C) 

163±25 1.00±0.15 3816i3 33 1.6 211i3 498x10 569±11 61±5 

^Total H r line flux. 
''Total Hi mass: Mm = 2.36 x ICP D'f Si,(p)dp, where the luminosity distance, D = c(:-rOJ(l.O — ifo):r)/Ho, is given 

in iVfpc. 
"^Heliocentric HI systemic velocity. 

'̂ Observed peak H I surface density. 

^Observed peak H t surface density corrected for inclination by cos f. 

^Position angle of the kinematic major axis measured east fn)m north to the receding half. 

^Observed H t linev«dth uncorrected for inclinatiotu 

^Observed H i linev^dth corrected for inclination. 

'Disk inclination derived from the tilled-ringanalysis. 
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Table 3.4 Rotation curve for UGC 2936 derived by taking a weighted average of 

the rotation curves measured separately for the approaching and receding halves 

of the galaxy. Beam-smearing corrections are included. 

R Vc{R) 

n (km s~^) 
15 135±12 
30 195±12 
45 218±13 
60 236±13 
75 243±12 
90 248±11 

105 252±11 
120 254±11 
135 256±12 
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Figure 3.1 — a) R-band CCD image, b) R-band surface photometry, c) 2-D long 

slit spectrum, and d) extracted rotation curve for UGC 2936. The bar in the R 

CCD image denotes the angular size corresponding to 10 kpc at the redshift of 

the galaxy. The surface brightness profile fit parameters are given in Table 3.1. 

The axes and dashed lines in the extracted rotation curve panel denote the width, 

Vsys, and kinematic center derived as described in the text. 
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Figure 3.3 — Continuum-subtracted channel maps for the receding half of UGC 

2936. Contovur levels are l.Ox 10~^x(—2 —112 4 6 8 10 12 1416 18 20) Jy/beam. 

Crosses denote position of the central continuum sovurce. 
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Figure 3.4 — HI spectrum for UGC 2936. Each channel in. the spectrum is 5.28 

km s~^ wide and the noise per channel is 4.5 mJy: 
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Figure 3.5 — HI intensity greyscale overlayed with.isovelodty contours for UGC 

2936. The north side (top) is approaching with the first contour at the top at 3590 

km s~^, the last contour at the bottom at 4010 km s~^, and a contour spacing of 20 

kms~^. 



120 

4^0™20® 15® 10® 5® 

Right Ascension. (B1950) 

Figiire 3.6—HI intensity contours overlayed on an R-band optical image of UGC 

2936. The contovirs range from 5% to 95% of the peak value of 1176 Jy/beam m/s 

with a contour interval spacmg of 10% of the peak. The greyscale image is scaled 

logarithmically to aid in showing detail. 
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Figtire 3.7 — Isovelodty contours overlayed on an R-band image of UGC 2936. 

Some contours at the ends are labelled (in km s~^) to help guide the eye and the 

contotu: interval is 10 km s~^. The greyscale image is scaled logarithmically to aid 

in showing detail. 
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Figure 3.8 — Rotation curve for UGC 2936 derived from the tilted-ring analysis 

of its velocity field. The rotation curve is derived separately for the approaching 

half (solid line) and receding half (dotted line). 
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Figure 3.9 —Rotation curve for UGC 2936 superimposed on a major axis l-v map. 

The l-v map is corrected for i = 61° and the contoxor levels are 9.0 x 10"^x (12 3 4 

5 6 7) Jy/beam. 



124 

01 52 

51 

48 

47 

0400 20 18 16 14 12 10 08 06 04 
RIGHT ASCENSION (B19S0) 

Figvire 3.10 — Residual velocity map calculated by subtracting the best-fit tilted-

ring model from the velocity maps. Contovir spacing is 5 km s~^ with dashed 

negative contours. The beamsize is shown in the upper right comer. 
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Figure 3.11 — Average H I rotation curve corrected for beam-smearing (fiUed 

squares) along with the folded optical rotation curve for UGC 2936. 
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Figure 3.12 — HI and optical rotation curves for UGC 2936 superimposed on a 

major axis l-v map. The HI rotation curves include beam-smearing corrections 

and the l-v map is corrected for i = 61° with contour levels of 9.0 x 10~^x(l 23 4 

5 6 7) Jy/beam. 
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Figtire 3.13—Rotation curve (data points), radially-averaged HI sxirface density 

profile (solid line), and critical density profile (dashed line) for UGC 2936. The 

critical density is calculated assuming cTgas = 6 km s~^. 
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Figture 3.14 — Sample spectrum for one of the brighter H n regions in the disk of 

UGC 2936. The Ha/H/3 ratio in this case is 7.95 and other regions have values in 

the range 6-9. This corresponds to a range in c of 0.9-1.4 and a range in E(B — V) 

of 0.7-1.1. 
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Figvire 3.15 — Greyscale representation of the total l-v map for UGC 2936. 
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Figure 3.16 — Maximal disk fit to the combined optical and HI rotation curve for 

UGC 2936. The bulge and disk fits firom the surface photometry in Qiapter 4 are 

used to calculate the disk rotation curve with the bulge and disk asstimed to have 

the same M/L. 
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CHAPTER 4 

OPTICAL ROTATION CURVES AND 

R-BAND SURFACE PHOTOMETRY OF 

Low SURFACE BRIGHTNESS 

GALAXIES 

We present optical rotation oorves based on Multiple Mirror Telescope long-slit 

Ha spectroscopy" along with R-band sxirface photometry for 69 low surface 

brightness (LSB) galaxies taken from the survey described by Empey et al. (1996). 

In addition, optical rotation curves are presented for 2 LSB galaxies from the 

HI rotation curve sample of de Blok et al. (1996). These galaxies span a wide 

range of physical properties: over 2 orders of magnitude in luminosity 1.5 

orders of magnitude in mean sxirface brightness, and 1 order of magnitude in 

velocity width of the Ha line profile. The range of rotation curve morphologies 

is correspondingly quite large, ranging from slow rotators with slowly rising 
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(almost solid-body in some cases) rotation curves to fast rotators with nearly 

flat rotation curves. There are also some slowly rising fast rotators similar to 

the LSBs observed in HI by de Blok et al (1996) and the giant LSBs presented 

by Pickering et al. (1997). The galaxies in this sample follow the Fisher-Tully 

relation, do so with less scatter than the HI Fisher-Tully relations Zwaan et al. 

(1995) and Sprayberry et al. (1995a) found for LSB galaxies, and have a slope 

consistent with the results for HSB galaxies of Courteau (1997). The residuals 

of the best-fit Fisher-Tully relation to this sample show a significant correlation 

with disk scale length, less significant correlations with half-light radius and 

maximtim radial extent of the rotation curve, and no significant correlation with 

surface brightness. Comparison with a subsample that has HI data available 

confirms the prior observation of a larger scatter when using HI profile widths. 

The residuals of the Fisher-Tully fit to the HI data show a slight correlation with 

surface brightness, significant at the l-Zcr level, and no correlation with disk 

scale length or half-light radius. 

4.1. Introduction 

While optical rotation curves are not as effective as HI rotation curves 

for constraining disk and halo kinematic properties, they yield kinematic 

information for many oiore galaxies in much less observing time. Also, with 

their higher spatial resolution they are not as susceptible to beam-smearing 

effects as HI rotation, ciorves. In many cases the optical rotation curves can be 

traced out to 2-3 disk scale lengths or further, enough to put some constraints 

on disk M/L's and halo properties. Much observational effort has been spent 

collecting optical rotatioa curves for normal, generally high sxirface brightness 
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(HSB) galaxies (e.g. Mathewson et al. 1992, Mathewson & Ford 1996, and 

Courteau 1997). To date, the only kinematic information available for low 

surface brightness (LSB) galaxies has come from HI observations, both single 

dish (Sprayberry et ai 1995a) and synthesis imaging (de Blok et al. 1996; 

Pickering et al. 1997). The results of these observations have shown that LSB 

galaxies follow the same Fisher-TuUy relation as HSB galaxies while having 

significantly different rotation ciirve shapes. 

To further test these resvilts and greatly increase the number of LSB galaxies 

for which there is at least some kinematic information we obtained Ha rotation 

curves using the Multiple Mirror Telescope (MMT) Red and Blue Channel 

Spectrographs for 69 galaxies from the Automated Plate Measxrring machine 

(APM) survey for LSB galaxies described by Impey et al. (1996). To complement 

these observations and allow us to derive stellar mass profiles, we also obtained 

R-band CCD images of these galaxies at the Steward Observatory 2.3m Bok and 

1.55m Mt. Bigelow telescopes. In addition, optical rotation curves were obtained 

for 2 of the LSB galaxies from the HI rotation curve sample of de Blok et al. 

(1996). These galaxies represent diverse morphologies, ranging from very LSB 

dwarf irregulars to giant spiral disk galaxies. The properties span over 2 orders 

of magnitude in limiinosity, 1.5 orders of magnitude in mean surface brightness, 

and almost 1 order of magnitude in Ha line profile width. Since LSB galaxies 

have little ongoing star formation, almost by definition, there is also a wide 

range in the quality and sampling of the derived rotation curves. However, 

despite the lack of a priori knowledge of Ha emission for most of the sample, the 

observations were successful for a large fraction of the sample. 

Heliocentric radial velocities are adjusted for Galactic rotation using the 
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conventional 300 sin/cos & km s~^ correction. A Hubble constant of 75 km 

s~^ Mpc"^ is assumed throughout this chapter. We adopt qo = 0.5, although 

the redshifts are low so derived quantities do not depend sensitively on the 

deceleration parameter. 

4.2. Sample Selection 

Galaxies were selected for observation based on their elongated appearance 

in the original APM plate scans. Elongated galaxies were chosen under the 

assumption that the elongation is due to a disk being viewed at an inclination, z. 

Larger elongations, and thus inclinations, are more desirable because it's easier 

to reliably define the kinematic major axis and because the ^ corrections to 

rotation velocities become smaller at large z. Out of the 105 galaxies chosen, 

26 had previous Ha imaging or spectroscopic observations that showed the 

existence of Ha emission. This assured us that we could get optical rotation 

curves for at least some galaxies. In a few cases the assumption that the 

elongation was due to an inclined disk broke down and the object turned out 

to be an elliptical galaxy or a bar. However, out of the 105 galaxies, 91 were 

observed spectroscopicaUy with 82 having high enough signal-to-noise to extract 

a rotation curve. This is a fairly high and somewhat surprising success rate for 

a sample of LSB galaxies and shows that while star formation rates are low in 

LSB galaxies, detectable ionized gas does occur at some level in most of them. 

Photometric R-band imaging was obtained or available for 78 galaxies. The 

overiap left 69 APM galaxies with both a rotation curve and R-band photometry 

plus rotation curves for 2 galaxies from the HI sample of de Blok et aL (1996). 
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4.3. Observations and Data Reduction 

All of the spectroscopy was done at the MMT using both the Red and Blue 

Channel spectrographs. The CCD imaging was performed at the Steward 

Observatory 90" Bok and the 61" Mt. Bigelow telescopes using a variety of 

CCD configurations. The imaging performed at the 90", with the exception of 

0400+0149, was kindly provided by David Sprayberry. Details of the various 

instrumental configurations are given in Tables 4.1 and 4.2. 

4.3.1. CCD Spectroscopy 

Standard procedures were used to subtract the DC offset (bias level) in the CCD 

images using the overscan region in each exposure. Both the 3072x 1024 and the 

1200x800 CCDs have very little 2D structture in their biases so subtracting full 

2D bias frames was not necessary. Small scale gain variations were corrected for 

using high signal-to-noise flat-field images obtained by illuminating the slit with 

a bright quartz lamp. Additional twilight flats were necessary to correct for the 

different illumination pattern of the quartz lamp so that the images would be 

flat in the spatial direction. Good subtraction of night sky lines was not possible 

otherwise. No attempts were made to flatten the spectra along the dispersion 

axis using standard stars since doing so is only relevant to measxiring relative 

fluxes of emission lines, not relative velocities. 

Distortions in the 2-D spectra were mapped out using HeNeAr lamp 

exposures as well as "comb" exposures obtained by illuminating a slit plate 

containing 1" holes centered 10" apart with a bright quartz lamp. Geometrical 

transformations were fit to these distortion maps and applied to the 2-D spectra 

to linearize them in both the dispersion and spatial directions. Applying these 
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transformations straightened the images to within 0.1 A RMS along the spatial 

axis within 1' of the center and to within 0.2" RMS along the dispersion axis. 

Beyond 1' of the center the scatter becomes somewhat larger due to greater 

distortion in the spectrograph optics and due to the HeNeAr calibration lines 

becoming fainter nearer the edges. Thus the systematic uncertainties in relative 

velocity measurements are on average 5 km s~^ within 1' of the center. Since 

the HeNeAr lamp exposures were taken at the beginning or end of the nights, 

the zero points of the wavelength calibratioris were found using a set of bright, 

unblended night sky lines. The resulting absolute wavelength calibrations have 

a scatter within V of the center of the chip of 0.1-0.3 A RMS which corresponds 

to 5-15 km s~^ at the wavelength of Ha. The sky lines and sky background were 

subtracted from the linearized spectra by interpolating between regions with no 

galaxy emission with a 2nd order polynomial. 

The rotation curves were extracted from the linearized, sky-subtracted 

2-D spectra by fitting Gaussian profiles to obtain the centroid of the Hq line 

as a function of position on the slit. In addition to Hq, emission lines due to 

[N n] AA6548,6583 A and [S H] AA6717,6731 A were also visible in many of the 

spectra. However, they were always fainter than Hq and fitting Gaussians 

simultaneovisly to all visible lines did not resvilt in velocity determinations 

significantiy better than those derived by fitting Hq alone. In areas where the 

Hq emission was faint 2-5 rows (1.2-3") were binned together to increase the 

S/N". The total error in the fitted velocity is the quadrature sum of the error 

in the centriod of the fitted Gaussian and the 5 km s~^ systematic imcertainty. 

Gaussian fits where the line was detected at less than the 5a level were discarded 

since lines that faint have velocity uncertainties of about 25 km s~^. The systemic 

velocity, Vsys, and Ha profile width, Whq, for each of the rotation curves were 
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found using an unweighted velocity histogram method similar to that used 

by Vbgt (1994) and Courteau (1997), where Who is taken to be the difference 

between the 5th and 95th percentile points of the velocity histogram and Vgys the 

midpoint between these points. The advantages of this method over a simple 

max—min method where only the minimum and maximum velocities are used 

are that it's less sensitive to noisy, outiying data points and it does not favor 

high S/N regions such as bright H Et regions. On the other hand, for rising 

rotation curves it will tend to underestimate the true width somewhat more 

than the min—max method, but the discrepancy is generally not large (~ 20 

km s~^). In these cases the Ha emission is not really sampling the full rotation 

width and thus establishing the true uncertainty in the width measurement is 

not possible urUess there is more iiiformation available, such as an HI profile. 

With this caveat in mind, we adopt a measurement uncertainty of 20 km s~^ 

for Who- The determination of Vgys is susceptible to asymmetries in the Ha 

distributions as well as in the kinematics. The 5-15 km s~^ uncertainty in the 

absolute wavelength calibration also affects the determination of Vsys- Due to 

the varying, often imknown, levels of asymmetries in the kinematics and Ha 

distributions, the actual tmcertainty in Vsys varies from galaxy to galaxy and is 

difficult to pinpoint. However, on average it is in the range of about 10—25 km 

s~ .̂ 

4.3.2. CCD Imaging 

As was done for the CCD spectroscopy data, the overscan regions in each 

exposvire were used to subtract DC offsets. Additionally, each of the CCD 

cameras used for the broadband imaging had discernible 2-D structure in 

their bias levels. To correct for this, high S/N bias images were created by 
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median-combining a large number (~ 25) of zero-length exposure images 

taken usually at the beginning of each night. The combined bias images were 

then subtracted from the other calibration and data images. Batifielding was 

p e r f o r m e d  u s i n g  d o m e  f l a t s  a s  w e l l  a s  i m a g e s  o f  b l a n k ,  d a r k  s k y .  T h e  h i g h  S / N  

dome flats were used to correct for small-scale gain variations in the images. 

The blank sky images were flattened with the dome flats, edited to remove stars, 

and then median combined and smoothed to create sky flats to correct for large 

scale gain variations due to illtimination and color differences between the dome 

flat setup and the night sky. In most cases this process resulted in images that 

are flat on large scales to 1% or better. In a few cases there was residual large 

scale structure at the 3-5% level. Some of the 61" data had small scale flat field 

errors due to dust moving aroimd after filter changes, however images where 

these landed on a galaxy were thrown out and the pointing changed to move the 

galaxy away from, the feature. The 61" data taken with the 800x800 CCD system 

had a large defect that wouldn't flat-field out well, but the large field-of-view 

allowed us to keep the galaxies away from this feature. 

In most cases the galaxy was small enough that the sky value was taken 

to be the mode of the data value histogram of the image and then subtracted 

from the image. In a few cases where the galaxy was bright and large, blanking 

out the galaxy and taking the mode of the remaining pixel values gave a better 

result. In other cases where there was a visible gradient in the sky background or 

where the galaxy covered a larger fraction of the image, the modes were foiind 

in 4 subregions in the comers of the image away from any galaxy emission and a 

planar fit these values was subtracted from the image. 

Elliptical isophotes were fitted to the sky subtracted galajgr images using 
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the ISOPHOTE package contained within STSDAS. The position angle and 

ellipticity for each galaxy were taken to be the average of these values over the 

outer 7-10 isophotes. These outer isophotes correspond to a range in surface 

brightness of about 23—26 R mag arcsec"^ in most cases and are used instead of 

the whole galaxy to minimize the effects of bars, bulges, and bright spiral arms. 

In most cases the CCD imaging was obtained before the spectroscopy so that 

this position angle was the one used to determine the slit position angle. For the 

others, the position angle was determined by fitting elliptical isophotes to the 

scarmed APM images. This is somewhat less reliable than using CCD images 

since the APM scans are not nearly as deep. However, later comparisons with 

the results of the CCD surface photometry showed that in all cases the position 

angle derived from the APM scans was within 10° of the value derived from the 

CCD images. Inclinations were derived from the average elliptidties using the 

Holmberg (1958) relation cos^(i) = [(1 — — q^], where the intrinsic 

flattening, q, is taken to be 0.1. There is now some evidence that LSB galaxies 

and even late-type galaxies in general are quite thin with axial ratios of ~10:1 

making this lower value of q is more appropriate (e.g. Dalcanton & Shectman 

1996). At any rate, this only becomes important at high inclinations where these 

xmcertainties don't greatly impact the I corrections to PVhq. The estimated 

average uncertainty in i for the sample is 5°. 

The profiles of average isophotal siirface brightness verstis isophote 

semi-major axis were modeled with either a single exponential disk or an 

exponential bulge plus an exponential disk. Di every case where there was a 

bvdge component, an exponential profile provided a better fit than the traditional 

de Vaucouleurs profile. This is consistent with the results of Courteau et al 

(1996a) who foimd that most of the late-type spirals in their sample were also 
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better fit with a double exponential profile. The disk central surfece brightnesses 

have been corrected for line-of-sight integration by 2.5 log(cos i), the geometrical 

path length correction for a zero dust disk. The distribution and amount of dust 

in LSB galaxies is poorly vmderstood. At least one LSB galaxy, 0400+0149 (UGC 

2936; Qiapter 3 of this volume), dearly has a sigriificant amount of internal 

extinction. However, the generally low metallicities of LSB galaxies (McGaugh 

1994) imply that UGC 2936 is the exception and that LSB galaxies should have 

relatively low dust contents. Given the low metallicities on average and the 

imcertainties involved in correcting for internal extinction, no additional internal 

extinction corrections were applied. The bulge components are assumed to be 

spherical and no deprojection corrections were applied to them. 

The total magnitudes were found by summing the actual pixel intensities 

within the last fitted isophote and then integrating the surface brightness model 

fit firom this last isophote out to infinity. The latter term typicaEy changed the 

calculated total magnitude by less than 0.1 mag. The radius which contained 

half of this total intensity was taken to be the half-light radius, Ri/i- The zero 

points for the total magnitudes and svirface brightnesses were derived from 

observations of standard stars firom the lists of Landolt (1992), Christian et al. 

(1985), and Odewahn et al. (1992). The 61" data was obtained in only one filter, 

R, so color terms could not be derived. This limits the accuracy of the zero 

points to no better than 0.1-0.15 mag. Color terms were derived for the 90" data 

so those zero points are good to generally 0.05-0.1 mag. Comparison of the 

photometry of galaxies observed during mxiltiple runs confirms that the internal 

photometric consistency is good to 0.1-0.15 mag or better. Galactic reddening 

corrections were calculated using the maps of Burstein & Heiles (1982) and are 

generally small with only 9 cases having Ar of 0.1 mag or greater and none with 
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Ar greater than 0.2 mag. 

4.4. The Data 

Long slit spectra and extracted rotation curves for the two galaxies from the 

sample of de Blok et al. (1996), F563-v2 and F568-3, are shown in Figvires 4.1 and 

4.2. The R-band COD images, surface photometry results, 2-D long slit spectra, 

and extracted rotation curves for the rest of the galaxies are shown in Figtires 4.3 

through 4.71. The extracted rotation curves and surface photometry shown in 

these figures are not corrected for inclination. The derived parameters from the 

spectroscopy and surface photometry are summarized in Table 4.3. Histograms 

of these and some other derived quantities are shown in Figure 4.72. 

This sample of galaxies has diverse morphology ranging from dwarf 

galaxies exhibiting little or no true rotation (e.g., 1108+0121), to dwarfs with 

roughly solid-body-like rotation, curves (e.g., 0132+0146 and 2315—0003), to 

relatively normal fast rotating galaxies with flat rotation curves (e.g., 0223—0033 

and 0349—0139), to fast rotating galaxies with slowly rising rotation curves (e.g., 

0353+0154 and 0400+0149). The redshifts for the observed objects range from 

800 to 16000 km s~^ with a mean of about 7000 km s~^- The mean disk scale 

length is 3.74 kpc with only one galajgr, 0353+0154, having a scale length of 

greater than 10 kpc. This is consistent with the distribution of scale lengths in 

the smaller LSB sample of McGaugh & Bothun (1994). In all but one case the 

radius of the last measiired point of the rotation curve, Rmax/ exceeds one disk 

scale length with a mean extent of 2.5 disk scale lengths. Therefore, most of 

these rotation curves sample beyond 2.2 scale lengths where the rotation airve 

of an exponential disk peaks (Freeman 1970). The deprojected Ha profile widths 
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derived using the unweighted velocity histogram method range from 16 to 657 

km s~^ with a mean of 239 km There are 33 galaxies where the rotation 

curve is still rising at the last measured point meaning the Ha profile width is 

underestimating the true rotation width to some unknown degree. The mean 

absolute R magnitude of the sample is MR = —19.5 with values ranging from 

—14.75 to —22.05, over 7 magnitudes, and the mean extrapolated main disk 

central surface brightness is 21.4 R mag arcsec"^. 

The galaxies in this sample are on average significantly smaller galaxies 

than the so-called "Malin-type" galaxies described by Impey & Bothim (1989), 

Sprayberry et al. (1995b), and Pickering et al. (1997). Only a few galaxies 

such as 0353+0154 and 0400+0149 have properties that would warrant that 

classification and none have properties quite as extreme as F568-6 (Bothun et al. 

1990; Pickering et al. 1997) or UGC 6614 (van der Hulst et al. 1993; Pickering 

et al. 1997), let alone Malin 1 (Bothun et al. 1987; Impey & Bothim 1989). 

The range of linewidths and their mean in this sample are similar to the HI 

sample of Zwaan et al. (1995). The HI sample of Sprayberry et al. (1995a) has a 

smaller range and larger mean width due to their imposed cut-off at 150 km s~^. 

Using B — R ~ 1 for LSB galaxies (Knezek 1993; Sprayberry et al. 1995a) gives 

(A^d(O)) ci 22.4 B mag arcsec"^ for this sample. This is about 0.8 B mag arcsec"^ 

feinter than the Freeman (1970) value of 21.65,. but about 0.7 B mag arcsec"^ 

brighter than the mean surface brightness of the HI sample used by Zwaan 

et al. (1995). The large sample of Gionn r stirface photometry and optical rotation 

curves for HSB galaxies published by Coiirteau (1996b) and Courteau (1997) 

has a mean central surface brightness of {fidiO)) = 20.1 ± 0.6 r mag arcsec"^. 

Using the transformation given by Kent (1985a) to convert r to Johnson R gives 

(fidiO)) ~ 19.5 R mag arcsec"^ for that sample, almost 2 fuU mag arcsec"^ higher 
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in surface brightness on average than the sample presented here. 

Out of the 71 galaxies, 30 have a bulge component in addition to the 

main disk component. In each of these cases this second component is better 

fit by an exponential rather than the canonical law. Figure 4.73 shows a 

histogram of the ratios of scale lengths of the two components and the mean 

ratio of (a{,/arf) = 0.14. This is consistent with the mean ratio of ~ 0.1 found by 

Courteau et al. (1996a), however the distribution here is broader than for either 

of the two samples used by Courteau et al. (1996a). Here there are 7 out of 30 

galaxies with ab/ctd > 0.2 as opposed to 12 out of 326 galaxies in the samples 

of Courteau et al. (1996a). The existence of double exponential profiles with a 

scale length ratios of 0.1-0.2 implies that secular evolution plays a role in at least 

some LSB galaxies. Indeed, some of the galaxies in this sample turned out to be 

barred (e.g. 0309—0309, 0317—0246, and 2311—0200), which shows that barred 

LSB galaxies can exist. However, this does not appear to be the rule for LSB 

galaxies since the majority of the galaxies in this sample are neither barred nor 

exhibit a significant bulge component. 

4.5. LSB Galaxies and the Fisher-TuUy Relation 

The relation between absolute magnitude and rotational velocity for spiral 

galaxies was first recognized by TuUy &c Fisher (1977) and has since been 

well-established for HSB spiral galaxies. More recently, Sprayberry et al. (1995a) 

and Zwaan et al. (1995) have shown that LSB galaxies follow a Fisher-Tully 

relation with the same slope as HSB galaxies, albeit with larger scatter. This is a 

surprising result since HSB and LSB disks have very different scale lengths and 

therefore different mass surface densities. Rotation curves for LSB galaxies like 
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those of de Blok et al. (1996) and Pickering et al. (1997) show that the velocity 

widths of LSB galaxies are indeed determined at much larger radii in general 

than is the case in HSB galaxies. Zwaan et aL (1995) argue that for LSB and 

HSB galaxies to follow the same Fisher-Tully relations, the total mass-to-light 

ratio, M/L, and the average mass surface density, a, must vary in such a way 

that the product aM/L remains nearly constant. This is consistent with the idea 

that less dense galaxies evolve more slowly and have formed fewer stars which 

has resulted in them having lower surface brightnesses and higher values of 

M/L. However, there is now evidence, both via kinematics (Quillen & Pickering 

1997) and via blue disk colors (McGaugh et al. 1995), that LSB galaxies have 

disk M/L's that are not significantly, if at all, higher than HSB galaxies. Another 

explanation is that LSB and HSB galaxies reside in. similar halos. In this scenario, 

the HSB and LSB disks can have similar values of M/L, but since the velocity 

widths for LSB galaxies are determined at larger radii they enclose more of their 

dark halos relative to the HSB case. This results in the velocity width sampling 

a larger global M/L ratio in the LSB case. Courteau & Rix (1998) show that the 

halo is a dominant component of the kinematics even in HSB galaxies and that 

the Fisher-Tully relation is driven at least as much by halo properties as by disk 

properties. This provides a natural explanation of the continuity between the 

Fisher-Tully relations of LSB and HSB galaxies and how galaxies with vastly 

different surface mass densities can follow similar Fisher-Tully relations. 

Figure 4.74a shows Mr versvis logWHa for the galaxies in this sample 

along with linear fits of the form Mr = aT}-\-b where t) = log Wna — 2.5. This 

parameterization places the zero-point of the fit within the range of Mr spanned 

by the data and thus makes comparisons of best-fit zero-points more meaningful. 

It also allows a direct comparison with earlier workers such as Courteau (1997). 
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To obtain best-fit values of a. and b with uncertainty estimates, linear least squares 

fits were performed where each data point was weighted by the error bars both 

in MR and t] (see Press et aL 1992, §15.3). The top panel shows the resiolts for the 

entire sample which gives a — —6.59 ± 0.24, b = —20.39 ± 0.04, and a variance 

(scatter) of cr = 1.0 mag. 

The variance is clearly dominated by the 3 outliers marked in the plot; 

0317-0246 (Figure 4.17), 1132+0249 (Figure 4.51), and 1156-0110 (Figure 4.54). 

In the case of 0317—0246 the kinematics and inclination determination are 

skewed by the strong bar component. The Ha distribution for 1132+0249 is 

very asymmetric and the derived kinematic center does not agree well with the 

optical center. Its optical appearance also suggests that there is a bar component 

affecting the kinematics. The case of 1156—0110 is clearly one where the Ha 

emission does not extend nearly far enough to sample the true rotation width 

of the galaxy. The fourth galaxy that is marked, 1108+0121 (Figure 4.47), shows 

little or no true rotation in its rotation curve. 

Excluding these four galaxies resiilts in a somewhat tighter relation 

with a similar slope: a = —6.55 ± 0.24, b = —20.35 ± 0.04, and cr = 0.6 mag 

(Figure 4.74b). This slope is in excellent agreement with the slopes found by 

Zwaan ef aL (1995) and Sprayberry et aL (1995a) (I band) for LSB galaxies as 

well as the slopes foimd by Courteau (1997) for HSB galaxies, but it is somewhat 

steeper than the B and R band slopes Sprayberry et aL (1995a) found for their 

LSB sample and shallower than Pierce & TuUy (1992) found for their HSB 

sample. The scatter here, though, is a little smaller than in the other LSB samples 

where cr ~ 0.7. An even smaller scatter is obtained from a restricted sample 

excluding the four galaxies marked in Figure 4.74 as well as any other with 
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a maximxim radial exterit of their rotation curve of Rmax < 2.20^, which gives 

a — —7A ± 0.4, b = —20.48 ± 0.06, and a = 0.5 mag (Figure 4.75a). This slope 

is somewhat steeper than the slopes for the LSB samples of Zwaan et al. (1995) 

and Sprayberry et al. (1995a) and for the HSB samples of Courteau (1997), but in 

good agreement with the slopes for the HSB Ursa Major sample of Sprayberry 

et al. (1995a). Most surprisingly, the scatter here is significantly smaller than for 

the HI Fisher-Tully relations for LSB galaxies and consistent with the scatter 

of cr ~ 0.4-0.5 mag found in the HSB samples. This more restricted sample is 

slightly skewed towards higher surface brightness objects (Figure 4.75b) with a 

mean fXd{0) of 21.1 mag arcsec"-, but this is still 0.5 mag below the traditional 

Freeman (1970) value and far below the mean surface brightness of the HSB 

sample of Courteau (1997). 

Figure 4.76 shows that Rmax/ccd and Mr are both correlated with surface 

brightness in the sense that more luminous galaxies are higher surface brightness 

and have more well-sampled rotation curves. This may explain the difference 

in slope between the entire sample and the sample restricted to galaxies with 

Rmax > l.lad. Lower Iviminosity, and thus more LSB, galaxies tend to have less 

well-sampled rotation curves that are still rising at the last measxired point 

which can lead to underestimates of the true rotation widths. This behavior is 

not strictly limited to low luminosity- galaxies, though, since a large fraction of 

this sample (33 galaxies) has a rising rotation curve at the last measured point. 

Systematic imderestimation of rotation widths at lower luminosities causes the 

derived Fisher-Tully slope to be reduced. The effect is amplified because the 

relative error, and thus the error in the logarithm, becomes greater at smaller 

rotation widths. 
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Figure 4.77 shows the residuals for the whole sample (minus the 4 

galaxies marked in Figure 4.74) using the Fisher-Tuily fit to the subsample 

with Rjnax > 2.2Qrrf. Using the Spearman rank correlation technique we find 

statistically significant correlations of the residuals with disk scale length 

(Ks = 0.34, Pr, = 99%) and with the maximum radial extent of the rotation curve 

{Kg = 0.25, Pr, = 0.96%). There's also a correlation with the half-light radius at 

just under the 2a confidence level (r^ = 0.22, Pr, = 0.93%). These correlations 

are all in the sense that smaller galaxies tend to have rotation widths that 

are underestimated or are overluminous with reference to the Fisher-Tiilly fit. 

However, there is no significant correlation of the residuals with the extrapolated 

disk central surface brightness or with iXave, the average surface brightness within 

Rx/2- This average surface brightness is calculated by taking half of the total 

flux of the galaxy, F, and dividing by the area containing the inner half of the 

flux, hence SBave = O.SF/ttR^^,. This then gives jUave = "Zr -1- 2.51og(27rR^^2)- This 

measure of sxirface brightness has the advantages of being independent of an 

assximed surface brightness model, being independent of inclination corrections, 

and including the presence of a bxilge component. It therefore gives a somewhat 

fairer representation of a galaxies overall siirface brightness within the irmer 

parts where the optical rotation curves sample the most. 

4.6. Comparison with HI Observations 

A total of 34 galaxies in this sample have been previously observed in H L This 

is almost half of the sample and provides an important check on the extent 

to which the optical rotation, curves may not fully recover the true rotation 

widths. Of those observed in H 1,4 have HI synthesis data that yielded rotation 
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curves. Two of these, F563-v2 and F568-3, have HI data and rotation curves 

that are published In de Blok et al. (1996). Those HI rotation curves are shown 

in Figure 4.78 along with the optical rotation curves given here. HI data for 

0400+0149 is presented in Chapter 3 of this volume and HI data for 2315-0003 

is presented in Pickering et al. (1997). Optical rotation curves for these two 

galaxies are plotted with HI position-velocity maps in Figure 4.79. There is 

good agreement between the HI and optical data for F568-3 and 0400+0149 

and somewhat poorer agreement for F563-v2 and 2315—0003. In all cases the 

kinematic and photometric major axes agree to within 5°. The optical rotation 

curve for F563-v2 is of rather low S/N, but there is rough agreement and Ha is 

not grossly underestimating the rotation width. In the case of 2315—0003, the 

Ha width appears to be somewhat greater than the HI width. The shapes also 

do not agree well, however the beamsize for the HI data is about 10 kpc so the 

effects of beam-smearing over the range sampled by Ha are likely significant. 

Aredbo 21-cm observations exist for 32 of the galaxies in this sample, 

including 0400+0149 and 2315-0003. HI profile widths for 12 of these were 

published in Sprayberry et aL (1995a) and HI systemic velocities for all of them 

were published in Impey et aL (1996). Profile widths for the rest were kindly 

provided by David Sprayberry. A histogram of the differences between the 

systemic velocities derived using the HI and Ha lines is shown in Figure 4.80. 

There is good agreement with almost all cases agreeing to within 50 km s~^ and 

most agreeing to within 20 km s~^. Some of this scatter is due to the 5-15 km s~^ 

RMS scatter in the wavelength calibration of the Ha spectra. Much of the rest of 

the scatter is probably due to asymmetric distributions of HI or, more likely. Ha. 

Figure 4.81 shows a histogram of the ratios of Ha profile width to HI profile 
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width. The HI profile width is calculated by measuring the velocity width 

of the profile at a level of 20% of the peak flux in the line and is thus termed 

Wio- The mean ratio is 0.73 and shows that the Ha profile widths do tend to 

underrepresent the true rotation widths. Given that many of the optical rotation 

curves are slowly rising out to the last measured point, this is not surprising. 

The 3.3' Aredbo beam may still miss some HI flux in the largest galaxies. This 

is likely the case for 0400+0149 (UGC 2936) as discussed in Chapter 3 of this 

volume- In that case the VLA flux is almost a factor of two greater than the 

Aredbo flux. However, both observations yielded nearly identical values of 1^20-

Only 2 other galaxies in this sample have optical rotation curves that cover a 

diameter of ~2' and most cover diameters of 1' or less. Thus the Aredbo beam 

would sample larger radii than the optical rotation curve for every galaxy in this 

sample. 

Figure 4.82 shows that there is correlation at the 95% corifidence level 

between the average siirface brightness within the half-light radius and 

Whq/H^2o in the sense that the ratio is lower for lower surface brightness 

galaxies. The correlation with extrapolated disk central surface brightness is 

weaker and not statistically significant. This follows from the feet that more LSB 

galaxies tend to have less well-sampled, rotation curves (Figure 4.76). Excluding 

0918—0028, which is the most discrepant point at ~ 20 mag arcsec"-, brings 

the corifidence level of the correlation with fiaoe up to 99%. 

Using these HI profile widths together with our photometry gives a 

Fisher-TuUy relation with a ~ —8.2 ± 0.4, b = —19.63 ±; 0.05, and cr = 0.9 

mag (Figure 4.83a). The slope found here is marginally consistent within, the 

uncertainties with the resxilt for the optical rotation curves with Rmax > 2.2ai. 
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This slope is steeper than Sprayberry et al. (1995a) found using a subset of this 

HI data and their R-band data and the scatter here is a little larger than the 

scatter of 0.7 mag they found. Figure 4.83b shows the resxilts for these same 

galaxies using their Ha linewidths. Here a — —7.7 ± 0.5, b = —20.47 ± 0.06, and 

cr = 1.0 mag. The discrepant point in Figure 4.83b is due to 1132+0249 whose 

Ha extent clearly does not recover its true rotation width. Excluding this point 

results in a nearly identical fit with a smaller scatter of 0.7 mag. The fact that 

the well-sampled optical data and the HI data both give about the same answer 

with only a slight offset is reassuring. 

The residuals of the HI Fisher-TviUy relation do not show highly significant 

correlations with either or and no correlation at all with aj or 

(Figure 4.84). Even after excluding the outlier 0918—0028, any correlation with 

STxrface brightness is fairly weak and orUy significant at the 2cr level at best. The 

lack of any correlation here with or R1/2 implies that the correlations with 

these parameters in the optical data are due to Ho: systematically not sampling 

the full rotation width in smaller galaxies. This also may suggest that galactic 

halos play a large role in the Fisher-TuEy relation. An optical rotation curve that 

samples out to 2-3 scale lengths in a galajgr with a scale length of 1 kpc samples 

much less of the halo than it would in a gala^ with a 5 kpc or greater scale 

length. 

The strong correlation, between surface brightness and absolute magnitude 

(Figure 4.76) means that much of any dependence on surface brightness will 

get folded into the Fisher-TuUy slope and thus not necessarily show up in the 

residuals- If lower surface brightness galaxies tend to be more dark matter 

dominated and thus more vinderluminous for their rotation widths, then a 
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sample of LSB galaxies might be expected to have a steeper Fisher-Tuily slope 

than one that contains mairily HSB galaxies due to the correlation between 

surface brightness and luminosity. In the case using the HI profile widths the 

slope is steeper than for the HSB samples of Courteau (1997), for example, but 

it is in excellent agreement with the R-band slope of —8.23 found by Pierce & 

Tully (1992) for a sample of nearby HSB galaxies. This steeper slope may not 

show up in the optical data because lower surfece brightness galaxies have 

optical rotation curves that systematically imderestimate their rotation widths 

(Figure 4.82). Even so, the weE-sampled optical data does show a somewhat 

steeper slope than the Covirteau (1997) samples. Thus there does not appear to 

be any strong surface brightness dependence in the Fisher-Tully relation. 

4.7. Conclusions 

We present R-band photometry and optical rotation curves for 69 LSB galcixies 

from the APM svirvey of Impey et al. (1996) plus optical rotation curves alone 

for 2 galaxies previously observed in HI by de Blok et aL (1996). This sample of 

galaxies spans a wide range of morphologies and physical properties. Out of the 

71 galaxies in this sample, 30 have a significant bulge-like component. each 

case the bulge component was better fit by an exponential profile rather than the 

traditional law. The mean ratio of bulge to disk scale length is 0.14 which 

is consistent with the resiilts of Courteau et aL (1996a) for a sample of largely 

late-t5^e HSB galaxies. This resvdt implies that secular evolution may play a role 

in at least some LSB galaxies. 

The LSB galaxies in this sample follow the Fisher-TuUy relation, in 

agreement with the results of Zwaan et aL (1995) and Sprayberry et aL (1995a). 
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Restricting the analysis to galaxies with well-sampled rotation curves gives a 

Fisher-Tully slope that is somewhat steeper than the slopes found by Zwaan 

et aL (1995) for LSB galaxies and by Courteau (1997) for HSB galaxies. A large 

fraction of the sample has also been observed in HI which allows for internal 

comparisons. Using the HI profile widths gives a best-fit Fisher-Tully slope that 

is even steeper with the ones derived from the optical samples, but in excellent 

agreement with slopes derived from samples of HSB galaxies such as those of 

Pierce & TuUy (1992) and Sprayberry et ai (1995a). The scatter about the fit to 

the HI data is higher than for the restricted optical sample and also somewhat 

higher than the scatter foimd by Zwaan et aL (1995) and Sprayberry et al. (1995a) 

for their LSB HI data. The HI data shows a possible slight correlation at the 

l-2cr level between Fisher-Tully residuals and surface brightness in the sense 

that more LSB galaxies tend to be underluminous for their rotation speeds. 

There is also a strong correlation between surface brightness and luminosity in 

this sample which means that much of any correlation in this sense with siarface 

brightness would get folded into the Fisher-Tully slope. 

These results confirm that the Fisher-Tully relation is universal for both 

LSB and HSB disk galaxies and that there are no significant deviations as a 

function of stirfece brightness. The slopes for the LSB and HSB HI samples 

are in good agreement and much of the disagreement with the optical samples 

can be explained by the feet that Ha extents systematically foil to recover fuH 

rotation widths in LSB systems. As pointed out by Zwaan et ai (1995), the 

fact that LSB and HSB galaxies share the same Fisher-Tully relation requires a 

conspiracy between the mass-to-Ught ratios and surface brightnesses of galactic 

disks. The conspiracy runs even deeper since the rotation curves of LSB galaxies 

reach their maxima at larger radii and thus enclose more of their dark halos 
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than is the case in HSB galaxies. This explains how LSB galaxies have higher 

mass-to-light ratios at a given rotation width, but doesn't necessarily explain 

how LSB and HSB galaxies share the same Fisher-TuUy relation. The surface 

brightness independence of the Fisher-TxiUy relation strongly implies that it's 

determined largely by the halo properties of galaxies rather than disk properties 

and that the mass-to-light ratios are sub-maximal in both the LSB and HSB cases. 
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Table 4.1. MMT spectroscopy observing parameters. 

Configuration 
A B 

Spectrograph Red Blue 
Grating 1200 lines/mm 832 lines/mm 
Blaze (1st Order) 5767 A 7790 A 
Spectral Coverage 6150-7050 A 5850-7950 A 
Slit Width 1'.'0-1'.'5 X 180" I'.'S X 180" 
Detector 1200x800 CCD 3072x1024 CCD 
Spatial Scale 0'.'6/pixel 0'.'6/pixel 
Dispersion 0.8 A/pixel 0.7 A/pixel 
Resolution (FWHM) ^2.4 -̂3.2 A ~2.5A 
Readout Noise (e~) 7 7.5 
Gain (e-/ADU) 2.6 1.5 

Table 4.2. CCD imaging observing parameters. 

Configuration 
A B c D 

Telescope 90" 90" 61" 61" 

Detector 800x800 CCD 2048x2048 CCD 800x800 CCD 1024x1024 CCD 

Cameia Direct Direct Focal Reducer Direct 

Binning 2x2 2x2 1x1 2x2 

Binned Plate Scale Ol'3/pixel O'.'3/pixel 0"9/pixel 0"4/pixel 

Readout Noise (e~) ~12 10 ~11 7.8 

Gain(e~/ADU) Z8 3.0 0.6 1.2 
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Table 4.3. Optical rotation curve and R-band surface photometry data. 

Name RA Dec <? RI/2 MR Otd Conf. 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (U) (12) (13) 

F563-V2 +18°37'34;'0 4179 148 0.12 3.1 -17.63 21.1 1.9 ... dB96/B 

F568-3 10h24mi4»0O +zr>a'5i:'o 5822 140 0  ̂ 65 -18.22 2Z1 3.9 ... dB%/B 

0031+0224 0'̂ 3l"'0l?80 +2''I4'19;'0 4546 224 0.48 8.4 -2052 2Z2 6.6 20.2 0.7 C/B 

0050+0230 0'*5tf"5l?40 +r'30'ui'0 5124 266 034 3.0 -19.81 19.9 1.7 — C/A 

0052+0243 0**52'"18J70 +2°43'48l'0 2389 94 058 2.0 -17.09 21.8 l.l — ... C/A 

0059+0248 0'*59"U?40 +z''4a'46:'o 4485 202 055 4.6 -18.86 21.7 2.4 • "  C/A 

0107-0231 l''07™08?60 -rsi'ssi'o 196S 147 0.47 2.9 -17.99 225 35 20.9 0.7 C/A 

OU8-0010 î iŝ -iTJeo -0°10'17'.'0 3896 212 053 3.4 -1958 20.8 2.0 ... ... C/A 

0132+0146 l''32"'56!90 +1''46'3S:'0 2705 111 0.83 4.8 -1759 215 1.6 — C/A 

0223-0033 2'»23'"33;30 -0°33'14;'0 6455 525 054 '*.7 -22J15 20.7 65 18.1 05 C/A 

0225-0134 2'̂ 25"*39*70 -1'"34'08'.'0 1804 106 052 4.4 -19.11 215 2.4 • "  C/A 

0229+0004 2^29*^09? 40 +(I°04'H;'0 6364 231 0.43 SJ -19.89 'It -y 5.6 20.9 1.4 C/A 

0238+0001 i'*38'*'22?70 +0°0l'36:'0 80C9 166 054 45 —18.75 22.4 35 ... ... C/B 

0243+030 L i'>43"'13?2S +3°01'14'.': 6849 353 0.61 6.0 -2052 21.1 4.1 ... A/A 

0309-0309 3*>09™:4?40 -3°09'15;'0 8579 486 0.14 3.2 -21.28 20.2 3.9 18.4 05 C/A 

0311-0129 3''U"'46;7D -l'"29'59'.'0 8325 220 057 4.7 -20.48 20.4 27 ... C/A 

0317-0246 3h|7ni2o»9o -r"46'I2?0 6660 143 059 -ILU 2L4 45 18.1 0.6 D/A 

0318-0140 3''I8'"IM?60 -l'"40'l)21'0 6426 149 0.29 45 -18.82 217 4.0 215 0.9 D/A 

0321+0221 3''I1"'29?60 rZ-ll'SS'.'O 9326 211 056 45 -19.60 205 25 ... A/A 

0332+0038 3''32"'33;50 +tf'5a'36;'o &964 129 0.49 3.5 -17.78 2Z6 3-0 ... ... D/A 

0332-0102 3h32mj4;2o -1°CI2'34;'0 1105Q a4 0.40 6.6 -1956 225 4.7 2L2 0.6 C/A 

0336+0212 +r'u'5»;'o 3124 lU 0.62 4.1 -17.68 225 1.6 — ... C/A 

0340-0201 3'>40"t9?10 -roiWo 2S80 107 0.63 3.0 -1751 225 35 ... ... C/A 

0342+0107 3''42'"38!90 vi'orioi'o 9213 229 058 5.7 -1970 2L8 4.2 ... ... C/A 

0344+0133 3h44m^g0 •i-l'"33'33'.'0 10866 488 052 4.4 -2054 21.9 5.1 19.0 15 C/A 

0346+0100 3''46'"34;i0 •t-l'"00'40'/0 4105 220 0.40 4.1 -19 J4 195 L7 ... ... C/A 

0349-0139 3'<49"42JOO -l»39'23?0 5190 471 007 45 -2056 20.6 35 195 LO D/A 

0353+0154 3''S3"'02;00 i-l''S4'03'.'0 11227 386 059 9.0 -20 J7 2L9 105 20i) 05 C/A 

0354+0142 3'>5ini41?I0 •l-l''42'26;'0 8958 274 033 4.9 -19.49 2L6 35 ... ... C/A 

0355-0031 3'>55"»;20 -0°31'081'0 »M6 290 0.41 4.6 -19.19 211 35 ... ... C/A 

0400+0149 4hOO"t2;SS J7S6 427 QJ2 9.7 -21.05 2L8 8.4 19.2 0.6 C/A 

0401+0146 4''01"'21J50 •i-VAi'ia'.'O 7326 301 0.41 4.4 -19.28 2L7 7.0 2L2 0.4 D/A 

04U+0236 4'>U"'46!80 •i-r"36'n:'i) 3297 256 0.46 •LT -1859 225 6.0 20J 0.4 B/A 
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Table 4.3 — Continued 

Name RA Dec v^ys ^Ha e *^1/2 MR f^b ConL 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 

0913-0108 9''13'"06?80 -l°08'18'.'0 16139 657 031 6.6 -21.87 203 3.6 183 i.i A/A 

09I8-(XC8 9'>18'"03;90 -o°a8'oi:'o 3253 215 0.27 2.1 -19.18 19-9 1.6 ... C/A 

0921+0217 9''21'"3l!20 +2°17'53?a 7082 227 0  ̂ 4.0 -19.27 21.2 11 ... C/A 

0954+0209 9''5t'"45J53 +r>09'25!'6 9368 272 030 6.8 -2039 213 4.8 18.9 0.6 C/A 

I002-0130 lohffiimosno -l'"30'09;'0 13466 297 034 4.9 -21.09 ai.2 33 [8.7 03 D/A 

1016-037 10''I6"40;60 -2°sr49!'0 3905 191 0.25 4.2 -1831 2Z3 4.8 20.8 0.7 D/A 

1027-OI38 10''27™49?70 -l='38'39'.'0 12090 247 0.28 3.9 -19.7i 20.6 23 D/A 

1028-0137 tO'>28'" 07^40 -l-37'42;'0 8644 233 0^0 4.6 -1937 21Ji 4.1 20.9 LO D/A 

1029-0040 IQhijmQijTo -0°40'39'.'0 9673 265 0.44 53 -19.75 21.7 4.4 20.8 0.6 D/.*V 

1050+03S3 10'>50"44;00 +2°33'34;'0 tHO 53 051 as -15.24 22.0 (J3 D/A 

1103+0007 llhfl8'"12.»80 +0°07'38:'0 9201 216 0.46 4.1 -19.71 21.1 16 ... D/A 

1104-0002 ll''04'"21?30 -0°02'31'.'0 9170 179 036 4.4 -19.18 21.2 2.6 D/A 

1106+0032 ll''06"'06?2D +0°3I'16?0 7468 340 0.47 4.7 -19.96 20.0 3.7 183 03 B/A 

U08+0121 a''08'"20;50 +1'"21'52;'0 805 16 0.60 0.8 -14 -̂5 21.6 0.4 ... ... D/A 

1109-0255 U''09"5«00 -r5S'36:'o 7250 ns an 4.4 -19.03 2I.O 3.4 203 03 D/A 

1125+035 iii':s"'42iso +2°55'4a'.'0 6701 362 0.62 4.4 -21.10 19.4 23 A/A 

1129+OOD +0°I3'31'.'0 11753 324 0.42 78 -20.73 2L7 0.1 213 0.9 D/A 

1132+02® n.'>32"'30?90 +2°49'40('0 3088 71 0.74 63 -1930 21.6 33 ... .VA 

U51-0a)2 u''si'"5i;40 -2?'a?2S"0 2191 213 a66 33 -19.03 213 17 19.7 0.2 D/A 

U36+OM2 U''56'"5(P90 +t°42'44;'a 13969 406 0.45 Sj -21J» 213 7.4 193 0.4 D/A 

1156-0110 U''56"12J40 -i-io'ss'.'o 6139 73 a60 ao -20 J8 21.7 6.6 ... D/A 

1156-0218 ll''56"36J50 -2!'18'43'.'0 1375 66 0j7 2.0 -I6.a 2X7 LO ... ... D/A 

1158-0101 ll''S8"'37?2D -i-oi'oil'o i3n 80 0.57 L9 -17.89 21.4 13 - B/A 

1205-0215 12''05™32J30 -2=15'I3'.'0 7531 250 033 6.7 -19.42 r? ? 53 21.0 L5 A/A 

i2os+oao tz''oa'"47?6o I39I4 517 0^4 6.0 -2035 20.4 3.7 ... ... A/A 

1209+0137 I2''09"25;90 +r37'40'.'0 6071 223 033 47- -1972 2L2 3.1 20.2 0.7 D/A 

1217+0103 I2!"17™59;90 +l"'03'5t;'0 1960 149 0  ̂ 23 -17:87 21.9 L5 ... ... D/A 

1221+0128 I2l>21'"3i;40 +l"'28'01?0 7033 224 0.40 3.9 -2030 20.2 14 ... ... D/A 

1300+0144 13''00°'4260 +1''44'121'0 12131 300 0J4 83 -20.00 22.4 6.2 19S 03 B/A 

1436+0X3 I4''36"33J80 +0°43'221'0 9937- 217 039 6.1 -20.04 22a 63 20.6 LO D/A 

1439+0053 U''39"1S?40 +0°33'56:'0 182S 99 0.63 X8 -17.79 23 ... ... D/A 

2303-0006 23''03"'57?80 -O°06'0U'0 7641 260 036 83 -21.40 4.7 ... ... .VA 

23U-020Q 23''U'"39»Q0 -roo'021'0 15151 4S4 039 6.8 -21.45 20.0 3.6 ... ... C/A 



157 

Table 4.3 — Continued 

Name RA Dec Vsys e ^1/2 MR Pi/ < ît Conf, 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (TO) m) (12) (13) 

2312+0107 Z3''12'"16;90 +l°07'021'0 5107 131 0.43 3.6 -19.03 20.8 1.8 C/A 

2315-0003 23''1S"33!00 -0°03'10'.'0 S912. 245 0.63 iS -19.14 21.6 26 ... ... C/A 

317t0056 23''17"t8J30 +ff'56'39;'0 9255 075 tij -1952 22.6 55 20.9 0.6 C/A 

2319+0010 23''19"'00»50 +0°10'23'.'0 10340 319 059 7.9 -2034 217 4.6 ... C/A 

2319-0057 23''19™17?90 -ff'57*52l'0 7439 325 0  ̂ 55 -20.89 20.4 35 ... C/A 

^^^Name of galaxy. 

Right Ascension (B1950) as reported by Impey et aL (1996). 

Declination {B1950) as reported by Impey etfli. (1996). 

Systemic velocity in km s"'. 

profile width in km s~' measured using the 5% and 95% levels of the unweighted velocity histogram and 
corrected for inclination by 1/ sinf. 

^^^Elliptidty = 1 — 6/a. 

^^Half-light radius in kpc. 

Absolute integrated /{magnitude. 

^^^Exponential disk central surfece brightness in R mag arcsec"' corrected for inclincation by 2.Slog(cos i). 

Exponential disk scale length in kpc 

Exponential bulge central surSace brightness in R mag arcsec"-. 
(12) 

 ̂ 'Bcponenti'al bulge scale length in kpc 

^^^ Îmaging and spectroscopy instrumental configurations. The first letter denotes the configuration used for the 
CCD imaging and the second letter denotes the coiifiguration used for the MMT spectroscopy. Descriptions of the 
corresponding configurations are given in Tables 4.1 and 4.2 except for the optical data denot̂  by dB96 which was 
taken &om de Bloket al. (1996) and converted to R using 8 — R = 1.0 (Knezek 1993). 
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Figure 4.1 — Long slit spectrum and extracted rotation curve for F563-v2. The 

axes and dashed lines in the extracted rotation curve panel denote the width, 

Vsysr and kinematic center derived as described in the text. 
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Figure 4.2—Long slit spectrum and extracted rotation curve for F568-3. 

and dashed lines in the extracted rotation curve panel denote the width, 

kinematic center derived as described in the text. 
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Figure 4.3 — R-band CCD image, R-band surjfece photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0031+0224. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy: The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Fsys^ 

and kinematic center derived as described in the text. 
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Figure 4.4 — R-band CCD image, R-band sxirface photometry, 2-D long slit 

spectnmi, and extracted rotation curve for 0050+0230. The bar in. the R CCD 

image denotes the angiilar size corresponding to 10 kpc at the redshift of the 

galaxy. The sxirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the t^t. 
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Figure 4.5 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0052+0243. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The siirface brightness profile fit parameters are given, in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vg 

and kinematic center derived as described in the text. 
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Figure 4,6 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0059+0248. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The stirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys/ 

and kinematic center derived as described in the text. 
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Figure 4.7 — R-band CCD image, K-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0107—0231. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galajgr. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys, 

and kinematic center derived as described in the text. 
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Figure 4.8 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0118—0010. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

gala^gr. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Fgys, 

and kinematic center derived as described in the text. 
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Figure 4.9 — R-band CCD image, R-band siirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0132+0146. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy: The surfoce brightness profile fit parameters are given, in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys, 

and kinematic center derived as described in the text. 
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Figtire 4.10 — R-band CCD image, R-band surface photometry, 2-D long sKt 

spectrum, and extracted rotation curve for 0223—0033. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys, 

and kinematic center derived as described in the text. 
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Figure 4.11 — R-band COD image, R-band surface photometiy, 2-D long sKt 

spectrum, and extracted rotation curve for 0225—0134. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galajqr. The svirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text 
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Figure 4.12 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0229-(-0004. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgysr 

and kinematic center derived as described in the text. 
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0238+0001 

Figure 4.13 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0238+0001. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys/ 

and kinematic center derived as described in the text. 
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Figvire 4.14 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0243+0301. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

gala^qr. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figxire 4.15 — R-band CCD image, R-band siirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0309—0309. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The siirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figure 4.16 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0311—0129. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

gala^qr. The siirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figure 4.17 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0317—0246. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

gala^qr. The sxirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figvire 4.18 — R-band CCD image, R-band siirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0318—0140. The bar in. the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figure 4.19 — R-band CCD image, R-band siirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0321+0221. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figure 420 — R-band CCD image, R-band stirface photometry, 2-D long sKt 

spectrum, and extracted rotation curve for 0332+0058. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

gala^qr. The sxirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vs^sr 

and kinematic center derived as described in the text. 



178 

3'»32"30" 
a (B1990) Ro4km (kpc) 

0332-0102 

--«-r !* 

-5 0 

Rodtus (kpc) 

Figure 4.21 — R-band CCD image, R-band surface photometry, 2-D long sUt 

spectrum, and extracted rotation curve for 0332—0102. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys/ 

and kinematic center derived as described in the text. 
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Figiire 4.22 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0336+0212. The bar ia the R CCD 

image denotes the angxilar size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys/ 

and kinematic center derived as described in the text. 
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Figure 4.23 — R-band COD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0340—0201. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

gala:^^. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, V^sys/ 

and kinematic center derived as described in the text. 
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Figure 4.24 — R-band COD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0342+0107. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys/ 

and kinematic center derived as described in the text. 
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Figure 4.25 — R-band CCD image, R-band siirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0344+0133. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The siirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the ©ctracted rotation curve panel denote the width, Vs^s, 

and kinematic center derived as described in the text. 
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Figure 4.26 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0346+0100. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy". The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, l^sys/ 

and kinematic center derived as described in the text. 
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Figiire 4.27 — R-band CCD image, R-band siirface photometry, 2-D long slit 

spectrum, and extracted rotation cvirve for 0349—0139. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, V^sys^ 

and kinematic center derived as described in the text. 
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Figure 4.28 — R-band CQD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0353+0154. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The svirfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgyg, 

and kinematic center derived as described in the text. 
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Figtire 429 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0354+0142. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vjys, 

and kinematic center derived as described in the text. 
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Figure 4.30 — R-band CCD image, R-band surface photometry; 2-D long slit 

spectrum, and extracted rotation curve for 0355—0031. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys/ 

and kinematic center derived as described in the text. 
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Figure 4.31 — R-band CCD image, R-band surfece photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0400+0149. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surfece brightness profile fit parameters are given in. Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys/-

and kinematic center derived as described in the text. 



189 

(X (B1950) Rodhtf (kpc) 

0401+0146 
- i 

• 

* J ' . -

> r • . ' 

. , • 
' • J >-•' , »'• ... .•* .. . 

a'- ' 
«'-IK 

r- iK - J-

I - , 

/ 

35, 

' I' I 
8680 S700 6720 

XCl) 
6740 0 s 

Radius (kpc) 

Figure 4.32 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0401+0146. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys, 

and kinematic center derived as described in the text. 
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Figure 4.33 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0411+0236. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figxire 4.34 — R-band CCD image, R-band stirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0913—0108. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys/ 

and kinematic center derived as described in the text. 
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Figure 4.35 — R-band COD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 0918—0028. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys, 

and kinematic center derived as described in the text. 
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Figure 4.36 — R-band CQD image, R-band surfece photometry, 2-D long slit 

spec±rum, and extracted rotation curve for 0921+0217. The bar in the R CCD 

image denotes the ang;ular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys, 

and kinematic center derived as described in the text. 
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Figiire 4.37 — R-band CCD image, R-band siirface photometry, 2-D long sHt 

spectrum, and extracted rotation curve for 0954+0209. The bar in. the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figvire 4.38 — R-band CQD image, R-band siirfoce photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1002—0130. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys, 

and kinematic center derived as described in the text 



196 

"•2 
.8 

» 1 1 » ' • 1 CM u ' \ 

1 

\\ 
\\ 
\ \ 

» 

m-

1 
Ci 

\ 
\ 
\ 
\ 
\ 

• i - 1  

Mm 
a \ 

.k_ i_ J— 1 -

a (B1SS0) 

17^* 

1016-0257 
Radkm (kpe) 

«740 67a0 0700 
%(A) 

6800 -5 0 5 

Rodfus (kpe) 

Figure 4.39 — R-band CCD image, R-band surfece photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1016—0257. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpe at the redshift of the 

galaxy. The sxirfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, 7sys, 

and kinematic center derived as described in the text. 
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Figure 4.40 — R-band CCD image, R-band surfece photometry, 2-D long sKt 

spectrum, and extracted rotation curve for 1027—0138. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figure 4.41 — R-band CQD image, R-band stirfece photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1028—0137. The bar in the R COD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

gala)gr. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys, 

and kinematic center derived as described in the text. 
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Figure 4.42 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1029—0040. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsvsr 

and kinematic center derived as described in the text. 
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Figtire 4.43 — R-band CCD image, R-band siirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1050+0253. The bar in the R CCD 

image denotes the angular size corresponding to 2 kpc at the redshift of the 

galaxy. The stirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vs^sr 

and kinematic center derived as described in the text. 
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Figtire 4.44 — R-band CCD image, R-band siirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1103+0007. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed Knes in the extracted rotation curve panel denote the width, Vsy 

and kinematic center derived as described in the text. 
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Figure 4.45 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1104—0002. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figure 4.46 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1106+0032. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vjys, 

and kinematic center derived as described in the text. 
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Figure 4.47 — R-band COD image, R-band stirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1108+0121. The bar in the R CCD 

image denotes the angular size corresponding to 2 kpc at the redshift of the 

gala^gr. The siurfece brighmess profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, V^sys, 

and kinematic center derived as described in the text. 
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Figxire 4.48 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1109—0255. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsj 

and kinematic center derived as described in the text. 
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Figure 4.49 — R-band CCD image, R-band siirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1125+0255. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys^ 

and kinematic center derived as described in the text. 
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Figvire 4.50 — R-band CCD image, R-band svirfece photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1129+0013. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy The sxirfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the tect. 
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Figure 4.51 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1132+0249. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galajgr. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsysr 

and kinematic center derived as described in the text. 
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Figure 4.52 — R-band CCD image, R-band surface photometry, 2-D long sKt 

spectrum, and extracted rotation curve for 1151—0202. The bar in the R CCD 

image denotes the angtilar size corresponding to 10 kpc at the redshift of the 

galaxy The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, 

and kinematic center derived as described in the text. 
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Figtire 4.53 — R-band CQD image, R-band surfece photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1156+0142. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys, 

and kinematic center derived as described in the text. 
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Figure 4.54 — R-band CCD image, R-band svirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1156—0110. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The siirface brightness profQe fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys, 

and kinematic center derived as described in the text. 
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Figure 4.55 — R-band CCD image, R-band sxirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1156—0218. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figure 4.56 — R-band CCD image, R-band sxirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1158—0101. The bar in the R CCD 

image denotes the angular size corresponding to 2 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figvire 4.57 — R-band CCD image, R-band surfece photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1205—0215. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The svirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figure 4.58 — R-band COD image, R-band surface photometry, 2-D long sEt 

spectrum, and extracted rotation curve for 1208+0120. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The sxirface brightness profile fit parameters are given in Table 4.3. The 

axes and dcished lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text 
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Figure 4.59 — R-band CCD image, R-band svirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1209+0137. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vgys, 

and kinematic center derived as described in the text. 
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Figure 4.60 — R-band CCD image, R-band stirfece photometry, 2-D long slit 

spectmm, and extracted rotation curve for 1217+0103. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

gala^. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, V"sys, 

and kinematic center derived as described in the text. 
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Figure 4.61 — R-band CCD image, R-band svirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1221+0128. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The siorface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys/ 

and kinematic center derived as described in the text. 
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Figure 4.62 — R-band CCD image, R-band surfece photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1300+0144. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, 

and kinematic center derived as described in the text. 
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Figure 4.63 — R-band CCD image, R-band surface ptiotometry, 2-D long slit 

spectrum, and extracted rotation curve for 1436+0043. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, l^sys/ 

and kinematic center derived as described in the text. 
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Figxire 4.64 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 1439+0053. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The sxirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figure 465 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 2303—0006. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the vddth, X^sys/ 

and kinematic center derived as described in the text. 
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Figiire 4.66 — R-band CCD image, R-band siirface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 2311—0200. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys, 

and kinematic center derived as described in the text. 
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Figure 4.67 — R-band CCD image, R-band siorface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 2312+0107. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

gala>gc The surfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed Imes in the extracted rotation curve panel denote the width, Fgys/ 

and kinematic center derived as described in the text. 
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Figure 4.68 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation ctirve for 2315—0003. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The svirface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, V^sys/ 

and kinematic center derived as described in the text. 
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Figure 4.69 — R-band CCD image, R-band sxirfece photometry, 2-D long sKt 

spectruna, and extracted rotation curve for 2317+0056. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The suxfece brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, F^ys, 

and kinematic center derived as described in the text. 
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Figxire 4.70 — R-band CCD image, R-band sxiifece photometry, 2-D long slit 
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Figiire 4.71 — R-band CCD image, R-band surface photometry, 2-D long slit 

spectrum, and extracted rotation curve for 2319—0057. The bar in the R CCD 

image denotes the angular size corresponding to 10 kpc at the redshift of the 

galaxy. The surface brightness profile fit parameters are given in Table 4.3. The 

axes and dashed lines in the extracted rotation curve panel denote the width, Vsys/ 

and kinematic center derived as described in the text. 
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the maximum radial extents to the disk scale lengths, f) Ha profile widths, g) 

R-band luminosities, h) Extrapolated disk central svtrface brightnesses. 
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Figure 4.74 — A) Absolute R magnitude, Mr, versus the log of the Ha profile 

width, log Who/ for the entire sample. The solid line is the best-fit line with the 

dashed lines the la range around this fit. The relation for the best-fit line and the 

scatter about this line are given in the upper left comer, b) MR versiis log Whq for 

a restricted sample created by excluding the 4 galaxies marked in a). The solid 

line is the best-fit with the dashed lines the Icr range around the fit. The relation 

for the best-fit line and the scatter about this line are given in the upper left comer. 
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Figure 4.75 — a) Absolute R magnitude, Mr, versvis the log of the Ha profile 

width, logWHa, for those galaxies in the sample with Rmax > 2.2a,i. The solid 

line is the best-fit line with the dashed lines the la range around this fit. The 

relation for the best-fit line and the scatter about this line are given in the upper 

left comer, b) Histograms of extrapolated disk central surface brightnesses for 

the entire sample (open) and for the subset with Rmax > 2.2ad (filled). The mean 

for the subset is given in the upper left comer. 
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Figure 4.76 — a) Rmax/^d versus extrapolated disk central surfece brightness, 

^D(0). b) Absolute R magnitude, Mr, verstis The entire sample is included 

in both plots. The Spearman rank correlation coefficient, r^, and the probability 
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Figure 4.77 — Fisher-TuUy residuals, AMr = Mr — ^z(log^Ha — 2.5) — b, for the 

whole sample using the fit to the sample restricted to Rmax > 2.2o:j versus: a) 

Exponential disk scale length, b) Half-light raditis. c) Maximtim radial extent of 

the rotation curve, d) Ratio of the maximum radial extent to the disk scale length. 

e) Extrapolated central sirrfece brightness of the exponential disk, f) Average 
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then gives /iave = /wr+2.51og(27rRfp). The Spearman rank correlation coefficient, 

rj, and the probability that is significant, Pr^, are given for each plot above the 
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Figiire 4.79—Optical rotation curves {data points) plotted on HI position-velocity 

maps for 0400+0149 and 2315—0003. The HI data for 0400+0149 are taken from 

Chapter 3 of this volume and the contour levels are 9.0 x 10~^x(l 2 3 4 5 6 7) 

Jy/beam. The HI data for 2315—0003 are taken from Pickering et aL (1997) with 
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Figure 4.81 — Histogram of the ratios of Ha profile width to HI profile width. 

The HI profile width used is Wtq, the width measured at 20% of the peak flux. 
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in. the text. 
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Figure 4.82 — Ratio of Ha and H I profile widths, versus a) 

extrapolated disk central surface brightness and b) average surface brightness 

within the half-light radius. The Spearman rank correlation coefficient, r^, and 

the probability' that rg is significant, Pr,/ are given for each plot above the upper 
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Figure 4.83 — a) Absolute R magnitude, Mr, versus the log of the HI profile 

width measured at 20% of the peak flux in the HI line, log Wao- The solid line is 

the best-fit line with the dashed lines the Icr range aroxmd this fit. The relation 

for the best-fit line and the dispersion about this line are given in the upper left 

comer, b) Mr versiis log Whq for the same sample. The solid line is the best-fit 

line with the dashed lines the la range around this fit. The relation for the best-fit 

line and the dispersion about this line are given in the upper left comer. 
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Figure 4.84 — Residuals, AMr, of the HI Tully Fisher fit versus a) extrapolated 

disk central siirfece brightness, b) average surfece brightness within the half-light 
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CHAPTER 5 

MASS MODELING OF LOW SURFACE 

BRIGHTNESS GALAXIES 

We present detailed mass modeling of a large sample of low siirface brightness 

(LSB) galaxy rotation curves. The sample consists largely of the optical rotation 

curves from Chapter 4 and is augmented with the HI rotation curves from 

Pickering et al. (1997). The rotation curves are interpreted as a stellar component 

plus an isothermal halo, a stellar component plus an adiabatically-corrected halo 

of the form described by Navarro et al. (1996b) (the so-called NFW halo), and as 

an NFW" halo only. Many of the galaxies in this sample are fitted best with a low 

stellar mass-to-light ratio, M/L, approaching zero in some cases. However, many 

others have rotation curves that can be reproduced with the stellar component 

only and don't require a halo component at all. For the stellar component plus 

halo decompositions, we find that in most cases adiabaticalLy-corrected NFW 

halos do not fit the optical rotation curves as well as isothermal halos. There 

are, however, some cases where the observed rotation curve is well described 

by an NFW halo alone. By modeling these rotation curves with an NFW halo 
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alone we find that the upper limit on halo concentration, c, is dependent on 

surfece brightness. Comparing these upper limits on c to the values predicted by 

cosmological simulations shows that these data favor a low density imiverse. 

5.1. Introduction 

Rotation curves of spiral galaxies provided some of the first compelling 

evidence for dark matter on galactic scales (Bosma 1978; Rubin et al. 1978). 

Even in the early data it was clear that while the irmer parts of the rotation 

curves could be well-matched by the Iviminous component scaled by a suitable 

mass-to-light ratio, M/L, the outer parts required an additional non-luminous 

halo component. Subsequent work over the past two decades has resiilted 

in the publishing of rotation curves for thousands of galaxies using a variety 

of observing methods and sp arming a wide range of morphology. A vast 

majority of the rotation curve data in the literature have been obtained firom 

long-slit optical emission line spectroscopy, usually of Ha (e.g. Persic & Salucci 

1995, Mathewson & Ford 1996; Courteau 1997). Rotation curves obtained in 

this manner are somewhat limited by the fact that Ha emission is often not 

detectable at large radii (;^ 5 disk scale lengths) and thus they often don't sample 

the regions where a dark halo component would become clearly dominant. On 

the other hand, with today's large telescopes and efficient CCD spectrographs 

ifs possible to obtain kinematic information for a large number of galaxies in a 

relatively short amoimt of time which has m.ade possible the very large samples 

that have been published to date. It's also now possible to obtain optical rotation 

curves out to moderately high redshifts (e.g. Vogt et al. (1997)). 

Some of the clearest evidence for dark halos aroxmd spiral galaxies comes 
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from rotation oirves derived from aperture synthesis mapping of the kinematics 

of the H121-cm line (e.g. Wevers et al. 1986; Begeman 1987; Begeman 1989; Lake 

et al. 1990; de Blok et aL 1996; Pickering et al. 1997). These HI rotation curves 

can sample out to much larger radii than optical rotation ctirves: 10-15 disk 

scale lengths or more in the cases of some high surface brightness (HSB) galaxies 

(Begeman 1987; Begeman 1989) and ;^90 kpc/hys in the cases of the giant low 

surface brightness (LSB) galaxies Malin 1 and F568-6 (Pickering et al. 1997). On 

these kinds of scales, it is clearly not possible to reproduce the overall kinematics 

by scaling the Iviminous component by a constant M/L in either LSB or HSB 

galaxies. The drawback of HI rotation curves is that their relatively poor angular 

resolution often renders their inner portions, where the luminous component 

contributes the most, somewhat imprecise-

While it is commonly thought that galactic rotation curves are flat, only a 

subset actually are. Galactic rotation curves come in a variety of morphologies, 

ranging from low luminosity dwarf galaxies with rotation curves that rise slowly 

and are sometimes still rising at the last measured point of the rotation cvirve to 

bright galaxies whose rotation curves rise quickly to a maximum and then level 

off or even sometimes begin to decline. This trend with luminosity led Persic & 

Salucd (1991) to propose that the shape of a rotation curve is determined almost 

exclusively by the galaxy's luminosity- Since then it has been shown that surface 

brightness is actually the primary factor determirung rotation curve shape. 

The trend with luminosity is a by-product of the strong correlation between 

surface brightness and luminosity (de Jong 1995; Chapter 4 of this volvime). The 

importance of surface brightness as a factor deterrnining rotation curve shape 

was first noted by Casertano & van Gorkom. (1991) and further confirmed by 

de Blok & McGaugh (1997) and Pickering et aL (1997). A clear example of how 
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surface brightness effects rotation curve shape is the comparison of a HSB galaxy 

such as NGC 2841 (Begeman 1987) with the giant LSB galaxy F568-6 (Pickering 

et al 1997). These two galaxies have similar total luminosities and peak rotation 

speeds, but vastly different rotation curve shapes. NGC 2841, which has a disk 

scale length of 2.4 kpc/kys, reaches its peak rotation velocity at about 7 kpc/hy^ 

after which its rotation curve slowly declines before flattening out. In contrast, 

F568-6 has a disk scale length of 18 kpc/hys and a rotation curve that is still 

slowly rising at the last measured point at a radius of 90 kpc/firs-

This trend with surface brightness is consistent with the idea that as a disk 

becomes more diffuse, it becomes less gravitationally important and the overall 

kinematics become more dominated by the halo. Thus LSB galaxies should 

provide a good testing ground for models of the structure of galactic halos 

since the results will not be as sensitive to the M/L assumed for the luminous 

component. Pickering et al. (1997) and de Blok & McGaugh (1997) showed 

that this was the case for HI rotation curves of LSB galaxies. We wiU further 

test this using the optical rotation curves of LSB galaxies presented in Chapter 

4. These optical rotation ciirves do not have radial extents as large as the HI 

rotation curves, but a majority of them do sample beyond 2 disk scale lengths. 

Also, since many of the HI rotation curves for LSB galaxies reqiiire significant 

halo contributions in their inner regions, the higher angular resolution optical 

rotation curves of LSB galaxies provide a unique probe into the mass structure 

of the inner parts of galactic halos. This is an important test since there is some 

indication that halos of the form predicted by cosmological simulations are 

inconsistent with the shapes of the inner parts of LSB rotation curves (McGaugh 

&de Blok 1998). 



246 

Unless otherwise specified, a Hubble constant of 75 km s ^ Mpc ^ {h = 0.75) 

and a deceleration parameter, cjo, of 0.5 are assumed throughout this chapter. 

5.2. The Sample 

The bulk of the data analyzed here are optical rotation curves of LSB galaxies 

from the stirvey described by Impey et al. (1996). The optical rotation curve 

data as well as complementary R band surface photometry are presented in 

Chapter 4. In addition, we analyze the HI data for UGC 2936 (0400+0149) from 

Oiapter 3 and reanalyze the HI data from Pickering et al. (1997). The resulting 

sample spar\s a wide range of physical properties, over 2 orders of magnitude in 

luminosity and surface brightness and 1 order of magnitude in peak rotational 

speed, and thus provides good djoiamic range as well as good sampUng of the 

LSB regime. 

Before performing the mass modeling, the optical rotation curves first had 

be folded. For brighter galaxies with enough nuclear continuvim the kinematic 

center was taken to be optical center and the rotation ciirve was folded about this 

point. In most of these cases the optical center agreed to within 1" or better with 

the kinematic center derived using the unweighted velocity histogram method 

described in Qiapter 4. In cases where the continuum emission was too faint to 

reliably obtain an optical center, the kinematic center was used. However, these 

cases are susceptible to tmcertainties in the determination of the kinematic center 

due to asymmetric Ha distributions. The folded rotation curves are corrected 

for inclination by i using the inclinations derived from the R-band svirfece 

photometry from Chapter 4 and Pickering et al. (1997) except in the case of 

0400+01^^ where the inclination derived from the HI kinematics is used. 
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Foiir of the optical rotation curves were not included in the modeling 

because their quality was too poor to give stable results. These galaxies are 

1108+0121,1109-0255,1156-0218, and 1158-0101. 

5.3. The Mass Models 

The basic kinematic model used is that of a stellar component, either a disk 

or a disk plus a bulge, plus a spherical dark halo component. For consistency 

throughout the sample where HI maps are available for only a small fraction, 

the contribution of a gaseous disk is not included. The HI observations of de 

Blok et al. (1996) and Pickering et al (1997) show that even though LSB galaxies 

can be relatively gas-rich, their gaseous disks are generally not a significant 

component of their kinematics. Two different mass models for galactic halos 

are tested: the traditional isothermal sphere and the NFW halo described by 

Navarro et al. (1996b). 

5.3.1. Stellar Component 

The surface photometry data from Qiapter 4 and Pickering et al. (1997) are used 

to calculate the kinematics of the stellar components. Since many of the observed 

LSB galaxies have biilges, the surface brightness model decompositions are 

used to allow the kinematics of the bulges and disks to be modeled separately. 

The stellar component adds one free parameter to the mass modeling, the 

stellar mass-to-Ught ratio (M/L). For simplicity, a single M/L is used for the 

entire stellar component This may not be completely accurate since bulges 

generally have different colors and evolutionary histories than disks and thus 

likely different M/L's. The LSB galaxies modeled are mostly late-type galaxies 
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with relatively small, if ai\y, bulges so the effects of this simplification are 

minimized. However, since optical rotation curves sample the regions where the 

bulge is most kinematically important, this simplification becomes an important 

consideration in a few cases. In all cases the M/L is for R-band in solar uruts so 

that Mq/Lq = 1. 

The disk components of LSB galaxies are generally very well described by 

exponential surface brightness profiles. The rotation curve for a thin exponential 

disk (Freeman 1970; Binney & Tremaine 1987, §2.6.3) is 

VdiiW = y4jrGW[ro(y)f:„(y) - Ii(y)K,(y)l (5.1) 

where y — rflh, where So is the mass surface density corresponding to the disk's 

central sxirface brightness, and where and K„ are the modified Bessel functions 

of the first and second kind. 

The bulges of LSB galaxies are generally better fitted by an exponential 

surface brightness profile than by the more traditional de Vaucovdeurs 

profile (Chapter 4). The main exceptions to this rule are the giant LSB galaxies 

of Pickering et al. (1997), notably F568-6 and UGC 6614. In all cases the bulge 

component is assiimed to be spherical so that 

T T  / \ I ̂ •^bulge('') 
KbulgeCr) = \l p (^-2) 

where 

Mbuiga(r) =27r^ 2(r)r'rfr (5.3) 

is the bulge mass enclosed within the radius, r, and where 2(r) is the mass 

surface density profile of the bxilge which, is determined by scaling the surface 

brightness profile by the M/L. 
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5.3.2. Isothermal Halo 

The standard method of modeling a galactic halo is to assume its mass stmcture 

is similar to that of an isothermal sphere. This is a simple, easily implemented 

two parameter model that actually fits the rotation curves of many galaxies 

remarkably well. Most rotation curve modeling studies use a non-singular 

pseudo-isothermal sphere with a density profile of 

2l 
PisoC'') = PO (5.4) 

where the two free parameters of the model are po, the central density of the 

halo, and Ro the core radius of the halo. Integrating this density profile gives a 

halo circular velocity profile of 

Visoir) = \ UnGpoRl 
\ Rc ( r 
1 arctan — , (5-5) 

While the isothermal halo is a good phenomenological model, interpreting 

isothermal halo models theoretically is problematic. For example, how do 

galactic halos maintain their isothermal shapes even after the disks contained 

within them are assembled? And how do they do so for a wide variety of disk 

masses and sizes ranging from LSB dwarfs to large, bright HSB galaxies? More 

importantly, high-resolution niunerical simulations of galactic halos find that 

non-singular isothermal spheres are poor fits to the structure of the simulated 

halos (Dubinski & Carlberg 1991; Cole & Lacey 1996; Navarro et al. 1995,1996b, 

1997). 

5.3.3. NFWHalo 

The high-resolution N-body simulations of Navarro, Frenk, & White (1995, 

1996b, and 1997) find that dark matter halos formed in hierarchically clustering 
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universes can be well fitted with the same simple density profile over two 

decades in radius regardless of the halo mass, assumed cosmology, or initial 

density fluctuation spectrum. This so-called "NFW halo" profile is of the form 

P<X) ^ 
/Ocrit (r/r,)(l+r/r,)2' 

where RS is a characteristic scale radius and PCRIT = SH^/SttG is the critical density 

for closure. The virial radius, r2oo, is defined as the radius within which the mean 

density is 200 x Pcnt- This gives a halo mass of M200 = 200pcrit(47r/3)r^oo and a 

characteristic density, 5c, in terms of the halo concentration, c = rioo/ rs, of 

. _ 200 cr^ 

3 ln(l-hc)-c/(l + c)' ^ ^ 

This density profile results in a circular velocity profile of the form 

T. (,. _ T. /1 ln(l + cx) - cx/{l + cx) 
W(r) - V:oo ^ ̂  ln(l-fc)-c/(l + c) ' 

where .x = r/rzw is the radius in. units of the virial raditis and where V200 is the 

circular velocity at the virial radius. Therefore, this model also has two free 

parameters: the halo mass, M200 (or equivalently V200 = yj 

concentration, c. V200 and c are the parameters that are used in the rotation curve 

fitting. 

Navarro et al. (1997) show that there is a relation between the masses and 

densities of halos formed in hierarchical clustering scenarios. The relation comes 

about because the characteristic density, 5c, of a halo reflects the density of the 

universe at the time the halo was first formed. Since structure formation occurs 

firom the bottom up in hierarchical cliistering, small halos form earlier when the 

universe is denser and thus are denser than massive halos. The density is related 

to concentration via Equation 5.7 and thus smaller halos are more concentrated 
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than more massive halos. The predicted relation between halo mass and density, 

or eqmvalently V200 and c, is dependent on the assumed cosmology and initial 

density fluctuation spectrum. Navarro et aL (1997) provide a method for 

calculating c as a function of 1^200 for a wide range of cosmologies and initial 

density fluctuation spectra. This method provides a way to make predictions 

that modeling galactic rotation, curve data in terms of NFW halo profiles can test 

A simple way to derive constraints on V200 and c using galactic rotation 

curves is ignore the stellar component and fit the data using only Equation 5.8. 

These maximal halo fits provide an upper limit on c because the formation and 

existence of a galaxy within a halo results in a higher overall density in the 

inner parts of the halo and thus a higher concentration. In LSB galaxies, these 

effects are minimized and maximal halo fits can provide interesting constraints. 

Navarro et al. (1996b) and Pickering et al. (1997) show that LSB dwarfs and 

giant LSB galaxies both have rotation curve shapes that are inconsistent with the 

halo structures that are predicted by Standard Cold Dark Matter (SCDM; £2 = 1, 

A = 0). Taking into accoiint the effects of the stellar and gaseous components in 

those cases only makes the disagreement worse. Maximal NFW halo fits to the 

rotation curves in oxir sample will allow us to extend these results. 

While these maximal halo fits can provide useful information, they are 

ultimately somewhat unrealistic- The formation and presence of a galaxy within 

the halo must be accomted for to model a halo's current structure using an 

NFW halo as a starting point To do this, we follow the methodology used by 

Bliimenthal et al. (1986), Flores et aL (1993), and Navarro et aL (1996b) and 

assume that the galaxy is assembled slowly and that the halo is adiabaticaUy 

modified during the galaxy formation process. In this methodology, the radius. 
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r, of each halo mass shell after the galaxy is formed is related to its initial radius, 

n, by 

r[M^xir) + MhaioW] = , (5.9) 

where is the mass within radius r,- before galaxy formation calculated 

by integrating Equation 5.6, Mgai(r) is the final mass within r of the galaxy's 

stellar component, and MhaioC'') is the final dark matter distribution to be solved 

for. Additionally, it is asstmied that the halo mass shells do not CTOSS so that 

MhaioW = MhaioCr/) = (1 - where the iiutial baryon firaction, Qt, is 

taken to be 0.06 (Walker et al. 1991). 

5.4. Results 

In all cases the mass modeling was performed by exploring a logarithmic grid of 

the free parameters in the halo models. In the cases where the stellar component 

was included in the modeling, the third free parameter, the steUar M/L, was 

determined at each point in the grid by finding the M/L that minimized 

This rather brute force method was necessitated by the strong covariance of the 

halo parameters in both the isothermal and NFW halo models. However, what 

it lacks in grace, it makes up for in robustness in finding the best-fit model as 

well as by providing the means to determine confidence limits for the fitted 

parameters. 

The error bars in the rotation curves only include the observational 

uncertainties in deriving velocities from Ha emission lines or HI velocity 

maps. The uncertainties in the HI rotation curves do include imcertainties 

due to asymmetries in the velocity fields, but the optical rotation curves are 

folded without any averaging and thus do not. Other systematic effects such. 
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as velocity structure in H n regions and non-circular gas motions due to spiral 

arms are not included in the observational uncertainties, but do effect how 

closely the measured velocities reflect the circular velocity of the underlying 

gravitational potential. It is the uncertainty in determining this circular velocity 

that is required to make a useful absolute estimator of the goodness-of-fit of a 

mass model to a rotation curve. However, this uncertainty is difficult to quantify 

and reqxiires some a priori knowledge of or assumption about the galaxy's 

mass distribution. While it is not possible in many cases to assign any absolute 

statistical significance to the values of resulting from the mass modeling, they 

can still be used as a relative measure of goodness-of-fit to compare different 

mass models. This is sufficient for our purposes here and we retain the quoted 

observational errors in the rotation curves. 

5.4.1. Stellar Component Plus Isothermal Halo 

The restilts of the modeling with a stellar component plus an isothermal halo 

are svimmarized in Table 5.1 and shown in Figures 5.1 through 5.65 for the 

optical data and Rgures 5.66 through 5.70 for the HI data. Out of the 70 galaxies 

modeled, 63 are consistent v/ith M/L = 0 at the 95% confidence level. Of these, 

25 are best fitted with M/L = 0 with a few cases fitted by a halo alone with small 

such as Figures 5.23, 5.68, and 5.69. On the other hand, 63 of the galaxies 

modeled are consistent with M/ L = 1 or greater at the 95% confidence level. 

Several of the galaxies allow a range m. M/ L from 0 to greater than 10 at the 95% 

corifidence level and thus don't provide very good constraints on either the disk 

or halo properties. Figure 5.71 shows histograms of the best-fit M/L and the 

maximtim M./L allowed at the 95% confidence level. A majority of the galaxies 

are best fitted with a fairly low M/ L of less than 1, but the peak of the maximum 
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M/L occurs at cr 3 with a tail extending to much higher M/L. While this data 

does not tightly constrain the M/L's for the stellar components, the values of 

M/L allowed by the data are generally consistent with values predicted by work 

such as Bottema (1997), with the limits on disk M/L's in LSB galaxies found by 

Quillen & Pickering (1997), and with the maximal disk M/L's foimd via mass 

modeling of HI rotation curves of LSB galaxies by de Blok & McGaugh (1997). 

In particular, for the two galaxies studied by Quillen & Pickering (1997), F568-6 

and UGC 6614, the ranges in M/L allowed by this modeling are consistent with 

the ranges they found based on the strengths of the spiral arms. 

The lack of tight constraints on the stellar M / L  means that the halo 

parameters are also not tightly constrained. For 22 of the galaxies modeled, the 

halo core radius, Rc, is unconstrained in that the entire range of values explored 

(from 0.1 to 100 kpc) are allowed at the 95% confidence level. Several more have 

an unconstrained upper limit on Rc of > 100 kpc. The constraints on the halo 

central density, po, fore a little better. In 3 cases, each of which a fairly HSB galaxy 

with a flat rotatioa curve, the upper limit is greater than logpo = 4.5. This is 

caused by fitting the flat rotation curves with a halo only which requires a small 

core raditis and high central density. The lower limit on po is unconstrained 

in most cases. This is due to most cases being acceptably fit by the stellar 

component alone and thvis consistent with a minimal halo contribution. 

Therefore, using these rotation curves to interpret halo properties is very 

sensitive to the assumed M/L of the stellar components even this is a sample 

of galaxies where the contribution of the steUar component is minimized. Part 

of this is due to the rotation curves not sampling to a large enough radius to 

break the disk/halo degeneracy. Over half of the optical rotation curves sample 



255 

beyond 2.2 disk scale lengths, but far fewer sample beyond the 3-4 or more scale 

lengths required to more cleanly decompose the disk and halo contributions. 

Indeed, the HI rotation curves that do sample to larger radii fare much better 

and, except for UGC 6614, can simultaneously constrain the stellar M/L and the 

halo parameters. 

5.4.2. NFW Halo Only 

The results of the mass modeling with an NFW halo alone are summarized in 

Table 5.2 and shown in Figures 5.72 through 5.93 for the optical data and in 

Figures 5.94 and 5.95 for the HI data. A few of the optical rotation curves, such 

as those for 0349—0139 and 0411+0236, as well as 3 of the 5 HI rotation curves 

a r e  f i t t e d  q i i i t e  w e l l  b y  a n  N F W  h a l o  a l o n e  w i t h  l o w  v a l u e s  o f  x V O t h e r  

optical rotation curves such as those of 0243+0301,0401+0146,1151—0202, and 

1209+0137 also have overall shapes that are well-modeled by an NFW halo 

alone. The values of interest, however, are the upper limits on c allowed by a 

rotation curves at 95% confidence, Cmax/ and the values of V200 corresponding to 

Cjnax- These values give the most concentrated halo model allowed by the data 

and are the appropriate values to use for comparison with the predictions of 

cosmological models. 

Figiure 5.96 shows the values of Cmax and 1^200 (Cmax) plotted with the 

predictions of several different cosmologies. The predictions are calculated using 

the method described by Navarro et al. (1997) for general hierarchical structure 

formation scenarios. Many of the upper limits fall below the SCDM prediction 

and favor the lower density models. This is consistent with what Navarro et aL 

(1996b) and Pickering et aL (1997) foimd for dwarf and LSB galaxies. They 

also found that HSB galaxies give higher upper limits on c and can be made 
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consistent with SCDM given the appropriate stellar M/L. Figxire 5.97 shows 

the trends with surface brightness of c^ax and the best-fit c for this sample. 

The correlations with surface brightness are statistically significant and in the 

sense that higher surface brightness galaxies give higher values of c or c^ax and 

shows that rotation curve shape is a function of surface brightness. The trend is 

somewhat steeper when using the best-fit c instead of c^ax (Figure 5.97b). This 

is largely due to some of the lower surface brightness galaxies having very low 

best-fit values of c. These galaxies include 0052-f0243, 0132+0146, 0332+0058, 

and 1104—0002 and all have solid-body-like rotation curve shapes that rise 

nearly linearly. While none of these rotation curves are best-fit by a maximal halo 

with a c of 5-10, neither can any of them can rule one out at the 95% cor\fidence 

level. 

5.4.3. Stellar Component Plus NFW Halo 

The results of the modeling with a stellar component plus an adiabatically-

corrected NFW halo are stmimarized in Table 5.3 and shown in Figures 5.98 

through 5.162 for the optical data and Figures 5.163 through 5.167 for the 

HI data. As is the case for the models using the stellar component plus an 

isothermal halo, the optical rotation curves do a generally poor job here of 

simultaneously constraining the stellar M/L and the halo properties. Only 3 of 

the optical rotation curves, 1106+0032 (Figiire 5.141), 1156+0142 (Figure 5.146), 

and 1221+0128 (Figure 5.152), constrain the halo parameters within the range 

sampled which covers 2 decades in V200 (10 to 1000 km s~^) and 4 decades in c. 

The HI rotation curves with the exception of UGC 6614 (Figure 5.167) fare much 

better. 

Also like the case using an isothermal halo, most of the galaxies are fitted 
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best with low M/L, approaching zero in many cases (Figure 5.168a). The 

preference towards low M/L of less than about one holds even for the upper 

limits on M/L (Figure 5.168b), in contrast to the isothermal halo case where 

the upper limits on M/L peak at arovind 2-3. The adiabatic correction used to 

calculate the halo parameters likely helps favor lower values of M/L in this case. 

A stellar component with a higher M/L and thus more mass will have the effect 

of gravitationally pulling in more of the halo so the overall effect is greater than 

just the increased kinematic contribution of the stellar component. With the 

exception of UGC 2936, the HI rotation curves require also lower values of M/L 

in this case. The range of M/L allowed in the case of F568-6 is significantly lower 

than the lower limit found by QmUen & Pickering (1997), though the range for 

UGC 6614 is marginally consistent with the range they fotmd. For both galaxies 

the upper limit on M/L in this case is below the lower limit for the case using an 

isothermal halo. 

A handful of cases do exclude M/L = 0 at the 95% confidence level: 

0118-0010 (Figure 5.103), 0223-0033 (Figure 5.105), 0400+0149 (Figure 5.126), 

0913-0028 (Figure 5.129), 2311-0200 (Figure 5.157), and UGC 6614 (Figure 5.167). 

In two of these cases (0223—0033 and 2311—0200), however, the fitted halo is very 

small and concentrated. In the case of 0223—0033 the fitted halo is compensating 

for a btilge with too low of an M/L to reproduce the peak in the inner parts of the 

rotation curve. Allowing the bulge and disk to have different M/L's in that case 

would likely largely obviate the need for a halo. In the case of 2311—0200 the 

surface photometry did not have high enough spatial resolution to separately fit 

a bvilge plus a disk (Chapter 4). In the modeling, then, the halo makes up for this 

missing spherical component by fitting to the inner peak of the rotation curve 

that would otherwise be fitted by the bulge. 
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5.5. Discussion 

McGaugh & de Blok (1998) argue based on the rotation curve of one LSB galaxy, 

F583-1 (de Blok et al. 1996), that the NFW halo profile does not match galactic 

rotation curves. However, looking at the data for this galaxy in de Blok et al. 

(1996) brings into question whether ifs an appropriate choice for the test. The 

galaxy is fairly well-resolved spatially along the kinematic minor axis, but not 

along the mafor axis due to the asymmebric beam shape. In fact, only about 4 

beamwidths cover the kinematic major axis. The rotation ctirve is thus only 

resolved to \Rmax or so making beam smearing in the inner parts of the galaxy 

sigiuficant. The modeling of beam smearing effects by de Blok & McGaugh 

(1997) show that at resolution this low, it's difficult to even rule out a flat rotation 

curve let alone rule out a particular form of slowly rising rotation curve. Rotation 

curves that are well-resolved spatially in their inner parts are needed to more 

accurately test whether galactic rotation curves can be modeling by an NFW 

profile. 

The optical rotation curves modeled here meet the criterion of being 

well-resolved and, while they don't constrain halo properties very tightly, they 

do generally favor low M/ L, dark matter dominated models. Some of them 

can be even fitted with an NFW halo alone with a low x'/of ~ 1. Comparing 

the minimum values of derived with an NFW halo with those derived using 

an isothermal halo should also give a good indication of how well using an 

NIW halo fares compared to using an isothermal halo. Figiire 5.169a shows the 

minimum values of )c/u for the stellar component plus halo models for both 

the NFW and isothermal cases. Figure 5.169b shows the difference between the 

values of xV^ versus sxirface brightness. In 41 out of the 70 cases, the model 
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using a stellar component plus an adiabatically-corrected NFW halo results in 

a significantly worse fit at greater than the 3cr level. Only a handful are fitted 

significantly better with the NFW halo model, but, as mentioned previously, 

some galaxies are well described by an NFW halo alone. 

Since the modeling using an NFW halo also includes an adiabatic correction 

to the halo, it's somewhat difficult to teU whether the worse fits this modeling 

gives are due to the NFW halo profile not being the appropriate profile or 

whether the adiabatic correction used is not the appropriate way to deal with 

a galaxy forming within a halo. LSB galaxies are the cases where the adiabatic 

correction shovild be most appropriate since they have generally formed and 

evolved more slowly than HSB galaxies. They are also the cases where the 

baryonic component contributes the least to the kinematics and thus require 

smaller adiabatic corrections. However, the adiabatically-corrected NFW halo 

does the worst in some (but not all) of the lowest surface brightness cases where 

the adiabatic correction is smallest which implies that the poor fits are due to the 

NFW halo profile. Since the NFW halo profile is derived from fits to simulated 

halos from 0.01r2oo to r ,̂ it may be that wittiin O.Olrooo/ which corresponds to 

the inner few kpc, the halo mass profile is not well-described by the NFW form. 

The poor fits to many of these optical rotation curves implies that this may be 

the case. 

5.6. Conclusions 

We find that rotation curves of LSB galaxies generally are best fitted with low 

M/ L, though the optical rotation curves do not tightly constrain M/ L or the halo 

parameters in many cases. The maximum M/ L allowed by the data is somewhat 
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large, > 5 in some cases. The HI rotation curves provide better constraints due 

to their sampling greater radial extents. Using an adiabatically-corrected NFW 

halo model results in lower best-fit values of and upper limits on M/L than is 

found when using an isothermal halo model. For one of the HI rotation curves, 

F568-6, the upper limit on M/ L allowed when using an NFW halo is significantly 

lower than the lower limit on M/L placed by Quillen & Pickering (1997) using 

the strengths of the optical and HI spiral structure. The range allowed by the 

isothermal halo model in this case as well as the ranges in M/L allowed by the 

data for UGC 6614 for both halo models are consistent with the ranges foimd by 

Quillen &: Pickering (1997). 

We find that these rotation curves are generally better modeled by a 

stellar component plus an isothermal halo than by a steUar component plus an 

adiabatically-corrected NFW halo. In 41 of the 70 cases using an isothermal halo 

gives a better fit at greater than the Str confidence level. This implies that the 

NFW halo profile may not describe the mass profiles of the inner parts of galactic 

halos ver}*  ̂well. Some of the galaxies in the sample, however, are fitted well by 

an NFW halo alone. Using maximal NFW halo fits to the rotation curves to place 

upper limits on c we find that these rotation curves are marginally consistent at 

best with the predictions of SCDM and generally favor lower density models 

such as ACDM with Qo = 0.2-0.3. 
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Table 5.1. Results for mass modeling with a stellar component plus an 

isothermal halo. 

Name RC log A) M f L  r/" Min M f L  .Vfax M f L  .van Re Max Min Max logM) 

(l) (2) (3) H) (5) (6) (7) (8) (9) (10) m 

0031+0224 0.74 2.26 3.12 113 0.00 5.76 <0.10 14.45 <030 3.82 

0050+0230 > 100.00 1J8 1.74 4.96 0.00 130 0.85 > lOO.OO 0.98 166 

0052+0243 > 100.00 1.34 0.00 161 0.00 036 3.16 > 100.00 1.22 138 

0059+024S 2.24 1.70 0J3 5.92 0.00 4^3 1.20 >100-00 <030 110 

0107-0231 0.65 2.18 4.17 6.M a.oo 7.86 <0.10 > lOO.OO <030 330 

0118-0010 1.58 138 3.05 435 0.00 435 <0.10 > lOO.OO <030 3.14 

0132+0146 8J2 0.82 0.20 338 0.00 0.81 1.48 > lOO.OO <030 1.46 

0223-0033 0-15 >4.50 184 10.82 0.81 4.90 0.12 0.23 4.18 >430 

fl225-0UI 1.29 1.66 0.00 3.61 O.OQ 130 <0.10 > 100.00 <030 3.02 

0229+00(H zsr 1.42 126 3.85 0.00 4.61 <0.10 >100.00 <030 3.02 

023S+0001 <0.10 174 8.88 3.41 0.00 937 <0.10 > lOO.OO <030 3.70 

0243+0301 0.12 3.58 9.77 135 154 U.05 <0.10 139 L94 4.02 

0309-0309 3^9 102 1.01 9.08 0.11 104 138 776 1.66 174 

0311-0139 1.05 142 0.00 9.69 0.00 1S2 <0.10 > lOO.OO <030 3-42 

0317-0246 OJO 190 0.00 183 0.00 0.79 <0.10 23.« <030 3.82 

0318-0140 2J5 1-50 tS7 143 0.00 532 0.60 > lOO.OO <030 150 

0321+0221 5.39 L54 aoo 5.01 0.00 036 3.16 > 100.00 L26 1.70 

0332+0058 3-16 1.14 0.00 234 0.00 4J30 <0.10 >100.00 <030 106 

0332-0102 1.20 118 037 172 0.00 9J7 <0.10 > 100.00 <030 3.86 

0336+0212 >100.00 030 132 3.06 OJX) 3.61 0.69 >100.00 <030 L98 

0340-0201 7^6 L26 0.00 108 0.00 432 <0.10 > 100.00 <030 142 

0342+0107 >100.00 L02 7.07 161 0.00 9.78 <0.10 >100.00 <030 332 

034++0133 0.60 338 0.00 138 0.00 6^14 0-49 130 232 3.74 

0346+0100 1.82 102 0J}0 777 0.00 L22 130 > 100.00 0.98 236 

aSJ9-C139 <OJO >430 730 L46 QjyQ 11.01 <0.10 > 100.00 <030 >430 

0353+015t Z35 106 039 104 0.00 8.43 L82 3.S9 L70 126 

03S1+0142 UO 142 0.45 L68 0.00 nji <0-10 >100.00 <030 3.78 

0355-0031 2J5 LTD 10.04 3.84 0.00 1833 <0.10 >100.00 <030 J36 

(MOO+0149 Ojl ITS 4J0 1090 3A1 532 <0.10 87.10 <030 434 

0401+0146 UJS 166 L84 L36 0.00 12.07 033 L70 118 338 

0411+0236 L3S -r> 3.62 LOO ooo 15.08 03S 6JS <030 174 

0913-0108 7.24 102 3-S 179 4.21 4.47 25.12 L7S 236 

0918-OQ2S 0.60 190 034 L99 OJW 339 <0.10 >100.00 <030 3J8 
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Table 5.1 — Continued 

Sums «C M I L  r/" Nlin M/L Max M/L Min Rc Max Min log ,̂ Max logM) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (tl) 

0921+0217 > 100.00 1.22 5.04 1.08 0.00 6.80 <0.10 > 100.00 <050 2.90 

09S4+0209 138 2.26 0.21 4.69 0.00 232 0.69 >100.00 0.82 178 

1002-0130 2.40 102 0.00 1.55 0.00 1.06 158 4.79 150 126 

1016-0257 1.20 lis 0.00 932 0.00 3.27 056 5.13 1.10 2.74 

1027-0138 1J8 2  ̂ 0.00 734 0.00 3.2S 0.74 > 100.00 <050 162 

I02S-0137 124 1.94 0.00 141 0.00 185 1.05 26.92 1.06 238 

I029-0(M0 1J8 134 0.16 173 0.00 831 <0.10 > 100.00 <050 3.74 

1050+0253 <0.10 <0.50 2.51 tJ8 0-00 151 <0.10 > HXJ.OO <050 3.18 

1103+0007 lo8 1.94 0.88 178 0.00 J •yy <0.10 > 100.00 <050 198 

1104-0002 28.W U14 0J4 0.92 0.00 138 1.95 > 100.00 0.66 1.70 

a06+0C3Z 0.69 3.10 0.00 127 0.00 138 0.46 0.91 186 338 

1125+0255 953 1.22 108 6.89 0.00 146 0.98 > 100.00 0.82 186 

1129+0013 1.95 •y yy 0.43 164 0.00 8.15 1.20 339 132 250 

1132+0249 2.09 0.86 0.00 147 0.00 031 <0.10 851 <050 178 

1151-0202 1.48 0 :̂7 1.97 o.oo 539 051 13.49 1.06 254 

1156+0142 ZZ-i 130 0.48 lfi9 0.00 149 1.70 195 106 250 

1156-0110 0.85 ISA 13Q i3i 0.00 3.93 <0.10 >100.00 <050 3.14 

1205-0215 3.16 ISA 0.00 7S9 0.00 1.49 155 031 138 158 

120S+0120 40.74 LIS 0.00 6.68 0.00 0.00 1033 > 100.00 lao 130 

1209+0137 339 1.62 0.90 L49 0.00 169 138 >100.00 056 118 

1217+0103 93S 1-10 4.87 134 0.00 6.64 0.79 > lOO.OO 0.70 138 

1221+013 OSS 162 0.00 3.S7 0.00 0.15 0.49 IJT) IIS 3.02 

1300+0144 135 118 0.0S 63S 0.00 8.40 139 175 1.78 146 

1436+0(H3 0.85 146 0.00 8.18 0.00 4.80 <0.10 550 <050 3.74 

C-i39+OOS3 209 IJO 0.00 9.09 0.00 230 <0.10 > 100.00 <050 3.02 

2303-0006 0.26 3.42 0.49 13.21 0.00 1.48 <0.10 0.69 174 436 

2311-0200 0.23 4.18 1.45 7SJ1 0.00 3.27 o.u 037 352 >450 

2312+01D7 2.95 131 0.64 5.84 0.00 lJi9 <0.10 >100.00 <050 3.06 

2315-0003 >100.00 1.22 113 936 0.00 3.12 4.47 >100.00 1.10 1.62 

2317+0<B6 0.98 2^8 0.00 2735 0.00 2-09 052 IJO 1J4 166 

2319+0010 237 102 0.00 330 OJOQ 1031 <oao >100.00 <0.50 162 

2319-0057 >100.00 OJT) 3.6S 5J7 0.00 434 <oao >100.00 <050 178 

F568-6 23.44 OJO 1.30 L59 0.73 136 17J8 25.12 056 050 
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Table 5.1 — Continued 

Name Rc logrt) M/L Min M / L  .Ma* M/L Min Rc Max Min Jog  ̂ Max log/̂  

(1) {2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

NGC75S9 6.76 1.42 0.S8 0.19 0.00 2.42 2.95 14.-15 0.90 2.06 

Matin L 10.23 0.S6 0.00 0.48 0.00 &.02 3J9 23.44 0.14 1.74 

UGC2936 3J9 2.10 0.00 O.IO O.OO 1.65 tJ6 5,13 131 2-58 

UCC66U 25.92 QAb 235 Q3Z Ij6 2.99 11.75 > 100.00 0.18 0.90 

^^^Name of galaxy. 

(2) 
Best*fit isothermal halo core radius. Rc, in kpc//i?5. 

(3) 
Logarithmofthebest-fitisoth«rmalhalocentraldensity;/)(].inlO'̂ M  ̂

(4) 
Best'flt moss'tO'Ughc ratio* M/L of the steUor component 

Chi-squared per degree of freedom, for the best-fit results. 

Mmimum Mf L allowed within the 95% confidence leveL 

(7) 
Maximum M f L  allowed within the 95% confidence level. 

/Q) 
Minimum allowed within the 95% confidence leveL 

(9) 
Maximum allowed within the 95% conndeno( levcL 

Minimum log  ̂allowed within the 95% confidence levcL 

Ntaximum logpo allowed within the 95% confidence leveL 
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Table 5,2, Results for maximal halo mass modeling using an NFW halo. 

Name log V200 logc xVf loS Cmax logV'zOoCCmax) 
(1) (2) (3) (4) (5) (6) 

0031+0224 1.92 1.16 2.55 1.40 1.80 
0050+0230 2.84 0.48 5.71 1.24 2.00 
0052+0243 >3.00 -0.44 8.06 0.76 2.04 
0059+0248 >3.00 -0.32 5.44 0.88 2.02 
0107-0231 1.74 1.24 7.15 1.48 1.58 
0118-0010 1.96 1.16 6.88 1.36 1.82 
0132+0146 2.76 -1.60 3.30 0.80 1.68 
0223-0033 2.10 1.72 23.15 1.80 2.08 
0225-0134 2.96 -1.40 3.49 1.32 1.42 
0229+0004 1.98 1.00 3.72 1.24 1.84 
0238+0001 2.02 0.92 3.32 1.40 1.68 
0243+0301 2.16 1.24 3.16 1.32 2.10 
0309-0309 2.40 1.08 11.56 1.32 2.20 
0311-0129 2.02 1.12 8.40 1.36 1.84 
0317-0246 1.62 1.36 3.37 1.60 1.52 
0318-0140 2.92 -0.08 1.90 1.24 1.72 
0321+0221 >3.00 -0.08 11.28 0.76 2.20 
0332+0058 2.82 -1.48 2.81 0.92 1.70 
0332-0102 1.92 1.12 2.95 1.48 1.72 
0336+0212 2.92 -1.52 4.46 1.04 1.58 
0340-0201 2.90 -1.40 3.70 0.96 1.58 
0342+0107 2.92 0.28 2.59 1.00 2.12 
0344+0133 2.16 1.64 4.91 1.72 2.10 
0346+0100 2.42 0.64 9.30 1.04 2.02 
0349-0139 2.02 1.88 1.14 2.00 1.98 
0353+0154 2.32 1.00 3.51 1.12 2.22 
0354+0142 2.08 1.12 2.50 1.32 1.94 
0355-0031 >3.00 0.32 5.66 1.08 2-18 
0400+0149 2.28 1.36 14.00 1.44 2.22 
0401+0146 2.12 1.24 1.84 1.44 1.98 
0411+0236 2.18 1.00 1.16 1.28 1.94 
0913-0108 2.52 1.24 15.81 1.36 2.40 
0918-0028 2.18 1.16 2.91 1.56 1.76 
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Table 5.2 — Continued 

Name log V20Q logc y^lu logCmax log V'lOoCCmax) 
(1) (2) (3) (4) (5) (6) 

0921+0217 2.76 0.52 1.63 1.16 2.04 
0954+0209 2.12 1.00 4.41 1.28 1.94 
1002-0130 2.10 1.12 31.71 1.28 1.98 
1016-0257 2.00 0.96 9.09 1.28 1.80 
1027-0138 2.14 0.96 5.62 1.24 1.92 
1028-0137 2.88 0.20 3.34 1.16 1.92 
1029-0040 2.08 1.12 1.98 1.36 1.92 
1050+0253 1.18 1.28 1.91 1.84 1.00 
1103+0007 2.04 0.96 3.65 1.20 1.84 
1104-0002 >3.00 -0.52 2.42 0.92 1.88 
1106+0032 2.02 1.48 4.25 1.60 1.96 
1125+0255 2.14 1.28 6.65 1.36 2.08 
1129+0013 2.24 1.00 4.68 1.20 2.10 
1132+0249 2.38 -1.80 2.57 0.96 1.38 
1151-0202 2.32 0.84 2.99 1.20 1.96 
1156+0142 2.34 1.04 6.27 1.20 2.22 
1156-0110 2.98 -0.88 1.76 1.44 1.28 
1205-0215 2.98 -0.00 11.22 0.92 2-10 
1208+0120 >3.00 -0.04 20.72 0.52 2.50 
1209+0137 2.98 0.08 1.72 1.00 2.06 
1217+0103 2.36 0.60 2.50 1.08 1-88 
1221+0128 2.00 1.20 3.31 1.36 1.86 
1300+0144 2.14 1.08 8.51 1.24 2.02 
1436+0043 1.88 1.20 7-49 1.44 1.78 
1439+0053 2.80 -1.84 9.38 1.28 1.36 
2303-0006 1.86 1.40 14.50 1.52 1.82 
2311-0200 2.06 1.76 8-69 1.80 2.04 
2312+0107 2.92 -0.08 5.34 1.20 1-66 
2315-0003 2.96 0.08 12-77 0-72 2-34 
2317+0056 1.84 1.04 28-66 1.28 1.76 
2319+0010 2J28 0.92 4-36 1.16 2.10 
2319-0057 2-24 1.04 6-12 1J20 2-10 
F568-6 2.52 0-67 2.65 0.71 2-50 
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Table 5.2 — Continued 

Name log V200 logc X' /u  lOgCmax logt^200(Cmax) 
(1) (2) (3) (4) (5) (6) 

UGC2936 2.37 1.17 0.29 1.35 2.29 
NGC 7589 2.30 0.95 0.21 1.11 2.23 
Malin 1 2.25 0.63 0.45 0.83 2.21 
UGC 6614 2.27 0.94 5.57 1.12 2.21 

^ '̂Name of galaxy. 
® Logarithm of the best-fit droilar velocity at the virial radius, V2Q0, in km s~ .̂ 

Logarithm of the best-fit NFW halo concentration, c. 
^"^^Qu-squared per degree of freedom, x'/the best-fit results. 
^^Maximum logc allowed within the 95% confidence level, Cmax-
^^Hog V200 corresponding to logCmax in km s~ .̂ 
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Table 5.3. Results for mass modeling with a stellar component plus an NFW 

halo. 

tog 1^200 logc M/L X'/u Min M I L  Max M/L Min logVjCT) .Max logVioi) Min logc Max logc 

(I) (2) (3) (•») (5) (6) (7) (8) (9) (10) (U) 

0031+0224 1.92 1.00 0.84 121 0.00 5.42 <1.00 >3.00 <-100 >100 

0050+0230 2-98 OJl 0.15 5.66 0.00 0.77 102 >3.00 -0.16 IJZQ 
OOSZ+OZ43 >3.00 -0.44 0.00 8.06 0.00 0.00 104 >3.00 -L12 0.75 

0059+0248 134 032 0.00 7.43 0.00 4.96 <LOO >3.00 <-100 1.04 

0107-0231 128 0.04 3.14 6.82 0.00 6.64 < LOO >3.00 <-100 132 

OU8-001D <1.00 -1.92 3.68 4.87 IJIO 3.87 < LOO >3.00 <-100 L12 

013Z+0146 174 -152 0.00 4JI1 0.00 0^ 1.64 188 <-100 0.84 

0223-0033 1.64 >100 6.64 9.01 5.65 734 134 1.74 1.80 >100 

0225-0134 <1.00 -IJJ8 1.00 3.79 0.00 UOl < LOO >3.00 <-100 1.48 

0229+0004 106 0.88 0J3 3.91 0.00 4.13 <1.00 >3.00 <-100 1.20 

023&+0001 1.22 -0.72 7j3 3.43 0.00 8.44 < LOO >3.00 <-100 >100 

0243+0301 1.18 1.44 10.44 138 0.00 10.92 <LOO >3-00 <-100 >100 

0309-0309 136 L12 0.00 9.52 o.oo 0.60 118 >3.00 0.44 136 

0311-0129 198 -0J6 0.82 9.S9 0.00 157 <1.00 >3.00 <-100 L64 

0317-0246 13S -1.40 031 181 0.00 0.66 <1.00 1S2 <-100 136 

0318-0140 192 -0.12 0.00 151 o.oo 3.63 17Z >3.Q0 <-100 1-24 

0321+0221 >3.00 -0.08 0.00 11.81 0.00 O.OO 120 >3.00 -0.24 0.76 

0332+0056 180 -L44 0.00 3.15 o.oo 3.92 <L00 198 <-100 0.96 

0332-0102 1.90 1^6 0-09 198 o.oo 9.14 <ijaQ >3.00 <-100 >100 

Q336+0212 190 -t.88 0.00 3.23 o.oo 3.11 <1.00 >3.00 <-100 L12 

0340-0201 <1.00 -1.92 334 3.43 0.00 3.41 <L00 >3.00 <-100 L16 

0342+0107 >3.00 OJIO 0.00 3J8 0.00 8.69 <1.00 >3.00 <-100 136 

03+4+0133 2J5 1.64 0.23 4J7 0.00 7.25 108 >3J}0 <-100 172 

0346+0100 142 0.64 0.00 9J0 o.oo OJl 102 >3.00 -OJ:4 1.04 

0349-0139 LSt IJ*6 5.90 0.95 0.00 10.87 <1.00 152 <-100 >100 

0353+0154 134 LOO 0.00 333 OJX) 7.63 108 >3.00 <-100 LU 

0354+0142 1.44 0J6 S.57 I.S7 o.oo 1031 <1.00 >3.00 <-100 >100 

0355-OCD1 <1.00 <-100 16.02 4.49 0.00 1734 < IJDO >3.00 <-100 1.60 

0400+0149 t -YJ 0.48 3.03 11.07 0.68 572 <1.00 >3.00 <-100 >100 

0401+0146 2-14 1JZ4 aio LS3 0.00 13.47 L26 >3.00 <-100 L48 

iHU+0236 120 LOO oa6 L15 0.00 13.69 <LQ0 >3.00 <-100 1.28 

0913-0108 188 0.92. 0.41 13.80 0.15 0.89 152 >3.00 0.76 1^4 

091S-OQ28 <L00 -0^6 3.01 lU 0.00 3.01 <1X0 >3.00 <-100 >100 
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Table 5.3 — Continued 

Same Jogc M/L Min M/L Mm M/L .Min logV^ajo .VlaxIogVjo; Min logc Maxtogc 

(I) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

0921+0217 >3.00 032 0.00 1.61 0.00 6.14 >3,00 lA
 1 8
 

1.16 

0954+0209 186 0.20 0J!6 435 0.00 0.90 1.94 >3.00 -052 1.28 

1002-0130 156 0,64 0.00 3.81 0.00 035 112 >3.00 -0.00 1.08 

1016-0257 L96 LOO 0.00 1038 0.00 146 1.78 >3.00 <-100 132 

1027-0138 192 -0.08 0.58 7.73 O.OO 110 1.90 >3.00 <-100 1.24 

1028-0137 188 0,20 0.00 334 0.00 135 1.92 >3.00 <-100 1.16 

1029-0040 110 1.12 0.04 1.97 0.00 7.91 < l.OO >3.00 <-100 >100 

1050+0253 <1.00 -1.68 1.93 L80 0.00 1.95 < l.OO >3.00 <-ico IA\ 
1103+0007 166 -0.00 0.96 3.42 0.00 3.83 <l.OO >3.00 <-100 1.20 

ll(H-0002 >3.00 -032 0.00 142 0.00 0.69 1.88 >3.00 <-100 0.92 

1106+0032 102 1.48 0.00 4.15 0.00 1.01 1.92 108 1.28 L56 

1125+0253 172 0.48 0.66 6.47 0.00 1.11 110 >3.00 -0.20 132 

U29+00U 1.04 <-100 8.19 AM o.oo 9.15 < 1.00 >3.00 <-100 152 

1132+0249 <1.00 -IJ8 033 167 0.00 034 <1.00 152 <-100 132 

1151-0202 132 0.84 0.00 199 0.00 156 1.96 >3.00 -136 1.20 

1156+0142 134 1.04 0.00 631 o.oo 0.85 152 0.88 130 

U56-0110 <1.00 -1.72 139 1.40 0.00 166 <L00 >3.00 <-100 152 

1205-0215 198 -0.00 0.00 11.24 0.00 0.00 110 >3.00 -0-16 0.92 

1208+0120 >3.00 -0.04 0.00 19.15 0.00 O.OO 146 >3.00 -0.20 056 

1209+0137 198 0.08 0.00 t.72 0.00 031 106 >3.00 -0.16 LOO 

1217+0103 136 0.60 0.00 150 0.00 L88 1.88 >3J}0 -0.96 1.08 

1221+0128 100 13 0.00 331 0.00 0.00 1.86 150 0.72 L36 

1300+0144 2.16 1.08 0.07 857 0.00 1437 <1.00 >3.00 <-100 138 

1436+0043 L84 1.28 0.00 837 0.00 453 <L00 196 <-ioo >100 

1439+0053 <1.00 <-100 1.75 934 0.00 IJ7 <L00 198 <-100 L60 

2303-0006 1.44 U8 1.73 1439 0.00 115 1.28 1.94 uo >100 

23U-020Q IJ6 1.92 3.90 7.48 0.U 5.27 1.62 108 1.72 IV
 8
 

2312+0107 2.92 -0.12 0.00 633 0.00 L57 <1.00 >3.00 <-100 L40 

2315-0003 196 0.08 0.00 1177 0.00 0.00 234 >3.00 -0.W 0J2 

2317+0056 L84 1.04 0.00 28.69 0.00 149 L66 162 1 VI 

L2S 

2319+0010 198 -0.04 1.77 4.01 0.00 tOiJl <1.00 >3.00 <-ioo L20 

2319-0057 194 0.12 0.90 5M 0.00 3.91 <1.00 >3.00 <-100 L20 

B68-6 153 0.69 0.00 152 0.00 0.23 150 157 038 0J3 
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Table 5.3 — Continued 

Vame logV^M logc M/L r/i/ Min M/L Max M/L Min log î uo Max log V%iM Min logc Max logc 

(II (2) (3J (•*) f5) (6) (7) ( S )  (9) (10) fll) 

NGC75S9 132 0  ̂ O.IS 0J!3 0.00 0.96 2.2-t 2.fi2 0.12 LOS 

Malinl O.M 0.09 031 0.00 2.67 122 232 0.2s Q.S4 

UGC2936 2J0 U2 0.00 039 0.00 1.67 2.44 036 1.28 

UCC6614 >3.00 •0.52 0J6 0Ji9 036 2J2 >3.00 -LOO 

of gaUxy. 

(2) 
Logarithm o  ̂the best-fit circular velocity at the vihal radius. V%oor̂ knis'̂  

(3) 
Logarithm of the best-At NFW haio concencration, c. 

(4) 
Best-fit mass-to-Ught ratio. M/L. of the stellar component 

^^Chi-squared per degree of freedom, .ir/i', for the best-fit results. 

(6) 
Minimum MfL allowed within the SS'K. confidence IcvcL 

(7) 
Maximum M/L allowed withia the 95% confidence leveL 

Minimum log allowed within the 95% confidence leveL 

(9) Maximum log/200  ̂
(10) 

Minimum (ogc allowed withia the 95% confidence levet 

^^^ l̂aximum logc allowed within the95% confidence levet 
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0031+0224 

Total 

Bulge 

OCik 
Holo 

Rj - 0.74 (kpc/h„) 

Po - 181.97 (10-̂  M, pc"  ̂

CMA).-.<- 3.12 
0.00 < M/L < 5.76 

2-13 

I09 Rj (kpc) 

5 10 

Radlu* (kpc) 

Figure 5.1 — Stellar component plus isothermal halo fit results for 0031+0224. 

The upper left panel gives the best-fit values of the fitted parameters Rc, Po, 

and M/Lf the resiilting minimum reduced x^r and the range in M/L allowed 

by the data at the 95% confidence level. The upper right panels shows the best-fit 

components plotted with the rotation curve. The lower left panel shows the best-

fit values for Rc and po with the contour corresponding to the 95% confidence 

level. The lower right panel shows the reduced x" versus M/ L with a line at the 

value of corresponding to the 95% confidence level. 
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0050+0230 

Total 
Bulge 
Otak 

Holo 

Rg • 100.00 (kpc/h^a) 
Pa - 23.99 ClO-» M, pc-») 

(MAW-
0.00 < MA < 2.30 

li 

109 Rg (kpc) 

« T' - I' 

: A0 

2 4. 
Radius (kpc) 

MA 

9n 

20 

Figure 52. — Stellar component plus isothennal halo fit results for 0050+0230. 

The panels are the same as for Figure 5.1. 
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0052+0243 

Total 
Sutga 

Dlik 
Holo 

Rg - IOO.OO (kpc/hjg) 
Po - 21.88 (10"' M, pc"  ̂

(MA)b«t- 000 
0.00 < M/L < 0.36 

2.81 

log Re Ckpc) 

2 4 
Radius (kpc) 

Figxxre 5.3 — Stellar component pliis isothermal halo fit resxilts for 0052+0243. 

The panels are the same as for Figure 5.1. 
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0059+0248 
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Bulga 
DMc 
Halo 

Re- 2i4(kpc/h  ̂
Po - 50.12 (10"' M, pc"  ̂

(MAW- 0.33 
0.00 < MA < 4.93 

5-92 

IP 

M 
4 6 8 

Radfu* (kpc) 

o i-i 

tog Rc(kpe) 
10 

MA 
15 20 

Figure 5.4 — Stellar component plus isothermal halo fit resxilts for 0059+0248. 

The panels are the same as for Figiare 5.1. 
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0107-0231 

Total 

Bulg* 

Otak 

Holo 

R c -  0 . 6 5 ( l < p c / h ^  

Po - 151do-' M, pc"  ̂

("A)6«, - ••17 
0.00 < M/L < 7.86 

6-8* 

109 Rg (kpc) 

Radius (kpc) 

Figttre 5.5 — Stellar component plus isothermal halo fit residts for 0107—0231. 

The panels are the same as for Figvire 5.1. 
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0118-0010 
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Suigs 

Otifc 

Holo 

R g -
Pa - 38.02 (10-» M, pe-  ̂

CMAW- 3.05 
0.00 < MA < •••25 

••35 

o 

a 15 20 5 10 0 

r 
"L 

o 

n 0 1 X 

loQ Rg Ckpc) W/L 

S 

>•8 

o 
0 

Figure 5.6 — Stellar component plus isothermal halo fit results for 0118-0010. 

The panels are the same as for Figure 5.1. 
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0132+0146 
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Disk 

Holo 

Rc- 8J2(l<pc/hTO) 
Po - 6.81 (10-» M, pc"  ̂

(MAW- °-20 
0.00 < MA < o.ai 

3.58 

I09 Rg (kpc) 

1! 

2 4 
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Figure 5.7 — Stellar component plus isothermal halo fit results for 0132+0146. 

The panels are the same as for Figure 5.1. 
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0223-0033 

Total 

Bulge 

Disk 

Halo 

Rc - 0.15 0«pe/h7s) 

/>0 - 31622J57 (10-® M, pc"  ̂
(MAW -

0.81 <MA< +.90 
- tO-82 

lofl Rc (l«c) 

10 19 20 

Radius (kpc) 

M/L 

Figure 5.8 — Stellar component plus isothermal halo fit resxilts for 0223—0033. 

The panels are the same as for Figure 5.1. 
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0225-0134 

i:29 (kpc/»0 

p. - «.71 (10-̂  Mo pc"  ̂

0.00 <MA< 1J0 
jTmh/"- 3.61 

(og 1  ̂(kpc) 

1. '1' m 
Rodfus (kpc) 

Figure 5.9 — Stellar component plus isothermal halo fit results for 0225—0134. 

The panels are the same as for Figiure 5.1. 
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0229+0004 
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Figiire 5.10 — Stellar component plus isothermal halo fit results for 0229+0004. 

The panels are the same as for Figure 5.1. 
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0238+0001 

R g -  0 . 1 0  ( k p c / h ^ , )  

• 549  ̂(10~  ̂ M- PO 

0.00 C MA < 9 J7 

IL 

2 4 
Rodlus (kpc) 

log Re O'P®) 

Figure 5.11 — Stellar component plus isothermal halo fit results for 0238+0001. 

The panels are the same as for Figure 5.1. 
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I s  
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Figure 5.12 — Stellar component plus isothermal halo fit results for 0243+0301. 

The panels are the same as for Figure 5.1. 
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0309-0309 
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Figure 5.13 — Stellar component plxis isothermal halo fit resvilts for 0309—0309. 

The panels are the same as for Figure 5.1. 
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0311-0129 

Total 

Buigs 

Olak 
Holo 
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I09 Re (kpc) 

4 6 
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Figure 5.14 — Stellar component plus isothermal halo fit results for 0311—0129. 

The panels are the same as for Figure 5.1. 
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Figure 5.15 — Stellar component plus isothermal halo fit results for 0317—0246. 

The panels are the same as for Figure 5.1. 
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Figure 5.16 — Stellar component plus isothermal halo fit results for 0318—0140. 

The panels are the same as for Figure 5.1. 
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Figure 5.17 — Stellar component plus isothermal halo fit results for 0321+0221. 

The panels are the same as for Figiire 5.1. 
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Figuie 5.18 — Stellar component plus isothermal halo fit resxilts for 0332+0058. 

The panels are the same as for Figure 5.1. 
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Figure 5.19 — Stellar component plus isothermal halo fit results for 0332—0102. 

The panels are the same as for Figure 5.1. 
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Figure 5.20 — Stellar component pltis isothermal halo fit residts for 0336+0212. 

The panels are the same as for Figure 5.1. 
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Figtire 5.21 — Stellar component plus isothermal halo fit resiilts for 0340—0201. 

The panels are the same as for Figure 5.1. 
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Figure 5.22 — Stellar component plus isothermal halo fit results for 0342+0107. 

The panels are the same as for Figure 5.1. 
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Figure 523 — Stellar component plvis isothermal halo fit results for 0344+0133. 

The panels are the same as for Figure 5.1. 
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Figxire 5JZ4 — Stellar component plus isothermal halo fit results for 0346+0100. 

The panels are the same as for Figure 5.1. 
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Figure 5.25 — Stellar component plus isothermal halo fit results for 0349—0139. 

The panels are the same as for Figure 5.1. 
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Figiire 5.26 — Stellar component plus isothermal halo fit results for 0353+0154. 

The panels are the same as for Figure 5.1. 



296 

0354+0142 

Total 

Bulgs 

Dtek 

Holo 

Rc - 1^0 (kpc/h^ 

Po - 283.03 (lO"' M, pc"^ 

(MAW -
0.00 <M/L < 11.21 

i-sa 

log 1^ (kpc) 

Rodlus (icpc) 

I - '  '  

15 20 

Figure 5.27 — Stellar component plvis isothermal halo fit results for 03544-0142. 

The panels are the same as for Figure 5.1. 
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Figure 5.28 — Stellar component plus isothermal halo fit results for 0355—0031. 

The panels are the same as for Figure 5.1. 
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Figure 5.29 — Stellar component plus isothermal halo fit results for 0400+0149. 

The panels are the same as for Figxire 5.1. 
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Figure 5.30 — Stellar component pliis isothermal halo fit results for 0401+0146. 

The panels are the same as for Figure 5.1. 
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Figure 5.31 — Stellar component plus isothermal halo fit results for 0411+0236. 

The panels are the same as for Figure 5.1. 
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Figure 5.32 — Stellar component plus isothermal halo fit results for 0913-0108. 

The panels are the same as for Figure 5.1. 
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Figure 5.33 — Stellar component plus isothermal halo fit resvilts for 0918—0028. 

The panels are the same as for Figure 5.1. 
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Figure 5.34 — Stellar component plus isothermal halo fit results for 0921+0217. 

The panels are the same as for Figure 5.1. 
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Figure 5.35 — Stellar component pliis isothermal halo fit restilts for 0954+0209. 

The panels are the same as for Figure 5.1. 
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Figure 5.36 — Stellar component plus isothermal halo fit restilts for 1002—0130. 

The panels are the same as for Figure 5.1. 
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Figvire 5.37 — Stellar component plus isothermal halo fit restilts for 1016—0257. 

The panels are the same as for Figure 5.1. 
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Figure 5.38 — Stellar component plus isothermal halo fit resxilts for 1027-0138. 

The panels are the same as for Figure 5.1. 



308 

!L 

9. 

1028-0137 

Total 

Bulga 

OliK 

Holo 

R f .  - Z2* (kpc/tiTs) 
p, - 87.10 (10-® M» pc"^ 

(M/LW- 0.00 
0.00 < M/L < 185 
/n*/"- 2.*1 

— 1 1 1 r—I r 

-I 

Radius (kpc) 

log Rc (kpc) 

Figxire 5.39 — Stellar component plus isothermal halo fit resxilts for 1028—0137. 

The panels are the same as for Figxire 5.1. 
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Figure 5.40 — Stellar component plus isothermal halo fit resizlts for 1029—0040. 

The panels are the same as for Figure 5.1. 
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Figiire 5.41 — Stellar component plxis isothermal halo fit results for 1050+0253. 

The panels are the same as for Figure 5.1. 
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Pa - 87.10 (lO-® M, pc"^ 

(MA)ta*- 0.88 
0.00 < M/L < 4.22 

X",*/"- 2.78 

0 1 

loq Rg (kpc) 

S 

1 

a Lx .X. 
10 

MA 

I ' I ' 1 ' I ' " r 

I  ̂ • 

I ' I ' 1 ' 

i-I ^ 

• W -

:P"'' 

J 2 4 6 8 10 

Radius (kpc) 

15 20 

Figure 5.42 — Stellar component plus isothermal halo fit res^alts for 1103+0007. 

The panels are the same as for Figxire 5.1. 
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Figure 5.43 — Stellar component plus isothermal halo fit results for 1104—0002. 

The panels are the same as for Figure 5.1. 
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Figure 5.44 — Stellar component plus isothermal halo fit results for 1106+0032. 

The panels are the same as for Figxire 5.1. 
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Figure 5.45 — Stellar component plus isothermal halo fit results for 1125+0255. 

The panels are the same as for Figure 5.1. 
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Figure 5.46 — Stellar component plus isothennal halo fit results for 1129-1-0013. 

The panels are the same as for Figiare 5.1. 
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Figxire 5.47 — Stellar component plus isothermal halo fit results for 1132+0249. 

The panels are the same as for Figure 5.1. 
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Figtire 5.48 — Stellar component plus isothermal halo fit results for 1151—0202. 

The panels are the same as for Figure 5.1. 
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Figure 5.49 — Stellar component plus isothermal halo fit results for 1156-1-0142. 

The panels are the same as for Figtire 5.1. 
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Figxire 5.50 — Stellar component plxis isothermal halo fit results for 1156—0110. 

The panels are the same as for Figure 5.1. 
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Figure 5.51 — Stellar component plvis isothermal halo fit results for 1205—0215. 

The panels are the same as for Figure 5.1. 
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Figiire 5.52 — Stellar component plus isothermal halo fit resxilts for 1208+0120. 

The panels are the same as for Figure 5.1. 
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Figxire 5.53 — Stellar component plus isothermal halo fit results for 1209+0137. 

The panels are the same as for Figure 5.1. 
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Figxire 5.54 — Stellar component plus isothermal halo fit results for 1217+0103. 

The panels are the same as for Figure 5.1. 
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Figure 5.55 — Stellar component plus isothermal halo fit resxilts for 1221+0128. 

The panels are the same as for Figure 5.1. 
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Figure 5.56 — Stellar component pliis isothermal halo fit results for 1300+0144. 

The panels are the same as for Figure 5.1. 
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Figure 5.57 — Stellar component pliis isothermal halo fit resxilts for 1436+0043. 

The panels are the same as for Figure 5.1. 
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Figvure 5.58 — Stellar component plus isothermal halo fit resiilts for 1439+0053. 

The panels are the same as for Figure 5.1. 
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Figure 5.59 — Stellar component plus isothermal halo fit resvdts for 2303—0006. 

The panels are the same as for Figtire 5.1. 
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Figure 5.60 — Stellar component plus isothermal halo fit results for 2311—0200. 

The panels are the same as for Figure 5.1. 
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Figiire 5.61 — Stellar component plus isothermal halo fit results for 2312+0107. 

The panels are the same as for Figtire 5.1. 
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Figure 5.62 — Stellar component plus isothermal halo fit results for 2315—0003. 

The panels are the same as for Figure 5.1. 
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Figure 5.63 — Stellar component plus isothermal halo fit results for 2317+0056. 

The panels are the same as for Figure 5.1. 
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Figure 5.64 — Stellar component plus isothermal halo fit resxiits for 2319+0010. 

The panels are the same as for Figure 5.1. 
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Figtire 5.65 — Stellar component plus isothermal halo fit results for 2319—0057. 

The panels are the same as for Figure 5.1. 
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Figure 5.66 — Stellar component plus isothermal halo fit results for the HI data 

for F568-6. The panels are the same as for Figure 5.1. 



336 

NGC 7589 

Totol 

Bulge 

Ohik 

Holo 

Rs -  6 .76  (kpc /hTs )  

Po - 26.30 (10-» M, pc"  ̂

{MA)b«,- 0.88 
0.00 < U/L < 2.42 

X^n*/"- 0-19 

log Rj (kpc) 

20 30 

Radius (kpc) 

•; V'% 

M/L 

Figtire 5.67 — Stellar component pliis isothermal halo fit resvilts for the HI data 

for NGC 7589. The panels are the same as for Figure 5.1. 
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Figure 5.68 — Stellar component plus isothermal halo fit results for the HI data 

for Malin 1. The panels are the same as for Figure 5.1. 
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Figure 5.69 — Stellar component plus isothermal halo fit results for the HI data 

for UGC 2936. The panels are the same as for Figure 5.1. 
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Figure 5.70 — Stellar component plus isothennal halo fit results for the HI data 

for UGC 6614. The panels are the same as for Figure 5.1. 
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Figiire 5.71 — a) Histograirv of the best-fit M/L for the stellar component pliis 

isothermal halo model, b) Histogram of the maximum M/L allowed at the 95% 

confidence level. 
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Figxire 5.72 — Maximal NFW halo fits for the optical rotation, curves. The 

left panel for each galaxy gives the best-fit values for V2Q0 and c, the resulting 

minimum reduced x '̂ the maximum value of c allowed by the data at the 

95% confidence level, Cmax- The middle panels show the best-fit models plotted 

with the rotation curves and the right panels show the best-fit values for V200 and 

c with the contour corresponding to the 95% cor\fidence level. 
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Figure 5.73 — Maximal NFW" halo fits for the optical rotation curves—Continued 



343 

0132+0146 

VjOO - 575.44 
c- 0.03 
w-

X"™*/"- 3J0 

k 

lat Vn, Om/t) 

0223-0033 

- 125.89 
e - 52.46 

•W - 83.10 
- 23-" 

ut VM 0^*) 

0225-0134 

*200 " 912.01 
c« 0.04 

<W - 20 
3^^"- 3.49 

Onv^f) 

Figure 5.74 — Maximal NFW halo fits for the optical rotation curves—Continued 
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Figure 5.75 — Maximal MFW halo fits for the optical rotation curves—Continued 
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Figure 5.90 — Maximal NFW halo fits for the optical rotation curves—Continued 
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panels are the same as for Figure 5.98. 



379 

0309-0309 

Total 

Bulge 

Dtak 

Halo 

- 229.09 

c " 13.18 

(MAW" 
0.00 < MA < 0.60 

9.52 

8 

"'s 
" 

11 ; 

II 
3 5 10 

RadTus (kpe) 

2 ZS 

tog (ton/«) 
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Figtire 5.113 — Stellar component plus NFW halo fit resiilts for 0318—0140. The 

panels are the same as for Figure 5.98. 
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Figure 5.114 — Stellar component plus NFW halo fit results for 03214-0221. The 
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Figvire 5.118 — Stellar component plus NFW halo fit results for 0340—0201. The 

panels are the same as for Figure 5.98. 
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Figiire 5.124 — Stellar component plus NFW halo fit results for 0354+0142. The 

panels are the same as for Figure 5.98. 
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Figure 5.125 — Stellar component plus NFW halo fit resxilts for 0355—0031. The 

panels are the same as for Figure 5.98. 
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Figtire 5.126 — Stellar component pliis NFW halo fit results for 0400+0149. The 

panels are the same as for Figure 5.98. 
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Figure 5.127 — Stellar component plus NFW halo fit results for 0401+0146. The 

panels are the same as for Figure 5.98. 



397 

0411+0236 

. Total 

Bulga 

Otok 

Holo 

V„, - 158.49 

c - 10.00 

CMAW- 0.18 
0.00 < MA < 13.69 
Hv 1.15 

2 + 
Radius (kpc) 

loq Vjjo Outi/s) 

•s 

I. 
f. 
1 .  •  
I I I, . 

10 

M/L 

15 20 

Figure 5.128 — Stellar component plus NFW" halo fit restdts for 0411+0236. The 

panels are the same as for Figiire 5.98. 
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Figure 5.129 — Stellar component plus NFW  ̂halo fit results for 0913—0108. The 

panels are the same as for Figure 5.98. 
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Figure 5.130 — Stellar component plus NPW halo fit results for 0918—0028. The 

panels are the same as for Figure 5.98. 
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Figure 5.131 — Stellar component plus NFW halo fit results for 0921+0217. The 

panels are the same as for Figure 5.98. 
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Figure 5.132 — Stellar component plios NFW halo fit results for 0954+0209. The 

panels are the same as for Figure 5.98. 
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Figure 5.133 — Stellar component pliis NFW halo fit restilts for 1002—0130. The 

panels are the same as for Figme 5.98. 
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Figure 5.134 — Stellar component plus NFW halo fit resiilts for 1016-0257. The 

panels are the same as for Figure 5.98. 
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Figure 5.135 — Stellar component plus NFW halo fit results for 1027—0138. The 

panels are the same as for Figure 5.98. 
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Figtire 5.136 — Stellar component pliis NFW halo fit resiilts for 1028—0137. The 

panels are the same as for Figure 5.98. 
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Figure 5.137 — Stellar component plxis NFW" halo fit results for 1029—0040. The 

panels are the same as for Figure 5.98. 
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Figure 5.138 — Stellar component pltis MFW halo fit results for 1050+0253. The 

panels are the same as for Figure 5.98. 
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Figure 5.139 — Stellar component plus NIW halo fit results for 1103+0007. The 

panels are the same as for Figure 5.98. 
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Figure 5.140 — Stellar component plus NFW halo fit resxilts for 1104—0002. The 

panels are the same as for Figure 5.98. 
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Figiare 5.141 — Stellar component plus NFW halo fit results for 1106+0032. The 

panels are the same as for Figure 5.98. 
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Figure 5.142 — Stellar component plus NFW halo fit results for 1125+0255. The 

panels are the same as for Figure 5.98. 
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Figvire 5.143 — Stellar component plus NFW halo fit results for 1129+0013. The 

panels are the same as for Figure 5.98. 



413 

1132+0249 

Total 

8ulga 

Disk 

Halo 

Vjoo - 10.00 
c " 0.01 

(MAW-
0.00 < MA < 0.34 

XV>'- 2.67 

1.5 2 

log (ton/«) 

-

1 ' * •  1  

iifW 
-

f  

tTT -

f t  

Rodfus (kpc) 

Figure 5.144 — Stellar component plus NFW halo fit restilts for 11324-0249. The 

panels are the same as for Figure 5.98. 
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Figure 5.145 — Stellar component pitas NFW halo fit restalts for 1151—0202. The 

panels are the same as for Figure 5.98. 
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Figrire 5.146 — Stellar component plus NFW halo fit results for 1156+0142. The 

panels are the same as for Figure 5-98. 
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Figure 5.148 — Stellar component plus NFW halo fit results for 1205—0215. The 

panels are the same as for Figxire 5.98. 
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Figxire 5.149 — Stellar component plus NFW halo fit results for 1208+0120. The 

panels are the same as for Figure 5.98. 
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Figure 5.150 —Stellar component plus NFW" halo fit resxilts for 1209+0137. The 

panels are the same as for Figure 5.98. 
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Figiire 5.151 — Stellar component plus NFW halo fit results for 1217+0103. The 

panels are the same as for Figure 5.98. 
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Figure 5.152 — Stellar component plus NFW halo fit results for 1221+0128. The 

panels are the same as for Figure 5.98. 
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Figure 5.153 — Stellar component plus NFW halo fit results for 1300+0144. The 

panels are the same as for Figure 5.98. 
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Figtxre 5.154 — Stellar component plus NFW halo fit results for 1436+0043. The 

panels are the same as for Figure 5.98. 
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Figtire 5.155 — Stellar component plus NFW halo fit results for 1439+0053. The 

panels are the same as for Figtire 5.98. 
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Figure 5.156 —Stellar component plus NFW halo fit results for 2303—0006. The 

panels are the same as for Figure 5.98. 
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Figure 5.157 — Stellar component plus NFW halo fit results for 2311—0200. The 

panels are the same as for Figure 5.98. 
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Figure 5.158 — Stellar component plus NFW halo fit restilts for 2312+0107. The 

panels are the same as for Figtire 5.98. 
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Figure 5.159 — Stellar component plvis NFW halo fit results for 2315—0003. The 

panels are the same as for Figure 5.98. 
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Figure 5.160 — Stellar component pliis NFW halo fit resxdts for 2317+0056. The 

panels are the same as for Figxire 5.98. 
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Figure 5.161 — Stellar component plxis NFW halo fit results for 2319+0010. The 

panels are the same as for Figiire 5.98. 
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Figure 5.162 — Stellar component plus NFW halo fit resxilts for 2319—0057. The 

panels are the same as for Figxire 5.98. 
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Figure 5.163 — Stellar component plus NFW halo fit results for the HI data for 

F568-6. The panels are the same as for Figure 5.98. 
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Figure 5.164 — Stellar component plus NFW halo fit results for the HI data for 

NGC 7589. The panels are the same as for Figure 5.98. 
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Malin 1. The panels are the same as for Figure 5.98. 
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Figiire 5.166 — Stellar component phis NFW halo fit resiilts for the HI data for 

UGC 2936. The panels are the same as for Figure 5.98. 
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Figure 5.167 — Stellar component pliis NFW halo fit results for the HI data for 

UGC 6614. The panels are the same as for Figure 5.98. 
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CHAPTER 6 

CONCLUDING REMARKS 

6.1. Summary 

The detailed studies of low siirface brightness (LSB) galaxies that we have 

performed have shovm that: 

• The giant, so-called "Malin-type", LSB galaxies are examples of galaxies 

that are both massive and dark matter dominated. Their rotation curve 

shapes cannot be reproduced by scaling their stellar components by a 

single mass-to-light ratio, M/L. The clearest example of this is F568-6 

whose rotation curve is slowly rising and peaks at ~ 300 km s~^ at the 

last measured point at a radixis of 90 kpc h^. This is in contrast to a high 

surfece brightness galaxy with a similar luminosity and peak rotation 

speed such as NGC 2841. In that case the rotation curve reaches its peak at 

about 7 kpc h:^ and then begins to slowly decline. 

The HI extents for some of these galaxies are quite remarkable, Ci 100 kpc 

fi^ in the cases of F568-6 and Malin 1 and ~ 60 kpc h:^ in the case of UGC 
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6614. While the space density of this class of galaxy is not well-known at 

all and doesn't appear to be large, these galaxies do show that galactic gas 

disks can extend to very large radii and thus can provide sizeable cross 

sections as Lyo: absorption systems. 

The gas surface densities of the giant LSB galaxies are generally low and 

in most cases do not exceed the critical surface density for star formation 

defined by Kennicutt (1989). There are two exceptions to this: UGC 6614 

and UGC 2936. the case of UGC 6614 the gas surface density exceeds 

the critical density, however there is no attendant star formation. This 

may imply that the gas velocity dispersion in that case is higher than 

the assiuned 6 km s~^. It may also imply that the gas disk in this galaxy 

is strongly flared. The strong flaring would come about because the 

kinematics over much of the disk are dominated by the halo component 

which results in a lower restoring force in the disk. The lower restoring 

force would result in a volume density of gas for a given surface density 

that is lower than in the HSB galaxies where the critical density relation is 

calibrated. Since star formation depends locedly on the volume density of 

gas, the lower mean volume density of gas due to flaring would explain 

the lack of star formation. 

UGC 2936, on the other hand, has generally higher gas sturface densities 

and also a larger amoiint of star formation occuring in its disk. The extent 

at which the star formation cuts off is consistent with the point at which 

the measured gas surface density falls below the predicted critical density. 

Using optical rotation curves to derive rotation widths for a sample 

of 71 LSB galaxies we confirm that LSB galaxies follow a Fisher-TuUy 
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relation that is in good agreement with the relation found for high surface 

brightness galaxies. We find no clear correlation with siirface brightness 

for the Fisher-Tully slope or the residuals about the Fisher-Tully relation. 

The rotation widths derived from the optical data result in a Fisher-Tully 

relation with smaller scatter and a somewhat shallower slope than relations 

derived using HI linewidths. 

The lack of any dependence with surface brightness, and thus rotation 

curve shape, implies that the Fisher-TuUy relation is driven largely by the 

properties of the hales of galaxies rather than by their disks. Exponential 

disks of the same mass and mass-to-light ratio, but different scale lengths 

and thus surface brightnesses, will have different peak circular velocities. 

Therefore, if the disk of a galaxy is the dominant component of its 

kinematics, there would be a clear surface brightness dependence in the 

Fisher-Tully relation. As pointed out by Zwaan et al. (1995), LSB and 

HSB galaxies sharing the same Fisher-Tully relation requires a conspiracy 

between the mass-to-light ratios and siurface brightnesses of galactic disks. 

The conspiracy runs even deeper since the rotation curves of LSB galaxies 

reach their maxima at larger radii and thus enclose more of their dark 

halos than is the case in HSB galaxies. This explains how LSB galaxies 

have higher mass-to-light ratios at a given rotation width, but doesn't 

necessarily explain how LSB and HSB galaxies share the same Fisher-Tully 

relation. The surface brightness independence of the Fisher-Tully relation 

strongly implies that it's determined largely by the halo properties of 

galaxies rather than disk properties and that the mass-to-light ratios are 

sub-maximal in both the LSB and HSB cases. 

• While the optical rotation curves do not tightly constrain mass-to-light 
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ratios of stellar components or the properties of the fitted halo models, they 

generally favor low mass-to-light ratios. This implies that LSB galaxies 

are generally dark matter dominated systems. By modeling the rotation 

curves using only a halo of the form described by Navarro et al. (1996b) 

we put upper limits on the concentrations of the halos and find that these 

upper limits are marginally cor\sistent at best with the halo concentrations 

predicted by Standard Cold Dark Matter. The upper limits we find 

generally favor the predictions of lower der\sity cosmological models. 

• Since LSB galaxies tend to be halo-dominated systems, their rotation curves 

provide good tests of different halo mass models. We find that in many 

cases using an isothermal halo gives a significantly better fit than using a 

halo of the form described by Navarro et al. (1996b) that's adiabatically 

corrected to take into account the effects of the formation of the galaxy 

within the halo. Since the adiabatic corrections are smallest in LSB galaxies, 

this implies that the Navarro et al. (1996b) halo profile may not describe the 

inner parts of galactic halos well. 

6.2. Directions for Futiire Work 

Since optical rotation curves generally don't have the radial extents to tighdy 

constrain halo properties and HI rotation curves generally don't have the 

angular resolution necessary to acciirately measiire the kinematics in the irmer 

parts of galaxies, an obvious avenue for future work will be to obtain HI 

imaging for a set of LSB galaxies that have high quality optical rotation curves. 

The combination of the data wovild simultaneously provide both the radial 

extent necessary to decompose kinematic contributions of the disk and halo and 
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the spatial resolution in the irmer parts necessary to more accurately constrain 

the stellar M/L and help differentiate between different halo models. The issue 

of whether NFW halos can acceptably fit LSB rotation curves is an important one 

and warrants further testing. 

Other areas of future work include: 

• Modeling of the warps in the disks Malin 1 and UGC 2936. This would 

give some insight into the structure and shapes of their halos. The warp in 

Malin 1 is especially interesting since it's very strong, yet the outer parts of 

the disk have only completed maybe 5 orbits within a Hubble time. 

• Using the velocity kinks in the optical rotation curves along with the 

strengths of the spiral arms in the R images to place contraints on the disk 

M/Us using the methodology of Quillen & Pickering (1997). So far, the two 

cases studied require values of M/L of greater than about 1 while many of 

the rotation curves infer lower values. 

• Chemical abundances in LSB galaxies over a wide range in size and mass. 

Most of the LSB galaxies for which there is metallicity data are generally 

small and there is some indication that the giant LSB galaxies have higher 

metallidties (McGaugh 1994). More data for the giant LSB galaxies would, 

help clarify this and help test how the evolutionary histories of the giant 

LSB galaxie differ from the more mundane ones. 

• Integrated spectra of the steUar continua of LSB galaxies. So far, what we 

know about the stellar populations of LSB galaxies is inferred, from their 

broadband colors. Specfroscopy is needed, to more accurately determine 

the make-up and ages of their stellar populations. In particular, how 
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does one reconcile LSB galaxies with blue colors with their general lack 

of star formation? Of course, obtaining continuum spectra with decent 

signal-to-noise for diffuse systems is difficxilt, but is becoming possible 

with the large telescopes now coming on-line. 
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