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Abstract

Dark Matter in Dwarf Galaxies: Observational Tests of the Cll Dark Matter
Paradigm on Small Scales

by

Joshua David Simon
Doctor of Philosophy in Astrophysics

University of California, Berkeley

Professor Leo Blitz, Chair

Over the last decade, several crucial shortcomings of the Q& Dark Matter (CDM) model
have been recognized on galaxy-size scales. In this thesigplesent new observations ad-
dressing two of these problems: the substructure problem aththe central density problem.
| describe results from our search for a connection betweenigh-velocity clouds (HVCs)
and the low-mass dark matter halos seen in CDM simulations tlat appear to be missing
from the real universe. This survey demonstrates that HVCs @ not have stellar counter-
parts similar to other Local Group dwarf galaxies; if HVCs contain any stars at all, their
surface brightnesses must be substantially lower than thos of any known dwarfs. | also
discuss observations of two candidate dark galaxies in the acal Group: Complex H and
HVC 127 41 330. Complex H is a massive, nearby HVC containing 2 10'M of H i
and lessthan 3 10° M of stars, leaving it with an H i mass to light ratio several times
higher than any known galaxy. HVC 127 41 330 is a smaller HVC that appears to be
interacting with the dwarf galaxy LGS 3, placing it at a dista nce of 700 kpc. The HVC
is rotating, with a dynamical mass that makes it dark matter- dominated for any plausible
distance. The existence of these two starless objects sugie that the substructure problem
is related to the di culty of forming stars in low-mass dark m atter halos. However, many
more dark galaxies must be located in order to resolve the sudtructure problem.

In addition, | present a rotation curve analysis of ve nearby dwarf galaxies, based
on high-resolution two-dimensional velocity elds in H and CO. In contrast to previous

studies, most of the galaxies in this sample do not seem to hava strong preference for



pseudo-isothermal density pro les. Instead, these objed exhibit the full range of dark
matter density pro les between constant density and NFW halos. One galaxy, NGC 2976,
de nitively contains a large constant-density core that presents a signi cant challenge for
CDM models. However, for another galaxy, NGC 5963, the derigd density pro le has a
very steep central slope and is well t by an NFW pro le, con r ming that some galaxies
do contain cuspy pro les like the ones predicted by CDM. This observing program was
designed to overcome some of the limitations of the traditimal techniques of long-slit H

spectroscopy and low-resolution Hi observations. The results demonstrate that there is a
distribution of central density slopes rather than the single universal density pro le seen
in CDM simulations. Four out of the ve observed galaxies shav evidence for noncircular
motions, which are attributed to the triaxiality of their da rk matter halos. These motions

constrain the ellipticities of the halos in the planes of the disks to be larger than a few
percent.

Professor Leo Blitz _
Dissertation Committee Chair
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Chapter 1

Introduction: Cold Dark Matter

The last few years have seen a revolution in cosmology as asttomers have discov-
ered that the universe is lled with not only dark matter, but also the even more enigmatic
dark energy (Riess et al. 1998; Perlmutter et al. 1999; Spergel et al. 2@). The nature of
these two dominant components of the universe is currently ne of the most fundamental
mysteries in physics.

While our understanding of dark energy is still woefully inadequate, recent progress
on dark matter has been promising even though the dark matterparticle itself remains
unidenti ed. The framework of a fully testable theory of the evolution of a universe domi-
nated by dark matter is now in place, and the model can be confonted with observations.
In this thesis, | carry out observational tests of two of the problems that have been identi ed
with the Cold Dark Matter (CDM) model on small physical scales. | begin in this chapter
by describing some historical developments of the conceptfaark matter. | then discuss
the CDM model and its successes and possible failures in pristing the properties of the

universe.

1.1 Evidence for Dark Matter

The rst hints of the existence of dark matter, or \missing ma ss", as it was origi-
nally known, came relatively early in the history of extragalactic astronomy. In the 1930s,
Fritz Zwicky noticed that the galaxies in the Coma cluster are moving much faster than ex-
pected based on the amount of luminous matter present (Zwick 1933, 1937). He therefore

argued that the cluster galaxies must have masses of order QGimes larger than one would



calculate for pure stellar systems. Similar results were dfained soon thereafter by Smith
(1936) for the Virgo cluster.

During the next four decades, it was generally recognized tht Coma and other
galaxy clusters must have mass-to-light ratios of up to a fewhundred solar masses per
solar luminosity (e.g., Mayall 1960; van den Bergh 1960a,b1961; Rood et al. 1972), but
the nature of the nonluminous mass they contained was comptely unknown. Without
accurate constraints on both the number of baryons in the unverse ( ,; Wagoner, Fowler,
& Hoyle 1967) and the total mass of the universe ( ), there was no reason to assume that
this mass was in the form of anything more exotic than dim stas, brown dwarfs, hot gas,
or perhaps black holes.

Beginning in the 1970s, observations by Vera Rubin, AlbertoBosma, and others
convincingly demonstrated that the missing mass problem isalso present in individual
spiral galaxies (Rubin & Ford 1970; Freeman 1970; Einasto, Kasik, & Saar 1974; Ostriker,
Peebles, & Yahil 1974; Roberts & Whitehurst 1975; Roberts 196; Bosma 1978; Rubin,
Thonnard, & Ford 1978, 1980) as well as clusters. These studs showed that spiral galaxies
have at rotation curves extending out to radii of tens of kpc. If the mass distribution of a
galaxy is spherically symmetric, Newton's Law of Gravitation (Newton 1687) states that

GM (R)
R b
where V,qt is the rotation velocity as a function of radius, and M is the mass interior to a

Vrot(R)2 = (1.1)

radius R. A at rotation curve therefore implies that the mass enclosed increases linearly
with radius and that the density declines asR 2. Since the light distribution of spirals
tends to decline exponentially with radius (de Vaucouleurs1959; Freeman 1970), it is clear
that these galaxies must contain nonluminous material in their outer regions! These early
observations typically revealed at least 10 times more masthan would be expected for a
normal stellar population.

Around the same time, elliptical and SO galaxies (Knapp, Ker, & Williams 1978;
Faber & Gallagher 1979, and references therein), galaxy pes (Page 1962; Turner 1976;
Peterson 1978), and galaxy groups (Gott & Turner 1977; Rood &Dickel 1978; Faber &
Gallagher 1979) were likewise found to require large masstlight ratios using slightly more

1Deviations from spherical symmetry (e.g., substantial attening) may change the exact
radial dependence of the mass pro le, but not the conclusiorthat the mass and light have
fundamentally di erent spatial distributions.



complicated arguments. The wide range of observational tdmiques used in these studies
and the variety of types of systems that yielded compatible esults left little doubt that
dark matter exists. But what is it made of?

Dark matter was originally suspected to be baryonic, possily consisting of low-
mass stars, gas, or stellar remnants. As it gradually becamelear that Big Bang Nucle-
osynthesis constrains , to be much smaller than 1 (and as the postulated quantities of
stars and gas failed to be detected [Hegyi & Olive 1983, 1986]the theoretical prejudice
towards an , = 1 universe pushed astronomers to consider nonbaryonic pesbilities. The
most obvious candidate (and the only one known to exist indegndently of the dark matter
problem) is the neutrino (Cowsik & McClelland 1972; Gunn et d. 1978). Neutrinos and
other light particles are generically termed \hot dark matt er" because of their relativis-
tic velocities at the time at which they decoupled from (froze out of thermal equilibrium
with) the photon-baryon uid in the early universe. Natural ly, the alternative is \cold dark
matter", elementary particles that are massive enouglf to have slowed to nonrelativistic
velocities by the time they decouple.

Because neutrinos were copiously produced in the early unarse, they were con-
sidered to be one of the prime nonbaryonic dark matter candidtes in the late 1970s and
early 1980s (e.g., Szalay & Marx 1976; Schramm & Steigman 198 Bond & Szalay 1983).
It was soon realized that neutrino-dominated universes fded to match a variety of ob-
servations, including galaxy clustering (HDM predicts a larger correlation length than is
observed [Blumenthal, Pagels, & Primack 1982; White, Frenk & Davis 1983; White, Davis,
& Frenk 1984; Hut & White 1984]), the ages of galaxies (HDM prdalicts that clusters and
superclusters form before galaxies, contrary to observatins [Blumenthal et al. 1984]), and
the phase-space density in the halos of dwarf spheroidals (i & Faber 1983). These results
brought the Hot Dark Matter (HDM) model to an early demise. Th e recent detection of
neutrino oscillations (Fukuda et al. 1998), and the resultihg conclusion that neutrinos have
nonzero rest mass, indicates that neutrinos actually are adrm of dark matter; however,

their contribution to the density of the universe is negligible 2

2There is one proposed low-mass CDM particle, the axion, whit is nonetheless con-
sidered to be \cold" because of its exceptionally weak inteactions with normal matter
(Weinberg 1978; Wilczek 1978; Preskill, Wise, & Wilczek 198).

3Baryonic dark matter also likely exists, as the total amounts of stars and hot gas
observed in the local universe add up to only about half of  (Fukugita, Hogan, & Peebles
1998). These baryons are thought to make up the Warm Hot Integalactic Medium, a very



Instead, the idea of cold dark matter quickly gained populaity, spurred by the
development of cosmological N-body simulations that reveled a close correspondence be-
tween structure formation in CDM universes and observatiors of large scale structure. In
x1.2 below, we brie y summarize the development of the CDM thery to its current domi-
nant position over the subsequent 15 years, culminating in fhe dramatic successes of model
ts to cosmic microwave background (CMB) observations.

It is worth pointing out here that dark matter is not the only p ossible solution to
the missing mass problem implied by the kinematics and dynarts of galaxies. In fact, the
dark matter hypothesis depends critically on the assumptim that the Newtonian laws of
gravity are valid over very large distances | distances many orders of magnitude beyond
those for which gravity has been probed experimentally. If gavity were to deviate from the
behavior extrapolated from smaller scales, the motions of @axies could be explained with-
out invoking dark matter. Indeed, it is straightforward to ¢ onstruct a model that produces
at rotation curves in galaxies and high velocity dispersions in clusters by slightly alter-
ing the law of gravity, as in Mordehai Milgrom's MOdi ed Newt onian Dynamics (MOND;
Milgrom 1983a,b,c). Unfortunately, it has not yet proved possible to generalize MOND or
other modi cations of gravity into a realistic cosmological theory, preventing a fair com-
parison with the full set of astronomical observations (Scidt et al. 2001). While MOND
and similar models are able to explain the original problemsthat led to the proposal of
dark matter, they may run into signi cant di culties with th e CMB power spectrum, the
origin and formation of large-scale structure, gravitational lensing, and other fundamental
properties of the universe. Given the totality of the evidence, we conclude that cosmological
theories based on cold dark matter provide the best current dscription of the evolution of

the universe.

1.2 The Cold Dark Matter Model

The modern Cold Dark Matter model was rst proposed by Peebles (1982), who
realized that a massive dark matter particle would eliminate one of the key problems faced

by baryon- and HDM-dominated universes: the di culty in for ming galaxies (highly nonlin-

di use plasma at a temperature of 1 10’ K (making it nearly unobservable with current
technology) that outlines the laments of the cosmic web. Like the neutrinos, this form of
dark matter is not dynamically signi cant.



ear density perturbations) by the present day from the very tiny temperature uctuations
observed in the CMB. Galaxy formation in the CDM model was quickly elaborated by
Blumenthal et al. (1984), Bond & Efstathiou (1984), Davis et al. (1985), and Frenk et al.
(1985), demonstrating that the model was in impressive (alhough imperfect) agreement
with a wide range of observations. Within just three years ofthe invention of the model,
it was apparent that CDM was at least roughly consistent with the large-scale clustering
of galaxies, the approximate mass ranges of galaxies, gakwscaling relations (such as the
Faber-Jackson and Tully-Fisher relations), observationa constraints on galaxy formation,
the age of the universe, and the amplitude of CMB uctuations (Blumenthal et al. 1984).

The general outline of the evolution of an =1 CDM universe go es as follows.
At the end of the in ation era, the nearly uniform sea of parti cles and photons lling the
grapefruit-sized universe contained very tiny adiabatic censity uctuations. The distribu-
tion of the uctuations was Gaussian, and their power spectum was the scale-invariant
Harrison-Zeldovich-Peebles spectrum withP, / k (Harrison 1970; Peebles & Yu 1970; Zel-
dovich 1972). Prior to matter-radiation equality (at z = 2:4 10* h?), the uctuations
could grow linearly with the expansion factor a on scales outside the horizort, but on smaller
scales (smaller than the Jeans length, which was comparabl® the horizon size during the
radiation-dominated era) pressure support prevented the uctuations from growing. This
process imprinted a kink onto the primordial power spectrumat the scale of the horizon at
matter-radiation equality, such that the power-spectrum on small scales isP, / k 3. As
the matter-dominated era progressed, the density uctuations continued to grow linearly
with a until late times when the high-density regions began to ente the nonlinear regime
(= 1). Structure then formed hierarchically, with small-scale objects (low-mass galax-
ies) collapsing rst at relatively high redshift ( z > 10) and galaxy clusters forming quite
recently (z < 1). Some of the details of the process of galaxy formation | speci cally,
whether the predictions of the CDM model are in con ict with t he properties of real galax-
ies | will be the subject of this thesis. For a more thorough tr eatment of the evolution of
the early universe, see a cosmology textbook such as Padmaébtaan (1993), Peebles (1993),
or Peacock (1999).

As the predictions of the CDM model for galaxy formation were re ned, it be-

came clear that it contained several notable shortcomings.Perhaps most glaringly, nearly

4The term horizon refers to the distance that a photon (or other particle traveling at
the speed of light) can propagate between the Big Bang and angiven later time.



all of the available dynamical evidence pointed to , 0:2, in con ict with the in ation-
ary expectation of a spatially at universe. There were alsoapparent problems with the
normalization of the primordial power spectrum ( g) and with the shape and amplitude
of the galaxy-galaxy correlation function on large scales €.g., Ostriker 1993, and refer-
ences therein). By 1992, cosmologists were questioning wiher CDM could actually be the
correct description of the universe (e.g., Davis et al. 199

Just six years later, however, these di culties all vanished in a single stroke when
Riess et al. (1998) and Perlmutter et al. (1999) announced tk discovery of the acceleration
of the expansion of the universe. The value of the decelerain parameter, g = n=2

, had been widely assumed to be positive, but the supernova nasurements clearly
showed that gy < 0, and correspondingly, that the vacuum energy term is nonze. In
combination with CMB observations, these data provide strang evidence that the universe
is dominated by dark energy, presumably either in the form ofa cosmological constant ()
or quintessence (e.g., Lange et al. 2001; Ja e et al. 2001; ke et al. 2002). A -dominated
universe straightforwardly accounts for a low matter densty and the ages of stars in globular
clusters, while still maintaining the theoretically preferred value of ; = 1. The clustering
properties of galaxies also naturally matches the predictins of the new CDM model.

On large scales (greater than 1 Mpc), observations are how osidered to be in good
agreement with the predictions of CDM. The successes are met dramatically exempli ed
by the CMB observations from the Wilkinson Microwave Anisotropy Probe (WMAP), which
yielded a power spectrum that can be t accurately with what are now standard cosmological
parameters (Spergel et al. 2003). There are still a few loosends to be worked out, such
as the presence of very massive galaxies at quite high redéftsi, earlier than they would
be expected to form in a hierarchical picture (Genzel et al. P03; Glazebrook et al. 2004).
These are not thought to be deal breakers for CDM, though. On maller scales, however,
such as the scales of individual galaxies, there are severabtentially serious disagreements

between CDM and the observed universe.

1.3 Problems on Small Scales

The so-called small-scale problems with CDM are not necessly problems per
se; rather, they are most accurately described as di erencebetween the observed universe

on galaxy-size scales and its appearance in CDM cosmologat simulations. For consis-



tency with the literature, though, we will continue to refer to them as \problems.”" The
three problems upon which activity is currently focused week identi ed thanks to the vast
improvements in N-body simulations (both in terms of algorithms and computing power)

that took place during the 1990s.

1.3.1 The Central Density Problem

Moore (1994) and Flores & Primack (1994) were the rst to recanize the original
small-scale problem, which has now become known as theentral density problem or the
cusp/core problem the dierence in structure between the dark matter density pro les
observed in dwarf galaxies and the centrally concentrated  les that CDM predicts. In a
series of subsequent papers, Navarro, Frenk, & White (199541996, 1997, hereafter collec-
tively NFW) formalized this problem by pointing out that N-b ody simulations predict that
all CDM dark matter halos should share a universal density pole. The density pro le
that they de ned, now called an NFW pro le, is

_ c crit .
NEw (1) = (=r+ rero)? 1.2)

where it =3H2=8G 10 ?° g cm 3, r¢ is the scale radius, and . is the characteristic

overdensity associated with the halo (roughly the density & rg, in units of the critical
density). The density of this pro le increases asr ! toward the center of the halo, leading
to a central density cusp, and declines as 2 at large radii, so that over much of its radial
extent the pro le approximately follows an r 2 power law as required by the roughly at
observed rotation curves of spiral galaxies. The exact powdaw index of the pro le at small
radii (the central slope) has been a continued point of deba¢ since the original NFW result.
Moore et al. (1999b) advocated a central power-law slope of 1.5, and other authors have
also claimed steeper slopes (Fukushige & Makino 1997, 2002003; Jing & Suto 2000; Ghigna
et al. 2000; Klypin et al. 2001; Fukushige, Kawai, & Makino 2@4). This argument has been
essentially settled in recent papers, with Power et al. (208) showing that there actually is
no well-de ned value of the central slope; the power law getscontinuously shallower with
radius, but on observationally relevant scales (i.e.,> 100 pc) the slope remains close to

1. Finally, Navarro et al. (2004) introduced a new density pro le with an additional free
parameter that removes the 10% residuals between the simulated density pro les and the
original NFW t.



Observations, on the contrary, have generally shown that met dwarf galaxies and
low-surface brightness (LSB) galaxies have very shallow o#ral density pro les, frequently
with central cores of nearly constant density (Moore 1994; Birkert 1995; Blais-Ouellette
et al. 1999; Blais-Ouellette, Amram, & Carignan 2001; de Bl& et al. 2001a; Borriello &
Salucci 2001; de Blok, McGaugh, & Rubin 2001b; de Blok & Bosm&002; Salucci, Walter,
& Borriello 2003; Weldrake, de Blok, & Walter 2003; Simon et d. 2003a; Gentile et al.
2004). Controversy has erupted because of claims that the da used in many of these
studies su er from systematic uncertainties that severelylimit their utility in distinguishing
between cuspy CDM density pro les and shallow ones (van den Bsch et al. 2000; van den
Bosch & Swaters 2001; Swaters et al. 2003a). de Blok, Bosma, BicGaugh (2003) argued
that no single systematic problem could account for the di erence between the observed
and simulated density pro les, but were unable to rule out the possibility that multiple
systematics could combine to produce the requisite e ect. he analysis of a very large
sample of long-slit H rotation curves by Spekkens, Giovanelli, & Haynes (2005) sems to
have demonstrated conclusively that density pro les accuate enough to distinguish NFW
pro les from constant-density cores cannot be derived fromlong-slit H spectroscopy of
average quality. While extremely high quality long-slit data might improve the situation
somewhat, it appears that two-dimensional velocity elds are required to determine the
severity of the central density problem.

Assuming that the disagreement is real and not due to observdonal problems,
theorists have been busily compiling a variety of possiblexplanations for the central density
problem. Some of the proposals that have been advanced inade changing the properties
of the dark matter by making it self-interacting (Spergel & Steinhardt 2000), introducing
feedback from star formation that substantially redistrib utes mass at the centers of galaxies,
or invoking the triaxiality of dark matter halos, which can | ead to apparent density pro les
that are signi cantly shallower than the true density prol es along many lines of sight
(Hayashi et al. 2005).

It is dicult to determine the relevance of many of these ideas to the real uni-
verse without observational input (and further observations are also needed to con rm that
the central density problem actually exists), so the immedate hope for improving our un-
derstanding of the central density problem rests on high-qality measurements of galaxy
density pro les.



1.3.2 The Substructure Problem

The challenge to CDM grew more daunting with the discovery ofthe substructure
problem: the dramatic mismatch between the number of low-mass dark ratter halos seen in
CDM simulations and the number of dwarf galaxies observed inthe real universe. It turns
out that this problem was initially noted in semianalytic mo dels by Kau mann, White, &
Guiderdoni (1993), but its signi cance was not fully appreciated until Klypin et al. (1999)
and Moore et al. (1999a) independently simulated groups of gaxies similar to the Local
Group in a CDM context and examined their properties. They boath found that their
simulated galaxy groups contained 500 dark matter minihalos with masses greater than

10° M , in rather serious disagreement with the population of 35 known dwarfs in the
Local Group. In the standard CDM model, this prediction see ms to be robust; there does
not appear to be any way to avoid the presence of this abundareof substructure in galaxy
halos. Fundamental changes such as introducing a small-slea cuto in the primordial
power spectrum (Kamionkowski & Liddle 2000) or making the dak matter warm rather
than cold (Coln, Avila-Reese, & Valenzuela 2000; Bode, Og#iker, & Turok 2001) can
alleviate the problem,. These solutions, however, are genally lacking in motivation from a
fundamental physics perspective (e.g., there is no other egdence for a dark matter particle
with a low enough mass to be warm) and may also su er from undeigsable side e ects such
as ruining the good agreement between CDM predictions of they forest power spectrum
and observations. Instead, attention has focused on the e éency of galaxy formation in
low-mass halos. Can dark matter halos of this size acquire ahhold on to enough gas to
become dwarf galaxies? If so, will gas under these conditi@never become unstable to star
formation? How can these processes be reconciled with therfoation of any very low mass
dwarf galaxies, which must be possible since they are obsegs to exist at the present epoch?

If we accept for the moment the hypothesis that these dark mater minihalos exist,
then the question becomes whether or not they are detectableOne possibility is that they
could gravitationally lens background sources. Although tis e ect will not be observable
for Local Group halos, it could cause noticeable perturbatbns to distant gravitational lens
systems. It has been known for several years that many gravitional lenses exhibit ux
anomalies | while the positions of the lens images can be corectly predicted with simple,
smooth lens models, the relative uxes of the images are genaly wrong (Mao & Schneider
1998; Metcalf & Madau 2001; Chiba 2002; Metcalf & Zhao 2002; Blal & Kochanek 2002;
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Kochanek & Dalal 2004). In fact, in some cases it can be showrhat no smooth lens model
is capable of matching the observed ux ratios. Instead, it gopears that the lens galaxies
are lumpy, with mass distributions that contain signi cant substructure at mass scales of

10° M . What is not yet clear is whether these substructures are lunmous or dark
(since even galaxies as bright as the Large Magellanic Cloudre di cult to detect at high
redshift) and whether the number of subhalos required is cosistent with CDM. Preliminary
indications are that the lenses may actually containmore substructure than CDM predicts
(Metcalf et al. 2004).

The lensing results o er signi cant support for the possibility that numerous dark
matter minihalos are present, but given the challenges entded in obtaining detailed ob-
servations of galaxy groups atz > 0.5 (a typical distance for lens galaxies), it will be
di cult to demonstrate the existence of the predicted substructure conclusively with this
technigue. A promising alternative approach is to search fo evidence of the substructure
halos in the local universe, where their association (or ldc thereof) with luminous objects
can be clearly con rmed or ruled out. In particular, many aut hors have speculated that
high-velocity clouds are connected to the substructure prblem, and we will examine this
hypothesis in detail. If the missing dark matter halos are atually present, that would rep-
resent a striking success for the CDM model. If not, one wouldbe forced to conclude that
our understanding of halo formation is in doubt. It should be noted, however, that such a
failure of CDM would be di cult to prove. Absence of evidence, after all, is not necessarily

evidence of absence.

1.3.3 The Angular Momentum Problem

The third of the small-scale problems with CDM stands somewlat apart from
the rst two in that it is clear that the simulations, rather t han the observations, are at
fault. The angular momentum problemis that simulations of disk galaxies produce disks
that are too small and rotating too slowly compared to real gdaxies (Navarro et al. 1995b).
Somehow, the transfer of the initial angular momentum of a hdo from the dark matter to
the baryons is not e cient enough in simulations. Because there is no observational work
needed to resolve this problem, we will not discuss it any fuher. Su ce it to say that
signi cant progress is being made in our ability to simulate disk formation, and the most
recent simulations suggest that the problem may soon be oveome (Robertson et al. 2004;
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Governato et al. 2004).

1.4 Observational Tests of the Small-Scale Problems

In the following chapters of this thesis, we present our workaddressing the sub-
structure problem and the central density problem. In Chapters 2, 3, and 4, we investigate
the possible existence of large numbers of low-mass dark mtat halos in the Local Group,
as suggested inx1.3.2. If these objects really are present, the only hope ofitectly detecting
them lies in their association with stars and/or gas. We study the proposed relationship
between high-velocity clouds (HVCs) and the missing dwarf glaxies, under the hypothesis
that if the missing halos exist they are likely to have acquired some gas, and thus would
appear as HVCs (Klypin et al. 1999; Moore et al. 1999a; Blitz e€al. 1999). We begin in
Chapter 2 by searching for low surface brightness optical aenterparts to 250 compact
HVCs, which would be expected to exist if HVCs are associateavith a large population of
faint dwarf galaxies. If HVCs do contain stars, measuring their distances and masses would
become straightforward.

In Chapter 3, we consider the case of a particularly intrigung HVC known as
Complex H. Previous studies of this cloud suggested that it$ very massive (My, > 10' M ),
but its location in the Galactic plane has prevented any optical counterpart from being
identi ed. Outside the Local Group, such massive clouds arenearly always found to be
associated with low surface brightness dwarf galaxies, soavuse infrared and radio data
to search for evidence that Complex H might be a dwarf galaxy a well. In Chapter 4,
we employ high-resolution, wide- eld H i observations to investigate the nature of another
exceptional high-velocity cloud, HVC 127 41 330. The maps we obtain allow us to derive
unprecedented constraints on the distance and dark matter ontent of this object.

The following two chapters describe our e orts to resolve the question of whether
the central density problem is real, or is only an artifact of observational systematic prob-
lems. Our observing campaign involves obtaining high-quaty observations of a small sam-
ple of well-resolved, well-behaved galaxies, which we use tderive dark matter density
pro les. In Chapter 5, we describe in detail how these data an other techniques help us
overcome the systematics mentioned irx1.3.1, and we present a case study of one galaxy,
NGC 2976. In Chapter 6, we apply the same analysis to a largerasnple of ve galaxies

(incorporating the results of Chapter 5), and discuss our caclusions regarding the central
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density problem. We also use the same data to probe the thredimensional shapes of the
dark matter halos of these galaxies in light of the expectaton from CDM simulations that
halos should be triaxial. In Chapter 7, we summarize the prinary results of this thesis and

assess the current status of the small-scale problems witthe CDM model.
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Chapter 2

The Absence of Stars in Compact
High-Velocity Clouds

This chapter was previously published in The Astrophysical Journal (Simon &
Blitz 2002, ApJ, 574, 726).

Abstract

We present the results of our search for faint Local Group dwef galaxies in compact
high-velocity clouds (HVCs). We used digitized Palomar Ob®rvatory Sky Survey (POSS)
data to examine 1 ded of sky around each of 250 northern hemisphere HVCs. The POSS
images were processed to remove foreground stars and largeale backgrounds, smoothed to
enhance arcminute-sized low surface brightness featureand then compared to the original
plates. Using this technique, we located 60 candidate dwarfjalaxies in the 250 ded
that we surveyed. Followup observations of these candidate have revealed several distant
clusters of galaxies and a number of possible Galactic ciriclouds, but no Local Group
dwarfs. It appears that many of the low surface brightness fatures in the sky survey
data are plate aws. The second-generation red POSS platesra sensitive down to surface
brightness levels of 26 27 magnitudes arcsecond?, and our followup images reached 10
limiting magnitudes of R =21 23 for point sources. Given these limits, all known Local
Group galaxies except four of the very di use, extended dwaf spheroidals located within
100 kpc of the Milky Way would have been de nitively detected had they been in our survey.
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Therefore, we can rule out the possibility that these HVCs ae associated with normal but
faint dwarf galaxies. If compact HVCs do contain stars, theymust have surface brightnesses

> 1 mag arcsec? fainter than most known Local Group galaxies.

2.1 Introduction

The nature of the high-velocity clouds (HVCs) of neutral hydrogen has been a
source of controversy since their discovery over 40 years agand remains so today. It now
appears that HVCs do not represent a single phenomenon. Ratr, they are an amalgam of
several types of objects that were grouped together by the dremely broad observational
de nition of \HVC": neutral hydrogen that is moving at veloc ities inconsistent with simple
models of Galactic rotation. Some HVCs, notably the Magellaic Stream, are composed
of gas that has been either tidally or ram-pressure strippedout of the Magellanic Clouds.
Others are very extended clouds close to the Milky Way (distaices of a few to a few tens of
kpc) whose origin is not clear, although they appear to be extagalactic. Finally, there is a
large population of small clouds (in angular size) whose prnperties have proven very di cult
to determine. These were labeled compact HVCs by Braun & Burbn (1999, hereafter BB99)
and may represent a relatively homogeneous class of object8Ve will concentrate on these
HVCs for the remainder of this chapter.

One hypothesis that has received signi cant amounts of att&tion is that HVCs
are clouds of primordial gas in the Local Group (LG), and thus are located at typical
distances from the Milky Way (MW) of up to 1 Mpc (Oort 1966, 1970; Verschuur 1969;
Kerr & Sullivan 1969). Blitz et al. (1999, hereafter B99) recently proposed a dynamical
model based on this idea that simulates the evolution of the bcal Group. The model is
able to explain the properties of HVCs as the postulated prinordial clouds, left over from
the formation of the Local Group and currently falling into t he LG barycenter. In addition
to reproducing observed results of the spatial distributicn and kinematics of HVCs, B99
make observational predictions about HVC masses, internalpressures, metallicities, and
H emission, all of which are being actively investigated.

If the B99 hypothesis is correct, then HVCs must be embeddedni  10° M dark
matter halos in order to be gravitationally bound. The rough correspondence between the
numbers and masses of HVCs in this model, and those of the pojation of low-mass dark

matter halos predicted by Cold Dark Matter simulations of galaxy groups (Klypin et al.
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1999; Moore et al. 1999a) has led many authors to speculate & the two classes of objects
might be related. The search for optical counterparts to HVCs described in this chapter
represents an important, but not conclusive, test of this idea.

Other potentially viable theories to explain the HVC puzzle include the Galactic
Fountain model (Shapiro & Field 1976; Bregman 1980), the Tidal Debris model, and the
new Hot Halo model (Maller & Bullock 2005). According to the Galactic Fountain model,
large numbers of supernova explosions in the inner Galaxy el hot, metal-rich gas from
the Milky Way's disk into the halo. These clouds then cool and fall back towards the
Galaxy and are seen as HVCs. In contrast, the Tidal Debris mo@l proposes that all HVCs
are nearby remnants of the tidal interaction between the Miky Way and the Magellanic
Clouds or other, now-disrupted, dwarf galaxies. Maller & Bullock (2005) likewise proposed
that HVCs are located relatively close to the Milky Way (d < 150 kpc), but in their model
HVCs are cool clouds of gas that have recently condensed ouf ¢he massive, hot corona
surrounding the Galaxy and are now falling towards us.

The best way to settle the question of the origin of HVCs is to measure their
distances, since the four models prefer distances that dieby as much as two orders of
magnitude. In this chapter, we describe our search for starsn HVCs, which if present
could be used for photometric distance estimates. Despitehte large amount of observational
e ort at 21 cm that has been devoted to HVCs, this work represeits the rst (and only)
systematic, large-scale search for stars.

In x2.2, we will discuss the motivations for this work in more detil. Readers
who are already familiar with the recent HVC literature may wish to skip ahead. We will
describe our search technique and discuss the datasets usidour analysis in x2.3. x2.4 will
brie y present the results of our search of the Palomar Obsevatory Sky Survey (POSS)
data. In x2.5, we will describe our followup observations. The limitswe have placed on the
stellar content of HVCs and the implications of our results will be discussed inx2.6, and

our conclusions will be presented inx2.7.
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2.2 Motivations

2.2.1 Are HVCs the Missing Dwarf Galaxies in the Local Group?

Several lines of evidence have recently led to the hypothesithat HVCs are likely
to contain stars. First, blind H i surveys of nearby galaxies and groups have found that
the low-mass Hi clouds they detect are often associated with low-surface lightness (LSB)
dwarf galaxies (Banks et al. 1999; Kraan-Korteweg et al. 199; Pisano & Wilcots 1999;
Rosenberg & Schneider 2000; Boyce et al. 2001). This suggedhat the LG H i clouds
might be similarly associated with currently undiscovered dwarf galaxies. Second, H has
now been detected towards half of the LG dwarf spheroidal (dgh) galaxies and all of the
dwarf irregular (dlrr) galaxies (Blitz & Robishaw 2000). In one case, this Hi may have
been previously classi ed as an HVC (HVC 561 = Sculptor) by Wakker & van Woerden
(1991). The H i around the dSphs appears to be very extended compared to theptical
galaxies and is of similar physical size and mass to the HVCssadescribed by B99. These
similarities support the idea that HVCs and H i in dSphs could be related objects.

A further reason to suspect that HVCs might be associated wih dwarf galaxies
comes from numerical simulations of Cold Dark Matter (CDM) cosmological models. It has
become well-known that these simulations produce too much ustructure (Klypin et al.
1999; Moore et al. 1999a). In simulated Local Groups, the mas concentrations around
MW and M31 analogs contain up to a few hundred small dark matte halos. The real LG
is comparatively barren, with only 35 known dwarf galaxies. If CDM is correct and these
dark matter minihalos exist, they probably would have accrded some gas, and then could
subsequently have formed stars (although see Bullock, Kragov, & Weinberg [2000] for one
explanation of why star formation might be suppressed in sul objects). In any case, it
has been suggested by several authors that compact HVCs calibe these \missing" dark
matter halos (e.g., Klypin et al. 1999; Moore et al. 1999a).

Finally, it is almost certain that the census of Local Group galaxies is not yet
complete. In the past several years, at least ve new dwarfs hve been discovered: And
V by Armandro, Davies, & Jacoby (1998, hereafter A98), And V| by Karachentsev &
Karachentseva (1999, hereafter KK99) and Armandro, Jacoby, & Davies (1999) indepen-
dently, And VIl by KK99, Cetus by Whiting, Hau, & Irwin (1999) , and And IX by Zucker
et al. (2004). A sixth dSph, Antlia, was rst cataloged by Corwin, de Vaucouleurs, & de
Vaucouleurs (1985) and Feitzinger & Galinski (1985), and deected in H i by Fouque et al.
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(1990), who suspected it to be a Local Group member. Followugphotometry con rming

this conjecture was not acquired until the galaxy was redisovered by Whiting, Irwin, &

Hau (1997) several years later. An increasing number of propsed Milky Way satellites are
also being identi ed in Sloan Digital Sky Survey and 2MASS dda (e.g., Newberg et al.
2002; Rocha-Pinto et al. 2004; Willman et al. 2005a,b). In adition to these recent discov-
eries, Mateo (1998) noted that there is an apparent de cit of dwarf galaxies at low Galactic
latitudes (relative to a uniform distribution on the sky). O n this basis, he postulated up to

15 { 20 LG dwarfs remaining to be discovered atb 30 .

2.2.2 Recent HVC Results

Recent observations of HVCs have tended to at least roughly gree with the pre-
dictions made by B99. The internal pressures of high-veloty clouds, as determined by
ultraviolet absorption line studies, are low in the few clouds that have been observed. This
nding is consistent with the HVCs being LG objects (Sembach et al. 1999). The metal-
licities of HVCs (other than the Magellanic Stream material) have been found to be 0.1 {
0.3 times solar, also within the range predicted by B99 (Wakler et al. 1999; Murphy et al.
2000; Richter et al. 2001; Gibson et al. 2001; Sembach et al0@2; Tripp et al. 2003). Some
of these measurements are toward the high end of what can be asonably accommodated
by the Blitz et al. model, and if lower metallicity HVCs are not found, this may even-
tually present a problem for the extragalactic hypothesis. The Galactic Fountain model,
though, faces an even bigger challenge, since it predicts Iso or higher metallicities for
high-velocity gas. It should be noted that all but one of these metallicity determinations
are for nearby HVCs that are part of the large complexes. Thes complexes are believed
to be interacting with the Milky Way, and might have been part ially enriched as a result.
Therefore, these metallicity measurements do not necessér apply to the presumably more
distant and isolated compact clouds, and in fact, may be regaeded as upper limits to the
metallicities of compact HVCs. A further caveat to the metallicity determinations is that
they rely on comparing optical and UV absorption column densties, which probe gas on
scales of 10 “ arcseconds, with Hi observations on an angular scale at least four orders
of magnitude larger. The e ects of this mismatch are not known.

H emission from HVCs has also been observed, but the results dfis work are

di cult to interpret. A number of researchers have used Fabr y-Perot instruments to detect
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20 HVCs in H , and sometimes also in the nearby Ni and Sii emission lines (Kutyrev &
Reynolds 1989; Tufte, Reynolds, & Ha ner 1998; Bland-Hawthorn & Maloney 2002; Weiner,
Vogel, & Williams 2002). By comparing the strength of the emission from these clouds with
that from gas at known distances (e.g., nearby complexes othie Magellanic Stream), one can
estimate the distances to the HVCs. Bland-Hawthorn & Maloney (2002) and Weiner et al.
(2002) conclude based on their observations that the HVCs thy detect are probably nearby,
at distances of tens of kpc. However, their method depends tically on the assumption
that HVC ionization is caused primarily by photoionization from the Milky Way's UV eld.
Although this assumption seems reasonable, it appears to bialse for the Magellanic Stream
gas (Weiner & Williams 1996). Furthermore, these calculatons do not work well for at least
one object whose distance is known independently: the Sculpr dwarf spheroidal galaxy.
Sculptor is located 80 kpc from the Milky Way, yet it is bright er in H than Complexes A,
C, and M, which are all an order of magnitude closer. If the HVC distance estimates are
normalized to Sculptor instead of Complexes A and M, signi antly larger distances (up to

200 kpc) will be derived. In support of the shorter distance sale, Weiner et al. (2002)
note that none of the HVCs they observe have uxes close to thig detection limit; every
object is at least an 8 detection. They argue that the lack of H -faint HVCs implies that
HVCs are not very far away. As with the metallicity studies cited above, though, many of
these observations have been of the HVC complexes that werdraady known or suspected
to be nearby. Until there has been a comprehensive H survey of the compact HVCsand
there is a reliable way to relate HVC H uxes to distances, these observations will not

0 er strong con rmation or refutation of any HVYC models.

2.2.3 A New Technique

Faced with this confused state of a airs, we decided to take ai erent approach to
the HVC problem. The key objects are the ones whose nature is ost uncertain: compact
HVCs. Since there does not appear to be a simple way to determe their distances directly
with current techniques (although see Chapter 4 for a speciacase), we have attempted an
indirect method | searching for stellar counterparts to the HVCs. If we could detect such
stars, it would be straightforward to obtain accurate photometric distances to them, and

thereby conclusively establish the nature of the high-velgity clouds.
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2.3 Search Methodology

2.3.1 POSS Image Processing

The machinery for our search is based loosely on the work of ABfor their similar
project (a blind survey for dSph companions of M31). Starting from the outline they
provided, we developed an algorithm that processes digited POSS images from the Space
Telescope Science Institute (STScl) to enhance extended IESobjects of the appropriate
angular size to be Local Group dwarf galaxies. We adopt simdr steps, but in a di erent
order and with signi cant changes in implementation from A98. Our technique also borrows
signi cantly from the algorithm employed by Schlegel, Finkbeiner, & Davis (1998) to remove
point sources from the IRAS all-sky maps. The algorithm is decribed in detail in the
following paragraphs. All of the image processing was donaiithe IDL environment.

We rst attempt to remove the brightest stars from the image. Because these stars
have such extensive wings, this task will be incompletely sccessful, at best. Nevertheless,
we can remove enough of the ux that these stars will not domirate the smoothed image,
even though they will still be visible. Bright stars are located with a simple count threshold
| any pixel with a value of more than 23000 counts was de ned to be part of a bright source.
This method can succeed because our search largely employdte POSS-II red plates (for

80% of our targets), which tend to have similar sky backgrouml levels (5000 6000 counts
on average) and sensitivities. Having found the brightest tars, we create a circular mask
around each one and replace the pixels in the mask with an avage of the surrounding
pixels.

This process is repeated in order to remove the fainter stardrom the image as
well. However, because objects other than faint stars can h& peak brightnesses as high
as or higher than those of the stars, we must use a slightly dierent technique to detect
these stars. We pass a small ( 10°Y median lter over the image, and then subtract
the Itered version from the original. Point sources are serously degraded in ux in the
Itered image, and so appear bright in the di erence image. Extended sources are only

1The Digitized Sky Survey was produced at the Space Telescop®cience Institute under
U.S. Government grant NAG W-2166. The images of these survey are based on photo-
graphic data obtained using the Oschin Schmidt Telescope ofPalomar Mountain and the
UK Schmidt Telescope. The plates were processed into the psent compressed digital form
with the permission of these institutions.
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minimally a ected by the Itering and therefore are largely removed by subtracting the
images. Objects brighter than a threshold value of 1000 cous per pixel in the di erence
image are likely to be foreground stars. The point sources $ected with this criterion are
masked out and replaced, as described above.

Now that the image is relatively free of stellar light, we mug deal with the other
major contaminant, the background. Unfortunately, the digitized POSS plates are not at,
especially near the edges, and these background variatiorssgni cantly hamper a search for
LSB galaxies. In order to detect the small increases in surige brightness over a limited area
that are associated with dwarf galaxies, the vignetting of the plates and any other large-
scale aws in them must be removed as accurately as possibléVe experimented with two-
dimensional polynomial ts to the background, but determin ed that the most reliable means
of subtracting just the background (and leaving objects of nterest alone) was simply to
employ a very wide median lIter. The Iter must be large enough not to pick up signi cant
signal from dwarf galaxies, or else this procedure could beene counterproductive. The
largest of the distant dSphs are 5% across, so a Iter more than 1@ wide will be at least
four times as large as any dwarf galaxies it encounters. Emprcally, this level of Itering
seemed to be safe, so we chose a Iter width of 600 pixels, casponding to 101°on POSS-I
and Equatorial Red plates, and 1? on POSS-I and SERC-J plates. To deal with the 300
pixel border around the image where the median lter was too dose to the edge to function,
we simply replicate the last line or column that the median |ter did produce outward to
the edges of the image.

After removing the background, we treat the bright stars agan, because they
still tend to be the brightest sources left in the image (although not overwhelmingly so).
At every location where a bright star was removed earlier, wecheck to see if the average
brightness is still more than half a standard deviation abowe the median for the image. If
S0, we cut out a larger mask around these remnants, and agaireplace it with an average
of the surrounding pixels.

Finally, we smooth the image with a dwarf-galaxy-sized Iter in order to further
dim the remaining stellar light, and thereby enhance the rehtive contrast between high-
and low-surface brightness objects. We use a Gaussian ltehere rather than a median

Iter because the lter size is such that a median Iter runs t he risk of smoothing away the
entire image. According to Davies et al. (1994), to optimally detect LSB objects the lter
should be roughly the same size as the object. At the distancewe expect for the HVCs |
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300 kpc to 1 Mpc | dwarf galaxies have angular sizes between 2and 6. Therefore, we use
a 70 pixel (= 71%n POSS-Il images and 11%on POSS-I images) lter. We choose a lter
on the small end of the dwarf galaxy size range because (1) mibsf the detected objects
will be at large distances (due to the greater survey volume there), and (2) we do not want
to degrade potential dwarf galaxy signals by smoothing ovetoo large a scale. Since we are
not using adaptive Itering here, we are not sensitive to LSB sources of all possible angular
sizes. Objects that are smaller than 30°°may be missed by our search because of this
nal Iter, and objects larger than 15° could be removed by our background lter.

The free parameters in this algorithm (order of steps, mask ad lter sizes, etc.)
were tuned by extensive testing on known dwarf spheroidal gaxies, primarily the 7 epony-
mous companions of Andromeda. In Figure 2.1, we compare pressed images of two of
the lowest surface brightness LG dSphs with the original POS-II plates. It is clear that
the algorithm works well. Even though the dwarfs are barely vsible in the unprocessed
POSS-II images, they are the brightest objects in the eld ofview | dominating the 10th

magnitude foreground stars | after smoothing.

2.3.2 HVC Catalogs

We used the catalog of compact high-velocity clouds provide by Braun & Burton
(1999) as the basis for the rst part of our search. They seleted HVCs visually from the
Leiden/Dwingeloo Survey of Galactic Neutral Hydrogen (Hartmann & Burton 1997) and
from the large HVC catalog compiled by Wakker & van Woerden (1991). BB99 identi ed
a subset of 65 clouds that are both small (less than 2in diameter) and isolated from
neighboring emission. They claimed that these objects remsent a distinct class of HVCs
and are all at Local Group distances. We included the 59 of thee HVCs that were located
outside the zone of avoidancejfj > 5 ) in our sample. BB99 also presented 15 ded H i
maps around each of the compact HVCs (see their Figure 1). In mny of these moment
maps, there are nearby clouds that have comparable intensigs. Since it is not entirely
clear why these clouds were not included in their catalog, weéhave chosen 17 of the most
prominent of them to use in our analysis as well, for a total of76 HVCs from BB99.

In addition to these compact HVCs, we also selected targetsrbm the new catalog
by Robishaw & Blitz (T. Robishaw, private communication, 2000, hereafter RB00), a com-

plete sample derived from an automated search of the Leidemwingeloo Survey (LDS).
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Figure 2.1 | Demonstration of our POSS processing algorithm. On the left are POSS-II
red images of two of the lowest surface brightness dwarf spheidals in the Local Group:
And V (top) and Cetus (bottom). The galaxies are just visible as faint smudges at the
center of each frame. On the right are the same elds after apfying our algorithm. In each
case, the dSph has become the brightest object in the image.

Since this catalog is a work in progress, we were forced to taka fairly simplistic approach
to de ning HVCs. We rst selected all H i detections with velocities jv,srj 200 km s 1.
From this list, we grouped the H i detections into clouds by de ning as part of a single
object all H i within 3 in both longitude and latitude, and within 10 km s in velocity of
the brightest point (the brightest point was also de ned as the central position). We then
culled this list to eliminate HVCs that could not be observed easily from Lick Observatory
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(clouds outside the range 10 65 ). This left us with 201 HVCs. It should be noted
that, while the nal RBOO catalog will be a ux-limited sampl e down to the sensitivity limit
of the LDS, this preliminary version is not. We have certainly missed a number of HVCs by
focusing only on the highest velocity clouds. Furthermore these HVCs are not entirely the
compact specimens that we believe are the most distant objés; some of the northernmost
Magellanic Stream clouds met the criteria described aboveand so have been included. Still,
many of these clouds are indeed compact HVCs, and the combitian of this list with the
catalog of BB99 should include most of the compact HVCs in thenorthern hemisphere.
(Putman et al. [2002] found 179 compact HVCs and 159 slightlymore extended clouds in
the southern hemisphere in their search of the HIPASS data, ad there should be a com-
parable number in the northern hemisphere.) The positions hat we searched are plotted
on the sky in Figure 2.2. Finally, we point out that 12 of the BB99 HVCs and one of the
secondary clouds were also in the RBOO catalog (the others we excluded by the velocity
and declination restrictions). In these cases, we searchemround the central positions given
by each catalog, so there was necessarily some overlap. Sealeof the RBOO HVCs were
also separated from each other by less than 1 Taking such occurrences into account, our
survey covers 264 unique HVCs and approximately 239 dégof sky. We also searched 54
ded? in areas that do not contain an HVC, which can be used for a comarison of results.

2.3.3 Sky Survey Images

STScl has made available digitizations of the following skysurveys that are of use
to us:> POSS-P (red plate only) for the northern hemisphere; POSS-If (red plate only)
for approximately 2/3 of the northern sky; SERC-J® plates (blue) for the southern sky;

2Note that this description refers to the time of the beginning of our search (late 1999);
at present, the Digitized Sky Survey (DSS) includes all of tre POSS-II red and blue data.
3The National Geographic Society - Palomar Observatory Sky Alas (POSS-I) was made
by the California Institute of Technology with grants from t he National Geographic Society.
4The Second Palomar Observatory Sky Survey (POSS-II) was maelby the California In-
stitute of Technology with funds from the National Science Foundation, the National Aero-
nautics and Space Administration, the National GeographicSociety, the Sloan Foundation,
the Samuel Oschin Foundation, and the Eastman Kodak Corporéion. The Oschin Schmidt
Telescope is operated by the California Institute of Techndogy and Palomar Observatory.
5The UK Schmidt Telescope was operated by the Royal Observaity Edinburgh, with
funding from the UK Science and Engineering Research Counicilater the UK Particle
Physics and Astronomy Research Council), until 1988 June, ad thereafter by the Anglo-
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Figure 2.2 | Distribution on the sky of the HVCs we searched. T he squares represent
HVCs from the BB99 catalog, the circles are HVCs from the catéog of Robishaw & Blitz,
and the triangles are secondary clouds selected from BB99. he concentration of HVCs
along” =90 betweenb= 35 andb= 65 shows that both catalogs contain signi cant
numbers of Magellanic Stream clouds.

Second Epoch Survey (red) for a small fraction of the souther hemisphere; and Equatorial
Red plates for the region around = 0 . This means that at any position we only have
access to images of one color, except for a small band arounti¢ equator. Furthermore,
many positions are only covered by a single plate (especigllat 3 ) from one of these
ve surveys, making it dicult to distinguish the numerous p late aws and background
variations from real astronomical objects.

By examining the existing data on Hi in known dSph galaxies, we determined that
in most cases the centroid of the H distribution is less than 30°from the optical galaxy. Of
the 10 dSphs found by Blitz & Robishaw (2000) to contain Hi gas, 7 meet this criterion,
and therefore would have been discovered in our survey if thehad not already been known.
Extending the search radius to 1 would guarantee that we would nd virtually all dSphs

that are similar to the known ones, but we judged that the 400%increase in area to search

Australian Observatory. The blue plates of the southern Sky Atlas and its Equatorial
Extension (together known as the SERC-J), as well as the Equrial Red (ER), and the
Second Epoch [red] Survey (SES) were all taken with the UK Samidt.
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that this would require was not worth the  40% gain in sensitivity. Thus, in our survey

for new galaxies, we searched a box lon a side centered on each HVC in the sample. For
the BB99 compact HVCs, we used the POSS-I and SERC-J survey da, because they had
the most complete sky coverage. After completing this, a 3®wide box around each HVC

position was re-examined using POSS-II, SES, or EquatoriaRed plates, as available. This
process gave us greater sensitivity in the area near the cest of each HVC. By the time we

reached the RB0OO HVCs, most of the POSS-II data were online,swe performed our search
of these objects with only the 1 POSS-Il images (or the best other plate if no POSS-II

plate was available).

The search was carried out by processing our downloaded imag with the algo-
rithm described above. We compared the processed frames withe originals, blinking back
and forth between them. LSB objects showed up as bright spot®n the processed images.
Every position where such a bright spot was seen and no obviaustellar or galactic counter-
part was visible on the unprocessed image was agged. Afterhtis comparison, each agged
region was examined closely by eye on the unprocessed imagesing various stretches to
best view the LSB feature. Some of these smudges were clearglated to bright Galactic
cirrus, other types of nebulae, plate aws, ghost images, otthe wings of bright stars. Such
objects were eliminated from consideration. The remainingobjects were compared to any
other frames of the eld in question (POSS-I, or a neighboring POSS-II plate) that were
available from STScl. Objects that were visible on a second late and appeared morpho-
logically like a dwarf galaxy were immediately labeled canitates. Some objects that were
not con rmed on additional plates were also added to the canddate list if no other plate

was available for comparison, or if their morphology was paticularly convincing.

2.4 POSS Search Results

We surveyed one square degree of sky around each of 264 HVCsedduse some
of the HVCs were close together, the total area searched wasaut 239 ded. Our survey
revealed 60 low-surface brightness objects, for an overattandidate identi cation rate of
0.25 deg ? of sky searched. Of these, 18 were towards the 59 BB99 compakfvCs (0.31
deg 2) in our sample, and 5 were in the direction of the 17 secondarpbjects (0.29 deg ?).
The remaining 37 were found while examining the 188 HVCs fronthe RB0OO catalog (0.20
deg 2). The positions of these LSB dwarf galaxy candidates are ligd in Table 2.1. For
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comparison, we also searched (mostly by accident) 54 dégf sky that were not associated
with any known high-velocity gas, and found 10 additional LSB features (0.19 deg?).
Without even following up on the candidates, we can see that here is not a large excess of
them in the direction of HVCs relative to their abundance in random patches of sky. The
somewhat higher smudge detection rates for the BB99 HVCs argot statistically signi cant.



Table 2.1: The Candidate Dwarf Galaxies ldenti ed in Our

Survey
point source nebular limiting Rs magnitude

HVC name? 12000 312000 overdensity counterpart of followup image HVC catalod
104 70 312 002436 080954 yes no 22.3 RB
120 30 289 00 38 34 32 43 47 no no 21.4 BBS

00 38 40 32 48 22 no yes 22.7 BBS
118 58 373 00 42 13 04 32 07 yes no 22.6 BB
124 13 214 0055 44 50 2351 no no 22.6 RB
156 45 303 02 24 40 11 46 50 no yes 21.3 RB

02 24 59 11 21 47 no no 21.4 RB
171 54 235 023608 004808 yes no 22.2 BB
158 39 280 02 40 43 16 31 28 no no 221 RB
158 39 285 0241 41 16 17 15 no no 22.4 BB
169 43 259 0301 38 08 14 55 no no 21.9 RB
169 40 235 03 07 46 10 25 00 no no 22.1 RB
189 32+202° 04 16 23 03 47 29 no yes 21.5 RB
189 32+248
182 25 203 04 25 34 13 26 43 no yes 22.5 RB
162+14 382 06 02 42 51 25 53 no no 22.9 RB
159+32+268 08 03 13 58 25 30 no no 23.3 RB
200+30+075 08 24 04 23 38 59 no yes 23.0 BB
204+30+061 08 26 44 20 15 15 no no 22.3 BB
237+50+078 10 24 49 06 36 41 yes no 22.7 BB
237+51+120 10 30 23 07 47 05 no no 22.6 BBS
261+49+160 1107 16 0454 41 yes no 22.6 RB
143+65+285 12 00 44 50 06 15 no no 22.8 RB

12 02 51 50 22 58 yes no 23.2 RB
050+81 442 132931 29 13 00 no no 23.4 RB
347+46 215 144956 064222 no no 21.9 RB
347+46+259

LZ



Table 2.1 { Continued

point source nebular limiting Rs magnitude

HVC name? 12000 © 12000 overdensity counterpart of followup image HVC catalod
070+51 146 154855 43 49 50 no no 21.9 BB
046+44+2019 16 20 30 26 54 03 no no 22.3 RB
068+24 269 18 14 17 40 53 18 no yes 23.2 RB
080+22 205 18 44 47 50 31 58 no yes 23.2 RB
043 13 314 195556 02 43 48 no yes 22.1 BB
043 13 267
039 27 310 203619 071115 no no 21.9 BBS
046 25 235 204102 011649 no no 21.4 RB
031 33 330 204733 16 20 36 no no 21.6 BBS
039 31 278 205155 082619 no no 21.9 BB

205221 0817 35 no yes 21.8 BB
040 31 272 205322 082530 no no 21.6 RB
043 31 236 205839 054100 no no 21.8 RB
072 16 395 211003 24 01 16 no no 20.2 RB
039 37 238 211521 114021 no no 21.8 BB
079 37+213 22 32 37 13 10 41 no no 22.4 RB
079 37+235
079 37+252
080 42 329 2246 29 10 09 49 no yes 22.2 RB
083 49 307 2309 23 05 27 13 no no 21.1 RB
083 50 325 231124 0517 13 yes no 22.2 RB
050 68 201 232312 1909 33 no no 211 BB
111 07 466 232453 53 58 00 no no 22.6 BB

23 26 30 53 49 12 no yes 22.8 BB
093 52 312 233857 06 09 19 no no 21.1 RB
093 52 266
108 21 395 23 39 46 39 25 39 no no 20.0 BB

23 40 37 39 23 25 no no 21.3 BB
093 55 276 234302 04 28 13 no no 215 RB
080 66 226 234455 09 15 57 no no 22.1 RB

8¢



Table 2.1 { Continued

point source nebular limiting Rs magnitude

HVC name? 12000 © 12000 overdensity counterpart of followup image HVC catalod
097 53 384 2348 35 07 07 42 no yes 215 RB
107 30 421 234855 3128 44 no yes 22.6 BB
114 11 441 2349 28 50 57 13 yes no 22.8 RB
100 49 395 235019 10 48 33 no no 22.9 RB

23 50 51 11 27 13 no no 23.0 RB
097 54 363 235104 05 54 15 no no 22.4 RB
096 58 273 235418 02 36 42 no yes 215 RB
114 10 440 235504 51 26 45 no yes 21.1 BB
089 65 312 235535 0604 29 no no 215 RB

a8HVC names are given using the convention of Braun & Burton (199): 3-digit Galactic longitude,
appended with 2-digit Galactic latitude and 3-digit LSR vel ocity.

bThe candidate positions should be accurate to 30°°

°BB refers to HVCs from the BB99 catalog, BBS to secondary clods selected from BB99's moment
maps, and RB to HVCs from the RBOO catalog.

dIn several cases, we found two LSB objects near one HVC; for #tse HVCs, the LSB counterparts
are listed in order of increasing RA. If we have to refer to then by name, they are called™ bb vvva
and " bb wvwvvb.

®Note that BB99 list the wrong declination for this HVC in thei r Table 1. The actual declination for
the given Galactic coordinates is 00 55, not +00 55.

f There are multiple HVCs at this position, so the individual components are listed on separate lines.
The same is true for ve other HVCs in the table.

9We observed this HVC in H i with the 305 m Arecibo radio telescope for a separate projecand did
not detect it, despite the clear signal present at this positon in the LDS. We speculate that the LDS
\detection” might be interference and that there may not act ually be an HVC here.

6¢
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2.5 Optical Followup Observations

2.5.1 Observing Setup

We obtained followup images of each of the candidate dwarf daxies from Lick
Observatory. We observed with the 1 m Anna L. Nickel Telescog for 12 nights between 1999
July and 2000 April. Conditions during these nights were gemrally close to photometric,
although there were occasional clouds that our observation avoided. The seeing varied
from 1%to 29%. Our primary detector was CCD5, a 1024 1024 thinned SITe CCD with
24 m pixels (5° eld of view). However, for two nights during which this inst rument was
unavailable, we used CCD2, an older 2048 2048 L30 464-5 thick phosphor coated CCD
with 15 m pixels (7° eld of view).

We also used the 3 m Shane Telescope for deeper followup obgrons. We
observed for 5 nights (2000 April 6{7 and 2000 September 28{3 with the Prime Focus
Camera. This instrument utilizes a 2048 2048 SITe CCD with 24 m pixels to provide a
10° eld of view. These nights also ranged from photometric to patly cloudy, with variable
seeing, but again, our observations were not signi cantly aected by the clouds.

With both telescopes, we chose to employ a SpinraR (Rs) lter for most of
our observations. We avoided using standardR Iters because of the extremely strong
Na D lines in the Lick Observatory sky, and we felt that | -band observations would also
result in the sky being too bright. The Ry lter is centered at 6850 A, with a FWHM of
approximately 1500 A(somewhat redder, more symmetrical, and wider than Cousis R),
and was designed speci cally to suppress the nearby night skemission lines.Rs magnitudes
tend to be similar to Johnson R magnitudes | within 0.1 mag for 08<V R < 1.8
(Djorgovski 1985). On the 1 m telescope, we typically obsemd each object for 1 hour, and
on the 3 m for 15 to 30 minutes. During the course of each nightwe observed standard
star elds chosen from the Landolt (1992) catalog to obtain photometric calibrations, as
described below.
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2.5.2 Data Reduction and Analysis

Most of our data reduction was done in IDL, although we used IRAF® for some of
the photometry. Processing consisted of subtracting o a dak frame (for the 1 m images)
or an overscan region (for the 3 m images), atelding with a twilight or dome at, and
at elding again with a sky at if necessary. We removed cosmic rays with the gzap
routine. The frames were then shifted and coadded to yield aiagle image for each object.
We obtained 8 to 30 standard star observations per night, whih we used to construct a

photometric solution of the following form:
Rs = Mjpsgr + C+f  (V 1)+ g (a 1) (2.1)

whereRs is the apparent Spinrad R magnitude, mjnst, is the instrumental magnitude, C is
the constant o set, f is the color coe cient, V 1 is the known or assumed Johnson-Cousins
color of the object, g is the tabulated Lick mean extinction coe cient, / and a is the airmass.
Equation 17 from Djorgovski (1985) was used to convert the Casins R magnitudes that
Landolt (1992) measured for the standard stars into SpinradR magnitudes. (The diligent
reader will note that Djorgovski's Equation 17 actually gives the transformation between
Johnson R and Rs. This mismatch between the Johnson and Cousins systems calilead
to a systematic error of order 0.1 mag, which is not large enogh to a ect our results. An
equally important systematic e ect is that the optical path + detector combination we used
is quite di erent from that which Djorgovski calibrated in 1 985.)

We used a local-maximum- nding algorithm to detect stars and galaxies in our
images. Arti cial star tests demonstrated that this algori thm nds essentially all sources
that are detected at the 10 level or higher. Aperture magnitudes were calculated for
each of the detected sources with thdAOPHOT package (Stetson 1987) in IRAF. These
magnitudes were converted toRg using Equation 2.1, and assuming thatv | =1:1 (ap-
proximately the correct color for the most luminous red giarts). Since the color coe cient
was usually of order 0.1, this estimate can be o by several teths of a magnitude without
having any appreciable e ect.

After locating the sources and deriving their magnitudes, ve checked the coadded

8IRAF is distributed by the National Optical Astronomy Obser vatories, which is oper-
ated by the Association of Universities for Research in Astonomy, Inc. (AURA) under
cooperative agreement with the National Science Foundatio.

"http://www.ucolick.org/ mountain/mthamilton/techdocs  /info/lick-mean-extinct.html
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images for overdensities of point sources around the posiins of the dwarf galaxy candi-
dates. We traced out a region of interest around each candida and compared the surface
density of sources inside and outside the regions over vatigs magnitude bins. We considered
magnitude ranges starting with all the objects brighter than the magnitude limit and fainter

than a tip of the red giant branch (TRGB) star at about 100 kpc: Rg = 16:5 (since our
survey technique is not sensitive to galaxies closer than tis distance). We then decreased
the bright limit by one magnitude at a time to create successve bins (see Table 2.2 for an
example). We used Poisson statistics to quantify the unceriinty in the number of stars

expected to lie inside the region based on the background sface density. Overdensities of

3 or higher were considered signi cant enough to warrant further investigation.

2.5.3 Results

If there were a resolved dwarf galaxy in the eld being examired, one would expect
to see an overdensity through all of the magnitude ranges. TIs overdensity would increase
in signi cance as the bright end of the magnitude bins approahed the TRGB of the galaxy,
reaching a maximum near the bin where the TRGB was closest to lie bright edge of a
bin. Visually, a dwarf galaxy should also show an obvious clatering of \undetected" faint
stars that do not meet our 10 limit for photometry, since the red giant branch is more
populated at lower luminosities. We searched each image fgooint source overdensities of
at least 3 in one magnitude bin. Eight of the counterparts met this criterion, with the
most signi cant one having a maximum overdensity of 11

As a comparison, we observed the dwarf spheroidals And Il at And V. And
Il has a total luminosity of My = 10:2 and a central surface brightness of , = 24:49
mag arcsec?, and given its distance of 760 kpc and the Galactic extinctim (Agr = 0:15
mag), the TRGB should be located atR = 21:15 (Caldwell et al. 1992; Armandro et al.
1993; Schlegel et al. 1998). And V is a signicantly fainter @laxy, with My = 91
and , = 25:01 mag arcsec?, and is slightly farther away and more extincted (810 kpc,
Ar = 0:33 mag), so it should show a red giant branch starting atR = 21:48 (Caldwell 1999;
Armandro et al. 1998; Schlegel et al. 1998). Our results for3 m observations of And 111 (15
minutes) and And V (21 minutes) are given in Table 2.2. Based o a comparison between
the stellar densities and the background surface density, & detected about 160 stars in
And Il and 80 in And V. Both galaxies were detected at the 10.9 level or higher in every
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magnitude bin, and the highest overdensities ( 15 20 ) appear in the bins that begin
closest to the TRGB magnitudes, matching our expectations. The decreased overdensities
seen in the last bin imply that the observations were a ectedto some degree by crowding
or incompleteness at that magnitude level. We also imaged Ad V for 20 minutes with
the 1 m telescope (this exposure was much shorter than any ofun observations of dwarf
candidates) and detected the galaxy at 4.0 in the faintest magnitude bin. This signi cance

level corresponds to 12 stars above the background densitywer the area of the dwarf galaxy.



Table 2.2. Detections of Stars in Known Local Group Dwarf Spteroidals

Galaxy Magnitude Range Stellar Overdensity Galaxy Magnitude Range  Stellar Overdensity
And I 16:5 230 18.8 And V 16:5 229 10.9

170 230 18.8 169 229 10.9

180 230 19.3 179 229 11.3

190 230 19.9 189 229 12.0

200 230 20.7 199 229 12.8

210 230 21.8 209 229 14.6

220 230 11.5 219 229 13.2

ve
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Since we detect known dwarf galaxies very easily with typica3 m observations,
and weakly with much shorter than average 1 m observations, & can be con dent that our
observations were su cient to locate any new galaxies simiar to the known ones. Because
the strongest candidate detections we made are still weakeihan And V | one of the least
luminous galaxies known | we also know immediately that if th ere are any dwarf galaxies
associated with HVCs, they are fainter than known dwarfs.

In addition to the 8 candidates that showed point source ovedensities, we also
found that 15 of the dwarf galaxy candidates appeared to cordin faint nebular emission in
our followup images. We suspect that a number of these are Gattic cirrus clouds. The
remaining 37 candidates were not detected in any way duringhe followup observations, so
we are forced to assume that these represent aws on the Paloan plates that happened to

have the appearance of dwarf galaxies.

2.5.4 Comments on Individual Candidates

HVC 104 70 312: At the location of this candidate, we found a 5 density
enhancement of faint sources, which contains 27 more objexthan expected from the back-
ground, and peaks in signi cance around magnitude 19.3. It$ higher than 4.5 in all but
the faintest magnitude bin. The sources appear to be clustexd around a bright (Rg = 18:9)
galaxy near the middle of the region. In our Lick image, it is dovious that most of the sources
are within 1° of this galaxy, rather than occupying the full 4° 2°LSB area identi ed on
the POSS plate. Taking this into account, the overdensity increases in signi canceto 9
(21 more objects than expected). Of the sources brighter tha Rs = 20:4 (2 magnitudes
brighter than the detection limit), 5 out of 9 are classi ed as galaxies on the basis of their
radial pro les (FWHM larger than the point-spread function ). For the fainter sources, it
rapidly becomes impossible to distinguish stars from galakes, but at least half of the 16
objects betweenRs = 20:4 and Rs = 21:4 appear to be stars. So there may be a group of
15 20 faint (Rs 20:4) stars at this position. There are also 20 objects within 1° of
the central galaxy that are visible by eye, but are fainter than our software detection limit.
Without further observations, we cannot rule out the possihility that this is an exceedingly
dim dwarf galaxy (My 7), but we suspect that other alternatives (e.g., galaxy clster,
random grouping of foreground stars) are more likely.

HVC 118 58 373: Most of the sources associated with this small (11 objects)
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overdensity appear to be stars. The signi cance stays almdsconstant (as does the over-
abundance by number) down to the 206 226 bin, where it reaches a maximum of 3.5 .

However, even with the fairly deep limiting magnitude of this image, there is no hint of
numerous fainter stars in the region below our formal 10 detection limit, which should

of course be present if this were a dwarf galaxy. With so few ojects here the statistics
are obviously poor, but we argue that this candidate is probdly a chance alignment of
foreground stars.

HVC 171 54 235: The overdensity is highest (3.6 ) in the largest magnitude
range and decreases monotonically thereafter. This behaot is not at all what is expected
from a dwarf galaxy. Again, there is no sign of \undetected” (< 10 ) sources. Since
the overabundant objects are bright and are not accompaniedoy more numerous faint
counterparts, this candidate is not a dwarf galaxy.

HVC 237 +50+078: This candidate has an overdensity of 25 stars, which peaks
at a signi cance level of 3.1 around magnitude 18. The sources are not very centrally
concentrated; rather, many of them are in several small grops of about 6 objects. Of the
fraction (about 2/3) that are bright enough to be solidly cla ssi ed as either stars or galaxies
based on their radial pro les, over 60% are galaxies. Thus,tie overdensity ofstars is small,
and there is no reason to suspect that this is a dwarf galaxy.

HVC 261 +49+160: This object was the rst distant galaxy cluster that we ac-
cidentally discovered. We noticed a highly signi cant (7.8 ) clustering of \stars" in our
Lick 3 m image. Comparison of the SERC-J and Equatorial Red phtes con rmed that
these objects have red colors. However, the fact that the bghtest of the stars appeared
to have slightly extended radial pro les relative to the point-spread function of the Lick
image raised suspicions that they were actually marginallyresolved distant galaxies. G.
Illingworth and V. Tran acquired an image of the cluster with the Low Resolution Imag-
ing Spectrometer (LRIS) (Oke et al. 1995) on the Keck | Telesopé® that supported this
interpretation (see Figure 2.3), so we obtained spectra of He brighter objects with the

Hobby-Eberly Telescope? The spectra revealed that the bright central sources in this eld

8The W.M. Keck Observatory is operated as a scienti ¢ partnership among the Cali-
fornia Institute of Technology, the University of Californ ia, and the National Aeronautics
and Space Administration. The Observatory was made possil@d by the generous nancial
support of the W.M. Keck Foundation.

9The Hobby-Eberly Telescope is a joint project of the Universty of Texas at Austin,
Pennsylvania State University, Stanford University, Ludwig-Maximillians-Universitat
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are compact elliptical galaxies atz = 0:35. Thus, we conclude that this is a cluster of
galaxies. (We should point out that technically this position was not listed in either of
the HVC catalogs we used; it was only examined by mistake. Hoewer, there is actually
high-velocity H i emission at this position in the LDS that was too weak to be induded in
the RBOO catalog. This cloud is also listed in the compilation of Wakker & van Woerden
[1991], so it really is an HVC.)
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Figure 2.3 | 10-minute Keck/LRIS |-band image of the dwarf galaxy candidate
261+49+160, acquired for us by G. lllingworth and V. Tran. Th e concentration of ob-
jects in the center of the frame is a spectroscopically con med galaxy cluster atz = 0:35.

HVC 143 +65+285b: This candidate also appeared in a 3 m image as a small
clustering of slightly extended objects (23 more than wouldbe expected from the background
surface density). We did not obtain spectra, but | -band imaging from the 1 m telescope
con rmed that many of these objects have similar colors. Thesigni cance of the clustering
reaches a maximum of 3.9 and begins to fall o around magnitude 19. 64% of the bright

Manchen, and Georg-August-Universitat Gettingen.
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objects in the region are clearly galaxies, and a 15th magnitde star is also present. These
probably combine to explain the source of the LSB emission aualgorithm picked up on
the POSS plates. We consider this candidate to be a likely galxy cluster.

HVC 083 50 325: The morphology of this candidate is extremely suggestive of
a dwarf galaxy: an elliptical region about 5 across with a very strong concentration of faint
point sources (Figure 2.4). This was one of the two objects whse overdensities approached
those of And Il and And V in signi cance, peaking at 10.8 . However, a number of the
brightest objects are clearly galaxies in our LickRg image, and a signi cant fraction of
those appear to be interacting. We also obtainedv and | images of this eld to aid in
classifying the sources in the region of enhanced surface mty. Taking into consideration
the radial pro le, morphology, and color of each source, we kassi ed 62% of the identi able
objects as galaxies. Many of the galaxies were concentrateith color-color space around
(V 1,Rs 1)=(2.0,1.1) and also near (1.5, 0.7). Furthermore, an Abellcluster (2545)
with a photometric redshift of 0.17 (Gal et al. 2000) is locaed 2@ away from this position,
increasing the probability that other clusters are in the vicinity. We feel safe in concluding
that this candidate is another cluster of galaxies at moder&e redshift.

HVC 107 30 421: We found a small (19, elongated, very faint nebula north
of the center of this HVC on the Palomar plates. A deep exposug on the 1 m telescope
con rmed the reality of the source, but its extremely low surface brightness ( s 253
mag arcsec ?) made it di cult to classify. A. Bunker, S. Dawson, A. Dey, H. Spinrad, and
D. Stern obtained an R-band image for us with Keck/LRIS, which revealed more strudure
in the object, but de nitively did not resolve it into stars ( see Figure 2.5). We remain
unsure of the nature of this object, but we believe that it is a Galactic nebula. Because no
stars were visible in it in the deep, subarcsecond-seeing mge from Keck, we are con dent
that it is not a Local Group dwarf galaxy.

HVC 114 11 441: This candidate has an overdensity of 3.3 (39 sources) over
the magnitude range 165 Rg 228. The signi cance decreases almost monotonically in
the subsequent bins. The Galactic extinction in this direction is Ar = 0:65 mag (Schlegel
et al. 1998), which makes it unlikely that a dwarf galaxy would be detected here. Since this
object is at low Galactic latitude, the slight clustering of stars is probably located in the

foreground.
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RA offset (arcmin)

Figure 2.4 | 15-minute Rg image from the Lick 3 m telescope of the candidate 08350 325.
The main concentration of objects that is described in the tet includes several bright,
interacting galaxies, and is centered near (RA 0, Dec 0) = (18, 0%). The overdensity
continues less strongly to the northeast, all the way to the ypper left corner of the image.

2.6 Discussion

2.6.1 Expected Red Giant Populations

We were unable to nd any mention in the literature of the R-band magnitude of
the TRGB. However, we can use theoretical studies of stellaevolution to make a reasonable
estimate of its location. Girardi et al. (2000, hereafter G®) and Yi et al. (2001, hereafter
Y01) both present stellar models that predict TRGB magnitud es of Mg 3:4, varying
only slightly with age and metallicity within the ranges that interest us. For example,
in their [Fe/H] = 1:7 models, YO1 nd a maximum shift of 0.086 mag in the TRGB
magnitude for stars ranging in age between 4 and 15 Gyr. GO0 gé the maximum shift

as 0.020 mag for the same parameters. Likewise, in changingetallicities at a xed age
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Figure 2.5 | Dwarf galaxy candidate near HVC 107 30 421. On the left is a POSS-II red
image showing an LSB smudge just to the left of the eld center The R-band Keck/LRIS

image of the same eld, obtained by A. Bunker and collaboratas, is on the right. Note
that even objects with surface brightnesses as low as; = 25:3 mag arcsec? are visible by
eye (with di culty) on raw POSS-Il images.

(10 Gyr), the TRGB magnitude varies by only 0.144 and 0.068 ma, according to YO1 and
GO0, respectively (over most of the range covered by known darf spheroidals, 2:3
[Fe/H] 1:3). Given what is known about the TRGB in V and | (Lee, Freedman, &
Madore 1993), these values seem reasonable, but we can comgpahem with observations
as a further test. One of the few published datasets involvig R-band observations of a
large, homogeneous population of red giants is the study ofhie Fornax dSph by Stetson,
Hesser, & Smecker-Hane (1998). Using their data, and an asswed distance modulus for
Fornax of 20.70 mag (Beauchamp et al. 1995; Saviane, Held, & @telli 2000), we derive
a TRGB magnitude of Mg = 3:3. Fornax has a high metallicity for a dSph of [Fe/H]
= 1.0 (Saviane et al. 2000), so we should not be surprised that it &s a slightly fainter tip
magnitude than the models give. We conclude thatMr = 3:4 is the best guess for the
TRGB magnitude in a typical Local Group dwarf spheroidal.

We noted in x2.5.3 that our observations of dSph companions of Andromedale-
tected 100 stars in each galaxy. Other recent studies of distant Loal Group dwarfs have
measured similar or larger numbers of stars within one magniide of the TRGB: 100
such stars in And VI (Armandro et al. 1999), 200 stars in And VI and 650 stars in
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And VII (Grebel & Guhathakurta 1999), 156 stars (including some AGB contamination) in
Phoenix (Held, Saviane, & Momany 1999), and 77 stars in Tucaa (Saviane, Held, & Piotto
1996). Since typical background surface densities in our imges are 8 stars arcmin 2
(varying strongly with Galactic latitude) and these densities are a factor of a few higher,
such objects are easily detected. Their absence in our suryendicates that HVCs do not

contain dwarf galaxies with typical parameters My < 9, , < 250 mag arcsec?).

2.6.2 Distance and Surface Brightness Limits

Our followup observations of dwarf galaxy candidates reachd 10 limiting Rg
magnitudes between 20.0 and 23.4, with a median value of 22.2We can convert these
limiting magnitudes into a minimum distance at which a dwarf galaxy would have to lie
in order to have escaped detection. If we assume that these ebrvations must probe 1

magnitude below the TRGB in order to detect a dwarf galaxy, then the limiting distance is

miim +7:4

dim =107 5 pc: (2.2)

For the minimum, median, and maximum limiting magnitudes we achieved, this distance
corresponds to 302 kpc, 832 kpc, and 1445 kpc, respectivelyhese distance limits are quite
conservative, because we have insisted that stars be detext at 10 (even though they
can be visually identi ed in images at signi cantly fainter levels), and because objects as
bright as the known dSphs can easily be located on images thatach less than a magnitude
below the TRGB. Therefore, we can state with con dence that none of the candidate dwarf
galaxies are actually dwarfs within 100 { 300 kpc of the Milky Way, and all but two would
have to be several times farther away to have been missed.

The depth of the POSS-II portion of our search is more dicult to assess. The
Palomar data are not of uniform sensitivity: exposure timesvary by up to a factor of two
from plate to plate, and on a single plate there is signi cant vignetting within 1 of
the edges. Furthermore, dierent parts of the sky are covere by di erent photographic
surveys. Distant LG galaxies ¢& 200 kpc) are not resolved and appear in the Palomar data
as smudges with higher surface brightnesses than the surroding areas. Because all of the
distant dSphs (except And IX; see below) are easily visible b eye on the Palomar plates,
we know that the POSS sensitivity range goes at least as fainas , = 25:0 mag arcsec?.

Using the stellar evolution models discussed ix2.6.1 again, we estimate that these galaxies
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should have colors aroundv R = 0:5. Thus, the R-band sensitivity of the Palomar images
(since we used the red plates wherever possible) is better #m = 24:5 mag arcsec?.
A few dwarf spheroidals are known to have surface brightness lower than these
levels. Some of the Milky Way companions atd < 100 kpc have 253 v 26:2
mag arcsec? (i.e., Carina, Draco, Sextans, Ursa Minor, and Sagittariug. Out of these,
Carina and Draco are visible by eye in POSS-II images, and thethers are detectable via
star counts. Since galaxies this close are resolved into imddual stars on POSS plates,
it is not entirely clear how to consider them with regard to a limiting surface bright-
ness. Two of the recently discovered objects also presenttaresting tests of the sensi-
tivity of the POSS-II data and our algorithm. SDSSJ1049+5103, an exceptionally faint
object thought to be either the lowest-mass dSph or an unusuiéy di use globular clus-
ter (Willman et al. 2005a), can be detected with our algorithm despite an estimated sur-
face brightness of , = 27 mag arcsec ? (B. Willman 2005, private communication) and
an absolute magnitude ofMy = 3. And IX, which has the lowest surface brightness
( v = 26:8 mag arcsec?) and luminosity (My = 8:3) of any conrmed dwarf galaxy
(Zucker et al. 2004), is only marginally visible in the raw POSS-II data (and probably could
not have been discovered by eye, unlike almost all of the brigter galaxies), but stands out
more clearly after processing. In summary, all LG galaxies wh , < 255 mag arcsec?
are visible, and one of the three galaxies with , = 25:5 mag arcsec? can also be seen
visually. Thus, the naked-eye sensitivity of the red POSS-I plates is likely to be around
v = 25:5 mag arcsec? on average (although the sensitivity of the best quality plates is
almost certainly a magnitude deeper), or = 25:0 mag arcsec?. Our processing routine
should improve these values by 1 1.5 magnitudes, as indicated by our detections of the
faintest known dwarfs. So, we estimate that our survey is al# to nd galaxies down to
v = 26:5 mag arcsec?, or = 26:0 mag arcsec?. (It is worth noting that foreground
Galactic extinction prevents us from quite reaching these imits; the median Ar for HVCs

in our sample is 0.18 magnitudes [Schlegel et al. 1998].)

2.6.3 Implications

The fact that our survey did not detect any new dwarf galaxies toward the 250
HVCs that we examined rules out the hypothesis that HVCs are te gaseous components

of normal, but faint, Local Group dwarf galaxies. If these HVCs do contain stars, they
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must have central surface brightnesses, > 26 mag arcsec?. They are also likely to
have absolute magnitudesMy > 9, although a very extended stellar counterpart with an
extremely low surface brightness could yield a higher totalluminosity while still escaping
detection. Even though it is conceivable that a few objects ould have been missed because
of our survey design, on the whole it seems clear that HVCs arstarless systems.

Known LG dwarf galaxies do have surface brightnesses as fdiras , = 26:8
mag arcsec? (see Figure 2.6), but all of these galaxies except for a handf of the very
extended MW satellites can be found with our techniques. Sine all of the distant dwarfs
are visible in the POSS-II data and would be relatively easy detected by both our POSS
processing algorithm and our followup imaging campaign, ware con dent that any objects
similar to known dwarf spheroidals would have been discoved in our survey if they were
present. Lower surface brightness stellar counterparts add still be present, but the fact that
no such systems (with or without H i components) are known argues against this possibility.
We believe that the most likely explanation for our ndings i s that HVCs simply do not
contain stars.

This result does not lead to the anticipated outcome of our suvey: a means of
discriminating between HVC models. In the Galactic Fountain, Tidal Debris, and Hot
Halo models, stars would not be expected to form in HVCs, in ageement with our nding.
However, although the Local Group model certainly allows fo stars in HVCs, and we
would argue suggests that stellar counterparts are likelyjt does not require them. So while
a positive result in our search would have strongly supportd the Local Group model, the
inverse is not necessarily the case. As mentioned earlier,Ulock et al. (2000) and others
have proposed ideas explaining how small dark matter haloscattered throughout the Local
Group could contain some neutral gas without having formed tars. The absence of stars
may be an important clue to the nature of HVCs, but by itself, it does not allow us to solve
the puzzle.

2.6.4 Compatibility with Previous and Subsequent Work

There have been no other comprehensive and quantitative seehes for evidence of
stars in HVCs. Ivezt & Christodoulou (1997) examined IRAS data towards the large HVC
complexes in an e ort to locate any star formation that might be occurring, but only came
up with one possible young star in positional coincidence wih high-velocity H i. BB99
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Figure 2.6 | Relationship between luminosity and surface br ightness for spheroidal galaxies,
dwarf spheroidals, and the so-called transitional (dSph/drr) galaxies in the Local Group
(Pegasus and Phoenix are not included in the gure because thy lack published surface
photometry data). The only known dwarfs with , > 2505 mag arcsec? (to the left of
the dashed line) are the Milky Way satellites within 100 kpc and And 1X. All but one of
the M31 companions and isolated dwarfs in the LG have higher wface brightnesses. The
data used to make this plot were taken from tables compiled byMateo (1998) and van den
Bergh (1999, 2000) (see references therein for the originaburces), except for the surface
photometry for DDO 210, which was adapted from Lee et al. (199), and the data for And
IX, which were obtained by Zucker et al. (2004).

searched DSS images in the direction of each of their compadiVCs, but found no clear
optical counterparts. After our survey was carried out, Willman et al. (2002) searched
for resolved stellar counterparts to HVCs that lie in the Sloan Digital Sky Survey area
and likewise failed to detected any stars. Davies et al. (208), Hopp, Schulte-Ladbeck,
& Kerp (2003), and Siegel et al. (2005) also each used deep imiag of 3 5 HVCs to
search unsuccessfully for very low-luminosity stellar conterparts. And in Chapter 3 we use

infrared and millimeter-wave observations to search for a tllar counterpart to Complex H,
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with null results. Thus, the result of this work is entirely c ompatible with the data existing

in the literature, and it seems safe to conclude that there ae no stars in HVCs.

2.7 Conclusions

We have surveyed 1 de§of sky around each of 264 high-velocity clouds in search of
new Local Group dwarf galaxies. We processed digital POSSdnd POSS-Il images with an
algorithm to enhance low-surface brightness features. Tés with known dwarfs con rmed
that objects as faint as , = 26:8 mag arcsec? are detectable with this technique. We
then examined the images and found 60 faint smudges that we a$si ed as possible LG
dwarfs. Using the 1 m and 3 m telescopes at Lick Observatory, & imaged each of these
candidates to a typical limiting stellar magnitude of Rg = 22:2. Examination of the data
revealed several 3 density enhancements of faint sources in the areas selectdtom
the POSS plates, but none of these appear to be LG dwarf galags. Typical faint LG
dwarf spheroidal galaxies would have been detected at the 10 level, with 100 stars
brighter than the detection limit. Therefore, we conclude that there are no undiscovered
normal dwarf galaxies within a 3(° radius of any of these HVCs, provided that the HVCs
are located at least 100 kpc from the Milky Way; dwarf galaxies at a smaller distance might
be too di use to detect in this manner.

There were both observational and theoretical grounds for gspecting that compact
HVCs might harbor faint LSB dwarf galaxies. It is well-known that the highly successful
Cold Dark Matter theory predicts large numbers of small dark matter halos, which have not
yet been detected observationally. Klypin et al. (1999) andothers have pointed out that
HVCs are numerous enough (and massive enough, in the Local Gup picture) to comprise
the set of missing halos. From the observational side, Blitz& Robishaw (2000) noted that
there are similarities between the Hi components of LG dwarfs and the properties of HVCs,
if they are located at typical distances from the Milky Way of 700 kpc. Furthermore,
blind H i surveys of nearby groups of galaxies often nd that the Hi clouds they detect are
associated with LSB dwarfs.

The implications of our observation that LG H i clouds lack such stellar coun-
terparts are unclear, both for HYC models and for the substricture problem. While this
nding does not rule out the Local Group hypothesis for the spatial distribution of the
HVCs, it also does not provide any supporting evidence. We a still unable to constrain
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HVC distances, but we have placed signi cant limits on their stellar content. Regardless of
the location of the HVCs, as long as they are at least 100 kpc aay they either lack stars
entirely, or they have lower surface brightnesses and lumiasities than other stellar systems

in the Local Group.
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Chapter 3

The Cosmological Signi cance of
High-Velocity Cloud Complex H

Abstract

We have used new and archival infrared and radio observationto search for a dwarf
galaxy associated with the high-velocity cloud (HVC) known as Complex H. Complex H
is a massive M ; > 10’ M ) and probably nearby (d = 27 kpc) HVC whose location in
the Galactic plane has hampered previous investigations oits stellar content. Virtually
all similar H i clouds in other galaxy groups are associated with low surfac brightness
dwarf galaxies. We selected mid-infrared sources observely the MSX satellite in the
direction of Complex H that appeared likely to be star-forming regions and observed them
at the wavelength of the CO (J = 1 ! 0) rotational transition in order to determine
their velocities. 59 of the 60 observed sources show emissiat Milky Way velocities, and
we detected no emission at velocities consistent with that & Complex H. We use these
observations to set upper limits on the ongoing star formaton rate in the HVC of < 3
10 * M yr 1. We also searched the 2MASS database for evidence of any dviryalaxy-
like stellar population in the direction of the HVC and found no trace of a distant red
giant population. Given the lack of evidence for either curent star formation or an evolved
population, we conclude that Complex H cannot be a dwarf galay with properties similar
to those of known dwarfs. Complex H is therefore one of the masnassive known Hi clouds

that does not contain any stars. If Complex H is self-gravitaing, then this object is one
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of the rst dark galaxies to be discovered. These ndings mayo er observational support
for the idea that the Cold Dark Matter substructure problem i s related to the di culty of
forming stars in low-mass dark matter halos; alternatively, Complex H could be an example

of a cold accretion ow onto the Milky Way.

3.1 Introduction

What determines whether a low-mass gas cloud or dark matter hlo becomes a
dwarf galaxy or fails to undergo any star formation, remaining dark for billions of years?
The answer to this question may underlie the substructure poblem in Cold Dark Matter
(CDM) cosmologies | the dramatic mismatch between the numbe r of dark matter minihalos
produced in numerical simulations and the number of dwarf géaxies observed in the Local
Group (Klypin et al. 1999; Moore et al. 1999a). Many possibleexplanations for why low-
mass halos might not form stars have been proposed (e.g., Eéhiou 1992; Scannapieco,
Ferrara, & Broadhurst 2000; Bullock, Kravtsov, & Weinberg 2000; Scannapieco, Thacker,
& Davis 2001; Somerville 2002; Verde, Oh, & Jimenez 2002; Dek & Woo 2003; Kravtsov,
Gnedin, & Klypin 2004), but the existence of very low-mass dvarfs today suggests that this
problem is not yet fully understood. One approach to improving our understanding of the
formation of dwarf galaxies is to study extreme objects in oder to determine what makes
them unique. In this chapter we investigate the nature of Conplex H, an unusually massive
high-velocity cloud (HVC) located in the Galactic plane.

Complex H is centered on HVC 131+1 200, which was rst discovered by Huls-
bosch (1971) and Dieter (1971). Wakker & van Woerden (1991) ated that this HVC seems
to be associated in position and velocity with a large numberof other clouds, and named
the grouping Complex H after Hulsbosch. The complex subtend 478 ded (Wakker & van
Woerden 1991) and extends in velocity all the way fromv,x = 230 km s ! down to
Visr 120 km s ! where it begins to blend into Milky Way emission. The H i column
density at the center of the cloud is> 2 10°° cm 2, and the column is at least 2.0 10'°
cm 2 for most of the central 25 ded. Complex H has an integrated Hi mass of 2.7
104 dﬁpc M , where dkpc is the distance to Complex H in kiloparsecs (Wakker et al. 198,
hereafter W98). Ivezt & Christodoulou (1997) used IRAS data to search for star formation
in Complex H and found one candidate young stellar object, btithis source is likely to be

a foreground Milky Way object.
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Figure 3.1 | H i map of Complex H in Galactic coordinates from the Leiden/Dwingeloo
Survey of Galactic Neutral Hydrogen (Hartmann & Burton 1997). The image shows the
integrated intensity for velocities between 230 km s ! and 150 km s 1. The contours
are spaced logarithmically and correspond to column densiés of 46 10 cm 2, 9:2
108 cm 2,1:8 109cm 2,37 10°%cm 2,73 10 cm 2, and 5 102 cm 2. The
Dwingeloo telescope has a beam size of 8&nd the survey was carried out with a grid
spacing of 36.
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W98 examined ultraviolet spectra of 17 OB stars for interstdlar absorption lines
of Mg ii, Cii, and O in the direction of Complex H. They detected no absorption nar
the velocity of Complex H and concluded that even for substatially subsolar abundances,
the HVC must be located beyond the furthest of the stars they sudied. They placed a rm
lower limit of 3.4 kpc on the distance to Complex H. Since the dstances of some of the OB
stars are rather uncertain, the actual minimum distance coud be as large as 6.5 kpc. Blitz
et al. (1999) additionally pointed out that the velocity of C omplex H is too large for it to be
in circular rotation around the Galaxy at any distance. They further argued that the lack
of any observational evidence for an interaction between Gmplex H and the interstellar
medium of the Milky Way strongly implies that the HVC must be | ocated beyond the edge
of the disk of the Galaxy, at least 20 kpc away from the Sun. Since Complex H has
velocities of up to 100 km s ! with respect to the nearest Galactic gas, strong shocks and
X-ray and radio emission would be produced if it were locatedwithin the H i disk of the
Milky Way.

Lockman (2003) further noticed that the velocity gradient across the cloud in
the b (Galactic latitude) direction can be used to derive its vertical motion relative to
the Galaxy. Using H i maps from the Green Bank Telescope, he constructed a model of
Complex H and argued that the HVC is in an inclined, retrograde orbit around the Milky
Way and is beginning to su er tidal stripping of its outer lay ers. These calculations place
Complex H 33 9 kpc from the Galactic center and 27 9 kpc from the Sun. More general
distance constraints can be derived by considering the afe@mentioned lack of interaction
between Complex H and the Milky Way, and the total mass of the doud. The Milky Way
disk gas extends out to a minimum Galactocentric distance of27 kpc at the position of
Complex H (Blitz et al. 1999), placing a rm lower limit of 21 k pc on the distance between
the HVC and the Sun if the cloud lies just beyond the edge of thalisk. At distances of more
than 100 kpc, Complex H would be the fourth most massive objecin the Local Group,
which seems unlikely since no counterpart at other wavelerths has been detected. The full
range of plausible distances is therefore 21 100 kpc, corresponding to Hi masses of
100 27 1M

Because starless extragalactic gas clouds as large as CoewlH are not seen in
other groups of galaxies (with only one exception [Minchin &al. 2005]), it seems reasonable
to suppose that Complex H is the Hi component of a previously undiscovered dwarf galaxy.
At the distance of 27 kpc preferred by Lockman (2003), Complg H would have an H i
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mass, total mass (assuming that it is gravitationally bound), and physical extent that are
consistent with those of other Local Group galaxies.

Before we proceed, the issue of the total mass of Complex H dawves some com-
ment. If the HVC is actually a dwarf galaxy, a baryon fraction of 0.04 (typical for dwarf
galaxies) would imply a total mass of 5 10° M . In a CDM cosmology, such a dark
matter halo should have a peak circular velocity of at least 30 km s . Neither the ve-
locity gradient across the cloud (which in the Lockman modelis attributable to the orbital
velocity of the HVC rather than its internal motions) nor the velocity dispersion of the gas
is nearly this large, so the kinematics of the cloud do not reqire a total mass this high.
Nevertheless, if the Hi extent of the cloud is smaller than the scale radius of the dak
matter halo, the observed kinematics would not be expectedd re ect the full gravitational
potential of the halo.

We now consider the possibilities for con rming or refuting the presence of a dwarf
galaxy in Complex H. The V-band extinction in the direction of the center of the HVC is
estimated to be 4 magnitudes (Schlegel, Finkbeiner, & David998), although the calculated
extinction near the Galactic plane is subject to signi cant uncertainties. The combination
of heavy extinction and severe crowding makes an optical detction of a distant group of
stars very dicult (although not impossible, as was illustr ated by the detection of the
Sagittarius dwarf spheroidal behind the Galactic center bylbata, Gilmore, & Irwin 1995).
Instead, we shall search for evidence of a dwarf galaxy at layer wavelengths where both
the extinction and the crowding are less severe or nonexistg. Speci cally, we use mid-
infrared observations from the Midcourse Space Experiment{MSX) satellite to identify
star-forming regions that could be associated with ComplexH. We then employ millimeter-
wave CO observations to determine the nature and location othese objects. These data
should reveal the presence of massive stars in Complex H if grstar formation has taken
place in the last 10’ years. Other Local Group dwarf irregulars that have compardle
H i masses to Complex H, such as Sextans B and IC 1613, are actiydlorming stars. In
addition, we use the Two Micron All Sky Survey (2MASS) near-infrared database to search
for stars in the putative dwarf galaxy, taking advantage of the order of magnitude decrease
in extinction between V-band and K -band.

In the following section, we discuss the MSX dataset, presdrour new CO obser-
vations, and describe the results of our search for star formtion. In x3.3 we describe our

analysis of the 2MASS data and inx3.4 we consider the interpretation of our ndings. Our
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conclusions are summarized irx3.5.

3.2 Search for Recent Star Formation in Complex H

3.2.1 MSX Data

The MSX satellite (Mill et al. 1994) was a US Department of Defense mission,
undertaken by the Ballistic Missile Defense Organization. Launched in 1996, the infrared
instrument on board consisted of a 35-cm o -axis telescope ith detectors in six mid-infrared
bands (two very narrow near 4 m, and four broad at roughly 8, 12, 15, and 21 m). All
sensors had pixels of 18 The primary infrared product was a survey of the entire Galactic
plane within 5 <b < 5 and about 19°(FWHM) resolution (Price et al. 2001). The
MSX Point Source Catalog version 2.3 (PSC2.3) contains sixolor infrared photometry for
over 43 10° sources in the Galactic plane (Egan et al. 2003)

3.2.2 Target Selection

If Complex H is indeed the gaseous counterpart of a dwarf gaby, the galaxy could
be either a dwarf irregular (dirr) or a dwarf spheroidal (dSph), but its gas content would
be rather large for a dSph (Blitz & Robishaw 2000). A dwarf irregular galaxy would likely
contain star{forming regions, which ought to be bright enough in the infrared to be detected
by MSX. The 19%resolution of the MSX data corresponds to a physical size of:092y ¢ pC,
where dkpc is the distance to Complex H in kiloparsecs. A typical Hii region of diameter
50 pc would subtend an angle of B at the nominal distance of 27 kpc to Complex H,
and would thus be resolved easily by MSX. Ultracompact Hii regions (less than 2 pc in
diameter), however, would show up as point sources at distaces of greater than 20 kpc.
Therefore, we consider both point sources and extended soces in our search for evidence
of star formation in the HVC.

As a rst step, we searched the PSC2.3 for evidence of an enhaad density of
infrared point sources near the center of Complex H. The digibution of these sources in
the plane of the Galaxy is displayed in Figure 3.2. Although there are a few overdensities
close to the expected location, further investigation revals that the string of sources from

132 138 is associated with the Milky Way star forming complex W3/W4/ W5 (e.g.,
Carpenter, Heyer, & Snell 2000) and the cluster at = 126.7 , b= 0:8 is the H ii region
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Sharpless 187 (Sharpless 1959; Joncas, Durand, & Roger 199% is also worth noting that
the average density on the sky of point sources around = 131 , b= 1 (the core of the
HVC) is very close to the global average value for the outer Ghactic plane of about 20
deg 2.

We then examined the area in question in more detail. The regin of highest Hi
column density in the HVC is roughly bounded by 127 <" < 133 and 1 <b< 5, so
for simplicity we will assume that any star formation that ha s taken place in Complex H
occurred in this area. The MSX band A (8 m) deep mosaic image of this region is shown
in Figure 3.3, along with H i data from the Leiden/Dwingeloo Survey (Hartmann & Burton
1997). The MSX image was cut froma 10 10 product with 36 %pixels and 72%esolution,
which has a 3 sensitivity limit for low surface brightness di use emission that varies across
the image from2 9 10 "W m Z2sr 1, and is sensitive to point sources with ux densities
downto 100 mJy. By comparison, an unobscured OB main sequence stat a distance of
27 kpc has a ux density of < 5 mJy (OB supergiants can be a factor of 2 3 brighter) so, if
the putative dwarf galaxy has a low dust content, only rich OB associations in Complex H
would be detectable. Nevertheless, a single OB star still ebedded in a molecular cloud
and therefore reradiating most of its energy in the infraredcould be detected. Therefore,
it is likely that recent massive star formation regions in Complex H would be visible in the
MSX data.

We selected 43 of the brightest extended sources for followp observations based
on a mosaic constructed of high-resolution (8%pixels, 19%resolution) MSX images covering
the region displayed in Figure 3.3. It is clear from a casualnspection of the gure that
the brightest infrared sources in this part of the sky are comentrated well away from the
H i peak of Complex H. We therefore added 10 bright point source$ocated near the core
of the HVC to our target list. Finally, we included seven IRAS sources (many of which
were expected to be Galactic star-forming regions) from thecompilation of Fich & Terebey
(1996) in order to make sure that they were actually Milky Way objects and to conrm

that our observing strategy could detect star-forming regons.

3.2.3 CO Observations

We observed our targets with the NRAO/UASO 12 m re ector on th e days of
2000 May 5 { 9. At the wavelength of the CO 0 =1 ! 0) line, the telescope has a
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Figure 3.2 | MSX point sources in the outer Galaxy. All source s listed in the Point Source
Catalog (Egan et al. 2003) are plotted. Overdensities near lie position of Complex H
( =131 ;b= 1 ; see Figure 3.1) are visible, but they can all be identi ed wih nearby
Milky Way H ii regions.
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Figure 3.3 | (a) MSX 8 m deep mosaic image of the center of Complex H. The displayed
region spans Galactic longitudes from 126 (right edge of the image) to 133 (left edge) and
Galactic latitudes from 1 to 5. The sources we selected for followup observations are
circled. Yellow circles represent MSX extended sources, bé circles represent MSX point
sources, and green circles represent IRAS sources from FiéhTerebey (1996). (b) H i image
of the center of Complex H from the Leiden/Dwingeloo Survey. The angular coverage is
the same as in panell@). The infrared targets are overplotted as in panel(a). It is clear
that the location of the H i peak of the HVC lies near a minimum of the infrared emission,
suggesting that the MSX sources are not associated with Condpx H.
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beam width of 55’0 We used the millimeter autocorrelator with a 300 MHz bandwidth and
0.2541 km s resolution and two polarizations. System temperatures wee between 300
and 500 K for most of our observations, and reached as high af0@0 K for a few scans
as the HVC approached the horizon. Typical integration times were 8 12 minutes per
position, for a total observing time of 40 60 minutes on each source. We observed in
relative position{switching mode with beam throws of a few acminutes and used the online
vane calibration to set the antenna temperature scale. The ¢lescope pointing and focus
were checked approximately every six hours, or after sunrs and sunset. The data were
reduced in COMB by subtracting a linear baseline from each spctrum and then combining
the two polarizations. For the extended sources, we obserdea ve point cross pattern
around each source, with the spacing of the points chosen toebslightly less than the radius
of the source. For the point sources, we only observed a sirglposition since the beam size

of the 12 m telescope is larger than the resolution of the MSX dta.

3.2.4 Millimeter Search Results

We observed the 60 targets shown in Figure 3.3 and examined thspectra for emis-
sion or absorption (emission in the o position) features inthe velocity range 300 km s ! <
Visr < 100 km s 1. Milky Way objects should appear with velocities Visg > 120kms 1,
and we expect Complex H emission to lie between 230 kms t and 170 km s tif any is
present (velocities as high as 120 km s ! are also possible, but less likely). We detected
Milky Way CO lines in either emission or absorption toward all 43 of the MSX extended
sources, nine out of the ten MSX point sources, and all sevenfdhe Fich & Terebey H ii
regions, indicating that at least 59 of our 60 targets are alnost certainly Milky Way star-
forming regions. The only object that we did not detect, MSX6C G131.1875+00.4726, may
be a Milky Way infrared source of some kind that does not contén any CO, or it could be
that the molecular gas is simply o set enough from the infrared position that it lies outside
the beam of the 12 m. We did not nd any emission lines at velodies below 102 km s 1}
so there is no evidence that any of these targets are assocst with Complex H.

In Table 3.1 we list the results of our CO observations for eae source. Columns
(1) and (2) contain the Galactic coordinates of the targets, column (3) contains the ve-

1Several spectra showed apparently signi cant features at dwer velocities, but repeat
observations failed to con rm the reality of these lines.
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locity centroids of the detected lines, column (4) containsthe peak observed brightness
temperatures (again, note that negative observed temperaires indicate the the emission
was located in the o position), column (5) contains the integrated intensity of the line,
and column (6) describes how the targets were selected. For amy lines of sight multiple
emission components were detected, so we include all linestlvan integrated intensity that
is signi cant at the 5  level or higher in this table. Note, however, that we frequerly omit
lines at local velocities ( 10 kms ! < Vi sg < 5km s 1) when other components with
more negative velocities are also detected along the samené of sight. Our compilation
is therefore incomplete at these velocities, but this localmaterial is not relevant for our
purposes. The distribution of velocities that we nd for the Milky Way clouds we detect is
plotted in Figure 3.4. Distinct peaks in the distribution ap pear at velocities of 10 km s !
(local material), 55 km s ! (Perseus spiral arm), and 80 km s ! (outer spiral arm).

Table 3.1: Milky Way CO Lines Detected Toward Mid-
Infrared Sources

b Visk (kms 1) T, (K) lco (Kkms 1) Source

(1) (2) 3) (4) (5) (6)
126.03 0.32 47.0 5.84 8.16 MSXE
126.34 0.48 1.9 4.89 5.35 MSXE

4.6 1.49 1.89
12.8 3.61 10.66
45.3 1.65 2.23
126.41 4.61 3.8 2.15 2.78 MSXE
6.5 0.97 2.01
9.8 0.51 0.50
126.42 1.79 115 0.52 041 MSXE
46.2 0.41 0.59
126.43 1.02 14 0.65 1.30 MSXE
67.2 0.95 1.10
126.58 0.20 11.9 2.99 5.15 MSXE
131 2.85 6.56
52.9 1.10 1.15
126.83 0.94 10.5 2.42 3.95 MSXE
36.3 1.65 1.99
54.0 0.83 1.03
126.98 1.07 37.0 2.11 3.28 MSXE
53.9 1.02 1.59

127.03 0.76 41.9 12.02 19.70 MSXE




Table 3.1 { Continued

b Visk (kms 1) T, (K) lco (Kkms 1) Source
1) (2 3 (4) %) (6)

51.0 0.40 0.77

127.16 0.53 13.3 2.46 2.12 MSXE
44.5 5.96 12.74
53.8 1.28 1.45
56.1 3.35 3.49

127.16 1.87 1.1 2.11 5.45 MSXE

127.21 0.98 43.0 9.04 22.61 MSXE
52.1 2.98 3.37

127.45 0.67 9.4 1.80 5.93 MSXE
52.5 1.74 2.69

127.45 0.52 34.4 3.73 4.60 MSXE
50.4 1.47 3.13

127.48 0.98 39.7 8.56 8.99 MSXE

127.49 1.16 36.0 0.51 0.57 MSXE
52.1 0.61 1.31
58.2 0.37 0.80

127.62 0.89 41.5 7.08 8.04 MSXE
51.7 1.28 1.61

127.78 0.61 8.1 1.22 2.41 MSXE

127.84 1.70 55.4 2.08 2.40 MSXE

127.86 1.16 59.8 2.57 6.34 MSXE
53.8 1.68 2.95

127.98 4.69 8.7 2.93 441 MSXE

128.17 0.45 12.7 2.51 4.67 MSXE
41.7 3.67 5.48

128.18 3.59 8.9 2.31 2.11 MSXE

128.55 1.24 51.1 1.71 3.36 MSXE
52.9 1.06 0.87

128.82 1.59 7.8 1.57 1.67 MSXE
10.0 1.27 1.58
55.7 2.65 4.02
82.2 1.71 2.60

129.81 1.43 38.4 1.86 4.15 MSXE
55.0 1.21 1.51
77.0 0.61 0.69
82.2 0.82 0.88

130.00 1.83 47.2 3.71 3.76 MSXE
81.0 1.00 1.46

130.13 1.91 2.4 1.10 1.86 MSXE

130.18 0.53 10.9 2.38 2.76 MSXE
12.6 1.21 1.18
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Table 3.1 { Continued

b Visk (kms 1) T, (K) lco (Kkms 1) Source
1) (2 3 (4) %) (6)

45.6 0.86 1.10

130.52 1.21 66.0 0.57 0.83 MSXE

130.61 2.85 7.4 1.73 2.33 MSXE

130.82 0.02 17.1 4.32 5.54 MSXE
33.0 3.38 4.07

130.95 4.43 14.1 1.78 2.87 MSXE

130.99 0.56 30.8 1.91 3.18 MSXE

131.53 4,58 33.1 6.67 11.48 MSXE

131.79 3.75 8.2 1.49 1.50 MSXE
8.0 0.80 0.38
40.7 0.66 1.21

131.81 1.36 57.4 1.22 1.69 MSXE
79.0 3.11 4.68

131.94 1.82 45.6 1.22 2.02 MSXE
69.9 0.89 1.60

132.12 1.65 75.0 0.43 0.88 MSXE
101.7 0.37 0.39

132.16 3.84 41.2 2.30 4.03 MSXE

132.17 2.29 7.7 2.69 3.50 MSXE
73.7 0.67 0.75

132.36 3.98 41.1 1.80 2.65 MSXE

132.83 3.89 1.5 1.24 1.48 MSXE
7.9 1.06 1.24
9.6 3.05 2.71

131.666 1.934 41.2 0.44 0.44 MSXP
79.1 0.46 0.72

131.856 1.331 56.1 0.49 0.72 MSXP
78.7 8.38 23.94

131.826 1.364 56.3 0.38 0.43 MSXP
78.5 3.14 4.48

130.294 1.654 3.3 0.51 0.66 MSXP
54.5 6.04 9.95

131.709 0.624 2.7 2.21 6.50 MSXP

131.186 0.474 MSXP

131.136 0.164 5.0 2.00 4.10 MSXP
19.0 0.30 0.86

130.416 0.266 9.1 0.69 0.44 MSXP
11.5 4.65 11.81

130.896 0.419 58.9 2.20 5.48 MSXP

130.484 0.156 11.5 1.20 1.91 MSXP
88.7 0.40 0.87
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Table 3.1 { Continued

b Visk (kms 1) T, (K) lco (Kkms 1) Source

) ) 3 (4) ®) (6)
130.294 1.654 54.5 6.49 10.34 MSXP
126.43 4.48 2.2 3.82 6.25 FT96

10.2 2.23 5.69
127.09 1.86 0.4 2.66 3.63 FT96
29 1.38 1.53
8.1 1.00 0.64
127.83 1.67 7.3 1.17 1.81 FT96
57.7 4.38 4.23
87.3 1.30 1.98
127.91 0.66 63.4 6.55 19.10 FT96
128.78 2.01 82.0 10.47 30.76 FT96
130.00 1.81 43.5 0.59 0.86 FT96
47.2 2.89 2.96
81.5 0.52 1.22
130.29 1.66 10.8 0.55 0.79 FT96
43.0 0.77 1.26
54.5 3.45 6.05

Over the velocity range in which Complex H emission is most kely ( 230 km s * <
Visr < 170 km s 1), our spectra reach a typical rms of 0.05 K for extended soures and
0.13 K for point sources (because of the shorter integratioriimes). Assuming a distance of
27 kpc and a linewidth of 6 channels (1.52 km s?), similar to the linewidths of the Galactic
lines we detected, we translate these rms values to 3 upper limits on the total molecular
mass associated with each source of 24130 M , with a median upper limit of 47 M
These masses correspond to typical molecular cores in Gakixstar forming regions, but are
much smaller than the masses of giant molecular clouds. Thesmass limits also assume that
the Milky Way value of X, the CO-H, conversion factor, is appropriate for Complex H.
Recent analyses ofX co in other galaxies suggest that it has at most a weak dependeigc
on metallicity (Walter et al. 2001, 2002; Bolatto et al. 2003, Rosolowsky et al. 2003), which
would validate our assumption.

In addition to searching for localized CO emission in Compl& H, we can also
combine all of our spectra to search for a very faint, di use @mponent. Our spectra of 60
sources span 7 of longitude and 6 of latitude, covering a total area of approximately 0.05
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Figure 3.4 | Velocity histogram of the Milky Way CO lines we de tected. Emission lines are
shown in dark gray and absorption lines (which actually represent emission in the reference
position) are shown in light gray.



62

de? ( 10* pc? at a distance of 27 kpc) with a net integration time of 125 ks. The average
spectrum over all of our observed positions has an rms noisevel of 5 mK, which (again
assuming the Galactic value ofXco and a linewidth of 1.52 km s 1) yields a 3  upper

limit of 1000 M on the di use molecular content of the HVC.

3.2.5 Limits on the Star Formation Rate in Complex H

If we interpret these results as implying that there are currently no OB associations
in Complex H, then the ux limits in  x3.2.2 suggest that fewer than 25 OB stars are present
(for an average OB star ux at 8 m of 4 mJy). Given a total lifetime of an OB star of

10" yr and a typical mass of 20 M , we calculate that the rate of formation of massive
stars in Complex His lessthan5 10 ® M yr 1. Our observations do not place any direct
constraints on the total star formation rate in Complex H, since low-mass stars do not
produce detectable amounts of mid-infrared emission. Howeer, if we assume a Salpeter
initial mass function (Salpeter 1955) with upper and lower mass limits of 200 M and
0.1 M , respectively, we can translate the high-mass star formatin rate we derived into an
upper limit on the total star formation rate of 3:2 10 * M yr 1. Using a Kroupa initial
mass function (Kroupa 2001), which turns over at the low-mas end, instead of the Salpeter
form reduces the limiting total star formation rate slightl y to 2:1 10 4 M yr 1. Under
the more stringent assumption that our observations rule ou the presence ofany O or B
stars in Complex H, the upper limit on the star formation rate is a factor of 25 lower at
1:3 10 M yr 1 (for a Salpeter IMF) or 8:4 10 ® M yr 1 (for a Kroupa IMF).

By comparison, known Local Group dlrrs have star formation rates ranging from
1 10 *M yr *for the Sagittarius dwarf irregular galaxy, with an absolute magnitude of
My = 123,uptonearlyl M yr *forIC 10, with an absolute magnitude ofMy = 157
(Mateo 1998, and references therein).

3.3 Search for a Distant Stellar Population Behind the Milky
Way
Dwarf galaxies, whether they contain signi cant amounts of gas or not, usually

have a substantial fraction of their stellar mass locked up m an old, metal-poor stellar

population. Therefore, even though Complex H lacks appreeble amounts of massive star
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formation, we must also search for an evolved stellar popukioon associated with the HVC.
The most luminous stars in such a population are on the red giat branch (RGB) and the
asymptotic giant branch (AGB). These stars can be easily reognized by their characteristic
distribution in optical and near-infrared color-magnitud e diagrams (CMDs). In the case of
Complex H, optical data are largely useless because of the yehigh foreground density of
Milky Way stars combined with several magnitudes of extinction. Near-infrared observa-
tions, in contrast, o er several strong advantages: much lss extinction, lower foreground
levels (since most stellar spectra peak at shorter wavelergs), and the enhanced brightness
of RGB and AGB stars relative to other types of stars. In this section, we describe our use

of 2MASS data to search for evidence of an ancient stellar pagation in Complex H.

3.3.1 2MASS Data

The 2MASS project surveyed the entire sky in three near{infrared bands (0, H,
and Ks). 2MASS images have typical seeing of about® and the data are complete down
to 10 limiting magnitudes of J = 15:8, H = 15:1, and Kg = 14:3 (2MASS Explanatory
Supplement?) In the near{infrared, the red giant branch extends up to Kg 6.2 at a
color of J  Ks 1 (Nikolaev & Weinberg 2000), so a population of evolved stag is visible
in the 2MASS dataset out to a distance modulus ofm M 20 (d = 100 kpc). The
2MASS Point Source Catalog (Cutri et al. 2003) includes phobmetry and astrometry for

4:7 1P objects.

3.3.2 Search Technique

Using the 2MASS Point Source Catalog, we can construct coldmagnitude dia-
grams (CMDs) of the center of Complex H. By comparing these CNDs to those of nearby
regions (e.g., at the same Galactic latitude but 10 away in longitude), it is straightfor-
ward to search for a population of evolved stars behind the Mky Way. If the population
is relatively massive (comparable to Sagittarius, for exanple), the RGB will be visually ob-
vious in the CMD without even attempting to enhance the signd by statistically removing
foreground stars. In Figure 3.5 we show theKs, J Ksg CMD for 1 deg? centered on the
peak of the HI distribution of Complex H (* = 131 ;b= 1 ). The two strong plumes of

stars extending upward aroundd Ks=0:4andJ Kgs=0:8 correspond to foreground

Zhttp:/lwww.ipac.caltech.edu/2mass/releases/allsky/d oc/explsup.html
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main sequence stars and red clump stars, respectively. The iy Way red giant branch is
visible just redward of the red clump stars at brighter magnitudes 3 Kg> 0:4, Kg< 10).
A red giant population associated with Complex H would appea as a prominent sequence
of stars extending up and to the right from the right side of the foreground giant branch
(e.g., Cole 2001). There is no sign of a distinct stellar poplation at any distance greater
than 20 kpc.

The signature of a less luminous stellar population (more ke Draco or Ursa Minor)
may be easier to detect using the luminosity functions instad of the CMDs. We therefore
also examined theK g-band stellar luminosity function of this eld, both by itse If and in
comparison to the control eld at ~ = 140 ;b =1 . A distant red giant branch causes a
sudden increase in the slope of the luminosity function (ether di erential or cumulative)
when the magnitude of the tip of the red giant branch (TRGB) is reached. The sensitivity of
this method can be enhanced by dividing the luminosity funcion into color bins (since red
giants, AGB stars, etc. have particular colors for a given conbination of age and metallicity).
For color ranges covering the RGB, and carbon stars and long griod variables, we detect
no di erence between the luminosity functions of the core ofComplex H and the control
eld.

3.3.3 Detection Limits

In order to determine what limits these nondetections placeon the stellar content
of Complex H, we used a Monte Carlo code to sample stars of varus ages and metallicities
from the Padua isochrone set (Girardi et al. 2000). We seleed a sample with a metallicity
of z = 0:004 and star formation from 5 12 Gyr ago, similar to the stellar populations of the
Fornax and Sagittarius dSphs. This model produces a giant banch very similar to that of
Sagittarius. We then overlaid the model population onto a eld near Complex H and used
Poisson statistics to estimate the likelihood that the on- eld CMD was similar to the o - eld
CMD plus the model (normalized to the same number of stars). kgure 3.6 shows the 1, 2,
and 3 detection limits, behind the Complex H eld, for that Fornax - or Sagittarius-like
population as a function of distance. The locations of a few ther dwarf spheroidals with
intermediate-age populations are also plotted in the gure At the distance of Complex H, a
population with a mass of 25 10° M in stars would be marginally detected in the 2MASS
data. Sgr itself, as the most luminous of these galaxies araud the Milky Way, would be
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Figure 3.5 | 2MASS Hess/color-magnitude diagram of the cent er of Complex H. The stellar
density in the CMD is contoured with levels of 4, 8, 16, 40, 120360 stars per 0.01 ma@
Individual stars are plotted for areas below the second cormiur. The feature on the blue
side of the diagram extending fromJ Kg=0:8 atthe faintendtoJ Kg=0:2atKg=9
is the Milky Way disk main sequence spanning a wide range of &g and distances. On
the red side of the diagram, the disk red clump (also spanninga wide range of ages and
distances) extends fromJ Kg=1.0atKg> 12toJ Kg=0:7 atKs=7. Thereis no
excess population of RGB or AGB stars associated with the HVC
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detected at the 70 level at the position of Complex H. A very faint dwarf spheroidal such
as Carina (M 3 10° M ), however, is down in the noise because its luminosity is a
factor of 40 lower. Based on these results, it is clear that any old poplation with a
metallicity of [Fe/H] 0:7 that is present must have a mass of less than 23 10° M
Because of the metallicity dependence of color of the RGB, a nre metal-poor population
is easier to hide down in the Galactic plane; the bluer giant lbanch is more concealed by the
foreground screen of Milky Way red giants and red clump stars For a purely old population
with [Fe/H] 2, the detection limits are about twice as high as those showin Figure 3.6
(4 6 10 M ). We are therefore unable to rule out the presence of a galaxguch as Ursa
Minor, Draco, Sextans, or Sculptor at the location of Complex H; at best, these objects
could be detected at 3 in the 2MASS data because of the bright foregrounds. The
known dwarf galaxies with these kinds of stellar masses andtellar populations, however,
have Hi masses 10’ M

It is possible to construct larger stellar populations that are undetectable with
2MASS by using only relatively young stars. Populations younger than 1 Gyr avoid the
RGB phase transition, so the brightest easily identi able stars in the near-infrared CMD
are the core-helium burning stars. The detection limits then become> 10 times higher than
those plotted in Figure 3.6, and stellar masses of 3 10° M are possible. Even younger
populations (e.g., 300 700 Myr) could contain even more mass (up to 16 M ) and still
not be visible. However, a galaxy containing this many youngstars and only a very small
fraction of old stars (< 10% to avoid the limits derived above) would be very unusual. If
star formation at any appreciable level had continued as reently as a few tens of Myr ago,
we should have discovered the remnants of that activity inx3.2.

Our conclusion is that we can rule out any moderate to large dwarf spheroidals
associated with Complex H, but extremely low-mass dSphs sicas Draco can hide down
in the Galactic foreground at the limits of detectability. W e can also construct pathological
populations (unlike those of known dwarf galaxies) that hawe signi cant stellar masses, but
not enough old stars to be seen in 2MASS. However, there are nknown dwarf irregular
galaxies that contain as much gas as Complex H does and wouldhbe detectable in 2MASS
at a distance of 27 kpc.
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Figure 3.6 | Detection limits for a mixed old and intermediat e age stellar population at
the position of Complex H. The dashed, thin solid, and thick lid lines represent1 , 2
and 3 detection limits. A dwarf the size of Sagittarius, Fornax, or Leo | would be strongly
detected at any distance. Much less massive objects compdrke to Carina would probably
not be detected at 105 kpc (the actual distance of Carina), btiwould be a 3 detection
at the probable distance of 27 kpc to Complex H.
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3.4 Discussion

3.4.1 What Is Complex H?

W98 presented six plausible explanations of the origin of Cmplex H, ranging from
the neutral edge of a superbubble in the outer Galaxy to a masgse, distant intergalactic
cloud in the Local Group. Given the distance limits discussd in x3.1, the remaining pos-
sibilities are (1) Complex H was produced by a Galactic fountin, (2) Complex H is an
infalling extragalactic cloud, and (3) Complex H is a nearby dwarf galaxy. A Galactic
fountain origin for Complex H cannot be ruled out entirely without absorption-line mea-
surements, but the low metallicities of other HVCs (e.g., Lu et al. 1994a,b; Wakker et al.
1999; Wakker 2001; Richter et al. 2001; Sembach et al. 2002yipp et al. 2003) and its large
mass and distance suggest that this possibility is unlikely

Complex H does not appear to host either signi cant amounts & recent star for-
mation or a substantial old stellar population, making it di cult to distinguish between
the latter two possibilities. If Complex H is associated with a dwarf galaxy, it must be a
rather faint dwarf to have escaped detection. The combinaton of a low total luminosity,
small numbers of evolved stars, low levels of ongoing star fmation, and a large gas mass
would make this dwarf galaxy unique in the Local Group.

On the other hand, if Complex H is not a dwarf galaxy, we would be forced to
conclude by default that it is an infalling extragalactic cloud that is in the process of being
accreted by the Milky Way. In this case, we must understand wty Complex H has failed
to form any stars despite the> 10’ M of H i that it contains. What makes Complex H
di erent from other gas clouds of similar masses? Did it onlyacquire its gas recently, not
allowing time for star formation? Is its internal pressure too low for molecular clouds to
form (Blitz & Rosolowsky 2004)? Higher resolution Hi observations of Complex H support
the latter possibility, indicating peak H i column densities of 2:5 10%° cm 2 and number
densities of a few particles per cri (Wakker & Schwarz 1991; Wakker, Vijfschaft, & Schwarz
1991; Lockman 2003). However, these measurements do not agds the more fundamental
issue ofwhy the pressure and density in such a large cloud of gas are so low

The key question that must be answered to resolve this issuesiwhether Complex H
is surrounded by a dark matter halo, and therefore represert CDM substructure, or whether
it is a cold accretion ow such as those recently suggested bgirnboim & Dekel (2003),
Keres et al. (2004), and Dekel & Birnboim (2004). The argumen for Complex H being a
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dark galaxy relies on the CDM prediction of large numbers of bw-mass dark matter halos, its
large Hi mass, and its almost unprecedented H-to-stellar mass ratio. Since the predicted
subhalos are likely to exist (seex3.4.3), and the most massive subhalos should have retained
or accreted some gas, Complex H seems to have many of the expest properties of one of
these objects. The only hole in this case is the kinematics dhe cloud. As described inx3.1,
a cloud as massive as Complex H should have a rotation velogitof 30 km s 1, implying
a velocity gradient as large as 60 km s, or a velocity dispersion of similar magnitude.
The observed gradient across the HVC is closer to 20 km ¢, and the velocity dispersion
is about 12 km s 1, much smaller than expected. These values can still be compiale with
a large total mass for Complex H if (1) we are seeing the rotatin close to face-on, and
therefore underestimating its amplitude, or (2) the H i is con ned to the central regions of
the dark matter halo, so that the kinematics do not reveal the full mass of the cloud. It is
worth noting that other Local Group dwarfs with similar H i masses to Complex H (e.g.,
Sextans B and IC 1613) also have fairly low rotation amplitudes (10 km s 1) and velocity
dispersions.

Because this interpretation requires somewhat special ciumstances, the alterna-
tive possibility that Complex H represents an instance of \cold mode" gas accretion onto
the Milky Way (as opposed to the standard \hot mode", in which gas is shock heated to
very high temperatures and ionized at large radii before aceting onto a galaxy and later
cooling) must be considered as well. Complex H would be the st observed example of
this process, which has heretofore only been seen in hydrodgmic simulations. This would
constitute strong evidence that cold accretion actually dees play an important role in galaxy
formation in the real universe. In addition to the kinematic s, another piece of evidence in
support of this idea is that Complex H is located relatively dose on the sky to M31, which
corresponds to the direction along the lament from which the Local Group formed. How-
ever, there are also problematic aspects to this picture, nably that Complex H cannot
be gravitationally bound without large amounts of dark matt er, and therefore would nec-
essarily be a transient object that formed recently, and als that similar objects have not
been detected around other galaxies even though surveys whitsu cient sensitivity to detect
Complex H analogs have been carried out. More detailed obseations of the kinematics
of Complex H may help to determine which of these possibilites is correct, but the more
basic problem that the behavior of gas clouds in the Local Grap is not yet understood
(Sternberg, McKee, & Wol re 2002) also must be addressed.
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3.4.2 Implications for the Nature of HVCs

Complex H now joins an increasingly long list of other high-welocity clouds that
appear not to contain stars (Simon & Blitz 2002; Davies et al.2002; Willman et al. 2002;
Hopp, Schulte-Ladbeck, & Kerp 2003; Siegel et al. 2005). Théypothesis that HVCs are
the H i counterparts of normal low-surface brightness dwarf galaies can therefore safely be
put to rest. It remains possible, of course, that HVCs could lost stellar populations whose
surface brightness is signi cantly lower than that of any currently known galaxy, but more
likely, HVCs simply do not contain any stars.

A number of competing models to explain the origins of HVCs hae been proposed
in recent years: (1) HVCs are distant d > 500 kpc), massive clouds that are the left-
over building blocks of the Local Group (Blitz et al. 1999), (2) HVCs are small, nearby
(d < 50 kpc) clouds that represent tidal debris from destroyed dvarf galaxies, and (3)
HVCs are low-mass clouds at intermediate distancesd < 150 kpc) that are cooling and
condensing out of the halo of hot gas that surrounds the MilkyWay (Maller & Bullock 2005).
Only in the rst model would HVCs be expected to be associatedwith dwarf galaxies. The
absence of stars in HVCs, however, is not necessarily evidem against this model because
of the many possible mechanisms for suppressing star formian in low-mass objects (see
x3.1). Our results therefore do not provide us with signi cant new leverage on the nature
of HVCs. Still, it may be worth noting that Complex H is cooler (T 50 K; Wakker et al.
1991) and possibly more massive than the clouds expected imé Maller & Bullock (2005)

model.

3.4.3 Implications for the Substructure Problem

According to CDM numerical simulations, the Local Group sh ould contain up to

500 low-mass dark matter halos (Klypin et al. 1999; Moore et & 1999a). Observationally,
there are less than 40 known Local Group dwarf galaxies (e.gMateo 1998; van den Bergh

2000). Possible explanations for this mismatch are: (1) thesimulations are overpredicting

the amount of substructure that should be present, (2) thereare many faint Local Group
dwarfs that have not yet been discovered, or (3) 90 % of low-mass halos never form stars.
There are only a few ways to alter the predictions of the simudtions, such as changing the

initial power spectrum of density uctuations (Kamionkows ki & Liddle 2000) or imbuing

the dark matter particles with new properties (e.g., a honzeo self-interaction cross-section
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[Spergel & Steinhardt 2000] or annihilation rate [e.g., Kapinghat et al. 2000]). Because
there is little theoretical or observational motivation fo r these ideas at present, much of the
attention has focused on the other two potential solutions d the substructure problem.

Recent observational work has cast doubt on the idea that hudreds of undiscov-
ered dwarf galaxies could exist in the Local Group. Our resuk, along with the optical
studies of other HVCs cited above &3.4.2), show that HVYCs do not contain dwarf galaxy-
like stellar populations. The most straightforward interp retation of these ndings is that
there are no stars in HVCs; if any stars have formed, the procgs must have been extremely
ine cient. We therefore argue that the substructure proble m likely originates in the di -
culty that low-mass dark matter halos experience in becomig dwarf galaxies. A number of
theoretical ideas support the plausibility of this hypothesis. For example, the heating of the
intergalactic medium that occurred during the epoch of reimization may have prevented
low-mass halos from holding on to their gas (Bullock et al. 200). Simple photoioniza-
tion caused by the ultraviolet background can also prevent hese halos from forming stars
(Somerville 2002). Tidal stripping may have removed most ofthe mass from dwarf galax-
ies relatively early in the history of the universe (Kravtsov et al. 2004). Alternatively, the
supernova-driven winds produced by the formation of massig galaxies at high redshift could
have blown out the interstellar medium of their satellite galaxies (Scannapieco et al. 2000,
2001).

Observations are also beginning to provide evidence in favoof this picture as
well. Flux anomalies in multiply-imaged quasars appear to equire that the lensing galax-
ies contain signi cant substructure (Mao & Schneider 1998; Chiba 2002; Metcalf & Zhao
2002; Dalal & Kochanek 2002; Kochanek & Dalal 2004). It is notyet clear whether these
substructures are luminous or dark, but their abundance is pughly consistent with CDM
predictions. In the nearby universe, Robishaw, Simon, & Bltz (2002) recently identi ed
a mysterious object that may be the rst of the posited dark galaxies to be discovered in
the Local Group. This object is a high-velocity cloud (HVC 127 41 330) that is appar-
ently interacting with the Local Group dwarf galaxy LGS 3 and therefore is located at a
distance of 700 kpc from the Milky Way. The velocity eld of this HVC indic ates that
it is rotating, and the inferred total mass is at least four times as large as the H mass. A
preliminary search for stars in HVC 127 41 330 did not yield any evidence for a stellar
component (Robishaw et al. 2002), leading us to conclude thathis object has all of the

expected characteristics of one of the missing dark matter &los from CDM simulations (Si-
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mon, Robishaw, & Blitz 2003b). It is worth noting, however, that several extremely faint
and low surface brightness objects have recently been diseered in the Sloan Digital Sky
Survey, suggesting that the census of luminous dwarfs in théocal Group may not yet be
complete (Zucker et al. 2004; Willman et al. 2005a,b).

3.4.4 Starless Gas Clouds in the Local Group

Do dark galaxies actually exist? Blind H i surveys covering large areas of sky
and smaller targeted surveys of nearby galaxy groups have tmed up small numbers of
low-mass Hi clouds, but deep optical imaging almost invariably revealsthat these objects
are associated with dwarf galaxies. The only exception is th object recently announced by
Minchin et al. (2005), VirgoHI21. This 108 M cloud in the Virgo cluster has no optical
counterpart down to a surface brightness limit of g = 27:5 mag arcsec?, which would
make it the lowest surface brightness galaxy known if it doegurn out to contain any stars.
VirgoHI21 is currently the only such starless cloud outsidethe Local Group, and therefore
by default represents the closest extragalactic analog to @mplex H, despite its large mass
and location in a cluster environment. Minchin et al. (2005) suggest that previous Hi
surveys have not reached low enough column density limits taletect other similar objects,
S0 more sensitive Hi surveys may yet reveal a larger population of starless H clouds.

Based on a thermal instability model of gas clouds embeddedidark matter halos,
Taylor & Webster (2005) conclude that objects with H i masses comparable to Complex H
are likely (> 50% probability) to form stars. However, the minimum self-regulating star
formation rate that they predict fora 10’ M cloudis 10 ® M yr 1, signi cantly below
the level that we would be able to detect; this model therefoe does not require Complex H
to be completely starless.

If Complex Hand HVC 127 41 330 indeed lack any stellar component, then these
clouds, along with Wright's Cloud (Wright 1974, 1979) and Davies' Cloud (Davies 1975),
may be the most massive examples of a population of starlesdotids of gas in the Local
Group. It is tempting to associate these objects with some ofhe dark matter substructures
predicted by CDM, but further kinematical studies will be ne cessary to determine whether
Complex H, Wright's Cloud, and Davies' Cloud are in fact dark matter{dominated. The
association of these objects with dark matter halos would povide strong evidence that the

CDM substructure predictions are correct and that many more low-mass halos do exist
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in the Local Group, although the lower-mass halos may contan much less neutral gas (or
none at all), making them more di cult to detect. Future mult iwavelength investigations
of these massive H clouds to ascertain how they are distinct from similar-sizel clouds that
formed dwarf galaxies will help to illuminate the process ofgalaxy formation at both high

and low redshift.

3.5 Conclusions

We have sought infrared and radio evidence of a dwarf galaxy ssociated with the
massive, nearby HVC Complex H. Lockman (2003) showed that Cmplex H is most likely
located slightly beyond the edge of the Milky Way disk at a digance of 27 9 kpc from
the Sun, consistent with the nondetection of high-velocity absorption lines in the spectra of
distant OB stars (Wakker et al. 1998). Mid-infrared observations from the MSX satellite
reveal many star-forming regions in the Galactic plane nearthe position of Complex H.
We used CO observations to measure the velocities of 59 sucbwgces and determined that
they are clearly Milky Way objects. Only one of the sources wa not detected in CO and
therefore has an unknown origin, but it is plausible that our observations happened to miss
the Milky Way CO cloud near this line of sight. Under the assumptions that Complex H
lies at the distance of 27 kpc suggested by Lockman (2003), dnthat the Galactic CO-
H, conversion factor applies to HVCs, we placed 3 upper limits of 24 130 M on the
amount of molecular gas that could be present in Complex H at he position of each of these
targets. These limits allow us to rule out the possibility that any of the infrared sources are
associated with typical star-forming molecular cores or gant molecular clouds in Complex H.
We also derived an upper limit of 1000 M on the mass of di use molecular gas that
Complex H could contain. Assuming that there are no massive tars currently present in
Complex H, as these observations suggest, we placed uppemiis on the star formation
rate in the HVC of 3:2 10 4 M yr ' M yr ! for a Salpeter initial mass function and
21 104M yr *'M yr 1fora Kroupa initial mass function. If the actual star format ion
rate in the HVC is close to these limits, Complex H would rank near the bottom of the list
of Local Group dwarf irregulars in star formation despite its large reservoir of atomic gas.

We also used 2MASS data to constrain the possible size of intemediate and old
stellar populations within Complex H. Near-infrared color-magnitude diagrams of the core

of the HVC do not contain any excess RGB or AGB stars compared ¢ nearby control elds.
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The Ks-band luminosity function at the position of Complex H also reveals no evidence for
an extragalactic population of stars. We derived upper limis on the evolved stellar content
of the HVC by using Monte Carlo techniques to create model dwé galaxy CMDs based on
the stellar isochrones of Girardi et al. (2000). We then addd these CMDs to the control
eld CMDs near Complex H. In this manner, we determined that a dSph-like population
with a stellar mass of > 3 10° M would be detectable in the 2MASS dataset. Very
metal-poor populations ([Fe/H] 2) and young stars < 1 Gyr) are more dicult to
detect in the near-infrared, so the upper limits for those p@ulations are somewhat higher.

While we cannot entirely rule out the existence of a dwarf gahxy associated with
Complex H, these results demonstrate that the galaxy must hge an exceptionally low
luminosity if it exists. There are no known dwarfs that have the required characteristics of
a large gas mass, very low current rates of star formation, ath a very small intermediate
and old stellar population. If Complex H does contain any stas, it almost certainly has the
largest My ;=Lg and one of the smallest populations of evolved stars in the Loal Group.

We presented arguments that Complex H is either a dark galaxyin the Local
Group, or an example of a cold accretion ow onto the Milky Way. In either case, this
HVC is a unique object whose existence has important implickons for our understanding
of galaxy formation, and further observations and modelingwill be needed to determine
the true nature of Complex H. If Complex H is a dark galaxy, and the Cold Dark Matter
prediction of hundreds of low-mass dark matter halos in the local Group is correct, then
our results provide observational evidence that these hal® may be unable to form stars.
Some of the most massive subhalos, such as Complex H and therdlamatter{dominated
HVC described by Robishaw et al. (2002) may have accumulate@énough gas to be detected
as high-velocity clouds, but the bulk of the population could remain entirely dark.
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Chapter 4

21 cm Imaging of LGS 3 and an
Apparently Interacting
High-Velocity Cloud

This chapter is a modi ed version of a paper that was previousy published in The
Astrophysical Journal Letters (Robishaw, Simon, & Blitz 2002, ApJ, 580, L129). It also
incorporates some material from an article published in theproceedings ofSatellites and
Tidal Streams (Simon, Robishaw, & Blitz 2003, ASP Conf. Ser. 327, 32).

Abstract

We presenta 98  93¥map of the area near the Local Group dwarf galaxy LGS 3,
centered on an Hi cloud 30 away from the galaxy. Previous authors associated this clod
with LGS 3 but relied on observations made with a 38 beam. Our high-resolution (3%),
wide- eld Arecibo observations of the region reveal that the H i cloud is distinct from the
galaxy and suggest an interaction between the two. We point at faint emission features in
the map that may be gas that has been tidally removed from the Hi cloud by LGS 3. We
also derive the rotation curve of the cloud and nd that it is i n solid-body rotation out to
a radius of 1, beyond which the rotation velocity begins to decline. Assuning a spherical
geometry for the cloud, the implied dynamical mass is 8 10’ (d=1 Mpc) M , whered is
the distance in Mpc. The observed Hi mass is 35 1P (d=1 Mpc)? M , indicating that
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the cloud is dark matter-dominated unless its distance is atleast 1.9 Mpc. We propose that
the cloud is a high-velocity cloud that is undergoing a tidal interaction with LGS 3 and

therefore is located roughly 700 kpc away from the Milky Way. The cloud then contains a
total mass of 2:0 10’ M , 82% of which consists of dark matter.

4.1 Introduction

As described in the previous two chapters, despite numerouseasons to suspect a
connection between high-velocity clouds and the substruaire problem, physical evidence
supporting this hypothesis has proved elusive. HVCs are denitively not associated with
normal low-luminosity dwarf galaxies and appear likely not to contain any stars at all.
Robust HVC distances therefore cannot be obtained from optial observations, although
there is some hope for H distance estimates. Consequently, we must turn to alternag
techniques for determining the distances and dark matter catent of HVCs. In this chapter,
we present the special case of one high-velocity cloud whogmosition, morphology, and
kinematics allow us to constrain these critical parameters

411 HVC 127 41 330

Defying years of intensive study, HVC distances and massesmain almost com-
pletely unknown. We attack this problem by using the upgraded Arecibo telescope to
completely map a large area (2 dedf) around the Local Group dwarf galaxy LGS 3 and a
newly identi ed HVC. If the HVC and the dwarf galaxy are inter acting, as we will argue,
then this system presents a unique opportunity to constrainthe distance and mass of an
HVC, and to determine whether HVCs are related to the missingdark matter halos in the
Local Group.

The H i cloud next to LGS 3 appears to have been rst detected by Hulslwbsch
in 1982 using the Dwingeloo 25 m telescope (Christian & Tully1983). The original H i
observations of LGS 3 by Thuan & Martin (1979), made using Areibo, did not detect
the cloud because they were directed at the optical positionof the galaxy rather than
30° away. According to Christian & Tully (1983), Hulsbosch reported that LGS 3 lies
on the edge of a large cloud of gas (called HVC 12741 330 by them) that contains a
signi cant velocity gradient. However, with the 36 °resolution of his Dwingeloo observations,

Hulsbosch was apparently unable to draw any rm conclusionsabout the nature of this
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object. Over the next 17 years the situation remained murky & few observers paid attention
to this part of the sky. The sole reference to the cloud duringthis period was in the HVC
survey of Hulsbosch & Wakker (1988), who listed the cloud in hree entries of their HVC
catalog, at (";b;visr) = (127 ; 41; 331), (128; 41; 329), and (127; 42; 352).
They considered all of these detections to be part of LGS 3, wikh is located at ("; b; visr ) =

(126: 75, 40:89, 287).

Five years ago the cloud was rediscovered by Blitz & Robishaw(2000) during
their search for gas associated with Local Group dwarf spheidals in the Leiden/Dwingeloo
Survey (LDS) of Galactic Neutral Hydrogen (Hartmann & Burto n 1997). Blitz & Robishaw
(2000) pointed out that the cloud is not only substantially | arger in area and Hi mass (if
at the same distance as the galaxy) than the gas known to be assiated with LGS 3 itself
(Thuan & Martin 1979; Young & Lo 1997), but is also o set in bot h position (309 and
velocity ( 50 km s 1) from the dwarf galaxy. They speculated that the cloud might have
been ram-pressure stripped out of LGS 3 by hot gas in the halofoM31. They noted,
however, that the velocity of the cloud should be less negatie than the velocity of LGS 3
(Viss = 287 km s 1), which it is not ( Vi 330 km s 1). Like Hulsbosch, their ability
to consider other possible origins for the cloud was limitecby the low angular resolution of
the Dwingeloo data.

In order to ascertain the true physical situation involving this object, we included
LGS 3in our Arecibo H i survey of high-velocity clouds. The Arecibo data o er signi cantly
improved sensitivity and an order of magnitude increase in agular resolution compared to
previous observations.

In x4.2, we describe our observations and discuss the data rediian. Our analysis
of the data is presented along with our map of the HVC and its rdation curve in x4.3. In
x4.4, we discuss our results and evidence for a possible intation between the HVC and
LGS 3.

4.2 Observations and Data Reduction

The observations were conducted over ve nights in 2000 Nowmber using the

upgraded Arecibo telescopé. We employed the L-band narrow receiver and the 9-level,

1The Arecibo Observatory is part of the National Astronomy and lonosphere Center,
which is operated by Cornell University under a cooperativeagreement with the National
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dual-polarization correlator con guration to yield spectra with a velocity resolution of
0.644 km s 1. At the frequency of H i observations, the telescope has a half-power beam
width of 3%, a main beam e ciency of 0.48, and a gain of 7.2 K/Jy (Heiles 200).

The data we present in this chapter include 3 nights of on-they (OTF) maps,
Nyquist sampled in right ascension and declination, and 2 mghts of drift scans. The OTF
maps cover a 98 93region and the drift scans add sensitivity in a 48 40 area between
and including the HVC and LGS 3. The total integration time was 22 s beam * for most
of the map and 92 s beam?! in the area covered by the drift scans. We reached rms
sensitivity levels at the full velocity resolution of 75 mK beam ! and 34 mK beam 1! in
those regions, respectively.

Each night we observed a single o -source position, which weised to remove the
bandpass shape for all of the spectra from that night. Gain cébration was provided by
the injection of a known signal into the correlator once per $ip. We tted and removed
a linear baseline from each spectrum. We developed a new algithm to remove spectral
standing waves that were present in the data. The drift scanswere resampled to match the
sampling of the OTF maps, and we then coadded each night's olesvations to form a single
data cube. The reduction will be described in more detail in afuture paper presenting the

results of our survey of 27 HVCs and Local Group dwarf galaxie.

4.3 Results

Our map (Figure 4.1) reveals considerable detail that was nbapparent in previous
observations. The Hi associated with LGS 3 is visible in the upper right (northweg) as the
small red blob at (; )2g00 = (01"03"54%;+21 539). The emission is marginally resolved
spatially and has an intensity-weighted mean LSR velocity 287 km s 1. We measure an
integrated H i ux of 2:3 0:5 Jy km s 1, in agreement with the value of 27 0:2 Jy kms
measured by Young & Lo (1997) with the VLA. For a distance of 7® kpc?2 the H i mass

Science Foundation.

2Three previous authors have measured distances to LGS 3 of meclose to 800 kpc:
810 kpc (Lee 1995); 770 kpc (Aparicio, Gallart, & Bertelli 197); 830 kpc (Mould 1997).
However, in a recent paper based on HST data, Miller et al. (201) derived a distance of
620 20 kpc. Our own analysis of the HST photometry, using the tecmiques of Mendez
et al. (2002), indicates that the small number of stars in LGS3 makes Tip of the Red Giant
Branch distance measurements unusually uncertain. The tre distance uncertainty is likely
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of LGS 3is 26 10° M . The extended emission seen previously (Christian & Tully B83;
Hulsbosch & Wakker 1988; Blitz & Robishaw 2000) is now resoled into a large, double-
lobed H i cloud in the center of the map with a systemic velocity of 3313 1:0 km s 1,
an integrated ux of 24 8 Jy km s 1, and a mean linewidth of 24 km s . This cloud is
completely separate from LGS 3, located 30away with a velocity di erence of 45 km s 1.
If the cloud is at the distance of LGS 3, it contains 10 times asmuch H i, making it unlikely

that it originated in LGS 3. Therefore, this cloud quali es as an HVC.

Although LGS 3 and the HVC may not share a common origin, their apparent
proximity in position and velocity demands that we investigate the possibility of an inter-
action between them. In this vein, we note that to the east of the HVC, at (; )2000 =
(01"08™56%; +21 537, a faint vertical strip of H i extends for 2P along the edge of the
map. A similar feature is also visible running horizontally in the southwest part of the map
at (; )ao00=(01"05"0C%; +21 139). The symmetrical placement of this gas relative to the
line connecting LGS 3 and the HVC is suggestive of a tidal inteaction, with the two faint
clouds representing leading and trailing tidal arms. We comsider this idea further in x4.4.

The most striking feature of the HVC is the velocity gradient across it. We ex-
amined the gradient by averaging spectra perpendicular to he major axis. We tted a
Gaussian pro le to the averaged spectrum at each point alongthe major axis to create
a rotation curve, which is displayed in Figure 4.2a. The rotation curve increases roughly
linearly over its central 20° and then turns over. The turnover and the overall symmetry of
the rotation curve suggest that the HVC is a single, rotating, gravitationally-bound object,
and is not composed of two physically distinct clouds that hgpen to coincide along the line
of sight. In order to measure a symmetric rotation curve fromtwo separate clouds, they
would have to: have the same extent; have the same large aspgemtio; be aligned along
their major axes; have their velocity elds vary with radius in just such a way as to mimic
the appearance of a single rotating cloud. We consider thisalthough not impossible, rather
unlikely. We further point out that if the HVC were composed of two overlapping clouds,
then the linewidths would be largest at the center of the HVC. Since we observe exactly
the opposite, we conclude that the HVC must be a single cloud.

The next question is whether we can be certain that the velody gradient is due

to rotation, despite the appearance of the velocity eld as smilar to that of a rotating

closer to 100 kpc, so we adopt an intermediate distance of 70kpc for all calculations.



81

Visr [km s7]
-342 -337 -332 -327 -322

©

A
£
4
X
3
[
o@

DECLINATION (J2000)

01"09"20°  40° 08"00° 07"20° 40° 06"00° 05"20° 40° 04"00° 01"03"20°
RIGHT ASCENSION (J2000)

Figure 4.1 | High-resolution H i map of HVC and LGS 3. This color-intensity (velocity-

column density) image consists of 10 hr of on-source integration time acquired over the
course of 5 nights. The pixel size is %, or slightly less than half of a beamwidth. Visible
in the map are the Local Group dwarf galaxy LGS 3 (the bright red object at (; )2000 =

(01"03M54%;: +21 53)) in the upper right), a compact HVC (the large double-lobed doud in

the center) with a 14 km s ! gradient across it, and two faint features (to the left and lower
right of the HVC) that we believe are remnants of a tidal interaction between LGS 3 and
the HVC. The dashed white line shows the major axis of the HVC.
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Figure 4.2 | ( &) The rotation curve along the major axis of the HVC. The point of maximum
symmetry is shown by the dotted lines and occurs at ¢ )2000 = (01"05™49%; +21 429 with
a systemic velocity of 331:3 1.0 km s 1. Blue error bars represent the 1 uncertainty in
the velocity of the tted Gaussian; red dotted error bars represent the rms of the velocity
eld perpendicular to the major axis. Removing this rotatio n curve from the velocity eld
yields a residual eld with an rms of 3 km s . (b) The rotation curve folded about the point
of maximum symmetry. After a solid-body rise out to a radius of 10°, the rotation curve
begins to decrease. The error bars are the 1 uncertainties of the weighted average of the
Gaussian ts. The crosses indicate the velocity and spatialresolution of our measurements.
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disk. If the gradient is not due to rotation, the only alternative is shear. A simple timing
calculation shows that this explanation is unlikely. The cloud currently has a radius of
about 3 kpc (d/1 Mpc), where d is the distance of the HVC in Mpc. The velocity gradient
is 14 km s 1, which would correspond to an expansion velocity of 7 km s!. At that
expansion rate, the time for the cloud to reach its current ske is 4 10% (d/1 Mpc) yr. In
this scenario, distances of less than 100 kpc are highly imalsible | the HVC would have
to be extraordinarily young, and even then the nearest possile progenitors, the Magellanic
Clouds, are too far away for the HVC to have reached its presetrposition at any reasonable
velocity. At 700 kpc, the lifetime of the cloud is still uncomfortably shorter than a Hubble
time, and the lack of a credible progenitor object is equallysevere. We conclude that the
velocity gradient is probably due to rotation.

We can therefore use the rotation curve to compare the dynamdal mass of the
HVC to its luminous mass, which we assume consists only of iHand a cosmic abundance of
He, such that My, = 1:3My,. The dynamical mass M gyn ) is the mass required to account
for the rotational velocity of the HVC at the last measured point, assuming a spherical
mass distribution (see Figure 4.D). The H i mass scales as the square of the distance to the
HVC, My, =5:5 10°(d=1 Mpc)®> M , whichis 27 10° M for a distance of 700 kpc. The
dynamical mass, however, scales linearly with distanceM gy, = 2:8 107(d=1 Mpc) M
yielding 2:0 10’ M at 700 kpc. (Note that we assume that the rotation is seen edgen;
if this is not the case, then the actual dynamical mass will bdarger by a factor of 1=sin?i.)
Therefore, if the HVC is indeed self-gravitating, as is suggsted by its rotation curve, and
it is located at the distance of LGS 3, it must be composed mostly of dark mattef82%).
Furthermore, if the cloud is assumed to be any closer than LGS (and is self-gravitating),
its dynamical-mass-to-luminous-mass ratio M g4yn =M;ym) must be even larger; if the cloud
is further than LGS 3, it remains dark-matter dominated out t 0 a distance of 1.9 Mpc.
Since the darkest known galaxy-sized objects hav 4yn =M;ym < 100 (see Mateo 1998, and
references therein), we can place a rm lower limit on the disance to the HVC of 39 kpc.

If the velocity gradient across the cloud does indicate rotéion, there is only one
way to avoid the conclusion that the HVC is composed primarily of dark matter, which is
to invoke the presence of large amounts of ionized gas. Cume photoionization models of
gas clouds embedded in dark matter halos in the Local Group enronment suggest that
low column density clouds like this HVC should be largely ionzed (Sternberg, McKee,
& Wol re 2002). However, these models have diculty accounting for extended neutral
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structures at column densities of 10*® cm 2 such as the tidal tails that we observe more
than 30° away from the center of the HVC, so the models may still be mistig some essential
ingredients. Resolving the relative contributions of neutal and ionized gas to the mass of

HVC 127 41 330 will require sensitive, wide- eld H observations.

4.3.1 New Arecibo Observations

In August 2002, we used another Arecibo observing run to makea new, more
sensitive map of LGS 3 and the HVC. This map, displayed in Figue 4.3, con rms all of
the features seen in our original data. The tidal tails are nav visible in detail, and their
connection to the main body of the HVC is evident. The tails are somewhat more extended
than could be seen in the rst map, and additional observations over a wider eld have
revealed that the southwest tail continues on beyond the edg of the map shown in Figure
4.3. The new data are fully consistent with the scenario propsed by Robishaw et al. (2002)
of a tidal interaction between the HVC and LGS 3.

4.4 Discussion

Is the HVC indeed interacting with LGS 3? We can approach this question by
considering the likelihood that these two objects are commdtely unrelated. Putman et al.
(2002) found that compact HVCs cover< 1% of the southern sky. de Heij, Braun, & Burton
(2002) used an automated analysis of the LDS to measure a sitar covering fraction for

> 30. There are indications in the de Heij et al. (2002) catalog ofa factor of 2
overdensity of compact HVCs within 20 of LGS 3, which is not surprising because M31
and the Local Group barycenter are located in the same diredbn as LGS 3.

We estimate the probability of a spatial coincidence betwea a dwarf galaxy and
a compact HVC by considering the number of compact HVCs and dwrf galaxies near
LGS 3. For example, within 20 of LGS 3 there are 5 dwarf spheroidal galaxies and 14
compact HVCs from the de Heij et al. (2002) catalog. The HVC dscussed in this chapter
is located 3P away from LGS 3, so we begin with a circle of radius 3around each of
the nearby dwarfs. Now, the probability that at least one of the compact HVCs lies within
one of these circles i9® Ncuwve  quas = 20, Where N is the number of compact HVCs
contained in the region, 4. IS the solid angle subtended by the circles around the ve
dwarf galaxies, and g is the solid angle subtended by the region within 20 of LGS 3. This
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Figure 4.3 | High-sensitivity, wide-eld H i map of the region containing the HVC and
LGS 3. Colors represent velocity, and intensity representgolumn density. The faint features
to the east and southwest of the HVC that were barely visible n our original data (Figure
4.1) now stand out clearly. Both are (mostly) spatially continuous structures that connect
to the main body of the HVC, supporting our interpretation of them as tidal tails that are
being torn o of the HVC by LGS 3.
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probability is 4.4%. If we increase the region under considation to within 60 of LGS 3,
there are 10 dwarf spheroidals (including the small dwarf iregulars WLM and Pegasus)
and 46 compact HVCs, and the probability of a chance coincidece is 3.5%. Given such
an angular coincidence, the probability of the velocities #&s0 matching within 50 km s 1 is

20%, for a joint probability of less than 1%. Since these vales are not quite negligibly
small, we cannot dismiss the possibility of a chance supergition entirely. Nevertheless, we
conclude the HVC is probably at the same distance as LGS 3.

Another piece of evidence that the HVC is a self-gravitating distant cloud, rather
than an unbound, nearby object associated with the Milky Way, is its extremely large
velocity with respect to the Galactic Standard of Rest (GSR) of vesx = 200 km s 1.
An object originally associated with the Galaxy (e.g., in a Galactic fountain) would have
di culty acquiring such a high velocity. This velocity also renders a distance beyond the
Local Group implausible.

Could this object be another dwarf galaxy interacting with L GS 3, rather than
an HVC? Simon & Blitz (2002) searched the compact HVCs in the mrthern hemisphere
and concluded that they do not contain stellar counterparts similar to the known Local
Group dwarf galaxies. There is no obvious counterpart to ths HVC on the Second Palomar
Observatory Sky Survey? plates either (see Figure 4.4). We used the techniques of Sion &
Blitz (2002) to search more carefully and found a very faint bw-surface brightness feature
nearby. However, follow-up imaging with the Lick 3 m telesc@e revealed that there is no
distant stellar population here. Therefore this cloud, like all other compact HVCs, appears
to be a pure gas cloud.

Based on our data, we suggest that the faint features to the est and south of the
HVC are remnants of a tidal interaction between the HVC and LGS 3. We now consider
the consequences of such a situation. The total mass of LGS 2iérived from its central
velocity dispersion) is 13 10’ M (Mateo 1998). Hence, its tidal eld becomes comparable
to the surface gravity of the HVC if the HVC orbit has a minimum approach of 4 kpc.
If the faint features are tidal in origin, the orbit of the HVC is strongly constrained. Since
the gravity of LGS 3 is not enough to bind the system|the escap e velocity of LGS 3 is

3The Second Palomar Observatory Sky Survey (POSS-Il) was mael by the California
Institute of Technology with funds from the National Science Foundation, the National
Geographic Society, the Sloan Foundation, the Samuel OschiFoundation, and the Eastman
Kodak Corporation.
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Figure4.4 |1 1 POSS-Il red image of the region around LGS 3 and HVC 12741 330.
The approximate boundaries of LGS 3 (in the upper right part of the image) and the HVC
(in the center of the image) are outlined with ellipses. Although LGS 3 has a very low
surface brightness of , = 24:7 mag arcsec?(Lee 1995), it is still easily visible on the
plate. Despite the unfortunate presence of a fth magnitude foreground star just south of
the HVC, it is clear that the HVC is not associated with a dwarf galaxy with a surface
brightness comparable to that of LGS 3.
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19 km s 1, while the relative velocity between LGS 3 and the HVC is>50 km s 1|the
encounter between them must be a one-time event. The existe@ of the tidal tails implies
that they have already made their closest approach. Given tleir relative velocity and their
projected separation of 5.8 kpc, such an approach would haveaken place 1 years ago.
It may be worth noting that this time approximately coincide s with the end of the star
formation activity in LGS 3 (Miller et al. 2001). The primary caveat involved with these
calculations is that the mass of LGS 3 is only measured from th velocity dispersion of 4 of
its stars, indicating that there are very large uncertainties on these numbers (Cook et al.
1999). Future spectroscopy of a larger sample of stars in LGS would be very useful for

determining its total mass and mass distribution.

4.5 Conclusions

We have presented high-resolution Hi observations of a 2.4 def area including
the Local Group dwarf galaxy LGS 3 and a previously unresolvd cloud of gas adjacent to
the galaxy. Our data show that the H i cloud is 3® away from the galaxy, with a velocity
di erence of 45 km s 1, and that they do not appear to be connected. If they are at the
same distance, the cloud contains 10 times as much Hand twice as much total mass as
LGS 3. Optical imaging of the cloud revealed no stellar coungrparts. We therefore argue
that the cloud is an HVC, and should not be considered part of e Hi component of LGS 3.
However, the Hi morphology does suggest that an interaction is occurring.

We propose that the faint, thin strips of gas on either side ofthe HVC are tidal
arms produced by a close encounter with LGS 3. We note that theprobability of a line-
of-sight coincidence between the two objects, if they are atli erent distances, is 4%. We
therefore suggest that the most likely interpretation of this system is that LGS 3 and the
HVC are at the same distance and have recently undergone a tal interaction.

We also examine the rotation curve of the HVC, which exhibits a linear increase
with radius out to 10° and then begins to decrease. Under the assumption that the HZ
is self-gravitating, which is supported by the rotation curve's symmetry and turnover at
large radii, we use the dynamical mass and the H mass to derive a lower distance limit
for the HVC. For Mgy,=M;;m to be < 100, the HVC must be at least 39 kpc away if it
is self-gravitating. The extremely negative vgsx 0Of the HVC constrains it to be within
the Local Group. This HVC is thus unique in that there is evidence that it is both dark
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matter-dominated and physically associated with an objectat a known distance.

Given these ndings, what can we conclude about the nature ofthis HVC? We
have presented several arguments that it is probably locaté hundreds of kiloparsecs away,
most likely at 700 kpc. The HVC appears to be undergoing a tiddinteraction with LGS 3,
which is stripping away a substantial portion of its neutral gas. Assuming that our distance
estimate is correct, the HVC has a total mass of 2 10’ M and and Hi mass of 27 106 M
If the HVC is in the Local Group it is dark matter-dominated, r egardless of its exact
distance. And, it does not contain any stars. This set of progerties is exactly what is
expected of the missing dark matter satellites that are predcted by CDM simulations. We
propose that this HVC is the rst observed representative of this population of missing

objects.

We thank Phil Perillat, Karen O'Neil, Mike Nolan, & Arun Venk ataraman for
their support during our observations and Carl Heiles for hi indispensable guidance. This
work was supported in part by NSF grant AST 99-81308.
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Chapter 5

High-Resolution Measurements of
the Dark Matter Halo of

NGC 2976: Evidence for a Shallow
Density Prole

This chapter was previously published inThe Astrophysical Journal (Simon, Bo-
latto, Leroy, & Blitz 2003, ApJ, 596, 957).

Abstract

We have obtained two-dimensional velocity elds of the dwaif spiral galaxy NGC
2976 in H and CO. The high spatial ( 75 pc) and spectral (13 km s® and 2 km s 1,
respectively) resolution of these observations, along wit our multicolor optical and near-
infrared imaging, allow us to measure the shape of the densitpro le of the dark matter halo
with good precision. We nd that the total (baryonic plus dar k matter) mass distribution of
NGC 2976 follows a o / r %27 909 power law out to a radius of 1.8 kpc, assuming that
the observed radial motions provide no support. The densitypro le attributed to the dark
halo is even shallower, consistent with a nearly constant desity of dark matter over the
entire observed region. A maximal disk t yields an upper limit to the K -band stellar mass-
to-light ratio (M =L ) of 0:09°%33 M =L . (including systematic uncertainties), with
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the caveat that for M =Lx > 0:19 M =L  the dark matter density increases with radius,
which is unphysical. Assuming0.10M=L x <M =Lx 0:19M =L , the dark matter
density pro le lies between o, / r % and o, / r %9 Therefore, independent of any
assumptions about the stellar disk or the functional form ofthe density pro le, NGC 2976
does not contain a cuspy dark matter halo. We also investigae some of the systematic e ects
that can hamper rotation curve studies, and show that (1) long-slit rotation curves are far
more vulnerable to systematic errors than two-dimensionalvelocity elds, (2) NGC 2976
contains radial motions that are as large as 90% of the rotatnal velocities at small radii,
and (3) the H and CO velocity elds of NGC 2976 agree within their uncertainties, with

a typical scatter between the two velocities of 5.3 km s' at any position in the galaxy.

5.1 Introduction

The apparent disagreement between the observed dark mattedensity pro les
of dwarf and low-surface brightness (LSB) galaxies and the @nsity pro les predicted by
numerical Cold Dark Matter (CDM) simulations has been widely discussed by both theo-
rists and observers over the past several years (e.g., Flse% Primack 1994; Burkert 1995;
Navarro, Frenk, & White 1996; Moore et al. 1999b). However, here remains a disturbing
lack of consensus in the observational community on the actal shape of the observed dark
matter density pro les. Many authors claim that only consta nt-density cores are allowed
by the observations (de Blok et al. 2001a; Borriello & Saluct 2001; de Blok, McGaugh,
& Rubin 2001b; de Blok & Bosma 2002; Salucci, Walter, & Borridlo 2003; Weldrake, de
Blok, & Walter 2003). On the other hand, van den Bosch et al. (000), van den Bosch &
Swaters (2001), and Swaters et al. (2003a, hereafter SMVB)rgue that most existing ro-
tation curves are also consistent with NFW-like ( / r 1) central density cusps. Even the
very highest resolution (< 100 pc) studies do not seem to be converging on a single result
Blais-Ouellette, Amram, & Carignan (2001) found / r %3 in NGC 3109 and / r ©°
in IC 2574 (ignoring the stellar disk contributions to the rotation curves), Bolatto et al.
(2002) showed that NGC 4605 has a density prole / r 965 and Weldrake et al. (2003)
determined that NGC 6822 contains an essentially constantdensity halo.

The recent study by SMVB shows that, in large part, the lack of consensus
among observers re ects ambiguities in the data themselves For the parameters of typi-
cal dwarf/LSB galaxy observations (50 km s ! velocity resolution and  1%seeing for
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long-slit H observations, and 2 km s ! velocity resolution and  15°°angular resolution
for H i interferometry), they nd that most galaxies show central density pro les that are
consistent with any shape between® and r 1.

We address this problem with a new study that combines a numbeof techniques to
overcome the observational challenges. Our program inclugs (1) two-dimensional velocity
elds obtained at optical (H ), millimeter (CO), and centimeter (H i) wavelengths, (2)
high angular resolution (5%, (3) high spectral resolution (< 10 km s 1), (4) multicolor
optical and near-infrared photometry, and (5) nearby dwarf galaxies as targets. Observing
completely independent tracers of the velocity eld at two or three di erent wavelengths
reduces our vulnerability to the systematic problems that can a ect a single tracer. For
example, H velocity elds can be distorted by extinction, or by large-scale ows that
are associated with star formation, while existing Hi data generally su er from beam
smearing. Two-dimensional velocity elds also represent amajor improvement over the
traditional long-slit spectra, making the e ect of positio ning errors negligible and allowing
us to account for simple noncircular motions. High angular esolution is important because
the central cores described in the literature have typical mdii of 1 kpc, which corresponds
to an angular size of 206 (d=10 Mpc) ! arcseconds. In order to resolve this size scale and
minimize the impact of beam smearing on our conclusions, anraular resolution element
several times smaller is required. High spectral resolutio is also bene cial because it results
in more accurate rotation curves. Finally, our multicolor p hotometry plays a crucial role in
allowing us to more realistically model the rotational contribution from stellar disks instead
of simply guessing an appropriate mass-to-light ratio and asuming an exponential disk.

Target selection also has important e ects on the strength d the conclusions we
will be able to draw. We focus on very nearby objects d < 10 Mpc) in order to maximize
our physical resolution. Dwarf and LSB galaxies are the predrred targets for this type of
study because they are presumed to be the most dark matter-duninated galaxies. (Note
that in this chapter when we refer to dwarf galaxies, we mean lgh-mass dwarf irregulars
and low-mass spiral galaxies, not dwarf spheroidals or efiticals.) LSB galaxies, though,
tend to be relatively distant and are necessarily quite fairt, so they are di cult to observe
with su cient resolution and sensitivity. Dwarf galaxies, in comparison, are both bright
and plentiful in the nearby universe. Dwarfs are traditionally presumed to be dark matter-
dominated at all radii (Carignan & Freeman 1988; Carignan & Beaulieu 1989; Jobin &

Carignan 1990; Martimbeau, Carignan, & Roy 1994). However,the observations upon
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which this assumption is based were made at low angular resalion. Higher resolution
observations of the inner regions of dwarf galaxies show, ase discuss later, that stars can
dominate the kinematics of dwarf galaxies in their inner kpc(e.g., Broeils 1992; Swaters
1999; Blais-Ouellette et al. 1999; Bolatto et al. 2002). Corparable data for LSB galaxies
are scarce (although see Swaters, Madore, & Trewhella 2008waters et al. 2003b), but it is
possible that reliance on low-resolution observations (., de Blok & McGaugh 1997) could
have caused an overstatement of the case for dark matter domation in these galaxies as
well. Future studies of LSB galaxies, featuring two-dimengonal H spectroscopy and/or

100 pc resolution Hi observations, if feasible, are desirable both to investige this
qguestion and to clarify the severity of the cusp/core problam.

In a previous paper, we reported on a rotation curve study of he dwarf spiral
galaxy NGC 4605 (Bolatto et al. 2002). In this chapter, we present a similar, but improved,
study of a second nearby dwarf galaxy, NGC 2976. As before, wase high-resolution CO
interferometry to study the inner velocity eld of the galax y, but we have also acquired
high-resolution two-dimensional H data (instead of long-slit observations) to supplement
the CO and extend the velocity eld out to larger radii. In add ition, we have obtained
multicolor optical imaging of this galaxy, which, combined with archival Two Micron All
Sky Survey (2MASS) near-infrared images, enables us to accately model the stellar disk.
We also take this opportunity to present a detailed introduction to the analysis techniques
that we will apply to a larger sample of galaxies in Chapter 6.

In the following section, we describe NGC 2976 and our obseations and data
reduction. In x5.3, we model the stellar and gaseous disks. Ir5.4, we derive the rotation
curve of the galaxy and the density pro le of its dark matter halo. The analysis routines
that we use are presented in more detail in Appendix A, and sora useful formulas are given
in Appendix B. We discuss our results and their implicationsin x5.5. In x5.6, we describe
some systematic uncertainties that can a ect rotation curve studies, and test the robustness

of our results against them. We present our conclusions ix5.7.
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5.2 Target, Observations, and Data Reduction

5.2.1 Properties of NGC 2976

NGC 2976 is a regular Sc dwarf galaxy located in the M81 groupKarachentsev
et al. (2002) measured a distance of:36 0:38 Mpc using the Tip of the Red Giant Branch
(TRGB) method, and the Tully-Fisher distance is 3:33 0:50 Mpc (M. Pierce 100, private
communication). We adopt a distance of 3.45 Mpc, which sets lie conversion between
physical and angular scales to 16 pc arcsec!. NGC 2976 has absolute magnitudes of
Mg = 170and Mk = 20:2, a heliocentric velocity of 0:8 1:8 km s 1, an inclination-
corrected H i linewidth of W9 = 165 km s 1, and a total mass of 35 10° M , so it
is somewhat less luminous and less massive than the Large Meltanic Cloud. The low
systemic velocity is not a problem for our observations becase the galaxy is located at
high Galactic latitude, where there is little Milky Way CO em ission, and no Galactic H
emission is visible. In optical and near-infrared images itis clear that NGC 2976 is a
bulgeless, unbarred, pure disk system (see Figure 5.1), w¢h makes it an ideal galaxy for
mass modeling.

5.2.2 H Observations and Reductions

Our H observations were obtained on the nights of 2002 March 20{2&t the
3.5 m WIYN telescope with the DensePak instrument. DensePakis an array of 94 98-
diameter bers, xed in a 309 45%rectangle with a ber-to- ber spacing of 4 %°(Barden,
Sawyer, & Honeycutt 1998). Five of the bers are broken and fair are sky bers, placed at
xed positions outside the main array. Thus, there are 85 data bers covering almost the
whole instrument footprint (see Figure 5.2). The bers feed into the Bench Spectrograph,
which we used in its echelle mode to yield 13 km st velocity resolution over a 180A range
centered on H . The detector was a 2048 SITe T2KC CCD.

We observed the galaxy at 13 positions to cover most of its optal extent (see
Figures 5.3 and 5.4). The galaxy was not visible on the guide camera at the telesape, so
we acquired the target by o setting from a nearby bright star. Each subsequent position on
the galaxy was observed by making a blind o set from the prevbus position. Integration
times at each position were between 20 and 70 minutes, with gt a single 20-minute exposure

at most positions. Consecutive exposures at the same posiin were reduced separately and
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Figure 5.1 | ( @) BV R composite image of NGC 2976 from the 1.8 m telescope at Lowell
Observatory. Exposure times were 10 minutes inB and 5 minutes in V and R. Note
the distinct lack of a bulge, a bar, or any spiral structure. (b) BV R composite image of
NGC 2976 with integrated intensity CO contours overlaid. Note how well the CO traces
out the optical dust lanes. The dashed circle shows the extdrof the BIMA primary beam.
The contour levels are 0.35, 0.70, 1.4, 2.1, and 2.8 Jy km $ inside the primary beam, and a
single contour at 1.4 Jy km s ! is shown outside the primary beam. For these observations,
0.35 Jy km s ! corresponds to a molecular hydrogen column density of 2 10°° cm 2
(assuming that the Galactic CO-H, conversion factor is valid in NGC 2976). The BIMA
synthesized beam (82 6°9) is shown in the upper left corner.
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Figure 5.2 | DensePak ber layout. The four outlying bers ar e the sky bers. Since
they are located only about P from the main array, in some cases the sky spectra were
contaminated by emission from the target galaxy.
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then coadded. Two of the elds were observed on both nights, ad one eld was observed
twice on the same night, but ve hours apart. In these three cases, instead of assuming that
the positions observed were the same for the later observatis as they were for the earlier
ones, we analyzed the frames entirely independently. We thefore had 16 observations of
NGC 2976, yielding a total of 1360 spectra, of which 1087 comined H emission at a level of
3 or higher. Based on comparison with adjacent bers that contained brighter emission

at similar velocities, we also judged that 9 spectra contaiimg emission at a signi cance
level between 2.2 and 3 represented real signal. The median detection level in the 196

spectra that contained emission was 27 in integrated intensity, or 12  at the peak of the

line.

The DensePak data were reduced in IRAF: using the HYDRA package. We
subtracted a bias frame, removed cosmic rays, interpolatedver bad columns, and then
extracted the spectra with the task dohydra . The trace and response function for each
ber and the relative transmission e ciencies were derived from a set of at eld images,
and wavelength calibration was provided by spectra of a CuAdamp. Night-sky emission line
wavelengths from Osterbrock et al. (1996) and observationsf a radial velocity standard star
were used to check the wavelength scale. After extraction ah wavelength calibration, we
averaged together the four sky bers, leaving out any sky spetra that were contaminated
by emission lines from the target galaxy. We then removed a hear baseline, performed
a Gaussian t to the averaged sky emission near H, and subtracted the t from all of
the data bers. Some spectra contained noticeable residual at the wavelength of the sky
H line after this subtraction. Sky residuals are easily disthguishable from real signals
because they are unresolved and always located in the sameufopixels. If the residual
overlapped with and was comparable in strength to the H emission from NGC 2976, the
spectrum was discarded (29 spectra were thrown out becausd this consideration). This
only occurred in places where the galaxy velocities were almb 17 km s ! (see Figure 5.4).
Individual frames of the same eld were then averaged togetkr (except for the cases noted
above), weighted by exposure time if it was clear, or signate-noise ratio if there were clouds
during the exposure. Velocities were calculated for each ler by tting a Gaussian to the

observed H emission. Typical linewidths are 34 km s !, and the median uncertainties on

LIRAF is distributed by the National Optical Astronomy Obser vatories, which is oper-
ated by the Association of Universities for Research in Astonomy, Inc. (AURA) under
cooperative agreement with the National Science Foundatio.
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Figure 5.3 | Continuum-subtracted H  image of NGC 2976. This £ 4%image consists
of two 1200 s exposures on the Lowell 1.8 m telescope that haveeen combined to cover
the whole galaxy. The images were taken through a 32-wide lter, and the continuum
was removed by appropriately scaling and subtracting image taken through a narrow-
band lter centered at 6441 A. The black contours represent integrated CO intensity, as
in Figure 5.1b. The white dashed rectangles overlaid on the image show theniended
locations of our DensePak pointings (these have not been crcted for pointing errors; see
Section 5.2.2 and Figure 5.4), with one row or column of bers overlapping between every
pair of adjacent pointings. The artifacts at (; )= (09"46"54%:67 56359 and (; )=
(09"47m07; 67 5426% are caused by masking out residuals from bright stars.
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Figure 5.4 | ( @) H velocity eld from DensePak observations. The contours repesent
H intensity from the image displayed in Figure 5.3. (o) CO velocity eld from BIMA
observations. The contours represent integrated CO intengy, as in Figure 5.1b. The
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the Gaussian t centroids are 0.77 km s !; some ts have uncertainties as small as 0.04
km s 1, and a few are as large as 23 km $.

It was obvious from comparing frames that were taken severahours apart or on
di erent nights that the telescope positioning accuracy for our observing procedure was
only 5% We therefore designed an algorithm to determine the absolie positions that
were observed based on our H image of NGC 2976, which is displayed in Figure 5.3.
We sampled the H image with simulated \ bers" of the same size and location asthe
DensePak bers, and added up the ux in each simulated ber. By cross-correlating this
set of photometric uxes with the observed spectroscopic uxes (integrated over the H
line), we could measure the similarity between them. We repated this process at a grid
of positions around the expected pointing center and seardd for the highest value of the
cross-correlation function. We estimate that the accuracyof the positions derived with this
method is 1°° The algorithm failed for one eld, because only 15 of its bers contained
detectable signal, and very little emission was visible at hat location in the image. For
this eld we assumed that the o set from the expected position was the same as the one we
measured for the preceding exposure. Since this eld is lotad 2°from the center of the
galaxy, an error of a few arcseconds in its position is unlikg to be important. For the other
15 elds, the algorithm gave a smooth, well-de ned peak with a cross-correlation coe cient
between 0.81 and 0.996. We veri ed the results of the crossetrelation by nding the
location of the minimum rms di erence between the photometric and spectroscopic uxes.
This position was always within 1°0f the cross-correlation maximum. Fourteen of these 15

elds are located within 699 of their expected positions, and the other di ers by 1£%.

5.2.3 CO Observations and Reductions

Our 2CO (J =1 ! 0) observations were acquired using the B, C, and D con g-
urations of the 10-element BIMA array (Welch et al. 1996) between April 2001 and March
2002. The total integration time was 80 hours, much of which was in the most extended
(B) con guration. The BIMA primary beam has a half-power dia meter of  10? and we
found CO emission spanning this entire width, including a cbud outside the primary beam
at r = 70%(see Figure 5.b). For our observations, the spectrometer was con gured wih 2
km s ! wide channels and a 260 km s' bandpass. The individual tracks were calibrated,

combined, imaged, and deconvolved using thelean algorithm within the MIRIAD pack-
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age. The tracks were then combined with natural weighting tocreate a 2 69 (87 100
pc) synthesized beam with a position angle (PA) of 31 . The rms noise of the individual
planes of the datacube is 24 mJy beam?® in each 2 km s ! channel. An integrated intensity
contour map is displayed in Figure 5.b, and a rst moment map produced from a masked
version of the datacube is shown in Figure 5.B. Because the signal in a single channel
was relatively weak, we used the rst moments to represent tle velocity at each position
instead of attempting to t Gaussians to the line emission. Typical uncertainties in the line
velocities are 3 km s 1, and typical linewidths are 10 15 km s ! across most of the galaxy,

although some lines are as wide as 35 km $ near the center.

5.2.4 Optical and Near-IR Imaging and Reductions

We observed NGC 2976 withB, V, R, and | lters at the 1.8 m Perkins Telescope
at Lowell Observatory on the photometric night of 2002 February 11. The detector was a
2048 Loral CCD with 15 m pixels and a 32 eld of view, and the seeing was 19%. We
used exposure times of 600 s iB and 300 s inV, R, and | and observed three overlapping
positions to cover the full extent of the galaxy. A three-color composite of these images
is displayed in Figure 5.Ja. To extend our set of images to the near-infrared, we used the
2MASS JHK s Atlas images of NGC 2976. The 2MASS images are® 17° and have 1°
pixels, adequately sampling the 3%seeing.

The optical data reduction, done in IDL, consisted of the folowing steps: overscan
subtraction, dark subtraction, at elding, and cosmic ray removal. Several bad columns
were xed by adding or subtracting a constant so that their median values matched those of
the surrounding columns; except for the constant o set, the uxes in these columns do not
appear to be systematically a ected. The three images in edt Iter were then shifted and
coadded. We observed several Landolt (1992) standard eld$or photometric calibration,
which was done with the IRAF implementation of daophot (Stetson 1987). With the
new standard stars in these elds identi ed by Stetson (200Q in addition to the original
Landolt ones (we used Stetson's magnitudes for all of the sta), we had 34{38 standard
star measurements per lter. Our photometric solutions were derived from a least-squares

t to the following formula:

M= Mipser + C+F(V 1)+ g(@a 1); (5.1)
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wherem is the apparent magnitude, mjnst, is the instrumental magnitude (25 2:5log ux+
2:5log integration time), C is a constant that sets the instrumental zero point, f is the color
coe cient, V | is the color of the object, andg is the extinction coe cient. Our observa-
tions did not span a large enough range of airmass to determathe extinction coe cient
directly, so we used previously derived values. Reasonableanges for the coe cients are
0:2 < gg < 0:4 mag airmass ?, 0:1 < gy < 0:3 mag airmass !, 0:05 < gr < 0:15 mag
airmass 1, and 0:02< g, < 0:12 mag airmass?! (P. Massey 2002, private communication).
For B and V, we used values of 0.27 mag airmas$ and 0.15 mag airmass?, which were the
mean values of 15 measurements made between 1997 and 1999 at the same tetgse (D.
Hunter 2002, private communication). Lacking comparable neasurements inR and |, we
used the standard Lick Observatory values of 0.11 mag airmas ! and 0.08 mag airmass?,
respectively. These fall within the reasonable ranges for th lters, and the Hunter B and
V measurements are very close to the Lick values. Since all ouoimages were taken at
airmasses close to 1.2, these assumptions are unlikely touse signi cant errors.

In order to double-check our photometric solutions, we obtaned the V - and | -band
Keck? images that Mendez (2002) acquired for the purpose of meaging the TRGB distance
to NGC 2976. These images were taken with the Low-Resolutioimaging Spectrometer
(Oke et al. 1995), and cover a 8§ 7° eld. Exposure times were 300 s inl and 400 s inV.

5.2.5 Surface Brightness Pro les

We used the IRAF routine ellipse in the STSDAS package to perform surface
photometry on the images. The routine ts elliptical isophotes to a galaxy image at speci ed
radii, and allows the position angle (PA), ellipticity, and center to change with radius.
There is no evidence that the PA changes with radius, so we usethe average value of
143, identical to the cataloged PA of the galaxy (de Vaucouleurset al. 1991, hereafter
RC3). The ellipticity , which is related to the inclination angle via the formula cos?i =
(A )2 Q@ max)?Hl (@ max)?], where 1 b=g aand bare the major and minor
axis lengths, and max =0:8, variesfrom 0:4to 0.7 in the inner part of the galaxy before
converging to a constant value of 0.49 for > 1149 Galaxies often display such behavior,

2The W. M. Keck Observatory is operated as a scienti ¢ partnership among the Cali-
fornia Institute of Technology, the University of Californ ia, and the National Aeronautics
and Space Administration. The Observatory was made possil@d by the generous nancial
support of the W.M. Keck Foundation.
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and it is not generally interpreted as a changing inclination angle with radius. Accordingly,
we use an ellipticity of 0.49 for the whole galaxy. The correponding inclination angle is 61 4,
the same as the RC3 inclination of 615 within the uncertainties. The center of the isophotal
ts changed incoherently with radius before converging forr > 120°0 The isophotal center
was within a few arcseconds of the visually obvious nucleustd 2000; 2000)= (09 "47M15.3,
67 55"00.£), so we used the nucleus as the t center. The coordinates ofhe nucleus
coincide with the cataloged galaxy positions within their uncertainties (Cotton, Condon, &
Arbizzani 1999; Falco et al. 1999). We then ranellipse again with all of the parameters
xed to produce the nal surface brightness pro les. We t el lipses every #%ut to a radius
of 1729 where the ellipses began to run o the edge of the image.

We also ranellipse on the Keck images with the same parameters. This revealed
some systematic di erences between the Lowell and Keck phametry: although the pro le
shapes were quite similar in the two datasets, the LowelV magnitudes are 0.1 mag brighter
than the Keck V magnitudes, and the Lowell | magnitudes are 0.1 mag fainter than the
Keck | magnitudes. The cause of this discrepancy is not clear, and is worrisome because
a 0.2 mag change in the galaxy color is signi cant. However, & we will show in x5.3.1,
the measured Lowell colors all predict stellar mass-to-ligt ratios that are consistent with
one another, while the KeckV | color predicts a noticeably higher mass-to-light ratio
that is inconsistent with the other determinations. An addi tional piece of evidence in favor
of the Lowell magnitudes is that the tabulated BV color in, e.g., the RC3 is close to
our measured value, so we conclude that it is safe to assumeahour Lowell photometry
is accurate. Since the LRIS eld of view is larger than that of the Lowell CCD, we also
used the Keck images to verify that the light pro le does not change shape at larger radii,
and to measure the fraction of the total ux that we missed due to the limited extent of
the Lowell mosaic. We estimate that 96% of the galaxy's light is contained within the
r = 172%ellipse out to which we measured, so our integrated magnitud measurements
should probably be revised upwards by 4% (0.04 mag).

The measured surface brightness pro les are corrected by glying the Schlegel,
Finkbeiner, & Davis (1998) Galactic extinction estimates in each band. To account for
extinction within NGC 2976, we used an inclination-based ajproach, as described by Sakai
et al. (2000). Sakai et al. (2000) give internal extinction @e cients for all of the bands we
use exceptJ, so to determine theJ-band correction we interpolated their results from the

other bands and found that A; = 0:8A,. For our best-t axial ratio of 1.96, we estimate
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that the internal extinction in magnitudes in the seven bands is (from B to Kg): 0.23, 0.20,
0.18, 0.13, 0.11, 0.07, and 0.03.

The surface brightness pro les, displayed in Figure 5.5, ag¢ qualitatively similar in
all of the lters. NGC 2976 clearly contains three componens: a nucleus, an exponential
inner disk, and an exponential outer disk. Since the nucleuss not resolved in any of our
images, we used the HST/NICMOS images acquired by Beker et b (1999) to estimate
that its radius is less than #36 (6 pc). It seems to be too reddened to reliably derive a
mass-to-light ratio from its colors. The nuclear luminosity is 6 10° L ., so the rotation
velocity due to the nucleus is 39M nuc=Lk )¥2(r=1% %2 km s 1, where M =Lk is the
stellar mass-to-light ratio of the nucleus in solar units. If we assume that the mass-to-light
ratio is the same as the maximum allowable value for the disk geex5.4.2), the nucleus
becomes dynamically insigni cant outside 18 Because the nucleus is probably a large
cluster of young stars (judging by its compactness, luminogy, and H emission), its actual
mass-to-light ratio is likely much lower. Parameters for the disk of NGC 2976 in each band
are listed in Table 5.1. The presence of an outer exponentialisk, with a surface brightness
that declines more quickly than would be expected from extrgolating the inner disk, has
been seen in other spiral galaxies (Naslund & Jersater 197; Pohlen 2002; Pohlen et al.
2002, hereafter PDLA). The ratio of the inner scale length tothe outer scale length is 2.1,
consistent with the value of 20 0:2 measured by PDLA for four other galaxies. In fact,
NGC 2976 only di ers from the galaxies PDLA observed in that the break between the inner
and outer disks occurs close-in, at 1 inner disk scale lengtinstead of 4 scale lengths.
NGC 2976 is an order of magnitude less luminous than the galags in the PDLA sample,

suggesting that the break radius might be a function of lumirosity.
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Figure 5.5 | Optical and near-infrared surface brightness pro les of NGC 2976. For the J
and K ¢ pro les we plot data points and error bars, but we omit the points for B, V, R, and
| because they would obscure the error bars. Thd and K5 data can be traced further out,
but we do not plot the data beyond where the uncertainties rezh a factor of 2 (0.75 mag).
The H-band pro le has also been left o for clarity; the error bars for H and K 5 overlap at
most radii. In each color, the nucleus, exponential inner dik, and exponential outer disk
are all visible. In the optical lters, there is a transition region between the inner and outer
disks where the colors are bluer than the disk values. Expontial ts to the |-band prole
are shown by the solid black lines. The vertical dashed line aa radius of 70°°emphasizes
the breakpoint between the inner and outer disks. For centr& surface brightnesses and disk
scale lengths, see Table 5.1.



Table 5.1. NGC 2976 Surface Brightness Pro les

Filter Integrated Central Surface Brightness Inner Disk Outer Disk sky
Magnitude®P o [mag arcsec?]cP Scale Lengtlf [° Scale Lengtf [°9 [mag arcsec?]

B 10.71 2131 0:.01 793 15 341 04 22.10
Y, 10.14 2069 0:.01 728 038 336 0:2 21.28
R 9.66 2021 001 712 07 344 02 20.71
I 9.19 1973 0:.01 698 07 331 01 19.68
J 8.29 1888 0:03 718 4.0 343 29 16.01
H 7.71 1824 0:.04 702 55 311 39 13.98
Ks 7.48 1803 0:06 696 7:2 315 50 13.47

aThese magnitudes are measured within an elliptical apertue with a semimajor axis of 178%n our Lowell
and 2MASS images. The galaxy does extend to somewhat largeadii on the Keck images, so we have certainly
underestimated the ux here. The Keck data suggest that the Lowell magnitudes should be made 4% brighter,
although if the galaxy is more extended even than those imagereveal, the true correction could be slightly larger.

bWe have applied Galactic extinction corrections to these d#a. Internal extinction corrections have not been
applied, but our adopted values for the internal extinction are given in the text (x5.2.5) if the reader wishes to
use them.

Central surface brightnesses and inner scale lengths weralculated from the light distribution between 10%°
and 70
dQuter scale lengths were calculated from the light distribution outside 10°%or B, V, and R (where there was

a visible transition region between the inner and outer disls), and outside 78%or the near-infrared bands (where
there was no transition region).

90T
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5.3 Baryonic Components of NGC 2976

Because our images of NGC 2976 do not reveal a bulge or a bar, @its nucleus is
dynamically unimportant, the only relevant reservoirs of baryons to consider are the stellar

and gaseous disks.

5.3.1 The Stellar Disk

There are two common approaches to studying the importance fothe stellar con-
tribution to a galaxy rotation curve: (1) compare multicolo r surface photometry of the
galaxy with the predictions of stellar population synthesis models to obtain an estimate of
the stellar mass-to-light ratio (M =L) that is independent of the galaxy kinematics, or (2)
leave M =L as a free parameter while simultaneously tting a scaled st#ar disk and a dark
matter halo to the observed rotation curve. The second techigue has a very signi cant
drawback: ? is insensitive to changes inM =L during rotation curve ts (McGaugh & de
Blok 1998; Swaters 1999; Bolatto et al. 2002), so the t with the lowest value of 2 does
not necessarily convey any information about the value oM =L. As an illustration of this
e ect, the best t often turns out to be M =L =0, even though that is clearly not correct.
We would therefore like to have an independent constraint onthe mass-to-light ratio so
that we do not have to leave it as a free parameter. For this reaon, and because we have

BV RIJHK ¢ photometry available, we choose the rst method.

Population Synthesis Constraints On M =L

One way to estimate a stellar mass-to-light ratio from photametry alone is to use
the semi-empirical relationships derived by Bell & de Jong 2001). Bell & de Jong (2001)
showed that the colors of spiral galaxies are strongly cordated with the mass-to-light ratios
of their stellar populations. With our multicolor photomet ry, we can construct the entire
array of colors for which they give formulas, and then calcuite the expected mass-to-light
ratios, which are listed in Table 5.2. The average predictedvalues from the six tabulated
inner disk colors are 048 0:.02 M =L x in Kg band,® and :07 007 M =L r in R

3We will mostly use the K -band stellar disk for the remainder of the chapter for the
following reasons: (1)K -band light is the best tracer of the stellar mass distribution and
the least skewed by luminous young stars from recent star fonation, and (2) K band is
the least a ected by extinction.
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band. That all of the colors predict consistent mass-to-lidht ratios is an indication that the
predictions have some validity for this galaxy. It must be nated, however, that the Bell &
de Jong (2001) mass-to-light ratios are derived assuming tht galaxies have maximal disks.
If the average galaxy has a disk that is a factorf (0 f 1) less than maximal, then the
predicted mass-to-light ratios from their calculations must also be scaled by the same factor
f . A further uncertainty in this analysis is the initial mass f unction (IMF), which may not
follow the assumed scaled Salpeter form, particularly at lav masses.

An alternative method to measure M =Lk photometrically is to compare the ob-
served colors directly to the outputs of publicly available stellar population synthesis models.
We used the Starburst99 population synthesis models (Leiterer et al. 1999) to attempt to
constrain M =Lk in this way. For a given star formation history (constant star formation
rate or instantaneous burst of star formation), Starburst99 predicts colors and luminosities
as a function of time. This allows us to search systematicajl for the population age that
matches the observed set of colors most closely. The two beStarburst99 models are (1) a
population with a small (10%) young component that has been érming stars continously,
and the remaining stars in an old ¢ > 3 Gyr) population that formed in an instantaneous
burst, and (2) a very young (10’ yr old) starburst. However, the mass-to-light ratios of
these models seem rather implausibleM =Lk > 2 for model (1) and M =Lx  0:02 for
model (2). Neither of these values is compatible with obsered values ofM =Lk in the few
other galaxies for which measurements are available (e.gQlling & Merri eld 2001; Vallejo,
Braine, & Baudry 2002) or with the predictions of Bell & de Jong (2001). We also tried the
online population synthesis code described by Worthey (199), which predicts colors and
mass-to-light ratios for an arbitrary combination of input stellar ages and metallicities. It
is more di cult to do a comprehensive search through the likely parameter space with this
technique, but we did nd that a mixture of 70% of an old (but me tal-rich) population and
30% of a young population ¢ = 1:1 Gyr) comes close to reproducing the observed colors
(assuming a Miller-Scalo IMF), yielding a mass-to-light ratio of 0.31 M =L .

We conclude that it is not possible to uniquely determine theM =Lk for NGC 2976
by comparing the galaxy colors with the predictions of current population synthesis models.
From this information alone, NGC 2976 could contain either avery young starburst, or a
normal, mixed stellar population with a low to moderate (0.3 to 0.5) M =Lk . There are
three reasons for discounting the starburst possibility in NGC 2976. First, the colors of
the outer disk of NGC 2976, where our observations show no edénce for widespread star
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Table 5.2. Stellar Mass-to-Light Ratio Predictions

Color Mean Inner Predicted M =Lk °© Predicted M =Lg Mean Outer
Disk Color&P M =L «] M =L R] Disk Colorb:d
B V 0.53 0.45 0.97 0.60
B R 0.98 0.46 1.03 1.10
vV o 0.87 0.47 1.04 0.93
vV J 1.72 0.49 1.11 1.85
V H 2.31 0.50 1.16 2.33
V. Ksg 2.48 0.49 1.13 2.53

aCalculated for 10°° r  70%

bNote that these colors have been corrected for Galactic extiction and internal extinction.
The Galactic extinction is taken from Schlegel et al. (1998)and the internal extinction
corrections are given in the text.

“We use the predictions for the formation epoch with bursts ofstar formation model,
assuming a scaled Salpeter initial mass function, as desord in Bell & de Jong (2001).

dCalculated for 100° r 1729
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formation, are very similar to the inner disk colors, particularly in the near-infrared where
extinction is less important (as shown in Table 5.2). It is unlikely that the galaxy contains a
starburst and an old population that coincidentally have th e same observed colors. Second,
the starburst would have to be unusually young (in which caseour observations of it at this
particular time are rather fortuitous), and also quite stro ng, dominating not only the light
output from the galaxy, but also containing a signi cant fra ction of its total stellar mass
(otherwise the mass-to-light ratio would begin to run into the kinematic limit; see x5.4.2).
And nally, the visual appearance of the galaxy is not suggesive of a vigorous starburst.
The more likely alternative is that NGC 2976 has a substantid old component to its stellar

population, driving M =Lk toward the values of a few tenths that are seen in other galaxs.

Rotation Velocities Due to a Thin Disk

In order to compare the stellar rotation velocities to the observed rotation curve,
we calculate the rotation velocities for material con ned to a thin disk. Because the disk of
NGC 2976 is not a pure exponential, its rotation curve must becalculated numerically. We
perform the calculation with the routine ccdpot , which is based on a derivation given by
Binney & Tremaine (1987), in the NEMO package (Teuben 1995). This rotation curve is
similar to that from the tted exponential disk out to the bre akpoint between the inner and
outer disks, where it brie y exceeds the exponential disk raéation curve, and then begins to
decline more quickly (as expected, since the surface dengitt large radii is lower than in
the single exponential case). Our calculations assume an imitely thin disk for simplicity;
allowing the disk to have some thickness leaves the shape ohe rotation curve almost
unchanged, but lowers its amplitude, thus raising the alloned M =Lk (Swaters 1999; Peng
et al. 2002). For a scale height equal to 1/6 of the disk scaleehgth, the rotation curve is
lowered by about 10% (Peng et al. 2002), so that the allowedM =Lk may be 20% higher

than in the in nitely thin case (since Vg / P M =Lg).

5.3.2 The Gas Disk

The atomic and molecular gas disks of NGC 2976 do not contribte appreciably
to its measured rotation curve. Although it is rich in CO for a dwarf galaxy, the measured
total ux of 45 Jy km s ! over the central 750 pc (Young et al. 1995) implies only

10’ M of molecular gas (including helium), if the Galactic CO-H, conversion factor
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is valid in NGC 2976. The total molecular mass might be somewat larger, because the
BIMA observations did not cover the large H ii regions at either end of the inner disk,
which are likely associated with molecular clouds. Nevertkeless, the molecular material
is not dynamically signi cant globally or locally, regardl ess of how it is distributed. The
atomic gas mass is much larger, at 5 108 M (Appleton, Davies, & Stephenson 1981;
Stil & Israel 2002a). We adapt the H i surface density distribution from the data presented
by Stil & Israel (2002a). The stellar, atomic, and molecular surface densities are plotted in
Figure 5.6. Even with alowM =L , the stars are clearly the dominant reservoir of baryons
in NGC 2976. It is noteworthy that the H i and stellar scale lengths in the outer galaxy
appear nearly identical, and the surface densities are congrable as well. We calculate the
rotation curves of the gaseous components directly from thie surface density pro les (again

assuming zero thickness) using the same method as for the st

5.4 Rotation Curve and Dark Matter Halo of NGC 2976

Now that we have a handle on the behavior of the stellar and gaglisks of the
galaxy, we can move on to our primary goal of constraining thestructure of the dark matter
halo. First, we convert our two-dimensional velocity eld into a one-dimensional rotation
curve. This is accomplished by tting tilted-ring models to the velocity eld using three
complementary techniques. The algorithms are mentioned ke y below, and more detailed
descriptions are given in Appendix A. Rotcur breaks the velocity eld into rings and ts
for the PA, inclination, center, systemic velocity, and rotation velocity in each ring. Ringfit
also divides the galaxy into rings, and it ts for the rotatio n velocity, the radial velocity
(in the plane of the galaxy), and the systemic velocity in eab ring. Ringfit thus has the
desirable feature that a simple form of noncircular motionsare included in the t. The
third algorithm, rotcurshape , ts the entire velocity eld with a single PA, inclination,
center, and systemic velocity, and also assumes a functiohform for the rotation curve and
solves for the parameters of that function. Fit results are smilar for all three procedures,
although tting for radial velocities in addition to rotati on does make the rotation curve

somewhat shallower (seeb.6.2).
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Figure 5.6 | Surface densities of stars and gas in NGC 2976. The Hi and H, surface
densities do not include helium, so the stellar surface deiities are divided by a factor of
1.3 to match. Of the baryonic components, the stars dominatethe inner disk, but the H i
is almost as important in the outer disk. The molecular gas suface density outside 48°is
quite uncertain.
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5.4.1 Rotation Curve of NGC 2976

It is apparent from the data (Figure 5.4) that the velocity e Id near the center
of the galaxy cannot be adequately described by rotation aloe. There are two choices for
how to proceed: (1) use additional Fourier terms to describehe velocity eld, or (2) allow
for changes in the position angle of the galaxy with radius. The second possibility, which
is di cult to reconcile with the photometry, is discussed in x5.5.5; for now, we will use
Fourier analysis to provide an accurate description of the elocity eld. The next Fourier
term beyond pure rotation (cos , where is the angle from the major axis in the plane
of the galaxy; see Appendix A) is pure radial motions (sin ). We have investigated the
decomposition of the velocity eld using higher order terms and found that they are much
smaller than the rotation and radial components and are conistent with noise. Therefore,
we leave those terms out of our subsequent analysis.

Our nal rotation curve was derived with ringfit , so that we could account for the
radial motions that are present in the velocity eld. We rst ttheH and CO velocity elds
separately to verify that they agree with each other, as dispayed in Figure 5.7a. At small
radii (r < 40%, it is evident that the derived rotation curves and radial m otions do agree,
although they begin to diverge somewhat atr > 40°° However, the CO ring ts at these
radii are based on only one or two independent measurementso the apparent di erence
between the CO and H velocity elds is not signi cant. Therefore, we combine the two
datasets and t again, weighting each data point by the inverse square of its statistical
uncertainty. The ts for rings at r < 40%are displayed in Figure 5.8, where it is apparent
that the velocity maxima do not lie along the major axis. This indicates the presence of
radial motions, which could not have been measured with longglit observations or rotcur
tting. The rotation curve from these tsis plotted in Figur e 5.7, and the signi cance of the
radial velocities is again apparent. The estimated systemtic uncertainties (the derivation
of which is described inx5.6.2) are shown by the shaded gray areas surrounding each r«e.

The residual velocity eld after subtracting this best-t m odel is displayed in Fig-
ure 5.9. Although individual residuals are occasionally asarge as 30 km s?, the rms of the
residual eld is 6.4 km s 1, and there are no obvious systematic trends. The velocity vea-
tions in the residual map are much larger than the uncertainies in the observed velocities,
and the value of 6.4 km s ! is consistent with the random velocities of gas observed intber

galaxies; the residuals therefore likely represent real sall-scale structure in the velocity
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Figure 5.7 | ( @ H and CO velocity eld decompositions from ringfit . The blue points
represent rotation velocities, the red points represent raial velocities, and the green points
are systemic velocities. Open symbols are from the Hvelocity eld, and lled symbols are
CO data. The rotational and radial velocities of the CO and H are consistent with each
other. Because the number of independent CO data points is sail, we reduced the number
of degrees of freedom in the t by xing the systemic velocities. The error bars are only
statistical errors, which substantially underestimate the true uncertainties. (b) Combined
velocity eld decompositions from ringfit . To create this rotation curve, we combined
the H and CO data into a single velocity eld. We then ran a Monte Carlo simulation in
which the velocity eld is t many times, assuming a PA, incli nation, and center position
that are drawn randomly from the Gaussian distributions PA= 37 5,i=61.5 3,
and center = nucleus 2% The curves show the mean results from 1000 realizations ohe
simulation, and the shading that follows the curves represets 1  systematic uncertainties
in each of the plotted quantities. The thin black line is a power-law t to the rotation
curve, corresponding to a density prole of o; / r %27 The cyan points are therotcur
rotation curve, showing the di erence that arises if the radial velocities are not included
in the t. Note that although we have plotted the radial motio ns as positive velocities,
whether they represent in ow or out ow cannot be determined without knowing which side
of the galaxy is the near side.
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Figure 5.8 | Fits to the velocity eld using ringfit . The observed velocities are plotted as
a function of angle in the plane of the galaxy, where =0 is the major axis. Data points
with small error bars are from the H velocity eld (and are all independent), and data
points with large error bars are from the CO velocity eld (and are not all independent; the
error bars have been increased to account for this). The bldccurves show the rotational
component of the ts (cos ), and the red curves show the ts including both rotation and
radial motions (sin ). The displacement of the velocity maxima from = O illustrates the
need for radial motions in the ts. At radii beyond 40 % radial motions are not needed to

obtain good ts to the data.
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eld. The rotation velocities and radial velocities with th eir associated uncertainties, and
the stellar and gas rotation curves, are all listed in Table 53. In order to incorporate more
accurately the uncertainties in the rotation curve, the values listed in Table 5.3 and plotted

in Figure 5.7b are the mean values obtained from a Monte Carlo study rather han directly
from the data (seex5.6.2).
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Figure 5.9 | Residual velocity eld after subtracting ringfit model from the combined
H and CO velocity elds. H data are shown by the circles, and the CO data are shown
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Table 5.3: Rotation Curve Data

g

Radius? Vrot ? Vrag ¢ Vsysb;C V ot d Vi srot © VHz;rotf Vdrift
9 [km s 1] [km s 1] [km s 1] [kms 1 [kms 1 [kms 1 [kms ]
6.2 68 04 36 38 02 33 01 01 31 206 05 0.9 2.4 47
10.0 95 03 43 84 01 38 21 01 40 238 06 1.5 4.1 44
14.0 140 02 31 124 01 28 38 01 27 279 07 2.1 5.0 31
18.1 198 0:1 55 142 01 24 28 01 16 334 08 2.5 5.0 19
22.1 261 01 39 157 01 27 1.1 01 1.1 381 08 2.8 5.1 10
26.0 287 01 35 154 01 27 1.0 01 210 412 07 3.4 5.0 04
30.0 287 01 27 130 01 26 1.3 01 1.2 468 07 3.8 4.9 0:1
34.0 317 01 25 106 01 24 05 01 1.7 500 06 4.2 4.8 0:5
38.0 355 01 23 95 01 23 01 01 1.5 529 05 5.0 4.7 0:8
42.0 394 01 21 80 01 27 02 01 1.3 570 04 5.9 5.1 11
46.0 429 01 23 71 01 31 01 01 1.3 605 02 6.4 4.9 1.3
50.0 460 01 26 67 01 34 08 01 15 640 01 7.2 4.6 1.5
54.0 491 01 31 55 01 35 1.8 01 19 656 01 7.9 5.2 1.5
58.1 492 01 32 46 01 36 30 01 22 679 03 8.6 5.0 1.5
62.1 514 01 32 53 01 31 34 01 1.8 719 04 9.6 5.1 1.3
66.0 572 01 31 60 01 30 38 01 1.7 732 06 11.1 5.9 0:8
69.9 638 01 29 54 01 36 30 01 15 763 08 13.2 5.9 0:3
73.9 678 01 28 37 01 47 1.7 01 14 807 10 15.0 6.0 0}
77.9 698 01 33 21 01 58 00 01 17 835 1.2 16.7 6.2 1
81.9 77 01 39 15 01 66 23 01 22 849 14 18.5 6.4 19
85.9 741 01 44 00 02 79 35 01 27 845 16 20.2 6.5 27
89.9 767 01 48 38 03 91 27 01 28 835 18 221 6.7 34
94.0 799 02 44 83 04 124 01 01 28 854 20 236 6.9 41
1006 836 06 33 0 0 845 23 257 7.1 50
1111 839 06 39 0 0 812 238 251 7.5 57

8TT



Table 5.3 { Continued

Radius® Vrotb Vrad bic Vsysb;C \Y ;rotd Vi irot © Vco;rotf Varift 9
[°9 [km s 1] [km s 1] [km s 1] [kms 1 [kms 1 [kms 1 [kms ]
120.7 887 06 44 0 0 808 33 253 7.8 46
131.2 853 08 53 0 0 776 38 254 8.1 32

aTo convert to pc, multiply by 16.7.

bFitted velocities are given as value statistical error  systematic error.

®Radial velocities and systemic velocities were xed at zerdor the outer four rings, where a lack of
velocity eld information away from the major axis limited o ur ability to constrain them.

dStellar velocities are given for the case oM =Lx=1:0 M =L .. To get the stellar velocities for a
di erent stellar mass-to-light ratio, multiply the tabula ted values by M =Lk . The listed uncertainties
include only statistical errors.

€The uncertainties on the H i rotation velocities are not known because we do not have acss to the
original data, but are probably about 10{20%.

f The uncertainties on the H, rotation velocities are quite high because the CO-H conversion factor is

not known accurately. Since the H rotation velocities are so small, this uncertainty is unimportant.

9This column gives the asymmetric drift correction to the rotation curve (seex5.6.2). To correct for
asymmetric drift, add the values in this column to the obsened rotation velocities in column 2.

6TT
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The rotation curve of NGC 2976 is well-described by a power la from the center of
the galaxy out to a radius of almost 2 kpc, as displayed in Figue 5.10a. The residuals after
subtracting the t from the rotation curve are shown in the bo ttom panel. The rotation
curve only begins to deviate systematically from power-lawbehavior atr ~ 110%(1.84 kpc).
The total (baryonic plus dark matter) density pro le corresponding t o the rotation curve
iS 1or =1:6(r=1 pc) %27 %09 M pc 3 (see Appendix B, Equations B.2 and B.3, for the
conversion between power laws in velocity and density). Ths density pro le is the mean
of the ts to 1000 Monte Carlo rotation curves, which represents a more accurate estimate
of the uncertainties than the t to the single rotation curve shown in Figure 5.7%. In the
following subsection, we show that the density pro le of the dark matter halo alone follows
a shallower power law.

A key assumption underlying the derivation of this density pro le is that the orbits
are circular, and therefore that the gravitational and centrifugal forces are in equilibrium.
This assumption is not likely to be correct in detail, but an i nversion of the velocity eld (in-
cluding noncircular motions) to obtain the underlying nonaxisymmetric potential is beyond
the scope of this chapter. Nevertheless, we note that the radl motions are comparable in
magnitude to the rotation only for the inner four points of th e rotation curve (the central
300 pc of the galaxy). At larger radii the rotation clearly dominates, and the orbits are
nearly circular. If we tthe rotation curve using only point s between 300 pc and 1.8 kpc |
where the radial motions are probably unimportant | the deri ved density pro le is almost
identical to the one described in the previous paragraph. Tls suggests that a more com-
plete analysis of the e ect of noncircular motions on the inversion from a rotation curve to

a density pro le should not have a large impact on the derivedslope of the density pro le.

5.4.2 Limits on the Dark Matter Halo

To reveal the shape of the density pro le of the dark matter halo, we rst remove
the rotational velocities contributed by the baryonic components of the galaxy from the

observed rotation curve. The rotation curve of the dark matter halo is de ned by

2 2 2 2 2 .
Vhalo = Vrot v ;rot Vi ;rot VHZ;TOt' (5-2)

We determine the lower limit to the dark matter density pro| e slope by maximizing the

rotation curve contribution from the stellar disk. The maxi mum possible stellar rotation
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Figure 5.10 | ( @) Minimum disk rotation curve of NGC 2976. Here we assume thatthe
dark matter is dynamically dominant over the baryons at all radii, so that the observed
rotation velocities (black circles) are attributable entirely to the dark matter halo. This
represents the cuspiest possible shape for the dark matterdto. The plotted error bars are
combined statistical and systematic uncertainties. The rdation velocities due to Hi and H,
are plotted as dashed and dotted curves, respectively. A poer law t to the rotation curve
is shown by the solid black curve. The corresponding densitproleis / r %27, Residuals
from the t are displayed in the lower panel, and 1 and 2 departures from the t are
represented by the shaded regions.bj Maximum disk rotation curve of NGC 2976. In this
case, we scale up the stellar disk (solid gray curve) as highsghe observed rotation velocities
(gray circles) allow. The stellar disk shown here has a mass-light ratio of 0.19 M =L .
This is the most massive stellar disk that can be present witlout making the dark matter
density increase with radius, which is probably not physicdly realistic. After subtracting
the rotation velocities due to the stars, the rotation velodties due to the H i (dashed curve),
and the rotation velocities due to the H, (dotted curve) in quadrature from the observed
rotation curve, the dark matter rotation velocities are displayed as black circles. The two
missing data points near the center of the galaxy hadv,,; < Vv , yielding imaginary Vo -
The solid black curve is a power law t to the halo velocities (for 14%°< r < 105°§ which
corresponds to a density prole of o, / r %% The halo residuals after the power law t
are displayed in the bottom panel.
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curve is set by scaling up the mass-to-light ratio of the stdiar disk until the criterion

2 2 2 2
Vot < Vot Vi srot Vi, rot (5-3)

is no longer met at every point of the rotation curve. This requirement sets maximum disk
mass-to-light ratios of M =Lx = 0:09'42 M =L  and M =Lg = 0:53'438 M =L g,
where the uncertainties are calculated by replacingv,ot with viot Vot in Equation 5.3.

We now use Equation 5.2 to obtain the rotation curve due to thedark halo. Under
the assumption that the density pro le can be described with a power law, oy / r oM
we perform a linear t to determine ,, as a function ofM =Lk . The t extends out to a
radius of 109° and we ignore points that have imaginary halo rotation velccities. A power
law provides a good t to the halo rotation curve for any mass-+o-light ratio. The results of
these ts are plotted in Figure 5.11. ForM =Lk > 0:19M =L , v < Oand the density
of the dark matter halo is increasing with radius. Because such a dark matter con guration
is probably unphysical, we consider 0.19 M=L . to be a rm upper limit to the stellar
disk mass-to-light ratio, with the corresponding lower limit to p, of 0. The dark matter
density pro le for this maximal disk is

r 0:01 0:13

o =0:1 3= M pc 3 (5.4)
As we argued inx5.3.1, the only way that the stellar mass-to-light ratio can be lower than
this value is if the galaxy contains a young starburst, so Eqation 5.4 represents the most
likely shape for the dark matter halo. Note that even though the kinematic value ofM =Lk
we derive is rather low, there are two e ects that we have not acounted for that tend to raise
it: the nite thickness of the stellar disk ( x5.3.1), and asymmetric drift (x5.6.2). Including
these e ects raises the maximum diskM =Lk close to the range that is predicted from the
photometry.

The slope of the total density pro le of the galaxy represents the absolute upper
limit for the slope of the dark matter density prole, so v 0:27 0:09. In practice,
because the galaxy contains stars and gas, the actual uppemnit must be lower. If NGC 2976
is not undergoing a strong and very young starburst, its stelar mass-to-light ratio must be
atleast 0.10 M =L .

Therefore, we conclude that the dark matter density pro le is bracketed by o, /

r 017009 and , / rO (see Figure 5.11). Due to the extremely low value of the maxiral
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Figure 5.11 | Dark matter density pro le slope  ,y as a function of the assumed s-band
stellar mass-to-light ratio. The error bars represent the brmal uncertainty in the value of

ow from the power law t. The dashed gray lines show the upper andlower limits to
the mass-to-light ratio that we consider reasonable basedrothe combination of the stellar
population models and the kinematics. Note that for small vdues of M =Ly the dark
matter density pro le is slightly steeper than the total den sity pro le. This unusual e ect
is caused by the steep increase in the H rotation curve at r > 60
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disk mass-to-light ratio, the galaxy must contain an essenially maximal disk. We adopt
the M =Lk =0:19 M =L  disk and y = 0:01 halo, which are shown in Figure 5.1,
as our preferred solution for the rest of the chapter. This dsk dominates the gravitational
potential of the galaxy out to a radius of 35°°(550 pc). The total mass of NGC 2976 out to
the edge of the observed velocity eld at 2.2 kpcis & 10° M , of which 5% is contributed
by the gas, and up to 14% (forM =Lx =0:19 M =L .«) is contributed by the stars.

5.5 Discussion

5.5.1 Comparison to Cold Dark Matter Simulations

In the previous section, we derived the dark matter density po le of NGC 2976,
and determined that it cannot have a slope steeper than py = o =0:27 0:09. Even
in this minimum disk case an NFW halo in NGC 2976 is ruled out.

Does the Density Pro le of NGC 2976 Con ict With CDM?

The shallow central density prole of NGC 2976 does not necesarily imply a
problem with CDM. One alternative possibility is that the si mulations and the observations
may not be directly comparable, or that the simulations may not incorporate all of the
relevant physics. Our observations have only probed the verinner portion of the galaxy's
potential, whereas the numerical simulations are better atrevealing the density structure
at large radii. The highest-resolution simulations can rea&h radii as small as 0.5% of the
virial radius (Power et al. 2003). An NFW halo comparable in sze to NGC 2976 would
have a virial radius of 80 kpc, so a simulation resolution element would be 400 pc in
the best case. There would then be 5 resolution elements within the observed region of
the galaxy, which might not be enough to accurately determire the slope of the density
pro le over those radii. It is therefore plausible that high er-resolution simulations could
help to resolve the apparent con ict between the observatimal and theoretical results. It
is also worth noting that only a few of the CDM simulations reported in the literature to
date have explored galaxies as small as NGC 2976. However,lresults of these studies
indicate that, if anything, dwarf galaxies have steeper desity pro les than larger galaxies
and galaxy clusters (Navarro et al. 2004; Coln et al. 2004, although see Ricotti 2003).
Finally, we point out that the current dataset just reaches what appears to be the peak of



125

the rotation curve; it would be extremely interesting to tra ce the rotation curve farther out
as it presumably attens and turns over. We are in the processof using recently-obtained
VLA H i observations to carry out this study.

Beyond numerical e ects, though, there are more important reasons to suspect that
the simulations may not correspond well to the observations One potentially signi cant
problem with current simulations is that they neglect the e ects of the baryons on the dark
matter halo. As we have shown, the central region of NGC 2976si dominated by the stellar
disk. It is possible that the formation of a massive disk at the center of a cuspy spherical
halo could destroy the central cusp (Weinberg & Katz 2002, ahough see Gnedin & Zhao
2002).

An additional possibility for accounting for the very shall ow central density pro le
within the context of CDM is suggested by the recent work of Sbehr et al. (2002) and
Hayashi et al. (2003). These authors nd in their simulations that dark matter satellite
halos orbiting in the potential of a more massive neighbor ae subject to tidal stripping. The
stripped satellites end up with density pro les that are much shallower than their original
NFW pro les. If NGC 2976 can be identi ed with one of the few mo st massive dark matter
satellites of M81, this mechanism provides a natural way to gplain its nearly constant-
density dark matter halo without modifying the CDM model. Ho wever, Kazantzidis et al.
(2004b) argued that Stoehr et al. (2002) and Hayashi et al. (R03) were incorrect, and
satellite density pro les are not altered by tidal strippin g even in cases of very signi cant
mass loss.

We conclude that the solution to the central density problem does not currently
require fundamental changes to CDM. There are a number of sipler explanations that may
remedy the discrepancy between observations and simulatics. More complete simulations
can help to clarify the situation, as can more carefully targeted high-resolution observations
(for example, studies of a few isolated galaxies could conm or refute the possibility that

density pro les are being modi ed by tidal stripping).

NFW and Pseudo-isothermal Fits for NGC 2976

Up to this point, we have used power law ts to describe the rotation curve and

density pro le, giving us a straightforward measurement of the central slope? This method

“Note that in general a power law is not a good representation bthe expected CDM
density prole form, which has a logarithmic slope that varies from l1to 3. Our
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has two advantages over the traditional approach of tting t he rotation curve with various
observationally or theoretically motivated functional forms to see which one best matches
the data. First, itis model-independent. Second, some funtional forms (NFW, for example)
require that the data cover a certain range of radii in order to constrain the t parameters.
An NFW rotation curve reaches its maximum at 2:16rg and then turns over. If the velocity
data do not extend beyond the turnover radius, the scale radis (and hence the concentration
parameter) of the halo cannot be reliably measured.

Although we argue that the power-law approach may be more udel, we recognize
that performing NFW and pseudo-isothermal ts to our data wi Il facilitate comparisons to
previous work. Accordingly, we have used therotcurshape routine (Appendix A.3) to
attempt to nd best- tting parameters for the velocity eld of NGC 2976, assuming each of
those functional forms for the rotation curve. An isothermal halo with a constant-density
core provides a reasonable t to the data, with a core radius & 67°°(1.12 kpc) and an
asymptotic velocity of 130 km s 1. This t is comparable in quality to the power law t.
For an NFW rotation curve, rotcurshape cannot obtain a satisfactory t for any value of
the concentration. We also attempted to t the NFW form just t o the rotation curve (not
the full velocity eld) with various nonlinear least-squar es techniques. Because we know
that the rotation curve of NGC 2976 is shallower than an NFW rotation curve, we xed the
concentration parameter at an arti cially low value (¢ =9:2, 2 lower than expected;
Bullock et al. [2001]) for these ts, and only solved forv,gg and rogg. We found that neither
Vogo NOrF rogg are signi cantly constrained by the rotation curve of NGC 2976. The best
NFW ts have areduced 2 value of 6.2 (compare to a reduced 2 of 1.3 for a power law t),
and the NFW rotation curve only passes within 1  (combined statistical and systematic
uncertainties) of 2 out of the 27 points in the rotation curve. The remainder of the tted
points are up to 4.1 away from the data points, showing that an NFW rotation curve
is very strongly excluded for this galaxy. Note that both the pseudo-isothermal and NFW
ts described here were performed on the total mass distribtion of the galaxy, not just the
contribution from the dark matter halo. Removing the stellar and gas disk velocities rst
would make the NFW t worse.

Although our velocity eld does not extend beyond the turnover of the rotation

curve and NFW ts to the rotation curve are unconstrained, th ere is another way to estimate

measurements, however, are all within the characteristic adius of the halo of NGC 2976,
where the density pro le predicted by CDM is close to a power hw.
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the NFW concentration parameter, and the e ective concentration parameters for other
dark halo models from the data. Alam, Bullock, & Weinberg (2002) de ned the parameters
Ry= (the radius at which the rotation curve has risen to half of its maximum value) and

v= (the mean density within Ry -, in units of the critical density) in order to make it
easier to compare rotation curve observations with theoreital predictions. For the minimum
disk case in NGC 2976 Vmaxy = 86 km s 1, Ry = 768 pc and y-, = 1:3 1(P. Using
the formulae given by Alam et al. (2002), we calculate concenations of 19.9, 4.4, 55.1, and
246.0 for an NFW pro le, a Moore pro le, a Burkert pro le, and an isothermal+core pro le,
respectively. For our preferred solution, after accountirg for the stellar and gas disks, the
dark matter halo parameters areVmax =74 kms 1, Ry, =902 pcand y—-=7:0 10°,
reducing the concentrations to 15.6, 3.3, 43.7, and 180.1.

The Alam et al. (2002) analysis is designed to study thevalue of the central density
of the dark matter halo (which is also a potential point of disagreement between observations
and simulations). With or without accounting for the baryon ic contribution to the rotation
curve, the central density of the dark matter halo of NGC 2976 (parameterized by Alam
et al.'s de nition of /2) is consistent with CDM simulations, even though the shape of
the density pro le is not.

5.5.2 Comparison to NGC 4605

NFW suggested, and most subsequent authors have agreed, thaelaxed CDM
halos should all have the same shape independent of mass or rger history.> NGC 2976
is super cially rather similar to the rst galaxy we studied , NGC 4605, so it is reasonable
to compare the two. Our observations of NGC 4605 showed thatts dark matter halo has
a density pro le with ,, =0:65 (Bolatto et al. 2002). At rst glance, this result does not
appear to seriously con ict with our ndings for NGC 2976. However, the NGC 4605 density
pro le was for a maximal disk, and therefore represents dower limit on ., . We argued
that the maximum disk solution was the most likely for NGC 4605 because the mass-to-light
ratio could not realistically be much smaller than its maximum value of 0.25 M =L .k in
that galaxy, and because it leads to a simpler density structire for the halo (a single power
law rather than two).

SProvided that they have not recently undergone a major merge. There is no kinematic
or photometric evidence to suggest that either of the galaxeés discussed here was recently
involved in a merger.



128

For NGC 2976, by contrast, we set anupper limit of , = 0:27 for the minimum
disk case, and we prefer lower values of ,, because a minimum disk is not physically
realistic. For solutions in the range that we believe is reasnable (0 M 0:17), the
dark matter density prole slope disagrees with that of NGC 4605 by up to 5 , even
though the disks of these two galaxies are quite similar. Alhough we have only examined
two galaxies so far, their incompatible dark matter density pro les suggest that the cosmic

scatter in halo properties may be large.

5.5.3 Are All Dwarf Galaxies Dark Matter-Dominated?

It is generally assumed that, with the possible exception otidal dwarfs (Barnes &
Hernquist 1992), all dwarf galaxies are dynamically domin#d by dark matter (Carignan
& Freeman 1988; Carighan & Beaulieu 1989; Jobin & Carignan 190; Martimbeau et al.
1994). While this assumption is likely true for the outer parts of dwarfs (radii larger than

2 times the disk scale length), the observational evidencesi more ambiguous close to
their centers. One of the main sources of this problem is thatdwarf rotation curves are
traditionally observed in H i, with angular resolution as low as 3§° The rotation curves
therefore often contain only two or three data points at radii where the stellar and gas
disks are dynamically important. To make matters worse, these inner data points are the
most likely to be a ected by beam smearing and other systemat problems. We suggest
that higher resolution observations of dwarf galaxies may bBow that their central regions
are often dominated by luminous material.

In the case of NGC 2976, the baryonic mass dominates the cerdl 220 pc of the
galaxy even for the lower limit to M =Lx of 0.10 M =L .. For our preferred solution of
a maximal disk (M =Lk =0:19 M =L ), the disk dominates out to a radius of 550 pc.
Consequently, the stellar disk has a signi cant impact on the derived density pro le of the
dark matter halo: slopes ranging from , =0:29to , = 0:13 are possible depending
on the choice ofM =Lk (see Figure 5.11).

That stars contribute to the dynamics of a dwarf galaxy is not unique to NGC 2976;
similar conclusions were reached for NGC 1560 by Broeils (B2), for NGC 5585 by Blais-
Ouellette et al. (1999), and for NGC 4605 by Bolatto et al. (2002). In addition, this result
is also in agreement with the work of, e.g., Persic, Salucci& Stel (1996, hereafter PSS),

who showed that the fraction of dark mass in spiral galaxies s a strong inverse function
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of luminosity. PSS found that in galaxies with luminosities comparable to NGC 2976
(M, = 185), dark matter can be detected gravitationally beginning a 10 15% of the
optical radius (which is located at 2.8 kpc for NGC 2976), or dout 350 pc. This is entirely
consistent with our mass modeling (see Figure 5.1f). The averageM;| = 185 rotation

curve constructed by PSS has dark matter dominating the rotdion curve at radii beyond

0:2Ropt (560 pc), also consistent with our preferred solution. Thus even though it may seem
counterintuitive, the PSS results support our conclusion that luminous matter is sometimes
an important contributor to the inner rotation curves of dwa rf galaxies.

5.5.4 Are the Kinematics of NGC 2976 A ected By M81?

NGC 2976 does not appear to be participating in the dramatic idal interaction
currently taking place between M81, M82, and NGC 3077 (Yun, Hb, & Lo 1994); however,
it has likely interacted with M81 in the past. Appleton et al. (1981) discovered a faint Hi
streamer stretching from M81 to NGC 2976. Boyce et al. (2001used HIJASS data to show
that this gas comprises a single tidal bridge that smoothly onnects the two galaxies (see
their Figure 2a). The bridge contains somewhat more H than NGC 2976 itself (21 10° M
and 5 10° M , respectively). Unfortunately, the HIJASS observations lack the angular
resolution to see the details of the connection between theridge and NGC 2976, and the
presence of Galactic Hi further complicates the situation. Yun, Ho, & Lo (2000) suggested
that the bridge is a remnant of an interaction that took place only between M81 and
NGC 2976 before the current M81/M82/NGC 3077 event. Nevertheless, the optical galaxy
(Figure 5.1) and the inner H i disk (Stil & Israel 2002a,b) both appear regular, symmetrig
and undisturbed. Assuming that M81 has a total mass of 102 M (Karachentsev et al.
2002), its tidal eld only becomes comparable to the gravity of NGC 2976 (at a radius
of 2 kpc) if the galaxies approach within 20 kpc of each other. Since M81 is currently
at a projected distance of 79 kpc, the present-day kinematis of NGC 2976 are probably
una ected by the interaction.

5.5.5 Possible Origins of Noncircular Motions

In Figure 5.4a it is clear that the velocity eld of NGC 2976 is distorted com pared
to a purely rotating disk. The velocity gradient near the center of the galaxy is not directed
along the photometric major axis, butisosetbyupto 40 (see Figure 5.8). This twisting
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of the isovelocity contours means that the kinematics of NGC2976 cannot be described by
the simplest model: a constant PA and only rotational motions. We have shown that the
velocity eld can be adequately described by adding radial motions in the plam of the
galaxy to the model. If there are systematic trends remainirg after this model has been
subtracted from the data, they are only present at the level d a few km s * (see Figure 5.9).
However, a purely rotational velocity eld with a kinematic PA that declines monotonically
from 6 near the center of the galaxy to 37 at a radius of 99 and remains constant
at 37 for larger radii can also t the data. This model is the one produced by rotcur if
the kinematic PA is left as a free parameter (see Appendix A.L The total density pro le
obtained under these assumptions isor / r %8, Since the photometric PA of the galaxy
is quite stable, varying only a few degrees from its averagealue beyond a radius of 36°
(at smaller radii, local bright spots dominate the isophotal tting), this model requires a
physical mechanism that could cause the behavior of the phametric and kinematic PAs to
deviate strongly from one another. Itis unclear what such a nechanism could be, and why it
would make the kinematic PA change so rapidly. Because this mdel lacks an observational
motivation, while radial (or other noncircular) motions ar e expected to occur naturally for
a variety of reasons (see below), we prefer the radial motiomterpretation of the velocity
eld.

There are a number of possible sources of the radial motionsThe galaxy could
contain a stellar bar, although there is no sign of a bar in anyof our images, even at 2.2 m.
Further evidence against the presence of a bar is the lack of easurable higher order terms
in our harmonic decomposition of the velocity eld. The velocity eld of a barred galaxy
should contain a nonzero sin 3 term (Schoenmakers, Franx, & de Zeeuw 1997; Wong 2000).
An alternative to a bar is the possibility that the dark halo i s triaxial rather than spherical,
as we have assumed. It is expected that CDM halos should be aeast moderately triaxial
(Dubinski & Carlberg 1991; Warren et al. 1992; Cole & Lacey 196), and the potential of
a triaxial halo is certainly not axisymmetric, so the velocity eld of a galaxy embedded
in a triaxial halo would exhibit noncircular motions. Hayashi et al. (2005) have simulated
a highly idealized version of a disk in a triaxial halo, and faund that not only are there
radial motions in the velocity eld, but that along certain | ines of sight the density pro le
an observer would derive from the velocity eld appears to catain a constant-density core,
even though the intrinsic density pro le of the halo is an NFW pro le. Even more strikingly,

the dependence of the radial motions on radius (when the disks viewed along these lines
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of sight) is identical to the behavior of the radial motions that we observed in NGC 2976
(see Figure 5.12). Future simulations of a gaseous disk in aitixial halo with more realistic
assumptions would be quite interesting, but this early resut along strongly suggests that
the radial motions in NGC 2976 | and perhaps the appearance of a shallow density pro le
as well | are caused by triaxiality. Other potential causes o f the radial motions include a

disk that has nonzero ellipticity, and out ows associated with star formation.

5.6 Systematics

In this section, we study in detail the systematic uncertairties in our analysis, and
also some systematic problems that a ict rotation curve studies in general. We emphasize
that systematic e ects are the dominant source of uncertaities in our analysis. Some of the
details contained in this section are therefore crucial to mderstanding the reliability of our
conclusions. The general reader may wish to use the summary ithe following paragraph
and the subsection headings to select the portions in which & or she is interested.

We begin in x5.6.1 by mentioning the importance of considering systemat prob-
lems, and our e orts to account for these problems in the desin of our survey. Section
5.6.2 continues with a description of our tests for systemdt errors caused by the rotation
curve tting. In x5.6.3 we demonstrate that the H and CO velocity elds of NGC 2976
are consistent with each other, not just globally, but on a pdnt-to-point basis. In x5.6.4
we use our velocity eld to simulate long-slit observations of NGC 2976, and compare the
derived long-slit density pro les to the one we extract from the two-dimensional velocity
data. Section 5.6.5 examines the problem of o sets betweerhe kinematic center of a galaxy
and the position of the slit during spectroscopic observatbns, and x5.6.6 brie y discusses

the di culties that barred galaxies present for density pro le studies.

5.6.1 The Problem of Systematics

It is well-known, although not often discussed, that there ae a number of serious
systematic uncertainties that can cause an observed rotatin curve (and the associated
density pro le) to di er signi cantly from the true one. Wor se, nearly all of these e ects
work in the same direction to cause density pro les to appearsystematically shallower than
they actually are. Fortunately, the most severe of these prblems can be minimized or

avoided by using two-dimensional velocity elds and by making velocity measurements at
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Figure 5.12 | (a) Rotation curve (circles) and radial velocity curve (triangles) of a disk
in a triaxial halo simulated by Hayashi et al. (2005). Along the line of sight from which
these motions are viewed, the apparent density pro le of ths halo has a constant-density
core, even though the actual density prole is cuspy. (b) Rotation curve (circles) and
radial velocity curve (triangles) of NGC 2976. The remarkale similarity between the radial
velocity curves and the derived density pro les for this simulated disk and NGC 2976
strongly suggest that the radial motions in NGC 2976 are caued by the triaxiality of its
dark matter halo. If this is indeed the case, NGC 2976 may actally have a steeper density
pro le that appears shallow because of our viewing angle.
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very high precision (Blais-Ouellette et al. 1999; van den Bech & Swaters 2001; Bolatto
et al. 2002; Swaters et al. 2003a). SMVB model several of these ects in detail and
determine how severely observational results may be a ect in various situations. One
of the key systematics to investigate is the location of the gnamical center of the galaxy
with respect to the assumed center. Other systematic errorghat might potentially cause
problems for rotation curve studies include extinction (for H observations), beam smearing
(for H i observations), noncircular motions (which could be causedby a bar, an intrinsically
elliptical disk, a triaxial halo, or out ows associated wit h vigorous star formation), incorrect
PAs, inclinations, and systemic velocities, asymmetric dift, and using observations made
at low velocity resolution to study galaxies with small rotation amplitudes. We designed
our study so as to avoid some of these problems, and to be abl® account for the others,
as described in the introduction; a few key points are mentioed below. We know that
extinction does not a ect our results because our CO and H velocity elds agree near
the center of the galaxy, where extinction should be most imprtant. Since we have two-
dimensional information, we can explicitly account for radial motions, as discussed inx5.4,
x5.6.2, and Appendix A. Our velocity resolution is 10 times smaller than the maximum
rotation velocity of NGC 2976 (and the precision of our velodty measurements is another
order of magnitude smaller), so we are unlikely to be missingigni cant features in the

velocity eld due to insu cient resolution.

5.6.2 Rotation Curve Fitting Systematics

Due to the high precision of our velocity measurements, the tatistical error bars
on both the rotation curve and the radial velocity curve are negligible (less than 1 km s
everywhere). Therefore, the limiting factors on the accuray of the rotation curve are the
systematic uncertainties associated with our t, which is anormal state of a airs for rotation
curve and density pro le observations.

Algorithmic Di erences

The most straightforward check for systematic problems is b compare the rotation
curves produced by di erent algorithms. Recall that neither rotcur  nor rotcurshape
allow the user to t for the sin term (radial motions) in Eq. A.2, and ringfit and

rotcurshape  both require that the PA, inclination, and center position n ot vary with
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radius. Using a set of input parameters that are compatible vith all three algorithms
(PA= 37,1 =61:5, cos weighting, and no radial motions) and considering radii les
than 105° the algorithms all produce essentially identical results We conclude that none
of the assumptions that are built in to the tting algorithms a ect the results.

The only signi cant di erence that appears between the algorithms stems from the
inclusion of radial velocities in the t. Earlier, we noted t hat it is obvious from inspection
of the velocity eld (Figure 5.4) that noncircular motions a re present in NGC 2976: for
example, the velocity ts in individual rings for r < 40°°show that the observed velocity
maximum is systematically o set from the photometric major axis (Figure 5.8). Neglecting
the sin term and tting only for rotation increases the exponent of t he density pro le from

or =0:27t0 1or =0:42 (for 0<r< 105%.

If radial motions are ignored, however, an accurate descrifion of the velocity eld
requires that the kinematic PA changes with radius. When either the kinematic PA or the
inclination varies with radius, rotcur vyields or 0:56. If we allow both parameters to
change with radius, tying the inclination to the photometri ¢ axis ratio and tting for the
kinematic PA, we obtain total density exponents as high as o = 0:7. Thus, by exchanging
radial motions for geometric degrees of freedom it is possli to push .o to higher values.
However, we regard these models as contrived and lacking phkical motivation, and therefore

less appealing than simply including radial motions.

Uncertainty in Center Position

Assessing the uncertainties on the rotation velocities reqgires that we rst know the
uncertainties on each of the parameters that are used to caldate the rotation velocities: the
center, PA, inclination, and systemic velocity. We begin by considering the center position
of NGC 2976.

The galaxy nucleus is located within $%f previously published estimates of the
galaxy's position. The astrometric precision on the photonetric location of the nucleus
is 2. However, the velocity eld is only aligned with the images to about 1°° and the
resolution of the velocity eld is 49 which limits the degree to which we can verify that
the nucleus and the kinematic center of the galaxy coincideTo determine the position and
uncertainty of the kinematic center, we used a bootstrap reampling technique. By running

ringfit  on 200 bootstrap samples of the velocity eld, we measured aikematic center
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of (' 2000; 2000)= (09"47M15.5°, 67 55™00.%), with an uncertainty of 2%in both  and
Thus, there is no evidence for an o set between the kinematicand photometric centers of
NGC 2976.

Uncertainty in Position Angle

We used the same bootstrap method to measure the kinematic PAand its un-
certainty. The kinematic PA is well-determined at PA i, = 36 5 and agrees with the

photometric PA.

Uncertainty in Inclination Angle

Since the photometric inclination of NGC 2976 is relatively high, an error in the
inclination angle does not signi cantly change the rotation velocities. Furthermore, because
changing the inclination by a small amount is approximately equivalent to scaling the ro-
tation curve by a constant, the exponent of the power law t should not be a ected. The
reader may recall that if the ellipticity is left as a free parameter during the surface bright-
ness pro le tting ( x5.2.5), ellipse calculates inclinations that vary smoothly between 55
and 77 across the galaxy. As mentioned before, this behavior is nointerpreted as an
actual change of the inclination angle with radius. Nevertreless, if we forcaotcur to use
this function for the inclination, the density pro le slope for the total mass distribution

increases t0 ot 0:56, as discussed inx5.6.2.

Uncertainty in Systemic Velocity

If the systemic velocities are left as a free parameter in theelocity eld ts, they
have a scatter of 1.8 km s from ring to ring. It is possible that these variations are real,
although they are only marginally signi cant when the systematic uncertainties are taken
into account. The alternative approach is to x vsys at its average value and then t again
with only vyt and viaq as free parameters. The results of the t with vsys xed are nearly
identical to the previous results. None of the radial or rotaional velocities are changed by
more than 1 , the density pro le exponent for the total mass distributio n increases by less

5The kinematic PA is distinct from the photometric PA in thati tis de ned as the angle
between north and the receding sideof the galaxy's major axis, so that it has a range of
180 to 180 (where positive angles are east of north).
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thanl (o o1 =0:34 0:09), and the maximum allowed mass-to-light ratio increases
t0 0.24 M =L «.

Uncertainties in Rotation Velocities and Radial Velocitie S

Using the measured uncertainties in the center position and?A, and assuming an
uncertainty of 3 for the inclination angle, we calculated the resulting uncetainties on the
rotation velocities and the radial velocities with a Monte Carlo technique. We generated
1000 random centers, PAs, and inclinations, assuming a Gasgn distribution for each of
the parameters, and ranringfit ~ with each set of parameters. The standard deviation
of the 1000 rotation velocities in each ring was de ned to be he systematic error of that
rotation velocity, and the systematic errors in the radial velocities and systemic velocities
were calculated in the same way. The systematic errors on theotation curve range from
2.1 km s 1to 55 km s 1, as listed in Table 5.3. Power law ts to the 1000 Monte Carlo

rotation curves yield a mean slope of the total density pro le of oy =0:27 0:09.

Asymmetric Drift Correction

We have also calculated the asymmetric drift correction to the rotation curve, as
de ned by, e.g., Cog, Carignan, & Freeman (2000). We derived the velocity dispersion as
a function of radius from the H data, and the surface density by adding the H i and H,
column densities. We then t polynomials to (r) and ( r) and calculated the derivatives
d=dInr and din =dInr analytically. There are signi cant uncertainties that fac tor into
this calculation, including (1) we have not included the ionized gas surface density (although
its contribution is expected to be small), (2) the H, surface density is uncertain due to our
imprecise knowledge of the CO-H conversion factor, (3) our velocity eld extends to radii
that are smaller than the resolution of the H i data, so that the calculated asymmetric drift
may be incorrect for the inner few points of the rotation curve where the correction is most
important, and (4) some of the H velocity dispersion is probably due to ows associated
with star formation. Because we view the derived correctios as rather uncertain, we have
not corrected the observed rotation curve for asymmetric dift. However, the corrections
are listed in Table 5.3 if the reader wishes to apply them. Thé& e ects are to increase the
maximum disk mass-to-light ratio, and to make the rotation curve slightly more linear, but

the overall conclusions of the chapter do not change.
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Conclusions From Analysis of Rotation Curve Systematics

We have shown that the only ways to signi cantly change the deived slope of
the density prole of NGC 2976 are to (1) assume the stellar mas-to-light ratio is zero,
(2) ignore the radial component of the velocity eld, or (3) allow the kinematic PA and/or
inclination to change with radius. Assuming that the observed velocities are due entirely to
rotation raises or by 0:15, and allowing the PA and inclination to change with radius
raises .or by upto an additional 0:25. Accounting for the contribution of the maximum
stellar disk, however, limits the dark matter density pro| e exponent to Q26 om 04
in these circumstances.

Because inspection of the velocity eld and the ts clearly reveals the presence of
radial motions, neglecting the radial component is not jusi ed. Changes in the PA with
radius are not supported by the photometry, and changes in tte inclination with radius are
di cult to understand physically. Therefore, we argue that these solutions, despite being
mathematically viable, are contrived and not motivated by the data.

We conclude that the galaxy contains substantial radial motons, and that the
density pro le results are not signi cantly a ected by the m ost obvious sources of systematic
errors. We caution that the robustness against systematicghat we nd is speci c to this
dataset, and may not be true in general. Because the rotatiorcurve of NGC 2976 increases
with radius so slowly, errors in any of the geometric paramegrs of the galaxy are diminished
in importance. A galaxy with a more rapidly rising rotation ¢ urve would probably be more
severely a ected. Assuming that the radial motions provide no support, the dark matter
density pro le slope is in the range O om 0:27, with a2 upper limit of , 0:45,
where systematic errors have been included in the uncertatg on ,,. NGC 2976 thus

violates the prediction of universal central density cuspsby CDM simulations.

5.6.3 Comparing Velocities Derived From Di erent Tracers

Some recent studies in the literature have shown that, beam raearing questions
aside, there do not appear to be systematic o sets between H and H rotation velocities
(e.g., McGaugh, Rubin, & de Blok 2001; Marchesini et al. 2002 With a handful of ex-
ceptions, though, these studies employed long-slit H data, so the comparisons essentially
took place only along the major axis. In addition, the spatia and velocity resolution of the
Hiand H data were often quite di erent.
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In this chapter, we have presented for the rst time the data necessary for a
two-dimensional comparison across a dwarf galaxy of the COrad H velocity elds. The
angular resolution of the two datasets is similar (€°and 4% respectively), and although
the CO velocity resolution is better by a factor of 6, the higher signal-to-noise at H
compensates such that the velocities can be measured with ogparable precision. We use
the following technique to compare the velocity elds. At th e position of each H ber, we
compute a weighted average of the velocities of all of the peds in the CO map that fall
within the radius of the ber. CO pixels that do not contain an y emission are not used in
computing the average, and of course, H bers that do not coincide with any molecular
emission are not used either. This process yields a unique efto-one mapping between
the two velocity elds. The rms dierence between v, and vg, is 5.3 km s 1, with the
comparison being made at 173 points. Similar studies in the Nky Way found that the
dispersion between the velocities of molecular clouds andhe associated H-emitting gas
was 4{6 km s ® (Fich, Tre ers, & Blitz 1982; Fich, Dahl, & Tre ers 1990), so much of the
scatter we observe in NGC 2976 may be intrinsic to the processf H ii region formation
rather than caused by observational uncertainties. We plotthe H velocities against the
CO velocities in Figure 5.13. There is a weak systematic tred visible in the residuals,
with v, > v near the center of the galaxy andve, < v, on the northwest side of the
galaxy. The amplitude of this trend is only a few km s 1, so it does not a ect our rotation
curve. The origin of the trend is not clear, but we suggest tha it could be a result of
the spatial distribution of the gas. For example, where the bnized gas is largely in front
of the molecular clouds, the expansion of Hi regions away from nearby molecular clouds
would makev,, >V . This e ect should appear preferentially where H emission is bright.
Conversely, where the molecular clouds are in front, one wdd expectthat v, <v,. These
areas should have faint H emission due to extinction within the molecular clouds. TheH
distribution in NGC 2976 appears to be qualitatively consigent with this interpretation;
the H is brighter in the northwest, where the H velocities are larger, and there is an H
hole to the southeast, where some of the CO velocities are Higr. In any case, we conclude
that the H and CO velocity elds agree, with a scatter of 5.3 km s 1, and thus that both
species should be accurate tracers of the gravitational peintial of NGC 2976.
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Figure 5.13 | Point-by-point comparison of H  and CO velocities. Although the line v,
= V.o provides a very good description of the data, with remarkaby small scatter, there are
still small systematic trends visible near the center of thegalaxy and at positive velocities.
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5.6.4 Simulated Long-slit Observations of NGC 2976

Our H dataset is well suited for studying the systematic problemsassociated with
deriving rotation curves from long-slit spectroscopy. It is straightforward to recreate what
would be seen by an observer taking long-slit spectra of NGC 276. We begin by selecting
all of the bers within 1 %%f a given cut parallel to the major axis of the galaxy. This creates
an unevenly-sampled rotation curve, which we smooth by aveaging the points into 4°9wide
bins. We then proceed exactly as we would have if we had obtagd these rotation velocities
from a long-slit spectrograph. We nd the center of the rotation curve by folding it about
various points to determine the position of maximum symmetty. Three criteria are used to
judge the degree of symmetry: the correlation coe cient of the two sides, the rms di erence
in velocity between points at the same radius on opposite sigs, and the appearance of the
rotation curve. These criteria are combined in a necessayl somewhat subjective manner,
but since we know the true center in this case from our two-dinensional velocity eld, we
have veri ed that the chosen center never di ers from the actual one by more than 12°(200
pc). We fold the rotation curve about the chosen center and agrage the two sides together,
weighting each point by the inverse square of its uncertaing. Finally, we t a power law to
the resulting rotation curve, ignoring any points near the center that have negative rotation
velocities. We repeat this process with o sets from the majo axis of up to 14°°(230 pc).
The indices, o7 , Of the power law ts in density for each rotation curve are displayed in
Figure 5.14.

The naive expectation from this experiment is that slits placed o of the major axis
will make the density pro le appear to be shallower than it actually is, and that this e ect
should become more severe with increasing distance from thmajor axis. The actual results
do not show this trend very clearly. The positive slit 0 sets (corresponding to the northeast
side of the galaxy) appear to agree with the expected behavipfor large slit o sets the slopes
are on average shallower than the value that should be derivt( or = 0:42, since we are
neglecting radial motions). O sets on the other side of the glaxy, though, do not follow
a systematic trend. The derived slopes for negative o sets g similar to the actual slope.
Note that when the rotation curve is folded about the correct central position (instead of
the one that gives the most symmetric appearance), the slopeare systematically shallower
than when other central positions are used. We speculate thathis systematic e ect is
not very strong in NGC 2976 because this galaxy has a relatilg shallow central velocity



141

1.0 I : | ' | ' | ' T ' | ' T -
0.8 ¢ .
L4 O
o °
| [ J o
0.6 o °
a )
(@]
= I O T
3
I Y e« ]
0.4 o —
O
)
- O . O -
)
0.2 © —
)
0.0 =4 | \ | \ | \ | \ | \ | Q | e
—-12 -8 -4 0 4 8 12

Offset from major axis (")

Figure 5.14 | Density prole slopes derived from simulated | ong-slit observations of
NGC 2976. The lled circles indicate the derived value of the density pro le slope +or
for each o set from the major axis. The dashed line shows the &lue of .o from our
analysis of the full velocity eld (without radial motions, since they cannot be accounted
for in long-slit observations). The open circles representhe slopes that would have been
derived had the correct (closest to the actual center) foldhg point been selected for each
of the slits. For some slits, the value of ;o; is quite sensitive to the choice of the folding
point. Note that the open symbol at (10,0.0) should actually be located at o = 0:21,
except that we do not allow negative values of ;o; because they are unphysical.
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gradient. Other galaxies with steeper rotation curves migh be a ected more severely. A
possible explanation for the di erence between the two sids of the galaxy is that the H
distribution is rather asymmetric; to the northeast of the m ajor axis are a number of bright
point sources, while the emission on the southwest side is if&t and di use. In addition to
coherent systematic errors, this exercise shows that atteting to derive a density pro le
from a single velocity cut through a galaxy is also a noisy praess. Depending on the position
of the slit, one could estimate a density pro le between o; / r %Band o / r 08
for this galaxy. Only with observations along many slits, or full two-dimensional velocity
data, can one be con dent that the rotation curve and density pro le of a galaxy accurately

re ect its gravitational potential.

5.6.5 Positioning Errors and Slit O sets

There are several factors that can play a role in positioningerrors. First is the
pointing and guiding of the telescope used to acquire the dat. McGaugh et al. (2001) and
de Blok & Bosma (2002) report that observations of LSB galaxes with di erent telescopes
and instruments by independent observers result in esserdily identical rotation curves. On
this basis, they conclude that pointing errors do not impacttheir results. Telescope pointing
and guiding are thus unlikely to cause problems for long-sti observations, although they
can be an issue for two-dimensional observations like oursyhere the galaxy may not be
visible on the guiding camera while observing it (see5.2.2 for our solution to this problem).
Quite independent of the telescope pointing, though, is thequestion of whether the center
of a given galaxy is where it is reported to be. Even when the pbtometric center is known
accurately, galaxies can have dynamical centers that di erfrom the photometric ones by
hundreds of parsecs (Puche, Carignan, & Wainscoat 1991; Helr & Blitz 1995; Matthews
& Gallagher 2002). Because of these two additional problemsa demonstration that point-
ing errors are minimal does not su ce to prove that rotation c urves are systematically
una ected by o sets between their assumed and actual centes.

One example in the literature of a galaxy in which a poorly-déermined center may
have caused erroneous conclusions about its density pro les NGC 2552, often referred to
by its alternate name of UGC 4325. The rotation curve of this dvarf LSB galaxy has been
discussed in a number of recent papers (de Blok et al. 200laan den Bosch & Swaters
2001; de Blok & Bosma 2002; Marchesini et al. 2002; Swaters at. 2003a; de Blok, Bosma,
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& McGaugh 2003). All of these authors nd density proles wit h 0:3, where is
the central slope of the density pro le (seex5.4.2 or Equation B.2). With six independent
analyses reaching the same conclusion, it would seem that éhdensity pro le of this galaxy
is well-determined. However, closer inspection reveals agtentially important discrepancy
between these studies: they assume widely varying central gsitions for the galaxy (see
Table 5.4). Two papers (van den Bosch & Swaters 2001; Swaterst al. 2003a) measure the
galaxy's center from their own photometry, while the other four make no reference to the
assumed center. It is reasonable to suppose that they used ¢hcoordinates given by one of
the standard databases, such as the NASA/IPAC Extragalactic Databas€ or the SIMBAD
Database® These dierent positions span a range of 199 or 550 pc at the distance of
NGC 2552.

The reason for the uncertainty in the galaxy center is clear fom inspection of a
Digitized Sky Survey image: NGC 2552 is a lopsided galaxy, wh a low surface brightness
outer disk that is 0 center relative to the brighter inner di sk. However, there has recently
been an accurate determination of the actual position of thegalaxy; Beker et al. (2003)
used HST imaging to show that NGC 2552 contains a nuclear stacluster, and that this
nucleus is also the center of the inner isophotes. Becauselgsies can display o sets between
their nuclei and their dynamical centers, it is possible tha the nucleus is not located at the
dynamical center of NGC 2552, but in the absence of two-dimesional kinematic information
it represents the best guess. As can be seen in Table 5.4, thegqviously-used positions are
up to 999(450 pc) away from the nucleus. Based on the results of SMVB ahour discussion
in X5.6.4, we suggest that density pro les derived from the longslit observations cited above
could have been signi cantly over or underestimated. de Bld& et al. (2003) argue that this
is not the case because the three slit positions they used tadbserve NGC 2552 (one through
their assumed center, and the other two 8%way on either side) result in similar density
pro les. However, one of the three slopes that they measure (=0:32  0:16; 0:30) di ers
from the others by 3 , showing that slit o sets can cause density pro les di erent from
the true one to be derived. Also, if none of the three slits wetithrough the actual center of
the galaxy, then further observations may be needed to enswar that the measured density
pro le is correct. Given this degree of confusion over the peition of a relatively nearby
(d = 10 Mpc) and high-surface brightness (for a galaxy classi @ as LSB; r = 21:6 mag

http://nedwww.ipac.caltech.edu/
8http://simbad.u-strasbg.fr/
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arcsec ?) galaxy, it is certainly not obvious that the centers of fainter and more distant

galaxies are well-determined in the literature.

5.6.6 Barred And Highly Inclined Galaxies

Two other common attributes of galaxies that can cause systmatic errors deserve
mention here: bars and high inclination angles. SMVB alreag discussed the problems
associated with galaxies that are seen edge-on or nearly soaédemonstrated that observa-
tions of such galaxies must be analyzed with extreme care. Eally problematic, though,
are galaxies that contain bars. Barred galaxies certainly ve noncircular motions out to
the end of the bar, so one-dimensional velocity data will be gstematically a ected. Den-
sity pro les of barred galaxies derived from long-slit data are therefore not trustworthy at
radii less than the bar semimajor axis. SMVB include ve barred galaxies in their sample,
and unsurprisingly nd that these objects have shallower catral density slopes than their
other targets. The kinematics of barred galaxies are intersting in their own right; there
are suggestions that the presence of a bar can a ect the evolion of dark matter density
cusps (Weinberg & Katz 2002), and with two-dimensional velaity elds it is possible to
use barred galaxies to study dark matter density pro les (Weiner, Sellwood, & Williams
2001a; Weiner et al. 2001b). However, long-slit observatios of barred galaxies may not be

a reliable way to attack the density pro le question.

5.7 Conclusions

We have used two-dimensional velocity elds, sampled at higp spatial resolution
and high spectral resolution in CO and H to study the density prole of NGC 2976
and the parameters of its stellar disk and dark matter halo. We obtained rotation curves
from the two-dimensional data using tilted-ring models delived with three independent and
complementary algorithms. Our tilted-ring tting shows th at there are signi cant radial
(i.e., noncircular) motions in the inner 20°°(300 pc) of the galaxy. Accounting for these
motions yields a total density prole of or / r 927 009 There is a narrow range of
possible stellar mass-to-light ratios for NGC 2976, and thecorresponding dark matter halo
density pro les range from o, / r 917 008 g o/ r 001 013 (constant density). A
key assumption that we make in the inversion of the rotation arve to obtain the density

pro le is that the gravitational and centrifugal forces are in equilibrium (or equivalently,
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that the radial motions provide no support). The density pro le obtained by excluding
measurements inside the 2®radius is identical to that computed when including them,
substantiating this assumption.

We found that in our preferred model, the maximum mass-to-lght ratio of the
stellar disk of NGC 2976 isM =L = 0:09' %52 M =L . If M =Lx > 0:19 M =L
the dark matter halo has the unphysical property that its density increases with radius.
Accounting for the thickness of the stellar disk and the asynmetric drift correction to
the rotation curve brings this kinematic value of M =Lk into line with photometric es-
timates. Comparison with stellar population synthesis mocels (Worthey 1994; Leitherer
et al. 1999; Bell & de Jong 2001) suggests that the mass-toght ratio is unlikely to be less
than 0.10 M =L .k, so the stellar disk | and hence the dark matter halo | are tigh tly
constrained. We investigated many of the likely systematice ects on the rotation curve
and found that none of them can bring the density pro le closeto oy / r 1. We therefore
rule out an NFW or Moore et al. (1999b) density pro le in the center of this galaxy at high
con dence regardless of the stellar contribution.

In addition, we investigated the most extreme models of the glaxy that are allowed
by the data. Density pro le slopes as high as .y 0:7 can be obtained,but only when
all three of the following are true: (1) the mass-to-light ratio of the matter in the disk is
zero, (2) the observed velocities are attributed entirely © rotation, despite the observed
radial motions, and (3) the kinematic PA and inclination bot h change with radius in the
manner described inx5.5.5 andx5.6.2. Retaining requirements (2) and (3), but assuming a
maximal stellar disk, reduces ,y to < 0:4. We consider these models to be quite unlikely,
and inconsistent with the complementary data we have preseted for this galaxy.

We also discussed whether a universal dark matter halo shapis consistent with
our observations. In a similar study of the slightly more masive galaxy NGC 4605, Bolatto
et al. (2002) found a lower limit to the dark matter density pr o le slope of ,, = 0:65.
Since the upper limit for NGC 2976 is ,y = 0:27, the density pro les of the halos of these
galaxies are di erent from one another. If the disk of NGC 46 is submaximal, or the disk
of NGC 2976 is not minimal (which is likely), the inconsistency becomes more severe. In
addition, we note that both of these dwarf galaxies are dynancally dominated by luminous
matter at small radii.

Finally, we considered the impact of some of the known systemtic uncertainties

that aict rotation curve studies, following up on the recen t work of SMVB and de Blok
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et al. (2003). We found that systematic errors can cause the density pro les inferred fom
long-slit observations to di er signi cantly from the true density pro les. We also illustrated
the di culties that can arise in determining the positions o f galaxy centers without adequate
two-dimensional kinematic and photometric information. T hese problems | as well as the
disk-halo degeneracy | can be largely overcome by using highresolution two-dimensional
velocity elds, as we have shown in this chapter.

Although previous studies have found that central density aisps cannot be ruled
out in many dwarf and LSB galaxies, we have demonstrated thata cusp is not present in
NGC 2976; the dark matter halo of this galaxy is nearly constat density out to the edge

of the observed H emission at a radius of 2.2 kpc.
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Table 5.4. Central Positions for NGC 2552

Method of (J2000.0) (J2000.0) Distance From Reference
Determining Center Nucleus P
nucleust 08'19"20.4 50 00%33°° 0.0 1
outer isophoted 08'19"20.4 50 00°%36%° 2.7 2
outer isophote$ 08'19"19.7 50 003200 6.8 3
NED 08M"19"20.1 50 0025 8.5 4
SIMBAD 08h19"19.6 50 00728 9.2 5

aThis position is also the center of the inner isophotes.
bMeasured by Swaters (1999) from their photometry.
“Measured by Swaters & Balcells (2002) from their photometry

References. | 1, Beker, Stanek, & van der Marel (2003); 2, van den Bosch & Swaters
(2001); 3, Swaters et al. (2003a); 4, Falco et al. (1999); 5, idkon (1973).
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Chapter 6

High-Resolution Measurements of
the Halos of Four Low-Mass
Galaxies: Deviations from a
Universal Density Pro le

This chapter was previously published inThe Astrophysical Journal (Simon, Bo-
latto, Leroy, Blitz, & Gates 2005, ApJ, 621, 757).

Abstract

We derive rotation curves for four nearby, low-mass spiral glaxies and use them
to constrain the shapes of their dark matter density pro les. This analysis is based on high-
resolution two-dimensional H velocity elds of NGC 4605, NGC 5949, NGC 5963, and
NGC 6689 and CO velocity elds of NGC 4605 and NGC 5963. In comimation with our
previous study of NGC 2976, the full sample of ve galaxies cotains density pro les that
span the range from ,, =0to ., =1:20, where ,, is the power law index describing
the central density pro le. The scatter in ,, from galaxy to galaxy is 0.44, three times
as large as in Cold Dark Matter (CDM) simulations, and the mean density pro le slope
is pu = 0:73, shallower than that predicted by the simulations. Theseresults call into

guestion the hypothesis that all galaxies share a universatflark matter density pro le. We
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show that one of the galaxies in our sample, NGC 5963, has a coyg density pro le that
closely resembles those seen in CDM simulations, demonstiag that while galaxies with
the steep central density cusps predicted by CDM do exist, tey are in the minority. In
spite of these di erences between observations and simulans, the relatively cuspy density
pro les we nd do not suggest that this problem represents a aisis for CDM. Improving the
resolution of the simulations and incorporating additional physics may resolve the remaining
discrepancies. We also nd that four of the galaxies containdetectable radial motions in
the plane of the galaxy. We investigate the hypothesis that hese motions are caused by a
triaxial dark matter halo, and place lower limits on the elli pticity of the orbits in the plane
of the disk of 0.043-0.175.

6.1 Introduction

Over the last several years, one of the most persistent probms confronting the
Cold Dark Matter (CDM) model has been the dichotomy between doserved galaxy density
pro les and those seen in cosmological simulations. The simations generate dark matter
halos with central density cusps of / r ! or steeper (e.g., Navarro et al. 1996; Moore
et al. 1999hb). Observations of dwarf and low surface-brighess (LSB) galaxies, though,
have usually shown that density pro les with shallow central cores, where the density is
nearly constant with radius, t the data better than cuspy pr oles (Moore 1994; Burkert
1995; Blais-Ouellette et al. 1999, 2001; de Blok et al. 20018orriello & Salucci 2001; de Blok
et al. 2001b; de Blok & Bosma 2002; Salucci et al. 2003; Weldka et al. 2003; Simon et al.
2003a; Gentile et al. 2004). This disparity is important because density pro les represent
some of the strongest available constraints on the CDM simudtions at small spatial scales.

Because most observational errors tend to make density prdes seem shallower
than they actually are, whether this disagreement is real oronly apparent has been a point
of contention. Recently, van den Bosch et al. (2000) and van én Bosch & Swaters (2001) put
forth the argument that most existing rotation curves have neither the spatial resolution nor
the velocity resolution necessary to test the simulations dequately. Swaters et al. (2003a)
extended this argument with simulations showing that even hgh-resolution data may be
subject to numerous systematic e ects that can make densitypro les appear arti cially
shallow. However, de Blok & Bosma (2002) and de Blok et al. (203) use observations

and simulations to reach the opposite conclusion: that systmatic uncertainties do not
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signi cantly a ect most observed rotation curves. In an att empt to resolve this debate,
we began an e ort to measure the density pro les of a sample ohearby low-mass galaxies
at very high spatial and velocity resolution, using improved techniques to minimize the
importance of systematic uncertainties.

In two previous papers, we reported on our results for the dwe spiral galaxies
NGC 4605 (Bolatto et al. 2002) and NGC 2976 (Simon et al. 2003ahereafter Chapter 5).
We found that NGC 2976 contains a nearly constant density coe, while NGC 4605 has a
density pro le that is intermediate between the usually observed constant density cores and
the cusps predicted by simulations. In this chapter, we preent similar analyses of three
more nearby galaxies, NGC 5949, NGC 5963, and NGC 6689. Sinaair earlier study of
NGC 4605 did not include a two-dimensional H velocity eld, which prevented us from
con rming the existence of the radial motions suggested by he CO data, we also update
that work with an H  velocity eld, additional CO mapping, and new optical imagi ng.
As before, we use high-resolution two-dimensional velogit elds to constrain the overall
mass distribution, and optical and near-infrared imaging to model and remove the baryonic
contribution to the rotation curve.

In the following section, we describe our observations and ata reduction. We
brie y explain our methods of modeling stellar disks and corstructing tilted-ring models of
the velocity elds, and we refer the reader to Chapter 5 for adlitional details. In x6.3, we
present the results of our rotation curve analysis and t the rotation curves with various
functional forms. In x6.4, we discuss the most important implications of this work We
consider the e ect of relaxing the assumption that dark matter halos are spherical on the

derived density pro les in x6.5, and we present our conclusions ix6.6.

6.2 Observations, Data Reduction, and Methodology

The primary objective of this study is to derive very accurate rotation curves (and
hence density pro les) of low-masst dark matter-dominated spiral galaxies. We use two-
dimensional velocity elds to measure the rotation curves n order to avoid the systematic

lWe refrain from using the term dwarf galaxy here to avoid confusion caused by the
range of de nitions of the term in the literature. We instead refer to our targets aslow-
mass galaxies, by which we mean that they are signi cantly less masive than giant galaxies
such as the Milky Way and thus can be expected to be dark mattetrdominated.
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problems associated with long-slit spectroscopy (Swaterst al. 2003a; Simon et al. 2003a).
Where possible, we obtain velocity elds at multiple wavelengths (e.g., H and CO) as
a further guard against systematic errors. Modeling and renoving the stellar disk is an
important step in the derivation of the dark matter density p role, so we use multicolor
imaging to obtain the best available estimate of the stellarmass-to-light ratio.

Our target galaxies were originally selected from the CO swey of nearby dwarf
galaxies by Leroy et al. (2005) in the hope that we could map tle CO emission in the centers
of the galaxies with the BIMA interferometer. Only three galaxies in the survey (NGC 2976,
NGC 4605, and NGC 5963) contained enough CO to produce usefihterferometer maps,
so for the purposes of this work we also included two additioal galaxies that are similar
in mass (with rotation velocities of approximately 100 km s 1), distance (approximately 10
Mpc), inclination, and luminosity to the CO-rich dwarfs.

6.2.1 Target Galaxies and Observations

The properties of NGC 4605 are described by Bolatto et al. (202). This late type
galaxy has an absolute magnitude of M = 17.7, and it is located 426 0.64 Mpc away
(M. Pierce 2001, private communication). While NGC 4605 is tassi ed as a barred galaxy
(SBc), detailed images do not reveal evidence for the preser of a bar.

NGC 5949 is an Sbc galaxy of similar luminosity (Ms = 182) at a larger distance.
Since this galaxy was included in the Spiral Field I-band (SH) Tully-Fisher survey, we
can use the observed parameters given by Haynes et al. (1998 corrected for Galactic
and internal extinction and for turbulent broadening of the H i line, and the Tully-Fisher
Relation determined by Giovanelli et al. (1997) to calculate a distance of 140 2:4 Mpc.

NGC 5963 is an Sc galaxy associated with the NGC 5866 group (kmue et al.
1992). The nearest large galaxy in the group is NGC 5907, at ampjected distance of 430
kpc, so it is unlikely that NGC 5963 is currently interacting with its neighbors. It has
a heliocentric recession velocity of 654 3:1 km s 1. There are no photometric distance
determinations for this galaxy in the literature, so it is reasonable to assume that it lies at
the distance of 13 Mpc implied by the Hubble ow? after correcting for the motion of the

Local Group towards Virgo. The uncertainty on this distance is probably of order 3 Mpc.

2We use the Hubble Space Telescopé&ey Project value of Hy = 72 km s 1 Mpc !
(Freedman et al. 2001) for the Hubble constant.
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At 13 Mpc, NGC 5963 has an absolute magnitude of M = 17:8.

NGC 6689 (also called NGC 6690) is listed as an SBcd galaxy inBD and an SBc
in LEDA, but it is classi ed as an unbarred Sc galaxy in the UGC (Nilson 1973), and an
Sd in the Third Reference Catalog of Bright Galaxies (de Vauouleurs et al. 1991). No bar
is evident in any of our optical or near-infrared images. We onclude that the con icting
classi cations are due to the relatively high inclination of the galaxy, and that NGC 6689
does not contain a bar. The galaxy is rather similar to the others (but more inclined), with
a distance of 11 Mpc (again using the Virgocentric- ow-corrected velocity) and an absolute

magnitude of Mg = 17:6.

H Observations and Reductions

Our H observations were obtained on 2002 March 20{21, 2002 May 238, and
2003 April 15 at the 3.5 m WIYN telescope with the DensePak be array. See Barden et al.
(1998) and Chapter 5 for details about the instrument and spetrograph setup, respectively.

We observed the galaxies at ve to eleven positions, dependg on the spatial
extent of their H emission. These observations resulted in 350{650 independt velocity
measurements for each galaxy. Exposure times ranged from Ifiinutes to 60 minutes per
position. The angular resolution of these data is 42 and the velocity resolution is 13 km s 1.

The DensePak data were reduced as described in Chapter 5. Thanly signi cant
change in the data reduction resulted from the replacement bthe CuAr comparison lamp
with a ThAr lamp in 2002 May. The very bright Th lines near the w avelength of H allowed
us to improve the accuracy of the wavelength solution by abotia factor of two (to  0:2

kms 1.

CO Observations and Reductions

Our 2CO (J =1 ! 0) observations of NGC 4605 and NGC 5963 were acquired
using the B, C, and D con gurations of the 10-element BIMA array (Welch et al. 1996)
between April 2001 and March 2002. The total integration time for each galaxy was 80
hours, much of which was in the most extended (B) con guration. The CO emission in
NGC 4605 extends beyond the BIMA primary beam diameter of 100°? so we constructed
a mosaic of observations made at several positions along thmajor axis of the galaxy. (The

CO observations of the central eld used in this chapter are he same as those of Bolatto
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et al. 2002, and the other major axis elds are from the new moaic.) Because of the greater
distance of NGC 5963, the CO emission in that galaxy is much me compact and ts easily
inside the primary beam. Observational setup and data redution were identical to that
described in Chapter 5. Beam sizes and sensitivities werd® 54 (120 105 pc) and 24
mJy beam ! for the NGC 4605 central eld and 154 13% (312 277 pc) and 70 mJy
beam 1 for the outlying elds of the mosaic. For NGC 5963, the beam sze was 88 5°%
(370 331 pc), and the sensitivity was 31 mJy beam®. We detected CO in NGC 5949
and NGC 6689 with observations at the UASO 12 m telescope (Lay et al. 2005), but the

emission was not bright enough to map with BIMA.

Optical and Near-Infrared Imaging and Reductions

We observed NGC 4605 and NGC 5963 wittB, V, R, and | lters at the 1.8 m
Perkins Telescope at Lowell Observatory on 2002 February 11 NGC 5963 was also ob-
served with much longer exposure times irB and R with the 1 m Nickel Telescope at Lick
Observatory on 2003 June 23{24 in order to probe farther out mto the LSB disk of the
galaxy. NGC 5949 was imaged irB, V, R, and | at the Nickel on 2003 September 11, and
NGC 6689 was observed in Sloan®and i®bands with the Mosaic camera on the 4 m Mayall
Telescope at Kitt Peak on 2003 October 20. All imaging took pace under photometric
conditions. Reduction and photometric calibration of these images followed the description
of Chapter 5. To extend our set of images to the near-infrared we used the 2ZMASSJ,
H, and K¢ Atlas images of each galaxy. Three-color optical images ofllafour galaxies are

displayed in Figure 6.1.

6.2.2 Isophotal ts and Stellar Disk Rotation Curves

We used the optical/near-IR images of these galaxies to plae reasonable limits
on the contributions of their stellar disks to their rotatio n curves. We extracted surface
brightness pro les from the images with the IRAF task ellipse , as described in Chapter 5.
For each image of each galaxy, we raellipse allowing the center position, position angle
(PA), and ellipticity of the isophotes to vary with radius. W e then de ned the isophotal
center of the galaxy in that band to be the weighted average othe ellipse centers.Ellipse

was then run again with the center xed, and we measured the wigihted averages of the PA
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Figure 6.1 | Three-color images of our four target galaxies. Each image uses the asinh
scaling recommended by Lupton et al. (2004) to retain an optinal combination of color and
intensity information. ( @) BV R image of NGC 4605 from Lowell Observatory. The south-
east% of the galaxy is clearly brighter than the remainder. (b) BV R image of NGC 5949
from Lick Observatory. The blacked-out rectangle on the eat side of the galaxy is where
a large dust grain on the window of the CCD dewar was not complily removed by at-
elding. We masked out the a ected area for the photometric analysis. (¢) BV R image

of NGC 5963 from Lowell Observatory. @) rH i °image of NGC 6689 from Kitt Peak
National Observatory.
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and ellipticity. We then averaged the isophotal centers® position angles, and ellipticities
for each galaxy in every available band to de ne ducial values. In cases where a trend as
a function of wavelength was noticed for any of the parametes, values for the redder bands
were given preference to minimize the importance of extingon. Finally, we ran ellipse one
more time with all three parameters xed in order to determin e the nal surface brightness
pro les, which are shown in Figure 6.2. The measured isophal parameters for each galaxy
are listed in Table 6.1. Discussion of the various surface lightness pro les can be found in
x6.3.5.

Bell & de Jong (2001) showed that the color and stellar massé-light ratio (M =L)
of a galaxy are correlated. In order to obtain an estimate of he mass-to-light ratios of our
targets, we used the observed colors and the updated color-M relations given by Bell
et al. (2003) to compute expectedR-band mass-to-light ratios. For NGC 6689, since we
do not have any optical observations in the Johnson-Cousinsystem, we instead used the
relations Bell et al. (2003) de ned for the Sloan magnitude ystem. Measured colors and
mass-to-light ratios are given in Table 6.2. Two apparent aws in the Bell et al. (2003)
models are evident from our calculations: (1) theB V and B R colors do not predict
consistent R band mass-to-light ratios, and (2) the predicted K band mass-to-light ratios
appear to be signi cantly too high.

Stellar rotation curves were calculated via numerical integration of the stellar
surface mass densities (derived from the observed surfaceaightness pro les) using the
NEMO software package (Teuben 1995). The primary assumptia required by the NEMO
implementation of this method is that the disks are in nitesimally thin. Removing this
assumption leaves the shape of the stellar rotation curve uchanged but modestly lowers

its amplitude.

6.2.3 Velocity Field Fitting

The velocity elds of the four galaxies are shown in Figure 63. The circles rep-
resent ber-based H measurements, and the lled-in regions show CO measuremest In
general, the velocity elds appear quite regular, with only NGC 4605 showing any sign that
its kinematic and photometric minor axes might not be aligned.

3For the two galaxies with visually obvious nuclei (NGC 4605 and NGC 5949), we found
that the isophotal centers were located quite close to the nalei. In these cases, we xed
the ellipse centers on the nuclei instead of the formal isopdtal centers.
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Figure 6.2 | ( a) Optical and near-infrared surface brightness pro les of NGC 4605. In
each band, the nucleus and exponential disk are visible. Thélack solid line represents
an exponential t to the I-band prole; the maximum deviation from the data is 0.13
magnitudes. (b) Optical and near-infrared surface brightness pro les of NGC 5949. In each
band, the nucleus, exponential inner disk, and exponentialouter disk are all visible. (c)
Optical and near-infrared surface brightness pro les of NGQC 5963. () Optical and near-
infrared surface brightness pro les of NGC 6689. For all gadxies, theJ and K¢ data can
be traced farther out, but we do not plot the data beyond wherethe uncertainties reach a
factor of two (0.75 mag). The H -band pro les of each galaxy have been omitted for clarity;
the error bars for H and K overlap at most radii. The vertical dashed lines in panels
(b), (c), and (d) emphasize breakpoints in the proles. The galaxies are gemally well
described by exponential disks, except for NGC 5963, whichds an unusual and di cult to
characterize surface brightness pro le. We speculate thatthis galaxy may have evolved a
dense, bulgelike central region through secular processéa pseudobulge).
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Table 6.1. Measured Isophotal Parameters of Target Galaxie
Galaxy (J2000.0) (J2000.0) PA ellipticity inclination
NGC 4605 139" 5327 61 361333 119 0.630 71.5
NGC 5949 1428™ 0(F69 64 45479 144 0.535 64.6
NGC 5963 1%33" 2790 56 33359 54 0.320 48.4
NGC 6689 1834" 518 70 31274 170 0.690 76.0
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Figure 6.3 | Velocity elds of the four galaxies discussed in this chapter. (a) Combined H
(circles) and CO (lled-in) velocity eld of NGC 4605. ( b) H velocity eld of NGC 5949.
(c) Combined H and CO velocity eld of NGC 5963. (d) H velocity eld of NGC 6689.
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Table 6.2. Stellar Mass-to-Light Ratios

Mean Inner M =Lgr M =Lk
Disk Color? M =L g] M =L K]
NGC 4605
Predictions from BV color® 0.45 0.94 0.72
Predictions from B R color® 0.8% 1.09 0.71
Observed maximum disk values 1.36 0.37
NGC 5949
Predictions from BV color® 0.6% 1.48 0.76
Predictions from B R color® 1.14 1.80 0.78
Observed maximum disk values 2.07 0.49
NGC 5963
Predictions from BV color® 0.51¢ 1.09 0.73
Predictions from B R color® 0.97 1.38 0.74
Observed maximum disk values 2.09 0.61
NGC 6689
Predictions from r° i%color® 0.2% 1.9¢¢ 0.78
Observed maximum disk values 3.14 1.07

aThese colors have been corrected for Galactic extinction ah internal extinction. The
Galactic extinction corrections were taken from Schlegel Finkbeiner, & Davis (1998) and
the internal extinction corrections were derived with the method of Sakai et al. (2000) using
the axis ratios from our isophotal ts and H i velocity widths extracted from LEDA.

bCalculated from the relations given in Appendix A of Bell et al. (2003).
°NGC 4605 colors were measured for 26 r  140°

INGC 5949 colors were measured for®8 r 329

®NGC 5963 colors were measured for®8 r 320

fNGC 6689 colors were measured for P8 r 1380

9INote that this mass-to-light ratio is actually calculated for the Sloan r®band, not the
Kron-Cousins R band.
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Comparison of H and CO Data

For NGC 4605 and NGC 5963, we have resolved CO velocity eldsn addition to
the H observations. To check for agreement between these di erdrdata sets, we compared
the H and CO velocities at every position where emission is visil@ from both species. In
the case of NGC 5963, we nd a mean o set of less than 1 km s, with a scatter of 7.8
km s 1, indicating excellent agreement between the H and CO velocities. For NGC 4605,
only the westernmost molecular cloud has a velocity that agees exactly with the velocity of
the surrounding ionized gas. Elsewhere in the galaxy theresia small but consistent o set
of 4.8 km s 1, in the sense that the H velocities are smaller. The scatter between the
two velocity elds is 8.4 km s 1. Nevertheless, tilted-ring models based only on the CO
velocity eld match H -only tilted-ring models quite closely, so this velocity o set does not
a ect our results. Velocity di erences of this magnitude are expected to arise from ows
of the ionized gas away from molecular clouds (Fich et al. 198 1990). Since the H and
CO data appear to be both reliable and consistent with each dber, the velocity eld tting
described in the following section was performed on the combed velocity data for these

two galaxies.

Tilted-Ring Modeling and Error Analysis

We derived rotation curves for each galaxy in the same way asiChapter 5. Using
the geometric parameters measured from the photometry (andisted in Table 1), we ran the
tilted-ring modeling routine ringfit  to extract the rotational, radial, and systemic velocities
as a function of radius from the velocity elds. As detailed in Appendix A, ringfit  is similar
to the standard rotcur  algorithm (Begeman 1987) in that it includes both rotation and
radial motions in its ring ts, but it does not allow the PA, in clination angle, or center to
vary from ring to ring. Next, we applied a bootstrap technique to estimate the uncertainties
in the PA, center position, and inclination angle. Typical b ootstrap uncertainties were 10
in RA and Dec, 4 in PA, and 2 in inclination. For all four galaxies, we found that the
kinematic and photometric values of the PA, center, and inclnation angle agreed within
the errors.

After running the bootstrap, we constructed Gaussian distributions of each of the
geometric parameters, assuming that the full width at half maximum of the Gaussian was
equal to the bootstrap uncertainty. We then created 1000 More Carlo realizations of each
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rotation curve by randomly selecting a PA, center position, and inclination angle from the
Gaussian distributions and running ringfit  with the selected parameters as inputs. This
process resulted in 1000 Monte Carlo rotation velocities ateach radius. We then de ned
our nal rotation curves to be the means of the Monte Carlo rotation velocities and the
uncertainties on the rotation curves to be the standard devations of the Monte Carlo ro-
tation velocities. The nal radial velocity curves were derived in the same manner. By
incorporating the uncertainties of the PA, inclination, and center position, this technique
yields more realistic rotation curve error bars than simply propagating the very small veloc-
ity uncertainties from each spectrum through the analysis. The Monte Carlo uncertainties
(which we refer to as systematic uncertainties for the remander of this chapter) are always
much larger than the statistical uncertainties calculated by standard error propagation.
The uncertainties we use for the remainder of the chapter are¢he sum in quadrature of the

systematic and statistical uncertainties.

Higher Order Harmonic Fits

In addition to the standard use of ringfit  described in the previous section, the
algorithm can also be used to decompose the velocity eld ind Fourier components up to
third order (sin3 and cos3). If present, these higher order terms strongly suggest the
existence of a bar or other non-axisymmetric perturbation o the gravitational potential.
With enough S/N, the unique signatures of a bar, spiral arms,an elliptical potential, or
lopsidedness can be detected (Schoenmakers, Franx, & de Zme 1997). We nd weak
evidence for nonzero higher order components in the velogit elds of NGC 4605, NGC 5949,
and NGC 5963. Each galaxy has several adjacent rings in whicthe ts deviate from zero
by 2 (all four higher-order terms for NGC 4605, cos2 and sin3 for NGC 5949, and
cos2 and sin2 for NGC 5963). Typical amplitudes of the higher order comporents are
2 5 km s !, which should not be large enough to aect our derivation of the density
pro les in the following section. Although the signi cance of these components does not
generally exceed 2.5 in a given ring, we argue that these detections are probably &al
because (1) a number of consecutive rings have consistent teer amplitudes, and (2) we
have probably overestimated the rotation curve uncertainties (seex6.3.3). NGC 6689 does
not have enough data points in most of its rings to obtain reliable higher order ts. For

comparison, we nd3 5kms ! cos2, cos3, and sin3 components over small ranges of
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radii in the NGC 2976 velocity eld studied in Chapter 5. Incl uding terms up to third order
in the tilted-ring models (seven freeringfit  parameters instead of three) does signi cantly
improve the reduced 2 value of the ts in many cases, but this is often because the nmber
of data points in the ring is not much larger than seven so thatthe t can go through
almost every point, leaving the physical meaning of these tens open to debate. More
detailed descriptions of the higher order motions in each gaxy can be found in x6.3.5.

6.3 Results

In this section we t the rotation curves with a variety of fun ctional forms to
ascertain the shapes of the density pro les. We rst conside the likely contribution of the
stellar disk to the rotation curve, and then remove it from th e data to reveal the rotation
curve of the dark matter halo.

The rotation curves produced by the tilted-ring models in x6.2.3 are displayed
in Figures 6.4a - 6.7a. Radial velocity curves and the uncertainties on both the rdation

velocities and the radial velocities are also plotted in thesame gures.

6.3.1 Removing the Baryons

What we are actually interested in are the rotation curves ofthe dark matter halos
of these galaxies, which are only equivalent to the total roation curves shown in Figures
6.4a - 6.7a in the minimum disk scenario (M =L = 0). We therefore need to account for
the contribution of the baryons to the rotation curves. An upper limit on the dark matter
rotation curve (and also the slope of the density pro le) canbe found if the disk mass is zero,
and alower limit to the dark matter rotation curve and density pro le slope is obtained for
a maximum disk. In general, for galaxies of normal surface bghtness, the minimum disk
solution is physically unrealistic and the actual mass distibution is likely to be closer to
the maximum disk case.

We used the stellar disk rotation curves calculated inx6.2.2 to construct max-
imum disk models? In order to avoid being unduly in uenced by a single unrepresn-

4With the possible exception of NGC 6689, these galaxies do maappear to contain
bulges, so the stellar disk is the only baryonic component tat we model. Including the gas
disk as well would increase the e ective mass-to-light rato of the disk somewhat but does
not a ect our results (see following paragraph).
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Figure 6.4 | ( a) Tilted-ring model for NGC 4605. The thick blue curve represents the
rotation curve, and the thick red and orange curves show the adial velocity curve and
the systemic velocities, respectively. Starting at a radiis of 72°%the systemic velocities
were held xed at zero. The shaded gray regions surrounding le rotation and radial
velocity curves represent the combined systematic and stastical 1  uncertainties from the
bootstrap and Monte Carlo analysis. Note that for convenierce we have plotted the radial
velocities as positive; this choice does not indicate whetér the radial motions are directed
inwards or outwards. The thin black curve is a power law t to t he rotation curve. The
residuals from this t are plotted in the lower panel, and the 1 and 2 scatter of the
data points around the t is shown by the shaded gray areas. b) Disk-subtracted rotation
curve of NGC 4605. The gray points are the original rotation \elocities from panel @), and
the black points are the dark matter halo rotation curve after subtracting the stellar disk
(M =Lgr =1:01 M =L .g), which is shown as a gray dashed line. The thick green, cyan,
and magenta curves show power law, NFW, and pseudo-isotherah ts to the halo rotation
curve, respectively. The residuals from these ts are dispdyed in the lower panel, and the
1 and 2 scatter of the data points around the power law t is shown by the shaded gray
areas.
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Figure 6.5 | ( a) Tilted-ring model for NGC 5949. (b) Disk-subtracted rotation curve of

NGC 5949 (forM =Lr =1:64 M =L .r). Symbols, colors, and shading are as in Figure
6.4.
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6.4.
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tative point in any of the observed rotation curves, we t the inner ve points of each
rotation curve with a smooth function (a power law). We then incrementally increased
the stellar mass-to-light ratio (the stellar rotation curv e scales as/ .ot / P M =L) until
the stellar rotation curve exceeded the t to the observed pants. Because of the clear
impact of the nucleus on the stellar rotation curve of NGC 46®, we ignored the inner-
most point of the t to the observed rotation curve for that ga laxy. With this procedure
we de ned the following maximum disk mass-to-light ratios: M =Lg = 1:36 M =L
(NGC 4605), M =Lg =2:07 M =L g (NGC 5949),M =Lg =2:09 M =L .g (NGC 5963),
andM =L,0=3:14M =L .0o(NGC 6689). Typical uncertainties on these values are 15%.
For all of the galaxies, these kinematic mass-to-light ratos are signi cantly higher than the
mass-to-light ratios predicted from the galaxy colors by the Bell et al. (2003) population
synthesis models (see Table 6.2). We conclude that the disksf these galaxies are prob-
ably somewhat submaximal. For the remainder of this chapter we adopt the following
mass-to-light ratios (the average predicted from theB V and B R colors shown in
Table 6.2): M =Lg =1:01 M =L g (NGC 4605), M =Lg =1:64 M =L .z (NGC 5949),
M =Lg =1:24 M =L g (NGC 5963), andM =L, 0=1:96 M =L ..o (NGC 6689).

Note that since we do not have Hi data, we are neglecting the contribution of the
gas to the rotation curve in this analysis. In galaxies the ste of our targets, however, the
stellar disk almost always contributes signi cantly more mass at the center of the galaxy
than the gas does, and the e ect of including the gas is similato a 20% change in the
stellar mass-to-light ratio (Bolatto et al. 2002, Chapter 5). If we arbitrarily increase M =L
to simulate this e ect, the slope of the dark matter density pro le decreases by 2 12%.
Allowing the stellar disk to have a nonzero thickness (se&6.2.2) would o set this decrease.

6.3.2 Power Law Density Pro le Fits

We can now consider the central density pro le slopes of the drk matter halos
of each galaxy. Following the notation of Chapter 5, we paraneterize the rotation curve
by Vit / r@ ©ov)=2 which corresponds to a power law density prole: o, / r oM.
Allowing the stellar mass-to-light ratios to vary from zero up to the maximum disk values
determined in the previous paragraph, the limits we place on ,, are given in Table 6.3.
Obviously, the impact of changing the mass-to-light ratio on the density pro les is mini-
mal for NGC 4605 and NGC 5949. These galaxies have very similadark matter density
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pro les in the maximum and minimum disk cases, so their dengly pro le slopes are tightly
constrained.

The rotation curve ts for these limiting cases are displayad in Figures 6.4 - 6.7. In
the left panel of each gure, a minimum disk power law t is dis played, with the residuals
from the tin the lower panel. The right panel of each gure co ntains a power law t to the
dark matter halo in the maximum disk case, again with residuds shown in the lower panel.
In all cases, a power law provides a reasonable t to the rotaibn curve at least out to the
radius at which the rotation curve begins to atten signi ca ntly (at which point the density
pro le slope is obviously changing with radius and a single mwer law cannot be expected to
accurately represent the rotation curve). The numerical paameters of the power law ts for
the disk-subtracted rotation curves are listed in Table 6.4and those for the total rotation
curves (with no disk subtraction) in Table 6.5. The dark matt er density pro le slopes we
derive after subtracting the stellar disks are ,, =[0:78;, 0:88, 1.20; 0:79] for NGC 4605,
NGC 5949, NGC 5963, and NGC 6689, respectively. If we t the véocity elds without
allowing radial motions, we nd density pro le slopes of ,, = [0:64; 0:98 1:19; 0:79].
These changes are small (comparable to or less than the 1 uncertainties) and go in
di erent directions for di erent galaxies. We conclude that including radial motions in our

tilted-ring models does not systematically a ect the densty pro le slopes we derive.

Table 6.3. Limits on Dark Matter Density Pro le Slopes

Galaxy maximum disk  minimum disk

DM DM
NGC 2976 Q01 013 027 0:.09
NGC 4605 Q71 0:.06 090 0:02
NGC 5949 a79 017 093 0:04
NGC 5963 Q75 010 141 0:03

NGC 6689 043 0:18 107 0:06
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Figure 6.7 | ( a) Tilted-ring model for NGC 6689. (b) Disk-subtracted rotation curve of

6.4.

NGC 6689 (forM =L,0=1:96 M =L .0). Symbols, colors, and shading are as in Figure



Table 6.4. Rotation Curve Fit Results After Disk Subtractio n

Power law NFW Pseudo-isothermal
t parameters t parameters t parameters
z H { z H { z H
Galaxy Vo rs R200 c V200 0 Rec ,2)|d Rew ? Bo? Bodiso®
[km s 1] [kpc] [kpc] kms ' [gcm 3  [kpc]
NGC 2976 43.0 0.01 b b b b 77 102 25 027 >58 043 1.00

NGC 4605 51.4 078 >500 >091 <183 > 65 20 10 0.8 374 <803 153 2.88
NGC 5949 39.3 088 >640 >87 <136 > 62 78 102 12 038 <124 0.24 0.27
NGC 5963 66.4 1.20 1® 1609 149 1143 34 10 08 034 043 1.36 0.64
NGC 5963 74.5 1.50 671 1277 190 90.7 27 102 09 219 042 0.98 0.57
NGC 6689 37.8 079 >87 >1088 < 125 > 77 48 102 21 030 < 1:31 0.46 0.30

aUsing data from Chapter 5.

PNo meaningful NFW ts could be made for NGC 2976, even with only one parameter free. The \best" thad 2, =5:8.

€Using the rotation curve presented in this chapter plus the otation velocities measured by Bosma, Athanassoula, & van dr
Hulst (1988) at 55°° r  165°

dAll 2 values listed here actually represent the reduced 2 ( 2 per degree of freedom in the ts).

9T



Table 6.5.

Rotation Curve Fit Results With No Disk Subtracti on

Power law
t parameters
z H

NFW

t paraﬂq eters

z

Pseudo-isothermal
t parar}rlleters

Galaxy Vo rs R200 c Vaoo 0 Re a4 Rew? BY Aodiso
[kms 1] [kpc]  [kpc] kms ' [gem 3  [kpc]

NGC 2976  52.1 0.27 b b b b 1.3 102 15 033 >58 048 0.93
NGC 4605 65.0 0.89 > 420 > 347 < 83 > 246 40 102 07 828 <928 153 4.92
NGC 5949 63.3 093 >380 >325 <86 >231 22 102 11 150 <200 100 0.64
NGC 5963 87.8 1.41 86 1027 359 72.9 13 10% 04 6.88 357 1.22 3.04
NGC 5963 89.5 1.62 342 1099 321 78.0 12 10% 04 652 264 1.07 1.82
NGC 6689 53.1 1.07 45 2867 6:9 203.6 14 102 11 032 031 0.95 0.42
aUsing data from Chapter 5.

®No meaningful NFW ts could be made for NGC 2976, even with onl one parameter free. The \best' thad 2, =5:8.

red

Using the rotation curve presented in this chapter plus the otation velocities measured by Bosma et al. (1988) at 5% r

165

dAll 2 values listed here actually represent the reduced 2 ( 2 per degree of freedom in the ts).

89T
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6.3.3 Alternative Density Pro le Fits

In order to obtain a more complete understanding of the alloved shapes of the
inner density pro les of the galaxies in our sample, we also t the rotation curves with
several other functional forms. The two most commonly used po les in the literature
are the pseudo-isothermal pro le (an isothermal sphere wih a central core) and the NFW

pro le. ®> The functional form for the pseudo-isothermal density pro le is

0

1+(r=rq)2’ 61

(r)=

where ¢ is the central density andr is the core radius (e.g., Kent 1986).

Since pseudo-isothermal density pro les are not expected rotheoretical grounds,
and there is little observational support for NFW proles, it is important not to limit
ourselves to only these possibilities. Fitting the data with other density pro les can help to
elucidate the physical meaning of the ts. We therefore alsoused a pro le that we de ned to
have characteristics intermediate between those of the pselo-isothermal and NFW pro les:

(r)= : (6.2)

T (r=ro)1P2(1 + r=r)32 !
wherer. and . are the characteristic radius and density, respectively. e inner slope of
this prole is = 0:5, giving it a shallow inner cusp. At large radii the slope is =2
(corresponding to a at rotation curve), so the fact that our observations only just reach
the at part of the rotation curve should not adversely aect the ts. Note that the 2
values for ts to this function are given in Tables 6.4 and 6.5 even though we do not listr.
and . for each galaxy.

We used a 2-minimization routine to nd the best t parameters for each of these
functions. With the exception of NGC 4605, in which small-s@ale bumps and wiggles in the
rotation curve in ate 2, typical reduced 2 values for the best ts were 0:3, suggesting
that the systematic uncertainties on our rotation curves have been overestimated by a factor
of about 1.7. A. Dutton (2003, private communication) similarly inferred that our rotation
curve error bars for NGC 2976 were overestimated, indicatig that the bootstrap and Monte
Carlo analysis described inx6.2.3 may be excessively conservative.

The results of these ts after removing the contribution of t he stellar disk of each

galaxy are summarized in Table 6.4, and ts without removing the stellar disk rotation

SFor our NFW ts, we chose the scale radiusrs and the virial radius rogo to be the two
free parameters.
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velocities are given in Table 6.5. The best power law, NFW, ad pseudo-isothermal ts

(after subtracting the stellar disk) are displayed in Figures 6.4 - 6.7b by the green, cyan,
and magenta curves, respectively. Residuals from each t a shown in the same colors in
the lower right panels of each gure.

With the exception of NGC 5963 (and NGC 6689 in the minimum dik case), we
were unable to obtain reasonable NFW ts to the rotation curves. Since our data generally
do not extend well into the at part of the rotation curve, rg and rygg are highly covariant.
To prevent both parameters from running away to unphysically large values for NGC 4605,
NGC 5949, and NGC 6689, we helds xed and only t for rop. An in nite number of
such ts are possible, with 2 decreasing ag's and rogg increase. The NFW ts listed in
Tables 6.4 and 6.5 are forrs values chosen to keep 2 low (2 1 relative to the best

tting power law) without allowing r»gg to become completely unreasonable.

Fit Results

NGC 5963, strikingly, is best t by a very steep ( o > 1) power law or an NFW
pro le unless its stellar mass-to-light ratio is unrealistically high. The formal best t for
NGC 4605 is a pseudo-isothermal pro le, although none of thepro les have good 2 values.
The best power law (which does not describe the full rotationcurve very accurately) still has
arelatively steep slope. NGC 5949 is also best t by a pseud@sothermal density pro le, but
power laws with slopes slightly shallower than NFW, and the nodi ed pseudo-isothermal
pro le given in Equation 6.2, t very well. NGC 6689 is better described by a power law
than by a pseudo-isothermal pro le and, in the case of a low sllar M/L, can even be t
by an NFW pro le, although the scale radius and virial velocity suggested by the NFW t
are unrealistically large. For every galaxy except NGC 4605 Equation 6.2 (the modi ed
pseudo-isothermal pro le with a shallow central cusp) provides ts that are comparable to

or better than the pseudo-isothermal pro le.

Navarro et al. (2004) Density Prole

In addition to the pro les described above, we also t the rotation curves (after

removing the stellar disks) with the new density pro le prop osed by Navarro et al. (2004):
h i

(= . "2 7 (6.3)

where , andr » are the density and radius at which the logarithmic density pro le slope
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equals 2 and is an additional free parametef that controls how fast the density pro le
slope changes with radius. The rotation curve associated wh this density pro le is

2 2 I 3 31=2
V(R) = 446G o€ 2 3 §g R 5 ; (6.4)
R r 2 ro

where (a;x) is the lower incomplete gamma function. With the extra free parameter
a orded by this function, we are able to achieve very good ts to the rotation curves of all
ve of our targets. In Table 6.6 we present the results of theg ts and compare them to the
ts Navarro et al. (2004) performed to four simulated dwarf galaxies that have total masses
similar to our targets. Only for NGC 5963 are the t parameter s we derive remotely close
to those measured by Navarro et al. (2004) in their simulatins.

6.3.4 Comparison to Previously Published Rotation Curve Da ta

In the remainder of this section, we discuss details of our aalysis of each galaxy.
Readers who are primarily interested in the more general radts of our work may wish to
skip to x6.4.

Each of the four galaxies we observed have existing Hor H i rotation curve
data in the literature. Our new data should improve on previous measurements in velocity
resolution, control of systematics, angular resolution (h the case of Hi measurements), and
sensitivity, but it is useful as a rst-order test of the accuracy of our data to compare the
rotation curves we obtain with previous measurements.

NGC 4605 has been the subject of several rotation curve studs (Rubin, Thonnard,
& Ford 1980; Sofue et al. 1998; Bolatto et al. 2002). All threeof those studies derived very
similar rotation curve shapes and amplitudes. While our mehodology is di erent from
that employed by the previous authors (we do not produce sepaate ts for the approaching
and receding sides of the galaxy), our results are qualitatiely in agreement. In particular,
the break in the rotation curve at a radius of 40°°is quite apparent in the two recent data
sets (the Rubin et al. 1980 rotation curve does not have enougangular resolution), and
the maximum rotation velocities match well. The primary quantitative discrepancy is the
result of the incorrect plate scale assumed by Bolatto et al(2002) for the H spectrum they

obtained. In that paper, we used a value of 3 arcsec pixel 1, but subsequent measurements

SNavarro et al. (2004) use instead of , but since we have de ned to be the slope of
a power-law density pro le, we adopt a di erent symbol here for clarity.
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Table 6.6. Navarro et al. (2004) Pro le Fit Results

Name ro 2 2a
[kpc] [g cm 3]
Galaxies
NGC 2976 1.65 56 10 24 8.99 0.26
NGC 4605 1.34 58 10 4 1.84 1.37
NGC 5949 3.85 s 10 % 0.67 0.25
NGC 5963 6.44 & 10 % 0.28 0.62
NGC 5963 6.04 64 10 2 0.28 0.43
NGC 6689 3325 1:3 10 28f 0.12 0.31

Simulated Halos

D1¢ 4.55 11 10 % 0.164
D2¢ 4.28 15 10 % 0.211
D3¢ 3.62 15 10 % 0.122
D4¢ 3.62 21 10 % 0.166

2 2 yalues listed here actually represent the reduced ? ( 2 per degree of freedom in the
ts)

bUsing data from Chapter 5.

°The three-parameter t using only our data for NGC 5963 is decenerate. Better 2

values than shown here can be achieved, but only when , and » run away to unrealistic
values. We therefore xed to the value obtained when the Bosma et al. (1988) data are
included as well (see the following line of this table) and ra the t with only two free
parameters.

dUsing the rotation curve presented in this chapter plus the otation velocities measured
by Bosma et al. (1988) at 5§° r 1650

€Simulated dwarf galaxy halo from Navarro et al. (2004).

"The t values for NC 6689 are clearly completely unrealistic and are included as an
illustration of the r , and , values that are necessary to achieve a value of that is
similar to the simulations.
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showed that the actual plate scale is 21 arcsec pixel 1. Correcting this error reduces the
extent of the H rotation curve by 30%, but should not substantially change the power law
indices measured for the rotation curve and density pro le. Indeed, our new rotation curve
matches the old one near the center of the galaxyr(< 10°y and at large radii (r > 65%.
From 10°to 30°0our rotation curve is a few km s * lower than the old one, and from 360
65°%ur rotation curve exceeds the old one by 1 6 km s 1. The net e ect of these change$
is to modestly steepen the maximum disk density pro le from o, / r %55 (Bolatto et al.
2002) to oy / r 98 Given typical uncertainties on o, of 0.1 in our analysis (Chapter
5), these results are marginally consistent. The earlier sidy by Persic & Salucci (1990)
found a density prole of / r %68 also consistent with our results. The best tting power
law rotation curve at large radii still overestimates the rotation velocities in the inner region
of the galaxy, as seen in Bolatto et al. (2002) and Figure 6.4.

The rotation curve of NGC 5949 has previously been measuredyKarachentsev &
Petit (1990) and Courteau (1997) with long-slit spectra. The Karachentsev & Petit data are
consistent with the rotation curve we derive, although our rotation velocities are somewhat
larger and our measurements extend to larger radii. Our rotdéion curve matches that of
Courteau within the uncertainties of the data.

The kinematics of NGC 5963 have been investigated in detailn two previous
papers (Romanishin, Strom, & Strom 1982; Bosma, Athanassda, & van der Hulst 1988).
The shape of the H rotation curve measured by Romanishin et al. (1982) is very mnilar
to the shape of our rotation curve; the amplitude they derive is slightly larger (with an
asymptotic rotation velocity of 131 km s 1), but this appears to be the result of the smaller
inclination angle they used. The Hi rotation curve presented by Bosma et al. (1988) is
perfectly consistent with our rotation curve over the commaon range of radii, except that
the inner two points of their rotation curve are aected by beam smearing. For the ts
presented in Tables 6.4 { 6.6, we give results for both our da alone, and our data with
the Bosma et al. (1988) points at large radii added.

The H velocity eld of NGC 6689 was observed by the GHASP survey (Garido

"Note that the stellar disk we use is not the same as that of Bol¢to et al. (2002). Bolatto
et al. calculated the stellar rotation curve for an exponenial disk and we use the actual
surface brightness pro le to determine the stellar rotation curve. Although the resulting
stellar disks are not quite identical, the di erences do not signi cantly a ect the density
pro le results.
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et al. 2003). Those authors found a decidedly asymmetric ration curve, but the lter they

used for the observations may have cut o the emission line po les on the approaching side
of the galaxy. The receding side of the rotation curve preseied by Garrido et al. (2003)
is consistent with the overall rotation curve we derive out to a radius of 459 but at larger

radii our rotation curve shows signi cantly smaller rotati on velocities.

6.3.5 Comments on Individual Galaxies
NGC 4605

Of our four target galaxies, NGC 4605 is the only one that appars to deviate sig-
ni cantly from axisymmetry. The non-axisymmetric structu res are visible both photomet-
rically and kinematically. In broadband optical images, the galaxy contains a pronounced
elongated region that is o set from its nucleus to the east. This feature, which has a some-
what higher ellipticity and a di erent position angle than t he rest of the galaxy, persists
out to K-band although it weakens with increasing wavelengt. In Figure 6.8, we plot the
isophotal t parameters as a function of radius (where we nowallow the isophotal center,
PA, and ellipticity to vary from ring to ring), and the impact of the asymmetry is easily
visible out to a radius of 70P? Since this lopsidedness is also apparent in our Himage (the
galaxy's H emission extends to twice as large a radius on its eastern sdas on the western
side) and CO map, it may be associated with recent star forman.

The kinematic e ects of this asymmetry are twofold: (1) the kinematic center
of the galaxy is o set from the nucleus, and (2) the galaxy corains relatively large (and
signi cant) noncircular motions. Tilted-ring models of th e galaxy centered on the nucleus
result in a systematic trend of the systemic velocity with radius. Moving the center position
around so as to remove this trend and simultaneously minimie the scatter of the systemic
velocities about their mean value, we found that the prefered kinematic center is southeast
of the nucleus by 18°(206 pc). O sets of the kinematic center of this magnitude do not
signi cantly change the slope of the density prole that we derive. Irrespective of the
center position, the models also show a clear detection of daal motions in NGC 4605. The
amplitude of these motions increases to 8 km s* at a radius of 20°°and then stays constant
out to 80% At larger radii (the outermost six rings) the radial motion s begin to increase
again, reaching 20 km s? at the edge of the galaxy ¢ = 113%. However, this increase

is not very well constrained due to the poor angular coveragef the velocity data at large
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Figure 6.8 | R-band isophotal t parameters for NGC 4605 with the elliptic ity, PA, and
center left free to vary. (@) Isophotal ellipticity as a function of radius. The peak at
r =30 40%is due to the asymmetric structure of the galaxy. Note the coresponding
features in panels p) and (c). The horizontal line shows the mean value used in our
analysis. (b) Isophotal position angle as a function of radius. The horiontal line shows the
mean value used in our analysis. ) Isophotal center position along the x (right ascension)
axis of the image, in arcseconds. The position of the nucleusorresponds to Xg = O,
which coincides with the center of the outermost isophotes.The center position along the y
(declination) axis shows almost identical behavior, but wih smaller amplitude because the
asymmetric structure is located mostly east of the galaxy cater. (d) Surface brightness as
a function of radius, using the parameters shown in the othempanels. Note that since our
nal isophotal ts did not allow the parameters to vary with r adius, this surface brightness
pro le diers slightly from the one used to derive the stellar disk rotation curve (Figure
6.2a).
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radii. Unsurprisingly, we nd small (2 6 km s 1) but consistently nonzero cos 2, sin2 ,
cos 3, and sin3 terms in the velocity eld of NGC 4605 at various ranges of radi between
16°%and 68°

The combination of photometric and kinematic lopsidednessuggests that the mass
distribution of the galaxy indeed is lopsided, as opposed tdhe possibility of asymmetric
star formation mentioned earlier. Despite the lopsidednes of NGC 4605, the stellar disk is
described well by an exponential pro le, as shown in Figure &a.

In order to determine the potential impact of these asymmeties on our density
pro le analysis, we considered the maximum changes they cdd cause. The photometric
structure makes it di cult to choose an ellipticity and posi tion angle that are representative
of the whole galaxy. In x6.2.2 we used a weighted mean of the ellipticity and PA at radi
between the outer edge of the asymmetric structure (ar = 70°§ and the edge of the galaxy.
As an alternative, we tried setting the ellipticity to its ma ximum and minimum values over
the whole galaxy and repeated the tilted-ring modeling and sophotal tting. We found
that the rotation curve and density pro le shape are largely insensitive to changes in the
inclination angle. Even for ellipticities as small as 0.56 { = 66 ) and as large as 0.73
(i =79 ), the largest change in the derived value of , is 0:05. We therefore conclude

that our analysis is robust to the uncertainties introduced by the asymmetry of NGC 4605.

NGC 5949

The surface brightness pro les of NGC 5949 are very similar & those of NGC 2976
(Chapter 5). Both galaxies contain a nucleus, a shallow (lage scale length) inner disk, and
a steep (small scale length) outer disk. Although other diskgalaxies are known to have
similar structures (e.g., Pohlen et al. 2002), the origin am physical signi cance of these
two apparently distinct disks are not understood. Neverthdess, there is no reason to doubt
that our thin-disk approximation is valid for this galaxy, s o the shape of the stellar rotation
curve we calculated should be accurate. Due to the high levabf symmetry of NGC 5949
in all bands, the photometric inclination and PA are extremely well constrained, leading to
very small systematic uncertainties on the rotation curve. It is worth noting that NGC 5949
is the only galaxy in our sample in which the shape of the stelir rotation curve is very
similar to the shape of the observed rotation curve. Therefee, it is possible to model this
galaxy with essentially only a stellar disk and barely any catribution from dark matter.
The stellar mass-to-light ratio required to accomplish thisisM =Lr 227 M =L .r, 30%
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higher than the derived maximum disk value.

Our tilted-ring modeling of NGC 5949 reveals a small radial @mponent to the
velocity eld with modest signi cance. These radial motions are detected beginning at a
radius of 2P and remain present out to the edge of the galaxy. The maximumamplitude
is 8 km s 1, and there are a total of six consecutive rings that have radil motions deviating
from zero by at least 1 . Since the radial motions are< 10% of the rotation speed at all
radii, they should not a ect our mass models of the galaxy. Nde that because we do not
know which side of the galaxy is closer to us, we cannot determme whether the detected
radial motions correspond to in owing or out owing materia |. We also detecta 2 kms 1
cos2 term from 24%to 36%and a 3 km s ! sin3 term from 12%to 3290

NGC 5963

Unlike the other three galaxies, the luminous component of \EC 5963 does not
contain an easily identi able exponential disk. At the center of the galaxy is a bright,
elongated bar-like feature about £%across. Outside this source is a small disk-like region
(500 pc in radius) with four tightly wound spiral arms. At a ra dius of 18°(950 pc) the
surface brightness pro le begins a steep decline, falling Y nearly 3 magnitudes over 18°
Surrounding this region is an LSB, nearly exponential disk hat extends out to a radius of
at least 120°(see Figure 6.2c). The inner spiral arms can be traced out ird this outer disk
at very low surface brightness levels.

It is di cult to interpret this surface brightness prole in  terms of the standard
model of a disk galaxy. Ordinarily, one might assume that the bright central region of
NGC 5963 is a bulge that just happens to be at the center of an uasually faint disk.
The clear presence of spiral arms in this region, however, gigests that even here the
galaxy is highly attened. One possibility is that this stru cture is a pseudobulge that has
formed via secular evolution of the galaxy (e.g., Kormendy &Kennicutt 2004). The central
luminosity enhancement, nuclear spiral arms, and weak bar @& all classic characteristics
of pseudobulges. The most sensible way to derive the stellamtation curve in this case
is to apply our standard assumption that the disk can be treated as in nitesimally thin.
The assumption that the stellar mass-to-light ratio remains constant throughout this galaxy
may not be correct, but since the stars are far from dominatirg the gravitational potential
for reasonable mass-to-light ratios this should not substatially change our results.

NGC 5963 also contains noncircular motions. The radial termin the tilted-ring
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ts deviates from zero by more than 1 in ve rings, from 12%to 30% The radial motions
reach as high as 15 km s! in this region, before beginning to oscillate about zero (wh
large uncertainties) at larger radii. The second-order Fouier terms in this galaxy both have
amplitudes of 3 km s ! from radii of 16°° 24%(sin2 ) and 12°° 24%(cos 2).

NGC 6689

The high inclination of NGC 6689 makes our images and surfackrightness pro les
less revealing of details of its structure. Nevertheless tiis clear that this galaxy contains
an exponential disk and a central light excess that could be #ributable to a bulge or a
bar. No bar is evident in our images, but as we noted inx6.2.1, some catalogs classify the
galaxy as barred.

Despite the large inclination angle, the observed H emission lines from NGC 6689
are well represented by Gaussian ts. This implies that sighlines through NGC 6689
generally only intersect a single Hii region, which is consistent with the appearance of the
galaxy in a narrow band H image. Therefore, it is not necessary to use an envelope-ttang
method (e.g., Sofue 1996; Gentile et al. 2004) instead of Gagian ts to extract rotation
velocities from the spectra.

Neither our standard tilted-ring model nor the higher order harmonic ts detected
any deviations from circular rotation in NGC 6689. To some dejree, this is likely due to
the inclination of the galaxy, which limits our resolving power along the minor axis where
radial motions are most prominent. Nevertheless, a radial omponent of 10 km s 1, as

we found in the other three galaxies, should have been deteetl if present.

6.4 Discussion
6.4.1 Is There a Universal Density Pro le?

The primary goal of this study is to determine as accurately & possible the inner
density pro les of the dark matter halos of the galaxies we olserved. At radii of < 1 kpc,
does the dark matter density continue to increase, as predied by NFW and numerous
other theoretical studies? Or are the density proles at, with constant density cores, as
most previous observers have concluded? Are the variations density pro le shape from

galaxy to galaxy as small as the simulations suggest?
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Observational Results

For two of the galaxies in our sample (note that for the remairder of the chapter
we include NGC 2976 in our analysis so that we have a total samp of ve galaxies),
these questions are easy to answer. NGC 2976, as we showed ihapter 5, unambiguously
contains a constant density core. An ,, = 0 power law (constant density) provides an
excellent t to the rotation curve. A pseudo-isothermal pro le with a core comparable to
the optical size of the galaxy also produces a good t. NGC 598, on the other hand, quite
clearly has a very steep central density prole. A power law wth a slope of ,, = 1:20
ts the rotation curve very well, and an NFW t with rg 11 kpc and a concentration
parameter of 14.9 is nearly as good. A pseudo-isothermal ts signi cantly inferior.

For the remaining three galaxies, the interpretation of the t results is not nearly
as straightforward. NFW ts to the disk-subtracted rotatio n curves can be carried out,
but the t parameters are not meaningfully constrained. Power laws with slopes between

om = 0:78 (NGC 4605) and ,, = 0:88 (NGC 5949) t the rotation curves well, but
they are matched in each case by pseudo-isothermal pro le § with comparable or better
reduced 2 values.

How can a rotation curve be simultaneously consistent with oth a pseudo-isothermal
halo and an 0:8 power law density prole? As shown by van den Bosch & Swaters
(2001), the dierences between the rotation curves assoctad with these density pro les
tends to be smaller than typical observational uncertainties, even with the high velocity
resolution of our data. The pseudo-isothermal pro le has a kpe that varies continuously
from O (constant density) at its center to 2 (isothermal) at large radii. A power law, of
course, has a constant slope that (for our ts) is intermedige between these two values.
That both proles t the data suggests that (1) the mean density pro le slope over the
observed region is equal to the value preferred by the poweralv, but that (2) the slope
changes with radius, which is better described by the pseuddsothermal pro le. Previous
studies have often assumed that if a pseudo-isothermal roteon curve ts the data, then
the galaxy in question must contain a constant-density core Our successful ts with the
modi ed pseudo-isothermal pro le (Equation 6.2) show that this assumption is not correct.
Even when a pseudo-isothermal pro le ts well, other density pro les with steeper central
slopes may provide equally good ts.

Taken together, these observational results argue againghe proposition that all
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galaxies share a universal density prole. Common two-paraneter pro les other than a
power law cannot t all of the galaxies in our sample, and evenfor power law ts the
solutions span the range from constant-density to very cusp If a universal density pro le

exists, the scatter from halo to halo is large.

Simulation Results

The idea of a universal dark matter density pro le traces badk to NFW, and the
most recent simulations continue to support this picture (Navarro et al. 2004; Diemand,
Moore, & Stadel 2004; Stoehr 2004). The favored functionaldrm of the universal pro le,
however, has not been agreed upon. For several years the deébdocused on the exact value
of the central cusp slope, but with the increasing resolutio of the simulations, it now seems
that this question may be the wrong one to ask. The highest reslution CDM simulations
reveal that dark matter density proles do not converge to an asymptotic central slope
(Power et al. 2003; Navarro et al. 2004; Diemand et al. 2004).Instead, the logarithmic
slope continues to get shallower at smaller radii, and the bst procedure for extrapolating
the pro les to radii below the resolution limits & of the simulations is not clear.

The new density pro le proposed by Navarro et al. (Equation 6.3) ts simulated
dark matter halos more accurately and over a wider radial ramge than does the original
NFW prole. All of the halos presented by Navarro et al. (2004) are well described by
the new pro le. A key di erence between this pro le and the cl assic NFW or Moore et al.
(1999b) pro les is that there is no well-de ned central cusp. The density reaches a nite
central value rather than diverging. On observationally relevant scales (100 to 1000 pc),
though, the density pro le remains rather steep. Observations like ours with a resolution
of tens or hundreds of parsecs would be expected to nd densitcusps only marginally
shallower than an NFW pro le. Only on sub-parsecscales does the logarithmic slope of this
pro le reach even =0:5 (Navarro et al. 2004).

When the ts to Equation 6.3 for various simulated halos are rescaled by the
characteristic density ( 2) and radius (r ) of each halo, they are all essentially identical,
corroborating the hypothesis of a universal density pro le. Diemand et al. (2004) con rm

the ability of this functional form to t their own independe ntly simulated halos. However,

8Note that the highest-resolution simulations currently have a resolution limit of 500
1000 pc, so another factor of 5 improvement in the resolution is needed before the
simulations reach the scales probed by observations.



181

Diemand et al. also show that a generalized three-parameteNFW pro le with a formal
central cusp is able to t the halos nearly as well. Note that our observations still probe
well below the scales that are resolved by the simulations, rad it is unknown which, if any,
of the pro les motivated by the simulations provides the most accurate extrapolation to
smaller radii.

Comparison

Despite our lack of knowledge about the precise functionaldrm of simulated den-
sity pro les at small radii, we can still compare our observaional results with the pro les
that t the simulations best. In a general sense, it is obvious merely from inspection of Fig-
ures 6.4 to 6.7 (and Figure 5.10) that the ve rotation curves have rather di erent shapes.
This visual impression is con rmed by the ts we performed in x6.3. If we use power laws
to describe the density pro les, the mean slope is ,y, = 0:73, with a dispersion of 0.44.
By comparison, Diemand et al. (2004) nd for the generalizedNFW pro le ts that the
central power law index is py = 1:16 0:14. A more dramatic (although less intuitive)
illustration of the di erence between the observed and simdated density pro les is provided
by our ts with the new Navarro et al. (2004) density prole. A Ithough this formula ts
our data well, as shown inx6.3.3 and Table 6.6, we derive values of ranging from 0.12 to
8.99. Even if we ignore the clearly absurd results for the atdensity pro le of NGC 2976,
we nd a mean value of =0:73, with a dispersion of 0.78. From the simulations, Navarro
et al. (2004) measure =0:172 0:032 and Diemand et al. (2004) are in agreement, nding

=0:186 0:037. With the exception of NGC 5963, our ts are seriously disrepant with
these results. If we force to lie within the range preferred for the simulated halos, the
scale radius and scale density run away to unreasonable vads (as can be seen in Table 6.6
for NGC 6689).

Thus, there are two notable di erences between our results ad the most recent
CDM simulations: (1) the halo-to-halo scatter is > 3 times larger than the simulations, and
(2) the observed central slopes are on average shallower thahe simulated ones. Both of
these di erences present challenges for future simulatios.

Although the shapesof the central density proles we derive disagree with the
theoretical predictions, the actual values of the central densities are relatively consistent
with the simulation results. In Table 6.7 we give measured véues for the dimensionless

guantity - introduced by Alam, Bullock, & Weinberg (2002) to parameterize halo central
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densities. In a CDM cosmology, the galaxies in our sample slould have - values
between 1§ and 3 10° (assuming NFW density pro les), similar to the values we observe.
The galaxies do have a tendency to lie somewhat below the précted level, but the di erence
is within the 1  scatter expected for CDM.



Table 6.7. Are Galaxy Parameters Correlated With Density Pro le Slope?

Galaxy  Distance M o1 2 (VAR M ayn® M =Lg i Vimaxhalo ¢ Ry=Y v=® oM
[Mpc] [mag] [mag arcsec?] [mag] M ] M =L r] [deg] [kms?'] [pc]
NGC 2976 3.45 18:6 19.73 087 ¥ 10° 0.53 61.4 74 900 P 1C° 0.01
NGC 4605 4.26 189 19.36 075 & 10° 1.01 71.5 74 560 ¥ 10° 0.78
NGC 5949 14.0 198 19.75 095 11 1019 1.64 64.6 74 880 ® 10° 0.88
NGC 5963 13.0 191 18.10 085 ¥ 1019 1.24 48.4 114 660 @ 10° 1.20
NGC 6689 11.0 19.0 21.25 15 1010 1.9¢° 76.0 94 1330 8 1P 0.79

agxtrapolated central surface brightness of the disk.

bWe calculate the dynamical mass asvl dyn = V2., Rmax =G, where Vimax is the maximum observed rotation velocity and Rmax is the
largest radius our observations reach. Since the galaxiesxeend to much larger radii, these numbers clearly represeniower limits to
the actual masses of each galaxy.

“The maximum rotation velocity of the dark matter halo after r emoving the stellar disk.
dThe radius at which the dark matter rotation curve reaches hdf of Viax:halo » &S de ned by Alam et al. (2002).

€The mean dark matter density within Ry, in units of the critical density.

fUsing data from Chapter 5.

9This mass-to-light ratio is calculated for the Sloanr9band, not the Kron-Cousins R band.

€8T
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6.4.2 The Signi cance of NGC 5963

Despite these di erences from the simulations, the densitypro le of NGC 5963
appears to be in good agreement with the theoretical models.The rotation curve of this
galaxy rises so rapidly than an NFW prole ts the data very we ll. A power law with
a slope steeper than NFW provides an even better t. To our knavledge, NGC 5963 is
the only low-mass disk galaxy for which a CDM-like central density cusp is con rmed and
shallow density pro les are ruled out.

Since NGC 5963 represents the exception rather than the rulethe question is, are
all galaxies formed with cuspy density pro les and most losethem, or did an unusual event
during the evolution of NGC 5963 cause its density pro le to become so steep? The key to
answering this question is identifying what about NGC 5963 rmakes it unique.

A number of galaxy properties from our sample are summarizedn Table 6.7.
Among these galaxies, NGC 5963 has the highest central surda brightness, despite the
very low surface brightness of its outer disk. It also has thanost unusual surface brightness
pro le (see x6.3.5), although the signi cance of this is not clear. NGC 5%3 is in the middle
of the luminosity range of our targets (and the total span between the ve galaxies is only

1 magnitude). It does have the largest rotation velocity, ard therefore the highest mass,
among our sample. Other than mass, the most obvious distinagon between NGC 5963 and
the other galaxies is the sharp transition between the innerand outer surface brightness
pro les. This causes the derived stellar disk rotation cure to peak at small radii (r = 20°
and then drop steeply, making the outer parts of the galaxy hghly dark matter dominated
(see Figure 6.®). Although this concentration of luminous material near th e center of the
galaxy may be related to the similar concentration we nd for the dark matter, we do not
know its physical origin. If the galaxy really does contain apseudobulge, then the processes
that have funneled baryons toward the center of the galaxy cald have moved the dark
matter inward as well.

It is also noteworthy that high-resolution two-dimensional velocity elds and deep
multicolor imaging are not necessary to recognize the unige dark matter density pro le of
NGC 5963. Using lower resolution Hi data, a long-slit H spectrum of modest resolution,
and photographic U- and R- band imaging more than 15 years ago, Bosma, Athanassoula,
& van der Hulst (1988) already concluded that this galaxy probably contains \an unusually

centrally concentrated and massive halo." Since high-redation CDM simulations of galaxy
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structure had not yet been carried out Bosma et al. could not gneralize this result into

any broader implications for dark matter or galaxy formation.

6.4.3 NFW and Pseudo-Isothermal Fits to Rotation Curves

Our study is not alone in nding that pseudo-isothermal pro les t many rotation
curves better than do NFW pro les. A number of previous authors have reached similar
conclusions (e.g., de Blok et al. 2001a; Borriello & Saluc001; de Blok et al. 2001b; de Blok
& Bosma 2002; Salucci et al. 2003, Chapter 5). We emphasizeptvever, that the observation
that pseudo-isothermal ts produce lower reduced 2 values than NFW or Moore pro les
does not demonstrate the presence of a constant-density cer We showed inx6.3.3 that
in many cases power law density pro les with intermediate (0< < 1) slopes provide
comparable ts. A modi ed pseudo-isothermal pro le with a s hallow = 0:5 central cusp
(Equation 6.2) also ts these rotation curves as well as a trie pseudo-isothermal pro le
with a constant-density core does. Since current theoriesfogalaxy formation do not lead
naturally to either cores or pseudo-isothermal density proes, a preference for constant-
density cores over shallow density cusps is not justi ed. Wiether these galaxies actually
contain a central region of constant density or if they have &allow ( < 1) cusps cannot be
determined from the present data, despite the high resolutn of our measurements.

We do agree with past studies that for most galaxies the NFW fom does not t
the inner density pro le very e ectively (see Figures 6.4b - 6.7b). When rg and rogg are
constrained to stay roughly in the range expected from simudtions, the 2 values for NFW
ts are generally rather high. We also point out, however, that the NFW t parameters are
guite poorly constrained unless the observations extend wkinto the at part of the rotation
curve. If there are only a few data points on the at part of the rotation curve (especially
when these data points have the largest uncertainties, as isften the case), they do not
provide signi cant leverage on the t. In such cases, the NFW scale radius and virial radius
(or any other pair of parameters that can be used to describe m NFW pro le) become
completely degenerate. In order to obtain accurate estimats of the NFW t parameters,
our results suggest that> 50% of the observed part of a galaxy must have a nearly at

rotation curve.
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6.4.4 Implications for CDM

Combining this study with our previous analysis of NGC 2976,we have shown that
the ve galaxies in our sample have density pro les with a wide range of central slopes. If
we t the data with power laws, we nd that three galaxies have central cusps of ,, 0.8,
while the other two galaxies have very di erent central slopes ( ,y =0:01 and ., = 1:20).
Of the outliers, NGC 2976 is a satellite of M81, and thus may hae been subject to tidal
stripping. There are suggestions in the literature that tidal stripping acts to remove density
cusps (Stoehr et al. 2002; Hayashi et al. 2003), but the mostecent simulations nd that
the central density slope is not altered by tidal e ects (Kazantzidis et al. 2004b). It is not
clear why NGC 5963 di ers so strongly from the other galaxies These ts demonstrate that
while galaxies with steep central density cusps do exist, thy are not shared by all galaxies.
Furthermore, no single value of the central slope can desdre all ve of the rotation curves
in our sample.

On the other hand, if we consider the pseudo-isothermal t results (as most pre-
vious observational studies have done), we nd that good ts can be obtained for four of
the ve galaxies (see Table 6.4). It is interesting to note that these galaxies all have central
densities within a factor of 7 of each other. Only for NGC 5963s the quality of the pseudo-
isothermal t su ciently poor that a constant-density core can be excluded. The rotation
curves of the other four galaxies are consistent with coredyut all except NGC 2976 are also
consistent with cusps. The implication of these ndings is that some previous studies may
have overestimated the disagreement between their data anthe CDM simulations.

Based on these results, we reach the following conclusions:

First, the observed variation in density pro le slopes from halo to halo is much larger
than expected from the simulations. We also nd that none of the commonly used

density pro le functional forms can describe all ve galaxies.

Second, most galaxies have density pro les signi cantly skallower than the ,, =1
central cusps preferred by the simulations. Neverthelessthe di erence between the
central slopes we measure and the theoretical values is mu@maller than suggested

by most previous studies.

And third, some galaxies do contain ,, > 1 cusps with an overall density pro le that
follows the NFW form, hinting that it may still be possible to reconcile the results of
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the pure dark matter cosmological simulations with observdions.

Do these di erences between the observations and the simutmns indicate a fun-
damental problem with the CDM paradigm? Probably not. A great many plausible the-
oretical explanations have been proposed in attempts to undrstand this problem, and a
few of the recent ideas are mentioned below. Taylor & Navarraq2001) suggested based on
phase-space arguments that CDM density pro les should have = 0:75 cusps, very similar
to the average we measure. Ricotti (2003) found that the darkmatter halos of simulated
dwarf galaxies have shallower cusps than those of massivelggies. In a similar experiment,
however, Coln et al. (2004) reached the opposite conclusin, so the degree to which dwarf
galaxy density pro les are expected to match those of large glaxies has not yet been set-
tled. Boylan-Kolchin & Ma (2004) showed that major mergers leave cuspy remnants unless
both precursors had cores, so at least in the case of pure darkatter halos, mergers cannot
destroy cusps. Baryonic processes, however, probably cae.§., Weinberg & Katz 2002).
Even the dark matter itself may be able to atten cuspy density pro les; Ma & Boylan-
Kolchin (2004) argued that energy deposition by merging dak matter substructures can
pu up central cusps into shallower density pro les. This e ect might have escaped notice
in previous simulations due to insu cient resolution or ove rmerging (unrealistic destruction
of subhalos in dense regions). Finally, Hayashi et al. (20Q5have shown that if dark matter
halos are signi cantly triaxial (see x6.5), for some viewing angles the derived density pro les
can appear much shallower than the actual density pro les.

Since we have shown that cuspy density pro les are consisténvith a large fraction
of our sample, and in light of the variety of potential e ects not currently accounted for
in the simulations that could change the predicted density go les, there is little reason to

conclude at this point that the density pro le controversy r epresents a crisis for CDM.

6.5 The E ects of Halo Triaxiality

Almost every previous observational study of density pro les and rotation curves
has assumed that dark matter halos are spherical. CDM simulaons, however, suggest that
dark matter halos are triaxial (Dubinski & Carlberg 1991; Warren et al. 1992; Cole & Lacey
1996; Jing & Suto 2002; Bailin & Steinmetz 2005). Unfortunatly, very few observations
of individual galaxies are available to test this prediction. Several polar-ring galaxies have

been studied, with results ranging from axis ratios as smalhs 0.3{0.4 up to axis ratios of 1
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(spherical halos) (Schweizer, Whitmore, & Rubin 1983; Whitmore, McElroy, & Schweizer
1987; Sackett & Sparke 1990; Sackett et al. 1994; Combes & Aaboldi 1996; lodice et al.
2003). A variety of technigues suggest that the gravitatioral potential of the dark matter
halo of the Milky Way is close to spherical (Kuijken & Tremaine 1994; Olling & Merri eld
2000). Despite the scarcity of reliable constraints on indvidual halo ellipticities, statistical
arguments provide a way to determine the average shape of galy halos. Franx & de Zeeuw
(1992) showed that the observed scatter in the Tully-Fisher(TF) relation places a strong
upper limit on the allowed ellipticities of spiral galaxy disks. Even ifall of the TF scatter
is caused by elongated disks, the mean disk ellipticity is rguired to be less than 0.1. More
likely, the scatter is a result of a combination of e ects, indicating that on average disk
ellipticities must be < 0:05. In this section we consider the e ects triaxial halos cold have

on the velocity elds we observe.

6.5.1 Halo Oblateness

Galaxy disks are expected to be oriented such that the disk &s in the plane
described by the major and intermediate axes of the halo, wit the z-direction pointing
along the halo minor axis (Sharma & Steinmetz 2004; Bailin & Seinmetz 2005). We rst
consider the e ect of this attening of the halo, under the assumption that halo shape in
the disk plane is circular.

The rotation velocity of a disk in such an oblate spheroidal talo is given by Equa-
tion 2-91 in Binney & Tremaine (1987):

z

GaRy=a 6’1 @ "pllman, 5
where (m) is the density pro le of the halo in the spheroidal coordinate m [de ned by
m? = r?+ z?=(1 €?)] and e is the eccentricity of the spheroid. For any density pro le,
this integral can be evaluated numerically to give the rotation curve for various degrees of
oblateness. We performed this calculation for spheroidal pwer laws [ (m) = o(m=mp) ]
and NFW proles[ (m)= ¢ ¢(m=mg) Y(1+ m=ms) 2?]. The change from a spherical halo
to an oblate one could a ect both the shape of the rotation curve and its amplitude. We
nd that as the halo becomes atter (e! 1), the amplitude of the rotation curve increases
(as expected, since the mass becomes concentrated closertbe disk). We also nd that
the shape of the rotation curve is completely independent ofhe halo attening for a power

law density pro le; the same power law index for the rotation curve (and density pro le)
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is derived for any value ofe. For an NFW density pro le, the shape of the rotation curve
changes very subtly with eccentricity (the peak of the rotation curve shifts to smaller radii as

the halo becomes atter), but the inner slope of the rotation curve is essentially una ected.

6.5.2 Disk Ellipticity

In the previous subsection, we showed that the attening of the halo does not alter
the observed density pro le for a circular disk. We now remowe the assumption that the
disk is circular and study the e ects of disk ellipticity on t he observed velocity eld.

Are Noncircular Motions Common in Disk Galaxies?

Four of the ve galaxies in our sample show evidence for a radil component to
their velocity elds. In two of these, the radial motions are detected very strongly; for the
other two the signi cance of the radial term is lower, although it is still conrmed at  95%
con dence. Other recent studies have also begun to nd signcant numbers of galaxies with
noncircular motions (Schoenmakers, Franx, & de Zeeuw 199%8waters et al. 2003b; Coccato
et al. 2004, Blais-Ouellette et al. 2004; Wong, Blitz, & Bosrma 2004). A large majority of
the galaxies studied by these authors (and us) are not barredHowever, of the galaxies in
which observations could have detected radial motions, nedy all indeed appear to contain
them. Are radial components to the velocity elds ubiquitou s in late-type spiral galaxies?

What is the cause of these motions?

Measuring Disk Ellipticity With Noncircular Motions

Since there is no strong evidence for bars in the four galaxeewhere we detect
noncircular motions, other sources of these motions shoulthe considered. First, we note
that the observed noncircular motions are dominated by the adial component. The simplest
possibility is that the galaxies contain strong radial ows directed toward their centers.
Given the observed magnitude of the radial motions at a radis of 1 kpc and an assumed
volume density for the gas (1 H atom cm 3), if the radial motions actually represent a net
in ow of gas we conservatively estimate that all of the gas walld accumulate withina 1
kpc radius of the galaxy centers in 1{3 Gyr. The star formation rate over the same region
is at least an order of magnitude too small to consume the in aving gas. We therefore
conclude that this interpretation is not viable. The most in triguing remaining explanation
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is that the gas is moving on elliptical orbits, which could result from the in uence of a
triaxial dark matter halo.

In a disk galaxy with a triaxial dark matter halo, the potenti al in the plane of
the disk will in general be elliptical. The closed orbits in such a potential are also ellipses,
which means that the observed line-of-sight velocities of a elliptical disk will di er from
pure circular rotation. This problem has been considered irdetail by Binney (1978), Teuben
(1991), Franx, van Gorkom, & de Zeeuw (1994), Schoenmakers @l. (1997), and Schoen-
makers (1998). Franx et al. (1994) showed that an ellipticalpotential induces components
in the velocity eld proportional to the ellipticity and the angle between the long axis of
the ellipse and the observer's line of sight. Adopting theirformalism (Franx et al. 1994,
Equation A10), we have the following relations:

3 .
&= 1 (- a) RCOS2gps VcSini (6.6)
" 4 #

5 o . o
g a RSIN2 gps VcSINi; (6.7)
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where & and $; are the cos (rotation) and sin (radial) components of the tilted-ring
model, respectively. The hat symbols indicate that these gantities are derived under the
assumption of circular orbits, and will therefore di er systematically from the true values if
the potential is elliptical. These formulae are valid when the rotation curve, v.(r), can be
represented as a power-law with index , which we have shown is a reasonable assumption
for these galaxies. is related to a by a = % =@+ ), gis the axis ratio of the galaxy
(which we take from the photometry), opsisS the angle between the long axis of the potential
and the line of sight, and r is the ellipticity of the orbit. The relationship between th e
ellipticity of the potential, o, and that of the orbit, r, is given by Franx et al. (1994):

1
1+

pot = R- (6.8)

In order for us to make the simplifying assumption that the apparent rotation
velocities are equal to the true rotation velocities (i.e.,that the orbits are nearly circular),
the following condition must be met:

(3 a) rCOS2gps L (6.9)

In this case, Equation 6.6 reduces tef*= v sini. Substituting this expression into Equation
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6.7 and solving for the potential ellipticity yields

. 1 8
R SIN2 gps = 52——1: (6.10)
2 a0 g ¢
41 @)

Thus, if the observed noncircular motions are indeed due to @ elliptical potential in the
plane of the disk, the relative amplitudes of the circular ard radial motions put a direct
constraint on the ellipticity. Note that since sin2 g,s 1, this constraint is actually a lower
limit on gr. Using the known values ofg and a, and the results of our tilted-ring models
for €, and $;, we calculate g sin2 o5 as a function of radius for each galaxy. The results
are shown in Figure 6.9. NGC 4605, with its very strongly deteted radial motions, has
a large and nearly constant ellipticity that deviates signi cantly from zero beginning at a
radius of 20°0 The mean value of g Sin2 ops OVer the entire galaxy is Q175 0:016, making
the orbits in the disk of this galaxy substantially elliptic al. From Equation 6.8, we see that
pot = 0:18 Rr, so the ellipticity of the potential is at least 0.03. r SN2 o5 di ers from zero
atthe 3 level in NGC 5949 and NGC 5963. We nd that grsin2 os=0:043 0:014
for NGC 5949 and rsin2 gps = 0:060 0:020 for NGC 5963. We do not detect any
evidence for elliptical orbits in NGC 6689: R sSin2 gps = 0:007 0:014. NGC 2976 is the
only galaxy in which the ellipticity is not constant with rad ius. This could suggest that
either the halo structure is more complicated in this galaxy (e.qg., the axis ratios of the halo
change with radius), or that its radial motions may be causedby something other than
triaxiality. If the halo of NGC 2976 is triaxial, the mean ell ipticity of the disk orbits is
RSIN2 ops=0:116 0:013.

Given the determination of rsin2 gus, We can now go back and conrm that
the assumption stated in Equation 6.9 (that the di erence between the apparent and true
rotation velocities is small) was justied. As long as the elipticity is modest ( r < 0:2,
which requires that the viewing angle be larger than 9 for most of these galaxies), this
condition will be satis ed. Note, however, that for NGC 4605, r may be larger than this
value.

These calculations show that, if the observed radial motiols are indeed due to
halo triaxiality, the lower limit on the mean potential elli pticity is of order a few percent.
Since the scatter in the TF relation indicates that the average ellipticity of the potential has
a strict upper limit of 0.1 (Franx & de Zeeuw 1992), the ellipticities are now constrained
within a relatively narrow range. CDM simulations predict t hat the dark matter halos of

galaxies similar in mass to our targets should have axis ratis ofc=a= 0:47 andb=a= 0:62
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Figure 6.9 | Rrsin2 ops as a function of radius for (from top to bottom) NGC 2976,
NGC 4605, NGC 5949, NGC 5963, and NGC 6689. The shaded gray bds across each
panel represent the weighted mean value ofg sin2 oys. The points at large radii without
error bars correspond to rings in which the radial velocity was held xed because the ring
contained too few data points or the angular coverage of the dta was not su cient to
constrain the radial motions. These points do not contribute to the weighted average and
should not be considered to contain signi cant information about the orbital ellipticity.
Only in NGC 6689 does the gas appear to be traveling on circulaorbits, although it is also
possible that o5 O or 90 for this galaxy. The ellipticity of the potential is a factor of
a few smaller than the ellipticity of the orbits that is plott ed here (see Equation 6.8). Note
that these values are lower limits on the true ellipticity due to the unknown viewing angle.
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(Jing & Suto 2002), which would suggest larger ellipticities than we measure. Bailin &
Steinmetz (2005) nd somewhat less triaxial halos with c=a = 0:65 and b=a = 0:83 for
halos with masses of 3 10 M . Adding gas cooling to the simulations may make the
inner regions of the halo even more spherical (Kazantzidisteal. 2004a), in agreement with
the observational constraints. With observations of a larger sample of galaxies, it may be
possible to obtain robust constraints on the three-dimensinal shapes of galaxy halos, which

would then provide another strong test of CDM simulations on small scales.

6.6 Summary and Conclusions

We have used two-dimensional CO and H velocity elds, sampled at high spatial
resolution and high spectral resolution, to constrain the dark matter density pro les of four
nearby, low-mass, late-type galaxies. We obtained rotatio curves from the data cubes by
constructing tilted-ring models, and found that three of the four galaxies contain radial
motions in addition to rotation. Combining these data with t he observations of NGC 2976
presented in Chapter 5 gave us a sample of ve galaxies to styd

For each galaxy we constructed a model of the stellar disk andnvestigated the
density pro le of the dark matter halo under varying assumptions about the stellar mass-to-
light ratio. In most cases, over the range of plausible mas$e-light ratios, the dark matter
density pro les do not change signi cantly. For the mass-to-light ratios indicated by the
galaxy colors, we found that the ve galaxies span a range of entral density pro le slopes
from 4y =0to o,y =1:20. The mean slope is py = 0:73, with a dispersion of 0.44.
Neither of the standard density pro le functional forms (pseudo-isothermal and NFW) is
able to adequately t all ve galaxies. The scatter in slope that we observe is three times
larger than that seen in the simulations, and the mean sloped smaller than predicted.
We do note, however, that NGC 5963 is the rst low-mass disk géaxy in which a cuspy
density pro le of the predicted form is con rmed, while shal lower alternative pro le shapes
are ruled out.

Although these results still indicate signi cant disagreements between CDM sim-
ulations and the properties of real galaxies, there are alssome di erences between the
ndings of this chapter and those of previous observationalanalyses. Many authors have
concluded that density pro les with constant-density cores t the rotation curves of dwarf

and LSB galaxies better than cuspy density pro les do (e.g.,de Blok et al. 2001a; Borriello
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& Salucci 2001; de Blok et al. 2001b; de Blok & Bosma 2002; Sadai et al. 2003, Chapter
5). Typical results from these studies are that the distribution of density pro le slopes is

=0:2 0:2 (de Blok et al. 2001a; de Blok & Bosma 2002; de Blok et al. 2003 Some
other studies agreed that cored pro les generally t the data better, but argued that this
e ect is primarily the result of systematic uncertainties i n the observations (van den Bosch
et al. 2000; van den Bosch & Swaters 2001; Swaters et al. 2003aVhen we t power laws
to the rotation curves we nd signi cantly steeper density p ro le slopes on average than
previous authors did, although both pseudo-isothermal desity pro les (constant-density
cores) and relatively cuspy pro les are consistent with ourdata. Despite our disagreement
on the value of the mean slope, we agree with other recent stues that found that dark
matter density pro les span a wide range of slopes (e.g., de Bk et al. 2003; Swaters et al.
2003a).

What is responsible for the steeper slope that we nd? One imprtant element
of our study is that the two-dimensional velocity elds, hig h spatial resolution, and target
selection we employed signi cantly reduce the impact of sykematic uncertainties on our
results (Chapter 5). As an illustration of this point, van den Bosch & Swaters (2001)
showed that to obtain tight constraints on density pro le sl opes, at least one of the three
following conditions must be met: (1) the uncertainties on the rotation curve must be< 0:2
km s 1, (2) the rotation curve must extend out beyond 20% of the virial radius, and (3)
the rotation curve must extend inward to radii less than 2% of the virial radius. While
we do not reach the velocity precision of criterion (1), we aproach it as closely as feasible,
with typical systematic uncertainties as small as 2 km s . Although higher velocity
resolution spectroscopy is possible, our velocity measungents have already run into the
limit imposed by the small-scale random motions of 5 km s ! that most galaxies appear
to contain. Without H i observations at large radii, we also fail to meet criterion @), but our
high spatial resolution does allow us to satisfy criterion @). Galaxies with masses similar
to those studied here may have virial radii of 50{75 kpc (Bullock et al. 2001; Navarro et al.
2004), so even for our most distant targets our 250 pc resolution probes well within
2% of the virial radius. In addition, we explored functional forms for the density pro les
other than the standard NFW/pseudo-isothermal dichotomy, thereby demonstrating that
good pseudo-isothermal ts in general do not rule out cuspy e@nsity pro les. Given these
new results, we conclude that while the discrepancies betveen CDM and galaxy rotation

curves may not be as severe as previously thought, improvediraulations are needed in
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order to determine whether the theoretical and observatioral ndings can be brought into
agreement.

Finally, we considered the origin of the noncircular motiors that are now being
detected regularly in disk galaxies. A number of previous athors have showed that a
triaxial dark matter halo can produce exactly the observed eect on the gas orbits. Under
the assumption that halo triaxiality is causing the noncircular motions, we measure lower
limits to the orbital ellipticities of 0.02-0.17. These correspond to lower limits on the
ellipticities in the potential between 0.005 and 0.03.
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Chapter 7

Conclusions

In this thesis we have presented a variety of observations tht test two of the
small-scale problems with the Cold Dark Matter model, the swstructure problem and the
central density problem. While we have not yet succeeded in ampletely resolving either
problem, we have made progress in understanding them, partularly with regard to the
central density problem, and we can now point the way to future investigators. Inx7.1, we
summarize our results on the substructure problem and desdre additional observational
work that may help to elucidate the origin and signi cance of the problem. In x7.2, we
discuss the current status of the central density problem inlight of our work and conclude
with some ideas for more detailed comparisons between obsations and simulations that
may nally isolate and reveal the processes responsible fahe problem.

7.1 The Substructure Problem

Without observational con rmation of the presence of large numbers of low-mass
dark matter halos, the possible explanations for the substucture problem are (1) the excess
dark matter minihalos do not exist (i.e., the simulations are seriously in error), (2) the
excess dark matter minihalos do exist and contain stars andér gas in addition to dark
matter (similar to other dwarf galaxies), but are faint enough in the optical to have escaped
detection in previous surveys, or (3) the excess dark matteminihalos do exist, but star
formation has been suppressed in them. With our extensive sech for stars in compact
high-velocity clouds (Chapter 2), we thoroughly investigaed and falsi ed the hypothesis
that HVCs represent a large population of normal low surfacebrightness dwarf galaxies.

This result rules out scenario (2) unless none of the missingwarfs managed to retain any



197

of their gas. Because the rst scenario would require substatial modi cations to CDM that
do not appear warranted by other observations, and becausehere are numerous theoretical
reasons to expect the third scenario to be plausible, we favahe latter possibility.

The other results from our HVC studies o er signi cant observational support
for this idea. We identi ed two HVCs that are massive, dark matter-dominated (almost
certainly in one case and probably in the other), and lack stas. Complex H (Chapter 3) is
one of the four very extended HVC complexes that are known ortiought to be located quite
close to the Milky Way. Complexes A and M have upper distanceimits based on absorption-
line detections in the spectra of Galactic halo stars (Danly Albert, & Kuntz 1993; Keenan
et al. 1995; van Woerden et al. 1999), but Complex H appears tbe behind all of the available
stellar absorption probes (Wakker et al. 1998). Neverthelss, Lockman (2003) succeeded
in modeling Complex H as a cloud in an inclined, retrograde dbit around the Galaxy,
suggesting a distance of 27 kpc. At this distance, Complex H &s the largest Hi mass of
any of the Milky Way satellites except for the Magellanic Clouds, with 2 10’ M of neutral
gas. Our infrared and radio observations place limits of 3 10 * M yr ! on the current
star formation rate in Complex H and rule out the presence of a old stellar population
comprising more than 3 10° M . We therefore concluded that Complex H does not
have a normal stellar counterpart (where by \normal" we mean one that is comparable to
other known dwarf galaxies).

In a more serendipitous discovery, we found that the compachigh-velocity cloud
HVC 127 41 330, which is located just 30 from the dwarf galaxy LGS 3, is also distant,
massive, and starless (Chapter 4). By virtue of the apparentinteraction between the HVC
and LGS 3, we estimated that the HVC is 700 kpc away from the Sun, implying an
H i mass of 26 10° M . The most likely explanation for the velocity gradient across
the HVC is that the cloud is rotating, which allows us to derive a dynamical mass of
2.0 10" M . The only assumptions needed to conclude that this object islark matter-
dominated are that (1) the velocity gradient really does indicate rotation, and (2) the HVC
has a distance of less than 2 Mpc. It is visually obvious from xamination of POSS-II data
that HVC 127 41 330 does not have an optical counterpart with a surface brigtness or
luminosity that is comparable to those of LGS 3 ( y = 24:7 mag arcsec?; My = 10:1
[Lee 1995]), which is easily visible on the same Palomar plat(Figure 4.4).

Based on these observational ndings, we propose that both @mplex H and
HVC 127 41 330 aredark galaxiesin the Local Group. These objects probably have
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dark matter halos with masses greater than 10 M and have become detectable as a result
of accreting some gas, but formed few if any stars. It is not yeclear whether their gaseous
components could have been acquired at high redshift and mafained for a Hubble time,
or if the accretion must have occurred recently. If CDM predictions of substructure are
correct, then these two failed dwarf galaxies are the protogpes of a large population of
such objects that surround the Milky Way, Andromeda, and other massive galaxies. Our
continued inability to locate the expected hundreds of simlar dark matter halos in the Local
Group suggests that perhaps the bulk of this population lacls any baryonic component at
all and thus remains completely invisible. Critical questions to address in this circumstance
include (1) What is special about these two dark matter halosthat allowed them to accu-
mulate so much more neutral gas than other halos? and (2) Why ks star formation not
proceeded in these objects as it did in other low-mass galaes?

One obvious answer to the rst question is that both clouds are in close proximity
to other galaxies; HVC 127 41 330 has a projected separation of 5.8 kpc from LGS 3 and
Complex His only 27 kpc away from the Milky Way. Perhaps they acquired their gas as a re-
sult of interactions with the neighboring galaxies, although in the case of HVC 127 41 330
it is hard to understand how the interaction could have left the HVC with 90% of the gas
in the system (since the HVC and LGS 3 have similar total masss). This idea is also un-
satisfactory because simulations indicate that large numiers of subhalos should be located
quite close to the Milky Way and M 31, suggesting that ComplexH should not be the only
gas-rich satellite present. The second question is equallgroblematic. It seems reasonable
to suppose that the internal pressure in these clouds is simp too low for self-shielded
molecular clouds to form (especially given the low metalliities that are expected for such
gas). On the other hand, the objects that became normal dwarfjalaxies should have expe-
rienced the same di culty, and yet they still managed to form 10° 10 M of stars. So
perhaps the better question to ask is, Why are there any dwarfgalaxies at all? One of the
few currently promising solutions to this problem is the idea that what we now see as dwarf
galaxies were originally very massive objects, similar to lhte Magellanic Clouds, that have
been tidally stripped down to their present-day sizes (Krausov, Gnedin, & Klypin 2004).
The existence of very old, very low-mass, and very isolated warfs such as Cetus and Tu-
cana would seem to pose a challenge for this model, since tleeis no nearby massive galaxy
that could be responsible for the extensive stripping thesegalaxies must have undergone.

However, Kravtsov et al. (2004) claim that the model can acconmodate Cetus and Tucana
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if they were once satellites of larger galaxies that have site been destroyed by the Milky
Way or M 31.

Although the identi cation of any dark galaxies represents a signi cant success for
CDM, since their existence may be regarded as a prediction &m the numerical simulations,
the two objects we have identi ed fall far short of the expected number. Furthermore, none
of the few dozen other HVCs that have been observed at high spial resolution show
convincing evidence for massive dark matter halos, which agues against the possibility
that HVCs could comprise the bulk of the missing subhalo poplation. In order to solve
the substructure problem, either many additional dark galaxies must be discovered, or an
explanation must be found for why these two halos alone are gible. Future studies that
will be helpful include searches for extremely faint resoled dwarf galaxies in photometric
databases such as the Sloan Digital Sky Survey (as Zucker el.&2004 and Willman et al.
2005a,b have shown) and in-depth studies of the objects cuently suspected to be dark
galaxies to gain a better understanding of their nature. Forexample, we plan to model the
interaction between HVC 127 41 330 and LGS 3 to determine whether the morphology
and kinematics of the features that we are interpreting as tdal tails are indeed consistent
with the interaction hypothesis. We have also acquired deepV- and | -band imaging of
this region that we can use to place much tighter limits on the stellar content of the HVC,
and we have obtained shallowJ- and g-band imaging to search for a bright quasar located
behind the HVC that we can use as a background source for an abgption-line abundance
study of the cloud.

7.2 The Central Density Problem

Our velocity eld studies of ve nearby, dark matter-domina ted galaxies showed
that the central density problem cannot be entirely attribu ted to observational systematic
e ects (Chapters 5 and 6). The density pro les we derived di er from those seen in previous
surveys in that they are not uniformly shallow pro les; inst ead, we found a wide range of
density pro le shapes. We identi ed at least one galaxy that is very well described by an
NFW density pro le, but another one of our targets contains a large constant-density core,
and the sample as a whole does not provide a good match to the edictions from CDM
simulations. The mean slope that we measure (p, = 0:73) is shallower than the simulations

indicate, and the dispersion of the slope from galaxy to galgy (o = 0:44) is much larger
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than expected. Thus, we conrm that the central density problem is real, although the
problem is less severe than most previous studies suggestetihe most important questions
that we now face are (1) What is the observational distribution of density pro le shapes?
and (2) What causes the clear di erences between many obseed and simulated density
pro les?

The answer to the rst question awaits a systematic survey ofhigh-resolution, two-
dimensional velocity elds of a large sample of galaxies. Th study of ve galaxies that we
presented in Chapter 6 represents an initial step in this diection, but a minimum of 15 20
galaxies may be needed to begin to meaningfully constrain th density pro le distribution.
Similar work by Swaters et al. (2003b), Blais-Ouellette et d. (1999, 2004); Blais-Ouellette,
Amram, & Carignan (2001), and the Gassendi H survey of SPirals (GHASP; Garrido et al.
2002, 2003; Garrido, Marcelin, & Amram 2004) can contributeto this e ort, but uniform
analysis techniques may be required to prevent systematic ncertainties from a ecting the
results.

| expect that the result from such a survey will be a broad distibution of density
pro le shapes, as seen previously by Swaters et al. (2003ajle Blok, Bosma, & McGaugh
(2003), and in Chapter 6 of this thesis. Our current work suggsts that the distribution will
likely be centered between ,, =0:5and ., =1, with a dispersion from galaxy to galaxy
that could easily be as large as 4y = 0:5. In comparison, the most recent simulations
nd central slopes of ,, > 1.2 for galaxy-size halos and a scatter of , = 0:14 for halos
of a given mass (Navarro et al. 2004; Diemand, Moore, & Stade004). If this conjecture
is correct, the burden will then fall on the simulations to explain why real galaxies have
density pro les that are shallower and vary much more betwea galaxies than current CDM
models predict.

One new approach to the problem that seems likely to prove prductive will be
to increase the uniformity of the treatment of observed and @mulated data. Currently,
as described in Chapter 5 and Appendix A, observed two-dimesional velocity elds are
converted into one-dimensional rotation curves via a tilted-ring model, and the rotation
curves are then inverted to yield density proles. On the other hand, simulated density
pro les are derived by averaging the dark matter particles in spherical (or occasionally
triaxial) shells around the halo center. Actual velocities are never measured in this process,
and even worse, it is not clear how accurately the kinematicof a gaseous disk embedded

in the halo re ect the density pro le of the dark matter, part icularly when the halo is not
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spherical. Simulating halos that contain disks and then \observing" the velocity elds of
those disks in a manner similar to that which an observer woull use will provide a much
better basis for comparison to the velocity elds of real gabxies. The preliminary results
obtained by Hayashi et al. (2005) suggest that taking these derences into account may be
able to explain the variety of observed density pro les without resorting to modi cations of
CDM itself, and we are actively working on testing this hypothesis more fully.

Because we have shown that the kinematics of many galaxies @rconsistent with
relatively steep central density proles ( o,y > 0:8), even though the detailed pro le shapes
do not seem to match those seen in simulations, we argue thathe central density problem
should no longer be regarded as a crisis for CDM. We are curréy studying the idea that
the complications involved in putting a gaseous disk into a tiaxial dark matter halo are
responsible for some or all of the di erences between simutad and observed density pro les.
Numerous other theoretical explanations have been proposk including the straightforward
possibility that adding baryons to what are currently pure d ark matter simulations will likely
change the predicted density pro le shapes. Although it is rot yet clear which of the myriad
explanations might prove correct, the variety of ideas, combined with our nding that the
density pro le di erences are less dramatic than previously thought, suggests that the end
of the central density problem may be in sight.
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Appendix A

Rotation Curve Fitting Algorithms

When dealing with long-slit kinematic data it is relatively straightforward to trans-
form the reduced observations into a rotation curve. For a ful velocity eld, the process
is more complicated because it involves converting two-diransional data to one dimension
while retaining as much of the information as possible. In ths appendix, we describe the
various technigues we use to make this conversion. Note thazaome details of this discussion

are particular to NGC 2976 (Chapter 5), even though the techriques we use are general.

A.1 Rotcur

Rotcur (Begeman 1987) is a standard algorithm to t galaxy kinematics with a
tilted-ring model. We used the implementation of rotcur  in the NEMO package (Teuben
1995). Rotcur divides the galaxy into a set of narrow, concentric rings, awl in each ring

performs a nonlinear least squares t to the function

Vmodel (X; Y) =
(X Xo)sinPA+(y Yyo)COsPA

Vo + Vot SiNi -
© " (X Xx0)2+(y Yo)2=cos?

(A.1)

wherevg is the systemic velocity, viq; is the rotation velocity, i is the inclination angle, PA is
the angle between north and the receding side of the galaxy'miajor axis, and (Xo; Yo) is the
galaxy's center. Each ring can thus contain up to six free paameters (the central position
requires two), and rotcur  nds the best t by minimizing P i (Vobs:i vmode|;i)2=vvi2, where
w; is the weight ascribed to each point. We weight each point by he cosine of the angle

between the point and the major axis, automatically deemphaizing points near the minor
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axis, so it is not necessary to discard points within some arlg of the minor axis. Rotcur 's
most serious weakness is that it can only model circular mobns.

To create the rotcur  rotation curve, we used the best-t center and systemic
velocity that we determined with ringfit . Because the position angle must be a function
of radius if the galaxy is modeled with purely rotational motions, we rstran rotcur  with
both the rotation velocities and the position angle free to \ary to determine PA(r). We
then used this description of the position angle as an input o rotcur , and ran it again
with only the rotation velocities as free parameters. The rdation curve produced in this
way is displayed in Figure 5.1. We did not allow rotcur to t for the inclination angle
because it was apparent early on that the rotation curve of NGC 2976 is essentially solid-
body, which means that dv,q; =dr is small. Therefore, the inclination angle and the rotation
velocities are degenerate in Equation A.1, making the kineratic inclination angle poorly
determined. We judged that the inclination angle was unlikdy to di er signi cantly from
the photometric value anyway, so the safest course was to lga the inclination xed at 61 :5.

A2 Ringt

In addition to rotcur we constructed tilted-ring models with our own routine,
ringfit . The purpose of this exercise was twofold: rst, to compare he results from
rotcur  with those from a completely independent program and make ste that the answers
agreed, and second, to t for radial motions in the plane of the galaxy (in ow or out ow)
instead of just assuming that the observed velocities are deionly to rotation. The ringfit
tting function is similar to Equation A.1, except that we ad d an extra term to allow for
radial velocities, and we do not t for the PA, inclination, o r the center. Thus, we can drop
the explicit mention of the PA, Xg, and yg, and write

Vimodel = Vo + Viot SiNi COS + Vigq SiNi SiN ; (A.2)

where cos is equal to the fractional expression that followsv,q; sini in the second term on
the right hand side of Equation A.1, and the free parameters m each ring arevg, Vo, and
Vrad. The solution is then determined with a linear least squarest. The inclination, PA,

and central position must be speci ed as inputs, but they canalso be solved for by running
ringfit  with a grid of input parameters and nding the minimum 2. We have veri ed

that rotcur and ringfit  give indistinguishable results when the same input parametrs
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and weighting function are used.

A.3 Rotcurshape

We also employed the NEMO routine rotcurshape , which is closely related to
(and based on)rotcur . Rotcurshape dispenses with dividing the galaxy into rings and
instead ts the whole velocity eld at once. In addition to ca Iculating the best- t values for
the PA, inclination, systemic velocity, and center, rotcurshape also assumes a functional
form for the rotation curve/density pro le (e.g., power law , NFW, pseudoisothermal, etc.)
and solves for the free parameters of that function. One advatage of this approach is that
near the center of the galaxy, where the velocities may be chaging rapidly with radius,
all of the data points are not arti cially placed at the same radius (as was necessary with
rotcur , where every point with r < 8°%was in the same ring). Another is that the kinematic
parameters of the galaxy and the parameters of the tting function are determined in a single
step. This makes it straightforward to measure the global ageement between the model
and the data. For a power law rotation curve, the results from rotcurshape are nearly
identical to the ones we derive by runningrotcur  or ringfit and then tting a power law

to the resulting rotation velocities.
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Appendix B

NFW and Power Law Density
Pro les

Navarro, Frenk, & White (1996) showed that CDM halos have dersity pro les of

the form

() - c B.1)

it (I=rg)(L+ r=rg)2”’

where it = 3H?=8G = 1:88 10 2° h? g cm 2 is the critical density, . is the halo
overdensity, and rg is the scale radius (simulations suggests 2.5 kpc for a galaxy the
size of NGC 2976). Forr rs, Equation B.1 clearly reduces to / r 1. The commonly-
discussed concentration parameter is the ratio of the virial radius of the halo (r2qo, the
radius enclosing a mean density of 200 times the backgroundehsity) to the scale radius.
In the simulations analyzed by NFW the concentration parameer varied from 7 for
galaxy clusters up to 16 for large galaxies. Later studies at lower masses found aedian
concentration of ¢ = 19:5 for 3 10'© M halos (Bullock et al. 2001; Dolag et al. 2004).
Other numerical simulations have resulted in slightly di e rent pro le shapes. For example,
Moore et al. (1999b) argued that CDM halos exhibit steeper catral cusps when simulated
at higher resolution; their best- tting functional form is similar to that of NFW, except

that both terms in the denominator of the right hand side of Equation B.1 are raised to
the 1.5 power, resulting in a / r S central density pro le. Most subsequent numerical
studies in the literature have found central slopes that arebracketed by the NFW and
Moore pro les (e.g., Jing & Suto 2000; Ghigna et al. 2000; Khypin et al. 2001; Power et al.
2003; Navarro et al. 2004; Diemand et al. 2004; Reed et al. 2B It is noteworthy that

no set of simulations has found central density pro les that are shallower than / r 1,
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although Taylor & Navarro (2001) presented analytical arguments fora / r %7° central
slope.
Since we are primarily interested in power law ts to the rotation curve, we also

note that for a spherical mass distribution, a density prole = o(r=rg) implies that

S

4G or2 r @ )=
Viot = 3700 E ; (B.2)

and correspondingly, a rotation curve that can be t by a power law vyot = Vp(r=ro) Yyields
a density pro le
_@ +nvg r 22

= 5= — : B.3
4Gr 3 ro (B.3)

A galaxy with a constant density halo thus has a linear (/o / r) rotation curve, while the

rotation curve associated with an NFW / r 1 central density prole is viot / r1.



