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Preface

This dissertation examines the distribution of dark matter on galaxy scales through
the optical observations of low surface brightness (LSB) galaxies. It investigates whether
cuspy cold dark matter halos are consistent with high resolutmrélocity fields of dark
matter-dominated LSB galaxies. This study also investigates what conditions are neces-
sary in order to reconcile the differences between the theory and the observations. Chap-
ter 2 of this dissertation was published in thetrophysical Journal Supplement Sergess
“High-Resolution Optical Velocity Fields of 11 Low Surface Brightness Galaxigsz{o

de Naray et al2008.
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Chapter 1

Introduction

1.1 The Current Cosmological Model

Our understanding of the universe has evolved tremendously over time. It was once
believed that the Earth was flat, that the Sun and other planets revolved around the Earth,
and that the universe was unchanging and not expanding. Today there is a much different

picture of the universe:

e Itis ~ 13.7 billion years old,
e Itis flat,
e Itis expanding (and accelerating), and

e It is comprised of~ 4% ordinary matter~ 23% dark matter, and- 73% dark

energy.

Living in a time of “precision cosmology,” we can also give a very specific description of

the universe$pergel et al2007),
o Qnh? (matter density) = 0.13243522
e Qph? (baryon density) = 0.02186 0.00068

e Ho (Hubble constant) = 70142



Qn (dark energy density) = 0.716 0.055

Q (spatial curvature) = -0.014 0.017

os (normalization of the power spectrum) = 0.78833

ns (scalar spectral index of the power spectrum) = 0.947.015

7 (optical depth) = 0.075:95/.

We can explain the expansion of the universe, the observed thermal background radiation,
and the abundances of the light elements with the Big Bang. We think in the firét 40

of the universe there was a period of exponential expansion, called Infl&igh 1981),

which enlarged quantum fluctuations to macroscopic scales and provided the origin of
seeds for structure formation. When the early universe was radiation-dominated, non-
baryonic cold dark matter (CDM) began clumping up in regions of overdensity. Once
the universe transitioned into a matter-dominated state, baryonic matter was able to fall
into the already-formed potential wells of CDM. The baryons began to first form small
structures (stars and galaxies) before assembling into larger structures (galaxy clusters
and superclusters), a process known as hierarchical structure formation, or “bottom-up”
building. This complex scenario is thought to lead to the observed distribution of structure

we see in the universe today.

1.2 Testing the Predictions of Cold Dark Matter

The framework of large scale structure formation relies heavily on the idea of cold
dark matter. As such, CDM must be rigorously tested. The predictions of CDM on
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large scales seem to be consistent with observatidlibody simulations successfully
produce large scale filamentary structures and voids that are consistent with the findings
of large galaxy surveys like the 2-degree Field Galaxy Redshift Survey (2dFGRS) and
the Sloan Digital Sky Survey (see Figure 1 of Springel, Frenk, & White 2006; Springel
et al. 2005). The predictions of the cuspy density profiles of CDM halos from numerical
simulations (e.gNavarro, Frenk, & Whitd996 1997 are consistent with galaxy cluster
observations (e.gBiviano & Girardi2003 Rines et al2004). The linear power spectrum
inferred from the Lyx forest in quasar spectra is consistent with the predictions of CDM
(e.g.,Croft et al.2002. There is evidence in the 2dFGRS power spectrum for predicted
baryon acoustic oscillations (e.gple et al.2005. There has also been a recent claim
that collisionless dark matter was directly detected in a galaxy cluster merger known as
the Bullet Cluster Clowe et al.20086.

What is not readily apparent is that the theory’s success extends to small (galaxy)
scales. For instance, there is the missing satellite problem §éogre et al.19993. Nu-
merical simulations of CDM structure formation, while able to reproduce the observed
abundance of galaxy clusters, predict far more satellites around Milky Way-size galax-
ies than are actually observed. There is also the dynamical friction time scale problem
(e.g.,Goerdt et al2006), as evidenced by the survival of globular clusters around dwarf
spheroidal and dwarf elliptical galaxieddcGaugh et al(2007) have recently used the
rotation curves of 60 galaxies to show that the predicted halo density on small scales is
wrong at all radii. What has arguably received the most attention, however, is the pre-
dicted density of the innermost region of galaxy dark matter halos. The conflict between

the theory and observations at these small radii is known as the cusp-core problem.
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1.3 The Cusp-Core Problem

One of the fundamental predictions of CDM is that all CDM halos, regardless of
size, are cuspy at small radii: the density distribution shows~ar~% (o > 1) behavior
(e.g.,Cole & Lacey1996 Navarro, Frenk, & Whitel996 1997 Avila-Reese, Firmiani,

& Hernandez1998 Moore et al.1999h Jing & Suto200Q Klypin et al. 2001, Power et

al. 2003 Reed et al2003 Ricotti 2003 Navarro et al2004 Diemand et al2005. Nu-
merous studies of the rotation curves of low surface brightness (LSB) and dwarf galaxies
have found the data to be inconsistent with a cuspy halo, and instead, to be more consis-
tent with a halo having a nearly constant density carer r—% (a = 0) (e.g.,Flores &
Primack1994 de Blok, McGaugh, & van der Hulgt996 McGaugh, Rubin, & de Blok
2001, de Blok, Bosma, & McGauglz003 de Blok & Bosma2002 Marchesini et al.

2002 Cote, Carignan, & Freemak00Q Simon et al2005 Kuzio de Naray et al2006
Gentile et al2004 2005. Cored halos such as the pseudoisothermal halo are empirical
fits to the data and have no theoretical or cosmological motivation. Reconciling the pre-
dictions of numerical simulations with observations of dark matter-dominated galaxies is

currently one of the greatest challenges for CDM.

1.3.1 LSB Galaxy Rotation Curve Data

There are a number of observed inconsistencies between LSB galaxy rotation curve
data and the common analytic approximation of cuspy CDM halos known as the NFW
halo (Navarro, Frenk, & Whitel996 1997. A simple visual comparison of rotation

curves shows slowly rising LSB galaxy rotation curves that are in distinct contrast with
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Figure 1.1: — DensePak (filled circles = Kuzio de Naray et al. (2006)) and long-slit
(open squares = de Blok, McGaugh, & Rubin (2001); open stars = de Blok & Bosma
(2002)) rotation curves for UGC 5750. The rotation curve predicted by CDM (black
long-dash line) is much steeper than the galaxy data at small radii. The NFW fit to
the data produces a rotation curve (green short-dash line) that does not match the
shape of the observed galaxy rotation curve.

the steep rotation curves implied by numerical simulations. The observed linearly rising
rotation curves indicate dark matter halos that have a nearly constant density core. In
addition, the NFW rotation curves that are fit to galaxy data frequently have an overall
shape that does not match that of the observed rotation curves (see Figure 1.1).

NFW halo fit parameters which are inconsistent with expectations for galaxies in
a CDM, or more specificallACDM, cosmology are also problematic. The derived con-
centrations from NFW fits to rotation curve data are persistently too low @edBlok,
McGaugh, & Rubin2001; de Blok & Bosma2002 Swaters et al2003h Gentile et al.

2007); CDM predicts much more massive halos than the data allow. The concentration



problem becomes even worse when baryons and physical processes in galaxy formation
are taken into account. LSB galaxies are thought to be dark matter-dominated, so the ve-
locity contribution to the rotation curve from the baryons is typically ignored (a point we
return to later). When baryons are properly accounted for, the rotation velocity attributed
to the dark matter is reduced, and the resulting halo concentration is even lower. Some
physical processes involved in galaxy formation, such as adiabatic contraction, have the
effect of increasing the halo density over its initial val@&nédin et al.2004), further
widening the gap between the concentration allowed by the data and the concentration
demanded by the theory. As a matter of statistical distribution, one should also expect to
seesomel.SB galaxies with higher than nominal central densities; it is troubling that the
data do not show thiglé Blok & Bosma2002 McGaugh, Rubin, & de Blol200]). LSB

galaxy rotation curves that are steeper than NFW rotation curves are not found.

Because the NFW description of dark matter halos has a direct link to cosmology,
the NFW fits to galaxy rotation curves can also be used to put limits on cosmological
parametersQ,, og, etc.). The observational constraints provided by these data are often
at odds with the standard valuesACDM. If LSB galaxies are required to have cuspy
halos, the values of cosmological parameters must be modifle@éugh, Barker, & de

Blok 2003 McGaugh et al2007).

1.3.2 Suggested Causes of the Cusp-Core Problem

Claims that LSB galaxy observations are incompatible with the predictions of CDM

on small scales have been met with skepticism. If indeed galaxy dark matter halos are



cored rather than cuspy, then we do not understand galaxy formation in the context of
CDM as well as we think. Before modifying CDM, or possibly requiring an entirely new
theory, the data and systematic effects have been and are being scrutinized.

Among the earliest observations indicating cored halos were rotation curves de-
rived from H 21 cm velocity fields (e.g.de Blok, McGaugh, & van der Hulst996
Moore1994. Beam smearing, or low spatial resolution, was suggested to have adversely
affected these data (e.gan den Bosch et a200Q Swaters, Madore, & Trewhel2000.

It was argued that low spatial resolution prevented cuspy halos from being distinguishable
from cored halos. Subsequent long-slitxldbservations increased the spatial resolution
by more than an order of magnitude (e cGaugh, Rubin, & de BloiR00Z, de Blok,
McGaugh, & RubirR0017) but cusps still did not appear. In only a handful of galaxies had
beam smearing affected the interpretation of the data.

Systematic effects in the long-slit rotation curves have since become the focus of at-
tention. Slit misplacement and insufficient assessment of noncircular motions are among
the top systematic effects cited as afflicting long-slit d&bee et al2004 Simon et al.

2003 Spekkens, Giovanelli, & HayneX05 Swaters et aR003g. There is the concern

that if the long-slit misses the dynamical center of the galaxy, then the galaxy halo will
mistakenly appear cored. It has been shown more than onceNle@augh, Rubin, &

de Blok 2002, de Blok & Bosma2002 Marchesini et al2002, however, that multiple
observations of the same galaxy by different observers give similar rotation curves. For
slit misplacement to be the underlying cause of the cusp-core problem, not only must the
slit position have been incorrect every time a cored galaxy halo is observed, but indepen-
dent observers using different instruments on different telescopes must all make the same

7



mistake. Noncircular motions have also been used to try to explain coresvénglen
Bosch et al200Q Swaters et al20033. The circular velocity may be underestimated
when noncircular motions are present in a galaxy. Because they add in quadrature with
the circular velocity, noncircular motions affect the rotation curve the most at small radii
because there the magnitudes of the two velocity components are comparable. LSB rota-
tion curve data typically require noncircular motions on the order 80 km s™1 in order

for the data to match the predicted NFW rotation cude Blok, Bosma, & McGaugh
2003. Various authors have modeled long-slit data to quantify the effects of systematics.
Some authors find the magnitude of these effects to be insufficient for masking the pres-
ence of a cuspde Blok, Bosma, & McGaugR003, while others conclude cuspy halos
cannot be ruled ouSwaters et a0033.

Pinpointing the origin of the cusp-core problem has also been approached from the
theoretical side. It has been proposed that dark matter itself may be to blame; rather than
being cold, perhaps it is warm, self-interacting, or a type of meta-cold dark matter that
initially forms cored rather than cuspy halos (elgggan & Dalcantor200Q Strigari,
Kaplinghat, & Bullock2007. It may also be possible that cusps are destroyed by non-
cosmological effects such as extremely explosive feedback or other methods of drastically
redistributing the mass, although the effectiveness of such processes is uncertain (see Mc-
Gaugh, Barker and de Blok (2003) and references therein). The numerical simulations
themselves may also contribute to the discrepancy. While simulations may neglect to in-
clude relevant galaxy formation physics, such as adiabatic contraction, a more important
drawback may be that both past and recéfday@ashi et al2004 numerical simulations

lack the resolution required to fully describe CDM halos on the scale of an individual

8



galaxy. Simulations do not have adequate resolution at sgaldgc, the critical resolu-

tion at which observations make distinctions between cusps and ce&dk2003.

1.4 This Dissertation

1.4.1 Scientific Approach

To determine the radial density distribution of galaxy-size dark matter halos, what
is needed, but not provided by the existing data, is a large sample of observations that
simultaneously provides sub-kiloparsec resolution and two-dimensional information. It
is the goal of this dissertation to provide these data.

We target LSB galaxies because they are thought to be dark matter-dominated down
to small radii (de Blok & McGaugh 1996, 1997; but see Fuchs 2003), with the light simply
providing a tracer for the dark matter. The stellar mass contribution is low, which reduces
errors involving the uncertainty in the stellar mass-to-light ratio, and in turn, the isolation
of the dark matter component. The observed galaxies are nearby so that we can obtain the
critical sub-kiloparsec resolution necessary for distinguishing between cusps and cores.
Our initial primary sample consists of 19 LSB galaxies having well-resolved long-glit H
observations that show decenixkemission for detectability in two-dimensional velocity
fields, a lack of significant noncircular motions, and strong evidence for halos which
prefer cores rather than cuspie(Blok & Bosma2002 de Blok, McGaugh, & Rubin
2001 McGaugh, Rubin, & de BloR00J). A large number of these galaxies also have H
21 cm observationsén der Hulst et all993 de Blok, McGaugh, & van der Hul41996.

We use the DensePak Integrated Field Unit (IFU) on the WIYN telescope at the Kitt



ISO Halo NFW Halo

Figure 1.2: -Left: Isothermal R; = 1 kpc; V., = 100 km s1) velocity field. Right:

NFW (c = 8.6; V200 = 100 km s'1) velocity field. Both velocity fields are inclined at
60° and have isovelocity contours at 10 kmténtervals. The NFW halo shows a dis-
tinctive pinch of the isovelocity contours compared to the gently rounded isovelocity
contours of the cored isothermal halo.

Peak National Observatory to obtairxHelocity fields of the centers of our sample of
galaxies. Well-resolved optical velocity fields have a number of benefits over the equally
well-resolved long-slit [k observations. Cuspy NFW halos leave a distinctive signature
in two-dimensional velocity fields (see Figure 1.2). The isovelocity contours are pinched,
and the presence of this pinch, or lack thereof, can be used as an indication of whether or
not the halo is cuspy. As these new data covgrvspace, proper placement of a single

slit across the dynamical center of the galaxy is no longer a concern. Noncircular motions
should be readily identifiable in a well-resolved velocity field, allowing concerns about
their effects to be addressed. These velocity fields also provide an additional important
constraint on the underlying dark matter halo potential. For instance, boosting the ob-
served rotation curve with noncircular motions may make the rotation curve look NFW,
but the observed velocity field must also be consistent with the velocity field of an NFW

10



halo + noncircular motions. Should the NFW potential be modified, or an entirely differ-
ent halo potential be proposed, the resulting velocity field must be shown to be consistent

with the observed velocity fields.

1.4.2 Goals and Overview

Using well-resolved optical velocity fields of the central regions of a large sample of

LSB and dwarf galaxies, we aim to investigate the following questions in this dissertation:

1. Are galaxy rotation curves derived from well-resolved optical velocity fields more
consistent with the cuspy NFW halos predicted by CDM or by cored isothermal

halos?

2. How do these new rotation curves compare to rotation curves from previous long-
slit and H studies? How do the NFW halo fits compare? Have systematic effects

significantly impacted the interpretation of these previous data?

3. Ifthe NFW halo is inconsistent with the data, what level of noncircular motions are
required to resolve this discrepancy, and are those noncircular motions consistent

with constraints provided by the data?

4. Can a modification to the NFW halo potential, such as the introduction of an asym-
metry, simultaneously cause the NFW velocity field to appear solid-body and the

NFW rotation curve to appear linearly rising?

In Chapters 2 and 3 we presentxHelocity fields and derived rotation curves for

17 LSB and dwarf galaxies observed with the DensePak IFU. We also present the NFW
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and pseudoisothermal halo fits to the dark matter halos. We compare our rotation curves
and halo fits to published long-slit and Iesults. In Chapter 4 we consider the effect

of baryons and present isothermal and NFW halo fits for four assumptions of the stellar

mass-to-light ratio. We also investigate what magnitude of noncircular motions are nec-

essary to reconcile the NFW halo with the observations. In Chapter 5 we simulate the
two-dimensional NFW halo and test several modificiations to the potential in an attempt

to simultaneously reconcile both the NFW velocity field and rotation curve with observed

LSB galaxy data. We summarize our main results and conclusions in Chapter 6.
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Chapter 2
High-Resolution Optical Velocity Fields of 11 Low

Surface Brightness Galaxies

Kuzio de Naray, R., McGaugh, S.S., de Blok, W.J.G., & Bosma, A. 2006, ApJS,

165, 461

2.1 Abstract

We present high-resolution two-dimensional velocity fields from integral field spec-
troscopy, along with derived rotation curves for 11 low surface brightness galaxies. We fit
NFW and pseudoisothermal halo models to the new data combined with previous long-
slit and H data. In most cases, we find the pseudoisothermal halo to better represent the
data than the NFW halo, as the NFW concentrations are often lower than expected for a
ACDM cosmology. We also compare our results to previous studies and find that includ-
ing the new two-dimensional optical data does not significantly alter the halo parameters

but does decrease the uncertainties by roughly a factor of 2.
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2.2 Introduction

Determining the mass density profiles of galactic dark matter halos has been an
exciting, yet contentious, field for a number of years now. Although it is widely agreed
that low surface brightness (LSB) galaxies are dark matter—dominated down to small radii
(de Blok & McGaugh1996 1997 Pickering et al1997 1999 Blais-Ouellette, Amram,

& Carignan2003; Borriello & Salucci2001;, Simon et al2003 but see Fuch2003 and,
hence, are ideal test subjects for studying the dark matter distribution, a consensus on the
interpretation of their rotation curves has been difficult to achieve.

The disagreement arises when comparing the data to numerical simulations of cold
dark matter (CDM). The most common description of CDM halo behavior is given by
the analytic approximation ddavarro, Frenk, & Whit€1996 1997 and is known as the
NFW profile. The cosmologically motivated NFW halo is characterized by a mass density
that rises very steeply toward the center, a property which makes the halo “cuspy.” Cuspy
halos that rise more steeply than the NFW halo have also been suggestddderg. et
al. 19991 Reed et al2003 Navarro et al2004 Diemand et al2005. Whether or not
the dark matter halos of LSB galaxies can be described by cuspy NFW-like profiles has
been a matter of debate.

NFW halos can be fitted to the observations, but the fits are usually of lower quality
than fits with pseudoisothermal halos. Moreover, the implied cosmological parameters are
inconsistent with the standardCDM picture. In particular, the observed concentrations
of the NFW halos are too lonMcGaugh, Barker, & de BIoR003 Swaters et aR0038.

Much better fits to LSB observations are found when using the pseudoisothermal halo
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model (Simon et al. 2005; de Blok, Bosma, & McGaugh 2003; de Blok & Bosma 2002
(hereafter BB02); Marchesini et al. 2002; Bolatto et al. 2002; de Blok, McGaugh, &
Rubin 2001 (hereafter BMRO1); de Blok et al. 2001; Blais-Ouellette, Amram, & Carignan
2001; Gté, Carignan, & Freeman 2000). These halos have a mass density that remains
at an approximately constant value toward the center; thus, they are referred to as “cored”
halos. Unlike the NFW profile, however, the pseudoisothermal halo has no cosmological
motivation or theoretical basis.

In its favor, the CDM model has been successful on large scales in explaining struc-
ture formation in the early universe, as well as abundances of galaxy cluktgradrk et
al. 20049. It is more appealing to have a halo model with explanations rooted in cosmol-
ogy than a model that is simply a convenient fit to the data. It is therefore no surprise that
a number of reasons have been given in an attempt to salvage the appropriateness of the
NFW profile as a description of galactic dark matter halos.

The earliest observations which indicated cores in LSB galaxies were two-dimen-
sional 21 cm Hvelocity fields Moore1994 Flores & Primackl994 de Blok, McGaugh,
& van der Hulst1996 hereafter BMH96). Low spatial resolution (i.e., beam smearing)
was suggested to be a systematic effect that would erroneously indicate vamede(
Bosch et al200Q Swaters, Madore, & Trewhell200Q. The question of beam smear-
ing was addressed by long-slitoHobservations, which had an order-of-magnitude in-
crease in spatial resolution (see for example, McGaugh, Rubin, & de Blok 2001 [hereafter
MRBO1]; BMRO1); cusps did not appear when the resolution was increased, showing that
beam smearing had been of only minor importance in theldidervations. Possible sys-

tematic errors in the long-slit spectroscopy (e®mon et al.2003 Rhee et al2004
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Spekkens, Giovanelli, & Hayn&005 have since become the focus of attention, with slit
misplacementQwaters et al20033 and noncircular motions among the top concerns.

If the slit misses the dynamical center of the galaxy or if there are noncircular motions
from, for instance, a bar, the circular velocity may be underestimated and lead to the
false inference of a cored halde Blok, Bosma, & McGaug2003 conducted extensive
modeling in which the rotation curves of both cuspy and cored halos were subjected to
various effects and concluded that no systematic effect will entirely mask the presence of
a cuspy halo for realistic observing conditioissvaters et a20033 performed a similar
exercise with similar results but argued that it might still be possible to retain cuspy halos.

Clearly, there are a number of issues that new observations must simultaneously
address. The data must be both high-resolution and two-dimensional in nature. Obser-
vations must have resolutiog 1 kpc, as that is the critical length scale at which the
distinction between cusps and cores can be determaee8lpk2003. Any noncircular
motions should be readily identifiable in a two-dimensional velocity field. In addition,
slit placement is not a concern of two-dimensional velocity fields. This observational
approach has also been applied by such groups as Simon et al. (2003, 2005).

In this paper, we present the rotation curves derived from high-resolution two-
dimensional velocity fields of a sample of LSB galaxies. In § 2.3, we discuss the sample
and observations; data reduction is discussed in § 2.4. The results for the individual
galaxies are presented in 8 2.5. In § 2.6, we discuss halo fits to the minimum-disk case
of the new data combined with previous long-slit andétation curves and compare our
results to those of previous studies. Noncircular motions are also briefly discussed. Our

conclusions and goals for future work are stated in § 2.7.
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2.3 Sample and Observations

Our primary targets were the galaxies in the “clean” sampldeoBlok, Bosma,
& McGaugh(2003. In brief, galaxies in the “clean” sample have inclinations between
30° and 85, are likely to meet the minimum-disk assumption, have long-slit rotation
curves that are well resolved in the inner 1 kpc, have small error bars, and lack large
asymmetries. The minimum-disk assumption is considered applicable to those galaxies
that require substantial amounts of dark matter at small radii even in the maximum-disk
model. We then expanded our sample to include other LSB galaxies that nearly made the
“clean” cut. We also searched for low-mass dwarf galaxies to fill out the range of right
ascension available at the telescope, giving preference to those targets with diffuse H
emission detected by long-slit observations.

We observed eight “clean” galaxies: UGC 4325, DDO 64, NGC 4395, F583-
4, F583-1, DDO 185, DDO 189, and NGC 4455. These galaxies were selected from
the “clean” sample because the well-resolved long-shitdtservations (BB02;BMRO01)
show that there is diffuse ¢demission for detectability in two-dimensional velocity fields
and that the galaxies lack indicators of significant noncircular motions (e.g., strong bars
or gross asymmetries). While not a criterion considered in the selection process, it turns
out that the long-slit observations of these galaxies imply that the galaxies either have un-
reasonably low NFW concentrations or do not have cusps at all. These kinds of galaxies
pose the biggest problem for CDM and, as such, provide important test cases.

We observed four galaxies from MRB01 (F563-V2, F563-1, F568-3, and UGC

5750) that almost made the “clean” sample. They show diffugeehhission but either
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did not have the required number of independent points in the inner 1 kpc of the long-slit
rotation curve or had an inclination outside the “clean” range.

Finally, we observed 16 galaxies from the Nearby Galaxies Cataldgullg (988.
Selection criteria for these galaxies included positions satisfyifigid® < 08" and +10
< 8 <+50, inclinations between 3(and 85, heliocentric velocities; 2500 km s1, and
an estimated/s o (@approximated bysar ~ 0.50\bgsin~1i) between roughly 50 kms
and 100 km st.

Our sample of 28 observed galaxies is both weather- and signal-limited. Poor
weather prevented us from observing more of the “clean” sample. Our sample is signal-
limited in that not all of the galaxies have enougty EImission to construct useful velocity
fields. While preexisting long-slit observations can be used as a guide, there is no way of
knowing how much e emission will be detected by the integrated field unit (IFU) until
the experiment is done. Our sample is intentionally focused on the most dark matter—
dominated objects. These tend to be very low surface brightness dwarfs that are hard to
observe.

The galaxies were observed during the nights of 2004 April 12-15, 2004 November
14-19, and 2005 September 1-7. Observations were made using the DensePak IFU on
the 3.5 m WIYN telescope at the Kitt Peak National Observatory (KPNO). DensePak is
comprised of 8 diameter fibers arranged in a"48 28’ rectangle. We measured the fiber

separation to be”384. The separation was determined by centering a bright star in a fiber

1Based on observations obtained at the WIYN Observatory. The WIYN Observatory is a joint facility
of the University of Wisconsin-Madison, Indiana University, Yale University, and the National Optical

Astronomy Observatory.

18



and repeatedly shifting between fibers and across the array. There are 85 working fibers
in this arrangement; an additional four sky fibers are arranged outside the main bundle.
We used the 860 line mnt grating in second order, centered nearx,Hjiving a 58 km

s~1 velocity resolution. The distances to the galaxies in the sample are such thiter3
provides subkiloparsec resolution.

Because the galaxies were too faint to be visible on the guide camera, we centered
the DensePak array on a nearby star and then offset to the optical center of the galaxy.
Subsequent pointings on the galaxy were made by shifting the array by small amounts
from its current position. For a number of galaxies, these moves were the fine shifts re-
quired to observe the spaces between the fibers. These interstitial pointings effectively
increased the resolution to 2. The fiber bundle orientation on the sky and the total
number of pointings per galaxy were tailored to each galaxy so that the critical central
regions were covered by the DensePak fibers. Each exposure was 1800 s, and two ex-
posures were taken at each pointing. A CuAr lamp was observed before and after each

pointing to provide wavelength calibration.

2.4 Data Reduction

The observations were reduced in IRARising the HYDRA package. The data
were bias-subtracted and flattened. The IRAF taglkydra was used to extract the spec-

tra. A wavelength solution created from the observations of the CuAr lamp was applied

2|RAF is distributed by the National Optical Astronomy Observatory, which is operated by the Associ-
ation of Universities for Research in Astronomy (AURA), Inc., under agreement with the National Science

Foundation.
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to the spectra. The two exposures per pointing were combined to increase the signal-to-
noise ratio and to remove cosmic rays. Sky subtraction was not performed, because the
DensePak sky fibers often fell inside the galaxies rather than on the sky and were there-
fore contaminated by galactic emission. We made use of the night-sky emission lines by
using them as the reference wavelengtbstérbrock et al1996 by which the velocities
of the galactic emission lines were measured. We also tried using the CuAr calibration
to measure the velocities, but the night-sky lines gave cleaner results. Velocities were
measured by fitting Gaussians to both the sky lines and the four galactic emission lines of
interest: Hx, [N 11]A6584, [SI1]A6717, and [$1]A6731. The average error on individual
emission-line velocities due to centroiding accuracy was roughly 1.5K¥m\&/e used
the arithmetic mean of the measured emission-line velocities in each fiber as the fiber ve-
locity. The maximum difference between the measured velocities and the mean was taken
to be the error on the fiber velocity. Many of these errors were less than 5%rhsugh
a few were as high as 20 km sL. If only Ha was observed in a fiber, the observed H
velocity was taken as the fiber velocity and the error was setto 10km's

The observed velocity fields were made by combining the individual DensePak
pointings using the input shifts at the telescope. To confirm the accuracy of the offsets, an
Ho flux image of the galaxy constructed from the DensePak observations was compared
to an actual K image. Relative positions between features in the galaxy (i.e., bright H
regions) in the two images were measured and compared. The fluxes in any overlapping
fibers were also compared. The accuracy of the fiber positien®is6, and we found the
telescope to be capable of accurately shifting from the nearby bright offset stars (typically

1’ - 2’ shifts), as well as the smaller distances)’.7 shifts) required to observe the spaces
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between the DensePak fibers. The telescope pointing is robust and repeatable.

We used th&lEMO (Teubenl1995 programROTCUR (Begemarnl989 to derive ro-
tation curves from our two-dimensional da®0TCUR treats the observed velocity field
as an ensemble of tilted rings and then fits for the center, systemic velocity, inclination,
position angle, and rotation velocity in each ring. Specific&yfCUR does a nonlinear

least-squares fit to the following equation:

V (X,Y) = Vsys+ Vrot COSO SinNi, (2.1)
where
cosH = _<X_X0) S|n<PA):_(y_y0) COiPA) (22)
and
r? = (x—X0)?+ (y— yo)?/ cosi. (2.3)

The observed velocity at positiony, V (x,y), is a function of the systemic velocity
(Vsys), the rotation velocity\(ot), the inclination (), the position of the center of rotation
(Xo0,Yo), and the position anglé*f) of the major axis. The position angle is defined as the
angle between north and the receding side of the major axis, measured from north through
east. Each point is weighted by the inverse square of the error on the fiber velocity times
cos@), the angle away from the major axis.

The DensePak data cover the centers of the galaxies. We find these to be in the
regime of solid-body rotation. Consequently, neither the center nor the inclination could
be determined by the observations. The center was therefore fixed to the position of the
optical center, and the inclination was fixed to published values (BMR01; BB02; Tully
1988). The systemic velocities were determinedRbyCUR. We also use®0TCUR to
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determine the position angle of the major axis, using published long-slit values as the
initial guess. If the position angle could not be well constraine@®@®@JCUR, then it was

fixed to the long-slit value. The long-slit position angles are generally from eitherithe H
velocity field or the surface photometry, or in some cases, are the position angles indicated
in a catalog such as the UGWmIi{son1973. Only two galaxies, UGC 477 and UGC 1281,

had position angles well constrained R§TCUR.

Ring radii were set to the effective fiber resolution for each galaxy. The resulting
rotation curve was inspected for rings with considerably higher or lower velocities than
neighboring rings. These highly deviant points in the rotation curve were investigated
and were usually attributable to a single fiber in the ring having an extreme velocity.
These extreme fibers were removed, and the rotation curve was recalculated. Finally, we
added in quadrature to the error bars on the final rotation curve the velocity error from
centroiding accuracy, corrected for inclination. We did not impose a minimum error on
the rotation curve points, as was the case in some previous works (e.g., 5kim s
Swaters et al(20033 and 4 km st in BMRO1). The nature of the errors on the rotation
curve points from the velocity fields is different from that of the errors on long-slit rotation
curves. In the long-slit case, the error is on a single velocity measurement and gives the
accuracy with which a Gaussian could be fitted to an emission-line profile, or the error
is given by the consistency of the observed emission lines (N 11]A6584, [SI1]A6717
and [SI1]A6731). The error does not contain information about the uncertainty in the
rotation velocity. Errors can become arbitrarily small in high signal-to-noise ratio data,
and this is why minimum errors were imposed. In two-dimensional data, the rotation
velocity is obtained from a tilted-ring fit. The error indicates something about the spread
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of the velocities in aring. In this case, a smaller error indicates that the gas in the ring has

smaller noncircular motions.

2.5 Results for Individual Galaxies

In this section, we present the DensePak fiber positions, observed velocity fields,
and rotation curves in Figures 2.1-2.11. A description is given for each galaxy, and we
compare the rotation curves to previous raw long-stt btation curves, as well asiH
rotation curves when available. Properties of the galaxies for which rotation curves are
derived are listed in Table 2.1; there were 17 observed galaxies for which meaningful ve-
locity fields could not be constructédAs a result of remarkably poor weather, a number
of galaxies have lopsided DensePak coverage.

UGC 4325- This galaxy is large on the sky, and four DensePak pointings were
made on the approaching side. The positions are shown ondhenkige fromvan Zee
(2000. The fiber velocities were the average of the ldnd [SII]A6717 lines. Hx is
prevalent and was detected in almost every fiber. The position angle was fixed at the aver-
age of the position angles of previous long-slit observations (BB02; Swaters et al. 2003a).
There is excellent agreement between the DensePak rotation curve and the lorg-slit H
rotation curve of BB02. Very similar results have also been obtained with SparsePak
(Swaters 2005, private communication). Theddta GwatersL999 lie above the optical

data at the inner radii. This suggests that thelata have been over-corrected for beam

3CamB, F750-4, KK98 251, UGC 891, UHC 1501/NGC 784, UGC 2455/NGC 1156, UGC 2864, UGC
4543, UGC 4787, UGC 5414/NGC 3104, UGC 7603/NGC 4455, UGC 8837/DDO 185, UGC 9211/DDO

189, UGC 11583, UGC 12344, UGC 12713, and UGC 12791.
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smearing (BB02). The outerihboints are a bit lower than the optical data but are within
lo. The decline in the rotation curve at the outer radii may be a real feaBogm(a
2009.

F563-V2— There was one pointing for this galaxy. The DensePak fibers are shown
on the Hx image fromMcGaugh, Schombert, & Bothyd995. The fiber velocities were
the average of the &, [S11]A6717, and [$1]A6731 lines. There is little B emission,
and only roughly half of the fibers have armxHletection. The position angle was fixed
to the value used iBwaters et ali20033. The DensePak rotation curve generally agrees
with the H rotation curve of BMH96.

F563-1- There was one pointing for this galaxy. The fiber positions are shown
on an Hx image (W.J.G. de Blok 2005, unpublished data). The fiber velocities were the
average of the |, [S11]A6717, and [$1]A6731 lines. The fibers were offset toward the
receding side of the galaxy, and there was very little emission in the fibers on the ap-
proaching side. The position angle was fixed to the value in MRB0O1 and BB02. When
compared to the long-slit éd rotation curves of BMRO1 and BBO02, there is good agree-
ment up to 1%. Beyond that, however, the long-slit curves and thettve (BMH96) turn
over and flatten out, while the DensePak curve continues to rise. Additional DensePak
coverage would be useful in determining where the DensePak curve turns over.

DDO 64— There were three pointings for the center and approaching side of this

galaxy. The DensePak fiber positions are shown on a Digitized Sky Stinage. Fiber

4The Digitized Sky Surveys were produced at the Space Telescope Science Institute under NASA grant
NAG W-2166. The images of these surveys are based on photographic data obtained using the Oschin

Schmidt Telescope on Palomar Mountain and the UK Schmidt Telescope. The plates were processed into
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Figure 2.1: — Results for UGC 43230p left: Position of DensePak array on the
Ha image of the galaxy. This is an example of where interstitial pointings have
been made to fill in the gaps between the fibefep right. Observed DensePak
velocity field. Empty fibers are those without detectioBottom left: DensePak
rotation curve Bottom right: DensePak rotation curve plotted with the raw long-slit
Ha rotation curve ofle Blok & Bosma(2002 and the Hi rotation curve ofSwaters
(1999. The H data was excluded from the halo fits.

velocities were the average of thextand [SII]A6717 lines. The amount of emission in
this galaxy is very high, and nearly all fibers detected emission. The position angle was
fixed to the BB0O2 value. The DensePak points rise and fall in a pattern similar to the long-

slit data (BB02). The structure in the rotation curve appears to be real. That the inner two

the present compressed digital form with the permission of these institutions.
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Figure 2.2: — Results for F563-VZop left: Position of DensePak array on amH
image of the galaxy.Top right: Observed DensePak velocity field. Empty fibers
are those without detection®ottom left: DensePak rotation curveBottom right:
DensePak rotation curve plotted with therdtation curve ofle Blok, McGaugh, &
van der Huls{1996. Triangles represent thellgoints used in the halo fits.

points fall below the long-slit data may suggest the presence of noncircular motions in
the inner regions. The IHlata Gtil 1999 lies slightly below, but within the errors of, the
optical data. It should be noted, however, that over the radial range plotted in Figure 2.4
there are only two Hpoints.

F568-3— There was one pointing for this galaxy, and the fiber positions are shown

on an Hx image (W.J.G. de Blok 2005, unpublished data). The fiber velocities were the
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Figure 2.3: — Results for F563-Ilop left: Position of DensePak array on arxH
image of the galaxy.Top right: Observed DensePak velocity field. Empty fibers
are those without detection®ottom left: DensePak rotation curve. The last four
points are omitted from the halo fitBottom right: DensePak rotation curve plotted
with the raw long-slit Hx rotation curves otle Blok & Bosma(2002 andde Blok,
McGaugh, & Rubin(2001) and the H rotation curve ofde Blok, McGaugh, & van
der Hulst(1996. The triangle represents the ploint used in the halo fits.

average of the & and the [NI1]A6584 lines. Hx emission was detected in roughly 60%
of the fibers. The position angle was fixed to the MRBO1 &wahters et al(20033
long-slit value. The DensePak rotation curve is consistent with the long-@lititive of

BMRO1 and the Hcurve of BMH96.

UGC 5750- There was one pointing for this galaxy. The fiber positions are shown
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Figure 2.4: — Results for DDO 64lop left: Position of DensePak array on a Dig-
itized Sky Survey image of the galaxylop right: Observed DensePak velocity
field. The empty fibers are those without detectioBettom left: DensePak rota-
tion curve.Bottom right: DensePak rotation curve plotted with the raw long-skt H
rotation curve ofde Blok & Bosma(2002 and the H rotation curve ofStil (1999.
The triangle represents tha Hoint used in the halo fits.

on an Hx image (W.J.G. de Blok 2005, unpublished data). The average of the H

[N 11116584, [SI1]A6717, and [$1]A6731 lines was taken as the fiber velocityx ldmis-

sion was sparse in this galaxy, and only roughly half of the fibers had a detection. The
position angle was fixed to the value listed in MRB0O1 and BBO2. There is good agreement

with the long-slit Hx rotation curves of both BB02 and BMRO1.
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Figure 2.5: — Results for F568-3lop left: Position of DensePak array on arxH
image of the galaxyTop right: Observed DensePak velocity field. The empty fibers
are those without detection®ottom left: DensePak rotation curveBottom right:
DensePak rotation curve plotted with the raw long-slit kbtation curve ofie Blok,
McGaugh, & Rubin(2001) and the H rotation curve ofde Blok, McGaugh, & van
der Hulst(1996. Triangles represent thel lgoints used in the halo fits.

NGC 4395- There were five pointings for this galaxy, and the positions of the
DensePak fibers are shown onRdband image (W.J.G. de Blok 2005, unpublished data).
The Ha line overlapped slightly with a sky line. This was not a serious problem for
this galaxy, because the emission lines (particularly theliHe) were very strong. The
Ha line was measured in a fiber if the [NA6584, [SI1]A6717, and [$1]A6731 lines

were visible and strong and if thedHline was stronger than the neighboring sky lines.
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Figure 2.6: — Results for UGC 5750l0op left: Position of DensePak array on an
Ha image of the galaxyTop right: Observed DensePak velocity field. Empty fibers
are those without detection®ottom left: DensePak rotation curveBottom right:
DensePak rotation curve plotted with the raw long-slit kbtation curves ofle Blok

& Bosma(2002 andde Blok, McGaugh, & Rubirf2001).

With these criteria, & was detected in nearly all the fibers. The fiber velocities were
the average of the & and [SII]A6717 lines. The position angle of BBO2 was used as
the DensePak position angle. The DensePak rotation curve is consistent with the long-slit
Ho curve of BB02, as well as thellturve Swatersl999 at the innermost radii. At the
outer radii, the Hcurve falls below the optical data at about the [2vel.

F583-4— There were two pointings for this galaxy: a central pointing and an in-
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Figure 2.7: — Results for NGC 43950p left: Position of DensePak array on an
R-band image of the galaxylop right: Observed DensePak velocity field. Empty
fibers are those without detectionBottom left: DensePak rotation curvéLower
right) DensePak rotation curve plotted with the raw long-slit kbtation curve of
de Blok & Bosm&a2002 and the H rotation curve oSwaterg1999. The H points
used in the halo fits extend beyond the radial range of this plot.

terstitial pointing; the fiber positions are shown on Biband image from BMH96. The

fiber velocities are the averages of the HS11]A6717, and [$1]A6731 lines, and the
approaching side of the galaxy has slightly better coverage than the receding side. The
position angle was fixed to the value in MRBO1. The DensePak rotation curve is generally
consistent with the long-slit & rotation curve of BMRO1. Both optical rotation curves

are offset to noticeably higher velocities than therbtation curve of BMH96. This is
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Figure 2.8: — Results for F583-7Zop left: Position of DensePak array on Rrband
image of the galaxyTop right: Observed DensePak velocity field. Empty fibers are
those without detection®ottom left: DensePak rotation curve. The last three points
were excluded from the halo fitBottom right: DensePak rotation curve plotted with
the raw long-slit Hx rotation curve ofde Blok, McGaugh, & Rubirf2001) and the

Hi rotation curve ofde Blok, McGaugh, & van der Hul§199§. The H data were
not included in the halo fits.

one of the few galaxies where beam smearing in theldda turned out to be important

(BMRO1).

F583-1- There is one pointing for this galaxy. The DensePak fibers are shown on

theR-band image of the galaxy from BMH96. The fiber velocities are the averages of the

Heo, [S11]A6717, and [$1]A6731 lines, and more of the approaching side of the galaxy
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Figure 2.9: — Results for F583-Top left: Position of DensePak array orRaband
image of the galaxy.Top right: Observed DensePak velocity field. Empty fibers
are those without detection®ottom left: DensePak rotation curveBottom right:
DensePak rotation curve plotted with the raw long-slit btation curve ofie Blok,
McGaugh, & Rubin(2001) and the H rotation curve ofde Blok, McGaugh, & van
der Hulst(1996. The triangle represents the ploint used in the halo fits.

is seen than the receding side. The MRBO1 position angle was taken as the DensePak
position angle. The DensePak rotation curve is consistent with both the longeslit H
rotation curve of BMRO1 and thelHotation curve of BMH96.

UGC 477 There were three interstitial pointings along the length of this galaxy,
and spatial coverage of the galaxy was optimal. The DensePak fibers are shown on the

R-band image obtained at the KPNO 2 m telescope. Fiber velocities were the average of
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Figure 2.10: — Results for UGC 477Top left: Position of DensePak array on a
R-band image of the galaxylop right: Observed DensePak velocity field. Empty
fibers are those without detectiorBottom: DensePak rotation curve.

the Ho, [N 11]A6584, [SI1]A6717, and [$1]A6731 lines. The amount of emission was
very high in this galaxy, and almost every fiber had a detection. The position angle was
well constrained by the data.

UGC 1281 There were five interstitial pointings for this galaxy. The amount of
emission was sparse, as fewer than 50% of the fibers had a detection. The DensePak

fibers are shown on thie-band image obtained at the KPNO 2 m telescope. Fiber veloc-
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Figure 2.11: — Results for UGC 1281Top left: Position of DensePak array on a
R-band image of the galaxylop right: Observed DensePak velocity field. Empty
fibers are those without detectionBottom left: DensePak rotation curveBottom
right: DensePak rotation curve plotted with the raw long-slit kbtation curve of
de Blok & Bosma(20032.

ities were the average of theoH[S11]A6717, and [$1]16731 lines. The position angle

was well constrained by the data, and the DensePak rotation curve is consistent with the

long-slit Ha rotation curve of BB02. UGC 1281 is a nearly edge-on galaxy. At high

inclination, line-of-sight integration effects become important and may cause an intrinsi-

cally steeply rising rotation curve to appear slowly rising. The shape of the emission-line

profiles can be used to constrain the shape of the rotation curve. If instrumental resolu-
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tion is high enough and there is no line-of-sight obscuration, then symmetric line profiles
indicate a solid-body rotation curve and skewed line profiles indicate a curved, NFW-like
rotation curve Kregel, van der Kruit, & Freema2004). The line profiles in the DensePak
fibers are symmetric. UGC 1281 is unlikely to be so optically thick that the observations
are hampered by obscuratiote(Naray, McGaugh, & de BloR004. Our instrumen-

tal resolution, however, is probably not high enough to resolve any skewing that may be
present. We present the minimum-disk case analysis for this galaxy in § 2.6.2 but exclude
it from further modeling.

Obtaining high-quality velocity fields is not trivial. LSB galaxies are difficult to
observe. The H emission is faint. In addition, the emission may not be spread out
enough to be detected across the entire DensePak fiber array. Although we tried to select
galaxies with promising & emission, the remaining 17 galaxies of our samplere
observed, but unfortunately the detections were not good enough to construct meaningful
velocity fields.

For the 11 galaxies for which we have constructed velocity fields, there is good
overall agreement between the new DensePak rotation curves and the previous data sets.
In all cases, the data are broadly consistent with previous long-slit rotation curves. In only
two cases, F563-1 and F583-4, do these independent data seem to differ, and then only
over a very limited range in radius. In cases wherelata are available, five are in good
overall agreement. In two cases, DDO 64 and F583-4, thddth are somewhat lower
than the optical data. In one case, UGC 4325, theldia are too high. It is tempting to

blame these cases on beam smearing or, in the case of UGC 4325, overcorrection for beam

SFor a list of these galaxies, see footnote §2r6
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smearing, although other factors, such as the intrinsidiktribution, are also relevant.
On the whole, we are encouraged by the extent to which various independent data sets

agree, given the difficult observational challenge posed by LSB galaxies.

2.6 Preliminary Analysis and Discussion

In this section, we wish to give an impression of how well the data are described
by various halo models. We limit this discussion to the minimum-disk case in which we
ignore the contribution of the stars and gas and attribute all rotation to dark matter. This
puts an upper limit on the slope and/or concentration of the halo density profile. More

detailed analysis, including mass modeling, will be presented in a future paper.

2.6.1 Halo Models

Two of the most prominent competing dark matter halo density profiles are the

pseudoisothermal halo and the NFW profile. We provide a brief description of each below.

2.6.1.1 Pseudoisothermal Halo

The density profile of the pseudoisothermal halo is

piso(R) = po[1+ (R/Re)? ™, (2.4)

with pg being the central density of the halo aRd representing the core radius of the

halo. The rotation curve corresponding to this density profile is

V(R) = \/47erOR% [1— % arctan<%>} : (2.5)
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This form has traditionally been used in rotation curve fitting because it works well. By
construction it produces flat rotation curves at large radii. This halo form is empirically

motivated, predating those stemming from simulations.

2.6.1.2 NFW Profile

Numerical simulations produce the NFW profile and its variants. It predicts the
same functional behavior for CDM halos of galaxy clusters as for the CDM halo of a

single galaxy. The NFW mass density distribution is described as

Pi
R/Rs)(1+ R/Rg)?’

prew(R) = (2.6)

in which p; is related to the density of the universe at the time of halo collaps&aisd

the characteristic radius of the halo. The NFW rotation curve is given by

V(R) :VZOO\/In(1+cx)—cx/(1+cx) 2.7

X[In(1+c)—c/(1+c)]’
with x = R/Rygo. The rotation curve is parameterized by a radiug and a concentration
parametec = Rypo/Rs, both of which are directly related & and p;. HereRxqg is the
radius at which the density contrast exceeds 200, roughly the virial radigsis the
circular velocity atRygo (Navarro, Frenk, & Whitel996. As previously mentioned in
§2.2, there are other cuspy halo models with slopes steeper than the NFW profile (e.g.,
Moore et al.1999h Reed et al2003 Navarro et al2004 Diemand et al2009. The
NFW profile thus serves as a lower limit to the slope of cuspy density profiles and, as
such, gives the cuspy halo the best possible chance to fit the data. From an observational

perspective, there is very little to distinguish the various flavors of cuspy halos.
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2.6.2 Halo Fits to Combined Data

In this section, we combine the DensePak data with the previous smoothed long-
slit Ha and H rotation curves when available. For the 10 galaxies with long-slit and/or
Hi data, we supplement the DensePak data with the entire long-slit rotation curve and
include only those Hpoints that extend beyond the radial range of both the DensePak
and long-slit data. Using only the outer ploints, where the rotation curves have usually
begun to flatten, lessens possible resolution effects. As discussed below, there are three
galaxies, F563-1, F583-4, and UGC 4325, for which we exclude some of the DensePak
and/or H data.

We find the best-fit isothermal halo and NFW halo. This NFW halo fit is referred to
asNFW;ree. TheNFW e halo fits do not necessarily have parameters that are realistic or
consistent witNCDM. There is a tendency for the fits to drive toward very loand very
highV,00. There is also &-Vooo degeneracy that allows halos of differex\,gg to look
the same over a finite range of radius. It is common forNI&\; e halos to overshoot
the data at small radii, then undershoot the data, and then overshoot the data again and
provide a poor description of the data at large radii. To address this, we also make a
fit which we refer to adNFWgnstrained(hereafteMNFWonst). This halo was required to
match the velocities at the outer radii of each galaxy while constraining the concentration
to agree with cosmology. We chose a valuevadp that forced the NFW velocities to
match as many of the data points in the turnover region as closely as possible, with a
minimum requirement of falling within the error bars. This is a reasonable constraint,

because dark matter must explain the high velocities at large radii, where the contribution
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of the baryons has fallen off. Equation (7) d¢ Blok, Bosma, & McGaugit2003,
which gives the concentration as a functiorVagy (Navarro, Frenk, & Whited997), was
then used to calculate the concentration. We adjusted this concentration to agree with the
cosmology ofTegmark et al(2004 by subtracting 0.011 dexMcGaugh, Barker, & de
Blok 2003.

We did not include the last four DensePak points of F563-1 or the last three Dense-
Pak points of F583-4 in the halo fits. The F563-1 points were excluded because they are
based on few fibers and because of the significant inconsistency with the long-slit and
Hi rotation curves, as discussed in 8 2.5. The outer DensePak points of F583-4 spike
to higher velocities than the long-slit data at the equivalent radii. Neither the isothermal
nor the NFW halo model will be able to fit this feature in the DensePak rotation curve.
These DensePak points also have little influence on the halo fits; there is essentially no
change in the values of the isothermal or NFW halo parameters, but only much-improved
%%, when the three DensePak points are removed. There are two and thpeénts
beyond the optical data for UGC 4325 and F583-4, respectively, that were also not used.
Although the rise then sudden decline suggested by the combined optical dathHor
UGC 4325 may well be real, no simple, smooth model can fit it. Since we are interested
in the inner halo structure as probed by the new data, we exclude the two HI points. For a
thorough comparison of many more independent data for this galaxgasaa(2004).
The situation is similar for the Hpoints of F583-4.

In Figure 2.12, we plot the halo fits over the data, and we list the parameters in
Table 2.2. We plot lof/) against logr) to emphasize the fits to the data at small radii.
The NFWonstr halos have already been required to match the data at large radii, and
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Figure 2.12: — Halo fits to the combined DensePak and smoothed long-slitiand H
rotation curves. Symbols remain the same as in Figs. 2.1-2.11. The order of the
galaxies has been changed from the order of Figs. 2.1-2.11 in order to show a pro-
gression in the halo fits. The fits change from isothermal to indistinguishable to
NFW from top to bottom, left to right.
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Table 2.2. Best-Fit Halo Parameters

1ISO N FWf ree N FWconstr
Re Po V200 V200

Galaxy (kpc) (10°Mg pc3)  x? c (kms?t)  x? c (kms?t)  x?
UGC 4325 3.30.2 91t4 3.8 6.9 249 40
F563-V2 1.50.1 1196 0.71 7.%#2.0 128+32 0.40 7.9 130 0.58
F563-1 2.30.1 6742 0.43 7.81.3 106+10 0.88 8.4 101 0.95
DDO 64 4.4+0.9 38t3 55 9.2 62 20
F568-3 3.80.2 2H1 1.2 8.2 110 12
UGC5750 b5.20.4 7.10.3 0.83 0.50.1 32043 1.7 9.1 67 25
NGC 4395 0.#0.1 2589 2.9 10.10.6 THA4 2.1 8.6 87 2.2
F583-4 1.30.1 6742 0.67 5.5:2.2 92+32 0.41 9.1 67 1.1
F583-1 2.40.1 35+2 5.4 4.#0.7 133t21 8.7 8.7 83 11
UGC 477 2.20.1 512 4.6 6.9:0.6 1209 4.6 8.3 105 5.4
UGC 1281 2.60.1 23+1 3.8 9.3 58 25

Note. — Best-fit halo parameters for the combined DensePak, long-slit araidtion curves.

although the best-fitl FW; e halos do not necessarily match the velocities at large radii,
the magnitude of the discrepancy is generally smaller than it is at small radii.

No NFW; e fit could be made to four of the galaxies: UGC 4325, DDO 64, F568-
3, and UGC 1281. Three galaxies, UGC 5750, F583-4, and F583-1, have concentrations
too low to be consistent withCDM. Specifically, the concentrations are farther from the
concentrations of thBlF\Wonstr halos than the expected log scatteciof 0.18 Bullock
etal.2001). Only the concentrations from tiNFW ¢ fits of the remaining four galaxies,
NGC 4395, UGC 477, F563-V2, and F563-1, are consistent AMiZDM.

One should bear in mind that these fits are taken in the limit of minimum disk.
Baryons do matter somewhat in LSB galaxies. This will drive the concentrations even
lower in proper mass models.

The four galaxies for which nbFW ¢e fits could be made are fit significantly bet-
ter by isothermal halos thawFWeonstrhalos. The case of F568-3 is typical: tREWeonstr

halos overpredict the velocity at all radii interior to where they were forced to match the
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observed velocity. Of the galaxies withFW ¢ fits, UGC 5750 is a good example of the
over-under-over fitting trend of of the NFW halo. This fitting trend has been observed be-
fore (e.g., BMRO1; Gentile et al. 2004) and is what is being referred to when it is said that
the NFW rotation curve has the wrong shape. Of the galaxies MW e fits, UGC

5750, F583-1, and F563-1 are best fit by isothermal halos in termg.0lUGC 5750

is the strongest case, because the value of its best-fit concentration, 0.5, is far too low,
according to current ideas from cosmological simulations. NGC 4395 has a reasonable
NFW concentration and g? favoring the NFW halo. There are signs of a possible bar or
oval structure at the center of this galaxy. Mass modeling beyond the minimum-disk case
may help to determine the central structure of the galaxy and whether or not the NFW
halo remains a good description of the data. F583-4 and F563-V2 alsgfhavéavor of

the NFW halo; however, the best-fit concentration for F583-4 is bordering on the low side
of expected values, and F563-V2 has too few data points to really distinguish between
halo types. It is worth noting that when the small uncertainty in the first DensePak point
of F563-V2 is increased to 5 knT$, neither the isothermal nor NFW fit is significantly
changed. Finally, UGC 477 is equally well fitted by both isothermal and NFW halos.

In total, seven galaxies are well described by the isothermal halo, one is consistent
with NFW, and three are indistinguishable. For the majority of the galaxies, NFW halos
could either not be fitted to the data or had concentrations too low to be consistent with
ACDM. As shown by NGC 4395, velocities consistent with cuspy halos can be detected

in the two-dimensional data.
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2.6.3 Comparison to Literature

Ten of the 11 galaxies have published pseudoisothermal and NFW halo fits to the
long-slit and/or H data. In Figure 2.13, we plot the DensePak halo parameters for each
galaxy R: andpg for isothermal,c andV>qg for NFW) against the minimum-disk litera-
ture values. There is gross agreement between the DensePak and literature halo parame-
ters, showing that the addition of the new two-dimensional optical data has not substan-
tially altered the fits. The addition of the DensePak data does, however, bring down the
errors on the halo parameters by roughly a factor of 2. The DensePak parameters are
listed in Table 2.2; the numbers mentioned in the text below are from the cited references.

UGC 4325- The DensePak isothermal halo parameters agree well with the results
of BB02 (R; = 2.7+0.1; pg = 100.H-2.1), and the agreement between those two datasets
is better than the agreement of either set with the paramete3svafters et al(20033
(Rc = 0.94; po = 263). NONFW; e fit could be made to the DensePak data, and the
BB02 data preferred a concentration less than 0.1 (¢ =\@gb,= 3331.6). Many of
the BB02 galaxies have NFW fits with unphysical (very small or negative) values of
the concentration. In these cases, the concentration was set to 0.1. The NFW fits by
both Swaters et al(20033 andvan den Bosch & Swater00]) required very high
concentration values (c = 14.8590 = 83; ¢ = 30.9,Vx90 = 53.5, respectively). The
Swaters et al(2003g NFW fit shows the over-under-over fitting trend and is not a good
representation of the data. For this galaxy, all of the listed concentrations are far beyond
the reasonable range of expected values. The DensePak, BB®&\yatets et a20033

results all favor the isothermal halo as the best fit.
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Figure 2.13: — Comparison of DensePak halo parameters to previously published
values. Values oR. andpg are displayed for the isothermal halo, andandV,qg are
shown for the NFW halo. Stars represent the data from BB02, squares the data from
BMRO01, triangles the data fro®waters et a20033, circles the data fronaan den
Bosch & Swater$2001), and hexagons the BMRO1 analysis of Swaters, Madore,

& Trewhella (2000 data. The addition of the DensePak does not significantly alter
the previous halo fits but does reduce the errors on the halo parameters.

F563-V2— For both the isothermal and NFW halo parameters, there is excellent
agreement between the DensePak values and the results of the BMRO1 analysis of the
Swaters, Madore, & Trewhell2000 data R; = 1.69+0.17, pp = 131.2+19.4). The
error on each parameter has also been reduced by the DensePak data. The agreement is
not as good with the isothermal parameterSwhters et al20033 (R; = 1.13;pp = 231).

Their NFW concentration (c = 14.4) is again much higher than the DensePak value, and
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Vo0 much lower Yop0 = 92). As previously discussed (s¢&2), there are few points in

the DensePak data, making a clear distinction between halo fits difficult. Certainly, there
is nothing to contradict the conclusions of both previous studies that the data to prefer the
isothermal halo.

F563-1- The DensePak results agree extremely well with both the isotheRpal (
= 2.0+0.2, po = 70.4+13.1) and NFW (c = 7.81.4, Voo = 106.8:10.3) fits of BBO2.

The new data shrink the formal uncertainties on the isothermal halo parameters by a
considerable amount. The level of agreement with the BMRO1 redtits {.72:0.23,
Po=91.9+21.6; ¢ =10.A41.2,Vo0o=93.1+4.3) is only slightly less. The isothermal halo

is preferred by all three studies.

DDO 64— There is a difference between the isothermal halo parameters determined
by the DensePak data and the results of BER2+1.2+0.2, pg = 72.7411.9), but both
studies prefer the isothermal halo to the NFW halo. The NFW results, however, are
similar: noNFW ¢ fit could be made to the DensePak data, and the BB02 data favored
a concentration less than 0.1 (c = Ovigo = 1182.3). While the two isothermal fits are
distinguishable, they are not too different. This galaxy seems to have real structure that
is reflected in the rotation curve. The independent long-slit and DensePak data both show
nonmonotonic features (“bumps and wiggles”) that cannot be fit by any simple, smooth
halo models of the type considered here. There is more information in the data than a
simple model can represent.

F568-3— The isothermal halo parameters of the BMRO1 analysis ofSivaters,
Madore, & Trewhella(2000 data K. = 3.93+0.75, pg = 30.2+5.6) are in very good
agreement with the DensePak results. Again, the DensePak parameters have lower errors.
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There is also moderate agreement between the DensePak parameters and the isother-
mal halo parameters of BMROR{ = 2.92£0.36, pg = 36.6:5.4) andSwaters et al.

(20033 (R = 3.23,pp = 35.3). NONFW; e fit could be made to the DensePak data, and

all three other datasets require halos with low concentrations (BMRO1 analySigaef

ters, Madore, & Trewhell§2000: ¢ = 1.2,Vo00 = 591.1; BMRO1: ¢ = 3.23.7,Voq0 =
214.6+233.9;Swaters et al20033: ¢ = 1.0,Vo00 = 637). In all datasets, the isothermal

halo is a better fit.

UGC 5750- There is decent agreement with the DensePak isothermal halo param-
eters and the results of both BBOR.(= 5.0+0.9, pg = 7.9+1.6) and BMRO1 R; =
4.25+0.39,po = 10.6+1.0). The errors are lower on the DensePak-derived parameters.
All three data sets require a very low NFW concentration (BB02: ¢ =2.9, Voo =
145.A4-122.9; BMRO1: ¢ = 2.61.5,Voo0 = 123.14-58.8). The NFW halo is not a good
description of the data. Although the formal fit parameters differ for the NFW halo, the
degeneracy between halo parameters is such that there is little to distinguish the resulting
halo rotation curve.

NGC 4395- There is moderate agreement between the DensePak isothermal halo
parameters and the values of the parameters found by BR0O2 0.9+-0.1, pg = 175.6
+18.9). TheNFW; e cOncentration determined by the DensePak data is between the val-
ues listed in BB02 (c = 12:40.9,V590 = 69.73.8) andvan den Bosch & Swatef2001)

(c = 8.5,Vop0 = 71.9). As with UGC 5750, although the formal NFW fit parameters
differ, the degeneracy between halo parameters is such that there is little to distinguish
the resulting halo rotation curve. BB02 find the isothermal halo to be a slightly better fit

to the data than the NFW halo, whereas the DensePak data have a slight preference for
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the NFW halo. The NFW halo certainly cannot be excluded, because it has a reasonable
concentration in all three fits. The misalignment of the minor axis in the DensePak veloc-
ity field (see alsdzarrido et al2002 Noordermeer, Sparke, & Levir@#001) and effects
from star formation (BB02) need to be considered. The presence of a bar may create
strong enough noncircular motions that the true potential is underestimated. Correcting
for this would cause the halo profile to become more NFW-like. However, bars are disk
dynamical features and imply that the disk has mass (which has so far been ignored in the
minimum-disk case) and would cause the halo profile to become more corelike.

F583-4— The agreement between the DensePak halo parameters and the halo pa-
rameters of BMROL1 is slightly better for the NFW halo (c =5174,V,q0 = 89.5+£19.0)
than the isothermal hald{ = 1.10+-0.13,pp = 85.5+15.8). Both data sets find the NFW
halo to be a slightly better fit to the data.

F583-1- There is good agreement of the isotherni € 2.44+0.06, po = 33.0
+1.1) and NFW (c = 5.11.0,V,00 = 106.6+17.0) halo parameters of BMRO1 with the
DensePak parameters. Both data sets find the isothermal halo to be the better description
of the data.

UGC 1281 There is moderate agreement between the isothermal halo parame-
ters of the DensePak data and the results of BB®2=(2.2+0.1, pg = 28.0+:1.7). No
NFWee halo could be fitted to the DensePak data. The BB02 data required a very low

concentration (¢ = 0.0 = 785).
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2.6.4 A Word about Noncircular Motions

The presence of noncircular motions may cause the circular velocity to be underesti-
mated or, sometimes, overestimat8aaters et aR003g. This effect has been suggested
as a reason why cored halos appear to be preferred to those with cuspSyeugrs et
al. 20033 van den Bosch & Swate001). The presence of noncircular motions and the
magnitude of the effect on the system can be qualitatively ascertained by looking at the
velocity field. For instance, the alignment of the major and minor axes will begin to de-
viate from perpendicular (a mild example being NGC 4395). Or the isovelocity contours
will become noticeably more kinked, wiggly, or twisted as noncircular motions increase.
There are indications of noncircular motions in some of our sample of galaxies, but how
significant are they?

One way of measuring this is to look at the velocity dispersion about the mean
difference of the individual fiber velocities from the circular velocity. The velocity dis-
persions measured in this fashion for each galaxy are listed in Table 2.3. The velocity
dispersions are all in the range of 6 - 10 kmt sThese values are totally consistent with
the typical dispersions for the gas component of galaxies and suggest that we are not see-
ing signs of extreme noncircular motions. If added in quadrature to the rotation velocity,
dispersions of this magnitude affect only the innermost points, where the rotation veloc-
ity and velocity dispersion are comparable. We tried this exercise assuming an isotropic
dispersion . = V2, + 30?) for the UGC 5750 DensePak data. We chose UGC 5750
because, of the galaxies with NFW fits, it is the least consistent with the NFW halo and

because it has the largest differences between the halo fits at low radii. With the exception
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Table 2.3. Galaxy Velocity Dispersions

Velocity Dispersion

Galaxy (kms?)
UGC 4325 7.8
F563-V2 8.2
F563-1 8.1
DDO 64 6.2
F568-3 8.7
UGC 5750 8.7
NGC 4395 9.7
F583-4 9.5
F583-1 7.3
UGC 477 8.1
UGC 1281 6.9

Note. — Velocity dispersion in

the DensePak data for each galaxy.

Values are between 6 and 10 kmts

and are consistent with the typical

dispersions for the gas components

of galaxies.
of only the first data point, all corrected velocities remain within the errors of the un-
corrected velocities. The first data point increases~b$ km s1, but this does not
improve theNFW; ee fit: the concentration remains virtually unchanged (c =#D4L).
A more in-depth analysis of noncircular motions will be discussed in a future paper, but
this simple analysis already suggests that the magnitude of realistic noncircular motions

is not likely to be sufficient to recover the high-concentration cuspy halos expected from

ACDM structure formation simulations.
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2.7 Conclusions and Future Work

We have presented the two-dimensional velocity fields and rotation curves of a
sample of LSB galaxies that have been observed with DensePak. The majority of these
new data have been shown to be consistent with the rotation curves of previous long-slit
Ho and H observations. In a preliminary analysis, we have combined these data and have
fit the minimum-disk case for three halo models: the best-fit isothermal halN,FNeé e
halo with no constraints on the parameters, and\tR®\onstr halo which was constructed
to agree witPA\CDM cosmology. We found seven galaxies to prefer the isothermal halo,
one to prefer the NFW halo, and three to show no clear preference. WR@j ¢ fits
could be made, the concentrations were often too low, compared to the expected values
for ACDM.

We have compared our DensePak halo fits to the results of previous studies. The
DensePak halo parameters change little but do have improved uncertainties. Future work
will include a detailed assessment of noncircular motions, slit placement, and mass mod-
eling to determine the distribution of dark matter in more realistic cases than the minimum-

disk scenario.
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Chapter 3
Halpha Velocity Fields of Nine Low Surface Brightness

Galaxies

3.1 Overview

In this chapter we present high-resolution optical velocity fields from DensePak
integral field spectroscopy for a sample of nine low surface brightness galaxies. Six of
these galaxies are part of a new sample previously unobserved with DensePak. Addi-
tional DensePak observations have been obtained for three galaxies publistwedan
de Naray et al(2006. We present the derived rotation curves along with the NFW and
pseudoisothermal halo fits to the dark matter halos. We find the six new galaxies to be
better described by the isothermal halo than the NFW halo, although the quality of the fits
is constrained by the limited radial coverage of the DensePak data. While we also find
that the values of the halo parameters do not significantly change, the halo fits of the three

previously observed galaxies are better constrained by the additional DensePak coverage.

3.2 Sample and Observations

We observed a sample of 14 low surface brightness galaxies previously unobserved

with DensePak. These targets were selected primarily from the Nearby Galaxies Cata-
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logue (Tully 1988. Selection criteria for these galaxies included positions satisfyifig 18

< o <08 and 10 < & < 50°, inclinations between 30and 85, heliocentric velocities
<3000 km s, and an estimated; ;5 (approximated bysa ~ 0.5Ms0sin~1i) between
roughly 50 km st and 100 km st. Additionally, we selected those galaxies which ap-
pear to have diffuse & emission and lack indicators of significant noncircular motions
(e.g., strong bars or gross asymmetries). We also targeted galaxies with previous long-slit
rotation curves or & imaging.

Because of inclement weather and telescope scheduling, we did not hanedg-
ing or long-slit rotation curves for most of the galaxies in the sample prior to making the
DensePak observations. Without these data, there is no way of knowing how much H
emission will be detected by the integral field unit (IFU) until the IFU observations are
actually made. Thus, our observed sample of galaxies is signal-limited; the IFU fibers
detected sufficient Bl emission to create a useable velocity field in just under 50% of our
target galaxies.

The galaxies were observed during the nights of 2006 August 28-30 and 2006
September 25-27. Also, during the nights of 2006 March 28-29 and 2006 April 6-8, we re-
observed UGC 4325, DDO 64, and F583-1. Observations were made using the DensePak
IFU on the 3.5 m WIYN telescope at the Kitt Peak National Observatory (KPNO). The in-
strumental setup and observing procedure for all observing runs are described in Chapter

2.3.
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3.3 Data Reduction

The data were reduced following the procedure outlined in Chapter 2.4 and the
reader is referred to that chapter for details. Similarly, the rotation curves were derived as
discussed in Chapter 2.4 using the tilted-ring fitting progr@TCUR (Begemari989.

The velocity field centers were fixed to the optical centers of the galaxies, and the
inclination was fixed to published valuesully 1988 de Blok & McGaugh1996 Mc-
Gaugh, Rubin, & de BloR001 James et aR004. The systemic velocities were deter-
mined byROTCUR. The position angle of the major axis was well constraine@§CUR
for all of the galaxies in the new sample except for UGC 128. In the case of UGC 128,
the position angle was set to the position angle of therétocity field of van der Hulst
et al. (1993. The position angles of UGC 4325, DDO 64, and F583-1 remained fixed
at the values used iduzio de Naray et al(2006. The error bars on the rotation curve
points derived fronROTCUR were increased to include the velocity error from centroiding

accuracy, corrected for inclination.

3.4 Results for Individual Galaxies

In this section, we present the DensePak fiber positions, observed velocity fields,
and rotation curves in Figures 3.1-3.3. A description of each galaxy is given and the

properties of the galaxies for which a rotation curve was derived are listed in Table 3.1.
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3.4.1 Results for New Sample of Galaxies

Of the 14 galaxies observed, there were eight galaxies for which meaningful veloc-
ity fields could not be constructédThe Ho emission in these galaxies was too faint to be
detected and/or not spread out enough across the fiber array. Velocity fields and rotation
curves were derived for the remaining six galaxies in the sample, and each is described
below.

NGC 7137 There were three DensePak pointings for this galaxy. The pointings
are shown on the & image (Figure 3.1) of the galaxy obtained at the KPNO 2 m tele-
scope. Spiral arms are clearly visible in this galaxy. The fiber velocities were the average
of the Ho, [N 11]A6584, [SII]A6717, and [F1]A6731 lines. Hx emission was abundant
and the majority of fibers detected emission. The inclination was fixed to the value in
Tully (1988. The rotation curve rises steeply out to roughly tien dips slightly before
rising again.

UGC 11820- This galaxy is both large and diffuse on the sky. There is a central
concentration of k& emission, which is perhaps a bar, that runs roughly NE-SW and also
two large, diffuse arms that extend from the end of the bar. There were three DensePak
pointings along the central feature. The pointings are shown on thertage (Figure
3.1) of the galaxy obtained at the KPNO 2 m telescope. The fiber velocities were the
average of the i, [S11]A6717, and [$1]A6731 lines. The & emission was sparse and
only roughly half of the fibers detected emission. The inclination was fixed to the value

listed inMcGaugh, Rubin, & de Blok2001).

1F469-2, UGC 2034, UGC 2053, UGC 11944, UGC 12048/NGC 7292, UGC 12082, UGC 12212, and

UGC 12632.
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200

UGC 128- There were three DensePak pointings across this galaxy. The point-

ings are shown on the ddimage (Figure 3.1) of the galaxy obtained at the KPNO 2 m

telescope. The fiber velocities were the average of tig[N 11116584, and [SI1]A6717

lines. The Hx emission in this galaxy was sparse, but the emission that was present was

scattered across the three DensePak pointings such that both the approaching and reced-
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Figure 3.2: — Results for UGC 191, UGC 1551, & NGC 998p row: Position of
DensePak array on theaHimages of the galaxiediddle row: Observed DensePak
velocity field. Empty fibers are those without detectio@ottom row: DensePak
rotation curves. The open points in the UGC 191 and UGC 1551 rotation curves
were excluded from the halo fits.

50

ing sides of the velocity field were mapped. The position angle was fixed to the position

angle of the H velocity field of van der Hulst et al(1993 and the inclination was fixed

to the value listed ile Blok & McGaugh(1996. The DensePak rotation curve is plotted

with the H rotation curve olerheijen & de Blok(1999. The DensePak rotation curve is

slightly steeper than thelldurve and does not go out far enough to show a clear turn-over.

UGC 191- There were two DensePak pointings for this galaxy and they are shown
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on the Hx image (Figure 3.2) obtained at the KPNO 2 m telescope. The fiber velocities
were the average of thedq [S1IJA6717, and [$1]A6731 lines. There is ample
emission in the galaxy and almost every fiber had a detection. The inclination was fixed
to the value inTully (1988. The rotation curve rises linearly and has no clear turn-over.

UGC 1551 There were three DensePak pointings for this galaxy. The pointings
are shown on the & image (Figure 3.2) of the galaxy obtained at the KPNO 2 m tele-
scope. The fiber velocities were the average of tloe N 11116584, [SII]A6717, and
[S1n]A6731 lines. Hr emission was detected in nearly all of the fibers. The inclination
was fixed to the value ifully (1988. There is a twist in the velocity field that is sugges-
tive of the presence of a bar. Noncircular motions are probably important insidée of 15
where the rotation curve is mostly flat. Beyond’ 1&here is a linear rise in the rotation
curve.

NGC 959- There were three DensePak pointings across the length of this galaxy.
The pointings are shown on theoaHimage (Figure 3.2) of the galaxy obtained at the
KPNO 2 m telescope. The fiber velocities were the average of the[N11]16584,
[S11]A6717, and [$1]A6731 lines. Hx emission was abundant and the majority of fibers
detected emission. The inclination was fixed to the value listethines et al(2004).

The rotation curve is well-behaved with a steady rise and a turno¥grgo~ 80 km s'1.

3.4.2 Results for Previously Observed Galaxies

Additional DensePak observations were made of three galaxies publiskedim

de Naray et al(2006. In this section, we describe the positions of the new DensePak
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pointings, present the augmented velocity fields, and discuss the resulting changes in the
rotation curves.

UGC 4325- There were four new DensePak pointings roughly through the galaxy
center from SE to NW. All eight pointings are shown on the knhage (Figure 3.3) of
the galaxy obtained at the KPNO 2 m telescope. The fiber velocities were the average of
the Hx and [SI1]A6717 lines. The position angle of the major axis remained fixed at the
average of the position angles of previous long-slit observatam8lok & Bosma2002
Swaters et al2003g. With the addition of the new DensePak pointings, the DensePak
rotation curve extends te 60" and remains in excellent agreement with the long-stit H
rotation curve ofde Blok & Bosma(20032.

DDO 64— There were two new DensePak pointings along the SE end of DDO 64.
All five pointings are shown on theddimage (Figure 3.3) of the galaxy obtained at the
KPNO 2 m telescope. The fiber velocities were the average of themt [SII]A6717
lines. The position angle remained fixed at the value determinel@ iBlok & Bosma
(2002. With the addition of the new DensePak pointings and anifdage, the positions
of the DensePak fibers on the galaxy have been updated and the center of the velocity
field has moved east and slightly south. The new DensePak rotation curve is now con-
sistent with the long-slit ¢ rotation curve ofle Blok & Bosma(2002) in the inner 20.
Beyond 20, the DensePak rotation curve shows a more linear rise with less scatter than
its previous version.

F583-1- There were two new DensePak pointings, one to the north and one to the
east, on this galaxy. All three pointings are shown orRiEand image (Figure 3.3) of the

galaxy fromde Blok, McGaugh, & van der Hul§1996. The fiber velocities were the
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Figure 3.3: — Additional observations of UGC 4325, DDO 64, and F58Rf.row:
Position of DensePak array on thexHimages of UGC 4325 and DDO 64 and the
R-band image of F583-1Second rowObserved DensePak velocity field with new
pointings. Empty fibers are those without detectiortsird row: Updated DensePak
rotation curves.Bottom row:Updated DensePak rotation curves plotted with long-
slit Ha and H rotation curves. Symbols remain the same as in Figures 2.1, 2.4, and
2.9.
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average of the |, [S11]A6717, and [$1]A6731 lines. The receding side of the galaxy

and more of the minor axis are now covered with the additional pointings. The position
angle remained fixed at the value listedMicGaugh, Rubin, & de Blok2001). The new
DensePak rotation curve shows less scatter than the curve derived from a single DensePak
pointing, and it displays a higher level of consistency with the long-shitrbkation curve

of de Blok, McGaugh, & Rubir§2001).

3.5 Halo Fits

In this section, we present the pseudoisotherml and NFW halo fits to the DensePak
rotation curves in the minimum-disk case. For those galaxies with photometry, halo fits
for four assumptions of the stellar mass-to-light ratio will be presented in Chapter 4. The
pseudoisothermal and NFW halo models are described in Chapter 2.6.1.1 and Chapter
2.6.1.2, respectively. In Figure 3.4, we plot the halo fits over the data, and list the param-

eters in Table 3.2.

3.5.1 Halo Fits to New Sample of Galaxies

We fit the minimum-disk case halo models to the entire DensePak rotation curve,
and in the case of UGC 128, we combine the DensePak rotation curve with tbation
curve ofVerheijen & de Blok(1999, using only those Hpoints beyond the radial range
of the DensePak data. Uncertainties from possible resolution effects are avoided by using
only the outer H points.

We find the best-fit isothermal and NFW halos. We did not include the innermost
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Table 3.2. Best-Fit Halo Parameters

1ISO NFW
Re Po V200
Galaxy (kpc) (10°M¢ pc3)  x? c (kms?h)
NGC 7137 0.60.1 27417 3.1 153 56+10 34
UGC 11820 1.%0.1 274+21 2.9
UGC 128 2.30.1 66+0.6 8.5 8.90.2 1110.7 9.3
UGC 191 1.20.1 13810 5.8
UGC 1551 1.30.2 575 5.5
NGC 959 0.4:0.1 111429 1.2 234 76+15 1.7
UGC 4325 4.10.3 88+3 3.2
6.9 249 39
DDO 64 3.3t0.5 43+3 3.2
9.2 62 12
F583-1 2.5-0.1 30+2 0.5 4.5+0.8 1206+20 1.7
8.7 83 6.5

Note. — Best-fit halo parameters for the DensePak rotation curves. The second line in the
NFW columns for UGC 4325, DDO 64, and F583-1 are the halo parameters for thgd\daW
fits.

point of the UGC 191 rotation curve or the first five points of the UGC 1551 rotation
curve in the halo fits. We exclude the innermost point of the UGC 191 rotation curve due
to its unrealistically small formal error bar and the steep jump in velocity between it and
the next rotation curve point. Excluding this point from the halo fit does not significantly
alter the values of the halo parameters, but does improve the value of the redudéu:

first five points of the UGC 1551 rotation curve were excluded because of the uncertainty
of the magnitude of noncircular motions indicated by the bar-like signature in the velocity
field.

NGC 7137 The isothermal halo is a slightly better fit to NGC 7137 than the NFW
halo, but the difference is not particularly significant. There are “bumps and wiggles”
in the rotation curve that simple, smooth halo models cannot fit. The value of the con-
centration,c = 15, for the NFW fit is on the high side of values expected iRGDM

cosmology.
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Figure 3.4: — Halo fits to the DensePak rotation curves. The red solid line is the best-
fit isothermal halo, the green short-dashed line is the best-fit unconstrained NFW
halo, and the black long-dashed line is the best-fit NG\ halo. NFWongtr fits

were only made to UGC 4325, DDO 64, and F583-1.

UGC 118206- UGC 11820 is fit relatively well by the isothermal halo; no NFW

halo could be fit to the rotation curve.

UGC 128- UGC 128 is more consistent with the isothermal halo than the NFW

halo, though the value gf? is high for both fits. The best-fitting concentratiars 8.9,
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is reasonable for a galaxy of this size iM&DM cosmology. The best-fitting isothermal
halo parameters for the combined DensePakritation curve ard; = 2.3+0.1 andpg

= 66+0.6. de Blok & McGaugh(1996 also fit an isothermal halo to then der Hulst et
al. (1993 Hi rotation curve and findR. = 4.0 andpg = 21.7. The differences in the halo
parameters reflect the inclusion of the slightly steeper DensePak rotation curve.

UGC 191~ No NFW fit could be made to the DensePak rotation curve of UGC 191.
The data were fit with an isothermal halo, albeit with a laygeThe UGC 191 DensePak
rotation curve is linearly rising and shows no turn-over over in the radial range covered
by the DensePak data. Data points at larger radii are needed to better constrain the halo
fits.

UGC 1551 An NFW fit could also not be made to the DensePak rotation curve
of UGC 1551. An isothermal fit was made, but was not well-constrained. Noncircular
motions are important in this galaxy, and like UGC 191, data at larger radii are necessary
for constraining the halo models. UGC 1551 has a velocity dispersion of 9.7 knthe
highest value for the galaxies in the sample after UGC 128 (see column 11 of Table 3.1).
The velocity dispersion of UGC 128 may be artificially high because of the small number
of fibers detecting emission. UGC 128 is also “big” by the standards of this sa¥fiple (
~ 130 km s1). While 9.7 km s is the highest velocity dispersion detected, it is not
extreme; with the exception of UGC 128, the velocity dispersions of UGC 1551 and the
other galaxies all fall within the typical range of dispersions for the gas component of
galaxies (e.gPisano, Wilcots, & Elmegreeh998 de Blok, McGaugh, & van der Hulst
1996.

NGC 959- NGC 959 is well described by the isothermal halo and is a slightly
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better fit than the NFW halo. The value of the concentration23, of the best fit NFW
halo is on the high side of expected values for galaxiesNC®M cosmology. Though
not as pronounced as in some other galaxies (e.g., UGC 5750, Figure 2.12), the NFW fit
to NGC 959 shows the over-under-over fitting trend often seen in NFW halo fits. The
NFW halo over-predicts the velocities at small radii, then under-predicts the velocities at
intermediate radii, and then again over-predicts the velocities at large radii.

Overall, the isothermal halo was able to fit all of the new DensePak rotation curves,
and an NFW fit could be made to only three. Only one of the three NFW fits had a
concentration consistent with the range expected for galaxieA®M cosmology; the
other two are on the high end of expected values. The quality of the isothermal fits is
limited by the radial range of the DensePak data. Only NGC 959 has a DensePak rotation
curve which clearly turns over and flattens, and it is this galaxy that has the isothermal
and NFW fits with the lowesy?. Thaty? > 1 for almost all of the galaxies suggests
that either the error bars have been underestimated, or that neither halo model, by itself,
provides an adequate description of the data. For reasons discussed in Chapter 2.4, we
have not imposed a minimum error on the rotation curve points. The velocity error from
centroiding accuracy has been added to the error bars, however. Mass models including

the stellar component are presented in the next chapter for those galaxies with photometry.

3.5.2 Halo Fits to Previously Observed Galaxies

In addition to the new data, we also find the best-fit minimum-disk case isother-

mal and NFW halos to the new DensePak rotation curves of UGC 4325, DDO 64, and
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F583-1 combined with previous long-slittHand/or H rotation curves, as discussed in
Chapter 2.6.2. For these three galaxies, we also fit an NFW halo called.dN&Mhed

as described in Chapter 2.6.2. Briefly, the constrained halo was required to match the
velocities at the outer radii of each galaxy while constraining the concentration to agree
with cosmology. We do not make an NRWMst, fit to the six new galaxies, as the radial
range of the data does not extend beyond the rising part of the rotation curve.

UGC 4325- The isothermal fit to UGC 4325 improves slightly with the addition
of the four new DensePak pointings. An unconstrained NFW halo still could not be fitted
to the data, and the poor quality of the N3kt fit remains virtually unimproved. This
galaxy remains best-described by the isothermal halo.

DDO 64— The two new DensePak pointings on DDO 64 help to improve the quality
of both the isothermal and NFMhst fits. The values of the isothermal halo parameters
remain within the errors of the original values, but the valugdtlecreases. While no
unconstrained NFW halo fit could be made, the quality of the Ngm¥f halo significantly
improves. This does not mean, however, that the NFW halo is a good fit to the data. The
NFW.onstr halo continues to overshoot the data at radii interior to where it was forced to
match the data. While it passes through the large errorbars on the inner rotation curve
points, significant noncircular motions would need to be important all the way oeut to
kpc in order to boost the observed velocities up to the expected NFW velocities.

F583-1- The isothermal and NFW fits are significantly better constrained by the
addition of the two new DensePak pointings. F583-1 remains best described by the
isothermal halo. The values of the halo parameters remain within the errors of the pre-

vious values, but the value gf falls from 5.4 to 0.5. The new values of the isothermal
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halo parameters are almost indistinguishable from the values determimiecBigk, Mc-
Gaugh, & Rubin200)): R, = 2.44+ 0.06,pp = 33.0+ 1.1. The values of the parameters
of the unconstrained NFW fit are also mostly unchanged,)g@ndecreases to 1.7 from
8.7. The value of the concentratians 4.5, is still too low to be consistent withCDM.
The value of;cr2 also drops for the NF\Qnstr fit, but the NFW velocities continue to

over-predict the observed velocities interior to where they were forced to match the data.

3.6 Summary

We have presented the two-dimensional velocity fields and derived rotation curves
for six galaxies previously unobserved with DensePak. We also have presented updated
velocity fields and rotation curves of three galaxies with additional DensePak observa-
tions. Overall, we find the isothermal halo to be a better description of these nine galaxies
than the NFW halo. When NFW fits could be made, the concentrations were often beyond
the range of values expected ®EDM. We also find that the quality of both the isother-
mal and NFW halo fits is greatly improved when the radial range of the data extends into

the flat part of the rotation curve.
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Chapter 4

Mass Models

4.1 Overview

In this chapter we present isothermal and NFW halo fits for four assumptions of the
stellar mass-to-light ratioys, for a sample of low surface brightness galaxies observed
with DensePak. While the details about what is assumed for the stars do not really matter,
the fact that stars do not have zero mass cannot be ignored. With proper accounting of the
baryons, we find the NFW halo to become increasingly inconsistent with the observations.
We find a substantial cusp mass excess at the centers of the galaxies, with at least two
times more mass expected in the cuspy CDM halo than is allowed by the data. We also
find that~20 km s noncircular motions are needed to reconcile the differences between

the NFW halo and the observations for most of the galaxies WhenO.

4.2 Introduction

Low surface brightness (LSB) galaxies are dark matter-dominated down to small
radii. Because of this, the velocity contribution from the baryons can often be disre-
garded when fitting dark matter halo models to the galaxy rotation curves. This type of
fit which ignores the contribution of the stars and gas is usually called the minimum-
disk case. While the dark matter is the dominant mass component of LSB galaxies at
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all radii, baryons are still important. To accurately determine the distribution of the dark
matter, it is necessary to properly account for the stars and gas in the galaxies and their
contribution to the observed rotation. The velocity component coming from the stars is
determined from the surface photometry scaled by the stellar mass-to-lightfatithis
is a straightforward computation of the gravitational potential of the observed stars. How-
ever, the true value of, is difficult to determine, and as discussed below, can be assigned
a value following a number of techniques. Similarly, the velocity component from the gas
is determined using Hsurface density profiles. The conversion from observed 21 cm
luminosity to atomic gas mass is well understood from the physics of the spin-flip tran-
sition. A scaling factor, the inverse of the hydrogen mass fraction, is usually included to
account for the helium and metals also present in the galaxies.

In Chapters 2 and 3, we have ignored the baryons in the halo fits to LSB galaxies
observed with DensePak. For those galaxies \Wband photometry and IHsurface
density profiles we now include the contribution from the baryons and present the dark

matter halo fits for three additional determinations/of

4.3 Dynamical Components

There are three separate components in galaxy mass models that contribute to the
observed velocities: the stars, the gas, and the dark matter. The stars, gas, and dark matter
are added together in quadrature to obtain the total velogfy, = Y.v2 + Vi + Viy.

In this section, we describe each of these dynamical components.
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4.3.1 Stars

Galaxy photometry in combination with a stellar mass-to-light ratig, is used
to determine the stellar contribution to the observed galaxy rotation. It is difficult to
determine the true value of. of a galaxy because it depends on many factors ranging
from the initial mass function to the extinction. To address this uncertainty, we consider
four different scenarios for the value ¥f. We assume that, is constant with radius.

Zero disk- In this limiting case we ignore the contribution of the starfs{ 0) and
gas and attribute all rotation to dark matter. This case is typically called ‘minimum disk’
in the literature; we have chosen to refer to this case as zero disk because it aptly describes
the omission of the baryons. The zero disk case puts an upper limit on the slope and/or
concentration of the halo density profile. The results for the zero disk case were presented
in Chapters 2 and 3 (and were referred to as minimum-disk) and are reproduced here for
completeness. Two galaxies from Chapter 2, UGC 1281 and UGC 477, are excluded from
mass models beyond zero disk because of their high inclinations and possible associated
line-of-sight integration effects. Photometry is unavailable for the galaxies in Chapter 3;
mass models beyond zero disk will not be presented.

Minimal disk— Though commonly employed, the zero disk case is unphysical. We
next consider a more realistic minimal contribution of the stars and the gasY.Tise
determined from population synthesis models (see below) and then scaled by 0.5 (see
McGaugh2005 to simulate a lightweight IMF.

Popsynth- HereY:., is determined using the population synthesis modeBatifet

al. (2003. For a scaled Salpeter IMB{R) and B8—V) colors are related t¥,. This is
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Table 4.1. Galaxy Parameters

Galaxy h(kpc) BR Y.(Pop) References

UGC 4325 1.6 0.85 1.14 1,3
F563-V2 2.1 0.5% 0.88 2.4
F563-1 2.8 0.96 1.36 25
DDO 64 1.2 0.9 1.24 1
F568-3 4.0 0.94 1.32 2,5
UGC 5750 5.6 0o 1.24 2,2
NGC 4395 2.3 . c 1.40 1
F583-4 2.7 0.8 1.06 2,6
F583-1 1.6 0.9 1.24 2,6

Note. — Col.(2): Scale length (kpc). Col.(4Y-. for the pop-
synth case as determined from the colors. Col.(5): References for
h and B-R), respectively: (1) de Blok & Bosma (2002) (2) de
Blok, McGaugh, & Rubin (2001) (3) van den Bosch & Swaters
(2001) (4) de Blok & McGaugh (1997) (5) de Blok, van der Hulst,

& Bothun (1995) (6) de Blok, McGaugh, & van der Hulst (1996).
a(B-V) color.

b Multicolor photometry unavailable; assuming-R)=0.9 for
dwarf galaxies.

¢ Multicolor photomety unavailable; assumig=1.4.

our best estimate of the baryonic mass from the perspective of stellar populations. The
popsynth model also includes the gas contribution. Colors and correspoficang listed
in Table 4.1.

Maximum disk— We also consider the case where ¥es scaled up as far as the
data will allow. In high surface brightness galaxies, this approach usually fits the inner
rotation curve well. In LSB galaxies, the shape of the stellar rotation curve is often not
well-matched to the observed rotation curve. We have chogrtlzat allows the stellar
rotation curve to match the inner rotation curve points as well as possible, sometimes
overshooting the innermost point in order to hit the next few. Thésare usually higher
than those determined from the popsynth models, and in some cases (e.g., F583-4) are
substantially higher.

To model the stellar disk we have used Biband photometry presentedde Blok,
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van der Hulst, & Bothur(1995, Stil (1999, Swaterg1999, andSwaters et al(2002.
TheGIPSY taskROTMOD was used to determine the rotation of the disk assuming a vertical
sech distribution with a scale height=h/6 (van der Kruit & Searlel981). The stellar
rotation curve computed from the photometry was resampled at the same radii as the
combined DensePak+long-slit+ibtation curves.

Each estimator oY, has its advantages and disadvantages. The zerddisloften
adopted and is useful because it provides an upper limit on the dark matter. Unfortunately,
it is an unphysical assumption. Population synthesis models best represent what we know
about stars, however, sometimes the data will allow a la¥gerAnd althoughY.pmax
often seems too large with respecM@op, disk features like bars and spiral arms require

a large disk mass (McGaugh & de Blok 1998; Fuchs 2003) and supporihigtx.

43.2 Gas

The gas present in galaxies also contributes to the observed galaxy rotatimn. H
the dominant gas component, but to include helium and metals, itlikatd are scaled
by a factor of 1.4. Substantial amounts of molecular gas are not obviously present in
LSB galaxies de Blok & van der Hulst1l998 Schombert et al1990. The total mass
of Hy is almost certainly much less than that of iMihos, Spaans, & McGaugh999.
Moreover, in brighter galaxies Hs known to trace the starkégan et al2007), so at
most represents a slight tweakXo. The contribution of the gas to the observed velocity
is considered in the minimal, popsynth, and maximum disk cases.

The H surface density profiles presenteddea Blok, McGaugh, & van der Hulst
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(1996, van der Hulst et al(1993, and Swaters(1999 were used to model the gas
disk. TheGIPSY taskROTMOD was used to determine the rotation of the disk assuming
a thin disk. The gas rotation curve was resampled at the same radii as the combined

DensePak+long-slit+Hotation curves.

4.3.3 Dark Matter Halo

In LSB galaxies there is ususally a considerable amount of observed rotation un-
accounted for after subtracting off the velocity of the stellar and gas disks, even in the
maximum disk case. The remaining rotation is usually attributed to dark matter. While
there have been a number of dark matter models proposed in the literature, we fit two of
the most prominent competing profiles: the pseudoisothermal halo and the NFW profile
(Navarro, Frenk, & White1996 1997).

As presented in Chapter 2, the pseudoisothermal halo describes a dark matter halo
that has a core of roughly constant density. By construction, it produces flat rotation
curves at large radii. In the zero disk case, the isothermal halo has been shown to provide
a “good” description of the galaxy data presented in Chapters 2 and 3.

Numerical simulations show that the density of CDM halos rises steeply toward the
halo center. The exact value of the inner slope of the CDM halo varies slightly depending
on the simulation (e.gMoore et al.1999h Reed et al2003 Navarro et al2004 Die-
mand et al2005. From an observational perspective, there is very little to distinguish
the various flavors of cuspy CDM halos, and we choose to fit the data with the NFW halo

described in Chapter 2.
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4.4 Results for Individual Galaxies

In this section, we present the isothermal and NFW halo fits for the four scenarios
of Y. The halo parameters are listed in Tables 4.2 and 4.3. Figures 4.1-4.9 plot the halo
fits over the data.

As Y, increases and the baryons become responsible for more of the observed ve-
locity, less room is available for dark matter and the NFW halo becomes increasingly
difficult to fit to the data. The best-fit concentrations drop to very small, and sometimes
negative, values. In these cases, we forced an NFW fitevitli.0. The halo parameters
of forced fits are italicised in the tables.

UGC 4325- UGC 4325 is clearly best described by an isothermal halo; an NFW
halo could not be fit to the data for aiNy scenario. WithY.yax = 4.5, the stellar rotation
curve is able to describe the data well out to a radius df3 kpc, as compared t90.4
kpc for Y.pop = 1.14. Because the baryons are able to explain so much of the data in the
maximum disk case, there is little room left for a dark matter isothermal halo. When this
happens, the cored halo becomes very nearly hollow pgttiecreasing to a very small
value andR; increasing to a large number. For the maximum disk case of UGC 4325, we
forced an isothermal halo fit by fixing, to approximately the observed velocities of the
outer rotation curve and then varyiig such thaty ot follows the data. In this fit, the
resultingR; is a lower limit andpg is an upper limit.

F563-V2— As discussed in Chapter 2 for the zero disk case, F563-V2 has too few
data points to really distinguish between halo types. This remains true for theYather

scenarios as well. The value ¥f can be turned up to 4.0 in the maximum disk case,
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Table 4.2. Isothermal Halo Parameters

ZERO DISK MINIMAL DISK

Galaxy Re Po 10 Y. Re Po X Y.
UGC 4325  4.30.3 883 3.2 0.0 4615 775 3.1 0.57
F563-V2 1.5:0.1 1196 0.71 0.0 1.40.2 114£20 0.68 0.44
F563-1 2.10.1 672 0.43 0.0 2.80.2 6110 0.48 0.68
DDO 64 3.3t0.5 43t3 3.2 0.0 4438 376 3.3 0.62
F568-3 3.80.2 271 1.2 0.0 4805 223 1.5 0.66
UGC5750  5.7%0.4 7.10.3 0.83 0.0 6.51.1 5.2:0.6 0.84 0.62
NGC 4395  0.70.1 2589 2.9 0.0 0.5%0.05 318:42 2.7 0.70
F583-4 1.30.1 672 0.67 0.0 1.20.2 66:16 0.62 0.53
F583-1 2.50.1 30£2 0.50 0.0 2.40.2 30£3 0.59 0.62

POPSYNTH MAXIMUM DISK

Galaxy Re Po X Y Re Po 1% Y.

UGC 4328  6.2£3.3 665 3.2 1.14 2.5 45 11 45
F563-V2 1.4:0.2 102:20 0.75 0.88 4259 7.1:8.8 1.4 4.0
F563-P 2.1+0.2 54£10 0.50 1.36 4212 136 0.83 6.5
12.5£9.0 2.7:1.6 1.3 10.0

DDO 64 5.9+11.1 3245 3.5 1.24 1.5 24 2.2 5.0
F568-3 4.2-0.8 16+3 1.8 1.32 6.£1.8 10+3 2.5 2.3
UGC5750  7.81.6 4.1£0.5 0.95 1.24 9.83.2 2.6£0.5 1.3 2.2

NGC 4393  0.50+0.04 355:50 2.8 1.40 19 0.32 4.1 9.0
F583-4 1.240.2 63:16 0.62 1.06 8 1.4 1.2 10.0
F583-F 2.5£0.2 273 0.60 1.24 3.60.5 14+2 0.83 5.0
6.9£1.7 5.2:0.9 2.0 10.0

Note. —Rc is in kpc; pg is in 1073 M, pc2.
a The baryons can account for most of the velocity in the maximum disk fit. See text for details of fit.
b As discussed in the text, F563-1 and F583-1 have two possible valdeggf.

leaving essentially no room for an NFW halo; a fit was forced with 1.0. NFW ha-
los could be fit to the zero, minimal, and popsynth cases, however, and the values of the
best-fitting concentrations, = 7.7, 8.4, and 7.8, respectively, are comparable to values
expected from simulations. Because of thégo degeneracy that allows halos of differ-
ent (C, Vo) to look the same over a finite range of radide Blok, McGaugh, & Rubin
2001), these three NFW fits are essentially indistinguishable. This is an example of where
the zero disk assumption is reasonable for LSB galaxies.

F563-1— The isothermal halo fits the F563-1 data better than the NFW halo, though

the values of the best-fitting concentrations are consistent with values exped@€Dm.
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Table 4.3. NFW Halo Parameters

ZERO DISK MINIMAL DISK
Galaxy c V200 X Y. c V200 X0 Y.
UGC4325 6.9 249 40 0.0 1.0 1002 12 0.57
F563-V2  7.%2.0 128:32 0.40 0.0 8.415 108:17 0.46 0.44
F563-1 7.81.3 106+10 0.88 0.0 7613 10G:9 0.89 0.68
DDO 64 9.2 62 20 0.0 1.0 376 6.5 0.62
F568-3 8.2 110 12 0.0 1.0 465 3.9 0.66
UGC5750  0.30.1 32043 17 0.0 1.0 167 1.7 0.62
NGC 4395  10.%0.6 774 2.1 0.0 11.51.0 634 2.1 0.70
F583-4 5.52.2 92+32 0.41 0.0 5314 8318 0.41 053
F583-1 4.50.8 120:20 17 0.0 5.41.2 102:21 1.8 0.62

POPSYNTH MAXIMUM DISK
Galaxy c Voo sz Y c Voo Zf Y

UGC4325 1.0 897 12 1.14 1.0 283 12 45
F563-V2  7.8:17 104:20 0.52 0.88 1.0 203 11 4.0
F563-F  7.0+13 10211 0.90 1.36 1.0 283 1.0 6.5

1.0 210 15 10.0
DDO 64 1.0 332 6.4 1.24 1.0 146 2.6 5.0
F568-3 1.0 404 4.3 1.32 1.0 317 5.2 23
UGC5750 1.0 141 1.9 1.24 1.0 101 2.4 22
NGC 4395 12.51.1 614 2.2 1.40 9.0
F583-4 5815 86£19 0.40 1.06 = = 10.0
F583-F  4.9+12 110+:26 1.9 1.24 1.0 298 21 5.0

1.0 173 33 10.0

Note. —Vyqgis in km s1. Italicized halo parameters are forced fits. See text for details.
a As discussed in the text, F563-1 and F583-1 have two possible valYesgf.

The baryons can account for the majority of the observed rotation in the maximum disk

case and a forced NFW fit was made with the concentration fixed at 1.0. Stellar population

models sel.pop = 1.36 for F563-1. With this value of thé,, the stellar rotation curve

just grazes the innermost observed rotation curve point.YLRgx can be substantially

turned up such that the stellar rotation curve matches the data more closélyalf =

6.5, V, overshoots the innermost rotation curve point, but matches the cluster of points

at~ 1.5 kpc and even crosses the lower errorbars on points between 5 kpc and 10 kpc.

The shape of the observed rotation curve is well-matched Whgax = 10.0;V, goes

through the upper errorbars on poig kpc and agrees well with the data between 5

kpc and 10 kpc. Fitting the inner observed rotation curve points or the overall rotation
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Figure 4.1: — Isothermal and NFW halo fits for UGC 4325. The green dotted line
is the rotation curve of the gas disk, the gold short-dashed line is the rotation curve
of the stellar disk, the blue long-dashed line is the rotation curve of the dark matter
halo, and the red solid line is the total model curve.

curve shape are both equally valid approaches to defMiggx, SO we use both values
in our halo fits.

F563-1 is a good example of how the choiceYgfaffects the mass models, and
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Figure 4.2: — Isothermal and NFW halo fits for F563-V2. Line types are described in Figure 4.1.

the degeneracy between the luminous and dark components. Whig is our best
estimate for the stars, the data will clearly allow a higfierTo constrain the degeneracy
between the stars and dark matter in cases like this, we need more information. The stellar
velocity dispersion perpendicular to the disk, for instance, would help to put limits on the

disk mass.
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Figure 4.3: — Isothermal and NFW halo fits for F563-1. Line types are described in Figure 4.1.

DDO 64— As Hi surface density profiles were unavailable for this galaxy, the
baryons in the mass models are represented by the stars only. Multicolor photometry
was also unavailable, so B{R) = 0.9 color was assumed for this dwarf galaxy. DDO 64
is better described by the isothermal halo than the NFW halo; fareeti NFW fits are

made for each value of,. The stellar rotation curve falls below the observed rotation
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Figure 4.4: — Isothermal and NFW halo fits for DDO 64. Line types are described in Figure 4.1.

curve with the exception of two low points in the popsynth caseop = 1.24. In the
maximum disk case witl,max = 5.0, howevery, is able to follow the data very well

out to just past 1 kpc, and is even consistent with a data pottiab kpc. WithY, pmax

= 5.0, the stars are able to account for most of the observed rotation, and the displayed

isothermal halo fit is the upper limit gmpy and the lower limit orR..
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Figure 4.5: — Isothermal and NFW halo fits for F568-3. Line types are described in Figure 4.1.

F568-3— F568-3 is fit well by isothermal halos; only forced NFW fits could be
made to the data. The shape of the stellar rotation curve is not well-matched to the ob-
served rotation curve and is only able to describe the inner 2 kpc of data, even in the
maximum disk case.

UGC 5750- Because multicolor photometry was unavailableBaR) = 0.9 color
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Figure 4.6: — Isothermal and NFW halo fits for UGC 5750. Line types are described
in Figure 4.1.

was assumed for this galaxy. Excellent isothermal fits were made for UGC 5750; the
NFW halo provides very poor fits. Like F568-3, there is not a substantial difference
betweenY.pop andY,uax.

NGC 4395- Multicolor photometry was unavailable for this galaxy a¥igbop =

1.4 was assumed for the popsynth model. The NFW halo is a slightly better fit to NGC
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Figure 4.7: — Isothermal and NFW halo fits for NGC 4395. Line types are described
in Figure 4.1. The magenta line is the total baryonic rotation curve. See text for
details.

4395 than the isothermal halo, and the best-fitting concentrations are consistent with ex-
pectations froo\CDM. There is a substantial difference betwé&&pop andY,max. For
Y.pop = 1.4,V, is well below the observed rotation curve; however, Yofgax = 9.0,

V. is able to trace the data out to 8 kpc, the entire length of the rotation curve. Because
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Figure 4.8: — Isothermal and NFW halo fits for F583-4. Line types are described in
Figure 4.1. The magenta line is the total baryonic rotation curve. See text for details.

the baryons can explain the observed rotation so well in the maximum disk case, the data
want an isothermal halo with an almost hollow core. We force a fit with an upper limit on
po and a lower limit onR.. The baryons do such a good job of explaining the observed
rotation in the maximum disk case that there is not even room for an NFW hal@ with

1.0. In the NFW maximum disk plot in Figure 4.7, the magenta line represents the total
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Figure 4.9: — Isothermal and NFW halo fits for F583-1. Line types are described in Figure 4.1.

baryonic rotation curve/Z, = V2 + Vs

F583-4— The isothermal halo is a good description of the data. The NFW halo fits
are comparable, although the values of the concentrations are on the low side of expected
values from simulations. The stellar rotation curve is far below the data at all radii for

the popsynthY.pop = 1.06. The entire observed rotation curve can be well described by
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the stellar rotation curve whe¥i,pmax is turned up to 10.0. In this case, there is very
little room left for a dark matter halo, and only a limiting isothermal halo fit is made.
Like NGC 4395, there is not enough velocity left for an NFW halo vaith 1.0, and the
magenta line in the maximum disk NFW plot in Figure 4.8 represents the total baryonic
rotation curve.

F583-1- F583-1 is better fit by the isothermal halo than the NFW halo. Addi-
tionally, the best-fitting NFW concentrations are on the low side of expected values from
NACDM. Like F563-1, we consider two values ®¥fyax. With Y.uax = 5.0, V, goes
through the data withir- 1.5 kpc.V, goes through the upper errorbars on the inner rota-
tion curve, through the data at 2 kpc, and then through the lower errorbars on the data

out to~ 3.5 kpc whenY,yax = 10.0.

4.5 Discussion

While one would like to know the tru¥, for each galaxy, our data do not indicate
that a particular estimator &, is any better than another. We find that the parameters of
both the isothermal and NFW halo fits do not change muchi.ahanges. This confirms
that the details about what is assumed for the stars in LSB galaxies do not really matter.
Unfortunately, it also means that without additional information, we cannot con¥rain
in galaxies like F563-1 and F583-1 where a wide rang¥,adre applicable.

Though the exact assumption about the stars may be unimportant, the stars cannot
be entirely ignored. In reality, stars do not have zero mass. In fact, as the velocity contri-

bution from the stars becomes more important (i.eY.agoes up), there is increasingly
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less room for dark matter at the centers of the galaxies. In particular, it becomes more
difficult to fit the centrally concentrated NFW halo, so much so, that maximum disk and

the NFW halo are mutually exclusive.

4.5.1 Cusp Mass Excess

In Chapter 2.6.2 we defined a constrained NFW hBlIBW:onst, Which was con-
structed to have a cosmologically-consistent concentration by forcing the halo to match
the velocities at the outer radii of each galaxy. We can now ffd\;onstr halos for
the dark matter rotation curves for each determinatiol.,0f The rotation curves of the
NFWonstr halos over-predict the observed velocities interior to where they are forced to
agree. We can evaluate the difference between this expected CDM rotation curve and the
observed dark matter rotation curve in terms of velocity difference, or alternatively, as a
cusp mass excess. We can ask what the difference is between the expected cuspy NFW
halo mass and the dark matter mass that is allowed by the data. In the left panel of Figure
4.10, we show the observed dark matter rotation curves of F568-3 for the zero, minimal,
popsynth, and maximum disk models. We also show the constrained NFW halo for each
dark matter rotation curve. In the right panel of Figure 4.10, we plot the same data in
terms of mass usinl = V?R/G. To prevent a cluttered plot, we show only the results for
the popsynth model. The solid line is the enclosed mass as a function of radius for the
NFWonstr halo. The dashed line is the enclosed mass of the observed dark matter. We
have not smoothed the data,\4s\ is a bit jittery between- 6-8 kpc; M(r), however, is

displayed using a smoother version of the data. NR&\Lonstr halo has been forced to
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Figure 4.10: Left: Comparison of the dark matter rotation curve for different values
of Y, with the expected NFW rotation curves for F568Right: Total dark matter
mass as a function of radius f¥t.pop. The solid line is the dark matter mass pre-
dicted by CDM; the dashed line is the dark matter mass allowed by the data. The two
curves have been forced to meet at large radii; interior to this, CDM predicts more
mass at all radii than is actually observed.

match the data at large radii; interior to this, however, there is less mass observed at all
radii than is expected.

In Figure 4.11 we plot the ratio of the observed dark matter mass to the constrained
cusp mass as a function of radius for each galaxy. This ratio approaches 1 at large radii
where the data have been forced to agree. Near the centers of the galaxies there is a
substantial cusp mass excess; there is at least two times more mass expected in the cuspy
halo than is allowed by the data. At all radii, the cusp mass excess becomes larger as the

baryons become increasingly more important.

91



UGC 4325 F563-V2 F563-1

\
e

- - 05 [ 05 [ -
O _IIII|IIII|IIII|IIII|IIT O _III|III|III|III|II_ O _IIII|IIII|IIII|III_I

0 1 2 3 4 0 2 4 6 8 0 5 10 15

F568-3 UGC 5750
III_ _IIIIIIIIIlIIIIlII_ _IIII|IIII|IIII|IIIIIII_
2 1~/ - ~ SN = 1ro- ]
20 L ] L ] L ]
A N 7 05 [ 7 05 [ 7
2 - - - - - -
A L ] [ ] : ]
2 0 _IIIIIIIIIIIII_ O _IIII|IIII|IIII|II_ O TIIIlIIIIIIIIIIIIIIII_
0 1 2 0 5 10 15 0 5 10 15 20

NGC 4395 F583-4 F583-1

1‘5 III|III|III|III|_ III|III|III|I_ IIII|IIII|IIII_

o
o
I

1 [f\/ 1 _?_7' 1P —

0 2 4 6

T N T O_|||||||||||||
0 2 4 6 0 5 10 15

r (kpc)

Sl w I
o

Figure 4.11: — Ratio of the observed dark matter mass to the constrained cusp mass
as a function of radius. The black, green, gold, and red (magenta) lines are the zero,
minimal, popsynth, and maximum disk cases, respectively. Near the centers of the
galaxies there is a substantial cusp mass excess with at least two times more mass
expected in the cuspy halo than is allowed by the data.

4.5.2 Reconciling the Cusp Mass Excess with Noncircular Motions

In our analysis so far, we have assumed that the observed velocity is the circular

velocity Meire = Vopsy- If noncircular motions are present, the true circular velocity may
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Figure 4.12: — The required noncircular motions, assuming an isotropic dispersion,
to reconcile the difference between tNé-Wqnsir Velocity and the observed dark
matter velocity.

be underestimated. This is the argument commonly given to explain the discrepancy
between the NFW halo and the observations at small radii @a@gters et al2003a
van den Bosch & Swate®001). To determine the true circular velocity, the noncircular

motions are added in quadrature to the observed velocitgs,= V2, + Bo2, usually
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assuming an isotropic dispersigh € 3).

We can invert Figure 4.11 and determine how large the noncircular motions must
be in order to bring the observed dark matter velocity into agreement witk FV&:onstr
velocity. In Figure 4.12 we plot the requirex(r), assuming an isotropic dispersion, for
each galaxy. In general, most of the galaxies need about 20 kmascircular motions
at inner radii for the data to be consistent with the expectations of CDM. This is roughly
twice as large as the velocity dispersion in the DensePak data (see Table 2.3). It is also
important to recognize the effect of stars not having zero mass. Instead of just having to
convince ourselves that20 km s noncircular motions should be added to the data, we
actually must be willing to consider noncircular motions an additional 5-10Knhigher
whenY., # 0. In the next Chapter we model the NFW halo and noncircular motions, and

Figure 4.12 provides us with testable predictions.

4.6 Summary

For a sample of LSB galaxies observed with DensePak, we have presented isother-
mal and NFW halo fits for four assumptions of the stellar mass-to-light ratio,We
have tested the zero, minimal, popsynth, and maximum disk cases. We have found that
as baryons become more important, the NFW halo becomes increasingly more difficult
to fit to the data. The NFW halo and maximum disk are mutually exclusive. There is a
substantial cusp mass excess near the centers of the galaxies with at least two times more
mass expected in the cuspy CDM halo than is allowed by the data. Most galaxies in the

sample require-20 km s noncircular motions to reconcile the differences between ob-
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servations and the NFW halo. Proper accounting of the baryons increases the discrepancy
between the NFW halo and the data, and requires even larger noncircular motions to fix

the problem.
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Chapter 5

Modeling the NFW Potential

5.1 Overview

In this chapter we model the two-dimensional NFW potential to determine if, and
under what conditions, the NFW halo appears consistent with observed galaxy data. We
present mock DensePak velocity fields and rotation curves of axisymmetric and non-
axisymmetric potentials. We find the characteristic NFW pinch of the isovelocity contours
to be clearly visible in the mock DensePak observations of axisymmetric NFW potentials
and that the NFW rotation curve is recoverable with a tilted-ring fitting program. We also
find that the cusp mass excess in the observed galaxy data can be reduced with a non-
axisymmetric NFW potential having a fixed axis ratio, however, the NFW pinch remains
visible in the velocity field. More problematic is that a specific viewing angle is required:
the observer’s line-of-sight must be along the minor axis of the potential. In general, if
halos are randomly oriented, one would expect to find enhancements to the rotation curve
as well as the observed depression. Additionally, we explore a non-axisymmetric NFW
potential with a radially varying axis ratio. We find that while a variable axis ratio tends

to wash out the NFW pinch, it introduces a twist to the velocity field.
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5.2 Motivation

The NFW halo has been difficult to reconcile with our observed galaxy data in a
number of ways. We have found that the NFW fits to our DensePak rotation curves often
have low concentrations. The NFW rotation curves commonly exhibit an over-under-over
fitting trend. NFW halos with cosmologically consistent paramet®ifSWeonsty) have
rotation curves that are higher than the observed DensePak rotation curves at small radii,
and these halos also show a cusp mass excess at the centers of the galaxies. Additionally,
the velocity field of an NFW halo shows a very distinctive pinching of the isovelocity
contours (e Blok, Bosma, & McGaugR003 that is not seen in the DensePak velocity
fields of the observed sample of galaxies (see Figure 5.1).

Our DensePak results are consistent with many previous long-slit astigles of
LSB galaxies (e.g., BMRO1; BB02; Swaters et al. 2003a) as well as similar DensePak
studies bySimon et al(20095. That different observational techniques (with different data
reduction/analysis procedures and sources of error) lead to similar conclusions suggests
that perhaps the discrepancy between NFW and the observations does not arise at the
telescope or during the data analysis, but rather is due to an incorrect assumption about
the specific form of the NFW halo potential. Our focus in this chapter is on modeling
the NFW halo to determine if, and under what conditions, it appears consistent with the
observed data. Starting with an axisymmetric NFW potential, how must it be modified
(e.g., introduction of an asymmetry) in order to appear consistent with both the observed
two-dimensional velocity field and the derived rotation curve? We construct an NFW halo

and then “observe” it in the same way as we have observed our sample of galaxies with
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Figure 5.1: — DensePak velocity fields of observed galaxies. For comparison, in
the lower right panel is the velocity field of an NFW halo witty ¥»00) = (8.6,

100 km s?) inclined at 60. NOTE THE DISTINCTIVE PINCHING OF THE
ISOVELOCITY CONTOURS WHICH IS CHARACTERISTIC OF NFW HALOS.
Isovelocity contours are at 10 kmsintervals.
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DensePak. We then compare the mock velocity field and the derived mock rotation curve
to the real galaxy data.

We adopt a numerical approach to investigating non-axisymmetric halo potentials
because once axisymmetry is broken, the data analysis becomes much more complicated.
Noncircular motions and asymmetries are traditionally investigated by doing a Fourier
decomposition of the velocity field. We have tried this approach, but it was not sufficiently
well-constrained for these difficult LSB targets to give unique results. But we do find that
useful constraints can still be extracted by simulating what is expected to be observed for

various hypothesized halo potentials.

5.3 Description of Simulations

N-body simulations show that CDM halos of all sizes can be described by the NFW
potential Navarro, Frenk, & Whitel996 1997 and its variants (e.gDiemand et al.
2005 Moore et al.1999h Navarro et al.2004 Reed et al2003. These cuspy halo
potentials show a steep rise in the mass density toward the center of the halo. Because
the NFW potential is the least steeply rising, it serves as a lower limit on the slope of the
density profile. If the NFW potential predicts a dark matter halo that is more massive than
allowed by the observed galaxy data, then more steeply rising potentials are automatically
excluded. It is for this reason that we choose to simulate the NFW halo.

Our goal is to compare mock DensePak velocity fields and rotation curves of NFW

halos to observed DensePak velocity fields and rotation curves of LSB galaxies. To this
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end, we developed a cotlehich does a fourth-order Runge-Kutta (RK4) test particle
integration of points moving in a two-dimensional rigid analytic NFW potential. Specifi-

cally, the potential used is:

GMaooln(1+ &)

O(R) = RTG (5.1)
where
R= 1)@+ (2/). (5.2)
Rs = %’, (5.3)
and
f(c) =In(1+c)— 1—ic (5.4)

In these equationdylogg is the enclosed halo mass at radRigo, q is the axis ratio

=y/x), andc is the concentration of the halo € Rygo/Rs). The halo parameters are set

to those of theNFW;onstr halo for each galaxy observed with DensePak. The simulated
galaxy is an exponential disk of 10,000 test particles (100,000 test particles were used
when simulating the nearby galaxies UGC 4325 and DDO 64). The test particles are
placed randomly within the potential and given initial velocities with the velocity disper-
sion observed in the real galaxy. To wash out the numerical pattern noise of the initial
conditions, we integrate for 50 half-mass rotation periods having 500 timesteps each. The
simulated galaxy is given the disk scale length, spatial resolution, and inclination of the
real galaxy. The simulated galaxy is then “observed” by DensePak. The number and

alignment of the simulated DensePak pointings is roughly equivalent to the actual Dense-

1This code was written in collaboration with Professor Chris Mihos of Case Western Reserve University.
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Table 5.1. Simulated NFW Halo Parameters

V200
Galaxy ¢ kmst?

UGC 4325 6.9 249

F563-V2 7.9 130
F563-1 8.4 101
DDO 64 9.2 62
F568-3 8.2 110
UGC 5750 9.1 67
F583-4 9.1 67
F583-1 8.7 83

Note. — NFW halo parameters
for the simulated galaxies.

Pak pointings made on the real galaxy. The mock observations are then analyzed using

ROTCUR.

5.4 Galaxy Modeling

In this section we present the mock DensePak velocity fields and rotation curves
for NFW potentials of increasing complexity. The parameters of the NFW halos are the
NFWeonstr parameters for the zero disk case of each galaxy (see Table 5.1). We compare
the simulations to the data to determine if it is possible to simultaneously match both the

mock NFW velocity field and mock NFW rotation curve to the data.

5.4.1 Axisymmetric NFW Halos

The most obvious and simple starting point is to assume an axisymmetric halo po-

tential. The axis rati@ is equal to 1 and the test particles move on circular orbits. This
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straightforward potential will let us test three things. First, we can determine if DensePak
is capable of detecting an NFW halo. Is the characteristic pinch of the NFW isovelocity
contours seen in the simulated velocity field that DensePak observes? Second, we can
determine if our data analysis procedure VROTCUR is able to recover the NFW rotation
curve from the simulated DensePak data. Lastly, we can compare the mock DensePak
velocity field and rotation curve to the observed galaxy data to test whether or not the
data are consistent with an axisymmetric NFW halo potential.

In Figure 5.2 we model th&lFW.onstr halo € = 6.9) of UGC 4325 and observe
the simulation with 5 pointings of the DensePak array. The observed mock DensePak
velocity field clearly shows an hourglass-shaped pinching of the isovelocity contours.
This demonstrates that the lack of pinching seen in the velocity fields of our observed
sample of galaxies is not due to a failure of the instrument; DenssRale to distinguish
an axisymmetric NFW velocity field. AdditionallROTCUR is able to extract the NFW
rotation curve corresponding to the underlying NFW potential.

If DensePak observes a galaxy embedded in an axisymmetric NFW potential, the
observed velocity field will appear pinched and a tilted-ring fitting program will recover
the NFW rotation curve. That our sample of LSB galaxies observed with DensePak do
not have pinched velocity fields nor have rotation curves consistent with those of the
NFWeonstr halos shows that if the underlying halo potential is NFW, it is not an axisym-

metric NFW potential.
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Figure 5.2: -Left Column:Observed DensePak velocity field of UGC 4325 plotted

in raw fiber format (top) and smoothed with isovelocity contours at 10 kirs-
tervals (bottom).Middle: Simulated axisymmetric NFW halo with the parameters

of the NFW,onstr halo for UGC 4325Right Column:Observed mock DensePak ve-
locity field of the simulation plotted in raw fiber format (top) and smoothed with
isovelocity contours at 10 knT$ intervals (bottom).Bottom: Solid points are the
observed DensePak rotation curve of UGC 4325. The solid red line is the. )W
rotation curve, and the open red circles are the rotation curve recovered from the
mock DensePak velocity field.

103



Figure 5.3: — Orientation)) of the elongated axis of the non-axisymmetric potential
with respect to the observer’s line-of-sight.

5.4.2 Non-axisymmetric NFW Halos: Fixed Axis Ratio

We next consider non-axisymmetric NFW potentials with axis rajiesl that are
constant with radius. We simulate halos with axis ratjes0.98, 0.96, 0.94, 0.92, 0.90,
0.88, 0.86, and 0.84. Because the test paticles are no longer moving on circular orbits, the
observed mock DensePak velocity field and derived rotation curve are affected not only
by the value ofj, but also by the orientatio] of the potential’s elongation with respect
to the observer’s line-of-sight (see Figure 5.3). For each valugtbie orientation of the

potential is set t@ = 0°, 3C°, 45°, 60°, 85", 86°, 87, 88, 8%°, and 90.
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The LSB galaxies we have observed with DensePak surely have some level of non-
circular motions, but we have assumed circular motion when deriving the rotation curves
with ROTCUR,; we treat the mock observations the same way. The test particles are, by
construction, no longer on circular orbits in these non-axisymmetric potentials, but be-
cause we did not correct for this in the real data, we do not correct for it in the mock
observations. Any errors in the galaxy rotation curves which may have resulted from
the assumption of circular motion will be reproduced in the rotation curves of the mock
observations.

In Figure 5.4 we show the mock velocity fields of tN&Wonstr (C = 6.9) halo of
UGC 4325 with an axis ratiq = 0.86 and three values @f. The potential is elongated
along the observer’s line-of-sight in tie= 0° case, whereas in th¢ = 90° case, the
potential is elongated perpendicular to the observer’s line-of-sight. Fer § < 90°,
the elongation is at an intermediate viewing orientation. In all mock velocity fields the
characteristic NFW pinch is clearly visible. At the bottom of Figure 5.4 are the derived
mock rotation curves for different values éfalong with the observed rotation curve of
UGC 4325 and the rotation curve of thN=Weonstr halo. Thec = 6.9 NFW halo rotation
curve isrecovered i ~ 60°. If ¢ < 60°, the derived mock rotation curves are higher than
the NFWonstr rotation curve and one would mistakenly infer too high of a concentration
for the NFW halo. These combinations @f ¢) produce results that move in the wrong
direction for reconciling the differences between NFW and the observatiops> 160°,
however, the opposite effect is seen, and the inferred mock rotation curve is lower than
the rotation curve of the intrinsic NFW halo. &t~ 90° the derived mock rotation curve

of the non-axisymmetric NFW halo moves in a favorable direction for the NFW halo and
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Figure 5.4. —Top: Observed mock DensePak velocity fields of the NEMW; halo

for UGC 4325 with an axis ratig=0.86 for three different viewing orientations. In
the ¢=0° orientation, the potential is elongated along the observer’s line-of-sight; in
the =90 orientation, the potential is elongated perpendicular to the observer’s line-
of-sight. The smoothed velocity fields are shown with isovelocity contours at 10 km
s Lintervals and the characteristic NFW pinch is clearly visitBettom: The open
circles are the mock rotation curves fipr0.86 and different values @f. The stars

are the mock rotation curve afi,(¢) = (0.96, 45).
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appears consistent with a number of the points in the observed UGC 4325 rotation curve.

Given the behavior of the simulated rotation curves in Figure 5.4, one should expect
to see higher than nominal concentrations as well as lower than expected, but this is not
what is observed in long-slit datd¢Gaugh, Rubin, & de BloR00ZL de Blok & Bosma
2002. LSB and NFW rotation curves always differ in the sense that the observed rotation
curve velocities must increase so that the data match the models, or equivalently, the NFW
rotation curve velocities must decrease so the models match the data. LSB rotation curves
which are higher than NFW rotation curves are not found.

There is a trade-off betweepand ¢ such that different combinations of the two
parameters can produce similar rotation curves. As shown in Figure 5.4, the mock rotation
curve for ac = 6.9 NFW halo with ¢, ¢) = (0.86, 60) is consistent with the mock rotation
curve of ac = 6.9 NFW halo with ¢, ¢) = (0.96, 45). In the next section, we explore
what combination ofd, ¢) minimizes the differences between the NFW halo and the

DensePak galaxy observations.

5.4.2.1 Minimizing the Cusp Mass Excess witlg and ¢

In Chapter 4.5.1 and 4.5.2 we showed that there is a substantial cusp mass excess
near the centers of the galaxies when MiEWonstr halo is used to describe the dark
matter halo. In this section, we are interested in determining what combinatiap of (

@) will minimize the cusp mass excess for each galaxy presented in Chapter 4.5.1. We
compare the mock rotation curve for each combinatiomof| to the observed DensePak

rotation curve out to the radius where the cusp mass excess in the zero disk-edke is
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Figure 5.5: — Finding the combination gfand ¢ which maximizes the agreement
between the mock rotation curve of the non-axisymmetric NFW potential and the
observed DensePak rotation curve of UGC 4325. The rotation curves are compared
out tor ~ 40", or ~ 2 kpc, the radius at which the cusp mass excess @& The

cusp mass excess is reducedas 90°, regardless off. The NFW halo with ¢, ¢)

= (0.86, 88) is the closest match to the real data in this particular case.

In Figure 5.5 we show the results for UGC 4325. Regardless of how elongated the NFW
potential is, there is marked reduction of the cusp mass excegsa®90°. The cusp

mass excess is minimized IN THIS CASE when¢) = (0.86, 88). The (@, ¢) = (0.86,
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Figure 5.6: — The (0.86, 83simulation results (red) over-plotted with the observed
UGC 4325 data (blue). The simulation and data match well betweg®’ - 30".

88°) simulation results are over-plotted with the observed data for UGC 4325 in Figure
5.6 to show how the two datasets compare on a ring-by-ring basis. The simulation and
data match particularly well betweeril 2’ - 30”. The differences between the simulation
and data in the other rings, including those beyemt?’ where the cusp mass excess

is ~ 0, may possibly be reduced by invoking a non-axisymmetry that varies with radius
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Figure 5.7: — Theg and¢ which minimize the cusp mass excess for each galaxy in
the sample. The mock and observed rotation curves are compared out to the radius
at which the cusp mass excessd®. The cusp mass excess is minimized when

— 90 for all galaxies except F563-V2. F563-V2 has a bar that is approximately
aligned with the elongated axis of the potential wiger 55°.

(Hayashi, Navarro, & Spring&l007).
We determine theq| ¢) which minimizes the cusp mass excess for each galaxy in

the sample and show the results in Figure 5.7. NGC 4395 is excluded from this analysis
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because its rotation curve is consistent with an NFW halo and there is not a significant
cusp mass excess. As shown in Figure 5.7, the cusp mass excess is minimized-when
90 for all of the galaxies except for one. F563-V2 is the outlying galaxy and reqgiires

~ 55°. There appears to be a central bar-like lump (see Figure 2.2) in F563-V2. The bar’s
position angle with respect to the major axis of the galaxy is approximately aligned with
the elongated axis of the NFW potential wheénv 55°. It is possible that it is the bar,

not the halo, that is responsible for this preferred angle (seeSgsekkens & Sellwood
2007).

The simulations show that elongated NFW potentials must point perpendicular to
our line-of-sight. This required is completely inconsistent with a random distribution of
halo orientations on the sky. A non-axisymmetric potential may be able to bring the NFW
rotation curve into agreement with the observed data FOR INDIVIDUAL GALAXIES,

but IN GENERAL, very peculiar, observer-dependent conditions must occur.

5.4.2.2 Erasing the NFW Pinch withg and ¢

It may be possible to “fix” the NFW rotation curve with a non-axisymmetric po-
tential (if one can ignore the statistical argument against the req@)j;dalit the velocity
fields must also be “fixed.” The NFW pinch must be erased from the observed mock
DensePak velocity fields. Figure 5.8 shows the observed DensePak velocity fields for
four galaxies along with the observed mock DensePak velocity fields for the best-fitting
(g, ¢). In all four mock velocity fields (as well as the additional four that are not shown),

the NFW pinch remains clearly visible despite the noncircular motions caused by the
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Figure 5.8: —First and third columns: Observed DensePak velocity fields (fiber
format and smoothed) of UGC 4325, DDO 64, F568-3 and UGC 5750.
Second and fourth columnavlock observed DensePak velocity fields (fiber format
and smoothed) of the non-axisymmetric NFW potentials with constant axis ratios.
The characteristic NFW pinch remains clearly visible in the mock velocity fields.

non-axisymmetric potential. If an NFW halo is present, the pinch should be clearly vis-
ible in well-resolved, nearby galaxies such as UGC 4325 and DDO 64 where there are
multiple DensePak pointings and abundant diffuse émission. It is also easy to see

the pinch in the velocity fields of the more distant and less well-resolved galaxies like

112



DEC Offset (")

F568-3 DensePak
T T T T T

30F
O
20 O.O 0
Cr a2
008065000
10 Q... ..O
oRoe%e2Q
N OO O.
(@) %)
-0 Cr )
(]
0p205R20¢
20 OOQ%O
-30

Velocity (km/s)

. . . . . .
-3 -20 -10 0 10 20
RA Offset ()

L
30

F568—3 DensePak

Figure 5.9:

DEC Offset (")

F568-3 q=0.96 phi=85

Velocity (km /s)

. . . . . . .
-3 -20 -10 0 10 20 30
RA Offset (")

DEC Offset (")

F568-3 q=0.96 phi=85

L 0g0ee o
R R
of  Ogesese. 2650

08882852,°283
SoE OReQeoc0r 00

T 100

Velocity (km /s)

. . . . . .
-0 -20 -0 0 10 20
RA Offset ()

F568—8 =096 phi=&5

|

F568—8 =096 phi=85

— Left column: Observed DensePak velocity field of F568-3.

Middle column: Mock velocity field of F568-3Right column: Mock velocity field

of F568-3 with fiber detections removed to allow for direct comparison with the ob-
served DensePak velocity field. The NFW pinch is easy to see when every fiber has
a detection, but is not as immediately obvious when there is sparse emission. Isove-
locity contours are at 10 knT$ intervals in the smoothed versions of the velocity

fields.

obvious.

F568-3 and UGC 5750 when there is enougl ¢mission. In Figure 5.9 we use F568-3
to demonstrate the importance of diffuse emission so that there are detections in as many
fibers as possible. If we remove from the mock velocity field the fibers without detections

in the observed velocity field, the NFW pinch, while still observed, is not as immediately

Non-axisymmetric NFW potentials with a fixed axis ratio are able to reconcile the
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differences between the expectations of CDM and the observed galaxy rotation curves, as

well as eliminate the cusp mass excess. However, to do so, the elongated axis of the NFW



potential must always be aligned almost perpendicular to the observer’s line-of-sight.
There is no reason why all dark matter halos in the universe should have this particular
orientation. Additionally, the noncircular motions induced by the non-axisymmetric po-
tential are large enough to “fix” the mock rotation curves, but are not big enough to erase
the characteristic NFW pinch from the velocity fields. The non-axisymmetric NFW po-
tentials that we have simulated in this section do not provide a solution to the differences

between CDM and the data.

5.4.3 Non-axisymmetric NFW Halos: Variable Axis Ratio

We have found that if the two-dimensional axisymmetric NFW potential is modified
to be non-axisymmetric with a constant axis ratio, the NFW and observed galaxy rotation
curves can be reconciled, but the velocity fields remain distinctly different. If we further
modify the potential with a radially varying axis ratig(r), can we reconcile both the
rotation curves and the velocity fields?

Hayashi, Navarro, & Spring€R007) assert that galaxy-sized CDM halos are triax-
ial with radially varying axis ratios. They find the halo potential to be highly elongated
near the centerli{a) — 0.78 and ¢/a) — 0.72) and increasingly more spherical at large
radii (see Figure 5.10). In this section we simulate the NFW halo using their approxima-
tion of g(r)

logq(r) = a[tanl‘(ylogé) —1] (5.5)

with (a, 7, rg) = (0.06, 1.4, 1.Rs). These parameters correspond to a potential with a

rapidly changing asymmetry and a central axis rgfi@) ~ 0.78.
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Figure 5.10: — Radially varying axis ratios of triaxial CDM halbkaashi, Navarro,
& Springel2007). The solid blue line indicates the function used in our simulations
of the NFW potential. The simulated DensePak data are typically withn 1

In Figure 5.11 we show the resulting mock DensePak velocity fields for F568-3 and
F583-1. A variable axis ratio is able to wash out the NFW pinch from the velocity fields,
but in doing so, it introduces a twist to the isovelocity contours. The major and minor

kinematic axes are not perpendicular in these velocity fields, a clear indication that the
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Figure 5.11: — Mock velocity fields of F568-3 (top) and F583-1 (bottom) resulting
from a non-axisymmetric NFW potential with a radially varying axis ratio. The
NFW pinch is erased, but is replaced with a bar-like twist.

test particles are moving on elliptical orbits. The position angle of the major axis is not
constant with radius and is unconstrainable in the mock DensePak data. A velocity field
with a bar-like signature requires a much more complicated analysis to properly treat the
changing position angle and noncircular orbits. Because we cannot constrain the position
angle, we do not determine rotation curves for these velocity fields, or test if there is a
preferredy for theq(r) potential.

While it is encouraging that a variable axis ratio is able to erase the NFW signature

in the velocity field, such a potential introduces several extra parameters and uncertainties

116



that it makes it difficult to test. For instance, not only must one consider the viewing ori-
entation,¢, and a variable position angle when comparing the simulations to the observed
data, but also the parameters of the NFW halo being modeledg{fheetermined by
Hayashi, Navarro, & Spring€R007) depends on the parameters of the NFW halo, specif-
ically Rs. It is possible to improve the fit to the data by using thevbog) degeneracy to
tweak the halo parameters so thiét) changes a little differently.

The analysis of an NFW potential with a variable axis ratio is sufficiently complex
that if one is to do it right, it should be done in three dimensions with interacting par-
ticles. If having a highly elongated potential is key to “fixing” the NFW velocity field
and rotation curve, then adiabatic contraction should also be included, as it will round
out the inner halo potentiaDubinski1994). Adiabatic contraction also has the effect of
increasing the dark matter density of the halo over its initial value and serves to worsen
the concentration problem (e.@nedin et al2004 Sellwood & McGaugh005. There
is clearly no simple modification of the axisymmetric NFW potential that reconciles both
the velocity field and rotation curve, but a variable axis ratio seems to warrant further

exploration.

5.5 Discussion

Rotation curves of LSB galaxies have long posed a problem for CDM. They consis-
tently show a preference for halos with nearly constant density cores. Rather than discard
or revise a theory that seems to work well only on large scales, systematic errors are of-

ten cited as ways to wiggle out of the problem on small scales. For instance, rotation
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curves derived from Hvelocity fields that had poor NFW fits were questioned because
of concerns of beam smearing; in only a few galaxies did this turn out to be the case (e.g.,
McGaugh, Rubin, & de BlokR002, de Blok, McGaugh, & Rubir2001). Conclusions

from long-slit rotation curve studies have also been met with skepticism over concerns of
slit misplacement and noncircular motions (eRhee et al2004 Swaters et al20033.

These concerns seem to often be exaggerated (e.g., Kuzio de Naray et al. 2005; de Blok,
Bosma, & McGaugh (2003); but see Swaters et al. (2003)). Observing programs designed
to obtain high resolution H velocity fields target the centers of LSB galaxies and find
the data to typically probe the regime of solid-body rotatidnzio de Naray et aR006.
Because the velocity field is solid-body, it is difficult for a tilted-ring fitting program to fix

the center, position angle and inclination of the galaxy. Without the symmetry provided
by a rotation curve that turns over and flattens out, the data are free to move akbgutin
space. This has led to claims that the derived rotation curves are systematically uncertain
and can be consistent with NFW rotation curv@wéters et aR003g. However, we have
shown in this chapter that the NFW potential never produces a solid-body velocity field.
The pinch of the NFW isovelocity contours clearly stands out. In the case of a varying
axis ratio where a twist replaces the pinch, the velocity field is still not purely solid-body.
While it is true that there are observed velocity fields that show twists similar to those
produced by a variable axis ratio, it is also true, and more important to recognize, the
frequent observations of solid-body velocity fields and rotation curves of LSB and dwarf

galaxies stand in stark contrast to the nature of the NFW halo.
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5.6 Conclusions

In this chapter we have simulated the two-dimensional NFW halo and tested several
modifications to the potential in an attempt to simultaneously reconcile both the NFW
velocity field and rotation curve with observed galaxy data. We have found that it is
difficult to make the cuspy NFW halo appear consistent with core-like data while keeping
to a minimum extra parameters and degrees of freedom. The axisymmetric NFW potential
is inconsistent with both the observed velocity fields and rotation curves of our sample
of galaxies. The characteristic NFW pinch is visible in the mock velocity fields, and the
NFW rotation curve is recovered BYTCUR. We have also found that a non-axisymmetric
NFW potential with a constant axis ratio is able to “fix” the rotation curve, with a caveat,
but not the velocity field. The cusp mass excess in the observed galaxy data is reduced
with such a potential, but the elongated axis of the potential must always be oriented
perpendicular to the observer’s line-of-sight. While successful at modifying the rotation
curve, the magnitude of the noncircular motions of this elongated potential is unable to
erase the NFW pinch from the mock velocity fields. A non-axisymmetric potential with
a radially varying axis ratio has also been explored and found to be able to wash out the
NFW pinch at the expense of creating a twisted velocity field having the signature of a
bar.

The next step is to create simulations of increasing complexity that make the mod-
eled systems as realistic as possible (e.g., three dimensions, interacting particles). While
numerically difficult, physical processes involved in galaxy formation, such as adiabatic

contraction, should be included. Though these future simulations will have many more

119



uncertainties than the simulations of this chapter, having high-resolutmrvetocity

fields of galaxies will help to keep them grounded in reality.
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Chapter 6

Conclusions

6.1 Results

This dissertation set out to investigate the problems of CDM on small scales, in par-
ticular the cusp-core problem. We have observed a large sample of dark matter-dominated
galaxies and obtained high-resolutionxMelocity fields of their central regions. We have
derived rotation curves from the velocity fields and have fit the dark matter halos with
both cuspy and cored halo potentials under several assumptions about the baryons. We
have compared our results to the results of previous long-slit astlidies. We have also
modeled the NFW potential to see if it is possible to reconcile both the NFW velocity field
and rotation curve with observed galaxy data. We can now provide answers for the four

sets of questions posed in Chapter 1.4.2.

Question 1: Are galaxy rotation curves derived from well-resolved optical
velocity fields more consistent with the cuspy NFW halos predicted by CDM

or by cored isothermal halos?
Short answer: The data prefer cored halos.

We come to this conclusion for several reasons. Halo fits made in the limit of min-
imum disk, where the velocity contribution to the rotation curves from the baryons is
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ignored, give the NFW halo the best opportunity to fit the data. Under this assumption,
we have found that for the majority of the galaxies, NFW halo fits either could not be
made or the implied concentrations were too low A&ZDM. Of the 17 galaxies with
DensePak rotation curves, 13 are best described by the isothermal halo, one appears con-
sistent with the NFW halo, and three do not show a clear preference for either halo type.
We made two types of NFW fits to the datdFWi e aNdNFWeonst: The NFW e fit
imposes no constraints on the halo parameters, wheredld e, s, fit was constructed
to agree with cosmology. N FW; e fit could be made to seven of the galaxies. Of these
seven, the four galaxies which also haVEWonst, fits are significantly better fit by the
isothermal halo than thid F\Weonstr halo. TheNFWeonstr halos overpredict the velocity at
all radii interior to where they were forced to match the observed velOdiBW e fits
were able to be made to the remaining 10 galaxies. Of these 10, half had concentrations
consistent withACDM. Given the expected scatter in concentration values, three(two)
galaxies hadN FW ¢ fits with concentrations lower(higher) than nominal. The concen-
trations derived in these fits are upper limits and are pushed even lower when baryons are
considered. In addition, the shape of thEW; e rotation curves were often found to be
inconsistent with the shape of the galaxy rotation curves: an over-under-over fitting trend
was commonly observed. The NFW halo overpredicts the velocities at small radii then
underpredicts the velocities at intermediate radii and then again overpredicts the velocities
at large radii.

In Chapter 4: Mass Models we found the problems for the NFW halo to worsen.
As we considered scenarios in which the velocity contribution from the baryons became
progressively more important, the NFW halo was shown to become increasingly more
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inconsistent with the observations. With less room available for dark matter at the centers
of the galaxies, the centrally concentrated NFW halo became extremely difficult to fit to
the data. In fact, the maximum disk case and the NFW halo were shown to be mutually
exclusive. We also found that the NFW halo predicts a substantial cusp mass excess near
the centers of the galaxies. Ignoring the baryons, CDM predicts dark matter halos that are
at least two times more massive than the data allow. The ratio of predicted to observed

dark matter increases as baryons become more important.

Question 2: How do these new rotation curves compare to rotation curves
from previous long-slit and Hstudies? How do the NFW halo fits compare?
Have systematic effects significantly impacted the interpretation of these pre-

vious data?

Short answer: The majority of DensePak rotation curves and halo fits are
broadly consistent with published results of long-slit andtddies. That the
independent data sets agree suggests that systematic effects are not as severe

as often suggested.

Eleven of our 17 galaxies have published long-slit and/ordfation curves. In
Chapters 2 and 3 we plotted those data with the new DensePak rotation curves and found
good overall agreement between the data sets. The DensePak rotation curves are broadly
consistent with long-slit rotation curves in all cases (9 galaxies). There are only two galax-
ies in which the rotation curves differ, and even then it is only over a very limited radial
range. Of the nine galaxies having #hta, six show good overall agreement between the
rotation curves. Both the DensePak and long-slit data for two galaxies are slightly higher
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than the H data, and in one case, the igtation curve is higher than the optical data. The

Hi data for these three galaxies may be affected by beam smearing (or overcorrection for
beam smearing in the case of the higlhrétation curve), although it is possible this is the
intrinsic Hi distribution. The DensePak rotation curves confirm the slowly rising rotation
curves derived from long-slit andiHiata. Slit misplacement and beam smearing seem
not to be responsible for the gradual rise of these rotation curves; LSB galaxies really do
not have steeply rising rotation curves.

These systematic effects have also not adversely influenced the halo fits, as has been
suggested. We found that there is gross agreement between the DensePak halo parameters
(both NFW and isothermal fits) and previous long-slit anchBllo parameters. While the
addition of the DensePak data does not significantly change the fits, it is able to decrease

the errors on the halo parameters by about a factor of 2 in the minimum disk case.

Question 3: If the NFW halo is inconsistent with the data, what level of
noncircular motions are required to resolve this discrepancy, and are those

noncircular motions consistent with constraints provided by the data?

Short answer: Noncircular motions on the order of 20 km'sare needed to
reconcile the observed galaxy rotation curves with the expected NFW rota-
tion curves. Noncircular motions of this magnitude are unsupported by the

DensePak data.

In Chapter 4 we determined how large noncircular motions must be to bring the
observed dark matter velocity into agreement with the expectations of CDM. We found
that in general the inner regions of galaxies requir20 km s noncircular motions for

124



the data to match thBFWonstr halo. This level of noncircular motion is inconsistent
with constraints provided by the DensePak data: these noncircular motions are roughly
twice as large as the velocity dispersion observed in the DensePak velocity fields. These
20 km s™1 noncircular motions are actually lower limits. When baryons are included, the
noncircular motions must increase by 5-10 knt.s

Kinematic axes that are not perpendicular and isovelocity contours that are kinked
and twisted are a few examples of manifestations of noncircular motions in velocity fields.
While the DensePak velocity fields do show some indications of noncircular motions, it
is not obvious that they are as severe as 20 kios more. The constraints provided by

the visual inspection of the velocity fields leads to our fourth question.

Question 4: Can a modification to the NFW halo potential, such as the in-
troduction of an asymmetry, simultaneously cause the NFW velocity field to

appear solid-body and the NFW rotation curve to appear linearly rising?

Short answer: Our simulations have so far been unable to produce such a
velocity field and rotation curve simultaneously, although an NFW potential

with a variable axis ratio seems to warrant further exploration.

Our analysis in Chapters 2-4 has shown that DensePak rotation curves, like long-
slit and H data, are not steep at small radii. The slow rise of the rotation curves seems
to be an intrinsic feature of the LSB data. We have also found that DensePak velocity
fields very often look solid-body. In contrast, NFW rotation curves are steeply rising and
the velocity fields are distinctly pinched. We asked in Chapter 5 if it is possible for a
cuspy NFW halo to look like both the observed rotation curve and velocity field data. Our
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simulations show that while the NFW rotation curve can sometimes be “fixed,” the pinch
is very difficult to erase from the velocity field.

We found that a non-axisymmetric NFW potential with a constant axis ratio could
get the mock rotation curves to match the data, but the potential ultimately had to be con-
sidered unsuccessful because of two reasons: 1) the statisticaodl 2) the appearance
of the velocity fields. The simulations show that the elongated NFW potentials must point
perpendicular to our line-of-sight, an orientation completely inconsistent with a random
distribution of halo orientations on the sky. Equally problematic is that the NFW pinch
remains clearly visible in the mock DensePak velocity fields. This kind of potential is
able to produce the necessary noncircular motions discussed in Question 3, but they are
still not large enough to get the shape of the isovelocity contours right.

A non-axisymmetric NFW potential with a variable axis ratio, however, did have
some success at altering the mock velocity fields: the pinch of the isovelocity contours is
replaced by a twist. These mock velocity fields are still not purely solid-body, but it seems
this kind of modification to the axisymmetric NFW potential may move the fit results in
the right direction. We say this cautiously, however, as this potential introduces several

extra parameters and uncertainties that makes it difficult to test.

6.2 Impact of the DensePak Observations

Our investigation of the cusp-core problem has benefitted in many ways from the
new DensePak velocity fields and rotation curves. The DensePak rotation curves have

been able to address concerns of slit misplacement and beam smearing in previous data.
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The new data have also been able to reduce the errors on the NFW and isothermal halo
fit parameters. The DensePak velocity fields have been particularly important because of
the constraints they put on the NFW halo. Noncircular motions cannot be added at whim
to rotation curves without consideration of their impact on the observed velocity fields.
Likewise, the velocity fields dictate what level of noncircular motions are reasonable. The
solid-body DensePak velocity fields also provide a strong argument against the NFW halo.
No assumptions go into making velocity fields - they are simply a presentation of the raw
data. That they do not show the NFW pinch says a lot. Itis currently popular to blame the
cusp-core problem on halos that are triaxial and/or potentials that are non-axisymmetric.
We have found the DensePak velocity fields very useful when testing the validity of such
claims. Well-resolved velocity fields of LSB galaxies have and will continue to provide

important constraints on the cusp-core problem.

6.3 Possible Future Work

The results presented in this dissertation show that there are still unanswered ques-
tions about galaxy formation in the context of CDM. To move forward, we must work
to integrate observations into simulations, using the strengths of each to determine the
behavior of dark matter on small scales. We must study the kinematics of galaxies using
both observed velocity fields and simulated galaxy-halo systems.

The most current simulations follow massless test particles in a diskless triaxial
halo Hayashi & Navarrd?200§. New simulations of increasing complexity that include

various effects and processes to make the galaxy-halo systems as realistic as possible are
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needed. Constraints from well-resolved velocity fields of LSB galaxies will help guide the
initial conditions of these simulations as well as serve as comparisons to the simulation
output.

It is also worthwhile to explore the idea that the most straightforward interpretation
of the observations is correct: that cusps are really not there. It is possible that dark matter
is not cold dark matter, but instead a variant that produces cored halos on small scales.
Well-motivated alternative dark matter candidates to CDM should be considered.

Galaxy formation is a complicated process. There is plenty of exciting research still

to be done.
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Appendix A

Master List of Thesis Observations
Table A.1 lists all of the spectroscopic and photometric observations made during
the course of this thesis, as well as complimentary observations made by collaborators.
Thesis observations were made at the WIYN 3.5m, KPNO 4 m, and KPNO 2.1 m tele-

scopes. The quality of the observations is also indicated in the table.
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Appendix B

BVRI and Ho Imaging at the KPNO 2.1 m Telescope

During the course of this thesis, 16 nights were spent at the KPNO 2.1 m telescope
obtainingBVRI and Hx images of LSB and dwarf galaxies. Unfortunately, almost all
of these nights were mostly to completely cloudy and the data are not photometric. In
this Appendix we present the images obtained for the galaxies whose DensePak velocity
fields have been analyzed in Chapters 2 and 3. All of the galaxies that were imaged are in
listed in Table A.1. The images have been reduced following standard procedures (bias
subtraction, flat fielding, etc.) using the appropriate IRAF tasks. Two images were taken
in each filter to correct for cosmic rays. Total exposure times were as follows: 1200 s in
B, 1200 s inV, 600 s inR, 600 s inl, and 1800 s in l&. The images are 5 arcmin on a
side, and are displayed with North up and East to the left. The stretch of the greyscale has

been optimized for each image so that faint features can be seen.
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Figure B.1: — Clockwise from top left: & image of DDO 64, F563-1, F583-1, and
F563-V2. Images are 5 arcmin on a side. North is up; East is to the left.
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Figure B.2: — Clockwise from top left: & image of F583-4, NGC 959, UGC 191,
and UGC 128. Images are 5 arcmin on a side. North is up; East is to the left.
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Figure B.3: — Hx image of UGC 4325 (left) and UGC 5750 (right). Images are 5
arcmin on a side. North is up; East is to the left.
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Figure B.4: — UGC 477 iB (top left) andR (top right); UGC 1281 irB (bottom
left) andR (bottom right). Images are 5 arcmin on a side. North is up; East is to the
left.
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Figure B.5: — NGC 7137 iB (top left) andR (top right) and Hx (bottom left).
Images are 5 arcmin on a side. North is up; East is to the left.
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Figure B.6: — UGC 1551 iB (top left) andR (top right) and Hx (bottom left).
Images are 5 arcmin on a side. North is up; East is to the left.
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Figure B.7: — UGC 11820 i (top left) andR (top right) and Hx (bottom left).
Images are 5 arcmin on a side. North is up; East is to the left.
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Appendix C

DensePak Data Reduction Steps

C.1 Initial DensePak Reduction in IRAF

1. Remove any files marked as BAD at the telescope
2. Check values of trimsec and biassec in fileheader:
imhead filename |+and implot flename
3. Loadnoao.imred.ccdred
setinstrument fibers
check that output type is “real”
q
in params for ccdproc:
biassec = image
enter values for trimsec
q
4. Check file types with ccdlist *.fits
5. Combine the zero (bias) frames with epar zerocombine
input = n#* fits
output = ZeroN#
:go
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6. Run ccdproc on ALL images for overscan, bias, trim and zero correction
epar ccdproc
images = n#* fits
overscan = yes
trim = yes

zerocor = yes

darkcor = no
flatcor = no
illumcor = no

check values of biassec and trimsec
enter name of combined zero from step 5
:go
look at a few with “yes”; exit with “NO”
7. Combine the dome flats
epar flatcombine
use crreject
output = FlatN#
readnoise = NOISH2 (check this)

gain = GAIN 12 (check this)

:go
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C.2 DensePak Reduction withiohydra

1. Create an aperture identification file “apid.txt” with 3 columns:

fiber #, type id ¢ 1=broken/unused; O=sky; 1=object), title

Sky =8, 32, 68, 90

Unused = 23, 28

Broken = 35*, 36, 40, 46, 59, 93

2. Loadnoao.imred.hydra

epar dohydra

:go

objects = @gal.txt (need to put multiple files in this list)
apref and flat = FlatN#.fits
arcsl = use before and after CuAr lamps;
in wavelength calibration,hincreases to righf} to left
readnoise = NOISH 2 (check this)
gain = GAIN .12 (check this)
fibers=97; width=12; minsep=8; maxsep=12
yesto everything except skyalign, skysubtract, redo, batch, listonly
— do not sky subtract because no guarantee that fibers do not fall
within galaxy
— to do a list of spectra, redo must be set to no, otherwise the ap. ids

get messed up and it fails
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3. For the very first reduction of the night:

Resize ap. for FlatN#? yes

Edit ap. for FlatN#? yes
Check that ap # are correct: to zoom in Shift-X;
to redraw: r; when done, q

Fit trace? yes

Smooth scattered light? yes
Look and then q quit; Look again and g quit

Wait awhile for it to Create response, Extract flat

Fit and ratio flat: Look and then g

Determinei in CuAr:
mark with m: 7030.25, 6871.29, 6752.83, 6677.28
type | then q

Fit disp. func? NO

Changel coordinate assignment? NO

Fit scattered for object? no

Smooth object? no

Splot object? yes

go forward with ‘)" and backwards with ‘(’; q to quit
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4. All others in same night:
First step is to determing for new CuAr files

Rest of steps are same for the object frames

5. Combine images withcombine (for spectra with differenk ranges):
input = @gal.txt
output = galaxyn#p#.fits (night, position)
group = apertures
combine = average
reject = crrject
first = no
wl ... nw = INDEF
scale = mode
Isigma, hsigma = 2.5
rdnoise = NOISEL2 (check this)
gain = GAIN .12 (check this)

*display all images & check that output is ok*

6. Can usepecplot to plot multiple spectra on one plot
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C.3 Measuring Lines

1. Look up systemic velocities to get rough idealodf Ha, [NI1] and [SII]
2. Look for Sky lines close to these wavelengths
3. Order galaxies by priority
4. Usenoao.imred.hydra.splot to measure lines:
Create a logfile galaxyn#p#.log (epar splot: s&ye
ato expand
c to clear and redraw full view
r to clear and redraw expanded view
k to measure lines
) to cycle to next fiber

5. Cycle through and note fibers with particularly strong signal
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C.4 DensePak Fiber Positions

In Table C.1 we present the DensePak aperture identifications that are needed for
dohydra data reduction as described in Appendix C.2. In Table C.2 we present the rela-
tive positions of the DensePak fibers. Fiber spacing has been determined by centering a
bright star in a fiber and repeatedly shifting between fibers and across the array. Fibers
are 3 and fiber separation is'84. In Figure C.1 we present a mapping of the DensePak

fibers.
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Table C.1. Aperture Identification File

*Ap.  Fiber *Ap.  Fiber
1 1 54 61
2 2 55 62
: : 56 63
8 8 Sky 57 64
: : 58 65
22 22 59 66
23 24 60 67
24 25 61 68  Sky
25 26 62 69
26 27 63 70
27 29 64 71
28 30 65 72
29 31 66 73
30 32 Sky 67 74
31 33 68 75
32 34 69 76
33 37 70 77
34 38 71 78
35 39 72 79
36 41 73 80
37 42 74 81
38 43 75 82
39 44 76 83
40 45 77 84
41 47 78 85
42 48 79 86
43 49 80 87
44 50 81 88
45 51 82 89
46 52 83 90  Sky
47 53 84 91
48 54 85 92
49 55 86 94
50 56 87 95
51 57 88 96
52 58 89 97
53 59

Note. — DensePak aperture identification needed for
reduction indohydra
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Table C.2. Relative DensePak Fiber Positions

Fiber Xpos Ypos Fiber Xpos Ypos

(arcsec) (arcsec) (arcsec) (arcsec)
1 -5.76 -16.65 52 13.44 3.33
2 -1.92 -16.65 53 17.28 3.33
3 1.92 -16.65 54 -7.68 6.66
4 5.76 -16.65 55 -3.84 6.66
5 9.60 -16.65 56 0.00 6.66
6 13.44 -16.65 57 3.84 6.66
7 17.28 -16.65 58 7.68 6.66
9 -7.68 -13.32 60 15.36 6.66
10 -3.84 -13.32 61 -5.76 9.99
11 0.00 -13.32 62 -1.92 9.99
12 3.84 -13.32 63 1.92 9.99
13 7.68 -13.32 64 5.76 9.99
14 11.52 -13.32 65 9.60 9.99
15 15.36 -13.32 66 13.44 9.99
16 -5.76 -9.99 67 17.28 9.99
17 -1.92 -9.99 69 -7.68 13.32
18 1.92 -9.99 70 -3.84 13.32
19 5.76 -9.99 71 0.00 13.32
20 9.60 -9.99 72 3.84 13.32
21 13.44 -9.99 73 7.68 13.32
22 17.28 -9.99 74 11.52 13.32
24 -7.68 -6.66 75 15.36 13.32
25 -3.84 -6.66 76 -5.76 16.65
26 0.00 -6.66 77 -1.92 16.65
27 3.84 -6.66 78 1.92 16.65
29 7.68 -6.66 79 5.76 16.65
30 11.52 -6.66 80 9.60 16.65
31 15.36 -6.66 81 13.44 16.65
33 -5.76 -3.33 82 17.28 16.65
34 -1.92 -3.33 83 -7.68 19.98
37 9.60 -3.33 84 -3.84 19.98
38 13.44 -3.33 85 0.00 19.98
39 17.28 -3.33 86 3.84 19.98
41 -3.84 0.00 87 7.68 19.98
42 0.00 0.00 88 11.52 19.98
43 3.84 0.00 89 15.36 19.98
44 7.68 0.00 91 -5.76 23.31
45 11.52 0.00 92 -1.92 23.31
47 -5.76 3.33 94 5.76 23.31
48 -1.92 3.33 95 9.60 23.31
49 1.92 3.33 96 13.44 23.31
50 5.76 3.33 97 17.28 23.31
51 9.60 3.33

Note. — Relative fiber positions in arcsec. To put Fiber 50 at the cen-
ter, subtract %.76 from the x-positions and’33 from the y-positions.
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