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Dark matter is now accepted as an integral part of our universe, and

galaxy dynamics have long provided the most convincing observational evi-

dence for dark matter. Spiral galaxies have traditionally been used for these

studies because of their more simple kinematics, however elliptical galaxies

need to be understood as well. In this dissertation I present deep long-slit

spectroscopy from the University of Texas’ Hobby-Eberly Telescope for a sam-

ple of elliptical galaxies. For a subsample of galaxies I fit axisymmetric orbit-

superposition models with a range of dark halo density profiles. I find that

all three galaxies modeled require a significant dark halo to explain their mo-

tions. However, the shape of the dark halo is not the expected NFW profile,

but rather a profile with a flat central slope. I also discuss the galaxy masses,

anisotropies, and stellar mass-to-light ratios.
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Chapter 1

Introduction

1.1 Historical Background

Studies of galaxies have long provided the most convincing observa-

tional evidence for dark matter. Useful reviews of early dark matter studies

are provided by Faber & Gallagher (1979) and Trimble (1987). Fritz Zwicky

showed perhaps the first dark matter evidence in 1933, though the result was

not widely accepted by the astronomical community. He measured the veloc-

ity dispersions of clusters of galaxies and found that they required 10 to 100

times more mass than accounted for by luminous matter to keep them bound.

There followed a considerable time period without much study in this area

(Kahn & Woltjer, 1959; Neyman et al., 1961) until the subject resurfaced in

the late 1960s.

Vera Rubin is credited with pioneering the modern field of studying

dark matter via galaxy rotation profiles. In 1970 she and Kent Ford published

a rotation curve of our nearby neighbor Andromeda (M31) based on HII regions

extending well beyond the main stellar bulk of the galaxy. Figure 1.1 shows

this original result (Rubin & Ford, 1970) overlayed on a visible image of M31

for comparison. Although basic Newtonian gravitational theory says that an
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object farther from a central mass will orbit more slowly, M31 clearly shows

objects far away from the center traveling as fast as those close to the center.

There must be mass at large radii other than what we can see.

Other groups, such as Ostriker et al. (1974) and Einasto et al. (1974)

also showed similar results, and the following Annual Review of galaxy masses

(Faber & Gallagher, 1979) concluded that, “After reviewing all the evidence,

it is our opinion that the case for invisible mass in the Universe is very srong

and getting stronger.” Rubin then revisited the subject and published velocity

curves of 21 spiral (Sc) galaxies (Rubin et al., 1980). All of them showed in-

creasing or constant velocities at large radii. The authors conclude that, “This

form for the rotation curves implies that the mass is not centrally condensed,

but that significant mass is located at large R. . . . The mass is not converging

to a limiting mass at the edge of the optical image. The conclusion is in-

escapable that non-luminous matter exists beyond the optical galaxy.” They

further propose that all Sc galaxies sit in potential wells, that we would now

call dark halos, and that the optical galaxies define only that region in which

matter happens to be luminous. Rubin herself wrote that, “This paper was

enormously influential in convincing astronomers that most of the matter in

the universe is dark, and much of it is clumped about galaxies.” (CWP, 2001)

Meanwhile, evidence for dark matter had started to come from other

places as well, such as stability arguments (Ostriker & Peebles, 1973) and x-

ray observations (Fabricant & Gorenstein, 1983). Since that time innumerable

studies of galaxies, dwarf galaxies, and galaxy clusters have strengthened the

2



Figure 1.1: Rotation curve of M31 from Rubin & Ford (1970) overlayed on
an optical image. Photo credit Vera Rubin and Janice Dunlap, http://www.
dtm.ciw.edu/component/content/122?task=view

evidence for this missing dark matter to the point that it is now standardly

accepted as an integral component of galaxies, influencing nearly all aspects

of a galaxy’s formation and structure.

These early results seemed to show that dark matter made up as much

as 90% of the universe. Our current picture shows that they were on the right

track, as we now think that only 4.4% of the universe is composed of normal

luminous matter, 21.4% is dark matter, and 74.2% is dark energy (Hinshaw

et al., 2009).

1.2 Dark Matter in Elliptical Galaxies

Most of the early dynamical studies of the mass in individual galaxies

focused on spiral galaxies because of their relatively simple disk structure and

3



the ability to use gas to measure kinematics well beyond the visible stellar

light. Elliptical galaxies are more difficult to study, but it is also important to

understand their dark halo structure because of their different formation and

evolutionary history. When it is possible, elliptical galaxy potentials are often

probed using test particles (e.g. globular clusters and planetary nebulae), x-ray

gas, or gravitational lensing. Elliptical galaxies are not flattened by rotation,

but by the anisotropy of their velocity dispersion tensor (Binney, 1978; Davies

et al., 1983). Thus one must assume something about isotropy, or lack thereof,

and the level of rotational support in order to derive a mass measurement.

1.2.1 Dynamical Models

Previous studies of elliptical galaxies have depended on many assump-

tions in order to model the kinematics. Often the spherical Jeans equation was

used, either assuming isotropy or introducing anisotropy through an assumed

analytic distribution function (DF, the number of stars per unit volume in the

phase space of positions and velocities). Saglia et al. (1992) studied the veloc-

ity dispersion profiles of 10 elliptical galaxies using anisotropic two-component

models and found that the amount of dark matter at the half-light radius is of

the order of the luminous mass. van der Marel (1991) modeled 37 ellipticals

with axisymmetric two-integral models and interpreted his results as evidence

for radial anisotropy. Kronawitter et al. (2000) and Gerhard et al. (2001)

modeled a sample of 21 elliptical galaxies using spherical models and analytic

functions of the DF. They found that most galaxies show radial anisotropy

4



and that dark matter consititutes about 10%-40% of the mass at one effective

radius, predicting equal luminous and dark matter at 2-4 effective radii.

More recently, orbit-based models based on the technique of Schwarz-

schild (1979) have been developed by a few groups. Beginning with spherical

models (Richstone & Tremaine, 1984; Rix et al., 1997) and then axisymmetric

models (Cretton et al., 1999; Gebhardt et al., 2000), this orbit-based technique

is routinely used to measure central black holes (van der Marel et al., 1998;

Gebhardt et al., 2000; Cappellari et al., 2002; Verolme et al., 2002; Gebhardt

et al., 2003), and have been expanded to model dark halos as well (Rix et al.,

1997; Thomas et al., 2005; Gebhardt & Thomas, 2009). Now these three-

dimensional, non-parametric, axisymmetric, orbit-based models utilizing the

full velocity distribution are considered the gold standard for dynamical mod-

eling of galaxies.

One characteristic, and perhaps weakness, of these models is that a

dark matter density profile must be assumed. The Navarro, Frenk, and White

(Navarro et al., 1996b, NFW) profile has become the standard of cosmological

studies, but other profiles such as isothermal and logarithmic potential are

also frequently used for these models. Several well-known dark matter halo

density profiles are shown in Figure 1.2.

Aside from the details of the models, another weakness of these pre-

vious studies is the radial extent of the data. It is difficult to obtain stellar

kinematics to even one effective radius, where the dark mass is only begin-

ning to have a measurable effect on motions. Additionally, most models used
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Figure 1.2: Several well-known dark matter halo density profiles.
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only velocity and velocity dispersion information, rather than utilizing the full

velocity distribution or its higher order moments.

1.2.2 Recent Results

The so-called standard picture of dark matter in elliptical galaxies has

not been without its challenges. In the past there have been several elliptical

galaxies that have been well-fit without any dark mass (Katz & Richstone,

1985; Bertin et al., 1994), and more recently this possibility has been brought

to the forefront. Romanowsky et al. (2003) studied three elliptical galaxies us-

ing planetary nebulae as tracers and found small line-of-sight velocity disper-

sions. They applied spherical Jeans models and concluded that these galaxies

are consistent with having little or no dark halo. Dekel et al. (2005) used

disk galaxy merger simulations to show that large anisotropies can be created

in the resulting elliptical galaxies, and that this anisotropy in combination

with the different density profile of a young population could explain how the

low dispersions from planetary nebulae measurements are also consistent with

typical dark matter halos. The planetary nebulae group then revisited one of

their galaxies in detail and defended their conclusion, saying that they had

accounted for reasonable anisotropy in their models (Douglas et al., 2007).

1.3 This Study

In this dissertation I analyze the dynamics and dark halos of a sample of

elliptical galaxies. My kinematic data come from the 9.2-meter Hobby-Eberly

7



Telescope (HET), which is ideally suited for deep spectral observations. I

use fully general orbit-superposition models as described above to resolve the

degeneracy between mass and anisotropy. In Chapter 2 I model HET data of

NGC 821, one of the galaxies in the Romanowsky et al. (2003) study described

above. In Chapter 3 I similarly model another elliptical galaxy, NGC 6702.

Chapter 4 gives models of planetary nebula kinematics of NGC 4697. Chapter

5 shows the kinematic results of my remaining HET galaxy sample. And

finally, Chapter 6 gives a summary and conclusions.
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Chapter 2

The Dark Halo of NGC 821

2.1 Introduction

Cold dark matter is now accepted as an integral part of our universe,

and recent observations have continued to provide support for its existence

(Komatsu et al., 2008). Part of the picture of the universe is that galaxies

are surrounded by massive dark matter halos in which they formed (White

& Rees, 1978; Blumenthal et al., 1984). Recently cosmological simulations

have become detailed enough to reach the level of individual galaxy formation

(Naab et al., 2007; Governato et al., 2007), and comparisons with data can help

further constrain cosmological theory (Ostriker & Steinhardt, 2003). Indeed,

spiral galaxy rotation curves are one of the strongest pieces of observational

evidence for the existence of dark matter (van Albada et al., 1985; Persic

et al., 1996; Sofue & Rubin, 2001). It is also important to study the dark

halo structure of elliptical galaxies because of their different formation and

evolution. However it is more difficult to measure dark matter in elliptical

galaxies because of a lack of tracers at large radii where dark matter is thought

to dominate. The best way to measure the underlying gravitational potential

is to use kinematics from the stellar population, but this has been limited

due to the faintness of stellar light in the outer regions of galaxies (Gerhard
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et al., 2001). Dark matter in elliptical galaxies has therefore been studied in

other ways, such as via X-ray emission (Loewenstein & White, 1999; Mathews

& Brighenti, 2003), gravitational lensing (Keeton, 2001; Mandelbaum et al.,

2008), and using individual velocities as in nearby dwarf ellipticals (Mateo,

1998; Kleyna et al., 2002). In order to study a more representative sample

of galaxies, tracers such as globular clusters (Zepf et al., 2000; Pierce et al.,

2006) and planetary nebulae (Méndez et al., 2001; Romanowsky et al., 2003;

Coccato et al., 2009) have been used to probe the outer parts of elliptical

galaxies, though it is difficult to get a significant sample size. Additional issues

arise with these tracers, as discussed below, such as understanding their radial

profile. With larger telescopes we are now able to measure stellar kinematics

from integrated light to larger radii, thus closing the gap between stars and

the large-radii tracers.

Meanwhile dynamical models of galaxies have also improved. Rather

than previous spherical models that use analytic distribution functions (DFs;

Gerhard et al., 2001), orbit-based axisymmetric models are now available.

These fully general models, based on the technique of Schwarzschild (1979),

provide detailed information on the orbital structure of the galaxy, including

the DF and its projections, such as velocity anisotropy. Orbit-based models are

now frequently applied to galaxies for studies of both dark halos and central

black holes (Rix et al., 1997; van der Marel et al., 1998; Cretton et al., 1999;

Gebhardt et al., 2000; Cappellari et al., 2002; Verolme et al., 2002; Gebhardt

et al., 2003; Thomas et al., 2005).
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The elliptical galaxy NGC 821 is an example in which the use of large-

radii tracers has provided an intriguing result. Romanowsky et al. (2003) study

the dark halo of NGC 821 using approximately 100 planetary nebula veloci-

ties and found small line-of-sight velocity dispersions that are consistent with

little or no dark halo. Dekel et al. (2005) use disk galaxy merger simulations

to show that large anisotropies can be created in the resulting elliptical galax-

ies, and that this anisotropy in combination with the different density profile

of a young population could explain how the low dispersions from planetary

nebulae measurements are also consistent with typical dark matter halos. Our

study uses deep long-slit spectroscopy of NGC 821 from the 9.2-meter Hobby-

Eberly Telescope to obtain stellar kinematics to greater than 2 effective radii

in hopes of further constraining the dark halo of this interesting galaxy.

Weijmans et al. (2009) model NGC 821 using data from SAURON,

both at small radii (which we include in our analysis) and newer data at large

radii. We find similar results both for the kinematics and for the dark halo

properties. Comparison between the two studies is presented in their paper

and within this paper.

NGC 821 is classified as an E6? (de Vaucouleurs et al., 1991). It has

disky isophotes (Lauer, 1985; Bender et al., 1988) and a power-law surface

brightness profile (Ravindranath et al., 2001). The blue absolute magnitude

is −20.27 (Trager et al., 2000). We use a distance of 23.44 Mpc taken from

Cappellari et al. (2006), which adjusts the Tonry et al. (2001) values for the

new Cepheids zero-point of Freedman et al. (2001). NGC 821 is not detected
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in Hα (Macchetto et al., 1996) or OIII (Sarzi et al., 2006). Point source and

diffuse X-ray emission has been detected but there is no evidence for hot gas

(Pellegrini et al., 2007a,b). NGC 821 is considered a fast rotator (Cappellari

et al., 2007; Emsellem et al., 2007). Proctor et al. (2005) find that NGC 821

has very strong age and metallicity gradients, from ∼4 Gyr and 3 times solar

in the center to ∼12 Gyr and less than 1
3

solar at 1Re. It has an α-element

enhancement of +0.3 dex. They conclude that NGC 821 has experienced a

recent (∼1-4 Gyr ago) burst of star formation, most likely from in-situ gas and

perhaps triggered by the accretion of a small satellite galaxy. This may be an

indication that there are young planetary nebulae in this galaxy.

§2.2 describes the observations and data reduction; in §2.3 we describe

the kinematic extraction; the dynamical models are described in §2.4; we

present our results in §2.5 and give conclusions in §2.6.

2.2 Observations and Data Reduction

Long-slit spectra were taken with the Low-Resolution Spectrograph

(Hill et al., 1998) on the Hobby-Eberly Telescope. We used the g2 grism and

1′′ by 4′ slit over the wavelength range 4300-7300Å. This setup gives a resolving

power of 1300 or a full-width half-maximum (FWHM) resolution of about 230

km s−1. Measurements of night sky line widths show that we can measure

dispersions to about 110 km s−1. The CCD frame (binned 2 × 2) has a plate

scale of 0.47′′/pix spatially and 2Å/pix spectrally. The gain is 1.832 e− ADU−1

and readout noise is 5.10 e−. We used the Schott Glass blocking filter GG385,
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which has a half-power point of the transmission around 385 nm. Preparatory

images showing the sky before the slit has been inserted are shown in Figures

2.1 and 2.2. The slit runs from the top center to the bottom center.

NGC 821 was observed over eight nights in November 2003 for a total

exposure time of approximately 5.5 and 2.3 hours on the major and minor

axes respectively. Cadmium and Neon calibration lamp exposures and white

light illumination flat fields were taken each night.

The data reduction was performed using standard techniques with for-

tran code developed from FITSIO programs. First we overscan correct and

trim the images. Then we apply a flat correction using a normalized flat

frame, taken from averaged instrumental flats obtained each night of observa-

tions. Next we rectify the images along the spatial axis using the calibration

lamp lines as a reference.

For sky subtraction, we use the region of the slit that is furthest from

the galaxy center. Since we only have a 4′slit, there will be some galaxy light in

the region where we select sky. However, the surface brightness profile extends

out 350′′so we can accurately calculate the amount of galaxy in our background

region. For our last extracted spectrum (at 90′′), the amount of galaxy light

that we are including as background light is 15% of the galaxy light for that

last extraction. We have run simulations in order to determine whether this

amount of contamination has an effect on the extracted kinematics. We take

a high signal-to-noise galaxy spectrum and subtract off 15% of itself, and then

extract the kinematics. Only for very high S/N does this amount have an effect
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Figure 2.1: NGC 821 major axis preparatory image.
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Figure 2.2: NGC 821 minor axis preparatory image.

15



and for the S/N for this dataset (as described below), we find no significant

effect.

Finally we align and combine the images using the night sky lines and

the galaxy as references.

2.3 Kinematics

We extract the spectra in radial bins along the major and minor axes.

Because the seeing is approximately 2′′ we set the central bins to 5 pixels

(2.35′′). The outer bins are sized to obtain sufficient signal for kinematic

analysis. Along the minor axis the spectra from either side of the galaxy were

averaged at each radius. Along the major axis, the center of the galaxy was

near the edge of the chip so only one side was extracted. Our farthest radial

bin extends to 45′′ on the minor axis and 99′′ on the major axis, corresponding

to a V-band surface brightness of 24.0 mag on the major axis. The radial

extent in effective radii depends on the value of Re used. The measured Re of

NGC 821 varies throughout the literature: 50′′ (RC3), 45′′ (Faber et al., 1989),

39′′ (Cappellari et al., 2006), 36′′ (Trager et al., 2000), and 16.7-18.3′′ (Bender

et al., 1988). For the purpose of this discussion we adopt an Re of 45′′. Thus

our data extend to approximately 1Re along the minor axis and 2Re along the

major axis.

We do not flux calibrate the spectra, and thus we remove the continuum

in each spectra. We fit the local continuum by finding the biweight (Beers

et al., 1990) in windows as described in Pinkney et al. (2003). The wavelength
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solution was found using Cd and Ne calibration lamps.

We obtain a nonparametric line-of-sight velocity distribution (LOSVD)

by deconvolving the galaxy spectrum with a set of stellar template spectra

using the maximum penalized likelihood technique of Gebhardt et al. (2000).

Tests of this technique are given in Pinkney et al. (2003). There are 30 evenly-

spaced velocity bins of 54 km s−1 that represent the LOSVD. We vary the

height in each bin and the weights of each template star to find the best

match to the galaxy spectrum. We use nine stellar templates with types

ranging from G dwarf to M giant from Leitherer et al. (1996), convolved to

our spectral resolution.

For our kinematic analysis we used the spectral range 4800-5450Å which

matches the wavelength range of our template stars. This region includes the

Hβ and Mgb lines, however we exclude the Mgb region because it is enhanced

(Proctor et al., 2005) and our template stars do not provide a proper fit. Barth

et al. (2002) show that in pixel-space fitting routines the Mgb line is sensitive

to template mismatch and the details of the fitting procedure. If the Mgb line

is included in the fit, the measured dispersions are falsely high by as much as

20% to account for the abundance discrepancy. An example fit is shown in

Figure 2.3.

The uncertainty of each velocity bin is obtained from Monte Carlo sim-

ulations. We convolve the best-fitted LOSVD and weighted stellar templates

to obtain an initial galaxy spectrum. We then generate 100 realizations of

the galaxy spectrum by adding Gaussian noise using an estimate of the initial
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Figure 2.3: Spectrum of the combined, weighted template stars (lower panel),
data from the central bin along the minor axis (dashed line, upper panel),
and the template spectrum convolved with the best-fitted LOSVD (solid line,
upper panel). The region from 5163 Å to 5228 Å is excluded from the fit.
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rms. The LOSVD is determined for each realization as described above. The

distribution of values in each velocity bin of the LOSVD provides an estimate

of the 68% confidence bands. The median value of the dispersion from the 100

realizations compared to the initial dispersion reveals any possible bias in the

dispersion measurement. Example LOSVDs are shown in Figure 2.4.

Although we use the full nonparametric velocity profile in the dynamic

modeling, it is useful to compare moments of the distribution. In Figure 2.5

we plot, from top to bottom, the second moment as measured by
√

V 2 + σ2,

the first four Gauss-Hermite moments (mean velocity V , velocity dispersion

σ, asymmetric deviations from Gaussian (skewness) h3, and symmetric devi-

ations from Gaussian (kurtosis) h4). The kinematic data are given in Table

2.1 and Table 2.2. For comparison, in Figure 2.5 are also plotted data from

Pinkney et al. (2003) and Emsellem et al. (2004) extracted in a 1 arcsec slit

along the major and minor axes. The second moment of the line-of-sight ve-

locity, (V 2 + σ2)1/2 is slightly smaller than the other samples throughout the

overlapping region. This may be caused by a slit misalignment (since V will

be higher on the major axis) or template fitting difference. Since, however, our

models are dominated by SAURON data in the center, this difference is not a

major issue. We further run the dynamical models with using SAURON data

alone and HET data alone, and fund un-biased results from when using the

combined dataset. The SAURON data are described in Emsellem et al. (2004).

SAURON is a scientific project and integral-field spectrograph on the 4.2-m

William Herschel Telescope on La Palma. Their kinematic data of NGC 821
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Figure 2.4: Line-of-sight velocity distributions (solid lines) with errors (dashed
lines) for the first four radial bins along the major axis.
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from SAURON extends to roughly 20′′.

Our h4 values are more negative than the data from the literature.

This discrepancy could be attributed to template mismatch (either in the

published analysis or in ours), however we use a wide range of template stars

and do not get a different result when more template stars are made available

for the fit. It could also be that relying on Gauss-Hermite parameterization

causes some differences since there are known correlations, especially with

higher order moments (see Magorrian, 2006; Houghton et al., 2006). Since we

fit the LOSVD directly in the dynamical models, a better comparison would

be with those profiles, as opposed to their moments. The dark halo mass,

however, is determined mainly by the radial profile of the second moment,

and h4 determines mainly the anisotropies. There is certainly some degeneracy

between the two parameters, but we find no reason to believe that our h4 values

are incorrect. There are also kinematic points that have differences which are

inconsistent with their reported uncertainties (for example, some of the minor

axis points), and the uncertainties may be underestimated for those point. We

run halo models without the most discrepant points and still find the same

halo results as when they are included.

Weijmans et al. (2009) provide a new analysis of the SAURON data

and also include additional data at large radii. Their furthest radial point is at

110′′ (which they refer to as 4 Re), whereas our last point is at 90′′ (which we

refer to as 2 Re). The comparison between the two kinematic sets is shown in

Figure 6 from Weijmans et al. (2009). There is excellent agreement between the
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Figure 2.5: The second moment as measured by
√

V 2 + σ2 and the Gauss-
Hermite moments of the LOSVDs (mean velocity V , velocity dispersion σ,
asymmetric deviations from Gaussian (skewness) h3, and symmetric deviations
from Gaussian (kurtosis) h4) along the major axis (left panel) and minor axis
(right panel) for our data (black filled circles), SAURON (Emsellem et al.,
2004) (blue open triangles), and Pinkney et al. (2003) (red open squares).
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Table 2.1: NGC 821 Major Axis Kinematics

r v ǫv σ ǫσ h3 ǫh3
h4 ǫh4

arcsec km s−1 km s−1

0.00 -1.052 1.652 208.238 4.428 0.049 0.040 -0.076 0.012
1.41 25.354 1.398 191.711 2.958 0.005 0.025 -0.056 0.010
3.76 48.531 1.554 185.062 4.159 0.002 0.038 -0.061 0.008
6.11 60.128 1.885 186.950 4.734 -0.007 0.030 -0.063 0.008
8.46 65.684 1.719 177.806 3.925 -0.010 0.016 -0.035 0.009
10.81 60.161 2.788 179.864 4.198 -0.023 0.018 -0.042 0.008
13.16 85.897 3.797 172.810 4.395 0.008 0.016 -0.047 0.010
15.51 73.793 3.761 175.294 5.348 -0.005 0.018 -0.051 0.010
18.09 61.667 3.374 184.249 6.398 -0.002 0.025 -0.035 0.012
21.62 77.695 3.912 172.867 5.928 0.004 0.020 -0.058 0.011
26.08 56.482 3.273 177.183 4.561 -0.016 0.021 -0.044 0.009
31.96 55.203 3.461 171.317 5.117 -0.022 0.021 -0.034 0.013
39.01 42.580 4.289 168.267 4.206 -0.039 0.019 -0.039 0.007
47.24 66.287 3.890 160.178 5.644 0.068 0.015 -0.040 0.009
58.99 42.405 6.677 176.268 6.687 -0.012 0.017 -0.041 0.010
74.26 33.396 8.498 173.736 6.793 0.100 0.022 -0.003 0.018
90.47 79.973 6.157 170.171 7.479 -0.019 0.026 -0.019 0.017
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Table 2.2: NGC 821 Minor Axis Kinematics

r v ǫv σ ǫσ h3 ǫh3
h4 ǫh4

arcsec km s−1 km s−1

0.00 -6.505 1.291 211.906 5.498 0.069 0.053 -0.062 0.016
1.41 -4.677 0.860 201.492 4.469 0.037 0.022 -0.066 0.009
3.76 -7.938 1.040 188.685 3.295 0.000 0.015 -0.053 0.009
6.11 -6.266 2.883 193.160 4.544 -0.012 0.024 -0.053 0.011
8.46 1.788 2.630 198.456 4.271 0.005 0.027 -0.049 0.011
10.81 -6.236 2.715 185.653 3.657 -0.015 0.020 -0.046 0.011
13.16 -1.074 4.468 195.258 6.038 0.083 0.029 0.025 0.024
15.51 14.057 5.216 209.357 5.57 -0.033 0.028 0.010 0.020
17.86 6.489 6.037 180.817 7.072 -0.043 0.033 -0.059 0.016
20.21 -31.594 6.407 182.219 12.623 0.055 0.045 0.021 0.024
22.56 30.061 12.078 219.630 11.806 -0.031 0.037 -0.030 0.026
26.08 -40.854 10.300 177.363 11.956 -0.044 0.035 -0.021 0.022
30.78 5.471 10.773 194.765 12.272 -0.036 0.037 -0.034 0.024
35.49 -23.156 14.053 171.308 11.394 0.100 0.041 0.016 0.028
41.36 -76.041 21.578 233.449 21.950 0.020 0.050 -0.004 0.032
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two sets of kinematics. Furthermore, their re-analysis of the SAURON central

pointing shows h4 values now consistent with our numbers. The higher-order

moments of the LOSVD are difficult to measure, and it is important to consider

systematic difference in the analysis. The spectra from Weijmans et al. (2009)

have lower signal-to-noise than our spectra, which could add to systematic

difference. For this reason, our dynamical modeling does not include their

kinematics, although we suspect there will be little difference in the overall

results. Thus, we can compare the constraints on the dark matter parameters,

which would include systematic differences in the kinematic samples used.

Figure 2.6 shows the rms line-of-sight velocity (V 2 + σ2)1/2 compared

to the planetary nebula results of Romanowsky et al. (2003). Our largest

radii data show higher rms line-of-sight velocities than the planetary nebulae,

at about 3σ for their two largest radii points. Thus, there appears to be a

significant difference in the kinematics between the two samples.

2.4 Dynamical Models

We use axisymmetric orbit superposition models based on the method

of Schwarzschild (1979). The surface brightness profile is converted to a lu-

minosity density profile using an assumed inclination. We assume an edge-on

inclination for this analysis, which is reasonable given NGC 821’s ellipticity of

0.40 (Cappellari et al., 2007). This luminosity density is converted to a mass

density using a mass-to-light ratio (M/LV ) that is constant over the galaxy. A

spherically symmetric dark halo density profile is added to the stellar density
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Figure 2.6: The rms line-of-sight velocity (v2 + σ2)1/2 in km s−1 as a function
of radius from our major axis data (filled squares) and minor axis data (open
squares), compared to the data from planetary nebulae measurements (Ro-
manowsky et al., 2003). We use v and σ as measured from a Gauss-Hermite fit;
since we do not correct for the higher order moments, these values approximate
the actual second moment. The arrow indicates the adopted Re of the galaxy.
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and this total mass density gives the galaxy’s graviational potential. Next

individual stellar orbits are sampled in energy (E), angular momentum (Lz)

and the third integral (I3) and these orbits are integrated in the specified po-

tentials. The galaxy is divided spatially into cells both in real space and in

projection, and the amount of time that an orbit spends in a cell represents

the mass contributed by that orbit. The orbits are combined with nonnegative

weights to find the best-fitted superposition to match the data LOSVDs from

both HET and SAURON and the light profile. This process is repeated for

different dark halo density profiles and M/LV values to find the halo potential

that best fits the data, as determined by χ2 (described in §2.5).

To reduce computational time, an orbit library is calculated for a given

input dark halo plus stars with a mass-to-light ratio of one. The velocities are

then scaled accordingly given the mass-to-light ratio before matching the data.

The numbers reported are the actual density parameters, including this M/L

factor, which gives the somewhat irregular parameter space grids (as seen in

Figure 2.11).

We use the orbital weight fitting of Gebhardt et al. (2000, 2003); Siopis

et al. (2009) with the orbit library sampling of Thomas et al. (2004, 2005).

Our models differ from others (e.g. Cretton et al., 1999) in that we use max-

imum entropy (Richstone & Tremaine, 1988) and we utilize the full LOSVD,

rather than its moments. Thomas et al. (2004, 2005) show the ability of our

orbit libraries to recover dark halo profile from mock elliptical galaxy data.

Therefore these models should accurately measure the properties of NGC 821
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given the caveats that we assume an axisymmetric galaxy and spherical halo.

The orbits are computed in 4 angular bins and 15 radial bins from

0.3′′ to 300′′, which are similar in size to the HET data extraction bins. Our

libraries have approximately 10000 total orbits.

To calculate our galaxy potential we use a composite surface brightness

profile. Within 0.3′′ we use the profile from Lauer et al. (2005) as compiled in

Pinkney et al. (2003) based on HST WFPC2 images in F555W. Outside of 0.3′′

we use a composite profile from HST PC F555W and the McDonald Obser-

vatory 0.8-m telescope in V (D. Fisher, private communication). The surface

brightness deprojection is based on a nonparametric estimate of the density

using smoothing splines (see Gebhardt et al., 1996). The surface brightness

profile is shown in Figure 2.7.

2.4.1 NFW Halo

We use the Navarro, Frenk, and White (Navarro et al., 1996b, NFW)

dark halo density profile, given as

ρ(r) =
ρcrit δc

(r/rs)(1 + r/rs)2
(2.1)

where rs is the scale radius of the halo and ρcrit = 3H2/8πG is the critical

density. We use H = 70 km s−1 Mpc−1. Throughout this paper we refer to

ρcritδc as the scale density. The characteristic overdensity δc is approximately

related to a concentration parameter c by

δc =
∆vir

3

c3

ln (1 + c) − c/(1 + c)
. (2.2)
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Figure 2.7: Surface brightness, luminosity density, and deprojected surface
brightness profiles as a function of radius.
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The virial overdensity ∆vir varies with redshift and cosmological model and we

use a value of ∆vir = 101. We vary both the concentration and scale radius,

although there is a known correlation between them (Navarro et al., 1996b).

This relation as given in Bullock et al. (2001) is

c ≃ 9

(

Mvir

1.5 × 1013h−1M⊙

)−0.13

(2.3)

and can be written in the form

r3
s =

( c

9

)−1/0.13
(

∆vir
4π

3
ρcritc

3

)−1

(1.5 × 1013h−1M⊙). (2.4)

2.4.2 Power-Law Halo

The best-fitted NFW halo profiles have a break radius beyond the ex-

tent of our modeling and therefore look like a power-law over the extent of

our models (see §2.5.1 below). We therefore tried a simple power-law profile

as well. We used power-law density profiles of the form

ρ(r) = ρo(
r

ro
)−n (2.5)

where n is the power-law slope, ρo is the characteristic density, and ro is the

characteristic radius such that ρ(r = ro) = ρo. We use ro = 0.3′′ = 34 pc

because it is the inner-most radial point calculated in the models.

2.5 Results

The best-fitted model is determined by comparing the χ2 between the

model and data LOSVDs, with the uncertainty of the data determined from
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the 68% confidence band. Example LOSVDs are shown in Figure 2.8 for

several radial bins. The measure of the reduced χ2 is not straight-forward

since because determining the number of degrees of freedom is uncertain. The

number of independent observables is roughly the number of radial data bins

times the number of LOSVD bins at each radius (69 × 13 = 897 in this case),

however the LOSVD bins are correlated and thus the effective number of data

points is less than this value. The best-fitted model has a χ2 of around 2200,

and with 897 data points, this provides a large reduced χ2. Typical values

of the reduced χ2 for the orbit-based models are around 0.5 (see Gebhardt et

al. 2003), so the value reported here is not typical. The main driver for the

large χ2 is the minor axis data—removing this data gives a reduced χ2 below

one. Furthermore, the results on the parameters do not change significantly.

Regardless, the change in χ2 between different models remains a valid statistic

to determine confidence levels of the fits. For example, a change in χ2 of 2.3

corresponds to the 68.3% confidence level because we marginalize over M/L

and thus have two parameters describing the halo.

Because of computational limits we first calculate models using a coarse

grid of mass-to-light ratio. The χ2 values are then fit with the IDL quadratic

interpolation routine, and those models with the lowest minimum χ2 are mod-

eled with a finer mass-to-light ratio interval. (See Figures 2.9 and 2.10.)
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Figure 2.8: Match of data and no dark halo model LOSVDs for the central
four radial bins along the major axis (r = 0.00, 1.41, 3.76, 6.11 arcsec). The
open circles are the data values with error bars and the closed circles are the
model values. The area is normalized to the total light in that bin.
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Figure 2.9: χ2 as a function of mass-to-light ratio for all NFW halo models.
The points show modeled values of M/L and the solid lines show interpolations
between the points for each model, representing sequences of stellar M/L for
fixed halo parameters. First a coarse interval is used, then models with small
minimum χ2 are modeled with a finer M/L interval. The dashed lines refer
to ∆χ2=2.3, 4.61, 6.17, 9.21, 11.8, 18.4, corresponding to 2 degree of freedom
confidence levels of 63.8%, 90%, 95.4%, 99%, 99.73%, and 99.99%.
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Figure 2.10: χ2 as a function of mass-to-light ratio for all logarithmic potential
halo models. The points show modeled values of M/L and the solid lines show
interpolations between the points for each model, representing sequences of
stellar M/L for fixed halo parameters. First a coarse interval is used, then
models with small minimum χ2 are modeled with a finer M/L interval. The
dashed lines refer to ∆χ2=2.3, 4.61, 6.17, 9.21, 11.8, 18.4, corresponding to 2
degree of freedom confidence levels of 63.8%, 90%, 95.4%, 99%, 99.73%, and
99.99%.
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2.5.1 NFW Halo

We use models with scale radius from 1 to 2000 kpc and scale density

from 0.05 to 3.0×10−5M⊙pc−3, corresponding to a range in c of approximately

0.75 to 23, and M/LV from 1.0 to 9.0. Figures 2.11 and 2.12 show the resulting

χ2 as a function of halo scale radius and scale density. The points represent

actual modeled values, and the M/LV that gives the lowest χ2 is used at

each point. The dashed line in Figure 2.11 indicates the expected correlation

of concentration and scale radius as described in §2.4.1. This relation has a

scatter of ∆ log rs = 0.36 (Bullock et al., 2001). Our data show a degeneracy

between scale radius and scale density that is similar to, though slightly tilted

from, the correlation.

χ2 is a function of 3 variables: stellar M/L, dark halo scale radius and

dark halo normalization. Due to computer resources, we do not provide a

uniformally-sampled grid of the 3 variables for the χ2. Because of this, it

is difficult to produce reliable contours for any 2 of the parameters. Figure

2.11 thus shows only the location of the points (with size related to χ2). We

do not estimate uncertainties from the contours directly, but instead rely on

plotting χ2 versus each of the parameters, including all values for the other

two parameters. Figure 2.12 shows χ2 versus scale radius and density. Uncer-

tainties come from the envelope of these one-dimensional plots. Since we have

explored neither a regular grid nor a full set of variables (e.g., black hole mass,

inclination, change in the stellar M/L with radius), the uncertainties should

only be used in a comparative sense with the models that we have tried. A
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Figure 2.11: Scale radius (rs) and scale density (ρcritδc) χ2 grid for NFW halo
density profiles. Each point represents a model, and the size of the point
reflects the value of ∆χ2 for the best-fitted M/LV value. Models with ∆χ2

less than 6σ from the minimum value are plotted with open circles. The ringed
point indicates the model with the lowest value of χ2. The dashed line shows
the expected NFW parameter relation (see §2.4.1).
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Figure 2.12: χ2 as a function of scale radius and scale density (ρcritδc) for
NFW halo density profiles with best-fitted M/LV . The points represent actual
modeled values. The dashed lines refer to ∆χ2=2.3, 4.61, 6.17, 9.21, 11.8, 18.4,
corresponding to 2 degree of freedom confidence levels of 63.8%, 90%, 95.4%,
99%, 99.73%, and 99.99%.
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full exploration of the uncertainties will come as computer resources improve.

We find that the best-fitted NFW dark halo density profile has scale

radius 700+500
−300 kpc and scale density 1.28+0.8

−0.5 × 10−4M⊙pc−3, corresponding to

a c of 2.45. The no halo model is ruled out with a change in χ2 of 356 (greater

than 99% confidence level) from the best-fitted NFW halo. Table 2.3 shows

the χ2 values and halo parameters of the best-fitted halo model and model

with no dark halo. We do not attach significance to this density, radius, and

concentration. They are clearly outside the expected range for a galaxy and

merely indicate that the NFW profile is not a good fit. The halo needs more

mass at large radii to fit the data. The best-fitted NFW halo density profile

and circular velocity profile are shown in Figure 2.13. The scale radius is well

beyond the radial extent of our modeling, and is indicative of the need for a

near power-law profile over the extent of our models.

Since dynamical modeling directly measures mass (as opposed to dark

halo parameters), the enclosed mass provides a more robust estimate and is

likely not subject to the specific parameterization of the dark halo. Figure

2.14 shows the mass enclosed within the extent of our kinematic data as a

function of χ2. The best-fitted total enclosed mass is 1.78 ± 0.15 × 1011M⊙,

divided into 1.03 ± 0.03 × 1011M⊙ in stars and 0.75 ± 0.15 × 1011M⊙ in dark

matter. At 1Re the ratio of dark matter to total matter is 0.19. The dark

matter fraction as a function of radius is shown in Figure 2.15.

Figures 2.16 and 2.17 show the internal moments σr, σθ, and σφ and
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Table 2.3. NGC 821 Best-Fitted Halo Model Results

halo χ2 M/LV rs ρ c Mvir n Mtot Mstars Mhalo

(M/L)⊙ kpc M⊙/pc3 M⊙ 1011M⊙ 1011M⊙ 1011M⊙

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

none 2527.30 7.25 ± 0.05 · · · · · · · · · · · · · · · 1.20 1.20 0.00

NFW 2171.70 6.19 ± 0.09 700+500

−300
1.28+0.8

−0.5
× 10−4 2.45 4.76 × 1015 · · · 1.78 ± 0.15 1.03 ± 0.03 0.75 ± 0.15

power-law 2077.05 6.25 ± 0.07 · · · 0.025+0.025

−0.009
· · · · · · 0.1+0.1

−0.08
2.01 ± 0.15 1.04 ± 0.02 0.97 ± 0.15

Note. — (1) Dark halo density profile. (2) χ2 of best-fitted model. (3) Stellar M/LV of best-fitted model. (4) Scale radius of best-fitted model.
(5) Scale density ρcritδc for NFW, characteristic density ρo for power-law. (6) NFW concentration parameter determined from scale density. (7)
Virial mass determined from NFW concentration parameter. (8) Power-law index. (9) Total mass within 100′′. (10) Mass of stars within 100′′.
(11) Mass of dark halo within 100′′.
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Figure 2.13: Density (top) and circular velocity (bottom) as a function of
radius for the best-fitted NFW (dashed lines) and power-law (solid lines) dark
halos. In each case the bottom line is the dark halo alone and the top line is
the total mass (halo plus stars) The data point shows the radius of the most
extended bin of our kinematic data.
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Figure 2.14: Enclosed mass within the radial extent of our kinematic data,
100′′, as a function of χ2 for both the NFW halo density profiles (top) and
power-law halo density profiles (bottom) with best-fitted M/LV . The dotted
lines refer to ∆χ2=2.3, 4.61, 6.17, 9.21, 11.8, 18.4, corresponding to 2 degree
of freedom confidence levels of 63.8%, 90%, 95.4%, 99%, 99.73%, and 99.99%.
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Figure 2.15: Ratio of dark matter halo mass to total mass within a given radius
for the best-fitted NFW (dashed line) and power-law (solid line) dark halos.
The data point shows the radius of the most extended bin of our kinematic
data.
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ratio of radial to tangential dispersion along the major and minor axes for

the model with no dark halo and the best-fitted NFW halo model. Note that

throughout the paper our major and minor axes results are for the full angular

bins around the axes. The model without a dark halo shows radial anisotropy

at small radii and tangential anisotropy at large radii along the major axis.

Tangential anisotropy at large radii in a model with no dark halo could be

an indication of the need for a dark halo because the observations largely

constrain only σφ (for an edge-on configuration), so both σr and σθ may be

artifically decreased to create a smaller total σ that can be fit without a dark

halo. Along the minor axis, the contribution in the θ and φ directions are

roughly equal, as is expected for an axisymmetric model. Overall the minor

axis shows tangential anisotropy over the entire range of our data.

The best-fitted NFW halo model shows radial anisotropy within about

10′′ along the major axis. At larger radii the orbits are dominated by the φ

direction and show little dispersion in the θ direction.

Although the models fit the full nonparametric velocity profile of both

the HET data and SAURON data, in Figure 2.18 we plot the first four Gauss-

Hermite moments for our HET data and the best-fitted halo models. The

models differ most at intermediate to large radii, and do not appear to be

driven by any one parameter or radius in particular.
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Figure 2.16: Internal moments σr, σθ, and σφ (top) and the ratio of radial
to tangential dispersion (bottom) along the major axis (left) and minor axis
(right) for the model with no dark halo. Note that σφ includes both random
and ordered motions, which are shown (dot-dashed line) and are small. The
vertical line shows the limit of our kinematic data; results beyond this radius
are not reliable.
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Figure 2.17: Internal moments σr, σθ, and σφ (top) and the ratio of radial
to tangential dispersion (bottom) along the major axis (left) and minor axis
(right) for the model with the best-fitted NFW halo. Note that σφ includes
both random and ordered motions, which are shown (dot-dashed line) and are
small. The vertical line shows the limit of our kinematic data; results beyond
this radius are not reliable.
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Figure 2.18: Gauss-Hermite moments (mean velocity V , velocity dispersion σ,
asymmetric deviations from Gaussian (skewness) h3, and symmetric deviations
from Gaussian (kurtosis) h4) of the LOSVDs for our HET data and the best-
fitted halo models along the major axis (left panel) and minor axis (right
panel). The HET data are shown with open circles, SAURON data along the
axes with open triangles, no dark halo model with solid lines, best-fitted NFW
halo with dashed lines, and best-fitted power-law halo with dotted lines. The
model fits the full LOSVD of the HET data and all of the SAURON data.
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2.5.2 Power-Law Halo

We run models with a range of slope n from 0.0 to 1.1, density ρo from

0.0015 to 26 M⊙/pc3, and M/LV from 3.5 to 8.0. The resulting χ2 grid is shown

in Figure 2.19 and as a function of n and ρo in Figure 2.20. The best-fitted halo

model has a slope 0.1+0.1
−0.08 and a characteristic density ρo = 0.025+0.025

−0.009M⊙pc−3.

This halo is a better fit to the data than the best NFW halo, with a ∆χ2 = 95

(see Table 2.3). This power-law slope is significantly more shallow than the

1.0 slope of an NFW profile. A comparison of the best-fitted halo density and

circular velocity profiles is shown in Figure 2.13.

The best-fitted total enclosed mass is 2.01 ± 0.15 × 1011M⊙, divided

into 1.04 ± 0.02 × 1011M⊙ in stars and 0.97 ± 0.15 × 1011M⊙ in dark matter

(see Figure 2.14). At 1Re the ratio of dark matter to total matter is 0.13.

The internal moments σr, σθ, and σφ and ratio of radial to tangential

dispersion along the major axis are shown in Figure 2.21 and are roughly

consistent with those of the best-fitted NFW halo.

Figure 2.18 shows the first four Gauss-Hermite moments for our HET

data and the best-fitted halo models. Note that the models fit the full non-

parametric velocity profile of both the HET data and SAURON data.

2.5.3 Model Tests

In order to learn which aspect of the data is driving the results we

have performed several tests. Using an abbreviated grid of about one third
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Figure 2.19: Power-law slope n and density ρo χ2 grid for power-law halo
density profiles. Each point represents a model, and the size of the point
reflects the value of ∆χ2 for the best-fitted M/LV value. Models with ∆χ2

less than 6σ from the minimum value are plotted with open circles. The ringed
point indicates the model with the lowest value of χ2.
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Figure 2.20: χ2 as a function of power-law index n and scale density ρo for
power-law halo density profiles with best-fitted M/LV . The points represent
actual modeled values. The dotted lines refer to ∆χ2=2.3, 4.61, 6.17, 9.21,
11.8, 18.4, corresponding to 2 degree of freedom confidence levels of 63.8%,
90%, 95.4%, 99%, 99.73%, and 99.99%.
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Figure 2.21: As in Figure 2.16 for the best-fitted power-law model.
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of the halos in the full run and a coarse spacing in M/LV we have re-run

the models with various subsets of the data. First, to address any concerns

over the scattered minor axis data we have run the test models using only the

HET major axis data and SAURON data. The results are the same as the

full data set; there is a clear need for a dark halo, and the best-fitted NFW

halo parameters are unrealistic. Second, we removed the two points on the

major axis with extreme h3 values (at about 47′′ and 74′′) since Figure 2.18

may lead one to believe they are driving the fits. Again the results are the

same as with the full data set. And third, we do a test run using only data

below 0.5Re. In this case there is essentially no difference in χ2 between the

three best-fitted models (no dark halo, NFW halo, and power-law halo), and

the best-fitted halos are quite different than those from the full data results.

These tests indicate that it is the large radii data as a whole that is driving

the model fits. To further demonstrate this, Figures 2.22 and 2.23 show the

∆χ2 between the model with no halo and the best-fitted halo in each bin. The

bins at large radii show the greatest change in χ2, again indicating that the

large radii data are the major factor in the fits.

2.5.4 Comparisons to Other Studies

Gebhardt et al. (2003) model the central region of NGC 821 and find

that it is radially anisotropic within a few arcseconds and isotropic to slightly

tangentially anisotropic at larger radii. Given the difference in spatial reso-

lution this roughly agrees with our result. Cappellari et al. (2007) find that
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Figure 2.22: Difference in χ2 between the LOSVDs of the model with no dark
halo and the best-fitted power law halo model averaged in each spatial bin.
Green indicates that the no-halo model has a larger χ2 than the power-law
model and therefore the power-law is a better fit, while orange indicates that
the power-law model has a larger χ2 than the no-halo model and therefore the
no-halo model is a better fit.
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Figure 2.23: Difference in χ2 between the LOSVDs of the model with no dark
halo and the best-fitted NFW halo model averaged in each spatial bin. Green
indicates that the no-halo model has a larger χ2 than the NFW model and
therefore the NFW is a better fit, while orange indicates that the NFW model
has a larger χ2 than the no-halo model and therefore the no-halo model is a
better fit.
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within about 20′′ N821 is radially anisotropic overall, along the major and

minor axes and between. They find that the velocity ellipsoids are circular in

the center and become more radial with increasing radius, in conflict with our

results, but they do not include a dark halo which could change their results.

Thomas et al. (2007), using similar modeling as we use, find that early-type

galaxies in the Coma cluster are radial compared to the θ direction over all

radii along the major axis, agreeing with our result, and vary from galaxy to

galaxy in the φ component. The merger simulations of Dekel et al. (2005) also

find a radial anisotropy. Their spherically averaged β of about 0.4 corresponds

to a σradial/σtangential of 1.3, which is larger than our results along the major

and minor axes. However their simulations show declining projected dispersion

profiles, which our data do not, that could account for the difference.

By modeling only the central part of NGC 821 Gebhardt et al. (2003)

find M/LV = 7.6 (without including foreground extinction), which is consis-

tent with our no-halo value over the whole galaxy of M/LV = 7.25. Cor-

recting for NGC 821’s large reddening of AV = 0.364 mag (Schlegel et al.,

1998, NED extragalactic database) we find our best-fitted M/LV,nohalo =

5.18, M/LV,nfw = 4.43, and M/LV,pow = 4.47. Cappellari et al. (2006) find

M/Ljeans = 3.54, M/Lschwarzschild = 3.08, and M/Lstellarpop = 2.60 in the I

band. Using (V − I) = 1.35 mag (Lauer et al., 2005) and (V − I)⊙ = 0.682

mag (Ramı́rez & Meléndez, 2005) our V band mass-to-light ratios are con-

verted to M/LI,nohalo = 2.80, M/LI,nfw = 2.39, and M/LI,pow = 2.42. Our

mass-to-light ratios are slightly lower, though roughly consistent, with their
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mass-to-light ratios found using Schwarzschild modeling and stellar popula-

tions. Inclusion of a dark halo could easily explain this difference since that

would lower the stellar M/L value.

We find that the enclosed mass of NGC 821 within ∼ 2Re is roughly

2×1011M⊙, equally divided between stars and dark matter. At 1Re the ratio of

dark matter halo mass to total mass is 0.19 for the best-fitted NFW halo profile

and 0.13 for the best-fitted power-law halo profile. This matches other studies

that find that the dark matter is 10−40% of the total matter at 1Re and that

dark matter begins to dominate at 2 − 4Re (e.g. Saglia et al., 2000; Gerhard

et al., 2001; Mamon &  Lokas, 2005). The simulations of Dekel et al. (2005)

also show that dark matter and stellar matter are equal at 3Re, and at 1Re

have a mass fraction of 40% dark matter. Thomas et al. (2007) perform similar

dynamical modeling on 17 galaxies in the Coma cluster. Using values taken

by eye from their Figure 5 we find that their average dark matter fraction at

1Re is 0.19, though their galaxies show a wide range of dark matter fractions,

from about 0.1 to 0.5 at 1Re. We therefore find that the dark matter fraction

at 1Re is similar for N821, a field elliptical galaxy, and a selection of Coma

cluster early-type galaxies, perhaps contrary to hypotheses that environment

plays a role in the dark matter fraction.

Weijmans et al. (2009) provide a dynamical analysis using orbit-based

models and using data that extend to similar radii. Thus, the comparison

of dark halo results is informative. We find very similar numbers. Inside of

39′′ (which they call Re), they find a dark matter fraction of 18%. Inside of
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45′′ (which we call Re), we have a dark matter fraction of 13%. There are

differences in the models as well. First, they use a “maximum M/L” model

where they force the M/L of the stars to have a maximum value. We minimize

for the M/L of the stars. Second, the modelling codes are different, with the

main difference in that they use regularization (which trades the best fitted

values with smoothness) and we report results for the best fit to the data.

Third, they use SAURON data at large radii and we use our HET data at

large radii. Their data extends to slightly larger radii (110′′ compared to our

limit of 90′′), and our data is high signal-to-noise. Given all of the these

differences, it is impressive that we obtain similar results for the dark halo.

This implies that systematic differences are not significant for determining the

enclosed mass profile.

2.5.5 Smoothing

It is useful to constrain the orbital weighting so that the resulting DF

is smooth, as a real galaxy’s DF may be presumed to be. Although we do not

usually report results when smoothing our models (we argue that allowing the

best fit to the data is the most robust way to provide an un-biased result),

other groups suggest that it is important for their model. Rix et al. (1997)

and subsequent studies minimize the variation in the DF, a process they term

regularization. We employ maximum entropy to find the best combination of

orbit weights to match the data, as described in Thomas et al. (2005). We

define a function f ≡ χ2 −αS where χ2 is the sum of squared residuals to the
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data, S is the entropy, and α is a parameter describing the relative weights

of entropy and residuals in the fit. In order to minimize f we typically start

with a large value of α and make it smaller until the χ2 no longer varies. To

test the effect of smoothing we run models such that the iterations stop when

α = 0.01, a reasonable value based on Thomas et al. (2005).

Using only our HET data we ran our no-halo and NFW-halo models

with and without smoothing using a coarser grid in parameter space. We find

that smoothing does not alter the results. All of the models have a lower

χ2 using only the HET data than the main results of our paper which use

both HET and SAURON data. The models with smoothing have a larger

χ2 than without smoothing (see Table 2.4), but the ∆χ2 between different

halo models remains the same. The best-fitted NFW dark halo parameters

are consistent within the errors. The internal moments are also consistent

with the unsmoothed models within the errors. Using an estimate by eye, the

smoothed model’s DF (plotted as I3 versus Lz in E bins) looks similar to the

unsmoothed model’s DF when smoothed.

We therefore determine that adding smoothing via maximum entropy

does not alter the measured halo, internal moments, or overall DF shape. We

also note that these results using only our HET data are consistent with those

using both HET and SAURON presented throughout this paper.
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Table 2.4. NGC 821 Smoothing Model Results

halo smoothing χ2 rs c ρ
kpc M⊙/pc3

(1) (2) (3) (4) (5) (6)

none no 940.857 · · · · · · · · ·
none yes 1033.73 · · · · · · · · ·
NFW no 766.47 1050 2.32 1.14 × 10−4

NFW yes 852.77 800 2.70 1.56 × 10−4

Note. — (1) Dark halo density profile. (2) Smoothing
or no smoothing. (3) χ2 of best-fitted model. These χ2

values are lower than those of Table 2.3 because the models
fit fewer data points (HET data only) than the models in
Table 2.3 (HET and SAURON). (4) Scale radius of best-
fitted model. (5) NFW concentration parameter determined
from scale density. (6) NFW Scale density ρcritδc.
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2.5.6 Planetary Nebula Data

We model the NGC 821 planetary nebula data of Romanowsky et al.

(2003) with the best-fitted halos from the stellar data. We are not trying to

constrain models using this data, but rather are interested in what orbital

properties the planetary nebulae would require given the potential derived

from the stellar data. In doing this we assume that the potential derived from

stars is correct and that the planetary nebulae are distributed in the same

way as the stars. This assumption may not be realistic, as Dekel et al. (2005)

predicts that it is the densities, not the anisotropies, that differ. Figure 2.24

shows the ratio of radial to tangential dispersion for the models with no dark

halo and best-fitted NFW and power-law halos. As expected from the results

of Romanowsky et al. (2003), the model with no dark halo is roughly isotropic

throughout, and tangential at large radii. The best-fitted NFW model requires

radial orbits throughout and the best-fitted power-law halo requires extremely

radial orbits. This again demonstrates the strong mass-anisotropy degeneracy

in dynamical studies. All three models are an excellent fit to the data. There

is a preference for a dark halo, but it is not statistically significant.

2.6 Conclusions

We present kinematics of NGC 821 to over 2 effective radii using long-

slit spectroscopy from the Hobby-Eberly Telescope and find that our measured

stellar line-of-sight velocity distributions are larger than the planetary nebulae

measurements of Romanowsky et al. (2003) at large radii.
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Figure 2.24: Ratio of radial to tangential dispersion (an average of σθ and
σφ, including streaming motion) along the major axis for models with only
planetary nebula data (thick lines) and the best-fitted no halo, NFW halo,
and power-law halo derived from the stellar kinematics. All three models
are consistent with the PN data, in terms of χ2, with the dark halo models
providing a slightly better fit. Thin lines show results for stellar data as
comparison.
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Regardless of the density profile used, we are able to constrain the

enclosed mass of NGC 821 within our kinematic data (∼ 2Re) as roughly

2× 1011M⊙, equally divided between stars and dark matter. At 1Re the ratio

of dark matter halo mass to total mass is 0.19 for the best-fitted NFW halo

profile and 0.13 for the best-fitted power-law halo profile.

We find that the best-fitted model of the dark halo in NGC 821 has

a nearly flat power-law density profile. This dark halo gives a better fit than

both the NFW halo models and models without a dark halo at a greater than

99% confidence level. This slope is somewhat unexpected, and is strongly

inconsistent with halo profiles with inner slopes greater than one (e.g. isother-

mal, Hernquist, 1990; Moore et al., 1999), and may lend support to halos with

a flat inner slope (e.g. cored isothermal, logarithmic potential, and Burkert,

1995). Additionally, one would expect that adiabatic contraction would create

even steeper inner halo profiles (Blumenthal et al., 1986; Gnedin et al., 2004),

which is in conflict with our result. This halo result is driven by the data at

large radii.

Our NFW χ2 space shows a degeneracy in radius and density as ex-

pected. This degeneracy is slightly tilted from the expected NFW correlations.

Constraining these NFW radius and density parameters using a single concen-

tration parameter could lead to biased results.

We find a V band stellar mass-to-light ratio of 6.19 for the NFW halo

and 6.25 for the best-fitted power-law halo. With no dark halo a mass-to-light

ratio of 7.25 is needed. These values agree with other modeling of NGC 821
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in the literature when corrected for extinction.

Including smoothing via maximum entropy to our orbital weight selec-

tion as a means of smoothing the resulting DF does not affect the halo found

or internal moments within the errors.

In addition to having a significantly poorer fit, the models without a

dark halo show tangential anisotropy at large radii. This may be an indication

that a dark halo is necessary because the radial component of the velocity

dispersion may need to be artificially decreased at large radii in order to create

a smaller total velocity dispersion that can be reproduced by a haloless model.

The best-fitted dark halo model shows a radial bias in the θ direction at all

radii. This is in agreement with the simulation results of Dekel et al. (2005).

However we do show that the velocities in the φ direction are greater than

the radial component. If the planetary nebulae are on radial orbits, that

would explain why our measured stellar velocity dispersions are larger than

the reported planetary nebulae dispersions (Romanowsky et al., 2003). We

show this by modeling the planetary nebula data assuming the potential of

our best-fitted halo models from the stellar kinematics. We find that the

planetary nebulae do require radially anisotropic orbits to match the best-

fitted halo potentials.
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Chapter 3

The Dark Halo of NGC 6702

3.1 Introduction

As we have previously discussed, halos of dark matter around galaxies

have become an accepted part of our understanding of the universe, though

there have been some questions about the dark matter content of elliptical

galaxies (Romanowsky et al., 2003). In Chapter 2 we found that elliptical

galaxy NGC 821 contains a significant fraction of dark matter. Here we con-

tinue by studying another elliptical, NGC 6702, to learn whether NGC 821

is unique and to grow the database of information on elliptical galaxy dark

halos.

NGC 6702 is a LINER (de Vaucouleurs et al., 1991) and has been

classified as E2 and E3 (Sandage & Visvanathan, 1978; de Vaucouleurs et al.,

1976) with an axis ratio of 0.78 (2MASS, Skrutskie et al., 2006). It is at

a distance of 62.8 Mpc (Ho et al., 1997). It does not have boxy isophotes

or stellar disks, but does contain dust lanes (Lauer, 1985) and a power-law

surface brightness profile (Ravindranath et al., 2001).

§3.2 describes the observations and data reduction; in §3.3 we describe

the kinematic extraction; the dynamical models are described in §3.4; we
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present our results in §3.5 and give conclusions in §3.6.

3.2 Observations and Data Reduction

Long-slit spectra were taken with the Low-Resolution Spectrograph

(Hill et al., 1998) on the Hobby-Eberly Telescope. We used the g2 grism and

1′′ by 4′ slit over the wavelength range 4300-7300Å. This setup gives a resolving

power of 1300 or a full-width half-maximum (FWHM) resolution of about 230

km s−1. Measurements of night sky line widths show that we can measure

dispersions to about 110 km s−1. The CCD frame (binned 2 × 2) has a plate

scale of 0.47′′/pix spatially and 2Å/pix spectrally. The gain is 1.832 e− ADU−1

and readout noise is 5.10 e−. We used the Schott Glass blocking filter GG385,

which has a half-power point of the transmission around 385 nm. Preparatory

images showing the sky before the slit has been inserted are shown in Figures

3.1 and 3.2.

NGC 6702 was observed over fourteen nights from April to October

2002 for a total exposure time of 6.7 hours along the major axis and 4.6 hours

along the minor axis. Cadmium and Neon calibration lamp exposures and

white light illumination flat fields were taken each night.

The data reduction was performed using standard techniques with for-

tran code developed from FITSIO programs. First we overscan correct and

trim the images. Then we apply a flat correction using a normalized flat

frame, taken from averaged instrumental flats obtained each night of observa-

tions. Next we rectify the images along the spatial axis using the calibration
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Figure 3.1: NGC 6702 major axis preparatory image.
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Figure 3.2: NGC 6702 minor axis preparatory image.
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lamp lines as a reference. For sky subtraction, we use the region of the slit that

is furthest from the galaxy center. Finally we align and combine the images

using the night sky lines and the galaxy as references.

To calculate our galaxy potential we use a composite surface brightness

profile. Within 3′′ we use the R-band profile from Lauer (1985). Outside

of 3′′ we use a profile from the McDonald Observatory 0.8-m telescope in

V normalized to the central profile. The surface brightness deprojection is

based on a nonparametric estimate of the density using smoothing splines (see

Gebhardt et al., 1996). The surface brightness profile is shown in Figure 3.3.

3.3 Kinematics

We extract the spectra in radial bins along the major and minor axes.

Because the seeing is approximately 2′′ we set the central bins to 5 pixels

(2.35′′). The outer bins are sized to obtain sufficient signal for kinematic

analysis. Along the minor axis the spectra from either side of the galaxy were

averaged at each radius. Along the major axis, the center of the galaxy was

near the edge of the chip so only one side was extracted. Our farthest radial

bin extends to 39′′ on the minor axis and 54′′ on the major axis, corresponding

to a V-band surface brightness of 24.9 on the major axis. The Re of NGC 6702

has been measured in the literature as 24.4′′ (RC3), and 29 ′′ (Faber et al.,

1989). For the purpose of this discussion we will adopt the Faber et al. (1989)

value of 29′′. Thus our data extend to approximately 1.3Re along the minor

axis and 1.9Re along the major axis.
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Figure 3.3: Surface brightness, luminosity density, and deprojected surface
brightness profiles as a function of radius.
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We fit the local continuum in the spectra by finding the biweight (Beers

et al., 1990) in windows as described in Pinkney et al. (2003). The wavelength

solution was found using Cd and Ne calibration lamps.

We obtain a nonparametric line-of-sight velocity distribution (LOSVD)

by deconvolving the galaxy spectrum with a set of stellar template spectra

using the maximum penalized likelihood technique of Gebhardt et al. (2000).

Tests of this technique are given in Pinkney et al. (2003). There are 30 evenly-

spaced velocity bins of 63 km s−1 that represent the LOSVD. We vary the

height in each bin and the weights of each template star to find the best

match to the galaxy spectrum. We use nine stellar templates with types

ranging from G dwarf to M giant from Leitherer et al. (1996), convolved to

our spectral resolution.

For our kinematic analysis we used the spectral range 4800-5450Å to

match the wavelength range of our template stars. This region includes the

Hβ and Mgb lines, however we exclude the Mgb region because it is enhanced

and our template stars therefore do not provide a proper fit. An example fit

is shown in Figure 3.4.

The uncertainty of each velocity bin is obtained from Monte Carlo sim-

ulations. We convolve the best-fitted LOSVD and weighted stellar templates

to obtain an initial galaxy spectrum. We then generate 100 realizations of

the galaxy spectrum by adding Gaussian noise using an estimate of the initial

rms. The LOSVD is determined for each realization as described above. The

distribution of values in each velocity bin of the LOSVD provides an estimate
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Figure 3.4: Spectrum of the combined, weighted template stars (lower panel),
data from the central bin along the major axis (dashed line, upper panel),
and the template spectrum convolved with the best-fitted LOSVD (solid line,
upper panel). The region around Mgb from about 5125 Å to 5200 Å is excluded
from the fit.
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of the 68% confidence bands. Sample LOSVDs are shown in Figure 3.5.

Although we use the full nonparametric velocity profile in the dynamic

modeling, in Figure 3.6 we plot the first four Gauss-Hermite moments (mean

velocity V , velocity dispersion σ, asymmetric deviations from Gaussian (skew-

ness) h3, and symmetric deviations from Gaussian (kurtosis) h4). The kine-

matic data are given in Table 3.1 and Table 3.2.

3.4 Dynamical Models

We use axisymmetric orbit superposition models based on the method

of Schwarzschild (1979) as descirbed in §2.4. We again assume an edge-on

inclination for this analysis, which is reasonable given NGC 6702’s axis ratio

of 0.78 (2MASS, Skrutskie et al., 2006). For NGC 6702 we also include a

central black hole with mass 3×108M⊙. We do not use the mass-to-light ratio

scaling as described in §2.4 because of improved computational resources.

The orbital characteristics are computed in 16 angular bins and 60

radial bins from 0.2′′ to 500′′, and are compared to the data in 4 angular bins

and 15 radial bins, which are similar in size to the HET data extraction bins.

Our libraries have a range of approximately 12000 to 18000 total orbits.

3.4.1 Dark Matter Halo Profiles

We use both the Navarro, Frenk and White (NFW) and logarithmic

potential dark halo profiles. The NFW (Navarro et al., 1996b) dark halo

71



Figure 3.5: Line-of-sight velocity distributions (solid lines) with errors (dashed
lines) for the first four radial bins along the major axis.
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Table 3.1: NGC 6702 Major Axis Kinematics

r v ǫv σ ǫσ h3 ǫh3
h4 ǫh4

arcsec km s−1 km s−1

0.00 -0.288 8.154 200.675 10.035 -0.001 0.028 0.000 0.019
1.41 -18.674 7.136 200.886 12.355 -0.002 0.029 -0.017 0.026
3.76 -7.392 8.047 179.440 11.199 -0.021 0.025 -0.055 0.019
6.11 0.777 8.690 210.964 12.571 -0.020 0.035 -0.009 0.024
8.46 -2.844 8.974 179.101 13.777 0.019 0.035 0.012 0.024
10.81 10.082 9.818 164.864 14.821 0.018 0.031 -0.031 0.022
13.16 -9.327 14.427 186.222 31.771 0.039 0.062 0.027 0.075
15.51 -11.775 17.042 187.415 23.555 0.058 0.055 0.002 0.042
17.86 3.401 18.296 173.914 25.642 -0.057 0.054 0.001 0.037
21.39 -11.180 13.395 189.440 19.272 -0.043 0.051 0.029 0.043
24.91 15.178 22.866 166.633 32.963 -0.129 0.062 0.040 0.064
35.49 0.380 25.215 129.986 49.460 0.021 0.061 -0.043 0.075
44.88 -8.592 29.393 142.033 44.079 0.145 0.121 0.022 0.128
54.28 -16.620 44.955 150.275 35.012 -0.005 0.045 -0.048 0.028
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Table 3.2: NGC 6702 Minor Axis Kinematics

r v ǫv σ ǫσ h3 ǫh3
h4 ǫh4

arcsec km s−1 km s−1

0.00 8.872 10.699 168.293 14.584 -0.027 0.036 -0.032 0.036
1.41 5.918 7.016 196.397 12.544 0.008 0.022 -0.039 0.016
3.76 1.700 8.748 177.389 14.339 -0.051 0.021 -0.011 0.018
6.11 17.574 8.315 176.736 15.784 0.025 0.028 0.007 0.030
8.46 5.044 9.945 164.761 16.301 -0.019 0.030 -0.027 0.024
10.81 1.467 10.381 151.915 19.279 -0.030 0.027 -0.036 0.024
13.16 2.333 15.416 185.062 24.561 -0.004 0.044 -0.040 0.038
16.68 22.194 12.643 155.309 18.871 -0.074 0.052 -0.032 0.029
21.39 1.503 19.402 188.478 28.373 -0.029 0.069 -0.038 0.061
26.08 12.356 17.650 147.983 25.784 -0.036 0.057 -0.054 0.040
31.96 51.991 34.915 203.553 41.372 0.030 0.096 0.018 0.105
39.01 -1.262 35.848 162.664 56.494 -0.036 0.154 0.134 0.211
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Figure 3.6: The second moment as measured by
√

V 2 + σ2 and the Gauss-
Hermite moments v, σ, h3 and h4 of the LOSVD along the major axis (solid
circles) and minor axis (open squares).
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density profile is given as

ρ(r) =
ρcrit δc

(r/rs)(1 + r/rs)2
(3.1)

where rs is the scale radius of the halo and ρcrit = 3H2/8πG is the critical

density. We use H = 70 km s−1 Mpc−1. Throughout this paper we refer to

ρcritδc as the scale density. The characteristic overdensity δc is approximately

related to a concentration parameter c by

δc =
∆vir

3

c3

ln (1 + c) − c/(1 + c)
. (3.2)

The virial overdensity ∆vir varies with redshift and cosmological model and we

use a value of ∆vir = 101. We vary both the concentration and scale radius,

although there is a known correlation between them (Navarro et al., 1996b).

This relation as given in Bullock et al. (2001) is

c ≃ 9

(

Mvir

1.5 × 1013h−1M⊙

)−0.13

(3.3)

and can be written in the form

r3
s =

( c

9

)−1/0.13
(

∆vir
4π

3
ρcritc

3

)−1

(1.5 × 1013h−1M⊙). (3.4)

The Logarithmic Potential halo is given by

Φ =
1

2
v2

c ln(r2
c + r2) (3.5)

which corresponds to the density distribution
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ρ(r) =
v2

c

4πG

3r2
c + r2

(r2
c + r2)2

(3.6)

(Binney & Tremaine, 1987) where vc is the circular velocity and rc is

the characteristic radius.

3.5 Results

The best-fitted model is determined by comparing the χ2 between the

model and data LOSVDs, with the uncertainty of the data determined from the

68% confidence band. Example LOSVDs are shown in Figure 3.7 for several

radial bins. It is difficult to determine a reduced χ2 because determining the

number of degrees of freedom is problematic. The number of independent

observables is roughly the number of radial data bins times the number of

LOSVD bins at each radius (26× 13 = 338 in this case), however the LOSVD

bins are correlated and thus the effective number of data points is less than

this value. Regardless, the change in χ2 between different models remains a

valid statistic to determine confidence levels of the fits. For example, a change

in χ2 of 1 corresponds to the 68.3% confidence level.

3.5.1 NFW Halo

We ran 4900 models with scale radius from 5 to 5000 kpc, c from 0.3 to

18, corresponding to a range in scale density of 3.9×10−6 to 0.013M⊙pc−3, and

M/LV from 1.2 to 3.4. Figures 3.8 and 3.9 show the resulting χ2 as a function

of each parameter. Our results show a degeneracy between scale radius and
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Figure 3.7: Match of data and no dark halo model LOSVDs for the central
four radial bins along the major axis. The open circles are the data values
with error bars and the closed red circles are the model values. The area is
normalized to the total light in that bin.
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Table 3.3: NGC 6702 Best-Fitted Halo Model Results

Halo χ2 M/LV Halo parameters

No halo 113.2 3.2 ± 0.2 ...

Log halo 99.11 2.4+0.5
−0.7 r=1800 kpc

v=150 km/s

NFW halo 99.06 2.2+0.4
−0.8 c=2.0

ρ = 8.48 × 10−5M⊙/pc3

r=700 kpc

scale density as expected.

We find that we are unable to constrain the shape of the dark halo in

NGC 6702. Models within 1 σ of the minimum span a range from 20 kpc to

beyond 5000 kpc in radius and 0.5 to 16 in c (7.9× 10−6 to 9.9× 10−3M⊙pc−3

in density). The mass-to-light ratio is determined to be 2.2+0.4
−0.8 in V. The

uncertainty in M/LV is determined from the one-dimensional envelope in χ2

shown in Figure 3.9. The best-fitted NFW halo density profile and circular

velocity curve is shown in Figure 3.10.

The no halo model is ruled out with a change in χ2 of 14.14, correspond-

ing to nearly 6σ (99.99% confidence level). Table 3.3 shows the χ2 values and

halo parameters of the best-fitted halo model and model with no dark halo.

As discussed above, we do not attach significance to the halo parameters.

Figures 3.11 and 3.12 show the internal moments σr, σθ, and σφ and

ratio of radial to tangential dispersion along the major and minor axes for

the model with no dark halo and the best-fitted NFW halo model. Note that
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Figure 3.8: χ2 grids in M/LV , scale radius, and scale density for each of the
NFW halo models. Black points show each halo modeled. Red points show
models within ∆χ2 = 1 of the minimum value and the green point is the model
with the minimum χ2.
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Figure 3.9: χ2 as a function of scale radius, scale density, concentration, and
M/LV for each of the NFW halo models. The solid line shows ∆χ2 = 1 (1σ)
from the minimum value.
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Figure 3.10: Density (top) and circular velocity (bottom) as a function of
radius for the best-fitted dark halo profiles. The green dotted lines are stars
only, dashed lines are halo only, and solid lines are halo plus stars for the NFW
(red) and logarithmic potential (blue) halos. The data point shows the radial
extent of our data.
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throughout the manuscript our major and minor axes results are for the full

angular bins around the axes. The model without a dark halo shows radial

anisotropy at small radii and tangential anisotropy at large radii. Tangential

anisotropy at large radii in a model with no dark halo could be an indication

of the need for a dark halo. The observations constrain mainly σφ, so both σr

and σθ may be artifically decreased to create a smaller total σ that can be fit

without a dark halo. The best-fitted NFW halo model shows radial anisotropy

along the major axis.

Although the models are fitted to the full nonparametric velocity pro-

file, in Figure 3.13 we plot the first four Gauss-Hermite moments for our data

and the best-fitted halo models.

3.5.2 Logarithmic Potential Halo

We ran 3700 models with a radius from from 3 to 3.2×104 kpc, circular

velocity from 50 to 3.6× 105 km/s, and M/LV from 1.6 to 3.4. The χ2 results

are shown in Figures 3.14 and 3.15.

As with the NFW models we are again unable to constrain the shape

of the dark halo. Models within 1 sigma of the minimum span a range from 6

to beyond 3.2 × 104 kpc in radius and from 250 to beyond 3.6 × 105 km/s in

velocity. The mass-to-light ratio in V is constrained to 2.4+0.5
−0.7. The best-fitted

halo density profile and circular velocity curve are shown in Figure 3.10.

The no halo model is again ruled out with a nearly 6σ confidence

(99.99% confidence level), corresponding to a change in χ2 of 14.09. There
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Figure 3.11: Internal moments σr, σθ, and σφ (top) and ratio of radial to
tangential dispersion (bottom) for the model with no dark halo along the
major axis (left) and minor axis (right). Note that σφ includes both random
and ordered motions, which are shown (dot-dashed line) and are small. The
solid vertical line shows the radial extent of our kinematic data; results beyond
this point are not reliable.
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Figure 3.12: The same as 3.11 for the best-fitted NFW halo.
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Figure 3.13: Model kinematics compared to data. Although we model the full
LOSVD, we show the Gauss-Hermite parameters v, σ, h3 and h4 as a function
of radius for our data (open circles) along the major axis (left) and minor axis
(right). Lines indicate the no halo (solid black), NFW halo (blue dashed), and
logarithmic potential halo (red dotted).
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Figure 3.14: χ2 grids in M/LV , circular velocity, and scale radius for each of
the logarithmic potential halo models. Black points show each halo modeled.
Red points show models within ∆χ2 = 1 of the minimum value and the green
point is the model with the minimum χ2.
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Figure 3.15: χ2 as a function of M/LV , radius, and circular velocity for each
of the logarithmic potential halo models. The solid line shows ∆χ2 = 1 (1σ)
from the minimum value.
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Figure 3.16: The same as 3.11 for the best-fitted logarithmic potential halo.

is no significance in the ∆χ2 between the NFW and logarithmic potential

halos (see Table 3.3).

The internal moments σr, σθ, and σφ and ratio of radial to tangential

dispersion along the major axis are shown in Figure 3.16 and are roughly

consistent with those of the best-fitted NFW halo.

Figure 3.13 shows the first four Gauss-Hermite moments for our HET

data and the best-fitted halo models. Note that the models fit the full non-

parametric velocity profile of the data.
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3.5.3 Mass Measurement

Although we are unable to constrain the shape of the dark matter halo,

we can constrain the amount of mass in the halo. Figures 3.17 and 3.18 show

the mass enclosed within the extent of our kinematic data (about 2 Re) as a

function of χ2 for the NFW and logarithmic potential halos within 1σ of the

best-fitted model. The mass measurements are given in Tables 3.4 and 3.5.

Within the radial extent of our data the stellar mass is similar for both the

NFW and logarithmic potential halos, but the NFW halo has a larger halo

mass.

Table 3.4: NGC 6702 Best-Fitted Halo Model Mass Results at 1Re (29′′)

Halo Mtot (low,high) Mstars (low,high) Mhalo (low,high)
1011M⊙ 1011M⊙ 1011M⊙

No halo 1.60 (1.50,1.70) 1.60 (1.50,1.70) 0.00
Log halo 1.47 (1.30,2.11) 1.20 (0.90,1.40) 0.27 (0.10,1.01)

NFW halo 1.73 (1.46,2.08) 1.10 (0.70,1.30) 0.63 (0.34,1.28)

Table 3.5: NGC 6702 Best-Fitted Halo Model Mass Results Within Our Data
(58′′, ∼ 2Re)

Halo Mtot (low,high) Mstars (low,high) Mhalo (low,high)
1011M⊙ 1011M⊙ 1011M⊙

No halo 2.24 (2.10,2.38) 2.24 (2.10,2.38) 0.00
Log halo 3.45 (2.61,4.92) 1.68 (1.26,1.96) 1.77 (.660 3.39)

NFW halo 3.73 (2.90,4.71) 1.54 (.981,1.82) 2.19 (1.20 3.37)
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Figure 3.17: Total mass, mass in halo and mass in stars all within our kine-
matic data range (about 2 Re) for all of the models within 1σ of the minimum
value for the NFW halo.
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Figure 3.18: Total mass, mass in halo and mass in stars all within our kine-
matic data range (about 2 Re) for all of the models within 1σ of the minimum
value for the logarithmic potential halo.
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Figures 3.19 and 3.20 show the enclosed mass, total mass to light ratio,

and halo mass fraction as a function of radius for all halo models within 1σ

of the best-fitted model for both the NFW and logarithmic potential halos.

Figure 3.21 shows these mass profiles for just the best-fitted models to compare

the NFW and logarithmic potential halos.

Within the radial extent of our data, about 2Re, the fraction of dark

matter is 0.59 for the NFW halo and 0.51 for the logarithmic potential halo.

At 1Re the ratio of dark matter to total matter is 0.36 for the NFW halo

and 0.18 for the logarithmic potential halo. This matches other studies that

find that the dark matter is 10 − 40% of the total matter at 1Re and that

dark matter begins to dominate at 2 − 4Re (e.g. Saglia et al., 2000; Gerhard

et al., 2001; Mamon &  Lokas, 2005). It also agrees with our previous results

for NGC 821 (see §2.5).

3.6 Conclusions

We present kinematics of NGC 6702 to approximately 2 effective radii

using long-slit spectroscopy from the Hobby-Eberly Telescope. We perform

axisymmetric orbit superposition models using NFW and logarithmic potential

dark halos and find that dark matter is necessary (at the 5σ level) to explain

the observations of NGC 6702, yet we are unable to constrain the shape of the

dark matter profile for this galaxy.

We find a V band stellar mass-to-light ratio of 2.2 for the NFW halo

and 2.4 for the best-fitted power-law halo. With no dark halo a mass-to-light

93



Figure 3.19: Enclosed mass, total mass to light ratio, and halo mass fraction
as a function of radius for all NFW halo models within 1σ of the best-fitted
NFW halo model (red line). The data point shows the radial extent of our
kinematic data.
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Figure 3.20: Mass profiles as in 3.19 for all logarithmic potential halo models
within 1σ of the best-fitted logarithmic potential halo model (red line).
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Figure 3.21: Mass profiles as in 3.19 for the best-fitted NFW (red) and loga-
rithmic potential (blue) halo profiles. The top panel shows stars only (dotted),
halo only (dashed), and total mass (solid lines).

96



ratio of 3.2 is needed. Correcting for galactic extinction using AV = 0.363mag

(Schlegel et al., 1998, NED extragalactic database) these become M/LV of

1.57, 1.72, and 2.29 respectively.

The models without a dark halo show tangential anisotropy at large

radii. This may be an indication that a dark halo is necessary because the

radial component of the velocity dispersion may be artificially decreased at

large radii in order to create a smaller total velocity dispersion that can be

reproduced by a haloless model. The best-fitted dark halo model shows a

radial bias in the θ direction at all radii.

Even though we cannot constrain the shape of the dark matter halo,

we are able to constrain the enclosed mass of NGC 6702. Within the radial

extent of our kinematic data (∼ 2Re) the total mass is roughly 3.6× 1011M⊙,

with dark matter fractions of 0.59 for the best-fitted NFW halo and 0.51 for

the best-fitted logarithmic potential halo. At 1Re the dark matter fraction

is 0.36 for the NFW halo profile and 0.18 for the logarithmic potential halo

profile. These dark matter fractions agree with previous studies of elliptical

galaxies.
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Chapter 4

The Dark Halo of NGC 4697

4.1 Introduction

As discussed in Chapter 2, planetary nebulae have been the subject of

some controversy in previous dark matter studies. PNe may have different

anisotropies than stellar light and also may be distributed differently. In this

chapter we model NGC 4697 using PN kinematics only at large radii.

NGC 4697 was previously modeled by Binney et al. (1990) and De-

jonghe et al. (1996) based on kinematics within 1Re and was found to be con-

sistent with having no dark matter. Méndez et al. (2001) obtained an early

version of the planetary nebulae sample we use in this chapter and found that

NGC 4697 is consistent with having no dark halo if the galaxy is isotropic; if

anisoptropic, dark matter could be present. Recently, de Lorenzi et al. (2008)

used a new modeling technique, NMAGIC, to more accurately model this plan-

etary nebula sample and found that dark matter is needed. Although they do

not attempt to determine the shape of the halo, they find that a logarithmic

potential halo with circular velocity greater than or equal to 250 km/s at 5Re

best fit the data.

NGC 4697 is also an interesting subject because of it’s central super-
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massive black hole. It’s black hole mass measurement was one of the most

robust of Gebhardt et al. (2003), and through this study we can learn how

adding a dark halo to the analysis changes the black hole result, if at all.

Gebhardt & Thomas (2009) shows that for M87 the inclusion of the dark halo

changes the black hole mass by a factor of 2. This is a result of the more

accurate stellar mass-to-light ratio obtained when a dark halo is included at

large radii.

NGC 4697 is classified as an E6 (de Vaucouleurs et al., 1991). It has

a stellar disk along the major axis (Carter, 1987) and has significant gas and

dust detections (Sofue & Wakamatsu, 1993). HST imaging reveals a central

dust disk (Lauer et al., 1995). It has disky isophotes (Peletier et al., 1990)

and a power-law profile (Faber et al., 1997). It’s distance is 11.7 Mpc (Tonry

et al., 2001).

The measured effective radius of NGC 4697 has a large variation. Faber

et al. (1989) find an effective radius of 75′′, Binney et al. (1990) find 95′′, and

(RC3) list it as 72′′. However, 2MASS finds effective radii of 42.4′′, 39.94 ′′,

and 39.510′′in the J, H, and K bands respectively. Our own photometry gives

an effective radius of 37.24± 13.12′′including a disk or 60′′without a disk. We

adopt an Re of 60′′.

A 2MASS image of NGC-4697 is shown in Figure 4.1.

§4.2 describes the data; the dynamical models are described in §4.3; we

present our results in §4.4 and give conclusions in §4.5.
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Figure 4.1: NGC 4697 JHK composite image from the 2MASS Large Galaxy
Atlas (Jarrett et al., 2003).
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4.2 Data

4.2.1 Stellar Kinematics

We use both stellar light and planetary nebula data from the literature

to constrain our models. The stellar data come from Pinkney et al. (2003) and

includes HST STIS observations in the center and ground-based data from the

MDM Observatory. These data are symmetrized and binned before extract-

ing line-of-sight velocity distributions (LOSVDs) for use in the axisymmetric

models as described in Gebhardt et al. (2003).

4.2.2 Planetary Nebulae Kinematics

We use planetary nebula data from Méndez et al. (2001, 2008, 2009)

who use the FORS1 Cassegrain spectrograph of the ESO Very Large Telescope

and the FOCAS Cassegrain imaging spectrograph at the Subaru telescope.

Their planetary nebula velocity measurements extend to over 400′′(about 6 to

7 Re).

To use the planetary nebulae in our models we bin them according to

the binning scheme used for the dynamical models (see §4.3 below). Because

we use axisymmetric models the PNe were folded along the major axis and

ipped about the minor axis so that the data are in one quadrant of the galaxy,

as shown in Figure 4.2. Within each bin a line-of-sight velocity distribution

was calculated using the PN velocities within that bin. Bins with less than 25

PNe were combined with the adjoining angular bin to give enough velocities

to create an accurate LOSVD. An example LOSVD is shown in Figure 4.3.
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Figure 4.2: Location of planetary nebulae on the sky. Red points have been
folded along the major axis and open points have been flipped along the minor
axis. The x and y axes are given in arcseconds.
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Figure 4.3: Line-of-sight velocity distribution (solid lines) with errors (dashed
lines) for the twentieth bin along the major axis, from a radius of 213′′to 333′′.
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Although the full LOSVDs are used in the models, Figure 4.4 shows the

Gauss-Hermite moments and the second moment as measured by
√

V 2 + σ2

for our PN binning and the stellar data.

4.2.3 Light Profile

We use a light profile based on stellar light, though we will be modeling

the kinematics of planetary nebulae. Thus we assume that the planetary

nebulae are distributed in the same way as stars. In the center we use the

light profile from Pinkney et al. (2003), which for NGC 4697 uses pre-COSTAR

WFPC1 data in F555W (V). At larger radii we use new data from D. Fisher

that is a composite profile of ACS F850LP (SDSS z band), and 2MASS J

band data. The light profile is deconvolved using a non-parametric technique

as described in Gebhardt et al. (1996). The light profile is shown in Figure

4.5.

4.3 Dynamical Models

We use axisymmetric orbit superposition models based on the method

of Schwarzschild (1979) as described in §3.4. We again assume an edge-on

inclination for this analysis, which is reasonable given NGC 4697’s axis ratio

of 0.63 (2MASS, Jarrett et al., 2003). We also include a central black hole

which is varied in mass to best fit the data.

The orbital characteristics are computed in 20 angular bins and 92

radial bins from 0.005′′ to 1200′′, and are compared to the data in 5 angular
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Figure 4.4: The second moment as measured by
√

V 2 + σ2 and the Gauss-
Hermite moments v, σ, h3 and h4 of the LOSVD as a function of distance
from the center of the galaxy. The blue points show stellar data from Pinkney
et al. (2003) and the red points show our planetary nebulae measurements.
Solid points are along the major axis, open circles are at other angular bins.
The plot is given in both linear scale (left) to show the large radii data and
logarithmic scale (right) to show the central data.
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Figure 4.5: Surface brightness, luminosity density, and deprojected surface
brightness profiles as a function of radius.
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bins and 23 radial bins. The central bins are approximately the same as the

bins used by Gebhardt et al. (2003) to model this galaxy so that the same

kinematic data can be used. As described in §4.2.2 above, the bins at large

radii are used to bin the planetary nebulae data for use in the models. The

model and data LOSVDs are compared in 19 velocity bins. Our libraries have

a range of approximately 20,000 to 30,000 total orbits.

We primarily use the Logarithmic Potential dark matter halo, given by

ρ(r) =
v2

c

4πG

3r2
c + r2

(r2
c + r2)2

(4.1)

where vc is the circular velocity and rc is the characteristic radius.

We also test the Navarro, Frenk and White (NFW) (Navarro et al.,

1996b) dark halo profile, given as

ρ(r) =
ρcrit δc

(r/rs)(1 + r/rs)2
(4.2)

where rs is the scale radius of the halo and ρcrit = 3H2/8πG is the critical

density.

4.4 Results

As described in previous chapters, the best-fitted model is determined

by comparing the χ2 between the model and data LOSVDs, such that a change

in χ2 of 1 corresponds to the 68% confidence band. Example LOSVD fits are

shown in Figure 4.6.
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Figure 4.6: Match of data and no dark halo model LOSVDs for the central
four stellar bins along the major axis. The open circles are the data values
with error bars and the closed red circles are the model values. The area is
normalized to the total light in that bin.
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4.4.1 Stellar data with no dark halo

We first reproduced the results of Gebhardt et al. (2003) by running

models with no dark halo using just the stellar data. The only difference be-

tween this analysis and those of Gebhardt et al. (2003) is the improved light

profile and slight modifications to the modeling code, such as the improved or-

bit library sampling of Thomas et al. (2005). The resulting χ2 grid is shown in

Figure 4.7. Our best-fitted M/L of 5.1 is slightly higher than theirs, but over-

all our results are consistent with their values of MBH from 1.6 to 1.9×108M⊙

and M/LV from 4.7 to 4.9.

4.4.2 All data with no dark halo

Next we include the large-radii planetary nebula data but again do not

include a dark halo in the models. The resulting χ2 grid is shown in Figure

4.8. The addition of kinematic data at large radii increases the mass-to-light

ratio significantly, up to 7.4. Since the mass-to-light ratio is constant over

all parts of the galaxy, more of the central matter is now attributed to stars

and the black hole mass decreases accordingly to 8.75 × 107M⊙. This clearly

demonstrates the need to understand the large-radii properties of the galaxy

while measuring the central black hole.

4.4.3 All data with logarithmic potential dark halo

Lastly, we model both the black hole and a logarithmic potential dark

halo using both the central stellar data and the large radii planetary nebula
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Figure 4.7: χ2 grid in M/LV and black hole mass for the models with no dark
halo and stellar data only (no planetary nebulae data). Each point represents
a model and the redder points have a lower χ2. Contours show 68.3%, 90%,
95.4%, 99%, 99.73%, and 99.99% confidence levels. The star is the model with
the minimum χ2.
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Figure 4.8: χ2 grid in M/LV and black hole mass for the models with no dark
halo. Each point represents a halo modeled and the redder points have a lower
χ2. Contours show 68.3%, 90%, 95.4%, 99%, 99.73%, and 99.99% confidence
levels. The star is the model with the minimum χ2.
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data. With four parameters we run over 25,000 models to fully explore the

parameter space. The resulting χ2 grids are shown in Figure 4.9. We have

51 LOSVDs (30 from stars and 21 from planetary nebulae) which given the

smoothing bins of the LOSVDs provides about 340 degrees of freedom. Thus

our best-fitted models have a reduced χ2 of roughly 1.6.

The best-fitted model has an M/L of 4.35 (4.25, 4.55), MBH of 2.1 (1.7,

2.4)×108M⊙, Vc of 387.5 (310, 395) km/s and Rc of 9.0 (7.0, 10.5) kpc. The

(low, high) values are obtained from the ∆χ2 = 1 envelopes of each parameter,

as shown along the bottom of Figure 4.9. A summary of all of the best-fitted

model parameters is given in Table 4.1. The best-fitted halo density profile

and circular velocity curve are shown in Figure 4.10. The no halo model is

ruled out with a change in χ2 of 1050 from the best-fitted logarithmic potential

halo. This preferred fit is not dominated by any one region of the galaxy; the

halo model provides a better LOSVD fit in nearly all of the 51 data bins. This

is illustrated in Figure 4.11.

Figures 4.12 and 4.13 show the internal moments σr, σθ, and σφ and

ratio of radial to tangential dispersion along the major and minor axes for the

model with no dark halo and the best-fitted halo model. The model without

a dark halo shows slightly tangential anisotropy at intermediate to large radii.

This could be an indication of the need for a dark halo, as discussed in §2.5.1.

The best-fitted halo model shows isotropy at intermediate radii and extremely

radial anisotropy at large radii. This is interesting given our previous results

from NGC 821 which similarly show that planetary nebulae data would have
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Figure 4.9: χ2 grids in M/LV , black hole mass, circular velocity, and charac-
teristic radius for each of the logarithmic potential halo models. Black points
show each halo modeled. Red points show models within 4σ of the minimum
value. The plots along the left and bottom show each parameter as a function
of χ2 for all models. The plotting ranges are selected to highlight the best
t for each parameter; there are many models beyond the plotting range that
have signicantly worse ts.
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Figure 4.10: Density (top) and circular velocity (bottom) as a function of
radius for the best-fitted dark halo profile. The dotted lines are stars only,
dashed lines are halo only, and solid lines are halo plus stars. The data point
shows the radial extent of our data.
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Figure 4.11: Difference in χ2 between the LOSVDs of the model with no dark
halo and the best-fitted logarithmic potential halo model averaged in each
spatial bin. Green indicates that the no-halo model has a larger χ2 than the
halo model and therefore the halo is a better fit, while orange indicates that the
halo model has a larger χ2 than the no-halo model and therefore the no-halo
model is a better fit.
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very radial orbits in the assumed stellar potential (see §2.5.6).

4.4.4 NFW Halo

We also ran about 9800 models to test the NFW dark halo profile. The

resulting χ2 grids are shown in Figure 4.14. We find that the logarithmic po-

tential halo is a better fit than the NFW halo with a ∆χ2 of 27. Additionally,

the NFW halo parameters (concentration and core radius) are not well con-

strained, indicating that the NFW shape does not provide an ideal fit. We do

find that the mass-to-light ratio of 4.4 (4.0, 4.6) and black hole mass of 1.7

(1.4, 2.1)×108M⊙ are well constrained and agree with the logarithmic poten-

tial results. We continue our discussion using only the logarithmic potential

halo models because of their better fit, well-determined halo parameters, and

more thorough exploration of parameter space.

4.4.5 Mass-to-light ratio

One assumption of this analysis is that the mass-to-light ratio of the

stellar component is constant over the entire galaxy. While our models are

really measuring the total mass of the galaxy, it may be interesting to see how

that total mass is separated into stars and halo given a varying M/L. We

examine this by estimating the mass-to-light ratio using color measurements.

A B − R color profile was provided by D. Fisher based on Jacobus Kapteyn

Telescope archival data. We then used Bell & de Jong (2001) to convert

this color to M/LV . This conversion is dependent on several assumptions
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Figure 4.12: Internal moments σr, σθ, and σφ (top) and the ratio of radial
to tangential dispersion (bottom) along the major axis (left) and minor axis
(right) for the model with no dark halo. Note that our major and minor
axes results are for the full angular bins around the axes. σφ includes both
random and ordered motions, which are shown (dot-dashed line). The vertical
line shows the limit of our kinematic data; results beyond this radius are not
reliable.
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Figure 4.13: Internal moments σr, σθ, and σφ (top) and the ratio of radial
to tangential dispersion (bottom) along the major axis (left) and minor axis
(right) for the model with the best-fitted halo. Note that our major and minor
axes results are for the full angular bins around the axes. σφ includes both
random and ordered motions, which are shown (dot-dashed line). The vertical
line shows the limit of our kinematic data; results beyond this radius are not
reliable.
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Figure 4.14: χ2 grids in M/LV , black hole mass, concentration, and core radius
for each of the NFW halo models. Black points show each halo modeled. Red
points show models within 4σ of the minimum value. The plots along the
left and bottom show each parameter as a function of χ2 for all models. The
plotting ranges are selected to highlight the best t for each parameter; there
are many models beyond the plotting range that have signicantly worse ts.

119



(IMF, lower-mass cut-off, AGB stars), but is nonetheless a useful exercise.

The color and mass-to-light ratio profiles are shown in Figure 4.15. Correcting

our dynamical M/LV of 4.35 for galactic extinction using AV = 0.101mag

(Schlegel et al., 1998, NED extragalactic database) we find an M/LV of 3.97.

This is in agreement with the M/L calculated above, which ranges from 2.7

to 4.9 over the galaxy.

We used the derived mass-to-light ratio to calculate a new stellar den-

sity profile. The radial range of our color data is smaller than our models so we

assumed that the M/L remained constant beyond the last data point. While

this is likely not correct, the sharp decline in color at about 80′′ makes it dif-

ficult to predict how the color will change at large radii. We then subtracted

the new stellar density profile from our best-fitted total mass profile to get

the implied dark halo profile. The derived stellar and halo density profiles are

shown in Figure 4.16. It is clear that the need for a dark halo is a robust result

regardless of mass-to-light ratio variations. The overall shape of a logarithmic

potential halo seems to still be a good fit, although it is likely that a halo with

a larger circular velocity and smaller core radius would be a better fit using

the new stellar profile.

4.4.6 Mass results

Regardless of the exact halo shape, our models robustly measure the

total mass of the galaxy. Figures 4.17 and 4.18 show the mass enclosed within

1 Re and within the last bin of kinematic data as a function of χ2 for the loga-
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Figure 4.15: B −R color and derived V band mass-to-light ratio as a function
of radius.
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Figure 4.16: As in Figure 4.10. The red lines show the stellar contribution
using the mass-to-light ratio derived from data (dotted) and the implied halo
given the new stellar contribution (dashed).
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rithmic potential halos within 4σ of the best-fitted model. The corresponding

mass measurements are given in Tables 4.2 and 4.3. We use 4σ confidence lev-

els because of the scarcity of models within 1σ of the best-fitted halo. Figures

4.18 and 4.17 show that the range of masses appears to be similar at 1σ and

4σ, so these errors are sensible. We find that the total mass of the galaxy at

1Re is 5.63 × 1010M⊙ and at the last data bin (about 8Re) is 1.02 × 1012M⊙.

Without including a halo we underestimate the total mass within our data

range by nearly an order of magnitude.

Figure 4.19 shows the enclosed mass, total mass to light ratio, and halo

mass fraction as a function of radius for all halo models within 4σ of the best-

fitted model. At 1Re the dark matter fraction is .30 and at our last data bin

the galaxy is 93% dark matter. The ratio at 1Re agrees with previous studies

(e.g. Saglia et al., 2000; Gerhard et al., 2001; Mamon &  Lokas, 2005) as well

as our own previous results.

4.5 Conclusions

We perform axisymmetric orbit superposition dynamical models on

NGC 4697 using both stellar and planetary nebula kinematic data. We fit

the models for stellar mass-to-light ratio, central black hole mass, and dark

halo parameters (circular velocity and characteristic radius).

We first reproduce the black hole mass and mass-to-light ratio results

of Gebhardt et al. (2003) using only stellar data and no dark halo. We then

include the planetary nebula data (but still no halo) and find that stellar
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Table 4.1: NGC 4697 Best-Fitted Parameters

Halo Mbh (low,high) M/LV

108M⊙

Gebhardt et al. (2003) 1.7 (1.6, 1.9) 4.7
No halo, no PN data 2.0 (1.6, 2.1) 5.1 (4.9, 5.3)

No halo .875 (.75, .95) 7.4 (7.35, 7.5)
Log halo 2.1 (1.7, 2.4) 4.35 (4.25, 4.55)

NFW halo 1.7 (1.4, 2.1) 4.4 (4.0,4.6)

Figure 4.17: Total mass, mass in halo and mass in stars all within 1Re (60′′)
for all of the models within 4σ of the minimum value.
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Figure 4.18: Total mass, mass in halo and mass in stars all within our kine-
matic data range for all of the models within 4σ of the minimum value.

Table 4.2: NGC 4697 Best-Fitted Halo Model Mass Results at 1Re (60′′)

Halo Mtot (low,high) Mstars (low,high) Mhalo (low,high)
1010M⊙ 1010M⊙ 1010M⊙

No halo 6.65 (6.56,6.83) 6.65 (6.56,6.83) 0.00
Log halo 5.63 (5.43,6.37) 3.94 (3.85,4.34) 1.68 (1.25,2.10)

Note. — Low and high values are given for the 4 sigma confidence levels.
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Figure 4.19: Enclosed mass, total mass to light ratio, and halo mass fraction
as a function of radius for all halo models within 4σ of the best-fitted halo
model. The data point shows the radial extent of our kinematic data and the
arrow indicates 1Re
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mass-to-light ratio significantly increases, from 5.1 to 7.4. The black hole

mass decreases accordingly, from 2.0× 108M⊙ to .875× 108M⊙. This result is

to be expected with the inclusion of extended data because in order to explain

the large velocities at large radii a bigger stellar mass-to-light ratio is needed

to compensate for the lack of a dark halo in the models.

We include a logarithmic potential dark halo and find that the fit is

significantly better than without a dark halo. The best-fitted model has an

M/L of 4.35, MBH of 2.1 × 108M⊙, Vc of 387.5km/s and Rc of 9kpc. This

halo is consistent with the results of de Lorenzi et al. (2008), who do not do

a detailed analysis of the shape but find that the best fits to the data include

a logarithmic potential halo with Vc ≥ 250km/s. This mass-to-light ratio and

black hole mass are once again consistent with the results of Gebhardt et al.

(2003). Gebhardt & Thomas (2009) recently showed that the black hole mass

of M87 did change with the inclusion of globular cluster data at large radii.

NGC 4697 is different because the previous analysis used data that did not

extend to where dark matter is a significant fraction of the total mass. Also

NGC 4697 had the most significant black hole detection of Gebhardt et al.

(2003), with a very well-constrained mass.

The model without a dark halo shows slightly tangential anisotropy at

intermediate to large radii, which is indicative of the need for a dark halo.

The best-fitted halo model shows isotropy at intermediate radii and radial

anisotropy at large radii. This is interesting given our previous results from

NGC 821 which similarly show that planetary nebulae data would have radial
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orbits in the assumed stellar potential. This could indicate that there is some-

thing something inherent to the PNe that put them on radial orbits, a bias

of the PNe detections at large radii, or simply that the galaxy as a whole has

radial motions at large radii.

We tested the NFW halo profile and found that the halo parameters

were not well constrained and overall it was a worse fit than the logarith-

mic potential halo. The mass-to-light ratio and black hole mass found using

the NFW halo agreed with the result using a logarithmic potential halo, as

expected.

We use the stellar population method of Bell & de Jong (2001) to con-

vert stellar color to mass-to-light ratio as a function of radius. The stellar

population M/LV ranges from 2.7 to 4.9 and is in agreement with our dy-

namical M/LV corrected for extinction to 3.97. We compare the stellar mass

and density using a constant M/L and the derived varying M/L and find that

the need for a halo is still robust and the shape of the implied dark halo still

resembles a logarithmic potential halo.

We find that the total mass of the galaxy at 1Re is 5.63× 1010M⊙ and

at the last data bin (about 8Re) is 1.02 × 1012M⊙. At 1Re the dark matter

fraction is .30 and at our last data bin the galaxy is 93% dark matter.
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Table 4.3: NGC 4697 Best-Fitted Halo Model Mass Results Within The Kine-
matic Data

Halo Mtot (low,high) Mstars (low,high) Mhalo (low,high)
1011M⊙ 1011M⊙ 1011M⊙

No halo 1.23 (1.21,1.26) 1.23 (1.21,1.26) 0.00
Log halo 10.17 (6.68,10.42) 0.72 (0.71,0.80) 9.44 (5.94, 9.65)

Note. — Low and high values are given for the 4 sigma confidence levels.
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Chapter 5

Galaxy Kinematic Data

This chapter presents the kinematic analysis of the remaining galaxies

for which dynamical modeling has not yet been undertaken.

5.1 Observations

The observations were taking using the Hobby-Eberly Telescope’s Low-

Resolution Spectrograph (Hill et al., 1998). The CCD is a Ford Aerospace

3072x1024 and has a plate scale of 0.235 arcsec/pixel, which we bin 2x2. The

gain is 1.832 e− ADU−1 and readout noise is 5.10 e−. The long slit extends

across the 4′ field of view. We use either the g2 or g3 grism, whose specifications

are given in Table 5.1. Cadmium and Neon calibration lamp exposures and

white light illumination flat fields were taken each night.

The galaxies were observed over several nights in 2002 and 2003 un-

der queue scheduling. Table 5.2 gives information about the observations of

each galaxy. Table 5.3 shows basic properties of each galaxy from the NED

extragalactic database.

Figures 5.1 through 5.10 give the preparatory images showing the sky
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Table 5.1: Grisms

Grism g2 g3
Description 600 l/mm holographic
Dispersion 2 Å/pix 1.88 Å/pix
Range 4280 - 7278 Å 6250 - 9100 Å
Filter† GG385 OG515
Main feature Mg b Ca II triplet
Resolving Power (1′′ slit) 1300 1900
Resolving Power (2′′ slit) 650 950

†Schott Glass blocking filters. The number in the name is the approximate half-power point
of the transmission cut-on in nm.

before the slit has been inserted for each galaxy set up. The slit runs from top

center to bottom center.
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Table 5.2. Galaxy Observations

Trimester Name Axis Integration Time Nexp Grism Slit Size
(sec) (hr) (′′)

2003-1 NGC 2832 major 9600 2.7 8 g2 2.0
2003-1 NGC 2832 minor 7200 2.0 6 g3 2.0
2004-1 NGC 3379 major 4394 1.2 4 g2 1.0
2003-1 NGC 3842 major 6284 1.7 7 g3 2.0
2003-1 NGC 3842 minor 9600 2.7 8 g3 2.0
2003-1 NGC 4889 major 7200 2.0 8 g2 2.0
2003-1 NGC 4889 minor 7200 2.0 6 g2 2.0
2003-1 NGC 6086 major 9506 2.7 8 g3 2.0
2003-1 NGC 6086 minor 4800 1.3 4 g3 2.0
2002-3 NGC 661 major 25040 7.0 12 g2 1.0
2002-2 NGC 6702 major 24159 6.7 12 g2 1.0
2002-3 NGC 6702 minor 16520 4.6 8 g2 1.0
2003-3 NGC 821 major 19727 5.5 14 g2 1.0
2003-3 NGC 821 minor 8380 2.3 6 g2 1.0

Note. — NGC 6702 and NGC 821 are included here for completeness of the
sample, but will not be discussed further in this chapter. See §2 and §3 for their
analysis.
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Table 5.3. Galaxy Properties

Name Type Re (”) Re (kpc) Distance (Mpc) Environment

NGC 2832 E2, cD 25.5 11.71 94.72 cluster
NGC 3379 E1 35.1 1.80 10.60 group
NGC 3842 E, BCG 37.8 16.05 87.56 cluster
NGC 4889 E4, cD 30 13.73 94.38 cluster
NGC 6086 E, cD 24.3 16.03 136.03 cluster
NGC 661 E 14.1 2.27 33.24 field
NGC 6702 E 24.3 6.10 51.79 field
NGC 821 E6? 48 5.75 24.72 field
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Figure 5.1: NGC 2832 major axis preparatory image.
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Figure 5.2: NGC 2832 minor axis preparatory image.
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Figure 5.3: NGC 3379 major axis preparatory image.

136



Figure 5.4: NGC 3842 major axis preparatory image.
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Figure 5.5: NGC 2832 minor axis preparatory image.
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Figure 5.6: NGC 4889 major axis preparatory image.

139



Figure 5.7: NGC 4889 minor axis preparatory image.
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Figure 5.8: NGC 6086 major axis preparatory image.
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Figure 5.9: NGC 6086 minor axis preparatory image.
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Figure 5.10: NGC 661 major axis preparatory image.
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5.2 Data Reductions

The data reduction was performed using standard techniques with for-

tran code developed from FITSIO programs. First we overscan correct and

trim the images. Then we apply a flat correction using a normalized flat

frame, taken from averaged instrumental flats obtained each night of observa-

tions. Next we rectify the images along the spatial axis using the calibration

lamp lines as a reference. We subtract sky using the region of the slit that

is furthest from the galaxy center. Finally we align and combine the images

using the night sky lines and the galaxy as references. Figures 5.11 and 5.12

show example data before and after these reduction steps for the g2 grism.

Figures 5.13 and 5.14 show the same for the g3 grism. The g3 grism is domi-

nated by sky lines in the region of the Ca II triplet (near the left of the chip,

the bottom of Figure 5.13), which prove to be a problem for the kinematic

extraction.

The wavelength solution was found using Cd and Ne calibration lamps.

For the g2 grism a solution of y(Å) = 4274.93701 + 1.70254946x +

0.000402572157x2 − 1.38921877 × 107x3 was used. For the g3 grism the solu-

tion 9142.03906 − 1.8808496x − 0.000150332693x2 + 9.63607647 × 108x3 was

found and flipped to y(Å) = 6247.57448 + 1.6606409x + 0.000293697721x2 −

9.63607670 × 108x3 before kinematic analysis.
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Figure 5.11: Single frame of NGC 821 major axis data (grism g2) before
reductions.
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Figure 5.12: NGC 821 major axis reduced data (grism g2).
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Figure 5.13: Single frame of NGC 2832 minor axis data (grism g3) before
reductions.
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Figure 5.14: NGC 2832 minor axis reduced data (grism g3).
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5.3 Kinematic Measurements

We extract the one-dimensional spectra in radial bins. Toward the

center we set the bins to match the seeing, about 2′′ or 5 pixels. The outer bins

are sized to contain sufficient signal for the line-of-sight velocity distribution

(LOSVD) extraction. For minor axis data the spectra on either side of the

galaxy are averaged at each radius. For the major axis some galaxies are

placed at the edge of the chip (See Figures above) and only one side of the

galaxy is used. For the galaxies placed in the center of the chip the extraction

is done separately along each side of the galaxy. The g3 grism runs backward

such that the low number pixels are at the highest wavelength. We flipped

these spectra along the wavelength direction in order to standardize the data.

We do not flux calibrate the spectra, and thus we remove the continuum

in each spectra. The first step is to fit a low order polynomial to the spectrum

in two iterations. An example is shown in Figure 5.15. Next we fit the local

continuum by finding the biweight (Beers et al., 1990) in wavelength windows

as described in Pinkney et al. (2003). This is illustrated in Figure 5.16.

We use the LOSVD extraction technique of Gebhardt et al. (2000) and

Pinkney et al. (2003). This is a non-parametric maximum penalized likelihood

method similar to that of Saha & Williams (1994). First we choose an initial

velocity and velocity dispersion to create an initial velocity profile. The profile

is described in 29 equally spaced velocity bins. We convolve this profile with

a weighted-average template (see below) and calculate the residuals to the

observed galaxy spectrum. We vary the height in each bin and the weights
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Figure 5.15: First step of the continuum fit for the central bin along the
NGC 2832 major axis.
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Figure 5.16: Second step of the continuum fit for the central bin along the
NGC 2832 major axis.
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of each template star to find the best match to the galaxy spectrum. In

some cases small wavelength ranges are excluded from the fit due to bad sky

subtraction residuals. Examples of these spectrum fits are shown in Figures

5.17 (g2 grism) and 5.18 (g3 grism).

The uncertainty of each velocity bin is obtained from Monte Carlo sim-

ulations. We convolve the best-fitted LOSVD and weighted stellar templates

to obtain an initial galaxy spectrum. We then generate 100 realizations of

the galaxy spectrum by adding Gaussian noise using an estimate of the initial

rms. The LOSVD is determined for each realization as described above. The

distribution of values in each velocity bin of the LOSVD provides an estimate

of the 68% confidence bands.

Our initial analysis focused on the g2 grism and used the stellar tem-

plates from Leitherer et al. (1996), convolved to our spectral resolution. Table

5.4 shows the nine template stars available to the fit. Because of the wave-

length limits of the templates we use the spectral range 4800-5450Å for the

LOSVD extraction. This region includes the Hβ and Mgb lines, however we

exclude the Mgb region because it is typically enhanced and the template stars

do not provide a proper fit.

The g3 grism covers a different wavelength range that the above tem-

plates do not cover so we used template stars from the Indo-U.S. Library of

Coud Feed Stellar Spectra (Valdes et al., 2004), again convolved to our spec-

tral resolution. Table 5.5 shows the template stars available to the fit. We

focus our kinematic extraction on the region around the Ca II triplet, from
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Figure 5.17: Spectrum of the combined, weighted template stars (lower panel),
data from the central bin along the NGC 2832 major axis (dashed line, upper
panel), and the template spectrum convolved with the best-fitted LOSVD
(solid line, upper panel). The region from 5163 Å to 5228 Å is excluded from
the fit.
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Figure 5.18: Spectrum of the combined, weighted template stars (lower panel),
data from the central bin along the NGC 2832 minor axis (dashed line, upper
panel), and the template spectrum convolved with the best-fitted LOSVD
(solid line, upper panel). The obvious sky line residuals, such as from 8630 Å
to 8650 Å are excluded from the fit.
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Table 5.4: g2 Template Stars

Name spectral type [Fe/H]
HD10307 G1.5V -0.02
HD52711 G4V -0.15
HD111812 G0III INDEF
HD107950 G7III -0.22
HD81146 K2III 0.15
HD124547 K3III 0.17
HD136726 K4III 0.07
HD120933 K5III 0.50
HD112300 M3III 0.06

8300-8900Å.

Figure 5.19 through Figure 5.22 show the spectra from the LOSVD fits

in the central regions of each galaxy. As mentioned above, the abundance of

sky lines in the Ca II triplet region of the g3 grism is a problem. The NGC 3842

minor axis can only be well fit in the central two bins, and thus is not shown

in the results below. Both the major and minor axis of NGC 6086 prove too

difficult to fit at all. Some argue that the Ca II triplet region is better for

kinematic study than the Mgb region due to template mismatch (Barth et al.,

2002). However based on this data I would strongly recommend avoiding this

region, particularly using the holographic g3 grism on HET’s LRS.
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Table 5.5: g3 Template Stars

Name spectral type [Fe/H]
HD 50420 A7 III 0.30
HD 72968 A0 V 1.60
HD 74721 A0 V -1.48
HD 78362 F5 III 0.52
HD 82328 F5 IV -0.20
HD 5015 F8 V 0.00
HD 693 F5 V -0.38
HD 39833 G0 III 0.04
HD 10761 G8 III -0.11
HD 161797 G5 IV 0.16
HD 199960 G1 V 0.11
HD 17820 G5 V -0.69
HD 8207 K0 III 0.03
HD 135148 K0 III -1.90
HD 20893 K3 III -0.13
HD 6734 K0 IV -0.25
HD 92588 KI IV -0.10
HD 130025 K0 V -0.19
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Figure 5.19: Spectrum from the central bin along the NGC 2832 major axis
(black line) and spectrum of the combined, weighted template stars convolved
with the best-fitted LOSVD (red line). The dashed line region is excluded
from the fit.
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Figure 5.20: Spectrum from the central bin along the NGC 4889 major axis
(black line) and spectrum of the combined, weighted template stars convolved
with the best-fitted LOSVD (red line). The dashed line region is excluded
from the fit.
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Figure 5.21: Spectrum from the central bin along the NGC 4889 minor axis
(black line) and spectrum of the combined, weighted template stars convolved
with the best-fitted LOSVD (red line). The dashed line region is excluded
from the fit.
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Figure 5.22: Spectrum from the central bin along the NGC 661 major axis
(black line) and spectrum of the combined, weighted template stars convolved
with the best-fitted LOSVD (red line). The dashed line region is excluded
from the fit.
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Figure 5.23: Spectrum from the central bin along the NGC 2832 minor axis
(black line) and spectrum of the combined, weighted template stars convolved
with the best-fitted LOSVD (red line). The dashed line region is excluded
from the fit.
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Figure 5.24: Spectrum from the central bin along the NGC 3379 major axis
(black line) and spectrum of the combined, weighted template stars convolved
with the best-fitted LOSVD (red line). The dashed line region is excluded
from the fit.
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Figure 5.25: Spectrum from the central bin along the NGC 3842 major axis
(black line) and spectrum of the combined, weighted template stars convolved
with the best-fitted LOSVD (red line). The dashed line region is excluded
from the fit.
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Figure 5.26: Spectrum from the central bin along the NGC 3842 minor axis
(black line) and spectrum of the combined, weighted template stars convolved
with the best-fitted LOSVD (red line). The dashed line region is excluded
from the fit.
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Figure 5.27: Spectrum from the central bin along the NGC 6086 major axis
(black line) and spectrum of the combined, weighted template stars convolved
with the best-fitted LOSVD (red line). The dashed line region is excluded
from the fit.
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Figure 5.28: Spectrum from the central bin along the NGC 6086 minor axis
(black line) and spectrum of the combined, weighted template stars convolved
with the best-fitted LOSVD (red line). The dashed line region is excluded
from the fit.
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5.4 Results

Our final result is the full nonparametric velocity profile at each radius

of the galaxy. Example LOSVDs are shown in Figure 5.29. It is also useful to

look at the moments of the distribution. Figures 5.30 through 5.36 show the

second moment as measured by
√

V 2 + σ2, and the first four Gauss-Hermite

moments (mean velocity V , velocity dispersion σ, asymmetric deviations from

Gaussian (skewness) h3, and symmetric deviations from Gaussian (kurtosis)

h4) for each of our galaxies. These kinematic data are given in Tables 5.6

through 5.12.

These data will be of use in future kinematic studies of these galaxies.
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Figure 5.29: Example line-of-sight velocity distributions (solid lines) with er-
rors (dashed lines).
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Figure 5.30: The second moment as measured by
√

V 2 + σ2 and the first four
Gauss-Hermite moments (mean velocity V , velocity dispersion σ, asymmet-
ric deviations from Gaussian (skewness) h3, and symmetric deviations from
Gaussian (kurtosis) h4) for NGC 2832 along the major axis.

169



Figure 5.31: The second moment as measured by
√

V 2 + σ2 and the first four
Gauss-Hermite moments (mean velocity V , velocity dispersion σ, asymmet-
ric deviations from Gaussian (skewness) h3, and symmetric deviations from
Gaussian (kurtosis) h4) for NGC 2832 along the minor axis.
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Figure 5.32: The second moment as measured by
√

V 2 + σ2 and the first four
Gauss-Hermite moments (mean velocity V , velocity dispersion σ, asymmet-
ric deviations from Gaussian (skewness) h3, and symmetric deviations from
Gaussian (kurtosis) h4) for NGC 3379 along the major axis.
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Figure 5.33: The second moment as measured by
√

V 2 + σ2 and the first four
Gauss-Hermite moments (mean velocity V , velocity dispersion σ, asymmet-
ric deviations from Gaussian (skewness) h3, and symmetric deviations from
Gaussian (kurtosis) h4) for NGC 3842 along the major axis.
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Figure 5.34: The second moment as measured by
√

V 2 + σ2 and the first four
Gauss-Hermite moments (mean velocity V , velocity dispersion σ, asymmet-
ric deviations from Gaussian (skewness) h3, and symmetric deviations from
Gaussian (kurtosis) h4) for NGC 4889 along the major axis.
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Figure 5.35: The second moment as measured by
√

V 2 + σ2 and the first four
Gauss-Hermite moments (mean velocity V , velocity dispersion σ, asymmet-
ric deviations from Gaussian (skewness) h3, and symmetric deviations from
Gaussian (kurtosis) h4) for NGC 4889 along the minor axis.
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Figure 5.36: The second moment as measured by
√

V 2 + σ2 and the first four
Gauss-Hermite moments (mean velocity V , velocity dispersion σ, asymmet-
ric deviations from Gaussian (skewness) h3, and symmetric deviations from
Gaussian (kurtosis) h4) for NGC 661 along the major axis.
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Table 5.6: NGC 2832 Major Axis Kinematics

r v ǫv σ ǫσ h3 ǫh3
h4 ǫh4

arcsec km s−1 km s−1

0.00 -2.219 26.093 334.679 16.620 0.019 0.046 -0.037 0.012
1.41 26.866 14.537 335.523 13.680 0.018 0.028 -0.033 0.011
3.76 16.058 16.282 341.991 13.924 0.018 0.030 -0.024 0.013
6.11 15.368 12.614 324.093 8.441 0.007 0.021 -0.032 0.012
8.46 8.482 15.303 329.776 9.466 0.011 0.026 -0.009 0.012
10.81 26.310 17.861 304.746 10.329 -0.005 0.028 -0.039 0.010
13.16 -43.542 14.731 322.868 13.284 -0.032 0.026 -0.041 0.012
15.51 8.361 19.267 307.217 12.693 -0.002 0.027 -0.043 0.010
17.86 -35.057 18.436 351.848 13.342 -0.021 0.024 -0.027 0.013
20.21 -15.370 28.180 340.215 19.479 0.026 0.031 -0.034 0.020
22.56 -96.316 30.022 430.283 39.126 -0.111 0.057 0.066 0.052
26.08 -77.428 31.370 365.539 33.868 0.069 0.055 0.050 0.050
31.96 -220.085 36.626 435.953 41.870 -0.110 0.055 0.035 0.045
39.01 -291.418 54.219 515.214 51.042 -0.038 0.115 -0.107 0.098
-1.41 4.346 21.049 338.635 14.086 0.029 0.032 -0.041 0.014
-3.76 -9.964 20.491 324.335 10.785 0.012 0.038 -0.037 0.010
-6.11 13.215 13.307 293.690 11.973 0.006 0.034 -0.038 0.010
-8.46 10.644 13.818 305.612 11.606 -0.017 0.038 -0.030 0.010
-10.81 1.679 14.354 330.043 10.715 -0.006 0.025 -0.036 0.008
-13.16 -12.786 16.316 320.426 12.110 -0.012 0.027 -0.047 0.009
-15.51 -9.448 21.602 333.270 13.628 -0.011 0.033 -0.023 0.013
-17.86 -4.875 18.807 294.652 12.591 -0.040 0.040 -0.032 0.014
-20.21 -75.252 30.243 413.399 24.628 -0.072 0.049 0.050 0.039
-22.56 28.398 20.264 366.902 15.116 0.015 0.024 -0.021 0.013
-26.08 -131.450 25.014 335.710 20.147 -0.059 0.033 0.019 0.037
-31.96 -142.669 41.685 411.268 34.597 -0.008 0.036 -0.037 0.026
-39.01 -330.911 41.967 331.853 87.455 0.000 0.073 -0.014 0.170
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Table 5.7: NGC 2832 Minor Axis Kinematics

r v ǫv σ ǫσ h3 ǫh3
h4 ǫh4

arcsec km s−1 km s−1

0.00 10.788 24.308 282.479 17.863 -0.016 0.032 -0.090 0.016
1.41 -34.734 23.212 280.097 18.550 -0.012 0.030 -0.085 0.015
3.76 -55.896 38.060 280.236 21.004 -0.021 0.050 -0.087 0.020
6.11 10.351 41.525 242.969 35.069 -0.017 0.042 -0.104 0.022
8.46 -40.609 77.212 264.290 52.971 -0.067 0.064 -0.111 0.043
10.81 43.349 68.461 213.046 46.230 -0.049 0.044 -0.082 0.025
13.16 -27.346 87.889 247.382 57.331 -0.057 0.060 -0.132 0.060
16.68 91.124 90.188 184.423 53.746 -0.471 0.157 0.352 0.380
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Table 5.8: NGC 3379 Major Axis Kinematics

r v ǫv σ ǫσ h3 ǫh3
h4 ǫh4

arcsec km s−1 km s−1

0.00 0.719 8.279 218.037 8.265 0.034 0.032 -0.015 0.012
1.41 -5.711 8.763 221.775 10.794 0.024 0.036 -0.010 0.013
3.76 -9.015 8.625 210.024 8.514 0.013 0.038 -0.027 0.010
6.11 3.577 8.369 195.092 10.199 -0.018 0.049 -0.013 0.017
8.46 -2.228 8.202 193.114 8.084 0.013 0.045 -0.042 0.010
10.81 -0.934 7.905 195.622 9.693 0.001 0.039 -0.036 0.011
13.16 0.853 9.455 198.889 8.970 0.054 0.026 0.009 0.020
15.51 3.584 8.365 200.156 8.286 0.016 0.022 -0.045 0.011
18.09 4.476 9.750 179.640 8.536 0.024 0.047 -0.053 0.011
21.62 30.571 9.479 225.975 11.262 -0.025 0.038 -0.034 0.017
26.08 4.400 8.803 245.986 7.041 0.107 0.028 0.033 0.034
31.96 28.386 16.492 180.275 13.618 0.022 0.039 -0.021 0.024
39.01 13.772 15.230 199.721 13.838 0.027 0.038 -0.055 0.016
47.24 -25.803 17.497 183.167 12.297 0.016 0.036 -0.037 0.012
58.99 -30.184 16.219 169.792 18.195 0.059 0.058 -0.020 0.029
74.26 -14.921 26.042 195.524 28.815 0.023 0.065 -0.034 0.047
90.47 -22.929 49.363 207.904 51.169 0.197 0.177 0.070 0.218
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Table 5.9: NGC 3842 Major Axis Kinematics

r v ǫv σ ǫσ h3 ǫh3
h4 ǫh4

arcsec km s−1 km s−1

0.00 16.947 22.938 243.448 16.809 0.053 0.041 -0.076 0.014
1.41 38.872 32.437 264.779 19.192 -0.049 0.045 -0.075 0.022
3.76 55.912 36.851 282.091 19.870 0.029 0.043 -0.093 0.023
6.11 54.423 43.315 253.792 25.450 0.142 0.063 -0.034 0.031
8.46 220.209 53.939 257.823 4.457 0.057 0.007 -0.057 0.101
10.81 271.916 95.315 317.188 13.802 0.001 0.117 -0.086 0.178
-1.41 -114.409 12.153 320.849 8.382 -0.002 0.005 -0.061 0.014
-3.76 -207.258 16.267 368.132 4.377 -0.088 0.037 -0.021 0.031
-6.11 -75.654 43.030 262.163 23.564 0.008 0.035 -0.088 0.020
-8.46 169.587 54.087 345.202 16.901 0.036 0.004 -0.071 0.038
-10.81 68.489 49.863 332.313 29.959 0.169 0.108 0.001 0.033
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Table 5.10: NGC 4889 Major Axis Kinematics

r v ǫv σ ǫσ h3 ǫh3
h4 ǫh4

arcsec km s−1 km s−1

0.00 -0.118 20.369 381.677 13.960 -0.008 0.031 -0.048 0.011
1.41 -1.899 22.811 388.038 12.957 -0.013 0.031 -0.039 0.012
3.76 -111.080 20.219 416.578 19.354 -0.108 0.046 0.008 0.031
6.11 -138.655 20.249 420.693 15.757 -0.057 0.033 0.003 0.013
8.46 -118.049 19.299 387.090 13.635 -0.060 0.028 0.001 0.014
10.81 -48.188 21.352 398.535 14.899 -0.047 0.031 0.006 0.013
14.34 -45.303 23.640 369.980 18.251 -0.070 0.033 0.043 0.036
25.61 -150.145 42.915 446.074 35.546 -0.033 0.054 0.012 0.038
30.78 -1.068 28.719 311.031 34.439 0.071 0.065 0.039 0.071
35.49 154.406 67.530 438.499 69.064 0.180 0.090 0.122 0.078
41.36 -14.892 52.789 369.877 58.358 -0.089 0.108 0.033 0.087
-1.41 21.984 21.372 392.540 13.644 0.004 0.034 -0.039 0.013
-3.76 -25.665 19.613 374.186 15.016 0.004 0.034 -0.029 0.013
-6.11 -17.057 19.940 399.994 11.951 -0.036 0.025 -0.015 0.012
-8.46 -47.659 20.546 347.997 12.367 -0.049 0.030 -0.012 0.014
-10.81 -87.315 22.711 384.881 15.825 -0.037 0.030 -0.004 0.013
-14.34 -3.114 23.388 425.573 18.877 0.019 0.027 -0.014 0.014
-19.74 -35.532 28.827 465.412 31.294 0.041 0.048 0.119 0.041
-25.61 -39.918 48.822 461.539 54.633 0.004 0.056 0.029 0.054
-30.78 30.488 40.638 332.522 33.861 0.094 0.058 0.009 0.055
-35.49 26.476 72.742 531.145 115.399 0.201 0.103 0.207 0.106
-41.36 144.141 39.308 407.335 50.449 0.068 0.050 -0.005 0.038
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Table 5.11: NGC 4889 Minor Axis Kinematics

r v ǫv σ ǫσ h3 ǫh3
h4 ǫh4

arcsec km s−1 km s−1

0.00 0.615 22.206 390.007 15.883 -0.007 0.030 -0.038 0.012
1.41 6.258 19.500 391.685 12.417 -0.028 0.036 -0.040 0.011
3.76 -13.206 17.699 363.303 11.423 0.017 0.028 -0.041 0.012
6.11 -1.562 15.690 343.530 10.080 0.031 0.022 -0.036 0.011
8.46 -13.055 19.808 357.180 13.102 0.009 0.023 -0.049 0.010
10.81 6.053 17.924 364.251 12.824 0.066 0.032 -0.040 0.017
13.16 -22.104 19.987 328.823 13.325 0.026 0.028 -0.031 0.012
15.51 19.628 24.782 349.704 15.374 0.037 0.035 -0.049 0.020
18.33 24.228 27.436 380.830 19.982 0.017 0.040 -0.036 0.022
21.15 32.063 25.146 305.441 20.957 0.015 0.051 -0.009 0.047
23.50 -54.827 40.532 317.795 69.078 0.057 0.064 -0.007 0.101
27.02 -35.179 36.698 268.569 28.260 0.008 0.047 -0.044 0.040
31.73 34.639 41.222 284.902 35.852 0.033 0.066 -0.053 0.043
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Table 5.12: NGC 661 Major Axis Kinematics

r v ǫv σ ǫσ h3 ǫh3
h4 ǫh4

arcsec km s−1 km s−1

0.00 1.759 12.305 237.366 8.258 0.001 0.031 -0.008 0.020
1.41 0.215 8.863 218.107 7.349 -0.003 0.027 -0.040 0.012
3.76 -7.165 10.100 227.127 7.455 0.018 0.025 -0.038 0.014
6.11 -28.090 10.273 222.522 9.573 0.002 0.027 -0.039 0.011
8.46 -35.190 10.502 203.661 9.554 -0.002 0.025 -0.037 0.011
10.81 -51.267 9.437 197.285 10.049 0.031 0.036 -0.014 0.033
13.16 -69.811 13.453 194.110 12.802 0.020 0.026 -0.018 0.025
15.51 -64.045 13.892 194.063 10.576 -0.021 0.033 -0.040 0.012
17.86 -46.288 12.056 185.937 18.502 0.010 0.051 -0.021 0.040
20.92 -45.405 13.278 188.769 18.247 0.075 0.051 0.027 0.048
26.56 -92.257 23.186 192.392 23.915 0.030 0.065 -0.006 0.061
33.60 -30.492 20.848 229.798 18.168 0.151 0.051 0.015 0.054
45.83 -61.049 38.215 184.484 44.844 0.021 0.066 -0.044 0.072
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Chapter 6

Summary and Conclusions

In this dissertation I have studied a sample of elliptical galaxies in order

to learn about their dark matter content. This analysis uses some of the best

data and dynamical models available to provide a result at the forefront of the

field.

We present deep long-slit spectroscopy from the Hobby-Eberly Tele-

scope, providing kinematics out to approximately 1-2 Re for our sample. For

a subsample of these galaxies we perform axisymmetric orbit superposition

dynamical models of their dark halos.

In all three galaxies modeled we found that dark matter is necessary

to explain the motions at large radii. NGC 821 has the smallest dark matter

content with about 15-20% dark matter at 1Re and 45-50% dark matter at 2Re.

NGC 6702 and NGC 4697 have comparable dark matter fractions; NGC 6702

is 20-35% dark matter at 1Re and 50-60% dark matter at 2Re while NGC 4697

is 30% dark matter at 1Re and about 65% dark matter at 2Re. The analysis

of NGC 4697 extends even farther to show 93% dark matter at roughly 8Re.

Given the variations in effective radius measurements, the above numbers carry

considerable uncertainty and are given only for comparison with other work.
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For two of the three galaxies we find that a halo with a flat central

slope (i.e. a flat power law or logarithmic potential halo) is a better fit to the

data than the canonical NFW halo. For the third galaxy, NGC 6702, we do

not find a difference in the fits of the two halos.

In chapter 4 we show that our assumption of constant stellar mass-to-

light ratio over the whole galaxy, while not correct, does not affect the conclu-

sion that dark matter is needed or the general shape of the halo. In chapter

2 we show that employing smoothing in the distribution function similar to

other groups’ methods does not change the halo results.

All of our galaxies show tangential anisotropy at large radii when a dark

halo is not included. This is indicative of the need for a dark halo because the

observations at large radii mainly constrain only σφ, so both σr and σθ may

be artificially decreased to create a smaller total sigma that can be fit without

a dark halo. In all cases the motions become isotropic to radial at large radii

with the inclusion of a dark halo.

For NGC 821 we model the planetary nebula kinematics of Roman-

owsky et al. (2003) while assuming the best-fitted halo derived from stellar

kinematics. The planetary nebulae need to be on extremely radial orbits in

order to be in this potential and have their motions. We find a similar result

with NGC 4697. At the center our kinematic data is from stars and at large

radii our data are from planetary nebulae. When our best-fitted dark halo is

included we again find very large radial anisotropy at large radii. This could

indicate that there is something something inherent to the PNe that put them
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on radial orbits, a bias of the PNe detections at large radii, or simply that the

galaxy as a whole has radial motions at large radii. Regardless, these results

demonstrate the degeneracy between mass and anisotropy and reiterates that

anisotropy needs to be considered in dynamical studies of galaxies.

Our derived stellar mass-to-light ratios agree with those in the literature

when available. Including a correction for galactic extinction the M/LV are

4.47 for NGC 821, 1.72 for NGC 6702, and 3.97 for NGC 4697.

For NGC-4697 we re-measure the central black hole mass and find that

it does not change significantly from the previous measurement of Gebhardt

et al. (2003). We may have expected the inclusion of a dark halo to change

the stellar mass-to-light ratio and therefore the black hole mass. However, the

previous analysis used data that did not extend to where dark matter is a

significant fraction of the total mass. Also NGC 4697 had the most significant

black hole detection of Gebhardt et al. (2003), with a very well-constrained

mass.

In the future I will continue to model galaxy dark halos with several

goals. With a large enough sample we can begin to find correlations between

halo properties and galaxy characteristics such as environment, age, and struc-

ture. We can also provide more constraints on dark matter masses and halo

shapes for cosmological simulations of the universe and galaxy formation. In

some cases we can modify or corroborate the black hole mass measurements.

And lastly, I think perhaps the most interesting future question is why dark

halos appear to be flat in the center. In dwarf galaxies supernova-driven winds
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can blow out gas, causing a rebound in the dark matter that results in a core

(Navarro et al., 1996a). However, in large elliptical galaxies this would not

occur and adiabatic contraction would actually cause the dark matter to build

up at the center, the opposite of what we are now finding.
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