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ABSTRACT

Context. As the nearest accessible massive early-type galaxy, NGC 5128 presents an exceptional opportunity to measure dark matter
halo parameters for a representative elliptical galaxy.

Aims. Here we take advantage of rich new observational datasets of large-radius tracers to perform dynamical modeling of NGC 5128
Methods. We used a discrete axisymmetric anisotropic Jeans approach with a total tracer population of nearly 1800 planetary nebulae,
globular clusters, and dwarf satellite galaxies extending to a projected distance of ~250kpc from the galaxy center to model the
dynamics of NGC 5128.

Results. We find that a standard Navarro-Frenk-White (NFW) halo provides an excellent fit to nearly all the data, except for a
subset of the planetary nebulae that appear to be out of virial equilibrium. The best-fit dark matter halo has a virial mass of M,; =
4.4ﬁﬁ % 10'2 M, and NGC 5128 appears to sit below the mean stellar mass—halo mass and globular cluster mass—halo mass relations,
which both predict a halo virial mass closer to My; ~ 10'> M. The inferred NFW virial concentration is ¢,;; = 5.672¢, which is
nominally lower than c,; ~ 9 predicted from published c,;,—M,; relations, but within the ~30% scatter found in simulations. The
best-fit dark matter halo constitutes only ~10% of the total mass at one effective radius but ~50% at five effective radii. The derived
halo parameters are consistent within the uncertainties for models with differing tracer populations, anisotropies, and inclinations.
Conclusions. Our analysis highlights the value of comprehensive dynamical modeling of nearby galaxies and the importance of using

multiple tracers to allow cross-checks for model robustness.

Key words. galaxies: general — galaxies: halos — galaxies: kinematics and dynamics

1. Introduction

Large-scale observations of the Universe show that more than
80% of the total mass in the Universe is in the form of dark
matter (e.g., Planck Collaboration VI 2020). At smaller scales,
galaxies’ rotation curves derived from neutral hydrogen (HI)
observations have also revealed massive dark matter halos in
spiral galaxies (e.g., Rubin & Ford 1978; Bosma 1978, 1981;
Sofue et al. 1999; Sofue & Rubin 2001; Martinsson et al. 2013).
These observations have also shown that the dark matter halo of
individual spiral galaxies correlates with their luminosity, stellar
mass, and possibly galaxy size (for a more detailed discussion
see Wechsler & Tinker 2018).

However, studying the dark matter halos of elliptical galax-
ies presents a major challenge. Unlike spiral galaxies, which

* Hubble Fellow.

have a disk-like structure rich in HI gas to study their rotation
curve, elliptical galaxies do not have sufficient gas for simi-
lar measurements. As a result, directly measuring the circular
velocities of these galaxies is difficult and instead, we rely on
X-ray emission (e.g., Kim & Fabbiano 2013; Forbes et al. 2017),
strong lensing (e.g., Auger etal. 2010), or stellar kinematics
(e.g., Cappellari et al. 2013b) to determine the distribution of
mass in their halos.

At large radii, where stellar kinematics become challenging
to derive (Brodie et al. 2014), the use of bright discrete tracers
such as planetary nebulae (PNe) and globular clusters (GCs)
are a powerful tool to study the galaxy’s gravitational potential
(e.g., Zhu et al. 2016; Alabi et al. 2016). PNe are the final evo-
lutionary stage of some low-to-intermediate-mass stars, emitting
bright narrow [O III] lines that make them well-suited for spec-
troscopy at cosmic distances where spectroscopy of individual
main sequence or giant stars is infeasible. GCs serve as tracers
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of the galaxy’s potential extending to even larger radii, providing
valuable information about the distribution of dark matter in the
outer halo.

NGC 5128, also known as Centaurus A, is among closest
and brightest elliptical galaxies to the Milky Way, located at
a distance of 3.8 Mpc (Harris 2010). Owing to its proximity,
NGC 5128 has been a principal target for the study of GCs
and PNe, hosting a rich population of both (Harris et al. 2002,
2004; Martini & Ho 2004; Peng et al. 2004a,b; Woodley et al.
2005, 2007, 2010; Rejkubaetal. 2007, Walshetal. 2015;
Dumont et al. 2022; Hughes et al. 2023). The kinematics of GCs
and PNe in NGC 5128 have been used to study the dynam-
ics of the galaxy’s outer halo, providing important insights
into the mass distribution in the galaxy (Huietal. 1995;
Peng et al. 2004a; Woodley et al. 2007, 2010; Pearson et al.
2022; Hughes et al. 2023). Published estimates suggest that the
total enclosed mass of NGC 5128 is (2.5 +0.3) x 10'> M, within
~120kpc based on its GC kinematics (Hughes et al. 2023), or
(1.0+0.2) x 10'? M, within ~90 kpc using the PNe as kinematic
tracers (Woodley et al. 2007). Based on the modeling of the tidal
stellar stream of its dwarf satellite galaxy Dw3 at a projected
radius of ~80 kpc, Pearson et al. (2022) suggest a lower limit for
its mass halo of My > 4.7 x 10'2 M.

The kinematics and radial density profiles of PNe and GCs
are not expected to be the same therefore, using them both
as independent kinematic tracers can help break the mass—
anisotropy and the luminous-to-dark matter mass degeneracies
(e.g., Napolitano et al. 2014). This is especially true in the outer
halo of elliptical galaxies such as NGC 5128 that show signs of
a complicated merging history (Israel 1998; Wang et al. 2020a).
For this work, we used the most current catalogs of available
kinematic tracers in NGC 5128 (stellar kinematics, GCs, PNe,
and dwarf satellite galaxies), and we modeled them without
binning using discrete dynamical models. This approach helps
avoid the loss of valuable information (Watkins et al. 2013).

The paper is organized as follows: in Sect. 2, we discuss the
kinematic tracers available to constrain our dynamical model.
Section 3 provides an overview of the discrete dynamical model
employed in this study, including a detailed description of our
fiducial model, its assumptions, and free parameters. Section 4
presents the best-fit parameters of the fiducial model, including
its dark matter halo and an assessment of the impact of system-
atics. This model is compared with previous measurements in
Sect. 5. Then in Sect. 6, we discuss the implications of our best-
fit mass model and how the dark matter halo of NGC 5128 com-
pares to that of other elliptical galaxies.

Throughout this paper, we assume a distance of 3.8 Mpc to
NGC 5128 ((m — M)y = 27.91; Harris et al. 2002). At this dis-
tance, 1” ~ 1.1kpc. We also assume that the photometric major
axis (PA) is 35° east from north based on results of Silge et al.
(2005), a systemic velocity for NGC 5128 of 540 km s~! based
on results from Hughes et al. (2023), and an effective radius of
R.¢ = 305" adopted from Dufour et al. (1979).

2. Kinematic tracers

In this section we describe the available kinematic data for
NGC 5128 used to constrain our dynamical mass models. There
are a total of 1267 PNe line-of-sight (LOS) velocities com-
piled by Walsh et al. (2015), 645 confirmed GCs with LOS
velocities compiled by Hughes et al. (2023), and LOS velocities
for 28 satellite dwarf satellite galaxies (Crnojevic et al. 2019;
Miiller et al. 2021). We describe these samples each in greater
detail below.
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The 1267 spectroscopically confirmed PNe with radial
velocities compiled by Walsh et al. (2015) also include measure-
ments from previous works (Hui et al. 1995; Peng et al. 2004a),
which have larger velocity errors. For our dynamical models, we
only consider the 1135 PNe with smaller errors, as described in
more detail in Walsh et al. (2015). The median projected galac-
tocentric radius of the PNe is 9 kpc with some objects as far out
as 39kpc. Typical velocity errors are 1.7kms™'. The kinemat-
ics of the PNe are complex with rotation around the minor axis
at small radii, but with a changing axis of rotation at large radii
that suggest either non-virial motions or a triaxial potential; their
kinematics are discussed in detail in Peng et al. (2004a).

The largest, most up-to-date catalog of GCs in NGC 5128
is presented in Hughesetal. (2023). This cluster catalog
includes 122 new measurements and compiles measurements
of 523 additional literature GC velocities from a wide
range of sources (Graham & Phillips 1980; van den Bergh et al.
1981; Hesser et al. 1986; Harris et al. 2002, 2004; Peng et al.
2004b; Martini & Ho 2004; Woodley et al. 2005, 2007, 2010;
Rejkuba et al. 2007; Beasley et al. 2008; Georgiev et al. 2009;
Taylor et al. 2010, 2015; Voggel etal. 2020; Fahrion et al.
2020; Dumont et al. 2022). The newly discovered GCs from
Hughes et al. (2023) extend to larger radii than previous mea-
surements, with the full sample having a median radius of
17.8 kpc and a maximum radius of ~130kpc. The dataset has
both low and high resolution measurements, with median veloc-
ity errors of 29.5 kms~!. The 523 literature objects are a smaller
number than the catalog of 563 GC velocities in Woodley et al.
(2010) due to the discovery that many previous GC candi-
dates were foreground stars based on Gaia measurements and
subsequent velocity measurements (Hughes et al. 2021, 2023;
Dumont et al. 2022).

The GC population of NGC 5128 can be divided into metal
poor GCs (referred to as “blue”) and metal rich GCs (referred
to as “red”), which have distinct spatial distributions. For our
dynamical models, we treat the blue and red GC populations
as separate kinematic tracers. We adopt the same classification
for red and blue GCs as used in Hughes et al. (2023), which is
based on their (u — z)p and (g — z)o color. Specifically, we sep-
arate GCs with (u — 2)g < 2.6 or (g — 2)o < 0.65 as blue GCs,
with GCs above these colors as red GCs. Nine GCs with veloc-
ities lacked color information and are not used in our analysis.
Additionally, Hughes et al. (2023) identifies 18 GCs associated
with either dwarf satellite galaxies or with other stellar streams.
For our fiducial model we fit red and blue GCs separately, and
exclude GCs associated with stellar substructures as these give
multiple measurements for a single dynamical tracer. In total we
fit 618 GCs, 279 red GCs and 339 blue GCs.

NGC 5128 hosts 42 confirmed dwarf satellite galaxies (here-
after referred to as “dwarfs”), as compiled in Crnojevic et al.
(2019) and Miiller et al. (2021), with 28 of them having LOS
velocities. We are only interested in fitting satellite galaxies that
are located within the virial radius of NGC 5128, rather than
orbiting in the larger group potential. Previous measurements
suggested a virial radius in the range 200-300 kpc (Peng et al.
2004a; Miiller et al. 2022); therefore, we limit our sample to the
16 satellite galaxies with projected distances of <250kpc. The
LOS velocities of our three kinematic tracers (PNe, GCs, and
dwarf satellite galaxies) are shown in Fig. 1.

Finally, we note that there is available stellar kinematic
data for NGC 5128 itself from several different sources for
the innermost regions of the galaxy (e.g., Silge et al. 2005;
Cappellari et al. 2009). Given that our primary interest is in the
mass distribution at larger radii, we do not explicitly model these
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Fig. 1. Radial distribution of the LOS velocity for the PNe (yellow),
metal rich, and metal poor GCs (red and blue respectively), and the
dwarf satellite galaxies (green) around NGC 5128. The LOS velocities
are with respect to the systemic velocity of NGC 5128 of 540 kms™!
(Hughes et al. 2023). The solid black line shows the radial profile for
the escape velocity for NGC 5128 derived from our best-fit mass model
including dark matter presented in Sect. 4.1, while the dashed lines
shows the escape velocity for just the stellar mass. The bottom panel
is a histogram with the radial distribution for the PNe, GCs and dwarfs
in the same colors as the top panel.

100 10000

central data. Instead, we fix the inner (<180”) K-band mass-to-
light ratio based on the results from the stellar kinematic mod-
eling of Cappellari et al. (2009). A more detailed discussion on
this is presented in the next section (Sect. 3.1).

3. Discrete dynamical modeling

In this section, we introduce the discrete dynamical modeling
approach that we use to estimate NGC 5128’s dynamical mass
and dark matter halo properties. We subsequently discuss the
input ingredients, including models of the gravitational potential,
the density profiles of each kinematic tracer, the log-likelihoods
used to estimate the best-fit parameters, and finally, the Markov-
chain Monte Carlo (MCMC) method used for parameter
estimation.

We consider that the PNe, GCs (blue and red), and dwarf
satellite galaxies are independent populations, each with their
own spatial and dynamical properties, whose kinematics trace
the same underlying gravitational potential. We model the
dynamics of each population with an axisymmetric anisotropic
Jeans model (as implemented in the axisymmetric version of the
Jeans Anisotropic Modeling software JAM; Cappellari 2008).
The discrete kinematic tracers are modeled directly without
binning to avoid loss of information, following the discrete
maximum-likelihood modeling approach extension to the JAM
software (CJAM) introduced by Watkins et al. (2013). CJAM
predicts the full three-dimensional matrix of the first and sec-
ond velocity moment as a function of the major and minor axes
position (x” and y’) of the discrete kinematic tracer. Our kine-
matic tracers do not have available proper motions but only LOS
velocity, so we only use the LOS (z’) component of the CJAM

to constrain our models. This model assumes that the velocity
ellipsoid of the kinematic tracers is aligned with the cylindrical
coordinates (x’, y’, z’). CJAM requires the following properties as
Input:

— The gravitational potential profile in the form of an ellip-
tical multi-gaussian expansion (MGE; Cappellari 2002). For our
models we assume the gravitational potential is formed from
the combination of luminous matter and dark matter (see more
details in Sect. 3.1).

— A mass-to-light ratio (k) that converts the stellar lumi-
nosity profile into a stellar mass profile.

— The projected density profile for each kinematic tracer, also
expressed in the form of an MGE.

— The global inclination of the system i, which we assume
to be i = 90° or edge-on. While a common simplifying assump-
tion in dynamical studies of early-type galaxies (e.g., Zhu et al.
2016), it is specifically supported for NGC 5128 by previ-
ous dynamical work on the PNe population (Hui et al. 1995;
Peng et al. 2004a). However, we do explore the impact of the
assumed inclination in Sect. 4.3.3.

— A rotation parameter « for each kinematic tracer, as defined
in Eq. (35) in Cappellari (2008). We assume « to be zero (no
rotation) to reduce computing time (see additional discussion in
Sect. 4.1.3).

— A velocity anisotropy parameter 8 = 1 — v2/ 1112e (defined
in cylindrical coordinates; called S8, in Cappellari et al. 2009),
which takes negative values for tangential anisotropy and posi-
tive values for radial anisotropy. The 8 can be separately speci-
fied for each tracer MGE component.

3.1. Gravitational potential

We model the gravitational potential of the galaxy assuming it
is made by two components: a luminous and dark matter com-
ponent. We model the luminous mass potential by assuming
mass follows light, characterizing its surface brightness profile
(Sect. 3.1.1), and fitting for a mass-to-light ratio. For the dark
component (Sect. 3.1.2) we assume it follows a generalized
Navarro—Frenk—White (NFW) density profile (Navarro et al.
1996; Zhao 1996).

3.1.1. Stellar gravitational potential

We characterize the contribution of luminous mass to the gravita-
tional potential in our dynamical models by deriving the galaxy’s
surface brightness profile and multiplying this by a mass-to-light
ratio to convert it into a mass profile. We derive the central sur-
face brightness profile of NGC 5128 using data from the 2MASS
Large Galaxy Atlas imaging data (Jarrett et al. 2003). We use
the K -band mosaic for NGC 5128 since it is sensitive to the
main, primarily old stellar population and is less affected by
dust extinction than images at shorter wavelengths. The 2MASS
imaging data extends to approximately ~200” from the galaxy
center. However, there is observational evidence that luminous
matter contributes significantly to the gravitational potential of
the galaxy inside ~10 kpc, or ~600” (Peng et al. 2004a), beyond
the sensitivity limit of the 2MASS images.

To characterize the outer stellar halo, we turn to previous lit-
erature measurements by Dufour et al. (1979) and Rejkuba et al.
(2022), and combine their outer surface brightness profile data
with the 2MASS K| image at smaller radii. Dufour et al. (1979)
derived a V and B surface brightness profile from unresolved
stars using photographic plates out to a radius of ~8’ centered
on the nucleus of NGC 5128. Dufour et al. (1979) found that the
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galaxy’s V-band surface brightness profile is well represented
by a de Vaucouleurs’s law at radial distances between 70" and
255"”. Because we are deriving the surface brightness profile in
the 2MASS K, band, we need to convert this profile using a
V — K, color. Based on PARSEC single stellar population mod-
els (Marigo et al. 2017), we expect a V — K; ~ 3 for old age
populations at somewhat subsolar metallicities. This color pro-
vides a good overlap between the outer part of the 2MASS image
and the inner part of the Dufour et al. (1979) profile (70”"), and
we assume this color for both this profile (uk in Eq. (1)) and to
convert the Rejkuba et al. (2022) profile below. The V and K;
profiles from Dufour et al. (1979) that we use is thus:

uk = 8.32[(a/Re)'* — 11+ 22.0 - 3.0, (1)

where R.g = 305”(~5.6kpc) is the effective radius of
NGC 5128, a = x> + y?/(1 — e)? is the major axis distance,
and the mean ellipticity of NGC 5128 ise = 1 — (b'/a’) = 0.23,
where b’ /a’ is the minor-to-major axis ratio (Dufour et al. 1979).

Rejkuba et al. (2022) derive a number density profile of
resolved red giant branch (RGB) stars from a large number
of archival Hubble Space Telescope fields in the outer halo of
NGC 5128 extending to radii of ~140kpc. They fit this data to
a de Vaucouleurs-Sérsic profile, and provide a conversion from
number density to V-band surface brightness. Specifically we
use equation 13 from Rejkuba et al. (2022):

log(®rap) = (7.685 + 0.271) — (3.008 + 0.142)(R/Rp)*, (2)

where @rgp is the number density of RGB stars per arcmin”2.

We then need to convert Eq. (2) from counts per arcmin™? to
K;-band surface brightness to provide a uniform band for our
input mass-model. Using the conversion given by Rejkuba et al.
(2022) of log(®rge) = 0 is equal to a V-band surface bright-
ness of uy = 33.82magarcsec™> and assuming V — K, =
3 mag, the resulting K -band surface brightness profile in units

of mag arcsec™2 is:

Lk = —2.5log(@rgp) + 30.82. 3)

We assume a PA =35° for the two outer halo surface bright-
ness profiles. This is the PA found for the 2MASS image in
Silge et al. (2005) and also is consistent with the PA found by
Dufour et al. (1979). We use an ellipticity for both outer halo
profiles of e = 0.23, while the ellipticity in the inner part is fit-
ted from the 2MASS data. This PA and ellipticity are different
from the best-fit values in Rejkuba et al. (2022) of PA = 55° and
e = 0.46 £0.02 — we note however that their values are not based
on azimuthally complete data, but instead are a best-fit to iso-
lated HST fields that sample only a small portion of the outer
halo. While it is possible that the PA twists at large radii, our
CJAM modeling cannot accommodate such a twist. We there-
fore use the Dufour et al. (1979) values of PA and e throughout
the halo.

We combine the profiles by creating a single image combin-
ing the 2MASS data at small radii (<70”), and the Dufour et al.
(1979) (for distances between 70-255") and Rejkuba et al.
(2022) profiles at large radii (beyond 255”). To do this, the two
halo surface density profiles (Egs. (1) and (3)) have to be trans-
formed back into counts using the 2MASS K-band zeropoint
(ZPkys = 19.915 mag) to be combined with the 2MASS image.
The resulting combined image is fit using an MGE model,
assuming a point-spread function (PSF) of 1.3” determined by
measuring the full width at half maximum (FWHM) of stars in
the 2MASS image. The resulting final major axis surface bright-
ness profile and the sum of the fitted MGEs are shown in Fig. 2,
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Fig. 2. Stellar surface brightness profile of NGC 5128. This figure
shows a comparison between the best-fit MGE model for the surface
brightness (red) with the 2MASS Large Galaxy Atlas surface brightness
profile (blue) Jarrett et al. (2003), literature MGE model of NGC 5128
(dashed black line) by Hiring-Neumayer et al. (2006), and the outer
halo profiles in the V-band by Dufour et al. (1979) and Rejkuba et al.
(2022) (green and yellow respectively), assuming a V—-Ks = 3 mag. The
blue horizontal dashed line represents the 2MASS surface brightness
1o noise level used to derived the most inner part of the MGE model.
The vertical bands show the radius at which we use the 2MASS K-band
image, the de Vaucouleurs-Sérsic profile by Dufour et al. (1979) and
Rejkuba et al. (2022) respectively to derive the MGE model shown in
red.

and the MGE parameters are listed in Table 1. We note the axis
ratios for the MGE components are left as free parameters; since
each component has contributions from a range of radii, they
do not exactly equal the value assumed for the outer halo in
constructing the combined surface brightness profile. We calcu-
late the total K-band luminosity of NGC 5128 by integrating the
three-dimensional Gaussian with amplitude, sigma and flatten-
ing based on the Luminous MGEs listed in Table 1. We find a
total K-band luminosity of 1.544 x 10! L, which is in excellent
agreement with the results found by Karachentsev et al. (2002).
Using this MGE, CJAM can deproject the two-dimensional
MGE model into a three-dimensional profile. Multiplied by a
mass-to-light ratio, we get a luminous stellar mass density.
Perhaps surprisingly, there has been no published analysis of
the star formation history of the inner few kpc of NGC 5128
based on integral-field spectroscopy or similar methods that
would allow us fine-grained constraints on the mass-to-light
ratio as a function of radius. However, Hubble Space Tele-
scope/WFC3! images for NGC 5128 clearly show the presence
of young stars and ongoing star formation inside the dust ring of
NGC 5128, which extends out to ~180”. Beyond this radius the
light appears to be dominated by an older smoother component
extending outward through the halo. Because our tracer popula-
tion is primarily located at large radii, and our interest is in con-
straining the outer mass profile of the galaxy, we fix the inner (all
MGE components with spatial o < 180”) to Tx = 0.65 based on

I https://esahubble.org/images/heic1110a/
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Table 1. MGE parametrization of NGC 5128.

Component  Projected Lum. @ o® Axis ratio ©
(Lo/pc?) (arcsec)
1 166 545.36 1.008 0.967
2 60326.79 3.685 0.999
3 19415.50 11.672 0.935
4 5708.00 31.180 0.868
5 2142.51 41.267 0.800
6 1387.80 78.027 0.800
7 612.72 120.771 0.800
8 248.34 190.376 0.800
9 174.35 273.093 0.800
10 20.27 431.253 0.802
11 48.95 520.122 0.800
12 12.34 935.011 0.800
13 2.14 1615.597 0.800
14 0.28 2493.896 0.800
15 0.12 3682.893 0.800

Notes. List of the fifteen components of the MGE model parametriza-
tion of the surface brightness of NGC 5128. The MGE model assumes
PA =35°. The total K-band luminosity for the MGE model is Lx =
1.544x 10" L. @Central surface brightness of component. ®’Gaussian
o along major axis of component. ©Fitted semi-major axis ratio b’/a’
of component.

results from Cappellari et al. (2009). They used VLT/SINFONI
stellar integrated field spectroscopic data in the nuclear regions,
and found good agreement with spectroscopy extending out to
~40”. We then leave the Tk for the outer halo (i.e., all MGE
components with o > 180”) as a free parameter in our models.
We note that Bilek et al. (2019) use stellar population models
applied to the integrated B — V colors of NGC 5128 and find
a B-band mass-to-light ratio of Y ~ 3 + 0.5; translating the
Cappellari et al. (2009) Yx = 0.65 to B-band, we find rough
agreement, with (' ~ 2.4

3.1.2. Dark matter gravitational potential

For the dark matter contribution to the gravitational potential,
we assume a generalized version of the Navarro-Frenk-White
(NFW) density profile (Navarro et al. 1996; Zhao 1996):

_ Ps
/(L (r/rn G’

pr @

with r; being the scale radius in pc, p, the scale density in
Mo/pc®, y and n are the inner and outer density slope. For
most models presented here, we assume y = n = 1, the stan-
dard NFW profile from Navarro et al. (1996). We also assume a
spherical halo, an assumption shared by previous measurements
of the dark matter halo of NGC 5128 (e.g., Peng et al. 2004a).
While the true shape of the halo is likely somewhat triaxial (e.g.,
Hui et al. 1995; Peng et al. 2004a; VerSic et al. 2023), the main
stellar body of NGC 5128 has a relatively modest ellipticity,
and numerical simulations show that dark matter halos are typ-
ically rounder than luminous matter in giant elliptical galaxies
(e.g., Wu et al. 2014). However, future works could use instead
NGC 5128’s stellar streams to constraint the dark matter halo

2 This calculation is based on the K-band magnitude from Jarrett et al.
(2003), combined with the available B and V-band colors from NED
(which have similar radial coverage).

shape as done for the Milky Way (Nibauer et al. 2023), expand-
ing on current modeling of NGC 5128’s stellar streams done by
Pearson et al. (2022).

We approximate the NFW profile with an MGE model
(extending up to 3% further out than our furthest GC); because
the NFW profile is a 3D density, we obtain the height of the best-

fit 1D Gaussians and multiply these by V270 to convert these to
the equivalent 2D Gaussians expected by CJAM.

3.2. Tracer density profiles

Each kinematic tracer has its own projected density profile, and
CJAM uses this profile to translate the projected position into
a distribution of 3D positions that is needed to estimate their
velocity moments.

3.2.1. Globular cluster density profiles

Metal rich (red) and metal poor (blue) clusters have been typi-
cally found to have different spatial and kinematic distributions
in both the Milky Way and many other galaxies, with the red
GCs being more centrally concentrated and the blue GCs more
extended (e.g., Brodie & Strader 2006). For the spatial distribu-
tions of these subpopulations, we use the power law fits to the
confirmed blue and red GCs in NGC 5128 from Hughes et al.
(2023) fit over a range of 7-30" (~7.7-33 kpc). They find that
the red GC population has a steeper profile with a best-fit power
law slope of —3.05 + 0.28, while the blue GC population has a
slope of —2.69 + 0.27.

For each GC subpopulation, we create a radial surface den-
sity profile (in units of number/arcmin?) up to a radius of 5.5°
(~370kpc), well beyond the boundary of our observed GC popu-
lation. We fit this profile with an MGE model assuming spherical
symmetry. The MGE surface density model is then deprojected
into a three-dimensional profile (with units of volume density).

3.2.2. Planetary nebulae density profile

Since PNe are just dead low-mass stars, we assume they fol-
low the distribution of the main stellar population of NGC 5128.
Thus, for their tracer density profile, we just use the MGE sur-
face brightness profile derived in Sect. 3.1.1.

3.2.3. Satellite galaxy density profile

The number density profile for dwarfs can be obtained using the
whole sample of 42 confirmed dwarf satellite galaxies combin-
ing Table 6 from Crnojevic et al. (2019) with Table A.1 from
Miiller et al. (2021). To avoid binning the data to fit a power law
in such a small sample, we fit instead a power law to the cumu-
lative probability distribution function of the projected radii of
the satellite population (e.g., Carlsten et al. 2020). We are only
modeling the kinematics of satellite galaxies at <250 kpc and
therefore fit the 29 satellite galaxies within this radius (this is
higher than the 16 used in our dynamical modeling, since only a
subset of these 29 have measured radial velocities). The best-fit
cumulative power law slope is 1.47 + 0.23, with the uncertainty
derived from bootstrapping. A cumulative distribution power law
index of 1.47 + 0.23 implies a two-dimensional radial density
profile (equivalent to the probability distribution function) slope
of —0.53+0.23. This measurement is consistent with the flat sur-
face profiles for dwarf satellite galaxies observed in other nearby
galaxies, such as M31 (e.g., Doliva-Dolinsky et al. 2023). We
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use this power law slope to create a radial surface density profile
and fit it with a MGE model that we subsequently deproject into
a three-dimensional profile.

3.3. Tracer log-likelihoods

Our CJAM models use the number density MGEs and the grav-
itational potential MGE to predict the first and second-velocity
moments of the kinematic tracers. Using a maximum-likelihood
analysis we can compare the CJAM LOS velocity predictions
directly with our data. Assuming a Gaussian velocity distribu-
tion for the GCs, PNe and dwarf satellite galaxies, a point i with
coordinates (x’, y’, z’) has a dynamical probability of:

1
den,i =T
A /0'1.2 + 6v3i

where y; and o; are the LOS mean velocity (vc from CJAM) and
velocity dispersion ( V|v2zz| from CJAM) predicted by our CJAM
dynamical models.

Since the GCs, PNe and dwarf satellite galaxies are inde-
pendent tracers (but modeled with the same gravitational poten-
tial), each population has separate probabilities, giving a total
log-likelihood:

1 Gvei = )
2 o-l.2 + 602 .
1

&)

exp

N NG blu
Inf = 2'_GC,red In PGC,r;d + 2'_Gc,bl * In PGC,}?lue+
i=1 dyn,i i=1 dyn,i

N
T In PN

NDwarfs Dwarfs
dyni T Do) InP

dyn,i °

(6)

where GC, PNe, and Dwarfs are used for our globular cluster,
planetary nebulae and dwarf satellite galaxy tracers.

3.4. Markov chain Monte Carlo optimization

To effectively explore the parameter space of our discrete
dynamical models we use a MCMC implementation. We use the
PYTHON software EMCEE (Foreman-Mackey et al. 2013) for an
affine-invariant MCMC ensemble sampler. For the proposed dis-
tribution of the walkers we used a combination of two moves,
DESnookerMove with an 80% weight and DEMove with a
20% weight, effectively meaning that the walkers will choose
80% of the times the DESnookerMove proposal and 20% of
the times the DEMove proposal. This combination of propos-
als for the walkers is suggested in the documentation of EMCEE
for “lightly” multimodal model parameters (more details about
the DESnookerMove and DEMove can be found in the refer-
ences within the EMCEE documentation®). We use this mixture
of walker proposals as it has already been tested for multimodal
parameters and we found it improves the convergence of our
models relative, for example, to the default “stretch move”.

For each model, we use the double amount of walkers as
the number of free parameters in the model, and run EMCEE for
1000 steps. Based on analysis of the auto-correlation functions,
we discard the first 200 steps as burn in and use the remaining
800 steps to characterize the post-burn distribution of the free
parameters.

3.5. Fiducial dark matter halo model

For the fiducial model (capitalized for clarity throughout), we
use the full sample of tracers as discussed in Sect. 2. The model
assumes each tracer has its own anisotropic orbital distribution.

3 https://emcee.readthedocs.io/en/stable/

A132, page 6 of 16

For the dark matter halo, we assume an NFW profile for the dark

matter component. In total, there are seven free parameters:

1. K-band stellar mass-to-light ratio ((x) outside a radius of
180" (see additional discussion below).

2. Logarithm of the dark matter scale density, log(py).

3. log(Ds) = log(psr?). This is a proxy for the dark matter
scale radius r, that is the parameter of interest, but fitting
for log(Ds) rather than r, reduces the degeneracy between p,
and ry.

4. Four B velocity anisotropy parameters, one for each differ-
ent tracer: red GCs (Breq), blue GCs (Bpie), PNe (Bpne), and
dwarf satellite galaxies (Bgwart)-

As mentioned in Sect. 3.1.1, we fix Yk = 0.65 for the inner 180",

based on results of Cappellari et al. (2009). However, we leave

Tk as a free parameter for radius beyond 180" with a Gaus-

sian prior of 1.08 + 0.30 based on the distribution of dynami-

cal stellar T of early-type galaxies from the ATLAS?P project

(Cappellari et al. 2011).

For the free parameters in the NFW profile, we use a Gaus-
sian prior for their corresponding virial concentration cyj; =
rvie/Ts, wWhere rye is the virial radius (see Sect. 4.1). We set
this Gaussian prior using the relation between concentration and
the virial mass cy;;, = 15—3.3log(MVir/lolzh’1 M) from the
simulations of Bullock et al. (2001). With an assumed M,;; =
1.3x 10'2 M, for NGC 5128 from Woodley et al. (2007), we get
a mean concentration cy;; = 14.0 with a standard deviation of
5.6 calculated from the 40% scatter in the Bullock et al. (2001)
relation. Anticipating our final results, we find a higher virial
mass (and hence lower expected cyi;) for NGC 5128, but the
broad nature of this prior allows the likelihood to dominate in
our modeling.

We use a uniform prior from —0.4 to 0.4 for the anistropy
parameters at all radii for Breds Bblues Bdwarf- We use this
same prior for Bpne, but this parameter only applies outside
of 180”. Inside 180", we set Bpne to the published radial
velocity anistropy profile from the stellar kinematic fits of
Cappellari et al. (2009; Bpne = —0.35 for R < 0.5”, Bpne = 0.2
for 0.5 < R < 10”, and Bpne = —0.35 for 10” < R < 180").
We verify that this anisotropy profile provides a good fit to the
central stellar kinematics described in Sect. 2.

4. Dynamical modeling results

In this section, we fit our fiducial dynamical model to the data
and summarize the results (Sect. 4.1). We then explore the sen-
sitivity of these results by varying the data fit (Sect. 4.2) and
different model assumptions (Sect. 4.3).

4.1. Fiducial model results

The MCMC implementation of the fiducial model consists of 14
walkers with 1000 steps. The MCMC converges after 200 steps,
and the post-burn probability distribution functions (PDFs) for
each parameter are shown in the left side of Fig. 3 and Table 2.

Most of the parameters are well-constrained by the data. We
observe correlations between the stellar mass-to-light ratio Tk
(which determines the mass in stars) and the NFW profile param-
eters. Specifically, Tk has a negative correlation with log;, o5
with a Spearman coefficient of rspearman = 0.8, and positive
correlation with D with 7spearman = 0.6. Such correlations are
expected: our dynamical tracers constrain the total mass, and
thus a more massive luminous component will require a less
massive dark matter halo component (and vice versa).
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Fig. 3. Top: MCMC post-burn distribution for the seven free parameter of the fiducial model. The histograms show their marginalized PDF, and
the vertical blue lines show their best-fit value and their 1-o error. The scatter plots show the two-dimensional PDF for the parameters colored by
log-likelihood, with yellow colors indicating higher values. The red-dashed lines indicate each parameter’s best-fit value (median) location, and

the black-dashed contours show their 1-0- and 2-0 error. Bottom: plots

show the one and two-dimensional PDF distribution for M,;., M, and cy;,.

Lines and contours in this plot are the same as in the left panel, but all are shown here in black.

While the use of log(Ds) = log(p,r?) as a proxy for the NFW
scale radius r, partially helps break the degeneracy between pg
and r in the fits, we still observe a negative correlation between
log(Ds) and log(ps) with a Spearman coeflicient of rspearman =

0.9. This is also expected given that both parameters contain p;.
In any case, both NFW halo parameters are well-constrained by
the data. All parameter estimates quoted below are calculated
as the median of the posterior PDF, with the listed uncertainties
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corresponding to 1o equivalent (68%) of the PDF around the
median.

4.1.1. Dark matter halo parameters

- 0.37
For the NFW scale parameters, we find a log(o,) = —3.14733

and ry, = 78f‘2‘g kpc, with the latter derived from log(Ds). To
more directly compare our results with published values and
with simulations, we calculated the corresponding virial mass
(M,;;), virial concentration (cy;;), and luminous mass (M, ) based
on our best-fit parameters shown in Fig. 3 (left). We show these
translations for each of our MCMC walkers in Fig. 3 (right) and
Table 3.

We define M,;, as the mass enclosed at a radius (virial
radius ryj;) where the mean halo density (# for"" pr4nrtdr)

is op X € times the critical density (po.;) of the universe
at that redshift. 6y is the density contrast of a collapsed
object in the “top-hat” collapse model, and €, the matter
contribution relative to the critical density. To calculate p,
om and Qp we use the ASTROPY.COSMOLOGY python class
(Astropy Collaboration 2013) with the cosmology based on the
Planck mission (Planck Collaboration XIII 2016). At the red-
shift of NGC 5128 (z = 0.00183*%) we get p; = 1.27 x
1077 M@/pc3, O0m = 331.50, and Qy = 0.308. Finally, M; is
given by:

4n
M = ?&thpcr"gir 7

We emphasize the difference between M., cyir, and ry;; with the
also commonly use quantities Mgy, Cao0, and Rygg calculated
for a mass enclosed at the distance 200 X p., regardless of the
redshift. At this redshift M>gy ~ 0.8 X My;,.

Our fiducial model fit has a dark matter halo virial mass

of My, = 44t%1 X 1012 Mo, a concentration of cyi; = 56t%2’
and a corresponding virial radius of ry;, = 4322? kpc. Using

the best-fit T (see Sect. 4.1.2), the total baryonic mass of the
fiducial model is 1.9%03 x 10'" M. This gives us a total mass
(Myiry = Myir + M) of My, = 4745 % 10" M. We note
M, is calculated from the joint distribution of M,;, and M.,
and thus does not represent a simple sum of these two estimates.
To facilitate comparison with other studies, we also calculated
other commonly used quantities referenced to a cosmological
overdensity of A = 200. Our fiducial model gives My =

3.6%17 x 10" Mg and cy90 = 4.2*]%, corresponding to a total

mass of Mago, = 3.8*]] x 10'> M. These quantities are smaller
than the virial ones; at z = 0, Myyp ~ 0.8 M;.. The fiducial
model has a dark matter fraction fpy of 0.11 + 0.04 within 1r.g
and 0.52 + 0.08 within 5r.g.

4.1.2. Mass-to-light ratio

We determined a best-fit value of Tx = 1.60%03% for the
mass-to-light ratio in the outer region of NGC 5128 (>180"; >
3.3kpc).We can approximately convert Yk to a B and V-band
mass-to-light ratio of Tz = 5.5 and Yy = 4.3, using the same
conversion as described at the end of Sect. 3.1.1. The Ty value
is in good agreement with expectations from stellar population
models (Bruzual & Charlot 2003) for the old and metal rich pop-
ulations found in NGC5128’s halo (Rejkuba et al. 2011).

Our best-fit value for Yk is about 2.5 times larger than the
Tk = 0.65 found by Cappellari et al. (2009) for the inner regions

* From the NASA/IPAC Extragalactic Database (NED).
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of the galaxy (0.7 kpc), and more than 1o larger than the prior
value of Tk = 1.08 £ 0.3 assumed in our dynamical models (see
Sect. 3.5).

Given that we expect the outer stellar regions of NGC 5128
to be older than the inner regions, it is not surprising that the Tk
value fit in the outer regions is larger. However, it also lies at the
upper edge of the values favored by our prior, perhaps suggesting
a tension between the data and the prior. There are several poten-
tial solutions to this discrepancy. First, simulations conducted
by Li et al. (2016) suggest that JAM dynamical models tend to
overestimate the baryonic mass and underestimate the inner dark
matter content in triaxial galaxies. Since some previous stud-
ies found evidence that NGC 5128 is triaxial (Hui et al. 1995;
Peng et al. 2004a), this could in principle explain the overesti-
mation of the baryonic mass and hence a too-high Tx. Another,
perhaps more likely possibility is that the tracers in the inner,
more baryon-dominated regions are not in virial equilibrium due
to the residual effects of a major merger (Wang et al. 2020a; see
additional discussion in Sect. 4.2).

4.1.3. Tracer anisotropy

In our model fits, all tracers nominally exhibit tangential velocity
anisotropy, but this is statistically significant only for the red and
blue GCs, both of which have 8 ~ —0.3. The PNe are very mildly
anisotropic (8 ~ —0.11+0.08) and the dwarf satellite galaxies are
close to isotropic, though the anisotropy is poorly constrained
for the latter due to small numbers. We provide more detailed
analysis of the velocity anisotropy profiles for each tracer in
Sect. 4.3.2.

We note that the observed appearance of velocity anisotropy
depends on inclination. As in previous dynamical modeling of
both NGC 5128 (e.g., Hui et al. 1995; Peng et al. 2004a) and
other galaxies (e.g., Zhu et al. 2016), we assume an edge-on
inclination in our modeling. We investigate this assumption in
more detail in Sect. 4.3.3.

A caveat on the precise values of anisotropy inferred is
that previous studies have shown significant rotation for both
the PNe (Peng et al. 2004a; Woodley et al. 2007; Coccato et al.
2013) and the metal poor and metal rich GCs (Woodley et al.
2007, 2010; Coccato et al. 2013; Hughes et al. 2023). We exper-
imented with the inclusion of rotation in our models, but in
the end chose not to simultaneously model both anisotropy and
rotation due to the computational expense. While this is not
expected to affect the mass estimates, since the total enclosed
mass depends on Vs, which remains the same whether rota-
tion is included or not in our models, the inclusion of rotation
in the models could change the inferred anisotropy for the trac-
ers. This is an interesting potential degeneracy to investigate in
future work.

4.1.4. Velocity dispersion profiles: comparing model and data

In Fig. 4 we present a visual comparison of our fiducial model
to the tracer observations. Focusing first on the data, the out-
lined white points represent the observed tracer velocity disper-
sion measurements binned using a maximum likelihood esti-
mator from Walker et al. (2009) with errors calculated using
bootstrapping. This velocity dispersion is equivalent to the
observed Vs, since it includes no rotation component and is
azimuthally averaged. The V,y for the blue GCs remains mostly
constant with radius with values around Vs ~ 140kms!,
while for the red GCs there is a slow decrease of Vs with radius,
considering the large uncertainty the Vi, stays mostly constant
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Fig. 4. Comparison of observed V., radial profiles for the different
kinematic tracers (outlined points) to predicted profiles from our best-
fit fiducial dynamical model (colored rectangles). The colors represent
the same tracers as in Fig. 1. This figure shows that the fiducial model
does an excellent job of explaining the overall velocity distribution of
our tracers.

with radius at V;s = 130 For the PNe, Vi is highest in the
center at ~160km s~!, but shows an abrupt drop at around 1r.g
and non-monotonic variations at larger radii. These features may
be related to the possibilities of non-virial motions or triaxiality
discussed above.

To compare these measurements to the model, we derive pre-
dicted Vins profiles for our fiducial model for each of the indi-
vidual tracers. The model values were evaluated at the same
points as the data in each radial bin. The models are shown as
colored rectangles, with the height on these rectangles indicat-
ing the standard deviation in the modeled Vs values due to the
radial and azimuthal variation of data points within each bin. We
note that the binning in Fig. 4 is solely for the purposes of this
comparison—all dynamical modeling fits were made to unbinned
data.

We generally find good agreement between the data and
model predictions in Fig. 4, with the shaded data regions for each
tracer consistent with model predictions. Hence our NGC 5128
mass model appears to be a reasonable fit to the observed tracer
populations.

In the next two subsections we explore the robustness of our
model fits by exploring their dependence on (i) the details of the
datasets used and (ii) the model assumptions.

4.2. Checking robustness: data variations

We begin by separating the classes of tracers (GCs, PNe, and
dwarfs) and fitting the same class of model as for our fidu-
cial model: a stellar + anisotropic NFW halo model, fit to each
class of tracers individually. The results of these fits are listed in
Table 2 and plotted in Fig. 5.

Focusing first on the inferred halo parameters, the concentra-
tion c¢y;; and virial mass M,;, measured from the GCs are consis-
tent with the fiducial model within the uncertainties. The same is
true for the dwarfs, though the dwarfs cy;, is poorly constrained
owing to small numbers and their restricted radial range. How-
ever, the derived halo parameters from the PNe are drastically
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Fig. 5. One-and two-dimensional PDF of M., ¢.i, and M, of the fidu-
cial model compared to the PDF inferred from single-tracer anisotropic
models. The blue PDF represents the GC-only model, the yellow PDF
the PNe-only model, and the green PDF the dwarfs-only model. We rep-
resent 1-0- and 2-o- confidence intervals for each model with darker and
lighter colors, respectively. The dashed lines show the median value for
each quantity for the fiducial model, and they are the same as in Fig. 3
on the top.

different than the fiducial model, with a much more concentrated
and less massive halo (c¢yi; = 18 £ 4; My, = 0.7f8:g x 1012 Mo).

This tension does not appear to be driven by differences in
the inferred anisotropy for the tracers. The anisotropy of the red
and blue GCs were essentially identical to those in the fidu-
cial model, while that of the PNe is marginally more nega-
tive, but not to a sufficient degree to explain this discrepancy.
In Sect. 4.3.2 below we explore whether allowing radial varia-
tions in the anisotropy could relieve the tension between GCs
and PNe. Anticipating these results, we do not find significant
observational support for such variations.

The stellar masses (M.) inferred from the separate tracer
fits all agree within 1o with the fiducial model and with each
other. However, the three single-tracer models find a smaller Tk
than the fiducial model, yielding less mass in stars and more in
dark matter at these inner radii. This is the expected degener-
acy between the apportionment of mass between stars and dark
matter, and the advantage of the fiducial model is that using a
range of tracers with different radial distributions helps to par-
tially break this degeneracy.

As mentioned above, several previous papers have shown
that the PNe display complex kinematics, with minor axis
rotation at small radii and major axis rotation at larger radii.
Peng et al. (2004a) suggested this could be due to triaxiality.
Axisymmetric JAM modeling of triaxial systems has been stud-
ied by Lietal. (2016); they find that the impact compared to
spherical models is only about 20% in mass, much lower than
the discrepancies we see between the PNe and GCs. A more
straightforward interpretation of these results is that at least a
subset of the NGC 5128 PNe are not virialized, likely due to the
recent merger (Israel 1998; Wang et al. 2020a), consistent with
the findings of Coccato et al. (2013). This has also been observed
in the PNe of other recent-merger elliptical galaxies, such as
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Fig. 6. One-and two-dimensional PDF distribution of the M,;,, M., and
cyir for the Fiducial model compared to the model variations discussed
in Sect. 4.3. The PDF distributions for each model are shown in differ-
ent colors: black for the Fiducial model, cyan for the “Isotropic model”,
orange for the “60° inclination model”, and fuchsia for the “cored”
model. The darker and lighter colors represent the 1 and 2-¢0- confidence
intervals, respectively, for each model. The median value for the Fidu-
cial model are shown in dashed black lines, and they are listed in Table 3
for the rest of the models.

M94 (Hartke et al. 2018). Recent mergers could also affect the
orbits of the GCs as seen in NGC 1316 (e.g., Richtler et al.
2014), affect the modeling of the Milky Way’s dark matter halo
using stellar streams (e.g., Lilleengen et al. 2023; Erkal et al.
2019; Shipp et al. 2021) and impact the orbits of satellite galax-
ies (Pawlowski et al. 2022)

Overall, the single tracer fits show that the GCs and dwarfs
give mutually consistent results that also agree with the fidu-
cial model, while the PNe strongly differ. As a cross-check of
the effect of the PNe on the fits, we also performed a fit that
used the GCs, dwarfs, and the inner (<lr.g) PNe, excluding
the outer PNe that show unusual rotation around the major axis
(Peng et al. 2004a). This fit gave halo parameters, the stellar
mass-to-light ratio, and tracer anisotropies all consistent with
the fiducial model within the uncertainties, again supporting
the robustness of our fiducial model fitting results even in the
presence of potential non-virial motions for a subset of the
tracers.

4.3. Checking robustness: model variations
4.3.1. Comparison to isotropic models

The results of the previous two sections show consistent sup-
port for tangential anisotropy in all the tracer populations, with
the strongest evidence for the GCs and some evidence for the
PNe. Since there is a well-known degeneracy between mass
and anisotropy in dynamical models (e.g., Binney & Mamon
1982), and studies often assume isotropy for simplicity, here
we fit isotropic models to allow a comparison to our Fiducial
models.

The results of these fits are shown in Fig. 6 and listed in
Tables 2 and 3. M., for the isotropic model is 3.7* )5 x 10'* Mo,
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about 15% lower than the Fiducial model but consistent within
the uncertainties. The inferred stellar mass is lower by a simi-
lar amount, leading to a somewhat higher inferred concentration
cvir = 9.3*37 that is nevertheless formally consistent with the

Fiducial model value of ¢y = 5.6*%¢. The isotropic model has

a dark matter fraction fpy of 0.191’8:82 within 1R and 0.66*000
within 5R..

4.3.2. Radially varying anisotropy

Here we briefly explore whether the assumption of radially con-
stant anisotropy for each tracer is meaningfully affecting our
results. We fix the gravitational potential parameters to the val-
ues of the Fiducial model and then run single tracer fits, but
replacing a single value of 8 with four logarithmically spaced
radial ranges where it can take on different values in each region.
We find no statistically significant evidence for a radial gradient
in 3 for any of the tracer populations, indicating the assumption
of a radially constant velocity anisotropy for each tracer is rea-
sonable, at least for this dataset.

4.3.3. Varying inclination

In this subsection we study the effect of the assumed inclina-
tion in our dynamical models. As mentioned in Sect. 3, previ-
ous studies suggest the inclination of NGC 5128 is more likely
edge-on, and in particular that face-on orientations are disfa-
vored (Hui et al. 1995; Peng et al. 2004a).

Here we compare our edge-on (90°) model to one where the
assumed inclination is instead the median value for a random
distribution: 60°. The other model assumptions are identical to
those of the Fiducial model. The resulting My, cvir, and M, are
shown in Fig. 6, and listed in Table 3.

The model with an inclination of 60° produces results con-
sistent with the Fiducial model to within 1o for all parameters,
with a slightly higher concentration and a slightly lower (about
15% lower) virial mass.

4.3.4. A cored halo

For our Fiducial model we have assumed a standard cuspy
NFW profile, corresponding to y = = 1 in Eq. (4). While
giant elliptical galaxies tend to have dark matter profiles well-
fit by a standard NFW profile (e.g., Grillo 2012), here we
briefly consider the sensitivity our results to the assumed halo
profile.

As a comparison “cored” model, we assume y = 0 and n = 2
in Eq. (4), producing a central core rather than a cusp. All other
model parameters are the same.

The differences in the fitted parameters between the cored
and Fiducial are generally as one would expect: M.; is essen-
tially identical, being set by the data at larger radii, while the
concentration is lower (cyi; = 3.3 + 0.4) due to the lesser cen-
tral dark matter density. This forces the stellar mass-to-light ratio
an implausibly high value Yx = 2.3 + 0.1 to match the inner
kinematics, compensating for the lower dark matter density. This
is in strong tension with our prior on Yk (1.08 + 0.30), and is
higher than the mass-to-light ratio for stellar population mod-
els at any age and metallicity (e.g., Bruzual & Charlot 2003).
This tension with stellar populations models disfavors the cored
model relative to the standard NFW profile where we get mass-
to-light ratios in agreement with stellar population expectations
(see Sect. 4.1.2).
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Table 2. Mass modeling results.

Model Tk @ 10g(,0s) ® rs © IBred @ IBb]ue © ﬁPNe e ﬁdwarf @
log(Mopc™)  (kpe)
Fiducial 1.6t§;§ —3.14j§;§% 77.5%%5 —0.28j§;§§ —0.34j§;§§ -0.11*3%8  —0.13+9%
+0.3 +0. +083. +0. +0.
GCs only L3y S302h5 76T 026l 032 S
+0. +0. +4. +0.
PNe only 13%;  -191%s, 12870 -0.20*998 .
+0.3 +0. +40. +0.
Dwarfs only L1755 —2.45%573 36.97 5% —0.09%:33
Isotropic 1.2%03 —2.61702 43.6*193 .. .. . ..
: . _ o 0.3 0.32 352 0.09 0.0 0.09 0.2
Inclination = 60° 1.5 =2.917 553 587 51 —0.3075 —0.33f0.0; -0.10%7 —0.0éfo_zz
Cored 23100 287402 1314721 032007 03500 _0.20%008  _.15+02¢

Notes. The best-fit parameters for all the dynamical models. The fiducial model is first and highlighted in bold characters (Sect. 4.1). The next set
of fits are for variations in the tracer population (Sect. 4.2), and the final set of fits are variations in the model assumptions (Sect. 4.3). @The K-
band stellar mass-to-light ratio Tx. ®*The log NFW scale density. “The NFW scale radius r,. ”Velocity anisotropy 8 for the red GCs. ) Velocity
anisotropy S for the blue GCs. " Velocity anisotropy 3 for the PNe. Velocity anisotropy S8 for the dwarf satellite galaxies.

Table 3. Mass modeling derived quantities.

Model My @ cyir @ M, © Myiet @ fomirg @ fomsre
(10" Mo) (10" Mg) 10" M, (%) (%)
Fiducial 4477 567 1975 47t 10.7j§;§ 51973,
GCs only 6.13:2 6.33:2 1.71’83 6.lﬁ:g 14.032 60.6f;:é
PNe only 07403 17742 17702 g2 qg3+d 573471
Dwarfs only 3320 108133 14%03  35tle 9p 08 69947
Isotropic 3.711):‘9‘ 9.33:; 1.6f8§ 3.8t8:§ 18.9’:2:2 66.3f§:2
Inclination = 60°  3.7*] 7.0 1.8703 3.9%05 12.5%38 56.2*51
Cored 45721 3304 g0l 4 gel8 505 939466

Notes. The best-fit parameters for all the dynamical models. The fiducial model is first and highlighted in bold characters (Sect. 4.1). The next set
of fits are for variations in the tracer population (Sect. 4.2), and the final set of fits are variations in the model assumptions (Sect. 4.3). “The virial
mass M,;.. ®The halo concentration c;; = 7y /7. ©The stellar mass of the galaxy M.. @The total mass M, = M,;; + M, derived from the joint
distribution of M,; and M, ©The dark matter fraction within 1R.¢. "The dark matter fraction within SR.g.

4.4. Conclusions

Our main conclusions from this section are:

— The best fit parameters of our Fiducial NFW model pro-
vides a good fit to nearly all the data, potentially with the excep-
tion of a subset of the PNe.

— The results are insensitive to modest variations in the tracer
population used.

— The results are also relatively insensitive to modest varia-
tions in model assumptions about anisotropy or inclination, and
such variations are not inconsistent with the data. However, a
cored dark matter halo is disfavored, due to its unrealistic high
stellar mass-to-light ratio (see discussion in Sect. 4.3.4).

Again, we summarize our mass modeling results in Table 3.
We next compare our results with previous mass and mass profile
measurements of NGC 5128.

5. Comparisons to previous NGC 5128 total mass
and halo estimates

5.1. Comparison to enclosed mass estimates

Many previous estimates exist of the enclosed gravitational mass
of NGC 5128 at arange of radii. These estimates are summarized
in the left panel of Fig. 7 and compared to our new dynamical
modeling.

We find good agreement between the results of our Fiducial
model and the enclosed mass at smaller galactocentric radius
(~16kpc) from the modeling of the galaxy’s interstellar X-ray
emission by Kraft et al. (2003). Our Fiducial model also agrees
with the enclosed mass at ~27 kpc found by Hui et al. (1995)
using a spherical and isotropic approximation of the Jeans equa-
tion to model the PNe distribution. For a detailed comparison of
masses derived from X-ray observations and those from PNe and
GCs at small galactocentric radii (<55 kpc), see also Samurovié
(2006).

At larger radii, we find that our models have systemati-
cally lower masses than previous mass estimates made using
only GCs or dwarfs as tracers (Woodley et al. 2007, 2010;
Karachentsev et al. 2007; Alabi et al. 2017; Hughes et al. 2023).
These previous works adopted relatively simpler dynamical
models than the one presented here, using the “tracer mass esti-
mator” (TME; Evans et al. 2003; Watkins et al. 2010) to calcu-
late the pressure supported mass and used the spherical part of
the Jeans equation to calculate the rotationally supported mass.
This assumes a spherical and isotropic distribution of the kine-
matic tracers, which, depending on the tracer anisotropy, may
underestimate or overestimate the enclosed mass (see discussion
in Alabi et al. 2016). This could explain also why our isotropic
GC-only model is in better agreement with their results. Using
the same assumptions and method Bilek et al. (2019) derived a
virial halo mass of M,; = 10397142 M. which is more than
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an order bigger than our M,;;, maybe due to their much higher
NFW scale density (see Sect. 5.2). The halo mass of our Fiducial
model at a contrast density of 200 (Mg = 3.6f}:(7) x 102 M,) is

in agreement with the halo mass of My = 3.6373:¢7 x 10'2 M,
derived by Alabi et al. (2017) based also on the kinematics of
GCs using the same method described above. The Mypo = 5.3 +
3.5 x 10" M,, estimates based on kinematics of dwarf satellite
galaxies by Miiller et al. (2022) using the rotational part of the
Jeans equation is larger than what we find for our Fiducial model,
but they both agrees within uncertainties. The My of our Fidu-
cial model is also smaller than the limit of Maoy > 4.7 x 10'2 M,
derived from modeling of the stellar stream from the disrupted
dwarf satellite Dw3 by Pearson et al. (2022). However, we note
that their DM halo model was fixed to match the enclosed mass
at smaller galactocentric radius of Woodley et al. (2010).

The agreement between our fiducial model and the enclosed
masses from PNe at larger radii is more mixed. Our models
match the enclosed mass at ~86kpc from Peng et al. (2004a)
derived using the tracer mass estimator method from Evans et al.
(2003) assuming a spherical and isotropic distribution for the
PNe, but we find higher masses than Woodley et al. (2007)
(also done using the tracer mass estimator method), and by
Mathieu et al. (1996; assuming also a spherical and isotropic dis-
tribution for the PNe). These comparisons are consistent with the
interpretation that our best-fit Fiducial model represents a statis-
tical compromise among these tracers.

5.2. Comparison to previous dark matter profile fits

Four previous works, Peng et al. (2004a), Alabi et al. (2017),
Bilek et al. (2019) and Pearson et al. (2022), have estimated
parameters for a standard NFW profile for NGC 5128.
Peng et al. (2004a) fitted PNe using an isotropic spherically
symmetric Jeans model, obtaining an NFW scale density of
log(ps) = —2.0 and scale radius of r; = 14.4kpc (no uncer-
tainties reported). There is no mention of the Mygy for the NFW
profile in Peng et al. (2004a), only cy90 = 12. However, we can
estimate an Mooy = 6.32 x 10'! M, based on their r,; and p;.
These values are all inconsistent with those from our fiducial
model, producing a more centrally concentrated and much lower
mass halo. For comparison to these results we run an isotropic
(Bene = 0.0) MCMC with only the PNe as kinematic trac-
ers, but otherwise with the same assumptions as in our fiducial
model. For this isotropic PNe-only model, we find a scale den-
sity log(ps) = —2.017033 and scale radius of r, = 14.9*7) kpc,
in very good agreement with the values found by Peng et al.
(2004a). This comparison illustrates both the value of large-
radius tracers for estimating the total halo mass, and, to a lesser
degree, the effect of anisotropy on the fits.

Pearson et al. (2022) used the stellar stream of the dwarf
satellite galaxy Dw3 (at a projected radius of ~80kpc) to esti-
mate a lower limit of the dark matter halo mass of NGC 5128
of Mo > 4.7 x 102 M, with an assumed cyg9 = 8.6 and
stellar mass-to-light ratio of Tx = 0.7. These values corre-
spond to a more centrally concentrated, massive dark matter halo
than our fiducial model. The dynamical modeling of Dw3 done
by Pearson et al. (2022) was tuned to reproduce the enclosed
mass at 40kpc found by Woodley et al. (2010) based on GC
kinematics.

Of the models fit in the previous section, the one which is
most comparable to this is the anisotropic “GC only” model
(Sect. 4.2). For this model, we find Mgy = 5.03'? x 102 M,
broadly consistent with the My, lower limit from Pearson et al.
(2022). They conclude that the morphology and central radial
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velocity for a single stream is insufficient to precisely determine
halo parameters; revisiting this stream fitting with the updated
tracer constraints now available would be worthwhile.

Our fiducial model agrees with the halo concentration of
cvir = 4-5 derived by Bilek et al. (2019) for NGC 5128 from
the Jeans modeling of its GC kinematics (among other early-
type galaxies), which is lower than expected from concentration-
mass relations (see Sect. 6.2). The halo concentration reported
in Alabi et al. (2017) for NGC 5128 c¢p99 = 8.9 + 2.0 is higher
than what we find here. While Alabi et al. (2017) do not explic-
itly provide a scale radius for NGC 5128 we can derive it from
their cy09 and Mg values, giving a r¢ = 39.1 + 7.9 kpc, which
is smaller than the scale radius of our fiducial model, but they
roughly agree within uncertainties (see Table 2). The scale scale
density and radius found in Bilek et al. (2019) for NGC 5128
(log(ps) = 5.6—5.8 and log(ry) = 2.4-2.5) are both higher than
our values.

6. Discussion
6.1. Dark matter fractions

Our dynamical model fitting in Sect. 4 show the need for large
amounts of dark matter to explain the dynamics of the GCs, PNe,
and dwarf satellite galaxies in NGC 5128, with a best-fit virial
halo mass of M,;; = 4.4f%3>< 10'2 M,, and a stellar mass of ~0.2x

10'2 M. Hence globally, the stellar mass fraction of the galaxy
is found to be ~4% (formally 4.3fi:g%).

The stellar mass—halo mass relation has been measured for
galaxies in a variety of ways, including abundance matching
(e.g., Moster et al. 2010), weak lensing (e.g., Leauthaud et al.
2012), and from clustering analysis (e.g., Zheng et al. 2007).
A recent compilation of stellar mass—halo mass relations from
Behroozi et al. (2019) shows that at NGC 5128’s measured virial
mass, the expected stellar mass fraction is 1-3%. The higher end
of that range is consistent with the measured stellar mass fraction
within its uncertainty, while the lower end is less consistent, sug-
gesting the possibility that NGC 5128 was more efficient than the
average galaxy of this virial mass at transforming baryons into
stars. This is in agreement with the general trend of higher than
expected stellar mass values in the sample of early-type galax-
ies modeled by Bilek et al. (2019); however, our results disagree
with their results on NGC 5128, as we find more than order of
magnitude lower halo mass than their study.

Since observational measurements encompassing a large
fraction of the virial radius are challenging, many observa-
tional studies have focused instead on quantifying the fraction
of dark matter in the inner portions of galaxies, often mea-
sured at notional comparison radii of 1 and 5R.g. For the total
mass-to-light ratio (stellar + dark matter) we find a value of
Tx(< 1Re.g) = 1.3 at 1R.g. This translates to Y, (< 1R.¢) = 4.6
(assuming a r — K = 2.6); this is identical to the mean value of
T,(< 1R.) in ATLAS3D galaxies (Cappellari et al. 2013a). For
the dark matter fraction (fpy) in NGC 5128 within 1R.¢ we find
fom = 0.11 £ 0.04 for our fiducial model. Previous dynamical
modeling results for other early-type galaxies (Cappellari et al.
2011), along with spiral and SO galaxies (Williams et al. 2009),
show this to be a typical value, with most galaxies in these sam-
ples having fpm < 0.2 at 1R.q. Individual galaxy measurements
for the giant elliptical M87 and NGC 5846, more comparable
to the approach we use for NGC 5128, also find fpp ~ 0.1
within 1R.g (Zhu et al. 2014, 2016). However, theoretical mod-
els (Lovell et al. 2018) and other dynamical and lensing results
(Barnabe et al. 2011; Tortora et al. 2012) suggest higher dark
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Fig. 7. Left: enclosed mass for the fiducial model as a function of galactocentric radius compared to literature measurements and different dynamical
models from this work. The solid lines represent the median enclosed mass for each dynamical model based on 150 randomly selected walkers,
while the shaded region represents the 1-o- uncertainty for the fiducial model. The symbols show the different NGC 5128 literature enclosed mass
measurements (Hui et al. 1995; Mathieu et al. 1996; Kraft et al. 2003; Peng et al. 2004a; Woodley et al. 2007, 2010; Karachentsev et al. 2007;
Hughes et al. 2023; Miiller et al. 2022), as well as the lower limit from Pearson et al. (2022). We have colored the symbols according to the
kinematic tracer used to inferred the total enclosed mass, with the colors representing the same tracer as in Fig. 1. Right: dark matter fraction (fpm)
comparison for all the different dynamical models of this work. Lines are colored the same as in the left panel. The vertical lines show the virial

radius for each dynamical model.

matter fractions within 1R.g. This is a tension previously rec-
ognized. It could be due to inconsistencies in how sizes are mea-
sured for real galaxies compared to those in simulations, uncer-
tainty about the initial mass function in early-type galaxies (addi-
tional discussion in e.g., van Dokkum et al. 2017; Bilek et al.
2019), or perhaps due to true differences between the inner dark
matter distribution in observed galaxies compared to simulations
(see additional discussion in Lovell et al. 2018).

At larger radii, within 5R.¢, we find fpy = 0.52 = 0.08.
Previous measurements using tracer-mass estimator methods on
large GC samples from the SLUGGS project (Alabi et al. 2017)
find a wide range of dark matter fractions within 5R.¢ from fpm
of 0.1 to 0.95, with most higher than NGC 5128. Jeans mod-
eling of early-type GCs by Bilek et al. (2019) also find gener-
ally high dark matter fractions, with their results for NGC 5128
(~90%) being higher than those found here. Simulations gener-
ally find less scatter in fpy at these larger radii among galaxies
than do observations, but do not agree on the actual value of
Jfpom- For example, Wu et al. (2014) find ~0.5 for fpy for galax-
ies in the stellar mass range of NGC 5128, while more recent
results from Remus et al. (2017) and Lovell et al. (2018) sug-
gest much higher fpy = 0.7 with minimal scatter. We note that
the methodology of existing observational measurements varies
significantly, with many studies using basic spherical isotropic
dynamical models with limited radial tracer coverage, and only
a handful of previous estimates are based on Jeans modeling out
to large radii as we present here.

6.2. Concentration—mass relation

Numerical simulations show that the structural properties of dark
matter halos change as a function of mass, with higher mass
halos becoming less concentrated, as halo density is correlated
with the density of the universe at the time of formation (e.g.,

Navarro et al. 1997; Bullock et al. 2001). The relation between
halo mass and concentration is thus an important tracer of the
formation history of galaxy halos.

As a prior on the NFW dark matter component of our
NGC 5128 mass model, we adopted the concentration—mass
(cvir — M) relation of Bullock et al. (2001). This prior of cyi =
14.0 + 5.6 was estimated based on a previous NGC 5128 mass
measurement (Woodley et al. 2007). The actual estimated value
of ¢ for our fiducial model is cvir=5.6ff"6t witha M, = 4.4f%;jx
10'2 M. That our best-fit concentration is in the tail of the prior
indicates the data quite strongly favor the measured low con-
centration. Our low concentration is consistent with the values
derived by Bilek et al. (2019) for NGC 5128, and more broadly
they find a majority of modeled early-type galaxies fall below
the halo-mass — concentration relation of Diemer & Kravtsov
(2015).

The measured value is in somewhat better agreement
with the more recent concentration—mass relations of
Muiioz-Cuartas et al. (2011), Dutton & Maccio (2014), and
Diemer & Kravtsov (2015), who find mean values of cy;
between 8.3 and 9.1 at our virial mass. While our fiducial
concentration value is still nominally lower than these predic-
tions, the simulations exhibit significant halo to halo scatter in
Cvir — Myir, of order ~30%. Hence the overall conclusion is that
NGC 5128’s inferred dark matter halo is consistent with the
distribution of halo properties at this virial mass observed in
cosmological simulations. A much larger set of measured halo
concentrations for massive ellipticals would be necessary to
more carefully compare simulations to observations.

6.3. Halo mass—Ng¢ relation

A number of papers have demonstrated a relationship between
the number of GCs in a galaxy (Ngc) and its total (including
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dark matter) mass, which is apparently linear over a large range
in halo masses (e.g., Harris et al. 2017; Burkert & Forbes 2020).
It is notable that the claimed scatter in this relation is small
(<0.3 dex), which if true would make the counting of GCs one
of the most reliable methods to estimate halo masses.

Since NGC 5128 has both a good estimate of its total GC
population (Ngc = 1450 + 160; Hughes et al. 2021) and total
mass from the present work (Myir, = 4.7%1% X 10" Mo, see
Sect. 4.1.1), it presents a compelling test of this relation. We
use the two most recent derived versions of the relation, from
Harris et al. (2017) and Burkert & Forbes (2020). For the former,
the predicted mass from the measured Ngc is ~1.6 X 103 Mo,
with an uncertainty of about a factor of 2 from the stated scat-
ter in the relation. The offset of NGC 5128 from the rela-
tion is about 0.54 dex, or nearly 20~ on the low end. For
the Burkert & Forbes (2020) relation, the inferred halo mass is
lower, about 7 x 10'> M, which is higher than but in less tension
than our NGC 5128 mass measurement.

As we discussed above for the measurement of halo concen-
tration, it is impossible to reach a firm conclusion about variance
in one of these relations from a single measurement. Nonethe-
less, given the small number of galaxies for which there are
robust measurements of both their virial masses and GC sys-
tems, revisiting the scatter in the Ngc—total mass relation should
be a priority once more virial mass estimates are available.

6.4. The mass of NGC 5128 in context

NGC 5128 is one of the more massive galaxies within ~5 Mpc,
making it an important benchmark system for connecting its
stellar and dark matter halo properties to expectations from the
ACDM model and other prominent, nearby galaxies.

Within the Local Group, the masses of the Milky Way and
M31 have been the subject of many studies. For the Milky Way,
astrometric data from the Gaia mission has provided critical tan-
gential velocities for many mass tracers (satellites galaxies, GCs
and halo stars; see e.g., Callingham et al. 2019; Eadie & Jurié
2019; Watkins et al. 2019; Li et al. 2020; Deason et al. 2021),
improving agreement between recent studies, most of which
point to total masses around 1-1.5 x 10'2 My (see Wang et al.
2020b, for a recent review). This mass of the Milky Way is sim-
ilar to mass estimates of other nearby, massive spiral galaxies;
M.irmgz = 0.9 X 10'2 M, (Karachentsev et al. 2007); Myirms1 =
1 x 10'2 M, (Karachentsev & Kashibadze 2006). This places
NGC 5128 at about three to four times more massive than the
Milky Way and other nearby spirals.

In M31, modern measurements have yielded virial mass
values in the range M,im31 = 0.5-3.5 X 10'2 M, including
satellite galaxy (Watkins et al. 2010; Hayashi & Chiba 2014),
globular cluster (e.g., Veljanoski et al. 2013) and stellar stream
(Fardal et al. 2013; Dey et al. 2023) kinematic measurements;
see the recent compilation of Patel & Mandel (2023). In that
same work, Patel & Mandel (2023) combine proper motion mea-
surements of four M31 satellites and cosmological simulations
to infer Myir p31 = 2.85 X 10'2 M,,. This value is within a fac-
tor of ~1.5 of the NGC 5128 virial mass, and the uncertainties
of the two measurements overlap. Those authors also note that
M31 is on the upper end of expectations for the stellar mass-
halo mass relation, as we have seen for NGC 5128 in Sect. 6.1.
Future measurements are necessary to confirm this most recent,
relatively high mass for M31. Nonetheless, it is plausible that
M31 and NGC 5128 have similar masses.

The M»pp halo mass of NGC 5128 is comparable to other
nearby elliptical galaxies, such as NGC 1023, NGC 4473 and
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NGC 4494 from Alabi et al. (2017), which also have similar
stellar mass®>. NGC 1023 and NGC 4494 are both the central
galaxy in their group (NGC 4473 is classified as a group mem-
ber) and have lower than expected halo concentration. From
the elliptical galaxies sample of Bilek et al. (2019), NGC 1400
and NGC 2768 have similar virial halo mass to NGC 5128,
and are also central galaxies in their group. This suggests that
NGC 1023, NGC 4494, NGC 1400, NGC 2768 and NGC 5128
may have formed in a similar way. However, we note that the
halo mass for NGC 2768 found in Alabi et al. (2017) is about
one order of magnitude bigger than Bilek et al. (2019).

Kinematic measurements out to large radii (x50-100kpc)
using GCs, PNe and satellite galaxies is feasible for more galax-
ies in the nearby universe. Existing studies of large samples of
galaxies have used single kinematic tracers (Alabi et al. 2017;
Bilek et al. 2019). A systematic data set that pursued this goal
with multiple tracers would be valuable for constraining the
virial masses and mass profiles of the nearest massive galaxy
halos in a consistent way, allowing for further intercomparisons
and comparisons with ACDM.

7. Summary

We wused the discrete Jeans anistoropic model CJAM
(Watkins et al. 2013) to estimate the halo parameters of
NGC 5128 using its GCs, PNe, and dwarf satellite galaxies
as kinematic tracers out to a radius of 250 kpc, with the tracer
anisotropies and stellar mass-to-light ratio fit as free parameters.

Our fiducial model fit has a dark matter halo virial mass of

M = 44734 x 102 My, a concentration of cyj; = 5.6*7¢, and a

corresponding virial radius of rv; = 432*% kpc. This halo con-
stitutes only ~10% of the total mass at 1R.g but ~51% at SR.
This model fits nearly all the data, with the exception of a sub-
set of the PNe that are potentially not in virial equilibrium, and
the derived halo parameters are relatively insensitive to modest
variations in the tracer anisotropies and system inclination.
NGC 5128 appears to sit “low” on the mean stellar mass—
halo mass and GC mass—halo mass relations, which both predict
a halo virial mass closer to M;; ~ 10'> M. No general state-
ments about these relations can be made with a single galaxy,
but our analysis highlights the value of comprehensive dynam-
ical modeling of nearby galaxies, and the importance of using
multiple tracers to allow cross-checks for model robustness.
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Appendix A:

Table A.1 lists the binned V., for all our kinematic tracers
shown in Figure 4.

Table A.1. Tracer’s binned V¢

Tracer rin® Fout’ Vims®  Vims €11¢
kpc kpc  kms™! kms™!

RedGCs 1.8 7.1 136.7 10.5
RedGCs 7.1 13.1  130.8 9.4
RedGCs 13.1 920 1215 10.2
Blue GCs 1.2 8.2 140.4 8.9
Blue GCs 8.2 173 1274 10.8
Blue GCs 173 1347 134.1 9.4
Dwarfs  44.0 2454 1345 19.0
PNe 0.8 2.8 146.9 9.2
PNe 2.8 39 162.2 9.7
PNe 39 53 162.3 10.2
PNe 53 6.7 136.1 11.7
PNe 6.7 8.1 124.6 8.5
PNe 8.1 9.8 125.2 7.2
PNe 9.8 119  128.0 7.9
PNe 119 17.7 1364 8.7
PNe 17.7 394 142.6 9.5

Notes. Observed binned Vs velocities for all kinematic tracers from
Figure 4 (outlined points). “The inner boundary of the radial bin. *The
outer boundary of the radial bin. “The Vs of the binned tracer as
defined in S 4.1.4. “The V,,, error.
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