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ABSTRACT

Context. The existence and amount of dark matter in early-type galaxies remains a hotly debated topic. We study dynamical models
of NGC 5128, which do not include dark matter, to test the predictions of different constant mass-to-light models.

Aims. We use the measurements of the radial velocities of the planetary nebulae in NGC 5128 to test the predictions of Newtonian
constant mass-to-light ratio models and we also extend our study to different MOND models.

Methods. The planetary nebulae of NGC 5128 were used as a tracer of the galaxy’s gravitational potential. The Jeans equation was
calculated for both the Newtonian mass-follows-light and the MOND approaches. Spherical symmetry is assumed and the calculations
are performed for both isotropic and anisotropic cases.

Results. We solved the Jeans equation in spherical approximation and found that the isotropic Newtonian mass-follows-light models
without dark matter may provide successful fits out to 6.4R.; to obtain a good fit in the outermost region (~10.7R.) one needs either
dark matter or tangential anisotropies. Concerning MOND models we found that no isotropic MOND model without dark matter can
provide a successful fit interior to ~6.4R.; for the anisotropic MOND models interior to ~40 arcmin only “standard” MOND model

with tangential anisotropies can provide a successful fit of the observed velocity dispersion without the need of dark matter.

Key words. galaxies: elliptical and lenticular, cD — galaxies: kinematics and dynamics — galaxies: halos

1. Introduction

The problem of dark matter in early-type galaxies is still poorly
understood. The reasons for this are numerous and are described
in the literature (see e.g. Samurovi¢ 2007, for a review), so we
here only briefly list several of the most important ones.

1) The luminosity of early-type galaxies in their outer parts is
very low, which makes observations very difficult. Because
of this only a very small number of early-type galaxies has
been observed out to 3—4 effective radii to infer their internal
kinematics (R, is the radius which encompasses half of the
total light of a given galaxy; 3R. contains ~79 per cent and
4R. contains ~85 per cent of the total galactic light, accord-
ing to the de Vaucouleurs law). Long-slit spectra used for
obtaining internal kinematics are convenient because they
also provide an information regarding stellar anisotropies,
which is important for breaking the mass-anisotropy degen-
eracy (Tonry 1983). There are fortunately other methods that
can be used for kinematical studies of early-type galaxies,
and they are briefly given in the next two items.

2) X-rays studies (see Mathews & Brighenti 2003a, for a re-
view) are very useful because they can trace the gravitational
potential out to large galactocentric distances (R > 3R.)
without the aforementioned problem of anisotropies of or-
bits. The drawbacks also exist however: this methodology is
based on the assumption of hydrostatic equilibrium, which
has been disputed (e.g. Diehl & Statler 2007), and not all
early-type galaxies possess an X-ray halo (e.g. IC 3370, see
Samurovié¢ & Danziger 2005).

3) Different tracers of the gravitational potential like globular
clusters (GCs) and planetary nebulae (PNe) are useful be-
cause they also yield results out to large galactocentric
distances (again, R > 3R.) (Romanowsky et al. 2003;
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Schuberth et al. 2009). Note that the drawbacks here are
also numerous: because one needs a large number of the
tracers per bin, it is not possible to accurately determine
the anisotropies of these objects, and one can have hints at
most regarding the orbits of the tracers. The numbers of trac-
ers also decreases in the outer parts of early-type galaxies,
and these are the regions where dark matter is expected to
dominate luminous matter. Additional problems may be seen
when one uses GCs as tracers: there are two different popula-
tions, blue and red, for which the properties (like dispersion)
may differ (see e.g. Richtler et al. 2004), thus reducing the
number of tracers used per bin. For PNe all the observed ob-
jects are assumed to belong to one population.

A new, promising avenue to address the problem of dark
matter in early-type galaxies is to use an integral-field unit to
measure the line-of-sight velocity distribution (LOSVD) at large
radii (~3-4R.) (Weijmans et al. 2009).

So far the evidence of dark matter in early-type galaxies
is inconclusive. Some galaxies appear to be devoid of it, or
are dominated by certain types of orbits (the example of this
class is NGC 3379, for which there is a lack of dark matter
or dominance of radial orbits; see Romanowsky et al. 2003;
Dekel et al. 2005), whereas some appear to possess huge massive
dark halos (NGC 1399, see e.g. Samurovi¢ & Danziger 2006;
Schuberth et al. 2009). It is important to note that NGC 3379 is a
relatively isolated object (part of the Leo I group) and NGC 1399
is a central galaxy of the Fornax cluster, which makes a direct
comparison difficult.

The apparent lack of dark matter in NGC 3379 led re-
searchers to initiate the study of early-type galaxies within the
context of the MOND theory (Milgrom 1983). As was to be ex-
pected, the MOND models described NGC 3379 on all scales
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Table 1. Kinematics data for NGC 5128 for the sample of PNe.

A95 (2010)
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2 143 18 -0.07 0.19 -0.44 0.39 158

6 134 7 0.29 0.17 -0.02 0.34 204

10 120 7  -0.06 0.20 0.14 0.40 147

14 128 11 0.44 0.29 0.16 0.58 72

18 158 14 -0.26 0.33 -041 0.65 56

22 99 12 -0.56 0.43 0.80 0.85 33
27 100 11 0.40 0.38 0.07 0.75 43

35 89 10 -0.31 0.38 0.83 0.76 42
59 108 15 -0.77 0.49 -0.19 0.98 25

Notes. Column (1): central point for a given bin; Col. (2): velocity dispersion for the sample of PNe in a given bin; Col. (3): formal errors for the
velocity dispersion of the sample of PNe in a given bin; Col. (4): s3 parameter for the sample of PNe in a given bin; Col. (5): formal errors for the
s3 parameter for the sample of PNe in a given bin; Col. (6): s4 parameter for the sample of PNe in a given bin; Col. (7): formal errors for the s4
parameter for the sample of PNe in a given bin; Col. (8): number of PNe in a given bin.

(Tiret et al. 2007). On the other hand, the MOND models
failed to reproduce the kinematics of NGC 1399, and Richtler
et al. (2008) concluded that the MOND models needed an “ad-
ditional hypothetical dark halo”, which of course makes MOND
redundant. Samurovi¢ & Cirkovi¢ (2008) studied NGC 4649
(M60), a giant elliptical galaxy in the Virgo cluster, and con-
cluded that out to ~5R, the successful fit to the observed velocity
dispersion can be obtained with the constant mass-to-light ratio
in the B-band: M/Lg ~ 7 implying an absence or only a very
low amount of dark matter in its outer parts. The MOND mod-
els with similar mass-to-light ratio also provided successful fits.
Therefore, based on this admittedly small sample of early-type
galaxies, one is led to conclude that when a galaxy needs dark
matter to explain its kinematics (i.e. when a Newtonian approach
fails), the MOND approach also has problems and appears to
be insufficient. Vice versa, when Newtonian mass-follows-light
models provide a successful description of the kinematics, the
MOND models also appear to be correct. Note that the MOND
models are also not insensitive to the mass-anisotropy degener-
acy, because the Jeans equation, which needs to be solved, con-
tains a term pertaining to the form of orbits (see below).

We study the galaxy NGC 5128, the nearest large elliptical
galaxy, using different constant mass-to-light ratio models. The
results of dynamical studies of NGC 5128 obtained so far sug-
gest the existence of dark matter: Mathieu et al. (1996) used a
quadratic programming method to infer that the mass-to-light
ratio increases from the center and that about ~50 per cent of
the galaxy is dark; Peng et al. (2004) also concluded that about
50 per cent of the galaxy is dark and that M/Lg ~ 13, but they
note that the mass-to-light ratio they obtained is “much lower
than what is typically expected for elliptical galaxy”. Recently
Lokas (2008) used the PNe data from Peng et al. (2004) and
concluded that in the V-band, M/Ly 26.3 = 16.9, which in
the B-band becomes M/Lg = 36.3 + 23.3 (note the large error
bars). We use PNe as tracers of the gravitational potential and
try to describe the kinematics of NGC 5128 without inclusion of
dark matter: we apply both the Newtonian and the MOND ap-
proach in the spherical approximation allowing for anisotropies
in the motion of the tracers. Here, we try to answer the ques-
tion whether or not it is possible to model the observed velocity
dispersion of an early-type galaxy (in this case NGC 5128) with-
out the inclusion of dark matter; the related question about the
largest galactocentric radius for which dark matter is not needed
is also addressed.

Page 2 of 8

The plan of the paper is as follows: in Sect. 2 we present the
observational data related to NGC 5128; in Sect. 3 we solve the
Jeans equation in both the Newtonian and the MOND approach
to determine the best-fit parameters and infer the existence of
dark matter; in Sect. 4 we present our conclusions.

2. Observational data

The galaxy NGC 5128 (also known as the radio source
Centaurus A) is the nearest large elliptical galaxy. It is the
only massive elliptical in the Centaurus group (Israel 1998).
The value of the distance used in this paper is D 3.84 +
0.35 Mpc (Rejkuba 2004). At this distance 1’ 1.12 kpc,
which means that 1” =~ 18.62 pc. We adopt for the center
of the galaxy the following coordinates (¢ = 13"25™27°72,
6 = —43°01'0578, J2000). The effective radius is R, = 330"
(= 6.15 kpc) (van den Bergh 1976) and the systemic veloc-
ity used is vgyst = 541 km s~!. The B-band luminosity of the

stellar component NGC 5128 is Lz = 3.98 x 10'° L. The re-
view of the NGC 5128 galaxy is given in the paper by Israel
(1998). This galaxy is an excellent target for a detailed dynam-
ical study because of its proximity and different available ob-
servational data: we will compare the results based on PNe and
X-rays. Throughout the paper we assume that the Hubble con-
stant is hg = 0.70.

I~

2.1. Planetary nebulae of NGC 5128

We use the sample of PNe from the paper by Peng et al. (2004),
which contains 780 PNe. We present the kinematics of
NGC 5128 based on the PNe in Table 1 and also in Fig. 1. Note
that error bars are not plotted for the radial velocities: as given
in Peng et al. (2004) they are taken to be 20 kms~'. The data for
the PNe extend out to 78 arcmin (=14R.), which is a very large
galactocentric distance that encompasses approximately the to-
tal galactic light (more precisely, ~98 per cent of the total light
for the de Vaucouleurs model), which is important for our study
of dark matter.

The radial velocities of PNe were used to determine the kine-
matics of NGC 5128: we calculated the velocity dispersion, the
skewness and kurtosis parameters, s3 and s4, which describe
asymmetric and symmetric departures from the Gaussian in each
bin. We used standard definitions of the skewness and kurtosis
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Fig. 1. Kinematics of NGC 5128 based on the sample of the PNe. From
top to bottom: radial velocity of the PNe in km s™'; velocity disper-
sion in km s 'calculated in a given bin and the s3 and s; parame-
ters, which describe symmetric and asymmetric departures from the
Gaussian, respectively.

implemented in the NAG routine GO1AAF. Negative values of
kurtosis s4 < 0 imply tangential anisotropies and positive values
of kurtosis s4 > 0 imply the dominance of radial orbits. This has
become a standard way of describing the anisotropies of given
tracers in early-type galaxies (see for example Schuberth et al.
2009, where GCs were analyzed in the galaxy NGC 1399). From
Table 1 and Fig. 1 one can see that the profile of the velocity dis-
persion is decreasing (apart from one anomalous point at ~18 ar-
cmin); we also notice a mild increase of the velocity dispersion
in the last bin. This will be analyzed in the next section, where
we solve the Jeans equation and model the velocity dispersion
of NGC 5128. The kurtotic parameter is small and it is safe to
assume that there are no large anisotropies; nevertheless we will
also use some anisotropic solutions in the next section to fully
constrain the distribution of matter in this early-type galaxy.

For the Jeans modeling we also need the radial surface den-
sity profile of the PNe in NGC 5128. This was given in Peng
et al. (2004) (see their Fig. 9), where they fitted the radial sur-
face density with the expression X oc 7 and found that y = 2.54
in the interval 7 < r < 40 kpc.

2.2. X-ray data for NGC 5128

Kraft et al. (2003) analyzed NGC 5128 based on the results
from two Chandra/ACIS-I observations and one XMM-Newton

observation of X-ray emission from the interstellar medium
(ISM). They found that the ISM has an average radial surface
brightness profile that is well described by a S-model profile with
the index 8 = 0.40 + 0.04 and a temperature of kgTsm = 0.29
keV beyond 2 kpc from the galactic nucleus. Kraft et al. (2003)
calculated that within 15 kpc of the nucleus the total mass of
NGC 5128is ~2x 10! M, This value corresponds to the mass-
to-lightratio M/Lp = 6.70 at 15 kpc (= 2.44R., which is a region
which contains 75 per cent of the total light for de Vaucouleurs
law). We note that this value is very close to that inferred from
the stellar content (see Sect. 3.1).

3. Dynamical models

For both the Newtonian and the MOND approach we solved the
Jeans equation (e.g. Binney & Tremaine 2008):

2 2
do; , (2B + ) B Vot
-V to——=axmt+ —,

dr r

where an.ym 1S an acceleration term, which is equal to an =

—% for Newtonian (“N”) models and for MOND (“M”)
models avu(am/ap) = an (see Sect. 3.2 for details regard-
ing function y) and o is the radial stellar velocity dispersion,
a = dlnp/dlnr is the slope of tracer density p (the surface
density is given above and in the models below we use @ =
—3.54). We also note that the rotation sPeed vrot Of NGC 5128
is non-zero, and we take v, = 50 km s~ (interior to 12 arcmin)
and vy ~ 100 km s~ (beyond 12 arcmin) (Peng et al. 2004, see
their Fig. 11) and is used in all modeling below. To describe the
non-spherical nature of the stellar velocity dispersion a parame-
ter B3, is introduced

D

@)

where vz =g +0'§. For 0 < B. < 1, the orbits are predominantly
radial (equivalent to s4 > 0), and the line-of-sight velocity dis-
tribution is more strongly peaked than a Gaussian profile. On
the contrary, for —co < g, < 0 the orbits are mostly tangential
(equivalent to s4 < 0), so that the profile is more flat-topped than
a Gaussian (Gerhard 1993).

For all models calculated below, we used the projected
line-of-sight velocity dispersion (e.g. Binney & Mamon 1982;
Mathews & Brighenti 2003b) given as

ert 0’3(7’) [1 - (R/r)zﬁ*]p(r)(rZ _ Rz)_l/zrdr
[ p(r)(r = R2V2rdr

where the truncation radius, r;, extends beyond the observed
kinematical point of the highest galactocentric radius; in all the
cases 1 = 15R..

o (R) = ; 3)

3.1. Newtonian mass-follows-light models

The case of NGC 5128 is an interesting one because this galaxy
has a rather low stellar mass-to-light ratio. One may use the rela-
tion derived by Bell et al. (2003) (see their Table 7) to infer that
mass-to-light ratio in the B-band in solar units is M/Lg = 6.24
based on the color B—V = 1.00 (value from the RC3 catalog,
de Vaucouleurs et al. 1991). This value is very close to that cal-
culated with Eq. (7) from the paper by Cappellari et al. (2006),
who modeled 25 early-type galaxies out to ~1R. and found a
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Table 2. Some fits for the Newtonian constant M/L ratio and the MOND
isotropic (8. = 0) and anisotropic (8, # 0) modeling.

Model Region M/Ly  B. X’
(D 2 3 “ (©)
Newtonian 1 6.24 0.00 0.93
Newtonian 1 7.00 0.00 047
Newtonian 2 6.24 0.00 3.62
Newtonian 2 8.00 0.00 3.32%*
Newtonian 2 16.00 0.00 22.61*
Newtonian 1 6.24 -0.10 0.58
Newtonian 1 7.50 0.10 0.44
Newtonian 2 6.24 -0.10 3.26
Newtonian 2 6.24 -0.50 6.09*
MOND “simple” 1 9.75 0.00 0.32
MOND “simple” 2 9.00 0.00 13.66
MOND “‘simple” 1 6.24 -0.60 0.07
MOND “simple” 1 7.00 -0.40 0.14
MOND “‘simple” 2 9.00 -0.50 4.37
MOND “standard” 1 7.00 0.00 0.71
MOND “standard” 1 8.00 0.00 0.02
MOND “standard” 2 9.00 0.00 10.05
MOND “standard” 1 6.24 -0.30 0.05
MOND “standard” 1 7.00 -0.20 0.01
MOND “standard” 2 6.24 -0.50 5.02
MOND “toy” 1 12.50 0.00 0.44
MOND “toy” 1 7.00 -0.60 0.48
MOND “toy” 2 6.24 -0.50 9.75
MOND *“toy” 2 9.00 -0.50 6.10

Notes. Column (1): the name of the model; Col. (2): region for which
the fit is calculated; 1" is for the innermost region (r < 10 arcmin) and
27 is for the outer region (r > 10 arcmin); Col. (3): mass-to-light ratio
in the B-band used; Col. (4): the best-fitting value of the 3. parameter;
Col. (5): reduced y? of the fit for a given model (see text for details).

tight correlation between the mass-to-light ratio and the veloc-
ity dispersion. This equation in the B-band gives the follow-
ing value for NGC 5128: M/Lg = 6.39 + 0.24 (here we used
o = 140 km s™! for the value of the velocity dispersion within
one effective radius).

Since we deal in this work with constant mass-to-light ra-
tio models, we considered relations that include the stellar mass
distributed in the form of the standard Hernquist (1990) profile

MTa 1

pu(r) = E;(r-i-—a)y

“)

which has two parameters: the total mass Mt and scale length, a,
where R, = 1.8153a. When necessary, i.e. when we encountered
the need to have a mass-to-light ratio higher than that obtained
with only a stellar component in order to fit the observations,
we assumed that the distribution of hypothetical dark matter will
also obey this relation. The characteristic radius, a, in this case,
is the same as for stars.

We solved the Jeans Eq. (1) taking into account both
isotropic (8, = 0) and anisotropic (8, # 0) cases always as-
suming spherical symmetry. The isotropic cases are obviously
used here as a computational convenience, because in the re-
gions where rotational velocity is significant, the 8. parameter
should be strongly negative. The results are given in Table 2,
where we present the best-fit values for some models for the
mass-to-light ratio and the associated y? values. The rotational
velocity of NGC 5128 varies with the radius; as mentioned above
we therefore divide the galaxy into two regions: the interior re-
gion (r < 10 arcmin) where we take vy = 50 km s~ (this is
obviously a simplification, see Fig. 10 from the paper by Peng

Page 4 of 8

et al. 2004) and the exterior region (» > 10 arcmin) where the ve-
locity is approximately constant and equal to vy, = 100 km 57"
Note that beyond 10 arcmin the y? values are rather high due to
a sudden increase of the velocity dispersion at ~18 arcmin. The
results related to the successful fits of the outermost point are
marl;ed with an asterisk and are characterized by higher values
of y°.

The best fit assuming an isotropy interior to ~35 arcmin
was obtained for a mass-to-light ratio: 6.24 < M/Lg < 7.00,
which agrees with a value inferred from the stellar component.
This clearly means that dark matter does not necessarily have
to extend out to ~35 arcmin (~6.4R.) if we assume isotropy.
Beyond ~35 arcmin the mass-to-light ratio needs to increase if
we are to fit the outermost point: in Fig. 2 we show two val-
ues, M/Lp = 8.00 and M/Lp = 16.00, which roughly cover the
whole permitted range; both values assume the existence of the
unseen mass component, small in the first case (~20 per cent)
and significant in the second case (a dark component ~2.5 times
larger than the stellar one).

Although the testing of different dark matter halos is not the
aim of this paper, we decided to test two additional dark mat-
ter profiles (the one based on the Hernquist profile was already
tested above). To infer the influence of dark matter we added to
the mass generated by the stellar component (M/Lg = 6.24) two
different dark halos. In Fig. 2 we also show two fits obtained
with two different models of dark halo for isotropic orbits. The
dashed line is obtained for the Burkert (1995) model with the
following parameters: pg = 0.02 Mg pc~> and ry = 541 arcsec
(=10 kpc). One can see that the outermost point can be fitted
implying M/Lg 2 11 there; the points between 10 and 40 ar-
cmin are not successfully fitted (the quality of the fit between 10
and 60 arcmin is characterized by ng = 3.13). The dot-dashed
line is for the NFW (Navarro, Frank & White 1997) halo with
ps = 0.02 Mg pc™® and r, = 771.41 arcsec (=14.4 kpc). The
outermost point is well fitted (implying M/Lp ~ 12 there); the
points between 10 and 40 arcmin are again not successfully fitted
and the discrepancies are even larger than for the Burkert model
(the quality of the fit between 10 and 60 arcmin is characterized
by /\{éFW = 5.12). Numerous other dark matter models are obvi-
ously possible and we refer the reader to the paper by Bullock
et al. (2001), where various dark matter halo density profiles are
studied in detail.

Since B, is essentially a free parameter in our study, we
searched for the best value of 8, for the value of the mass-to-
light ratio inferred from the color of NGC 5128 (M/Lg = 6.24).
Therefore, when we solved the Jeans equation for the anisotropic
case, we studied the cases for which —0.5 < g, < 0.5, thus al-
lowing for moderate anisotropies as hinted by observations. The
results are shown in Fig. 3. In the innermost part ( < 10) arcmin
afitwith M/Lp = 6.24 and 5. = —0.10 can provide an agreement
to the observed velocity dispersion. Several fits with the mass-
to-light ratio in the interval 5.75 < M/Lp < 7.50 with moderate
anisotropies provide good agreement with the observed velocity
dispersion in the inner region (out to ~35 arcmin) (see Fig. 3 and
Table 2 for details). To fit the outermost point at 59 arcmin we
used the mass-to-light ratio inferred from the stellar component
(M/Lg = 6.24) and imposed tangential anisotropies (8. = —0.5)
to avoid the inclusion of dark matter (the alternative is given ear-
lier when we fitted this point without anisotropies but with dark
matter).

To summarize the conclusions for the Newtonian approach:
the observed velocity dispersion of NGC 5128 can be described
without the need of dark matter out to ~6.4R. (=35 arcmin; a
region that encompasses ~92 per cent of the total light for the
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Fig. 2. Isotropic (8. = 0) Jeans modeling of the projected velocity
dispersion of NGC 5128 using Newtonian mass-follows-light mod-
els. Interior part (r < 10 arcmin): thick solid line is obtained for
M/Lg = 6.24 and thin solid line is for M/Lg = 7.00. Exterior part
(r > 10 arcmin): thick solid line is for M/Lg = 6.24, thick dotted line is
for M/Lp = 8.00 and thin dotted line is for M/Lg = 16.00. Dotted ver-
tical line here and in all following figures denotes one effective radius.
Two additional fits which include dark matter halos are also shown: the
dashed line is for the Burkert halo and the dot-dashed line is for the
NFW halo. See text for details.

de Vaucouleurs law). This is the largest galactocentric distance
in an early-type galaxy for which dark matter is not necessary to
explain its internal kinematics. The obtained value of the mass-
to-light ratio (6.24 < M/Lg < 7.00) agrees with the value in-
ferred from the X-rays (Kraft et al. 2003). In the outer region
of NGC 5128, 7 < r < 14R. (= 78 arcmin) we encountered
an increasing velocity dispersion, which implies an increase of
the mass-to-light ratio (or tangential anisotropies) implying cer-
tain amounts of dark matter in these regions (if any). An impor-
tant remark is necessary at this point: as the y parameter, which
was calculated by Peng et al. (2004), is valid for the region inte-
rior to ~40 arcmin, any conclusion regarding both isotropic and
anisotropic Newtonian models pertaining to the outermost re-
gion (beyond ~40) arcmin must therefore be taken with a great
caution (the same remark is obviously also valid for the MOND
modeling).

3.2. MOND models

In our MOND models we use three different formulas: (i)
the “simple” MOND formula from Famaey & Binney (2005);
(ii) the “standard” formula (Sanders & McGaugh 2002); and
(iii) the Bekenstein’s “toy” model (Bekenstein 2004). The
Newtonian acceleration is given as axy = au(a/ap), where a is
the MOND acceleration. As usual, u(x) is the MOND interpolat-
ing function, where x = a/ag, and ag = 1.35*)35 x 107® cms™?
is a universal constant (Famaey et al. 2007). For a > aq the
interpolation function p(a/ap) ~ 1 and the Newtonian relation
is recovered; for a < ap we have u = a/ap. It can be shown

250

Anisotropic Newtonian models of NGC 5128 |

200 - _

| |
20 40 60
r [arcmin]

Fig. 3. Anisotropic (8. # 0) Jeans modeling of projected velocity disper-
sion of NGC 5128 using Newtonian mass-follows-light models. Interior
part (r < 10 arcmin): thick solid line is obtained for M/Lp = 6.24 and
B. = —0.10 and thin solid line is for M/Lg = 7.50 and B, = 0.10.
Exterior part (r > 10 arcmin): thick solid line is obtained for M/Ly =
6.24 and B, = —0.10, dashed line is for M/Lp = 5.75 and 8. = —0.20,
dot-dashed is for M/Lg = 7.25 and . = 0.10. Thick dotted line is for
M/Lg = 6.24 and B, = —0.50.

(e.g. Angus et al. 2008) that the MOND dynamical mass, My,
can be expressed in terms of the Newtonian mass, My through

Mn(r) = Mx(r) X pa(x). )

We assume different forms of the interpolation function for dif-
ferent MOND models (the expressions for the circular velocities
are given in Samurovi¢ & Cirkovi¢ 2008).

1. A “simple” MOND formula is given by

= . 6
u(x) T+ x (6)
2. A “standard” MOND formula is given by
X
ux) = —"- (N
V1 + x2

3. Finally, for the “toy” model the MOND formula is given as

~1+ V1 +4x
1+ V1+4x

We tested all three MOND models using the Jeans models as-
suming both an isotropic and anisotropic case in the spherical
approximation using different dynamical masses for three dif-
ferent MOND models. In Fig. 4 (Fig. 5) we show some fits for
isotropic (anisotropic) models. The y? values for the best fits are
given in Table 2 (the values pertaining to the fits of the outermost
point are not given, but they are high).

Again we divided the galaxy into two regions: the interior
region (r < 10 arcmin and v,y = 50 km s_l) and the exte-

u(x) = ®)

rior region (r > 10 arcmin and vy, = 100 km s_l). Only the
“standard” MOND model with (7 £ M/Lp < 8) may provide
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Fig. 4. Isotropic (5. = 0) MOND models of the projected velocity dis-
persion of NGC 5128. Interior part (» < 10 arcmin): the solid lines are
for the “standard” model: the thick line is for M/Lg = 7.00 and the thin
line is for M/Lg = 8.00. The thick dotted line is for the “simple” model,
for which M/Lg = 9.75. The thick dashed line is for the “toy” model,
for which M/Lg = 12.50. Exterior part (r > 10 arcmin): the solid line
is for the “standard” model, for which M/Lg = 9.00. The dotted line is
for the “simple” model, for which M/Lp = 9.00. The dashed line is for
the “toy” model, for which M/Lg = 12.00.

a good fit without anisotropy. Both the “simple” and the “toy”
models require much larger mass-to-light ratios in this region
(see Fig. 4). For the isotropic case we found that the “standard”
MOND model with the mass-to-light ratio inferred from the stel-
lar content (M/Lg = 6.24) again provides better fits between
10 and 40 arcmin than the “simple” and “toy” models (with
the same mass-to-light ratio), but it is still far from perfect (not
shown, but presented in Table 2). If one wants to fit points be-
yond ~10 arcmin in the “standard” model one needs to increase
the mass-to-light ratio: a fit for which M/Lg = 9.00 is shown in
the same figure. Even this high value (which includes a certain
amount, ~30 percent of unseen matter) cannot provide a fit for
the points in the interval 30 < r < 40 arcmin. For the “simple”
and “toy” models the increase of the mass-to-light ratio to 9.00
and 12.00 respectively does improve the fits: the points interior
to ~10 arcmin are fitted, but those beyond ~10 arcmin cannot
be fitted, which implies even higher values of the mass-to-light,
meaning that more unseen (dark) matter is necessary in those re-
gions. None of the three isotropic MOND models can provide a
fit for the outermost point with stellar mass-to-light ratio, which
suggests that in order to fit the outermost point one needs to as-
sume anisotropy of the tracers (PNe).

In Fig. 5 we present different anisotropic MOND models;
our goal again was to find acceptable models that would pro-
vide reasonable fits in both inner (0 < r < 40 arcmin) and outer
(r > 40 arcmin) regions. In the innermost region (» < 10 arcmin)
we found that 6.24 < M/Lp < 7.00 and various tangential
anisotropies may provide a good fit to the observed velocity
dispersion. From Fig. 5 one can see that “standard” MOND
models based on the mass-to-light ratio inferred from the stel-
lar content (M/Lp = 6.24) provide a satisfactory fit for the whole
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Fig.S. Anisotropic (8, # 0) MOND models of the projected veloc-
ity dispersion of NGC 5128. Interior part (r < 10 arcmin): the solid
line is obtained for the “standard” model with M/Ly = 6.24 and
B. = —0.30. The dotted line is obtained for the “simple” model, for
which M/Lg = 6.24 and B, = —0.60. The dashed line is for the “toy”
model, for which M/Lg = 7.00 and 8. = —0.60. Exterior part (r > 10 ar-
cmin): the solid line is obtained for the “standard” model, for which
M/Lg = 6.24 and S, = —0.50. The dotted line is for the “simple” model,
for which M/Lg = 9.00 and 8, = —0.50. The dashed line is for the “toy”
model, for which M/Lg = 9.00 and S.. = —0.50.

region interior to ~40 arcmin: the model with a moderate tangen-
tial anisotropy (8. = —0.30) provides a fit interior to ~10 arcmin
and the model with a stronger tangential anisotropy (8. = —0.50)
provides a fit for 10 S r < 40 arcmin. This is the unique case
we have encountered in the MOND modeling when one does
not need dark matter to successfully fit the observed velocity
dispersions of NGC 5128 out to ~40 arcmin. The MOND “‘sim-
ple” (with M/Lg = 6.24) and “toy” (with M/Lg = 7.00) mod-
els with significant tangential anisotropies can provide a fit in
the innermost region (interior to ~10 arcmin; 8. = —0.60; see
Fig. 5) and beyond (10 < r < 40 arcmin; with 8. = —0.50)
for M/Lg = 9.00 (both models). As for the isotropic case it is
obvious that in order to fit the observed data in the region be-
tween 10 and 40 arcmin one needs at least 30 per cent of dark
matter for both the “simple” and “toy” models. We again could
not obtain successful fits of the observed velocity dispersion in
the last bin; to do this one needs M/Lg 2 30 and significant tan-
gential anisotropies (8. < —0.50). However, regarding the fit of
the outermost point we repeat our earlier observation with regard
to Newtonian models because it is still valid: fits obtained with
v = 2.54 are uncertain because this parameter was obtained in
the region beyond ~40 arcmin.

The overall conclusion regarding MOND models is that in-
terior to ~40 arcmin only a “standard” MOND model with tan-
gential anisotropies can provide a successful fit of the observed
velocity dispersion without the need of dark matter. Both the
“simple” and “toy” models need at least ~30 per cent of dark
matter to obtain a fit in this region.
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Fig. 6. Anisotropic modeling of NGC 5128 with 8. = pB.(r). The
Newtonian mass-follows-light and “standard” MOND models are pre-
sented for M/Lg = 7. The inserted box shows the allowed range of
values of the . parameter for our models. See text for details.

3.3. Newtonian and MOND models with a radially varying
B.-parameter

We follow here the recommendation of the referee and model
the galaxy NGC 5128 using a . parameter that is not constant
and varies with the radius: we use 8, based on the measured val-
ues of the s4 parameter (a similar approach was used when we
did the modeling of IC 1459 and NGC 3379 in Samurovi¢ &
Danziger 2005). We repeat here that the estimates of anisotropy
are very rough (and therefore produce large error bars) and hope
that future observations of NGC 5128 will provide a larger sam-
ple of tracers and therefore provide more accurate estimates of
anisotropies. We based our models on the estimates of the s4 pa-
rameter using the whole range of accepted values given by the er-
ror bars of this parameter in Table 1; in the inserted box of Fig. 6
we show the allowed range of values of the 8. parameter for our
models. Because we are interested in dark matter we modeled
only the exterior part (» > 10 arcmin), and for both approaches,
Newtonian and MOND, we used M/Lp = 7, implying a lack
of dark matter. We tested all three MOND models, but present
only the results based on the “standard” model, because it pro-
duced a marginally better fit than the other two MOND models
(but far from good). From Fig. 6 it is evident that the Newtonian
model with realistic anisotropies may provide a good fit inte-
rior to ~40 arcsec (~8R.); it can even marginally fit the outer-
most point at 59 arcmin. On the other hand the MOND models
(the “standard” model as their representative in this case) com-
pletely fail to fit the observed velocity dispersion beyond ~2R..
We repeat that to fit the observed velocity dispersion (interior
to ~40 arcmin) we need to use ad hoc anisotropic MOND mod-
els with tangential anisotropies (see Fig. 5).

4. Conclusions

We used PNe kinematics of the well-known early-type galaxy
NGC 5128 to model the observed velocity dispersions out
to ~59 arcmin (=10.7R.). We solved the Jeans equations for

various Newtonian mass-follows-light and MOND models as-
suming both isotropy and anisotropy in the spherical approx-
imation in order to study the existence of dark matter in this
early-type galaxy. Our conclusions are as follows:

1. We studied the kinematics of NGC 5128 and found that the
velocity dispersion decreases from 143 + 18 km s~! near the
center to 89 + 10 km s™! at 35 arcmin (=6.4r.) and then in-
creases at 59 arcmin (=10.7r.) to 108 £ 15 km s™!. We calcu-
lated both skewness and kurtosis, which are not significant,
which implies that the orbits of PNe in NGC 5128 are close
to isotropic. Nevertheless, in our models we allowed for cer-
tain anisotropies.

2. We solved the Jeans equation for the Newtonian mass-
follows-light models assuming both isotropy and anisotropy
in the spherical approximation. We found that assuming
isotropy successful fits interior to ~35 arcmin were obtained
for 6.24 < M/Lg < 7.00, which agrees with a value inferred
from the stellar component and also with the X-rays (out to
15 arcmin). To fit the outermost point at 59 arcmin in the
Newtonian mass-follows-light models one needs either ad-
ditional unseen (dark) matter or tangential anisotropies, al-
though the fit of this point is marginally consistent with the
observations when we assume a radially varying anisotropy
of the form B. = B.(r) based on the observed anisotropies.
In any case, it is safe to conclude that interior to ~6.4R. one
does not need dark matter to explain the observed velocity
dispersion of NGC 5128. This is the largest galactocentric
distance in any early-type galaxy for which dark matter is
not necessary to explain its internal kinematics.

3. We also solved the Jeans equation for various MOND
models, again assuming both isotropy and anisotropy in
the spherical approximation. No isotropic MOND model
without dark matter could provide a successful fit interior
to ~40 arcmin. For the anisotropic MOND models inte-
rior to ~40 arcmin only the “standard” MOND model with
tangential anisotropies can provide a successful fit of the
observed velocity dispersion without the need of dark mat-
ter (using M/Lgy = 6.24 and -0.1 < B. < —0.5). Both
the “simple” and “toy” models need at least ~30 per cent
of dark matter to obtain a fit in this region. No anisotropic
MOND model with low values of the mass-to-light ratio (i.e.
based on the stellar content only) could fit the outermost re-
gion of NGC 5128. No MOND model with radially varying
anisotropy based on the observations, 8. = S.(r), could fit
the regions beyond ~10 arcmin.
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