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ABSTRACT

The dark matter (DM) halos of field elliptical galaxies have not been well-studied and their properties appear controversial in the
literature. While some galaxies appear to be nearly devoid of DM, others show clear evidence of its presence. Furthermore, modified
Newtonian dynamics (MOND), which has been found to have predictive power in the domain of disk galaxies, has not yet been
investigated for isolated elliptical galaxies. We study the kinematics of the isolated elliptical NGC 7507, which has been claimed
as a clear example of DM presence in early-type galaxies. We obtained major and minor axis long-slit spectroscopy of NGC 7507
using the Gemini South telescope and deep imaging in Kron-Cousins R and Washington C using the CTIO/MOSAIC camera. Mean
velocities, velocity dispersion and higher order moments of the velocity distribution are measured out to ~90”. The galaxy, although
almost circular, has significant rotation along the minor axis and a rapidly declining velocity dispersion along both axes. The velocity
dispersion profile is modeled in the context of a spherical Jeans analysis. Models without DM provide an excellent representation of the
data with a mass-to-light ratio (M/L) of 3.1 (R-band). The most massive Navarro-Frenk-White (NFW) halo the data allow has a virial
mass of only 3.93:} x 10! M, although the data are more consistent with models that have a slight radial anisotropy, which implies
the galaxy has an even lower DM halo mass of 2.2f:‘2) x 10" M. Modeling of the h, Gauss-Hermite coefficient is inconclusive but
seems to be consistent with mild radial anisotropy. A cored logarithmic DM halo with parameters r, =7 kpc and vy = 100 kms~! can
also reproduce the observed velocity dispersion profile. The MOND predictions overestimate the velocity dispersion. In conclusion,
we cannot easily reproduce the previous findings of a predominance of DM in NGC 7507 within a simple spherical model. DM may

be present, but only in conjunction with a strong radial anisotropy, for which there are some indications.

Key words. galaxies: individual: NGC 7507 — Galaxy: kinematics and dynamics

1. Introduction

The existence of dark matter (DM) in spiral galaxies (or alterna-
tively a law of gravitation that differs from the Newtonian law)
remains undisputed. However, the same cannot be said conclu-
sively for all elliptical galaxies. Central galaxies in galaxy clus-
ters such as NGC 6166 (Kelson et al. 2002), NGC 1399 (Richtler
et al. 2008; Schuberth et al. 2010), and NGC 3311 (Richtler et al.
2011) are embedded in massive dark halos as is the case of bright
non-central cluster ellipticals such as NGC 4636 and NGC 4374
in Fornax (Schuberth et al. 2006; Napolitano et al. 2010). In con-
strast elliptical galaxies with lower luminosities in sparser envi-
ronments (NGC 821, 3379, 4494, 4697), whose mass profiles

* Based on observations taken at the Gemini Observatory, which is
operated by the Association of Universities for Research in Astronomy,
Inc., under a cooperative agreement with the NSF on behalf of the
Gemini partnership: the National Science Foundation (United States),
the Science and Technology Facilities Council (United Kingdom),
the National Research Council (Canada), CONICYT (Chile), the
Australian Research Council (Australia), Ministério da Ciéncia e
Tecnologia (Brazil) and SECYT (Argentina).

** Tables 1-3 are available in electronic form at
http://www.aanda.org
*** Current address: Finnish Centre for Astronomy with ESO
(FINCA), University of Turku, Viisildntie 20, 21500 Piikkio, Finland.

Article published by EDP Sciences

have been studied using planetary nebulae (PNe) kinematics,
appear to show only weak evidence of DM (Romanowsky et al.
2003; Douglas et al. 2007; Napolitano et al. 2009; Méndez et al.
2009; Teodorescu et al. 2010; but see Weijmans et al. 2009);
although the case of NGC 3379 may be consistent with a nor-
mal cold DM halo if a very strong radial anisotropy is present
(de Lorenzi et al. 2009).

The comparison of field, and possibly isolated, elliptical
galaxies to those in clusters is of great interest. Different for-
mation mechanisms may have led to differences in their dark
halo structure, but observationally few properties have been reli-
ably determined. Isolated galaxies may also be good test objects
of the modified Newtonian dynamics (MOND, Milgrom 1983;
Sanders & McGaugh 2002), since complications arising from
the “external field effect” (Milgrom 1983; Wu et al. 2007) should
be minimal.

The galaxy NGC 7507 is an elliptical (EO, de Souza et al.
2004) of My = —21.6, with a distance modulus of 31.83 + 0.17
based on surface brightness fluctuations (23.22 + 1.8 Mpc; Tonry
et al. 2001, corrected by —0.16 mag following Jensen et al.
2003); we assume this distance throughout the paper, which im-
plies a scale of 112.5 pc arcsec™!. The galaxy is fairly isolated,
forming a probable pair with the SBb galaxy NGC 7513, which
lies at a projected distance of 18 arcmin (~130 kpc), but display-
ing no signs of recent interactions (Tal et al. 2009). Due to its
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proximity and regular shape, its dynamics have been well studied
leading to strikingly different conclusions. Bertin et al. (1994)
found no evidence of a DM halo, using major-axis kinematical
data out to 66”. Kronawitter et al. (2000, hereafter K+00) per-
formed dynamical analyses of 21 round elliptical galaxies, in-
cluding NGC 7507. They concluded that models based on lu-
minous matter could only be ruled out with 95% confidence
for only three galaxies, including NGC 7507. Contradicting this
finding, Magorrian & Ballantyne (2001) adopted the kinematics
of Bertin et al. (1994) and photometry of Franx et al. (1989b)
to establish that NGC 7507 has a constant mass-to-light ratio
(M/L) profile, i.e. that it does not contain a dark halo.

The most significant difference between these studies
appears to be the observational data used and not the model-
ing approach, which, although different, should not give strongly
discrepant results. We decided to obtain new, deeper long-slit
spectroscopy using Gemini South. Eight-meter class telescopes
have been scarcely used to measure the long-slit kinematics
of the unresolved stellar components of elliptical galaxies (e.g.
Thomas et al. 2007; Forestell & Gebhardt 2010; Pu et al. 2010;
and see Samurovi¢ & Danziger 2005, for a review of the work
made with 4 m class telescopes). Much effort has been put into
kinematic studies of PNe (e.g. Méndez et al. 2009) and globular
clusters (e.g. Romanowsky et al. 2009; Schuberth et al. 2010),
which can be observed out to much larger galactocentric radii,
but provide weaker constraints of their orbital anisotropies.

The paper is organized as follows: we present our observa-
tions and reduction procedures in Sect. 2. The photometric prop-
erties of the galaxy together with a description of its kinemat-
ics are given in Sect. 3. The dynamical modeling is presented
in Sect. 4, while the discussion and conclusions can be seen in
Sects. 5 and 6, respectively.

2. Observations and data reduction
2.1. CTIO/MOSAIC photometry and photometric calibration

The images used in this study were obtained with the
MOSAIC II camera (an 8 CCDs mosaic imager, 16 amplifiers)
mounted at the prime focus of the 4-m Blanco telescope at
the Cerro Tololo Inter-American Observatory (CTIO, Chile).
Observations were carried out during 2005 August 5-6, where
the first night was “useful” and the second one “photometric”,
according to the CTIO reports. One pixel of the MOSAIC wide-
field camera subtends 0.27 arcsec on the sky, which corresponds
to a field of 36’ x 36’, i.e. approximately 230 x 230 kpc? at the
distance of NGC 7507.

All fields were imaged in Washington C (Acengrar = 3850 10\)
and Kron-Cousins R (Acengral = 6440 A) filters. The R filter was
used instead of the original Washington 7', as Geisler (1996) has
shown that the Kron-Cousins R filter is more efficient than T,
and that R and T'1 magnitudes are closely related, with just a very
small colour term and zero-point difference (R — T'1 ~ —0.02).

To fill in the gaps between the eight individual MOSAIC
chips, the data were dithered taking four images in R with expo-
sure times of 720 s each, and seven images in C with exposures
of 1800 s each. To avoid saturation at the galaxy core, additional
shorter exposures of 60 s in R and of 300 s in C were also ob-
tained. Sky flats were obtained at the beginning and end of each
night.

The MOSAIC data reduction was performed using tasks
from the MSCRED package within IRAF. Several tasks were
employed to correct for the variable pixel scale across the CCD,
which might cause a 4 per cent variability in the point-sources
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brightness (from the center to the corners). The final combined
R image still shows sensitivity variations up to 1.4 per cent, and
the final C image up to 3.0 per cent (peak-to-peak). The seeing
in these final images is 1.1” on the R frame, and 1.3” on the
C image.

The photometric calibration was performed with three fields
of standard stars selected from the list of Geisler (1996), each
containing 7 to 10 standard stars. For these fields, C and R im-
ages were obtained in each night, covering an airmass range
1.1-2.3. Finally, we used a single set of calibration equations
for both nights.

The equations read

T1 = Rinet +(0.89 £0.01) = (0.23 £ 0.01)Xg
+(0.016 £ 0.003)(C - T1),

C = Cingt + (1.55 £0.01) = (0.30 £ 0.01)X¢
+(0.069 £ 0.003)(C - T1),

where Ciyg and Ry, are instrumental magnitudes and X¢ and Xz
are the airmasses.

The absolute photometric quality of the C-photometry is du-
bious, hence it is only used for differential analyses. The R-
photometry is of high quality, as the comparison of our results
with previous photometric data sets of the galaxy reveals. The
mean difference from Franx et al. (1989b) is 0.08 mag (Franx
et al. is brighter). We also compare with photoelectric aperture
measurements given by Poulain & Nieto (1994). In this case, we
find that our profile is brighter by 0.15 mag.

2.2. Surface photometry

The surface photometry of the galaxy was perfomed using the
IRAF/ELLIPSE task. The shallower images were used to deter-
mine the surface brightness profile for the inner ~10” in the C
and R profiles, which were saturated in the longer exposures. The
sky brightness in the shallow images was determined by taking
the median value of the sky in several 15 X 15 pixel boxes of
empty regions further than 5’ from the galaxy center. Since an
accurate sky determination is critical in shaping the light pro-
file in the outer parts of a galaxy, a different procedure, similar
to the one devised by Dirsch et al. (2003), was adopted for the
deep images. First, DAOPHOT (Stetson 1987) was applied to all
point sources present in the field. The local sky brightness of
each source was determined using the median of the sky value
of the pixels between 15 and 25 pixels from each source center.
Deviant pixels were rejected using a three-sigma clipping pro-
cedure. All the sky values were then ordered according to their
distance from the center of NGC 7507. To exclude overestimated
sky values (of point sources close to nearby galaxies, bright stars
or chip defects), a new iterative 3-sigma clipping was applied to
the sky values within radial bins of 100 objects, this time us-
ing robust location and scale bi-weight estimators (Beers et al.
1990). At distances larger than 5’ from the center of the galaxy,
the value of the sky brightness fluctuates by less than 0.5%. The
final value for the sky was then taken as the mean of the sky val-
ues between 10" and 12’ (~78-98 kpc) from the galaxy center
and the R sky brightness in mag/arcsec® was found to be 20.90.
The photometry of the galaxy can be seen in Table 1.

2.3. Gemini/GMOS spectroscopy

Long-slit spectra of NGC 7507 were obtained using the Gemini
Multi-Object Spectrograph (GMOS) on Gemini South, Cerro
Pachoén, Chile, in queue mode during the nights of September 19
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and 21, 2004 (program GS-2004B-Q-75). The grism was the
B600+_G5323 which, in conjunction with a 1” slit width, gives
a resolution of ~4.7 A FWHM. Three consecutive exposures of
1800s each were taken for a position angle of 90°, which is
close to the major axis (PA = 105°), and for PA = 0°, which
is close to the minor axis (PA = 15°). For convenience, these
two positions are referred to hereafter as the major and minor
axes, respectively. Standard reduction steps (bias subtraction,
flat fielding, detectors mosaicing, wavelength calibration) were
performed with the Gemini IRAF package (v 1.9.1). Typical
wavelength residuals were ~0.05 A. No cosmic ray cleaning was
attempted at this stage because it introduced undesired noise, es-
pecially around bright sky lines. Since copper-argon arc spectra
were taken during daytime and not immediately either after or
before the science exposures, a correction of the zero point of
the wavelength solution was necessary and was performed by
measuring the position of the bright sky line at 5577.34 A. This
correction typically amounted to 0.1 A. After that, the three spec-
tra for each position angle were averaged. Sky subtraction was
done using the IRAF task background, by averaging 50 rows
on opposite sides of each spectra, at around 4.5” from the galaxy
center for the major axis and ~4’ for the minor axis. The two-
dimensional (2D) spectra were spatially rebinned to achieve a
constant S/N ~ 50/pixel, which is highly desirable when mea-
suring the higher order moments of the line-of-sight velocity dis-
tribution (LOSVD). The 4800-5500 A wavelength range, which
contains strong absorption features as HB, Mg b, and Fe lines
around 5325 A, was selected for the kinematical analysis.

Mean velocity, velocity dispersion and higher order mo-
ment profiles were measured for both long slits by using the
Gauss-Hermite pixel fitting code (van der Marel 1994, hereafter
vdM code) and the penalized pixel fitting (pPXF) method devel-
oped by Cappellari & Emsellem (2004). Both approaches have
the advantage of performing their calculations in pixel space in-
stead of Fourier space, thus allowing a more precise masking
of undesired zones in the spectra (emission lines, bad columns,
etc.). Both methods also parametrize the LOSVD in terms of
a Gauss-Hermite series (Gerhard 1993; van der Marel & Franx
1993). The former algorithm measures the mean velocity and
the velocity dispersion, and, with these values fixed, fits the
higher order terms of the velocity distribution, parametrized by
the Gauss-Hermite coefficients /3 and h4. The latter algorithm
fits all parameters simultaneously, but can bias the solution to a
Gaussian shape when the higher order terms are not sufficiently
constrained by the data (Cappellari & Emsellem 2004). An ad-
vantage of the pPXF method over the vdM code is that it can
perform the fitting process with a linear combination of template
spectra, minimizing the effect of template mismatching.

A subset of 22 old and metal-rich single stellar population
models from Vazdekis et al. (2010) based on the MILES stel-
lar library (Sanchez-Blazquez et al. 2006) were used as velocity
templates for our analysis using the vdM code. These templates
were logarithmically rebinned to the same dispersion and con-
volved with a Gaussian to ensure that they had the same spectral
resolution as the science spectra. Final values of mean velocity,
velocity dispersion, h3 and hy parameters were assumed to be
the average of the values for the three templates that provided
the closest fit (the lowest x> values).

In the pPXF analysis, two different sets of spectra were em-
ployed as templates to extract the kinematical information, the
aforementioned Vazdekis et al. models, but this time the entire
library consisting of 350 models, and the full MILES spectral
library (Sanchez-Blazquez et al. 2006). Both have a spectral
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Fig. 1. Comparison between the different measurements of the velocity
dispersion profile of the major axis of NGC 7507 as described in the
text.

resolution of 2.3 A FWHM (but see Beifiori et al. 2011). Since
we expect to find a population gradient across the galaxy (see
Sect. 3), the templates used for each radial bin were not fixed, but
freely chosen by pPXF from the MILES library and the Vazdekis
models, separately, until the closest model was achieved. For
the Vazdekis models, pPXF used typically 3 from the 350 mod-
els, while a mean number of 16 template stars from the 985
in the MILES library were used by pPXF for each radial bin.
Estimations of the errors for all the calculated values were ob-
tained by performing 100 Monte Carlo simulations in which
random noise was added to each science spectrum and then
passed again through pPXF (e.g. Cappellari & Emsellem 2004;
Bedregal et al. 2006). In this case, only the templates that were
previously selected by pPXF were fitted, and not the entire set.
The dispersion in the values obtained from the simulations are
quoted as the error bars in the measurements from the original
spectra.

The agreement between the results of pPXF using the two
sets of templates is very good. However a few remarks are ap-
propriate. Typically pPXF uses much fewer templates from the
Vazdekis models (~3) and the x? values are always larger than
when using MILES. The inclusion of multiplicative Legendre
polynomials reduces the y?, but does not increase the num-
ber of templates used. We find a systematic small difference of
3 kms™! between the velocity dispersion results obtained using
the Vazdekis SSP models and the MILES library (Fig. 1, bottom
panel). The difference from the values given by the vdM code is
somewhat larger: the velocity dispersions derived with vdM are
systematically larger. We find a systematic difference of 9 kms™!
(Fig. 1, top panel). Since template mismatching is expected to be
far less significant for this method, if not totally negligible, based
on previous studies (e.g. Shapiro et al. 2006; Cappellari et al.
2007), we decided to adopt the results obtained using the MILES
spectral in all the subsequent kinematic description and dynami-
cal analyses. These measurements can be seen in Tables 2 and 3.
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Fig. 2. CTIO/MOSAIC surface photometry of NGC 7507. a) Ellipticity
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3. Results
3.1. Light and color profile

There is a well-established variety of analytical model light pro-
files of elliptical galaxies. Since we wish to use the light pro-
file within a spherical Jeans analysis, its analytical form, besides
being an excellent representation, should permit a closed ana-
Iytical deprojection as well as an analytical mass profile. These
conditions are fullfilled by the sum of two 3 profiles (or Hubble-
Reynolds profile)

N1 -1
u(R)=—2.510g{a1(1+(£)] +a2[1+(%)] } (1)

where a; = 2.052 x 1078, a, = 6.452 x 1077, R; = 16", and
R, = 2.19”, provide an excellent representation of the surface
brightness profile between 2" and 400" (Fig. 2, panel c).

Although the S-profile provides an excellent description out
to about 50 kpc, the extrapolation to larger radii, which is used in
the dynamic modeling, is not a priori justified. It is generally un-
known where a galaxy “ends” (but see the remarks in Sect. 4.1).
The mass of the S-model diverges for large radii. This raises the
concern of whether systematic errors are introduced by extrapo-
lating the profile to larger radii.

We therefore fit the surface brightness profile with the sum
of two Sersic profiles

I(R) = Ipexp (—(R/a)"") )

(Sersic 1968; Graham & Driver 2005), since a single Sersic pro-
file fails to accurately reproduce the luminosity in the entire
radial range, underestimating the outer (20 kpc) profile. The
Sersic parameters are Ij = 1.90 x 10° L, pc™2, al = 0.0677 pc,
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Fig. 3. Surface brightness profile of NGC 7507. The green dots indicate
the R photometry in units of L, pc™>. The dashed blue lines represent
the two Sersic profiles, while the solid blue line is their sum. The red
solid line represents the double 8 model.

mt = 4.8, for the inner Sersic profile, and I(‘)’ = 15.77 L pc‘z,
ad = 15832 pc, m® = 1.05, for the outer profile; Mg = 4.42
(Binney & Merrifield 1998) was adopted.

Both models provide excellent descriptions of the surface
density profile from ~200 pc (~1.5”) until the last photomet-
ric point at ~55 kpc, and are practically indistinguishable (see
Fig. 3). Differences are seen only in the inner ~200 pc where the
double 8 model underestimates the light profile, while the oppo-
site happens with the double Sersic model and for the extrapo-
lation of the light profile (outside ~55 kpc) where the double 8
model falls as R=>¥, but the Sersic profile declines more steeply.

The double Sersic profile implies that the effective radius is
R. = 75". This is significantly larger than the previous esti-
mations of 24” (Lauberts & Valentijn 1989), 31" (Faber et al.
1989), and 47" (de Souza et al. 2004); this is unsurprising given
our deep imaging. For example, the value of Faber et al. is taken
from the RC2 (de Vaucouleurs et al. 1976) where the total galaxy
brightness is defined as the brightness within an isophote with a
surface brightness in the B-band of 25 mag arcsec™> which we
found for NGC 7507 occurs at a distance of about 150”.

The color profile was evaluated as the difference between
the two models in C and R (Fig. 2, panel b). The inner core
(within 10”) declines by 0.3 mag with radius to bluer colors,
followed by a radial interval of more or less constant color. The
color then gets redder again at about 50”, and remains practically
unchanged out to 200”. The outer gradient to bluer colors might
exist, but owing to the large uncertainties cannot be claimed con-
vincingly. Color profiles for the inner 50" were given by Franx
et al. (1989b) and Goudfrooij et al. (1994). The inner strong
gradient is apparent in both of them, but the gradient of almost
0.5 mag in B — I between 30" and 60” seen by Goudfrooij et al.
(1994) is not found in our color profile.

It is interesting to consider a 2D color image of the inner re-
gion. Figure 4 was obtained by dividing the short C by the R ex-
posures. It is apparent that the “color field” is not spherically
symmetric but tends to have bluer colors along the E-W axis.
One could therefore interpret the plateau with C — R = 2.0 be-
tween 10” and 50” as a result of averaging along isophotes, be-
fore the color gets redder again. We are unable to determine,
however, whether diffuse dust or population effects or both are
responsible.
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Fig.4. C — R color image of NGC 7507 based on the short exposures.
Image has been median smoothed in 3 X 3 pixel boxes. Image size is
2'x2.

3.2. Ellipticity and higher isophote moments

As all previous studies have pointed out, the galaxy in projection
is very round. We find (€) = 0.045 = 0.008, where the mean is
taken over the inner 2’, avoiding the innermost 2"/ which are
affected by seeing. Beyond 2’ the ellipticity slightly increases,
partly due to the difficulty in masking a bright 11th mag star,
located ~6” SE of the galaxy (Fig. 2, panel a).

The Fourier coefficient a4 describes the isophote’s boxiness
or diskyness (negative: boxy; positive:disky). It is zero out to 2’.
The slight boxiness at larger radii may also be caused by the
bright star. A table with the photometry, including ellipticities,
PA, and a4 is available in Table 1.

3.3. Irregular features

A small, slightly off-centered dip in the light can be seen in
the shallow R image. It is not apparent in the shallow C image,
which has poorer seeing. We interpret this as a dust lane already
detected by Franx et al. (1989b).

Tal et al. (2009) found evidence of a faint shell north of the
galaxy. However, when the smoothed 2D model created with
TIRAF\BMODEL task is subtracted from the galaxy light, we see thi
shell in neither the C nor in the R images. No substructure was
detected either in the shallower images analyzed by de Souza
et al. (2004).

3.4. Stellar kinematics

The kinematics along the major axis of NGC 7507 have been
measured by several groups (Bertin et al. 1994; Franx et al.
1989a, K+00); but along the minor axis only by Franx et al.
(1989a) and higher order moments only by K+00. We extended
the radial coverage of Franx et al. (1989a) by a factor of 1.5 for
the major axis and 2.5 for the minor axis.
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Fig. 5. Major axis kinematics of NGC 7507, as extracted with pPXF
(see text). a) Hermite coefficient h4 profile, b) h; profile, both panels
show a dashed line at the zero level for comparison, ¢) velocity dis-
persion. The horizontal error bars show the regions across which the
spatial binning was done (shown only in this panel, but valid for all
four). The vertical dashed strip indicates a gap between the detectors in
which no measurements are possible, d) rotation profile. For all panels,
open black circles are our data, red solid squares are from K+00, solid
green circles are from Franx et al. (1989a), and blue open squares come
from Bertin et al. (1994).

3.4.1. Rotation

The major axis rotation is very low (Fig. 5, panel d), consistent
with no rotation, with a formal amplitude of —1+6 km s~! within
the inner 30”. In the 30-60" range, the amplitude slightly in-
creases to a value of —13 +7 kms™!, which is consistent with the
aforementioned previous studies. The outermost measured bin,
at a mean distance of 97" shows a significant increase in the ro-
tation with respect to the center (=68 + 8 kms~!). This may be
partly due to the misalignment of the slit direction and the pho-
tometric major axis but perhaps also a hint that the kinematic
properties of the galaxy suffer a change at large radii, as seen for
example in NGC 821 and NGC 1400 (Proctor et al. 2009).

The minor axis rotation is pronounced and slightly asym-
metric with amplitudes of 30 + 7 kms~! in the west direction
and —43 + 7 kms~! in the east direction inside the range 5-50"
(Fig. 6, panel d). Franx et al. (1989a) measured an amplitude
of 36 + 5 kms™! in the range 5-30”, without detecting any
asymmetry. In the outermost east and west bins, around 60", the
mean velocity is consistent with no rotation. This rotation profile
closely resembles the major axis rotation of NGC 3379 (Statler
& Smecker-Hane 1999; Weijmans et al. 2009, their Fig. 4).

Summarising, the isophote shapes are sufficiently undis-
turbed and the projected rotation amplitude is small enough to
justify the use of a non-rotating, spherical mass model.
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Fig. 6. Minor axis kinematics of NGC 7507. The vertical dashed strips
show the positions of the gaps between detectors and two interloping
background galaxies, which were masked in the spatial binning process.
Symbols are the same as in Fig. 5.

3.4.2. Velocity dispersion

The major axis velocity dispersion rapidly declines in the inner
30” and undergoes a slower decline at larger radii. The disper-
sion values of K+00 deviate strongly, not only from our val-
ues, but also from Franx et al. (1989a) and Bertin et al. (1994)
(Fig. 5, panel ¢). While the difference at the center of the galaxy
is roughly within errors (9.7 + 4.8 kms™'), and it can be eas-
ily explained by the spectra being taken under different seeing
conditions; at 27" from the center, the difference amounts to
70 + 14 kms~! in the sense that K+00 values are larger than
ours.

The minor axis velocity dispersion profile shows a similar
rapid decline in the inner 30" but a less steep decline at larger
radii (Fig. 6, panel ¢). As in the case of the major axis, the dif-
ference from Bertin et al. (1994) is minimal and amounts to
14 + 24 km s~!, where the uncertainty is caused almost entirely
by the Bertin et al. (1994) values.

A kinematic classification of early-type galaxies, based on
an angular momentum proxy was introduced by Emsellem et al.
(2007). They defined

F:R;|V;
Ag = & (3)

Y FiRi \|V? + 02

where F; is flux, R; is distance to the center of the galaxy, and V;
and o; are the mean velocity and velocity dispersion. Emsellem
et al. (2007) found that early-type galaxies can be separated into
two classes of slow and fast rotators, depending on whether they
have A values below (slow) or above (fast) 0.1 inside R.. Even
though this parameter was introduced for the SAURON 2D data,
it can been applied to long-slit measurements in order to help
us to compare with the original definition, once a proper scaling
factor of 0.57 is applied (Cappellari et al. 2007; Coccato et al.
2009). In that case the sum is over the quantities along the slit.
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We calculated the Az parameter separately for each long slit
position. For both axes, the parameter mildly increases inside R,
reaching /lgem = 0.088 and /llngjJ = 0.018, staying basically flat
beyond that radius. This is consistent with the mild rotation of
the galaxy. NGC 7507 can be classified as a slow rotator, sharing
also the kinematic misalignment which is often seen in these
galaxies, although it has a rapidly declining velocity dispersion
profile which is more common amongst fast rotators (Coccato
et al. 2009).

3.4.3. Higher order moments

The Gauss-Hermite coefficient A3, which measures the asym-
metric deviation from a Gaussian, is consistent with being zero
along the major axis. Along the minor axis within 20", it appears
to have a gradient which would be consistent with its rotation
(Fig. 6, panels b and d).

The coeflicient /4, which indicates symmetric deviations
from a Gaussian profile, is positive for both the major and minor
axis spectra. The sign agrees with the measurements of K+00,
who also found slightly positive values of &4, although their val-
ues were somewhat smaller (Fig. 5, panel a). We return to this
result when discussing any possible anisotropies.

4. Dynamical modeling
4.1. The stellar mass profile

To obtain the (spherical) stellar mass profile we have to depro-
ject the surface brightness profile after correcting for Galactic
absorption (Ag = 0.128; Schlegel et al. 1998). In the case of the
double-g profile this is achieved by applying the Abel deprojec-
tion formula, which for the 8 profile has an analytical description

.. Cg : ai/R;
0 =3 2 R @

i=1

where a; and R; come from Eq. (1), and Cg =2.5 X 10'0 is the
factor used to transform to units of Ly pc™2, adopting Mog =
4.42 (Binney & Merrifield 1998). The enclosed stellar mass can
be obtained by integrating this light density

M, (r) = 4n f ' Y, r(r)j(r)r*dr, (3)

where Y, g is the stellar M/Lg. For constant M/ Lg, this integral
has the exact solution

2

My (r) = 2nCx Yok | ail?|sinh™ 3 - —Z— |, (6)
i=1 A+

where x; = r/R; and a; and R; have the same meaning as in

Eq. (4).

The stellar M/ Ly appears as a parameter in the fit to the kine-
matical data, adopting the deprojected light profile and certain
forms for a possible DM halo. From the shape of the colour pro-
file, one concludes that M/L as a population property is approx-
imately constant out to a radius of 2’. At larger radii, the M/L
may drop owing to a declining metallicity. However, this is only
weakly constrained and any effect on the inner projected velocity
dispersion would be completely degenerate with a dark halo.
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The Sersic profile can be deprojected using an approximation
given by Prugniel & Simien (1997)

i) = jiir/as),

J(x) = xPexp(=x'""),
. { I'(2m) }10
TG - pml [ 24,
p =~ 1-0.6097/m+ 0.05463/m?,

where the latter equation comes from Lima Neto et al. (1999),
I'(x) is the Gamma function, and Iy, a,, and m refer to the Sersic
parameters from Eq. (2). We also refer to Mamon & kFLokas
(2005b) for a compilation of the relevant formulae.

Integrating the luminosity density, j(r), the enclosed lumi-
nosity is found. Lima Neto et al. (1999) give

Ly(r) = LtolI:s(r/as)» )

; I3 — pym, x''™]

L(x) = —————— ®)
0= TG pml

where y is now the incomplete Gamma function and

Lioe = 27mI(2m)Ioa? ©)

is the total luminosity of the profile. For our double Sersic pro-
file, the luminosity is simply the sum of the luminosity of both
the inner and outer Sersic profiles.

Since beyond ~55 kpc the double-f and Sersic profiles dis-
play the most distinct behaviors (cf. Fig. 3), we inspected the
influence of these dissimilar extrapolations on their respective
enclosed luminosities, which are directly related to the stellar
mass through the M/L. Figure 7 considers the enclosed lumi-
nosities of both models normalized to the total luminosity of the
double Sersic model given by Eq. (9). As expected from Fig. 3,
the luminosities are very similar not only within the ~55 kpc
where the galaxy light was directly measured, but well beyond.
A ~10% difference in the total enclosed luminosity is reached
only at 200 kpc. In practice, however, the extension of elliptical
galaxies may be lower than this limit. In NGC 4636, for exam-
ple, the globular cluster distribution is cut-off at about ~60 kpc
(Dirsch et al. 2005). A similar behavior has been seen in M 87,
the central galaxy of Virgo, where the planetary nebulae distri-
bution show a truncation of the stellar halo at ~150 kpc (Doherty
et al. 2009). Therefore, any differences in the extrapolations be-
yond 200 kpc are not relevant to a dynamical analysis of the
galaxy.

Given the similarities between the light profiles and to avoid
any uncertainties introduced by the approximations used in the
Sersic profile deprojection (which are not present in the analytic
form of the B profile deprojection), the Jeans analysis that we
now describe was based on the stellar distribution given by the
B model profile. In any case, the velocity dispersions shown in
Fig. 8 were found to vary by less than 2 km s~! at the most distant
kinematic point, when the double Sersic model was used a basis
of the stellar mass profile.

4.2. Jeans analysis

The basis of our modeling is the spherical Jeans equation, which
is strictly valid only for infinite, non-rotating systems. Its solu-
tions, when applied to real galaxies, may be considered as good
approximations, but there is no guarantee that they correspond
to physically correct distribution functions. Moreover, the po-
tential and the orbital anisotropy are degenerate, although we

!
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Fig.7. A comparsion between the enclosed luminosities of the double 8
profile (dashed blue line) and the double Sersic profile (red solid line),
normalized to the double Sersic total luminosity. The arrow indicates
the last spectroscopic point measured on the major axis.

o
o

refer to Hansen & Moore (2006) and the remarks below. On the
positive side, this equation has an appealing simplicity, known
anisotropies of elliptical galaxies in the inner regions are gen-
erally small (e.g. Gerhard et al. 2001; Cappellari et al. 2006)
and one can use the higher moments of the velocity distribu-
tion as constraints of the anisotropy. Cappellari et al. (2006) also
demonstrated that more sophisticated dynamical modeling does
not reveal grossly different results. The main uncertainty proba-
bly does not arise from the modeling approach, but collectively
from the distance uncertainty, the quality of the data, and the
assumption of sphericity.

For convenience and clarity, we give in the following the ba-
sic formulae. The Jeans equation is (e.g. Binney & Tremaine
2008)

(2
d[](r()iO'r(r)] L 20 AT = —j(r)
r r

which relates the light distribution, j(r), and radial velocity dis-
persion, o,(r), with the underlying gravitational potential or en-
closed total mass, M(r), and where

B(r)=1-0}/c? (11)

is the anisotropy parameter, which indicates possible departures
from pure isotropy in the form of radial (8 > 0) or tangential
(B<0) orbits.

For a given light and mass distribution, and a constant
anisotropy, the solution to the Jeans equation is

GM(r)
2

; (10)

jno(n =G
(e.g. Mamon & Lokas 2005b, hereafter ML0S5), which is then
projected to be compared with the velocity dispersion measure-
ments

= J(S)M(s) (f)zﬁ ds (12)

52 r

2 [ *  jolrdr R *  Bjoidr (13)
IR)| r V2 _R2 R rVr2 —R2

(Binney & Mamon 1982). For the anisotropy profiles adopted in
Sects. 4.4 and 4.5, Egs. (12) and (13) can be combined to yield

the single integral solution

Uios(R) =

00

2 . dr
Tros(R) = KR, 1) (M)~ (14)

I(R)
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where the kernels K for the different anisotropy models are pro-
vided in Appendix A2 of (Mamon & Lokas 2005b).

The accuracy of the models can be quantified by the use of a
simple y? test

X =

l 1

obs
60

Naata oobs _ model 2
(7) s (15)

where o° is the measured velocity dispersion, c™°%! is the pre-
dicted dispersion at the same radial distance, S50° is the obser-
vational error associated with the dispersion measurement, and
the sum is taken over all radial bins.

Under the spherical Jeans analysis, additional constraints on
the dynamical behavior of the galaxy can be obtained by mod-
eling the higher order moment of the velocity distribution which
can be related to the Gauss-Hermite coefficient /4 (van der Marel
& Franx 1993). For this, the higher order Jeans equations must
be solved. This task can be achieved only if additional informa-
tion about the distribution function is known. In particular, by
assuming distribution functions of the form f(E, L) = f,(E)L™%
with constant 3, it is possible to reduce the two higher-order
Jeans equation to only one. A more detailed discussion, as
well as the relevant formulae can be seen in Lokas (2002) and
Napolitano et al. (2009). Our results using this approach are pre-
sented and discussed in Sect. 4.6.

4.3. The velocity dispersion profile

To construct the radial dependence of the velocity dispersion
profile, we averaged for a given radial bin the dispersion along
the major and the minor axis (although the ellipticity is tiny)
from Figs. 5 and 6. The dispersion values are symmetrical with
respect to the galaxy center and are in agreement between the
both axes when errors are considered. The bins are chosen in
such a way that the inner region, where the S/N is highest, has
the densest binning while the outer radii are covered with larger
bins. The principal uncertainties are those in the mean values cal-
culated by pPXF. Final values are listed in Table 4, which also
lists the adopted A4 values. Their uncertainties are the standard
deviations of the A4 values in the respective bins.

4.4. Models without DM

The simplest model is the one in which M(r) = M,(r) (i.e.
no DM) and 8 = 0 (orbital isotropy). One can adopt the ex-
pected value for the M/L from an stellar populations analysis
(which is a hypothetical value) or treat it as a free parameter in
the Jeans equation solution, which is the procedure we chose
here. This gives an upper limit to the stellar M/L. This model is
shown as the black solid line in Fig. 8 (top left panel). It uses
an M/Lg=3.13 and already gives a very good description of
the dispersion profile with y? = 46.8 for 16 degrees of freedom,
where the statistics is calculated outside 400 pc, which is the
radius where the data are no longer affected by seeing.

When the anisotropy was allowed to vary, we obtained al-
most the same M/Lg of 3.11 and $=0.12, which is a slightly
better fit (red dotted line). Table 5 shows the parameters for dif-
ferent best-fit models. An unrealistic totally radial model (8= 1)
is also shown in Fig. 8 as a comparison (blue dashed line).

From theoretical considerations (e.g. Abadi et al. 2006), el-
liptical galaxies are expected to have an anisotropy profile that is
increasingly radially biased with growing radius. An analytical
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Table 4. Adopted velocity dispersion,o, and h4 values and their respec-
tive uncertainties.

Radius loa Ao hy Ahy

(arcsec) (kms™') (kms!)

0.5 239 2 0.051 0.013
1.5 232 2 0.045 0.013
2.5 222 2 0.010 0.017
3.5 217 2 0.005 0.018
4.5 211 2 0.002 0.011
5.5 205 2 0.055 0.014
6.5 202 2 0.043 0.027
7.5 199 2 0.042 0.016
8.5 189 2 0.043 0.019
9.5 193 2 0.033 0.012
10 191 2 0.040 0.015
13 190 2 0.048 0.026
16 181 2 0.037 0.026
22 167 2 0.019 0.023
28 153 2 0.042 0.036
42 141 3.3 0.044 0.033
52 135 6.7 0.008 0.022
62 131 14.3 -0.012 0.036
85 125 18.7 -0.013 0.015

Notes. We refrain from giving the /1;-values since they are not modeled.

profile with this characteristic was introduced by MLO5 as

r

BumL(r) = Bo

, (16)
r+ry
with B9 ~0.5 and r, ~ 1.4R. when fitted to the merger simula-
tions of Dekel et al. (2005). Another profile frequently used is
the Osipkov-Merritt anisotropy model (Osipkov 1979; Merritt
1985),

2

-
Bom(r) = —,
re+ry

a7)

where r, is a characteristic radius marking the transition to outer
radially biased orbits in both cases. Since the data do not re-
ally constrain the value for r,, we fixed it to r, = 1.4 R, us-
ing R. = 31", from Faber et al. (1989). Even though our de-
rived effective radius is significantly larger (see Sect. 3.1), we
use this older estimation since it has been used in the previ-
ous studies of the galaxy, and also because it implies a faster
transition to a radial behavior. The predictions from the Jeans
equation using these anisotropies are shown in Fig. 8 (top left
panel). The MLOS anisotropy gives a good description for the
dispersion profile (green dashed line), but formally not better
than the constant 8 = 0.12 model. It reaches a value of 8=0.33
at the outermost kinematic point. However, the Osipkov-Merritt
anisotropy (green dash-dotted line) overpredicts the dispersion
for the inner regions and underpredicts it for larger radii, mak-
ing it less preferable as a realistic description within the context
of this model.

An interesting relation between anisotropy S and the loga-
rithmic density slope a of a spheroidal system near equilibrium
has emerged from DM simulations. Hansen & Moore (20006)
found B(a@) = 1 — 1.15 (1 + a/6), albeit with some scatter. This
relation has also been analyzed by Mamon et al. (2006) for el-
lipticals formed in simulations of mergers of spirals consisting
of stars, gas and DM. They found different results for the DM,
but a quite similar relation for the stellar density distribution.
If this were universal, the dynamical analysis of spherical sys-
tems would be greatly facilitated. We apply the above relation to
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Fig. 8. Dynamical models of NGC 7507. Black circles indicate in all panels the line-of-sight velocity dispersion. All models are given outside
of 400 pc, where the luminosity model is unaffected by seeing. Top left: stars-only models. The black solid line is an isotropic model using
M/ Lg =3.13. This model is shown in all panels as a comparison. The red dotted line is the best-fit model for a constant anisotropy using 8 =0.12,
while the blue dashed line is a fully radial model (8= 1). The green dashed line is the model using the anisotropy as given in Eq. (16), while the
green dot-dashed line is a model using the Osipkov-Merrit anisiotropy (Eq. (17)). The red solid line is a model with M/L; = 2, based on Tortora
et al.’s stellar population analysis (see Sect. 5.1). Top right: MOND predictions using the “simple” and “standard” interpolation formulae. The
dashed red area is an isotropic model, while the blue area indicates a fully radial model for the former interpolation. Bottom left: NFW models
using ¢ =5 and ¢ = 10. Parameters for each model are reported in Table 6. Bottom right: Logarithmic dark halo models. Using 8 =0, $=0.3, and

ML anisotropy. Parameters for each model are given in Table 7.

Table 5. Comparison of different best-fit dynamical models without

DM.
Model M/L,r B X’
[Mo/Lo ]
Stars only 3.13709 0.0 46.8
Starsonly + cst. 8 3.11%092  0.12*709%  44.1
Stars only + ME®  3.01*59! 0.33 54.5
Stars only + HM?  2.93%002 0.45 90.5

Notes. Errors indicate the 1—o confidence levels. ) Indicates the MEOS
anisotropy. The value for § is the maxiumum value for the anisotropy
reached at the last kinematic point. ® Indicates the Hansen & Moore
(2006) anisotropy modeled using Eq. (16) with r, = 500 pc. The value
of 8 has the same meaning as before.

NGC 7507 and calculate for our double-beta model (Eq. (4)) the
logarithmic slope @ = (r/j)dj(r)/dr. The resulting anisotropy

profile shows a swift increase from isotropy at the center to
B=0.3 at around 500 pc, with a mild increase outwards. This be-
havior can be reasonably reproduced using the MELOS anisotropy
profile with a small r,. In the context of a no-DM model, this
anisotropy favors an even lower stellar M/L and underestimates
the observed velocity dispersion at large radii, giving a poor fit
to the data.

4.5. Including a dark halo

Even though the velocity dispersion profile up to ~90” of
NGC 7507 can satisfactorily be described by models without
dark matter, the paradigm of galaxy formation requires the pres-
ence of dark halos. We therefore allow for a (cuspy) NFW pro-
file (e.g. Navarro et al. 1996) and a (cored) logarithmic halo. In
both cases we fix the stellar M/L to 3.01, therefore maximiz-
ing the contribution of the stellar component to the total mass
budget (“maximum spheroid”, e.g. Weijmans et al. 2009), this
is supported by the fact that the contribution of DM in the inner
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Table 6. Comparison of different best fitting dynamical models including NFW halos.

B Ps Ts 7200 M M(rao0)/Lr ~ fom <Re fom <2R.  x*
[Mo pc™] [kpc]  [kpc] [Mo] [Mo/Lo] [%] [%]
Stars (Tx = 3.01) + NEW (c = 5)
00 1191x10° 30 150 387734 x 10" 7.3 34708 7523 630
03  LI91x10° 25 125 224720 x 10! 5.6 27707 89%33 405
ME  1.191 x 1073 1 5 1.4%19 % 107 3.1 <1 <1 54.5
Stars (Tz = 3.01) + NFW (¢ = 10)
00 6135x10° 9 90  836%x 100 41 38702 7079 503
03 6135x10° 8§ 80 587723 x 10 38 3303 8672 429
ML  6.135x 1073 1 10 0.11%73 x 10° 3.1 <1 <1 54.5

Notes. Column 1 indicates the value for the anisotropy considered for the stellar population. ML indicates the Mamon & Lokas (2005b) anisotropy
profile with parameters decribed in the text. Column 2 gives the characteristic density of the NFW halo, which comes from the chosen concentration
as given in Eq. (20). Column 3 gives the best fitting scale radius for the chosen concentration. Columns 4 and 5 give the virial radius and mass of
the DM halo, respectively. Masses are also indicated with their 1-o- confidence level. Column 6 indicates the virial M/L. Columns 7 and 8 give the
DM fraction within 1 and 2 R, (using the effective radius given by Faber et al. 1989), defined as fpy = Mnrw /(Mnpw + M), where the baryonic

mass is given by Eq. (6). Column 9 gives the y? for each model.

regions is thought to be close to negligible (e.g. Gerhard et al.
2001; Borriello et al. 2003; Mamon & f.okas 2005a).

4.5.1. NFW models
The NFW profile is given by

Ps
(r/rs)(1+r/rs)2’ 1%

where ps and rg are a characteristic density and radius, respec-
tively; the enclosed mass for this profile is given by

PNFW (1) =

/T

M, =4 S 3 | 1+ - :
New(r) = dmpsry In(1 + r/rs) 1+r/r,

19)

We explored three models, an isotropic model, a model with a
slight radial anisotropy (8 = 0.3) and a model using the ML
anisotropy with r, = 43" as in Sect. 4.4. We excluded the possi-
bility of tangential orbits beacuse they were inconsistent with the
stars-only models. For each anisotropy, we used a set of concen-
trations, ¢ = {1, 1.25, 1.5, ...13}, which encompasses the range
of concentrations found for low luminosity ellipticals (¢ ~ 5,
Napolitano et al. 2008) and the ones found in simulations for
halos of similar mass (¢ ~ 10, e.g. Bullock et al. 2001; Maccio
et al. 2008). Concentrations are related to the characteristic den-
sity by

s 200 3
pp\' _ c 20)
crit

3 In(l+c)—c/(1+c)

where the critical density is pgi = 3H§ /8nG. We also set a grid
of characteristic radii, ry = {1,2,..., 100} kpc, and calculate
the y? for each (c,r,) pair. The results can be seen in Fig. 9.
68%, 90% and 99% confidence levels correspond to A/\{2 =
{2.30,4.61,9.21} (Avni 1976).

As seen in Fig. 9, we cannot constrain simultaneously ¢ and
rs, with the available data/modeling. Even though we have ex-
plored a generous range of parameters, a global minimum lies
beyond the explored space. The minimum y? values for the
isotropic and ML models are worse than the best-fit stars-only
models, even though the models with an NFW profile include
more free parameters. This is an indication that the data shows
a preference for the stars-only models, or more exactly, that our

A87, page 10 of 17

assumed stellar M/Lg is closer to the total M/L, which should
be constant across the galaxy. The exception is the model with
B=0.3, which gives a significantly smaller y? than all of the no-
DM models.

Since we cannot constrain simultaneously the values for ¢
and rs, we explore the amount of DM in the NFW halos by se-
lecting the cases ¢ = 5 and ¢ = 10. The NFW parameters of each
halo and the assumed concentrations can be seen in Table 6. The
velocity dispersion prediction for each of these models is de-
picted in Fig. 8 (bottom left panel).

The best-fit model is the one for ¢ = 5 and § = 0.3, which
gives a virial mass of 2.2 x 10! M. The ¢ = 10 model for
the same anisotropy gives a slightly worse fit and a signifi-
cantly lower virial mass with 5.9 x 10'© M. Even though the
ML anisotropy should give a more realistic representation of
the true orbital structure of elliptical galaxies, the mass which
correspond to the best-fit scale radius is very low, although the
1 — o level is broad with a maximum mass of 1.9 x 10'° M,
for ¢ = 5. The Hansen & Moore (2006) anisotropy performs
even more poorly, with even lower predicted masses and much
larger y°.

The fraction of DM within 1R, (using the value from Faber
et al. 1989) is lower than 5% for all models. This number
can be compared with the values found for galaxies of similar
brightness studied by Weijmans et al. (2009): NGC 3379 with
Jom(<Re) = 0.08 and NGC 821 with fpm(<R.) = 0.18. Even
though this low value could be considered as the natural result
of the minimal halo assumption, this is not exactly the case. If
we were to drop this assumption and allow the stellar M/L to be
a free parameter for the ¢ = 5 and ¢ = 10 NFW halos, we would
find that the M/L diminishes at most to a value of 2.9, depend-
ing on the assumed anisotropy, reinforcing the prior assumption.
DM fractions within 2R, can also be seen in Table 6.

4.5.2. Models with a logarithmic halo

Even though most, if not all, N-body simulations favor cuspy
profiles, observations of dwarf and low surface brightness galax-
ies indicate the presence of constant density cores instead of

r! cusps (see de Blok 2010, for a recent review). From the
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Fig. 9. x? for models including an NFW halo. Minimum y? for each model is indicated. Left panel: NFW halo and stars with isotropic distribution.
Central panel: NFW halo plus stars with a radial anisotropy of 8= 0.3. Right panel: NFW halo and stars following a ML anisotropy profile.

different types of cored profiles, we selected the logarithmic po-
tential (Binney & Tremaine 2008), which has a density

v(z) 3r(2) + 72 )1
pLoc(r) = G (2 + PR (21)
and enclosed mass
vér
Miog(r) = —— (22)
G1l+ 1

r

The modeling procedure is similar to the one applied in the sec-
tion. As for the NFW profiles, the stellar M/Lg remains fixed
at 3.01. A grid of parameters was then set with ry = {1,2...80}
kpc and vy = {40,45...215} km s~! and for each pair, the value of
x? is calculated using Eq. (15) for the same three anisotropies
as in the previous section; S=0, $=0.3, and B(r) following
Eq. (16). The grid was later refined for the case 8 =0. The best-
fitting halo parameters for each studied case are given in Table 7.
The isotropic case allows a light halo with a very small char-
acteristic radius of only 25 pc. Assuming 8 = 0.3 the halo is much
larger with ro = 7 kpc and a circular velocity of 100 km s~!. This
radial model provides a significantly tighter fit to the observed
velocity dispersion. This halo is the one that gives the lowest y?
amongst all models (with or without DM). The ML anisotropy
allows a large range of possible halos, but giving a worse fit than
the 8=0.3 case. As in the case of NFW halos, the amount of DM
enclosed within one R, is minimal, again having values of less
than 5% for all models. The velocity dispersion for these three
best-fit models can be seen in Fig. 8 (bottom right panel).

4.6. The Gauss-Hermite parameter hy

Predictions for the Gauss-Hermite A4 profile for different models
can be seen in Fig. 10, where we have followed the procedure of
Lokas (2002) and related kurtosis and /4 using

8 Voh,,

(van der Marel & Franx 1993). We have considered the stars-
only, NFW with ¢ 5 and 10, and the logarithmic cases
withr isotropy and completely radial anisotropies. Although

k(R) (23)

Table 7. Comparison of different best-fit dynamical models using a log-
arithmic DM halo.

B 7o Vo fom <R.  fom<2R. x°
[pc]  kms™ [%] [%]

0.0 25 60 4.1 54 47.7

0.3 7000 100 2.3 7.4 38.6

ML 74000 210 <1 <1 52.4

Notes. All models use M/L, x = 3.

the velocity dispersion profiles are best reproduced with radial
anisotropies using 8 =0.3, we did not calculate their 4 predic-
tions since they would lie between the two aforementioned mod-
els, without adding new information. As in the cases of the ve-
locity dispersion profiles, since the light profile is affected by
seeing, the model is not expected to reproduce the inner 400 pc.

The measured iy data are noisy (green circles) and all mod-
els systematically fail to reproduce its high values. We note that
the K+00 data are equally noisy and reach similar high values
(blue stars in Fig. 10). The difference is most evident in the in-
ner 500 pc where the K+00 values are closer to zero and ours
scatter around ~0.05. Although some systematic effect may be
shifting our measurements to higher values, it can hardly be S /N
(which is especially high at small radii) nor template mismatch-
ing (innermost spectra are very well-fitted using the comprehen-
sive MILES stellar library). Perhaps the only conclusion that we
can give is that the /4 data does not favor isotropic models, which
predict slightly negative values for 4 (see Sect. 5.3 for an alter-
native explanation).

5. Discussion
5.1. Stellar M/L

The stellar M/L determines the amount of baryonic matter and
thus, based on its difference from the total mass, also the fraction
of dark matter. Our M/L-value is not quite consistent with what
one would theoretically expect for an old, metal-rich population
by comparison with published population synthesis models, but
it is in agreement with literature values.
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Fig. 10. Kurtosis models for NGC 7507. Green circles represent our /4
measurements as given in Table 4. Blue stars are the measurements from
K+00. Black, red, blue, and green lines represent the stars-only, NFW
(c = 5), NFW (¢ = 10), and logarithmic models, with parameters de-
scribed in the text, respectively. Solid lines are isotropic models, while
dotted lines are fully radial models.

K+00 gives a central M/Lp value of 5.9 for a distance of
26.9 Mpc. Since dynamically derived M/Ls are inversely pro-
portional to distance, at our adopted distance of 23.2 Mpc this
value transforms into M/Lg = 6.8, which gives M/Lg =3.14 us-
ing (B-R) =1.90 (Franx et al. 1989b) and (B—R)s = 1.06 (Binney
& Merrifield 1998), in excellent agreement with our value.
Magorrian & Ballantyne (2001), based on kinematic data by
Bertin et al. (1994), found M/Lg ~ 7, somewhat higher than our
value, but also in agreement considering their shorter distance
(21 Mpo).

The stellar M/Ls even of old elliptical galaxies are appar-
ently not universal: Cappellari et al. (2006) find values in the
range 1.5 < M/L; < 6.0. For NGC 7507, M/Lg =3.1 translates
into M/L;=2.42. If we only consider elliptical galaxies in the
Cappellari et al. (2006) sample, that is, excluding SO galaxies,
this range would narrow t0 2.3 < M/L; < 6.1, putting NGC 7507
among the ellipticals with the lowest M/L. This value, unless the
metal abundance of NGC 7507 is distinctly subsolar, would in-
dicate a somewhat younger galaxy, with an age around 8 Gyr
for a solar abundance, which agrees with previous line-strength
measurements of this galaxy (Trager et al. 1998; Ogando et al.
2008). This is unsurprising because a large fraction of isolated
elliptical galaxies are known to be of younger age (Collobert
et al. 2006; Reda et al. 2007), which is consistent also with sim-
ulations (Niemi et al. 2010). Tortora et al.’s (2009) stellar popu-
lation models give a very similar age of 7.7 Gyr (Kroupa IMF),
but a siginificantly different M/Lz = 2. This value is in contra-
diction with the line strength analyses and with our dynamically
derived M/L and would imply a huge DM content, even in the
innermost parts of the galaxy (red solid line in Fig. 8, top left
panel).

5.2. Dark matter?

That an isotropic model with no DM closely fits the obser-
vations nicely, does not imply that there is no DM. This sit-
uation was realized before in analyses where PNe were used
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as dynamical tracers (Romanowsky et al. 2003; Dekel et al.
2005, MLO0S5). However, the relatively low stellar M/L-value of
NGC 7507 is in line with the finding that, regardless of the sit-
uation at larger radii, the DM content in the inner region of el-
liptical galaxies is negligible (Gerhard et al. 2001; Mamon &
Lokas 2005a; Cappellari et al. 2006). Within the framework of a
spherical model, a possibility to host DM at larger radii is a ra-
dial anisotropy. It must then be a coincidence that the observed
dispersion so closely follows the predictions of the photometric
model under isotropy. This is a difference to the use of PNe as
dynamical tracers, where the density profile of the parent popu-
lation is notoriously uncertain.

Are the stellar orbits of NGC 7507 affected by a strong radial
anisotropy? The comparison with the kurtosis profiles for a few
models shows that a fully radial anisotropy of the stellar compo-
nent can produce a consistently positive kurtosis of the observed
order, although failing in the innermost regions. However, we
say that with caution, since the kurtosis might also be influenced
by rotation (Dekel et al. 2005).

NGC 7507 with a stellar mass of about 2 x 10'! Mg, belongs
to the most massive isolated elliptical galaxies in the simulations
of Niemi et al. (2010). The dark halos in which they are embed-
ded have predicted masses of the order of a few times 10'2 M,
within their virial radii. Our halos from Table 6 are far from this
mass, although we caution that the extrapolation to the virial ra-
dius might be uncertain (Mamon & Lokas 2005b).

5.3. Limitations of a spherical model

Even though the apparent spherical symmetry of the galaxy and
the small amount of rotation give reasons to use our modeling
approach, at the same time other observations may point to a
more complex scenario. High A4 values could be signature of
an undetected face-on disk or flattening along the line of sight
(Magorrian 1999; Magorrian & Ballantyne 2001), which might
also explain the failure to reproduce the hy values when using
the L.okas (2002) simplification. The second observed partic-
ularity is the rotation along the minor axis. Elliptical galaxies
with this property are rare: Franx et al. (1989b) found that minor
axis rotation was larger than major axis rotation in only 2 out
of 22 galaxies in their sample. This behavior is a signature of
triaxial galaxies (e.g. Binney 1985). Another sign of triaxiality
comes from the outermost velocity along the major axis which
shows a significant difference with the inner measurements. This
change in the mean velocity corresponds to a sudden change in
the ellipticity at the same radius (~100”, Figs. 2 and 5).

5.4. MOND and the baryonic Tully-Fisher relation

Among the problems that MOND faces is how the Newtonian
and MONDian regimes are linked. Taking this interpolation
function as u(x) = x/(1 + x) (known as “simple”, Famaey &
Binney 2005), the MONDian circular velocity is

2 4
Ucirc,N vcirc,N 2

2 _
Vzire MoND (") = > + AoV NT 24

(e.g. Richtler et al. 2008), where vgr N is the Newtonian cir-
cular velocity associated with the stellar component and ay =
1357028 % 10™® cms™ (Famaey et al. 2007) is the accelera-
tion constant that separates the MOND and Newtonian realms.

An alternative interpolation function, dubbed “standard”, is
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u(x) = x/ V1 + x* (Sanders & McGaugh 2002), for which the
circular velocity is given by

4 8
vcirc,N Ucirc,N

4 _ 2.4 2
Vgire MoND(") = ) 4

+ aO vcirC,N r

(25)

(e.g. Samurovi¢ & Cirkovi¢ 2008). The masses associated with
these circular velocities are introduced in Eq. (14) to obtain the
MOND predictions for the projected velocity dispersion profile
for the isotropic case, using in all cases M/L, g = 3. As seen in
Fig. 8 (top right panel), the simple interpolation formula cannot
explain the velocity dispersion profile under isotropy. The out-
ermost measured points can only be explained under a totally
radial model and only when the lowest allowed values for ag
are considered. The standard interpolation formula (green lines
in the same plot) gives very similar predictions for the isotropic
and radial cases for the outermost bins, and again favors a lower
value for ayg.

The barred spiral galaxy NGC 7513 is found at an angular
distance of 18.2 arcmin from NGC 7507. In the MOND con-
text, it is interesting to ask whether it could provide an external
gravitational field which would modify the MOND phenomenol-
ogy in NGC 7507. The mean of the published Tully-Fisher dis-
tances is 19.3 Mpc and thus places NGC 7513 with respect to
NGC 7507 (23 Mpc) somewhat in the foreground and a sepa-
ration of 4 Mpc would produce a very weak field. Adopting an
inclination-corrected HI-line width of 275 kms~! as the value
for a constant MONDian rotation curve (Springob et al. 2007),
the acceleration at NGC 7507 would be 6.3 x 107 m s72.
Assuming the same distance as for NGC 7507, the separation
would be 123 kpc and the acceleration at NGC 7507 would be
2% 10~ ms~2. Therefore, an external field should not influence
any of the MONDian dynamics of NGC 7507.

The baryonic Tully-Fisher relation (BTFR) of spiral galax-
ies relates circular velocity (which is a proxy for the fofal mass)
to the baryonic content of the galaxy. This relation, which reads
Myse = 50 v?, where vf is the circular velocity in the flat part of
the rotation curve, has been found to be correct over many or-
ders of magnitude (McGaugh 2005; Trachternach et al. 2009).
A tight relation between baryonic mass and circular velocities
is not expected when DM is assumed to dominate the dynam-
ics, but it finds a natural explanation under MOND (Sanders &
McGaugh 2002). Similarly to spirals, early-type galaxiess have
been found to follow a relation that is analogous to the Tully-
Fisher relation (Gerhard et al. 2001; Magorrian & Ballantyne
2001), but since circular velocities up to a large radius are diffi-
cult to obtain, there is no surprise in finding that ellipticals follow
a relation that is offset from the spiral BTFR, i.e. circular veloc-
ities are probably overestimated. For NGC 7507, we calculated
the circular velocity at the outermost point with measured kine-
matics of 250 kms~'. Using McGaugh’s version of the BTFR,
this implies a mass of 2 x 10'" M. Using Eq. (6) with our pre-
ferred M/ L value, we obtained 2.5 x 10'! M, that is, NGC 7507
would lie somewhat above the BTFR for spirals; this appears
inconsistent with previous results for other ellipticals (Gerhard
et al. 2001), although consistent when all uncertainties are taken
into account. We also note that the slope of 4 required by MOND
remains a disputed value (see e.g. Gurovich et al. 2010).

6. Summary and conclusions

We have obtained wide-field photometry in Kron-Cousins R and
Washington C as well as new long-slit spectroscopy of the field

elliptical NGC 7507 out to about ~90”, reaching farther out than
previous studies.

We have measured almost no rotation along the major axis
and significant rotation (Av ~ 50 kms™') along the minor axis
(although the galaxy is almost perfectly circular). The velocity
dispersion profile of the galaxy shows a rapid decline along both
axes.

We have performed a spherical Jeans analysis to find the
mass profile that most closely represents the projected velocity
dispersion profile. When assuming isotropy, a radially constant
M|/ Lg ratio of 3.1 would be sufficient to reproduce the veloc-
ity dispersions. This value corresponds, if solar abundance is
assumed, to an age in the range 8—10 Gyr. DM halos can be
included in the isotropic case, but provide significantly poorer
fits than the stars-only models. When we allowed for radial
anisotropies and cored/cuspy dark halos, we were able to im-
prove the fit to the velocity dispersion profile marginally. This
contradicts the result od Kronawitter et al. (2000) and Gerhard
et al. (2001) who found this galaxy to be one of the best exam-
ples for hosting a dark halo. It is however in line with the results
of Magorrian & Ballantyne (2001) who also found no clear evi-
dence of DM.

The most massive NFW halo, using 8=0.3 and a concen-
tration parameter of 5, has a scale ry =25 kpc, implying a virial
mass of only 2.2ffé x 10'" M. Modified Newtonian dynamics
(MOND), if applied straightforwardly, predicts velocity disper-
sions that are too high.

It appears that NGC 7507 is a very interesting case in the
discussion of DM in elliptical galaxies. It remains to be seen
whether non-spherical models based on an extended data set,
perhaps including also PNe and/or globular clusters, would pro-
vide different results.
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Table 1. 71 CTIO/MOSAIC surface photometry of NGC 7507.

R HT1 € ay PA
(arcsec)  (mag arcsec™2)

0.148 15.136 £ 0.001  0.264  0.104 + 0.043 -239+84
0.511 15.186 £ 0.001  0.052 —0.023 +£0.011 -33.6+16.3
1.095 15.550 £ 0.001  0.031 —-0.003 + 0.001 83+34
1.457 15.797 £ 0.001  0.033  —0.001 + 0.001 8.8 +2.1
2.133 16.194 £ 0.001  0.040 —0.001 £ 0.001 13.8+1.5
2.581 16.424 £ 0.001  0.043 —0.001 + 0.001 128+ 1.3
3.123 16.678 +£ 0.001  0.040 —-0.002 + 0.001 154 1.0
3.435 16.810 £ 0.001  0.039  —0.001 + 0.001 16.3+1.2
4.572 17.200 £ 0.001  0.046  —0.000 + 0.001 144 +1.1
5.029 17.326 £ 0.001  0.048  —0.000 + 0.001 16.4 + 0.8
5.532 17.449 £ 0.002  0.052 —0.001 + 0.001 151+ 1.1
6.086 17.574 £ 0.002 0.054 —-0.002 + 0.001 157+ 09
7.364 17.837 £ 0.002 0.054  0.003 + 0.001 15.6 + 0.8
8.100 17.983 +£ 0.003 0.050  0.001 + 0.001 16.7 £ 0.8
8.910 18.138 £ 0.003  0.046  0.001 = 0.001 147+ 0.9
9.801 18.307 £ 0.004  0.042 —0.001 £ 0.001 155+ 09
10.782 18.475 £ 0.001  0.042  0.002 + 0.001 12.1 £ 0.5
11.860 18.646 £ 0.001  0.042  0.002 + 0.001 12.1 £0.5
13.046 18.817 £ 0.001  0.042  0.003 + 0.001 12.1 £ 0.5
14.351 18.985 £ 0.001  0.042  0.003 +0.001 12.1 £ 0.6
15.786 19.145 £ 0.001  0.045  0.002 + 0.001 13.0 £ 0.5
17.364 19.302 £ 0.001  0.048  0.001 +0.001 11.8 £0.5
19.101 19.468 + 0.002 0.043  0.004 + 0.001 10.3 £ 0.6
21.011 19.621 £ 0.002  0.045  0.003 +0.001 10.3+0.5
23.112 19.772 £ 0.002  0.047  0.003 + 0.001 84 +0.5
25.423 19.928 £ 0.003 0.046  0.002 + 0.001 9.2 +0.5
27.965 20.096 + 0.003 0.044  0.001 + 0.001 103+ 04
30.762 20.278 £ 0.003  0.043  —0.001 £ 0.001 120+ 04
33.838 20.473 £0.004 0.044  0.000 + 0.001 11.9+04
37.221 20.682 £ 0.005 0.040 —0.000 + 0.001 147 +£0.5
40.944 20.894 + 0.006  0.039 —0.001 £ 0.001 16.5 + 0.6
45.038 21.116 £ 0.008  0.037 —0.002 + 0.001 16.6 £ 0.7
49.542 21.336 £ 0.009 0.040 —0.001 £ 0.001 172+ 0.7
54.496 21.539 £ 0.011  0.041 —0.001 = 0.001 18.4 £ 0.8
59.946 21.736 £ 0.013  0.044 —0.002 + 0.001 199 +0.9
65.940 21.934 £ 0.016  0.040  0.000 + 0.001 264+ 1.0
72.534 22.138 £0.019 0.043 —-0.002 + 0.001 23.1+ 1.1
79.788 22.328 £ 0.023  0.048 —0.004 £ 0.001 23.8 + 1.1
87.766 22.541 £0.028 0.043 —0.003 £+ 0.001 253+1.5
96.543 22.729 £ 0.034  0.045 —0.005 + 0.001 239+ 1.7
106.197  22.894 +0.039 0.069 —0.002 + 0.002 282 +1.5
116.817  23.031 +£0.045 0.081 0.002 = 0.002 304+13
128.499  23.177 £ 0.051  0.081 0.009 + 0.002 377+ 1.3
141.349  23.329 +£ 0.059 0.081 0.000 = 0.002 354+13
155.484  23.490 + 0.069 0.097 —0.010 % 0.002 285+ 1.1
171.032  23.689 +£ 0.083 0.100 —0.000 + 0.002 260+ 1.3
188.135 23.900 +0.102 0.088 —0.019 + 0.003 284 + 1.7
206.949 24.076 £ 0.121  0.115 —0.028 = 0.003 299+ 1.1
227.643 24381 +£0.164 0.098 —0.021 % 0.003 347 + 1.7
250.408 24.611 £0.207 0.113  —0.020 = 0.004 384+ 1.7
275.449  24.842 +0.262  0.121 0.002 + 0.004 364+ 1.9
302993 25.102 +£0.346  0.121 -0.087 = 0.015 450+39
333293 25318 +0.439 0.121  -0.029 + 0.007 38.1+£26
366.622  25.566 + 0.589 0.121  —0.001 + 0.008 38.1 +£3.6
403.284 25.849 +0.854 0.121 0.009 + 0.009 38.1 +3.9
443,613  26.128 +£1.324  0.121 0.027 £ 0.011 38.1+4.3
487.974 26428 +£2.893 0.121 0.069 = 0.056 38.1 +4.8

Notes. First column indicates the semi-major axis from the ellipse fitting.
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Table 2. Major axis kinematics of NGC 7507.
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R Urot (A% h3 hy
(arcsec) (kms™h) (kms™!)

-32.78 44 +48 124.1 £ 6.6 —0.065 + 0.027 0.051 +0.017
—28.68 1.5+5.7 1442 +£7.0 —0.001 + 0.028 0.032 + 0.020
-25.51 -1.5+57 155.1+7.2 —0.001 + 0.028 0.025 + 0.022
-22.96 -25+64 158.7+7.2 0.016 + 0.028 —0.003 + 0.025
-20.78 —-11.8+5.7 1644 + 6.9 0.043 + 0.026 0.011 +0.026
—18.88 35+58 164.3 + 8.6 —0.007 £ 0.027 0.057 £ 0.025
-17.28 -94+63 189.6 + 8.6 0.007 + 0.024 0.047 +0.025
—15.90 4+58 1756 +7.9 —0.033 £ 0.025 0.048 + 0.022
—14.66 -5.8+6.7 189.8 +7.9 —0.002 + 0.024 0.018 + 0.025
—13.57 9+69 187.9+7.9 —0.010 + 0.024 0.039 + 0.024
—12.62 -33+6.0 193.7 £ 8.6 0.012 +0.023 0.046 + 0.023
—-11.82 1.2+6.5 196.9 + 8.2 0.012 + 0.025 0.015 +0.023
—-11.09 —-44+7.6 192.1 £ 8.1 —0.007 £ 0.024 0.021 + 0.026
-10.43 -3.1+69 196.3 + 8.5 —0.015 £ 0.024 0.025 + 0.024
-9.85 -34+6.1 187.1 +8.2 —0.007 + 0.023 0.036 + 0.023
-9.26 -8.8+5.8 197.2+79 —0.000 + 0.022 0.018 +0.023
-8.75 -2.1+7.0 179.2 + 8.7 —-0.015 + 0.026 0.053 +0.023
-8.31 1.8 +£6.7 1959 +7.7 0.008 + 0.024 0.015 + 0.022
—7.88 -0.1+59 210.1 +7.6 —0.004 + 0.022 0.041 +0.024
—7.44 6.3+64 195.6 + 8.0 0.014 +0.021 0.066 + 0.024
-7.00 -72+54 211.6 £8.1 —0.038 £ 0.020 0.034 + 0.025
—6.64 0.2+7.0 206.4 + 8.2 —0.005 + 0.023 0.043 + 0.026
-6.05 -6.9+6.1 1944 +7.8 —0.006 + 0.022 0.088 + 0.022
-5.47 14+64 209.6 £ 7.1 0.043 +0.019 0.034 + 0.022
-5.18 57+6.1 2124 £7.7 -0.025 £ 0.019 0.076 = 0.020
-4.59 78+55 2102+ 7.1 0.006 + 0.018 0.053 +0.019
-4.01 -3+5.1 2149 + 6.7 0.038 + 0.015 0.064 + 0.019
-3.50 -0.1 £6.5 212.8 + 8.0 -0.012 £ 0.017 0.065 + 0.022
-3.06 -02+59 2289 +7.5 0.052 +0.016 0.041 +0.021
-2.04 —-1.7+4.38 2188 +5.2 0.005 +0.014 0.062 +0.015
0.00 -02+35 248.4 +4.0 0.026 + 0.009 0.055 +0.011
1.02 2+38 2332 +44 -0.010 £ 0.012 0.051 +£0.013
2.04 7.8+53 226.7 +6.2 —0.009 £ 0.017 0.037 £ 0.015
3.07 -02+6.2 226.4 + 8.5 0.012 £ 0.022 0.080 + 0.022
3.50 71+75 2157 +84 0.011 +0.025 0.065 + 0.021
4.16 3.2+6.5 210.7 £+ 6.9 —0.001 £+ 0.022 0.056 + 0.020
4.45 0.9 +6.0 2114 +7.8 —0.006 + 0.023 0.036 + 0.021
5.03 -1.5+70 200.7 + 8.5 0.000 + 0.025 0.047 + 0.026
5.62 1.0+ 6.8 203.0 £ 8.2 0.004 + 0.025 0.045 £ 0.023
591 44+74 208.1 £ 8.5 —0.041 £ 0.026 0.060 = 0.023
6.50 -55+78 208.8 + 8.7 -0.011 £ 0.028 0.007 + 0.026
6.86 79 +6.7 198.1 +7.8 —0.005 + 0.024 0.057 + 0.022
7.73 -49+6.7 193.1 £8.2 0.007 + 0.027 0.023 +0.023
8.17 —-12.8+7.2 187.3 £9.0 —0.008 + 0.028 0.055 +0.025
8.61 32+73 197.6 + 8.6 —0.020 + 0.028 0.049 + 0.022
9.12 -75+6.6 188.5 + 8.1 —0.028 + 0.027 0.047 +0.023
9.70 05+72 199.7 + 8.5 —-0.005 + 0.026 0.033 +0.023
10.29 -134+79 195.5 £9.0 0.032 + 0.027 0.032 + 0.023
10.94 -6.4+70 1819+ 8.3 0.006 + 0.028 0.059 +0.022
11.67 1.5+£82 186.3 + 8.8 0.021 + 0.029 0.056 + 0.024
12.47 26+72 195.1 + 8.5 0.005 +0.028 0.058 +0.021
13.35 -5.0+76 174.8 +9.2 —0.033 £ 0.029 0.071 +0.028
14.30 1.9+79 185.3+9.5 0.013 + 0.029 0.036 + 0.026
15.39 14+78 191.2 + 8.8 0.004 + 0.029 0.010 + 0.027
16.63 -59+78 180.6 + 8.4 0.037 £ 0.030 0.046 + 0.023
18.01 -8.0+7.2 188.6 + 8.5 —0.006 + 0.030 0.001 + 0.026
19.62 1.3 +8.0 1775 +7.9 —0.042 £ 0.031 -0.016 + 0.025
21.44 -13+74 172.8 + 8.1 —0.003 £ 0.031 0.029 + 0.024
23.48 -154+7.3 155.6 + 8.3 0.001 +0.031 0.022 + 0.024
25.88 -62+7.8 1484 +7.8 —0.030 + 0.032 0.053 +0.022
28.78 -2.8+6.8 139.2+7.8 —0.034 + 0.029 0.083 +0.019
32.40 -21.1+6.9 1334 + 8.1 0.068 + 0.029 0.077 + 0.020
37.30 —-114+7.0 146.9 + 7.4 0.024 + 0.031 —-0.004 + 0.025
44.70 -12+6.8 143.4+73 -0.001 + 0.027 0.030 + 0.017
58.08 -19.3+6.6 116.7 + 8.5 0.079 +0.017 -0.012 £ 0.012
97.33 —-68.0 + 8.1 109.6 + 18.3 —-0.009 + 0.017 —-0.025 £ 0.018
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Table 3. Minor axis kinematics of NGC 7507.

R Urot Ty h3 h4
(arcsec) (kms™) (km s™")

-81.02 -21.64 £26.2 133.5+32.8 -0.021 £0.007 —0.004 + 0.006
-46.29 25.06 = 10.2 156.8 £ 11.5 -0.077 £ 0.019 0.003 +£0.019
-34.90 22.56 + 8.5 163.3 + 10.1 0.008 + 0.023 0.094 +0.018
-27.88 42.26 + 8.0 159.9 £+ 9.7 0.018 + 0.023 0.129 + 0.015
—16.66 3456 +7.2 184.5+9.5 0.017 £ 0.026 0.069 + 0.024
-14.34 28.96 +7.2 173.6 £7.5 —0.016 + 0.026 0.036 +0.022
—-12.53 32.26 £ 7.1 193.2+94 —0.004 + 0.026 0.083 + 0.022
—-11.07 3336+7.5 196.5 £ 9.6 —0.064 = 0.026 0.012 +0.028
-9.84 29.56 +7.2 1859 £ 8.6 —0.046 + 0.026 0.047 + 0.025
-8.74 25.46 £ 6.3 184.5 +9.1 0.040 + 0.025 0.055 +0.027
-7.80 19.86 + 5.8 1775 £ 8.4 0.021 £ 0.025 0.078 = 0.024
-7.00 33.46 £ 6.1 188.8 +7.9 —0.036 + 0.024 0.056 + 0.022
-6.35 27.86 +7.2 1944 + 8.3 —0.040 + 0.026 0.025 + 0.025
-5.76 21.96 £ 6.3 201.5+8.4 0.007 = 0.025 0.031 +£0.023
-5.18 18.76 £ 5.8 1985+ 7.5 —0.009 + 0.024 0.046 + 0.022
-4.67 1576 £ 6.4 205.7 £ 8.9 0.011 £ 0.024 0.058 + 0.026
-4.23 16.76 £5.9 2114 £ 8.1 0.020 + 0.022 0.030 = 0.023
-3.79 20.16 £5.0 201.2 £ 8.0 0.029 + 0.022 0.060 + 0.022
-3.43 14.56 £ 6.0 204.1 £9.2 —0.007 = 0.024 0.063 + 0.025
-3.14 16.56 = 6.1 210.7 £ 8.4 0.005 + 0.022 0.046 +0.023
-2.04 1.26 6.2 2179 £ 8.8 0.035 + 0.023 0.053 +£0.022
-1.02 7.76 + 4.8 227.4 £ 6.7 0.022 +0.017 0.064 + 0.016
0.00 8.36 4.0 2454 £53 0.029 = 0.012 0.078 £ 0.013
1.02 —-11.04 £4.9 2245 +£5.3 0.034 + 0.016 0.023 +£0.019
2.11 —-10.44 £ 4.3 212.1 £5.9 0.019 £ 0.015 0.067 = 0.020
3.28 -20.44 £ 6.0 207.2 £ 7.1 —0.003 + 0.020 0.019 £ 0.024
3.64 -26.94 £5.1 209.8 £ 6.9 0.029 + 0.017 0.042 + 0.020
4.08 —-2324 +6.4 212.7 £ 6.6 0.035 £ 0.019 0.030 + 0.021
4.52 -23.14+59 203.1 £ 6.6 —0.001 + 0.020 0.021 £ 0.022
5.03 —-3394 +£5.2 202.8 + 6.4 0.013 £ 0.019 0.013 +£0.023
5.62 -2294 £6.9 189.9 + 7.7 —0.043 +0.023 0.039 + 0.026
6.27 -32.24 £ 6.5 183.9+7.5 0.023 = 0.023 0.062 + 0.023
7.00 -30.14 £ 6.2 204.0 +7.4 —0.020 = 0.022 0.021 = 0.027
7.80 -36.94 + 6.6 173.3+7.3 0.014 + 0.023 0.104 = 0.021
8.74 -35.04 £6.2 187.7 £ 6.4 0.069 = 0.023 0.023 + 0.025
9.84 5444 +74 186.8 +7.0 0.079 + 0.023 0.064 + 0.024
11.14 -51.14£7.6 1799 +7.2 0.047 + 0.024 0.069 = 0.024
12.81 —-43.04 £ 6.6 1849 +7.9 0.018 + 0.024 0.089 + 0.025
14.92 -54.44 £ 6.6 1744 +7.3 0.035 + 0.025 0.056 = 0.021
17.53 -61.14 £ 6.5 173.2 +7.7 0.033 + 0.025 0.051 +0.025
20.87 -55.14+7.5 179.3 £ 6.9 0.061 = 0.025 0.015 = 0.024
32.23 -54.74 £ 8.3 158.2 + 8.3 0.047 + 0.024 0.031 +0.023
42.16 —-48.24 +7.5 122.1 £ 11.9 0.027 £ 0.014 0.034 +£0.013
61.48 —-8.44 + 21.1 1359 £ 274  -0.021 £ 0.009 —0.013 + 0.007
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