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ABSTRACT

We present Space Telescope Imaging Spectrograph emission-line spectra of the central regions
of the spiral galaxies NGC 1300 and 2748. From the derived kinematics of the nuclear gas
we have found evidence for central supermassive black holes in both galaxies. The estimated
masses of the black holes in NGC 1300 and 2748 are (6.6753) x 107 and (4.4737) x 10’ M,
respectively (both at the 95 per cent confidence level). These two black hole mass estimates
contribute to the poorly sampled low-mass end of the nuclear black hole mass spectrum.

Key words: black hole physics — galaxies: individual: NGC 1300 — galaxies: individual:
NGC 2748 — galaxies: kinematics and dynamics — galaxies: nuclei — galaxies: spiral.

1 INTRODUCTION

The demography of supermassive black holes is an important ele-
ment in understanding the many aspects of galaxy formation and
evolution. Knowledge of the distribution function of black holes
is fundamental in the formulation and testing of theories of black
hole and galaxy formation. Initial studies concentrated primarily
on early-type systems (e.g. Macchetto et al. 1997; Magorrian et al.
1998); however, attention has recently been profitably given to spi-
rals (e.g. Barth et al. 2001; Sarzi et al. 2001). Nevertheless, there
are a limited number of nuclear black hole mass estimates and weak
coverage of the mass spectrum, particularly at the low-mass end.
The low-mass end of the mass spectrum is of particular im-
portance for a number of reasons. Kormendy & Richstone (1995)
showed, using early estimates for eight black hole candidates, that
the black hole mass is correlated with the luminosity (or mass)
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of the host bulge. Magorrian et al. (1998) later strengthened this
idea with a sample of 36 galaxies. More recently, both Ferrarese &
Merritt (2000) and Gebhardt et al. (2000) have independently shown
that a tighter correlation exists between hole mass and the veloc-
ity dispersion of the host bulge — although some authors have de-
rived equally tight correlations based on luminosity (e.g. McLure &
Dunlop 2001; Marconi & Hunt 2003). If these correlations are in-
deed intrinsic, they are of paramount importance in the sense that
they can be used to estimate black hole masses at large distances
where the resolution is too low for the practical use of more direct
methods. The bulk of the black hole mass estimates are in the range
of 107-10° M. Schidel et al. (2002) have shown that the mass of
the Galactic black hole is (3.7 & 1.5) x 10° M@, using a combina-
tion of high-resolution imaging and spectroscopy, obtained over a
period of ~10 yr. Even this beautiful paper can only constrain the
nearest nuclear black hole mass to ~40 per cent. Clearly, there are
nuclear black holes with masses that fall in the low-mass end of the
spectrum, and the various correlations predict that the lower-mass
spheroids — spiral bulges — might harbour these low-mass nuclear
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black holes. It is important to add to the current data base of black
hole mass estimates, regardless of the validity and tightness of these
correlations.

We use a volume-limited (recession velocity <2000 km s~!) sam-
ple of 54 galaxies that are taken from a larger sample of 128 galaxies
all classified Sb, SBb, Sc or SBc, for which we have ground-based
Hea and [N11] rotation curves. We used the Space Telescope Imag-
ing Spectrograph (STIS) on the Hubble Space Telescope (HST) to
obtain emission-line long-slit spectra for this sample. The spectra
have been previously illustrated in Hughes et al. (2003) and a pho-
tometric analysis of the STIS acquisition images was presented by
Scarlata et al. (2004). Interpretation and modelling of the spectra are
far from straightforward. In some cases, the rotation curves of the
galaxies are too poorly sampled or the emission-line gas delineates
highly irregular velocity fields. These cases cannot be meaningfully
analysed using a model in which the gas rotates solely in a coplanar
axisymmetric disc. Nevertheless, there are galaxies in the sample
that exhibit rotation curves to which such a model can be success-
fully applied. Two of these galaxies, NGC 1300 and 2748, are the
subject of this paper.

The first galaxy to be kinematically modelled was NGC 4041
(Marconi et al. 2003) where we found evidence of a black hole of
mass ~107 M, based on the standard assumptions of a nuclear disc
of emission-line gas, coplanar with the galaxy. However, we also
found that the central disc is blueshifted with respect to the extended
disc, suggesting that the two components may be kinematically de-
coupled. Consequently, in allowing the standard assumptions to be
relaxed (e.g. allowing the mass-to-light ratio of the nuclear com-
ponent to be different from that of the extended component), we
were only able to set an upper limit to the mass of the black hole of
~6 x 10° M@ . Marconi et al. (2003) establishes the methodology
that we use in investigating galaxies within the sample and we follow
this approach in modelling NGC 1300 and 2748.

2 OBSERVATIONS AND DATA REDUCTION

NGC 1300 is a striking galaxy with a strong well-defined kpc-scale
bar; it does not exhibit nuclear activity and is classified SBbc (de
Vaucouleurs et al. 1991). The classical bar structure lends itself to
dynamical modelling: the H 1 velocity field within the bar and spiral
arms has been modelled with tilted rings (Lindblad et al. 1997) and
the large-scale gravitational potential inferred from a mass model
based on the decomposition of the galaxy into individual structural
components: the bulge, bar, disc and lens (Aguerri et al. 2001).
Martini et al. (2003) note that the nuclear dust lanes connect to those
of the leading edge of the bar. This suggests that the large- and small-
scale gas flows are intimately linked. LEDA' quotes the average
radial velocity (by radio measurements) of NGC 1300 as 1575 £+
18 km s~!, which becomes 1409 km s~! after correction for Local
Group infall into Virgo. We thus adopt a distance of approximately
18.8 Mpc, at which distance 1 arcsec corresponds to ~91 pc (based
on an H of 75 km s~! Mpc ™). The position angle of the large-scale
disc is ~106° and its inclination is ~49° (LEDA), both of which
we adopt throughout this analysis. These values are consistent with
those derived by Elmegreen et al. (1996) and those published in
England (1989); England derived the position angle to be ~95°,
offset to our adopted value by only 10°.

NGC 2748 is an unbarred galaxy classified as SAbc
(de Vaucouleurs et al. 1991). Its radial velocity (by radio measure-
ment) is ~1476 4+ 8 km s~'; this becomes ~1741 km s~' when

! Available at http://leda.univ-lyon1 fr.
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corrected for the Local Group infall. For H, = 75 km s~! Mpc™',

this yields a distance of 23.2 Mpc, which means that 1 arcsec cor-
responds to a linear distance of approximately 112 pc. The galaxy
is reasonably highly inclined; LEDA reports the inclination to be
~73°, It might be thought that an edge-on disc provides the opti-
mal orientation to maximize the amplitude of the observed rotation
curve and, indeed, this will be the case for an infinitesimally thin slit.
For a finite slit width (or indeed a disc of non-negligible thickness),
the velocities sampled at some point along the slit originate from a
range of radii on the disc. The corresponding average velocity can,
for certain rotation curves, decrease. An obvious exception is that
of a disc in solid body rotation where the radial velocity across the
slit is constant. In this case, the edge-on disc yields the maximum
amplitude in the rotation curve. Given the typical rotation curves we
observe in the centres of spirals, we expect the inclination of NGC
2748 to yield a near-maximum amplitude rotation curve.

Our observational strategy consists of obtaining an acquisition
image and then two spectra at three parallel slit positions for each
target. One slit position is located on the nucleus as found in target
acquisition and is labelled the NUC slit. The two other slit positions
flank the NUC slit and are labelled OFF1 and OFF2. Full details of
this strategy, the instrumental set-up and data reduction procedures
can be found in Marconi et al. (2003). Specific details of the instru-
mental set-up for both NGC 1300 and 2748 are given in Table 1. The
position angles of the slits for NGC 1300 and 2748 are 110° and 38°
east of north, respectively. The spectra of NGC 1300 were obtained
at a position angle offset of only 4° with respect to the kinematic line
of nodes (i.e. the kinematic line of nodes of the galaxy). Regarding
NGC 2748, we obtained all spectra with the slits placed along the
major axis of the galaxy.

For our two galaxies we have retrieved Near-Infrared Camera and
Multi-Object Spectrometer (NICMOS) images from the archive.
The images were obtained using the F160W filter (approximately
H-band), have a pixel scale of 0.076 arcsec, and are of dimensions
19.2 x 19.2 arcsec®. For details of the data reduction techniques
used on these images, consult Hughes et al. (2003).

We have also made use of the Wide Field Planetary Cam-
era 2 (WFPC2) Associations archive to retrieve ‘science-ready’
F606W filter images. For details of the reductions and registra-
tion of the WFPC2 images, the reader should consult the webpage,
http://archive.stsci.edu/hst/wipc2/.

We display rotation curves derived from ground-based observa-
tions obtained using the Image Photon Counting System (IPCS)

Table 1. Individual root-names for each spectrum file, exposure time, slit
position and binning strategy, for each galaxy.

Galaxy Data set Exposure Slit On-chip
name time (s) position binning

NGC 1300 05h707010 240 OFF1 2x2

05h707020 240 OFF1 2x2

05h707030 360 NUC I x1

05h707040 380 NUC 1x1

05h707050 240 OFF2 2x2

05h707060 288 OFF2 2x2

NGC 2748 05h709010 288 OFF1 2x2

05h709020 288 OFF1 2x2

05h709030 432 NUC Ix1

05h709040 432 NUC Ix1

05h709050 288 OFF2 2x2

05h709060 288 OFF2 2x2
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on the Isaac Newton Telescope on La Palma (Vila Costas 1991).
NGC 1300 was observed on 1985 October 16 with an exposure
time of 1000 s and NGC 2748 was observed on 1987 June 5 with an
integration time of 1200 s. No analysis is made using these rotation
curves — we simply compare them with our high-resolution rotation
curves.

3 MODELLING TECHNIQUES

In modelling the observed rotation curves we use the standard tech-
niques applied when studying emission-line gas kinematics (e.g.
Macchetto et al. 1997; van der Marel & van den Bosch 1998; Barth
et al. 2001; Marconi et al. 2003).

To account for the contribution to the gravitational potential of
the stellar bulge, we model the surface brightness profiles using
the radial density profile model described by van der Marel & van
den Bosch (1998). These models (hereafter V98 components) are

defined as follows
21 #
Iy

p(m)=po<ﬁ>
v

where pg is a scale density and r, is a scalelength. We do not describe
the mathematical details of how such a three-dimensional density
model is converted into a one-dimensional surface brightness profile
here, but refer the reader to appendix A of Marconi et al. (2003).

We use a simple razor-thin disc for the geometry of the ionized
gas. The gas is assumed to travel along circular orbits in a disc, which
itself lies in the principal plane of the potential. We assume that the
motion is entirely due to the combined gravitational potential of
the stellar component and any putative black hole; thus, we neglect
pressure effects and turbulence in our model.

The velocity information is essentially contained in the full pro-
file of the emission lines; from this profile we infer the flux of the
emission line, the velocity centroid and the velocity dispersion. The
emission lines observed in our spectra are well approximated by
single Gaussians. Therefore, the complete velocity profile is not re-
quired for the fitting routines. Instead, we use the first three moments
of the flux-weighted velocity distribution. Again, the mathematical
model used to derive these moments is to be found in appendix B of
Marconi et al. (2003); see equations (B10)—(B12). The model takes
into account the point spread function (PSF) of the telescope using
images generated by TINYTIM (Krist & Hook 1999). We also model
the finite width of the slit (see Maciejewski & Binney 2001 for a
detailed discussion) and the finite size of the detector pixels.

Barth et al. (2001) showed that the large-scale emission-line flux
distribution is an important element in modelling the microstruc-
ture in the rotation curves in order to reduce the overall x? of the
best-fitting model. The total emission-line flux at a point x, y is
represented in our model by the sum of the flux given by

I(x,y)= ZIOifi (rr_(:>’

where f; is the chosen circularly symmetric function (e.g. a Gaussian
or an exponential), r; is the radius, r¢; is the characteristic scale
radius of the function and [ is the weighting of the function.
There is no reason that structures observed in the emission-line
flux should be circularly symmetric or be as smooth and continu-
ous as our model suggests. Nevertheless, it is comforting that the
rotation curves derived by Barth et al. (2001) using the emission-
line images are similar to those derived when using an approxima-
tion similar to ours. There are small differences between both sets:

those derived using the emission-line images reproduce some of the
microstructure in the observed rotation curves (as previously men-
tioned) whereas the rotation curves derived using the approximation
to the emission-line flux distribution are generally smoother.

All of our models are optimized by x> minimization using the
downhill simplex routine of Press et al. (1992).

4 RESULTS

4.1 Bulge density models

The left panels Fig. 1 show the acquisition images obtained for
NGC 1300 (top) and NGC 2748 (bottom). In the case of NGC
1300, the telescope appears to have centred correctly; however, the
acquisition image of NGC 2748 shows that the centre may well be
obscured by dust. The model might return a large impact parameter
if the telescope is indeed not centred on the kinematic centre. The
F160W image of NGC 1300 is smooth and shows little evidence
of dust. We also note that an ‘artefact’ is apparent to the west of
the nucleus; this feature was masked out when fitting the ellipses.
The dust lane visible in the acquisition image of NGC 2748 is also
visible in the corresponding F160W image, but is less striking.

We derived surface brightness profiles from both the F160W and
F606W images by fitting ellipses to the isophotes. The F160W im-
ages are displayed in the right panels of Fig. 1, where they have
been cropped in size to match the acquisition images. The F160W
images are much less affected by dust than are optical images;
1 mag of extinction in the V band corresponds to only ~0.18 mag in
the H band. Consequently, we consider the radial surface brightness
profiles derived from the F160W images to be the best choice when
approximating the bulge.

The F606W filter is a broad-band filter centred on 5767 A and
has a FWHM of 1579 A, encompassing much of the Johnson V and

v

N

Figure 1. Left: STIS F28X50LP filter acquisition images (NGC 1300, top;
NGC 2748, bottom). Right: NICMOS F160W filter images. The F160W
images have been cropped to match the STIS acquisition images in size (5
x 5 arcsec?). The NUC slits are indicated in the two acquisition images; the
OFF1/2 slits are the same size and are located immediately adjacent to the
NUC slits.

© 2005 RAS, MNRAS 359, 504-520
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Figure 2. Bulge models (solid lines) overlaid on the surface brightness profiles of NGC 1300 and 2748. The image from which each surface brightness profile
is derived is labelled on each plot. The dashed lines show the individual V98 components. The lower panel shows residuals from the fit.

Cousins R bands. To convert to the Cousins R band, we used SYNPHOT
in IRAF based on bracketing blackbody temperatures of 4000 and
5000 K, resulting in an average correction of —0.2 mag. This falls
neatly in the range derived by Marconi et al. (2003) using galaxy
and stellar spectra (KOV, Sb: ~0.4; AQV, Sc: ~0.05) templates.
There are techniques for mapping extinction, but given that they are
not particularly accurate we have chosen to approach the problem
from a different perspective. Given that the F6O6W images will
be significantly more affected by dust than the FI60W images, we
should determine different values for the black hole mass for bulge
models based on different photometry if dust is problematic.

4.1.1 NGC 1300

The derived surface brightness profiles for NGC 1300 are displayed
in the top panels of Fig. 2. We have fitted two models to the profile
derived from the F160W image; the first uses two V98 compo-
nents (both spherical) to model the complete surface brightness
profile. The surface brightness profile can be adequately repro-
duced up to a radius of approximately 4 arcsec using a single V98
model. However, at a radius of ~4 arcsec the surface brightness

© 2005 RAS, MNRAS 359, 504-520

profile drops sharply over a region of about 6 arcsec before level-
ling out. It is not clear whether this is a consequence of the galaxy
being off-centre in the image, in which case the outer isophotes are
only partially sampled, or something physical. Another contribution
to the drop in the profile may be uncertainties in background sub-
traction. The limited sampling of the isophotes may be the cause
of the steep ‘tail’ of the surface brightness profile at r > 4 arcsec.
To investigate this, we further trimmed the image so as to decrease
the sampling of the isophotes and refitted ellipses. The trimming
made little difference to the derived surface brightness profile so
we might expect the ‘tail” to be real. While this is an inconclusive
test, it suggests that it is indeed worth attempting to fit the complete
profile with two V98 components as well as the truncated profile,
with a single component. For completeness, we have fitted an addi-
tional model with a single V98 component to the truncated surface
brightness profile where the mass distribution has an intrinsic ax-
ial ratio of 0.1. This model represents an extreme ‘disc-like’ case;
the model fit is visually indistinguishable from that of the spher-
ical one-component fit. Finally, we have fitted a single V98 com-
ponent to the surface brightness profile derived from the F606W
image.
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4.1.2 NGC 2748

The F160W image of NGC 2748 exhibits a dust feature south-east
of the nucleus. We have derived surface brightness profiles with, and
without, masks of the obvious dust features, but found the difference
between the two resultant profiles to be negligible. The resultant
profile is smooth and does not appear to exhibit any strong shoulders
or ripples. We first tried to model the surface brightness profile
using a single V98 component, but found that the profile was not
satisfactorily reproduced at a radius greater than approximately 1
arcsec. Two V98 components match the surface brightness profile
much better. The average axial ratio of the isophotes is ~0.8, which
might be worrisome given our use of a spherical model for the bulge.
To investigate this we fitted a second pair of V98 models with an
observed axial ratio of 0.8. The resultant circular velocity profiles
are almost identical to those of the spherical model; thus, we are
justified in choosing the spherical model to represent the bulge for
simplicity. A second model, in which the extended V98 component
of the density model has a ‘disc-like’ axial ratio, was also fitted to
the surface brightness profile.

The F606W image of NGC 2748 exhibits significant extinction,
south-east of the nucleus. The nucleus may be only partially visible;
given the non-smooth central morphology, it is difficult to interpret
exactly where the photometric centre lies. We performed significant
masking when fitting ellipses to the isophotes; the resultant profile
is not particularly smooth, probably caused by the prominent dust
lanes, but is satisfactorily modelled using a single V98 component.
The bottom-right panel of Fig. 2 shows there to be significant resid-
uals in the model; however, we note that one will always obtain
notable residuals when fitting a smooth model to a non-smooth pro-
file. The model is satisfactory in matching the overall shape of the
observed surface brightness profile.

The optimized parameters for each density model are listed in
Table 2 with the associated value of the reduced 2, and the circular
velocities derived for each model are displayed in Fig. 3.

4.2 Kinematics

The reduced two-dimensional spectra were then analysed using the
tasks LONGSLIT and DIPSO in the Starlink FIGARO package. For each
row we have fitted the emission lines with single Gaussians, ap-
proximating the continuum with a linear model. In the regions of
extended emission, we have binned the spectra in LONGSLIT for two
reasons: the signal-to-noise ratio of the data is vastly improved and
we are not concerned with reproducing the small-scale ‘wiggles’ in
the extended rotation curves that are probably due to spiral waves,
local gas motions, etc. Binning the extended rotation curves also
has the advantage of dramatically reducing the computational time

used in our models. In the central regions of emission, we have
used DIPSO due to the added facility to constrain the parameters of
the Gaussians during the fit. We have concentrated primarily on the
Ha+ [N 1] feature due to its superior signal-to-noise ratio (com-
pared with the [S 1] doublet). Where possible, we have fitted three
Gaussians constrained to have the correct separations (accounting
for their redshift) and the same FWHMs. In the case of the [N11]
doublet, we have also constrained the intensity ratiotobe 3 : 1. A se-
lection of typical resultant fits for NGC 1300 and 2748 are displayed
in Fig. 4.

The extended regions of emission in NGC 1300 have been binned
in bins of 10 rows (0.5 arcsec in NUC, 1 arcsec in OFF1/2). The
extended rotation curve (Fig. 5) is visible only on one side of the
nucleus, with the exception of the OFF2 slit, where binning the data
has enabled us to measure one lone point on the opposite side to the
rest of the data. The NUC and OFF]1 central rotation curves show a
steep gradient (peak-to-peak of ~200 km s~!) compared with that
of the extended rotation curve in OFF2. The OFF2 slit shows a
strange central rotation curve in which the velocity has the same
sense either side of the nucleus. This forms a ‘smile-shaped’ curve
and we have been unable to model this feature, simultaneously with
the additional rotation curves. We assume that this region is locally
perturbed and is of little use as a tracer of mass. Therefore, we
discard these velocity points when modelling the rotation curves.

The rotation curves derived for NGC 2748 are well sampled
(Fig. 5). Binning the regions of extended emission in 1-arcsec
bins enables us to trace the rotation curves over a spatial range of
~20 arcsec (~2.25 kpc). The central regions exhibit strange rota-
tion curves: over pixels ~590-610 (295-305 in the OFF1/2 rotation
curves) there is a steep gradient of rotation (peak-to-peak ~150 km
s~1), perhaps indicative of a black hole. However, over pixels ~610—-
620, the velocities decline markedly. Again, we find that we cannot
simultaneously reproduce these parts of the rotation curves in the
three slits, and thus they are not used when modelling the rotation
curves.

We adopt the notation that the binned sections of the rotation
curves are called the extended rotation curves, whilst the single row
fits (i.e. in the nucleus) are called the central rotation curves.

The ground-based rotation curves are plotted in Fig. 6 where
we also overlay the corresponding STIS rotation curves (derived
from the weighted mean of all emission lines) on the ground-based
Ho rotation curve. The ground-based rotation curves for both NGC
1300 and 2748 were obtained along the major axis of each galaxy.
When overlaid, the STIS NUC rotation curves agree well with the
ground-based rotation curve; Fig. 6 shows how the steep central gra-
dient of rotation is only observed with the superior resolution of the
HST.

Table 2. Optimized parameters for the stellar potential in each model. p( is a scale density (assuming a mass-to-light ratio of unity), r}, is the scale
radius, 7 is the assumed inclination, ¢ is the intrinsic axial ratio, and « and § are the slopes of the profile.

Galaxy Band q i P0 b B PO ) o B Xred
©) Mg pc_3) (arcsec) Mg pc‘3) (arcsec)
NGC 1300 F160W 1 N/A 1.37 x 10* 0.107 1.99 0.25 1.026 14.23 1.37 3.71 72.4
F160W 1 N/A 6.45 x 10* 0.023 3.62 -0.9 - - - - 49.4
F160W 0.1 49 9.82 x 103 0.173 2.30 —-0.2 - - - - 31.3
F606W 1 N/A 0.137 14.74 1.80 3.15 - - - - 106.4
NGC 2748 F160W 1 N/A 1.9 x 103 0.046 0.99 0.34 31.44 1.03 —1.55 1.96 14.6
F160W 0.1 73 1.7 x 103 0.052 0.94 0.38 99.39 1.00 —1.49 1.87 14.3
F606 W 1 N/A 2.21 5.36 1.23 0.31 - - - - 14.1

© 2005 RAS, MNRAS 359, 504-520
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Figure 3. Circular velocities in the principal plane of the potential derived from the density models determined from the F160W and F606W images for
NGC 1300 (left panels) and NGC 2748 (right panels). The lower panels show the same circular velocities as the top panels, but over a larger radial range. The
velocities are calculated using the mass-to-light ratios derived in fitting the emission-line rotation curves (see later). These are as follows: NGC 1300 Y rieow
(2-comp Sph) = 0.66, Y gieow (1-comp Sph) = 0.73, T gieow (1-comp Disc) = 0.70 and Y geoew (2-comp Sph) = 2.3; NGC 2748 Y gi6ow (2-comp Sph) =

0.81, YTr16ow (2-comp Disc) = 1.18 and Y gepew (1-comp Sph) = 6.8.

4.3 Modelling the emission-line flux distribution

We use the reference pixels taken from the CRPIX2 values in the
FITS header of each spectrum to ensure that the spectra are correctly
aligned. We also take into account the fact that the spectra are shifted
and then realigned in order to enable accurate cosmic ray rejection.

The emission-line flux distributions along each slit are used to
estimate a two-dimensional image (or map) of the emission-line
flux distribution. Modelling the emission-line flux distribution is
only important in regions of strong velocity gradients. As such, we
neglect the effect of the flux distribution of the extended rotation
curves and only model the flux distributions in the central rotation
curves of all three slits simultaneously. We model the flux from the
most completely sampled emission line or, in cases of equivalent
sampling, we adopt He, as the [N 11] doublet (which is collisionally
excited) might be more affected by shocks.

The optimized parameters for each analytical component for each
emission-line flux model are listed in Table 3. The resultant mod-
els are overlaid on the observed emission-line flux distributions in
Fig. 7.

4.3.1 NGC 1300

The NUC emission-line flux profile of NGC 1300 shows a strong
peak in the central region. The flux distribution in the OFF2 slit is
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similarly peaked but much weaker, whilst in the OFF1 slit, the emis-
sion has a less prominent central peak. The given slit centres mean
that the peak of the flux distribution in each of the slits is not aligned,
and thus a single peaked model will not be sufficient to reproduce
the observed profile. Instead, a combination of four exponentials
and a constant baseline is found to be the best workable model for
reproducing the observed flux distribution. The [N 11] emission-line
profile is significantly different to the Ho emission-line profile in
shape. Consequently, we also modelled the [N 11] flux profile, which
is used to investigate how a different flux map affects the derived
black hole mass.

4.3.2 NGC 2748

In NGC 2748, the emission-line flux distribution peaks on the NUC
and OFF?2 slit at around a radius of ~0.4 arcsec. The peak of flux
in the OFF1 slit is much broader and is centred on a radius of
~(0.2 arcsec. We adopt a synthetic model of an exponential, two
Gaussians and a constant baseline to reproduce the observed distri-
bution.

4.4 Modelling the rotation curves

We model the rotation curves using two strategies following Mar-
coni et al. (2003). We begin using the standard approach in which
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Figure 4. A collection of typical Gaussian fits to emission lines in the nuclear regions (at radii of ~= 0.15 arcsec) of the NUC data sets of NGC 1300
and 2748. Where possible, we fit constrained Gaussians, to both Ho (6565 A) and [N11] (6584 A). The smooth solid lines show the final fits to the observed

spectrum.

we assume that the full gas disc is coplanar (the inclination is
fixed at its large-scale value) and that the mass-to-light ratio of
the stellar component is also constant with radius. Theoretically,
the use of three parallel slits should enable us to constrain the
angle between the slit and line of nodes. However, this relies on
asymmetries in the central regions of the rotation curves and small
changes in the shape of the rotation curve. Such signatures can be

difficult to pin down (although not impossible) given the intrinsic
small-scale variations in the rotation curves. Consequently, we run
models where the angle between the slit and line of nodes is both
fixed to its large-scale value and left as a free parameter of the
fit.

Our second approach, the alternative approach, relaxes these
constraints: we fit only the central rotation curves allowing the
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Figure 5. HST/STIS rotation curves. Expanded views of the central regions of the rotation curves are displayed below each full rotation curve. The OFF1/2
rotation curves are shown over the same radial range as the NUC rotation curves. Circles represent Hor (6563 A) and triangles represent [N 11] (6584 A). The
position of the brightest continuum flux (as determined in target acquisition) corresponds to NUC pixel rows 605 for both NGC 1300 and 2748, while the
position of the brightest emission-line flux corresponds to pixel row 605 for NGC 1300 and pixel row 613 for NGC 2748.

mass-to-light ratio or the inclination to vary. We note that these
parameters are still assumed to be constant over the region to which
we fit. We fit the extended rotation curves (with fixed geometry and
inclination based on large-scale values) to derive the mass-to-light
ratio of the system. Then we fit the central rotation curves, keeping
the mass-to-light ratio fixed at the value derived from fitting the
extended rotation curves, but allowing the inclination to vary. Con-
versely, we keep the inclination fixed at its large-scale value, but
allow for a different mass-to-light ratio. In all cases the geometry of
the disc is unconstrained.

We use the extended rotation curves to estimate any offsets in the
systemic velocity (due to uncertainties in wavelength calibration) of
the OFF1/2 spectra with respect to the NUC spectrum. Modelling
of NGC 1300 suggests that such offsets are approximately —7 and
—4 km s~! for the OFF1 and OFF2 slits, respectively; for NGC
2748 we find them to be approximately —1 and —4 to —5 km
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s~! (depending on which bulge model is used). We note that in
NGC 1300 we observe only one velocity point on the approach-
ing side of the disc, in the OFF2 rotation curve. Consequently,
the velocity offsets for NGC 1300 are not particularly robust;
however, comparing the OFF2 extended rotation curve with the
ground-based rotation curve, we see that the single data point is not
spurious.

4.4.1 NGC 1300

To satisfactorily model both the central and extended rotation curves
simultaneously, a shift in systemic velocity between them in the
range 28-35 km s~! is required. We attribute this shift to the fact
that the systemic velocity is constrained by only the single data point
on the approaching side of the disc. The uncertainty of the Gaus-
sian fits to this particular point is of the order of 8 km s~!, which,
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Figure 6. Ground-based rotation curves (left). Expanded views of the central regions of the ground-based He rotation curves are overlaid on the STIS NUC
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rotation curves.

Table 3. Optimized parameters for individual analytical components of the model emission-line flux maps.

Galaxy Emission Component Offset Offset Relative Scale
line cross-dispersion dispersion intensity radius
(arcsec) (arcsec) (arcsec)

NGC 1300 Ho Exponential 0.02 0.00 155.9 0.03

Exponential —0.14 —0.19 49.0 0.03

Exponential —-0.31 0.21 11.1 0.04

Exponential —0.10 0.18 27.3 0.02

Constant N/A N/A 1.7 N/A

NGC 1300 [Nn] Exponential 0.01 0.02 2693.0 0.01

Gaussian —0.13 —0.12 30.0 0.15

Gaussian 0.08 0.09 1631.2 0.02

Gaussian —0.11 0.16 1355.8 0.01

Constant N/A N/A 2.3 N/A

NGC 2748 Ho Exponential 0.42 —0.01 61.2 0.1

Gaussian —0.08 0.13 9.6 0.4

Gaussian —0.45 —0.42 7.7 0.6

Constant N/A N/A 0.8 N/A

combined with the degree of modulation seen in the extended rota-
tion curves of other galaxies in our sample, satisfactorily accounts
for this shift.

Table 4 lists the optimized parameters derived in a number of
models fitted to the rotation curves of NGC 1300. We define the
best base model to be that which uses the spherical density model

comprising the two components necessary to reproduce the com-
plete surface brightness profile derived from the F160W image, and
the Ho flux map. The complete list of models investigated is:

(i) a two-component spherical density model (based on the
F160W photometry) and the flux map derived from the Hoe flux
profiles;

© 2005 RAS, MNRAS 359, 504-520
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Table 4. Optimized parameters for velocity field models used in fitting the rotation curves using the standard approach defined in Section 4.4. Photometry
band indicates the image used to derive the surface brightness profile, which was then used to infer the density model (the number of components in the density
model is also listed). ¢ is the axial ratio of the density model; flux map indicates the emission-line profile modelled to infer the flux map; log M gy is the log
of black hole mass; Y is the mass-to-light ratio of the stellar component; S is the slit centre; b is the impact parameter; 6 is the angle between the slit and the
line of nodes; i is the inclination; Vs is the systemic velocity of the central rotation curves; AV gy is the shift in systemic velocity of the extended rotation
curves (with respect to the central rotation curves); x> and X?ed are the optimized values (the subscript ‘red’ indicating the reduced x2). A 1 indicates that the
parameter was fixed to that value during the fit.

Galaxy Photometry q Flux log Mg T So b 0 i Viys AV gy x?2 szed
band map Mp) o) (arcsec) (arcsec) ©) ©) (km s‘l) (km s")

NGC 1300  F160W: 2-comp  1f Hoa 0.00f 1.19  —0.015 —0.014 17 49t 1583 —-35 232.18 116
F160W: 2-comp 1T Ho 7.88 066  —0.022 —0.036 4t 49t 1598 —-31 54.44 2.7
F160W: 2-comp 1T Ho 7.87 065  —0.022 —0.033 1 49t 1602 —-35 5399 28
F160W: 2-comp 11 [N1] 7.63 065 —0.012  0.013 4t 49t 1598 —-30 9223 46
F160W: 2-comp  1f [N1] 778 062  —0.012  0.009 -3 49t 1606 —-36 89.52 47
F160W: 1-comp 1t Ha 7.86 0.73 —0.022  —0.036 4t 49t 1598 -29 63.73 3.2
F160W: 1-comp  1f Ho 7.84 072  —0.021 —0.033 3 49t 1599 -29 63.75 3.4
F160W: 1-comp 0.1 Ha 7.82 070  —0.022 —0.038 4t 49t 1598 -29 67.38 3.4
F160W: 1-comp 0.1 Ha 7.84 072 —=0.023  —0.039 0 49t 1605 —38 66.83 3.5
F606W: 1-comp 1T Ho 7.90 231 —0.021 0.034 4t 491 1597 —-30 61.06 3.1
F606W: 1-comp  1f Ho 7.90 227  —0.021 —0.033 3 49t 1599 —37 60.89 32

NGC 2748  F160W: 2-comp  1f Ha 0.00f 0.40 0.053 0.032 ot 73t 1481 - 99429  18.8
F160W: 2-comp  1f Ha 7.73 0.32 0096  —0.060 of 73T 1478 - 74657 144
F160W: 2-comp 1T Ho 7.64 0.81 0.073 0064  —23 73t 1481 - 71400  14.0
F160W: 2-comp 0.1 Ha 7.71 0.41 0.098 —-0.060 of 73t 1478 - 75239 145
F160W: 2-comp 0.1 Ha 7.53 1.18 0.080 0070 —-25 73t 1480 - 72601 142
F606W: 1-comp  1f Ho 7.79 238 0.097 —0.064 ot 73t 1478 - 74458 143
F606W: 1-comp  1f Ho 7.72 6.8 0.076 0.064 -23 73t 1482 - 687.17 135
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Figure 8. Model rotation curves derived for models with no black hole (dashed line) and a black hole of mass ~7 x 107 Mg (solid line) overlaid on the
observed rotation curves of NGC 1300. Expanded views of the central regions are displayed on the right. Both models use the mass density profile based on
the spherical two-component fit to the F160W surface brightness profile and the flux map derived from the Ha emission-line profiles. The line that connects
the points is used purely as a visual aid. The central and extended model rotation curves are not connected by the line to indicate that they are kinematically
distinct. All models were based on the assumptions of the standard approach, as defined in Section 4.4.

(ii) a two-component spherical density model (based on the
F160W photometry) and the flux map derived from the [N 1] flux
profiles;

(iii) a one-component spherical density model (based on the
F160W photometry) and the flux map derived from the Ho flux
map;

(iv) a one-component ‘disc-like’ (¢ = 0.1) density model (based
on the F160W photometry) and the flux map derived from the Hor
flux map;

(v) a one-component spherical density model (based on the
F606W photometry) and the flux map derived from the Ho flux
map.

Fig. 8 shows that a model without a black hole clearly fails to
reproduce the steep central gradient of rotation observed in our
STIS rotation curves of NGC 1300. This view is supported by the
fact that the x2 is much larger when compared with fits to models

including a black hole (see Table 4). Using the best base model,
we find a black hole with a mass of ~7.4 x 10" M is required
to reproduce the observed rotation curves. It is also comforting
that the optimized black hole mass is almost identical when the
disc is fixed coplanar and when the angle between the slit and the
line of nodes is optimized to 1° (an offset of only 3° to the large-
scale line of nodes). The impact parameter and offset along the
slit direction are both small (less than a pixel) suggesting that the
spacecraft was indeed correctly centred on the kinematic centre of
NGC 1300. The other base models return similar geometric param-
eters and black hole mass estimates compared with the best base
model. The range of black hole masses derived from all of the mod-
els is from ~4.3 x 107 to 7.9 x 107 M; however, the optimized
model based on the best base model has a significantly lower value
for x2.

Estimating the uncertainty in our best estimate of the black hole
mass is accomplished by creating a grid of black hole mass and

© 2005 RAS, MNRAS 359, 504-520
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Figure9. Model rotation curves derived for models with no black hole (long-dashed line), a black hole of mass ~5 x 107 M, with a coplanar disc (short-dashed
line) and a black hole of mass ~4 x 107 Mg with the angle between the slit and the line of nodes optimized at —23° (solid line), overlaid on the observed
rotation curves of NGC 2748. Expanded views of the central regions are displayed on the right. All models use the mass density profile based on the spherical
two-component fit to the F160W surface brightness profile and the flux map derived from the Ha emission-line profiles. The line that connects the points is
used purely as a visual aid. All models were based on the assumptions of the standard approach as defined in Section 4.4.

mass-to-light ratio values (around the optimized values of the best
base model) and optimizing a model at each grid point — the re-
sult being x? ellipses (displayed in Fig. 10). The high degree of
modulation in the rotation curves means that any simple disc model
will fail to produce reduced x? values close to unity. As such, we
follow the approach given by Barth et al. (2001) and also used in our
analysis of NGC 4041, and we have quadratically added a constant
(10.8 km s~') to the uncertainties in velocity at each point along
the slit. This constant is chosen to ensure that the best-fitting model
gives a reduced x? ~1. In this fashion, we are rescaling the x? el-
lipses. The resultant x> contours are widened by this method and
show the statistical uncertainties (at the 95 per cent confidence level)
in the black hole mass to be 6.6753 x 10" M. We note that this
value of black hole mass differs slightly from that derived originally
(7.4 x 10" M). This discrepancy arises from the fact that by adding
a constant to the velocity uncertainties, and thus widening the con-
fidence intervals of the x? ellipses, we have made the minimum in
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parameter space shallower. There are, in fact, two grid points which
have the lowest value of x2. We quote this latter black hole mass as
the best estimate (although there is little difference between them).
A glance at Table 4 shows that the optimized black hole masses
based on the other base models are within the range of uncertainty
derived above.

The part of Table 5 labelled ‘NGC 1300 Extended’ lists the op-
timized parameters of the models fitted to the extended rotation
curves. These model fits are primarily used to derive the mass-to-
light ratio of the system when modelling the rotation curves using
the alternative approach. The part of Table 5 labelled ‘NGC 1300
Central’ lists the optimized parameters of the various models fitted
only to the central rotation curves. We can clearly see that models
(without a black hole) which allow the inclination or mass-to-light
ratio to differ from their respective large-scale values result in a
value of x? much larger than the model that fixes these parameters
and allows the inclusion of a black hole. Note that, for conciseness,
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Figure 10. Contours of equal values of x? determined by a grid of black hole mass and mass-to-light ratio for NGC 1300 (left) and NGC 2748 (right). The
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Table 5. Optimized parameters for velocity field models used in fitting the rotation curves using the alternative approach defined in Section 4.4. Photometry
band indicates the image used to derive the surface brightness profile, which was then used to infer the density model (the number of component in the density
model are also listed). ¢ is the axial ratio of the density model; flux map indicates the emission-line profile modelled to infer the flux map; log M gy is the log
of black hole mass; Y is the mass-to-light ratio of the stellar component; Sy is the slit centre; b is the impact parameter; 6 is the angle between the slit and
the line of nodes; i is the inclination; Vys is the systemic velocity; x2 and szed are the optimized values (the subscript ‘red’ indicating the reduced x2). A T

indicates that the parameter was fixed to that value during the fit.

2

Galaxy Photometry q Flux log Mg T So b 0 i Vsys X Xred
band map Mp) Te) (arcsec) (arcsec) ©) ) (km s’l)

NGC 1300  Extended  F160W:2-comp  1f N/A 0.00f 0.75 0.00f 0.00f 4t 4ot 1563 14.36 2.1
FI60W: I-comp 1T N/A 0.001 0.88 0.00t 0.00% 4t 49t 1562 1937 28

F160W: 1-comp 0.17  N/A 0.00f 0.84 0.00f 0.00f 4t 40t 1563 2040 29

F606W: 1-comp 1T N/A 0.00f 2.69 0.00f 0.00f 4t 4ot 1563 1986 28

Central  F160W: 2-comp 1T Ha 0.00f 1.87  —0.027 —0.025 2 49t 1603 14099 157

F160W: 2-comp  1f Ha 0.00f 0757 —0.021  —0.002 4 59 1598 24378  27.1

F160W: 2-comp  1f Ha 791 0757 —0.023 —0.040 —4  49f 1609 3934 44

F160W: 1-comp 1 Ha 0.00f 174 —0.024  —0.023 3 49t 1605 12720  14.1
F160W: I-comp 11 Ha 0.00f 0.88t  —0.022  —0.003 3 59 1598 18536  20.6

F160W: l-comp 0.1 Ha 0.00f 1.41 —0.024  —0.023 2 49t 1604 108.97 12.1

F160W: I-comp 0.1T  Ha 0.00f 0.84T  —0.021  —0.004 4 60 1599 13725 153

F606W: 1-comp  1f Ho 0.00f 773 —0.027  —0.027 4 49t 1605 188.55  21.0

F606W: 1-comp  1f Ha 0.00f 2697 —0.021  —0.001 5 60 1597 31931 355

NGC 2748  Extended  F160W:2-comp  1f N/A 0.00f 0.38 0.00f 0.00f of 73t 1480 37733 189
F160W: 2-comp  0.1T  N/A 0.00f 0.48 0.00f 0.00f ot 73t 1480 389.72 195

F606W: 1-comp 1T N/A 0.007 3.30 0.007 0.00% of 73t 1480 381.85  19.1

Central  F160W: 2-comp  1f Ha 0.00f 2.68 0.122 0077 =27 73t 1470 101.79 3.7

F160W: 2-comp  1f Ha 0.00f 0.387 0.017 0.123 -5 62 1482 522.18 187

F160W: 2-comp  1f Ho 7.87 0.387 0.084 0.063 —-16 73t 1478 17075 6.1

F160W: 2-comp 11 Ho 7.22 2.10 0.107 0.063 —24 73t 1473 96.07 3.6

F160W: 2-comp 0.1 Ha 0.001 2.86 0.121 0.075 —26 73t 1469 101.73 3.6

F160W: 2-comp 0.1 Ha 0.00f 0.487 0.038 0.105 -9 6l 1481 45575 163

F606W: 1-comp  1f Ha 0.00f 28.91 0.132 0.095 —29 73t 1465 10927 3.9

F606W: 1-comp  1f Ho 0.00f 3307 —0.003 0.129 —4 64 1484 586.57 21.0

we have listed only one model which includes a black hole, using
the best base model. In all cases, the models which do not include
a black hole result in reduced x> values greater than 10, compared
with ~4 for the model including the black hole. In the left panels
of Fig. 11 we show the resultant model rotation curves for the first
three models; the best-fitting model is clearly that in which the in-
clination and mass-to-light ratio are kept constant while the mass of

a black hole is optimized, increasing the robustness of our original
black hole mass estimate for NGC 1300.

4.4.2 NGC 2748

For NGC 2748, we define the best base model as that which uses
the spherical two-component density model based on the F160W
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Figure 11. Central rotation curves of NGC 1300 (left) and NGC 2748 (right) derived for models based on the alternative approach (defined in Section 4.4).
The solid lines indicate rotation curves for models where the mass-to-light ratio and inclination were held fixed at those values for the large-scale data, and a
black hole, whose mass is a free parameter of the fit, is included. The short-dashed lines represent rotation curves derived for models with no black hole, where
the mass-to-light of the stellar component is a free parameter of the fit. The long-dashed lines represent rotation curves of models with no black hole, where

the inclination of the disc is a free parameter of the fit.

surface brightness profile. The complete list of base models used in
fitting NGC 2748 is:

(i) a spherical two-component density model derived from the
F160W image;

(ii) a two-component density model with the extended compo-
nent being ‘disc-like’, derived from the F160W image;

(iii) a one-component spherical density model derived from the
F606W surface brightness profile.

All models are based on the Ho flux map (there is little differ-
ence in shape between the Ho and [N 11] flux maps). The optimized
parameters are listed in Table 4 for NGC 2748.

In order to reproduce the observed central rotation curves of NGC
2748, a black hole of mass 4.4 x 10" M is required by the best
base model. Models without a black hole yield unsatisfactory fits
and return a larger x? than those with a black hole included (see
Fig. 9 and Table 4). A good fit to the central rotation curves requires
the angle between the slit and line of nodes to be ~—23°; however, if
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the disc is coplanar, we expect the slit to lie along the kinematic line
of nodes (i.e. 8 = 0°). Performing the same error analysis used in the
case of NGC 1300 (the constant added quadratically to the velocity
uncertainties was 19 km s~!) we find the statistical uncertainties (at
the 95 per cent confidence level) in the black hole mass yield a mass
of 44732 x 10" M. In deriving the x? ellipses for NGC 2748, we
note that the model which yields the lowest value of x? is that for
which the mass-to-light ratio of the stellar component differs from
the original optimized value. The difference is reasonably small: the
original mass-to-light ratio was ~0.8 whilst the mass-to-light ratio
yielding the lowest rescaled x? is ~1.1. This does not affect our
black hole mass estimate — we simply mention it for clarity.
Inspection of Table 4 shows that the optimized black hole masses
based on the other base models all lie within the uncertainties of the
optimized black hole mass derived using the best base model. The
reduced x? values are reasonably large (>10) for all of the models
used in fitting the rotation curves of NGC 2748. However, these
large values are caused by the high degree of modulation which
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Figure 12. Central FWHM profile of NGC 1300 (left) and NGC 2748 (right) derived for the best base models using the standard approach (defined in
Section 4.4). The solid lines indicate FWHM profiles for models with intrinsic gas velocity dispersions of ~33 km s~! (NGC 1300) and ~37 km s~!

(NGC 2748).

the rotation curves exhibit, suggesting that a reduced y? larger than
one is inevitable. Consequently, we feel that the large values do not
invalidate our black hole mass estimates; indeed, we have accounted
for the large values of reduced x 2 by rescaling them when calculating
the uncertainties in our black hole mass estimates.

The optimized parameters for the various models based on the
alternative approach are listed in Table 5. As a result of the high
inclination of NGC 2748 (~73°), varying the inclination in mod-
elling the rotation curves is unlikely to increase the amplitude of the
model rotation curves. Indeed, this is the case. Table 5 shows that in
all cases, when optimized, the inclination is lower than that of the
large-scale disc, and Fig. 11 shows that the model clearly fails to
reproduce the observed rotation curves.

Unlike the models of NGC 1300, we see that allowing the mass-
to-light ratio of the stellar component to vary we can satisfactorily
reproduce the observed central rotation curves without the need for a
black hole (x> ~102). However, this is compared to the model with
a black hole, in which the inclination is fixed to its large-scale value
and the mass-to-light ratio of the bulge is held fixed at the value
derived in fitting to only the extended rotation curves (x2 ~171).
If we allow both the black hole mass and the mass-to-light ratio of
the bulge to vary during the fit, we find that a black hole of mass

~2 x 10" M yields the lowest x(~96). The important point to
notice here is that for both models (from the best base model) the
optimized mass-to-light ratios are rather large compared to those
that are typically found. Bell & de Jong (2001) have shown that
the stellar mass-to-light ratio is correlated with galaxy colour. For
NGC 2748, we adopt an effective B—V colour of 0.82 (LEDA).
We then find that, for the wide range of models described by Bell
and de Jong (e.g. closed box, infall, outflow, etc.), the predicted
H-band mass-to-light ratio lies in the range 0.82—0.95. Moriondo,
Giovanardi & Hunt (1998) derive typical mass-to-light ratios for
early-type spirals ranging from roughly 0.1 to 0.9 in the K band
and ~0.1 to 1.9 in the J band. Maraston (1998) suggests, from
evolutionary synthesis of stellar populations, that even for a Salpeter
initial mass function population of age 15 Gyr, the largest K-band
mass-to-light ratio is only 1.3.

S DISCUSSION

Our analysis shows that to reproduce the central rotation curves of
NGC 1300, a black hole of mass 6.6753 x 107 M is required,
whilst NGC 2748 requires a black hole of mass 4.4737 x 107 M.

© 2005 RAS, MNRAS 359, 504-520
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We use the term black hole generically to mean ‘central massive
object’ or ‘dark point mass’.

To compare our black hole measurements to those predicted by
the correlations between black hole mass and bulge luminosity, we
use total galaxy magnitudes (in the J, K and H bands) from the Two-
Micron All-Sky Survey (2MASS) extended source catalogue and we
allow for the disc contribution using the correction of Simien & de
Vaucouleurs (1986). The total J, H and K magnitudes for NGC 1300
are 8.5, 7.8 and 7.6, respectively; for NGC 2748, they are 9.8, 9.1
and 8.8. The disc correction for galaxies of this type (T = 4) given
by Simien & de Vaucouleurs (1986) is ~2 mag. This yields absolute
J, H and K magnitudes of —20.9, —21.6 and —21.8, respectively,
for NGC 1300, and —20.0, —20.7 and —21.0 for NGC 2748. From
the correlations of Marconi & Hunt (2003), we find the predicted
black hole masses to be 1.8 x 10" Mg (J), 1.7 x 10" Mg (H),
1.5 x 10’ Mg (K) for NGC 1300 and 7.2 x 10° Mg (J), 6.6 x
100 Mg (H), 7.6 x 109 Mg (K) for NGC 2748. These estimates
are in reasonable agreement with our measurements, given the rms
scatter of 0.3 in log Mgy in the correlations, and our measurement
uncertainties. We have obtained and are currently analysing stellar
velocity dispersions for these galaxies. However, it has become clear
that reliable determination of this fundamental parameter is non-
trivial and the involved discussion will be postponed to a future
paper (Batcheldor et al., in preparation).

‘We have shown that the derived masses are robust and reasonably
insensitive to the fine details of the models used to reproduce the
stellar luminosity density profile. The mass-to-light ratios derived
in the models are reasonable for spiral galaxies (e.g. Moriondo et al.
1998). In NGC 1300, our models required a shift in the systemic
velocity between the central and extended rotation curves of approx-
imately 30 km s~!. This is probably because we only observe one
region of extended emission on the blueshifted side of the disc, and
it does not necessarily imply that there is a kinematically distinct,
blueshifted central disc.

In our analysis of the rotation curves, we have neglected the effect
of extinction by dust. This is acceptable, as we have shown that the
derived estimates of the black hole masses using R-band and H-
band photometry (which are affected to markedly different degrees
by extinction) are of the same order of magnitude. Even so, we
attempt to make a crude estimate of the extinction using the H—R
colour measurements from our images. The colours are measured
using apertures of 50, 100 and 500 pc, and all yield similar results.
This is comforting as the radial surface brightness profiles show no
sign of a colour gradient — the R-band and H-band images have
similar gradients. We assume an intrinsic H—R colour of —1.9 mag
(de Jong, 1996). We measured an H—R colour of ~—2.7 for NGC
1300 and ~—3.6 for the central 50 pc of NGC 2748 (compared with
~—3.9 for apertures of both 100 and 500 pc). We estimate a value for
E(H —R) of ~—0.8 mag in NGC 1300 and a central colour excess of
~—1.9in NGC 2748. The extinction in the H band is then estimated
to be 0.2 and 0.5 mag, respectively, using the extinction law of
Cardelli, Clayton & Mathis (1989). These extinction measurements
are negligible in deriving the black hole mass if the extinction is
uniform. However, they yield an increase in light of ~20 per cent
(NGC 1300) and ~58 per cent (NGC 2748), corresponding to a
decrease in the mass-to-light ratio of ~0.1 in log (NGC 1300) and
0.2 in log (NGC 2748). The fact that we derive similar black hole
masses using bulge models based on optical and infrared images
suggests that the black hole mass estimates are not sensitive to the
extinction of starlight (not to say that extinction might obscure parts
of the emission-line disc, which would enable better constraints in
the fitting).
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By relaxing the assumptions of a coplanar disc and constant stellar
mass-to-light ratio, we have shown that NGC 1300 still requires
a black hole to reproduce the observed rotation curves. Allowing
the inclination in NGC 2748 to differ in the nuclear regions does
not dispose of the need of a black hole to achieve a satisfactory
fit. Allowing for a different stellar mass-to-light ratio when fitting
the central rotation curves (compared to that derived when fitting
the extended rotation curves) weakens the need for a black hole.
However, the addition of a black hole to this model again yields a
better fit.

The kinematic centre of each galaxy is determined by optimiza-
tion of rotation curve models. It is of interest to locate these ‘centres’
on photometric images. The photometric centre of NGC 2748 is not
easily identified in the optical acquisition image due to the promi-
nent dust features. Although these dust features are less problematic
in the F160W image, there is still obscuration. We have attempted to
register the two images to see if the apparent photometric centres are
coincident. We find that the photometric centre of the F160W image
is offset by ~0.2 arcsec in the positive y-direction and ~0.2 arcsec
in the positive x-direction. These offsets correspond to roughly four
pixels in the NUC spectra, and suggest, in fact, that the OFF1 slit lies
on the nucleus of the galaxy. The y offset moves the centre towards
the observed peak in the emission-line flux, which has an offset of
~0.4 arcsec. However, there are certainly galaxies where the peak of
emission is clearly not at the kinematic centre, e.g. NGC 2694 (see
Hughes et al. 2003). Consequently, we should not be too concerned
that our models have returned the kinematic centre offset from the
peak of the emission-line flux. We have run additional models where
the kinematic centre was fixed at the infrared photometric centre.
These models yielded poor fits to the rotation curves and were not
pursued. Looking at Fig. 5 we see that the nuclear gas motions have
both prograde and retrograde components. In the fits presented ear-
lier, we have assumed that the prograde component, rotating with
the galaxy, corresponds to the ordered motion of an emission-line
gas disc. The retrograde component was discarded. However, we
also investigated the case where the retrograde component was as-
sumed to be a coplanar counter-rotating gas disc. In this case, the
prograde component was assumed to be due to non-circular mo-
tions and accordingly discarded. Using the alternative approach, we
investigated models both with and without a black hole. We have
found that the resultant x2 are of a similar order to those presented
in Table 5, although the OFF1 rotation curve is not well reproduced.
A black hole mass of ~107 M yields the best-fitting model in this
approach. This shows the ambiguity that can exist even when the
rotation curves are well sampled by the emission-line gas.

The presence of a black hole might be indicated by an observed
rise in the central FWHM of the emission-lines. Additionally, Barth
etal. (2001) suggest that an observed FWHM, which is much larger
than that expected due to the instrumental broadening, may be a
signature of non-circular motions. Inspection of Fig. 12 shows that
this is an issue in neither NGC 1300 nor NGC 2748; in both cases,
the observed FWHM profile is of the same order as that which the
model predicts. The model FWHM profiles displayed in Fig. 12 were
derived using the standard base model, but the models were mini-
mized using both the velocity and FWHM data, simultaneously. In
optimizing the models (which include the instrumental broadening),
the additional free parameter of the intrinsic velocity dispersion of
the gas is optimized to ~33 km s~! (NGC 1300) and ~37 km s~!
(NGC 2748). It is clear from the figure that, although the model
FWHM profiles roughly agree, in magnitude, with those observed,
they do not reproduce any detail. We only observe a well-defined
peak in the FWHM profile of the NUC slit of NGC 1300. However,
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this peak is highly asymmetric and is not at all well reproduced by
our model. We can conclude that while the observed FWHM pro-
files are consistent with the values derived in our models, they add
little constraint to the derived black hole mass estimates.

ACKNOWLEDGMENTS

JWA acknowledges financial support from a UK Particle Physics
and Astronomy Research Council (PPARC) studentship. We thank
Andrew Robinson and Nial Tanvir for useful discussions. Support
for proposal GO-8228 was provided by the National Aeronautics
and Space Administration (NASA) through a grant from the Space
Telescope Science Institute (STScl), which is operated by the As-
sociation of Universities for Research in Astronomy, Inc., under
NASA contract NAS 5-26555. This publication makes use of the
LEDA data base.

REFERENCES

Aguerri J. A. L., Prieto M., Varela A. M., Muifioz-Tuiién C., 2001, Ap&SS,
276,611

Barth A. J., Sarzi M., Rix H., Ho L. C., Filippenko A. V., Sargent W. L. W.,
2001, ApJ, 555, 685

Bell E. F, de Jong R. S., 2001, ApJ, 550, 212

Cardelli J. A., Clayton G. C., Mathis J. S., 1989, AplJ, 345, 245

de Jong R. S., 1996, A&A, 313, 377

de Vaucouleurs G., de Vaucouleurs A., Corwin J. R., Buta R. J., Paturel
G., Fouque P., 1991, Third Reference Catalogue of Bright Galaxies.
Springer, New York

Elmegreen D. M., Elmegreen B. G., Chromey F. R., Hasselbacher D. A.,
1996, ApJ, 469, 131

England M. N., 1989, ApJ, 344, 669

Ferrarese L., Merritt D., 2000, ApJ, 539, L9

Gebhardt K. et al., 2000, ApJ, 539, L13

Hughes M. A. et al., 2003, AJ, 126, 742

Kormendy J., Richstone D., 1995, ARA&A, 33, 581

Krist J., Hook R., 1999, The TINyTIM User’s Guide. STScI, Baltimore, MD

Lindblad P. A. B., Kristen H., Joersaeter S., Hoegbom J., 1997, A&A, 317
36

Macchetto F., Marconi A., Axon D. J., Capetti A., Sparks W., Crane P., 1997,
AplJ, 489, 579

Maciejewski W., Binney J., 2001, MNRAS, 323, 831

McLure R. J., Dunlop J. S., 2001, MNRAS, 327, 199

Magorrian J. et al., 1998, AJ, 115, 2285

Maraston C., 1998, MNRAS, 300, 872

Marconi A., Hunt L. K., 2003, ApJ, 589, L21

Marconi A. et al., 2003, ApJ, 586, 868

Martini P, Regan M. W., Mulchaey J. S., Pogge R. W., 2003, ApJS, 146,
353

Moriondo G., Giovanardi C., Hunt L. K., 1998, A&A, 339, 409

Press W. H., Teukolsky S. A., Vetterling W. T., Flannery B. P., 1992, Numer-
ical Recipes in C: The Art of Scientific Computing, 2nd edn. Cambridge
Univ. Press, Cambridge

Sarzi M., Rix H.-W., Shields J. C., Rudnick G., Ho L. C., MclIntosh D. H.,
Filippenko A. V., Sargent W. L. W., 2001, ApJ, 550, 65

Scarlata C. et al., 2004, AJ, 128, 1124

Schodel R. et al., 2002, Nat, 419, 694

Simien F., de Vaucouleurs G., 1986, ApJ, 302, 564

van der Marel R. P., van den Bosch F. C., 1998, AJ, 116, 2220

Vila Costas M. B., 1991, PhD thesis, Univ. Manchester

This paper has been typeset from a Microsoft Word file prepared by the
author.

© 2005 RAS, MNRAS 359, 504-520



