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WAVELENGTH-DEPENDENT KINEMATICS IN THE DUSTY INCLINED GALAXY NGC 2146
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ABSTRACT

We present measurements of the apparent rotation curves of the dusty inclined spiral NGC 2146 taken
using conventional long-slit spectroscopy in the red and near-infrared. The curve measured in Ho emission
shows, with respect to that observed in [S 1] 19069, a series of dips in velocity which coincide in positions
with dips in the intensity of Ha, and with the dust lanes evident in broad band images. A more detailed
quantitative comparison, including a previously published velocity curve in Bry (Hutchings et al. 1990), using
a schematic model, supports the hypothesis that dust is causing the Ha/[S m] discrepancies and highlights the
need to measure rotation curves of inclined galaxies as far into the infrared as techniques permit. The 19069
[S m] emission reveals a zone in expansion at 190 pc from the nucleus (previously detected in Bry but at
lower spectral resolution and with consequently limited velocity diagnostics) whose kinematics and energetics
are well explained in terms of an expanding “superbubble” due to a starburst. Finally we suggest, from the
invariance of the velocity curve with wavelength at nucleocentric radii greater than ~1500 pc that our obser-
vations imply very limited observable dust extinction in the outer parts of the disk of NGC 2146.

Subject headings: galaxies: individual (NGC 2146) — galaxies: ISM — galaxies: kinematics and dynamics —

stars: formation

1. INTRODUCTION

Using near-infrared lines, we here investigate the effects of
dust on the observed kinematics of the SB II peculiar galaxy
NGC 2146 (Sandage & Tammann 1987), which is a highly
inclined spiral with a prominent dust lane (Fig. 1 [Pl. L2]). De
Vaucouleurs (1950) explains the projected geometry of the
spiral pattern by the presence of a third arm inclined with
respect to the principal plane of the galaxy and responsible for
the strong absorption crossing the main body. The central
regions of NGC 2146 are dusty and highly obscured. The
visual extinction, toward the nucleus, has been estimated at
5-6 mag (Keel 1985; Benvenuti, Capaccioli, & D’Odorico
1975; Hutchings et al. 1990). From the regularity of the veloc-
ity field at different slit position angles, Benvenuti et al. (1975)
showed there are no large-scale radial motions and inferred a
mass of 4.6 x 10'° My within 80" of the nucleus. The CO
velocity field is quite regular and shows a large velocity gra-
dient of 0.2 km s~ ! pc™!, which is steeper than the value
measured in Ha (Jackson & Ho 1988), a difference almost
certainly due to extinction effects. The CO intensity map
agrees very well with the radio continuum map (Kronberg &
Biermann 1981) which, unlike the optical, shows a remarkable
degree of symmetry: the center of the radio continuum emis-
sion is hidden optically behind strong dust absorption. Kron-
berg & Biermann (1981) suggested that the radio emission is
indicative of a young massive starburst and traces supernova
events. Infrared images and colors indicate the existence of a
significant population of hot young stars in the central region
of the galaxy (Hutchings et al. 1990). From the Ho flux, Young,
Kleinmann, & Allen (1988) inferred that nearly 40% of the
radiation from the galaxy is due to OB stars. NGC 2146 has
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very active star formation and high dust content, and in this
sense it is a typical IR-luminous galaxy.

The present observations were aimed at elucidating the kine-
matics within the inner 30” of the galaxy, corresponding to
some 2 kpc at its distance of 14.5 Mpc (Benvenuti et al. 1975).
As we will see below, the use of the near-IR not only sharpened
our understanding of the inner dynamics of the galaxy but also
revealed an interestingly well defined direct kinematic observa-
tion of the effect of the starburst.

2. OBSERVATIONS AND DATA REDUCTION

The data were obtained in 1990 January with the ISIS spec-
trograph (Unger et al. 1988) on the 4.2 m WHT Telescope of
the RGO facility at the Observatorio del Roque de los
Muchachos, La Palma. Long-slit spectra were taken with the
red arm of the ISIS spectrograph with a 1180 x 800 pixel CCD
chip. The spectral dispersion was 0.73 A pixel ~*. The 300 um
entrance slit width gave an angular resolution of 1'5, slightly
undersampling the 1” seeing. The spectra of NGC 2146 were
obtained placing the slit at a p.a. 128° through the nucleus and
cutting the dense dust lane located in the NW region of the
galaxy (Fig. 1). Two spectral images were recorded: one cen-
tered on Ha, including the [N 1] 146548, 6584 lines and the
[S ] 146717, 6784 lines; and another in the near-infrared
wavelength region, including the Ca 1 IR triplet lines and the
[S 1r] 49069 lines. The exposure times were 1800 s for all the
frames. Image reduction and analysis was performed using
the UK STARLINK image processing package FIGARO
(Shortridge & Bridger 1987) and DIPSO (Howarth 1987) for
the flat-fielding and sky line subtraction. Given the limited
spatial extent of NGC 2146 we were able to subtract the sky
lines in both wavelength regions from sky spectra obtained at
the ends of the slit. Wavelength calibrations were performed
with CuAr arc spectra using the ARC2D calibration program.
The peak velocities and intensities of the spectral lines were
determined by fitting Gaussians with the LONGSLIT
program for the analysis of calibrated long slit spectra. The
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FiG. 1—V-band CCD image of NGC 2146 taken with the JKT 1 m telescope, La Palma. The slit through the nucleus, along p.a. 128°, cuts the dust lane to the
NE, where we see heavy dust obscuration (1 mm on the plate is 079, or 63 pc).

PrADA et al. (see 423, L35)
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velocity errors were no more than 10 km s™*. Both programs
are in the TWODSPEC package (Wilkins & Axon 1991),
implemented in the FIGARO package.

3. RESULTS

3.1. Wavelength-dependent Kinematics

We compare in Figure 2 the rotation curves of NGC 2146 at
p-a. 128° in emission lines at different wavelengths: Ha, [N 1]
26584, and [S m] 19069. At the position where the slit crosses
the dust lane (the zone between 8” and 20” to the NW of the
nucleus, see Fig. 1) we see differences in velocities at different
wavelengths due to the effect of extinction as we discuss below
in a simple model.

3.2. Kinematics and Extinction

We can use the measured differences in the observed rota-
tion curves in the three emission lines we observed, as well as,
Bry taken from Hutchings et al. (1990), displayed in Figure 2,
to show via a simple model that dust extinction is the probable
cause of their divergence, notably in the zone between 8” and
20" to the NW of the nucleus. Selecting a point 10” from the
nucleus at this side where, as seen on Figure 1, the slit is in fact
crossing a strong dust lane, we measure for the three emission
lines the differences between the systemic velocity of the galaxy
(916 + 20 km s ™!, in good agreement with the value 909 + 19
km s~ ! given by Benvenuti et al. 1975) and the observed radial
velocities, with values presented in the table (See Fig. 3).

Any attempt to model the effect of the dust obscuration must
deal with an unknown geometry as well as an unknown true
rotation curve. For simplicity we choose an exponential dis-
tribution of dust with radius, and taking the effective radius of
emission, r.(4), as that where the dust optical depth at wave-
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FIG. 2—Measured radial velocities in Ho, [N 11] 46584, and [S m] 19069,
along an axis at p.a. 128°, of NGC 2146 (see Fig. 1), compared with the curve
for Bry taken at slightly different position angle (p.a. 135°) by Hutchings et al.
(1990). Velocity differences between the Bry, [S 1] velocities and the Ha/[N 1]
velocities are greatest where extinction is clearly reducing the Ha intensity, i.e.,
in zones of maximum dust concentration (NW of the galaxy). The errors in
velocity were no greater than 5 km s~ (except for Bry). Note also the non-
circular motions in [S m] (and Bry), 277 to the SE of the nucleus, due to an
expanding starburst zone (see text) (1” = 70 pc).
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FiG. 3.—Plots of the logarithm of the relative coefficient A,/A4, at wave-
length A against the computed galactocentric weighted distance r, for emission
at that wavelength, based on models with two kinematic schemes: (a) A con-
stant rotational velocity (dashed line, triangular symbols) and (b) rotational
velocity varying with radius according to the rotation measured in Bry, shown
in Fig. 1 (continuous line, square symbols). The model fits to the data used the
circular projection scheme shown in the inset, where the observed Bry, [S ],
and Ha emissions come from increasing values of r, according to dust penetra-
tion depth. The table compares observed projected circular velocities in three
emission lines for the point 10” to the NW of the nucleus and tabulates the
relative extinction coefficients which were used in the schematic dust model.

length 4 is close to unity, we derive the form
rem(d) =alnAd; + B

for the dependence of r.,,(4) on the extinction 4,, where o and
B are constants. In Figure 3 we plot r,(4) against In 4, and
find an acceptable linear fit to the data, which suggests that the
dust is a probable cause of the velocity differences observed. To
obtain the fit we began by assuming that the Bry curve
(Hutchings et al. 1990) represents velocities very close to those
which would be measured along the major axis in the absence
of dust. The reduced projected velocities for [S 1] and Ha in
the table are the results of geometrical projection imposed by
the dust, with the lines of sight achieving only partial penetra-
tion, as illustrated in Figure 3. The distance from the nucleus to
the point on the major axis from which we assume the Bry
radiation comes, is 700 pc, corresponding to 10”, for a distance
to NGC 2146 of 14.5 Mpc (Benvenuti et al. 1975). At this radial
distance from the nucleus the rotation curve is still rising,
according to the Bry data, which we can use to estimate the
effective nucleocentric distances from which the [S 1] and Ha,
seen projected at 10”, should be coming. These distances are
1200 pc and 1475 pc, respectively. The visual dust optical
depth, 4,, given by this model corresponding to the emission
point from which the Bry is received is close to 10 mag.

We make no major claim for this modeling exercise, based as
it is on a number of assumptions which are not fully sup-
ported; it should be treated strictly as semiquantitative evi-
dence for the view that dust rather than, for example, variation
in excitation conditions is probably responsible for the velocity
differences measured. This conclusion is further strongly sup-
ported by the fact that the Hax and [N 1] 16584 curves in
Figure 2, follow each other perfectly within the limits of mea-
surement errors, as expected for lines close in wavelength
where dust was the important factor rather than difference in
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excitation. Further, in Figure 2, we note that the relative inten-
sity of Ha, at some places along the slit, falls due to heavy
obscuration, where the dust lane is located (Fig. 1). This pheno-
menon was noticed by Hutchings et al. (1990). They described
the overall Ha velocity field in NGC 2146 as that of a regular
rotating disk but pointed out that dips in the velocity curve
occur at positions where the intensity of the Ha is reduced,
ascribing this to dust extinction.

There are two other notable kinematic features in Figure 2.
Between some 18” and 24” from the center to the NW, there is
a sudden dip in the rotation curve, in which [S mr], Ha, and
[N 1] coincide in velocity. We can account for this by the
presence of the “third arm” feature described in the intro-
duction, which cuts the spectrograph slit in this region. This
feature is characterized by exceptionally strong dust absorp-
tion as revealed in the J(1.95 um) band (Hutchings et al. 1990),
and we must assume that here the emission in all the lines is
coming from near the front surface of the feature. Beyond some
20" to the SE and some 24" to the NW, we reach what must be
the plateau of the true rotation curve for NGC 2146, finding no
significant difference between [S nr], Ha, and [N 1] velocities
in these regions. The simplest way to explain this is that there is
very little dust affecting the projected rotational components
beyond this point of the galactic disk, some 1500 pc from the
center of the galaxy, a conclusion akin to that of a similar study
due to Bosma et al. (1992) of NGC 891. Additional evidence,
such as the absence of obvious dust in the V-band image (Fig.
1), the relative smoothness and flatness of the curves, and the
approximate equality of the velocity moduli for the SE and
NW “plateau” regions does point to a low dust solution for
the outer disk, but there are still grounds for caution about this
inference.

Further support for the hypothesis that dust absorption is
the cause of the divergences between the rotation curves
observed in the different emission lines comes from the rota-
tion curve measured in the line of 12CO J = 1 — 0 (Jackson &
Ho 1988). The slope of this curve is a little steeper than that in
Ha to the SE of the nucleus, but much steeper to the NW in the
zone of the dust lane (Jackson & Ho 1988). This of course, is in
accord with deeper dust penetration in CO as is the symmetry
of the CO curve about the nucleus.

3.3. Star Formation Activity

NGC 2146 shows strong nonthermal radio continuum emis-
sion (Kronberg & Biermann 1981) and high IRAS FIR lumi-
nosity (6.5 x 10'° L ; Sanders et al. 1986) suggesting a young
and strong starburst in which OB stars dominate the emitted
luminosity. VLA radio continuum observations reveal, a popu-
lation of ~ 20 point sources embedded in a diffuse nonthermal
background (Glendenning & Kronberg 1986). These radio
sources are probably supernovae (SNs) or young supernova
remnants and appear equivalent to the sources found in M82
by Kronberg & Sramek (1985). The most intense radio emis-
sion in NGC 2146 forms a bar of dimension 40" x 6" elongated
along p.a. 128°, and the peak of this radio emission forms the
center of a barlike “ triple ” source suggesting a S shape at p.a.
105° (Kronberg & Biermann 1981).

Our [S 11] 419069 observations, along the p.a. 128°, show a
double velocity structure centered 2'7 (~190 pc) to the SE
from the nucleus (Fig. 2). This is consistent with a large-scale
expansion or “superbubble” due to supernova events, which
cannot be seen in Ha or [N 1] 16584 (Fig. 2) because of dust
extinction. This velocity expansion is not fully sampled in the
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Bry rotation curve by Hutchings et al. (1990) due to the moder-
ate velocity resolution (40 km s~ '), although we can in fact see
a sharp velocity step in Bry at the position of the superbubble
in the [S ] rotation curve. The superbubble can be identified
with one of the lobes of the S-shaped central barlike triple
radio source described by Kronberg & Biermann (1981). A
number of supernovae occurring frequently in an OB associ-
ation may create a superbubble (Mac Low & McCray 1988),
which is a large, thin shell of cold gas surrounding a hot pres-
surized interior. The superbubble detected here using [S 1]
19069 in NGC 2146 has an expansion velocity of ~60 km s™*
and a radius ~ 140 pc deprojected using an inclination, i = 65°
(Benvenuti et al. 1975). The mechanical luminosity Lgy of the
superbubble and the dynamical time ¢ of the expansion can be
estimated from its expansion velocity v and Radius R, using the
equations given by Mac Low & McCray (Lgy ~ 3.6 x 10%°n,
(em™3) RZ Vi e-15t ~ 0.6 R,o/Vims-1), Where n, is the density
of the medium in the bubble. For a value for n, of ~600 ¢cm ™3
(Benvenuti et al. 1975) we find a luminosity due to supernovae
Ley ~ 3 x 10*° ergs yr ! and a dynamical time of 1.4 Myr.
Assuming that a single SN deposits an energy of 10°° ergs in
the ISM, we thus estimate a rate of ~0.3 SNs yr~!, which is in
reasonable agreement with a theoretical value of 0.1 SNs yr™!
obtained using the FIR luminosity (SN rate = 0.2Lg ;, yr™';
Heckman, Armus, & Miley 1990). This fits Jackson & Ho’s
(1988) inference that the two galaxies have similar ratios of the
total IR luminosity to the total H, mass, so the efficiency of
star formation is as high in NGC 2146 as in M82.

4. IMPLICATIONS FOR EXTINCTION AND
EXCITATION MEASUREMENTS

If our explanation of the rotation curve discrepances due to
dust is correct, visual extinction in NGC 2146 cannot be
derived as previously assumed by Young et al. (1988) from the
[S mr]/Ha intensity ratios because the photons which reach us
are coming from different galactocentric radii as shown by
their different rotation curves (Fig. 2). For the same reason, i.e.,
that emission in [S 11] and Ha along the same line of sight may
come from very different zones of the galaxy, the observed
[S m]/Ha ratio cannot even be used reliably as an indicator of
nebular excitation, as assumed by Kennicutt & Pogge (1990).
Moreover, the Bry/Ha ratio used by Hutchings et al. (1990)
does not give a good estimate of the excitation either. In fact,
we cannot get a reliable estimation of the 4, value from line
intensity ratios at different wavelengths. We would be on
somewhat safer ground using line ratios at longer wavelengths,
i.e., near-infrared lines. The same considerations apply to
similar observations in comparable galaxies; Waller, Gurwell,
& Tamura (1992), for example, use the Bry/Ha ratio to estimate
the extinction in M82. We know, from a comparison at the
[S 1] 19069 rotation curve by McKeith et al. (1993) with that
in He, that the near-infrared emission in M82 comes from radii
much closer to the galactic center than the Ha and this geo-
metrical displacement effect will be stronger still for the Bry
versus Ha curves. We therefore offer a warning that the use of
intensity ratios without the corresponding kinematic data can
lead to misleading estimates of extinction in the presence of
dust, especially in inclined galaxies, and that even with the help
of the kinematics, any result will be model dependent.
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