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ABSTRACT

We present images of the barred galaxy NGC 7479 in the optical and near-infrared broad bands B, V, R, J,
H, K, and images in Ha + [N 1] and CO (J =1 — 0) emission. The Hax and CO emission in the bar are
coincident and confined to narrow linear features that are offset from the center of the bar as observed in the
near-infrared. We estimate the gravitational potential from the K image, which provides an estimate of the
torque on the gas at the position of the CO emission in the bar. We find that the implied gas inflow velocity
derived from the torque is 10-20 km s~ . Our inflow velocity is independent of the large streaming motions

which can be observed in CO and H 1.

Subject headings: galaxies: individual (NGC 7479) — galaxies: kinematics and dynamics —
galaxies: photometry — infrared: galaxies

1. INTRODUCTION

Numerical simulations show that nonaxisymmetric distor-
tions in the potential of a galaxy caused by galaxy interactions
can be efficient at funneling gas into the nucleus of the galaxy
(Mihos & Hernquist 1994a, b; Barnes & Hernquist 1991;
Noguchi 1987, 1988; Hernquist 1989; Shlosman & Noguchi
1993; Shlosman, Begelman, & Frank 1990). During the merger,
the galaxy exhibits an asymmetric spiral arm pattern and has
gas which can be undergoing star formation located in linear
features that run next to a stellar bar. Because the linear fea-
tures are offset from the bar, there is a torque on the gas
causing a loss in angular momentum and inflow toward the
nucleus (van Albada & Roberts 1981).

NGC 7479, a barred galaxy with an asymmetrical two-arm
spiral, has many symptoms of interaction. The galaxy has an
unusually large and well defined bar for an Sc galaxy
(Blackman 1983; Elmegreen & Elmegreen 1985) and its
nucleus appears to be offset from the center of mass of the
system. It has a luminous nuclear region which is classified to
be a LINER (Keel 1983), and as type H 1 by Filippenko &
Sargent (1985). The nucleus is compact at 10 um (Telesco,
Dressel, & Wolstencroft 1993) with IRAS colors between those
of Seyfert and starburst galaxies (Roche et al. 1991). Beckman
& Cepa (1990) observed dust lanes that “lead” the bar and
“lag” the spiral arm pattern outside the bar; features predicted
by Burbidge, Burbidge, & Prendergast (1960) based on velo-
cities observed along the bar. However, NGC 7479 is relatively
isolated (Tully 1989), with nearest neighbor ~2° away (~1
Mpc projected), so it is unlikely that a nearby galaxy has
caused its present, short-lived asymmetric appearance. The
appearance of the galaxy would however be consistent with a
recent merger with a low-mass companion (see Mihos & Hern-
quist 1994a).

In this paper we report the results of a multiband study of
NGC 7479. This is a study of a strongly barred galaxy similar
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to the recent multiband study of the spiral galaxy M51 (Rix &
Riecke 1993; Rand & Tilanus 1990). In § 2 we present images
of NGC 7479 at B(0.44 um), V(0.55 um), R(0.71 um), J(1.25
um), H(1.65 pym), and K(2.2 um), as well as a narrow-band
Ho + [N 1] image and a high-resolution CO(1-0) intensity
map. As discussed in § 3, we observe a thin linear feature in the
broad-band infrared color maps coincident with CO and Ha
emission that is offset from the center of the bar observed in the
near-infrared. Our data are a preliminary part of a survey of
200-300 galaxies that will produce a library of photometrically
calibrated images of late-type galaxies from 0.4 to 2.2 ym.

The numerical simulations of Mihos & Hernquist (1994a)
predict that the asymmetric spiral arms and gas inflow should
last only a few dynamical times. Because of the transient
appearance of NGC 7479 it is an interesting candidate in
which to estimate a gas inflow rate. Gas inflow rates in barred
galaxies are difficult to measure from velocities observed in CO
and H 1 because of the large streaming velocities predicted in
simulations (e.g., Athanassoula 1992) and also observed (e.g.,
Turner, Hurt, & Hudson 1993). Typically the inflow velocities
are predicted to be only a small fraction (<0.1) of the radial
streaming velocities (Athanassoula 1992). In § 4 we estimate an
inflow rate by computing the torque on the dense gas which
depends upon its location in the gravitational field of the
galaxy. The torque is derived from the gravitational potential
which we estimate from our K image following the procedure
introduced in Quillen, Frogel, & Gonzalez (1994). This tech-
nique is well suited to our study since it estimates the gravita-
tional potential of a nonaxisymmetric system on the principal
plane of the galaxy. We assume a distance to NGC 7479 of
D = 32 Mpc which corresponds to a Hubble constant of 75
Mpc~ ! km s ™. At this distance 1” corresponds to 160 pc.

2. OBSERVATIONS

2.1. Near-Infrared Images J, H, and K

The J and K images were observed under photometric con-
ditions on 1992 November 15 with the 1.8 m Perkins Telescope
of the Ohio State and Ohio Wesleyan Universities at Lowell
Observatory in Flagstaff, AZ using a 256 x 256 HgCdTe array
in the Ohio State Infra-Red Imaging System (OSIRIS) (DePoy
et al. 1993). The array covers a field of 6.6 x 6.6, with a spatial
scale of 1.50 arcsec pixel ~ 1. Individual images were taken with
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an exposure time of ~3.15 s. The total on source integration
time was 25.2 minutes in both bands. On 1992 November 16 an
additional observation at K was obtained with a total integra-
tion time of 20 minutes under nonphotometric conditions.

An H image and short exposures in J and K were obtained
under photometric conditions on the 1.0 m Swope Telescope at
Las Campanas Observatory on 1993 October 3. The infrared
array (Persson et al. 1992) covered a field of 3'9 x 39, with a
spatial scale of 0.92 arcsec pixel "!. Individual images were
taken with an exposure time of 30 s in J and H, and 20 s in K.
Total on source integration times were approximately 21
minutes in H, 3.5 minutes in J, and 100 seconds in K. The short
exposures at J and K were used to check the calibration of the
longer exposures from the Perkins Telescope.

For both sets of observations, the sky was observed for a
total integration of about half of the total on source integration
time. Flat fields were constructed from median-filtered sky

.frames. Images were aligned to the nearest pixel and combined

after a slight nonlinearity correction, flat-fielding, and sky sub-
traction. A planar surface was removed from the resulting
images to correct for problems in sky subtraction probably due
to scattered light.

The final images were calibrated using standard stars from
Elias et al. (1982) to convert to the CTIO/CIT system. We
compared the resulting images to aperture photometry by
Willner et al. (1985) with an aperture diameter of 5” and by
Devereux (1989) with aperture diameters of 53 and 9”3. We
find that our J, H, and K magnitudes are lower than those of
Devereux (1989) by 0.12 mag and higher than that of Willner et
al. (1985) by 0.44 mag. We agree with colors observed by both
sets of authors. In contrast, the absolute calibration of our Las
Campanas and Perkins data agreed to within +0.01 mag at J
and +0.04 magat K.

In our images, the noise per pixel has a variance that corre-
sponds to 23.1 mag arcsec” 2 at J, 21.7 mag arcsec 2 at H, and
22.1 mag arcsec” 2 at K. We note that at a given isophote level
the J and K have approximately the same signal-to-noise ratio
whereas the H image has a much lower signal-to-noise ratio.
The FWHM of stars in the images are ~2”6 and are spatially
undersampled. Near-infrared images are displayed in Figures 1
and 2.

2.2. Optical Images B, V,and R

The B, V, and R images were observed under photometric
conditions on UT 1993 September 17 using the Ohio State
University Imaging Fabry-Perot Spectrometer (IFPS) on the
1.8 m Perkins Telescope. We used the IFPS in its direct
imaging mode (no etalon in the beam) with the Lowell NSF
Texas Instruments 800 x 800 CCD detector. With this detec-
tor, the focal reducing optics of the IFPS gives an image scale
of 0749 pixel ~! with a slightly vignetted 6’5 field of view. Indi-
vidual images were taken with an exposure time of 60 s in R,
120 s in V, and 300 s in B. Total integration times were 5
minutes at R, 6 minutes at V, and 10 minutes at B. Flat fields
were constructed from means of images taken at twilight.
Images were combined after flat-fielding, dark subtraction, and
a linear overscan bias subtraction. Cosmic-ray events were
removed using interactive median filtering. Noise in the image
corresponds to ~25.5 mag arcsec 2 in the three optical bands.

Calibration was done by observing stars in two Landolt
fields (Landolt 1992). We compared magnitudes measured in
synthetic round apertures centered on the nucleus in our B and
V images to those listed in Longo & de Vaucouleurs (1983).

We find that our B and V zero points agree within 0.05 mag to
a best fit to all magnitudes listed in Longo & de Vaucouleurs
(1983). Optical images are displayed in Figures 1 and 2.

2.3. Color Maps

Registration for the color maps was done by centroiding on
stars in the field. We used linear transformations which
included a rotation and a scaling term. Images were trans-
formed to the scale of the 1750 pixel ! J and K images which
have the largest pixels. We estimate that our registration is
good to within 0”3 based upon the variance of centroids in
different images of the field stars of the registered images. Prior
to division the images were smoothed so that stars had the
same FWHM as the J image. Color maps are displayed in
Figures 3 and 4.

2.4. Ho + [N 11] Narrow-Band Image

The Ha + [N 1] and continuum band CCD images were
obtained on UT 1993 September 18 using the IFPS on the 1.8
m Perkins Telescope. Two 50 A interference filters located
below the f/17 Cassegrain focus were tilt-tuned to the appropri-
ate bandpasses for the redshifted Ha + [N 1] 116548, 6583
emission lines and a region of line-free continuum ~ 69 A blue-
ward of the emission-line band. Changes in the filter band-
passes due to placement in a slow nonparallel beam are
insignificant (<0.01%). Conditions were nonphotometric, with
thin cirrus visible at sunset, and the seeing was steady at ~2"
FWHM measured from field stars on the images. Total expo-
sure times were 1800 s (30 minutes) in each band. Flat-field
frames were constructed by combining twilight sky images.
The images were flat-fielded and debiased, and then registered,
scaled, and subtracted to produce a pure emission-line image
following the procedures described in Pogge (1992).

The flux was calibrated by summing over the entire image
and comparing to Kennicutt & Kent (1983)s integrated
Ho + [N 1] flux of 1.4 x 1072 ergs cm ™2 s~ L. The calibration
of our image is uncertain by +15% primarily due to uncer-
tainties in the sky levels and the scaling factor of the contin-
uum image. The residuals from stars in the field were not
removed when summing the flux in the image but they contrib-
ute less than a few percent. The Ha image is displayed in
Figures 3, 4, and 5. The emission is confined to narrow features
that follow the bar and spiral arms.

2.5. OV RO Interferometer CO Observations

Three fields covering the bar and nucleus of NGC 7479 were
observed in the CO(J =1 —0) line with the three-element
Owens Valley Radio Observatory millimeter-wave interferom-
eter (Padin et al. 1991) between 1987 December and 1989 Feb-
ruary. The central field was centered at the Dressel & Condon
(1976) position; the others were offset by 33" north and south.

All of the 10.4 m telescopes (HPBW = 65") were equipped
with cryogenic SIS receivers, whose noise temperatures were
measured to be ~300 K SSB. Measurements of an ambient
temperature chopper wheel were used to correct for variations
in sky opacity and receiver gain. The quasar 3C 454.3 was used
to calibrate the phase, and Uranus and Mars were used as
absolute flux standards. Spectral coverage was provided by 32
5 MHez filterband channels, resulting in a resolution of 13 km
s ! and an instantaneous bandwidth of 416 km s~ !. Each field
was observed in four different telescope configurations, with
projected baselines ranging in length from 10 to 60 m. After
calibrating the data, channel maps were made using uniform
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FiG. 1.—Images at B, V, R, J, H, and K displayed in a linear scale. North is approximately up, and east is approximately to the left. Up is at a position angle (from
north) of +3°. Note that in the optical bands both the effects of dust absorption and young blue stars can be seen. The infrared images have much less small-scale
structure. The linear streaks in the optical images are from a bright star outside the field of view that bled across the CCD. The scale in arcseconds is shown on the

lower left.
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FiG. 2.—Images at B,

V, R, J, H, and K in magnitudes. Contours are 0.5 m per square arsec apart with maximum contour at 23.5, 23.0, 220, 20.5, 20.0, 19.5 mag
per square arcsecin B, V, R, J

, H, and K, respectively. The scale in arcseconds is shown on the lower left.
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F1G. 3.—Color maps, Ha, and CO(1-0) emission. Black represents reddening in the color maps. The J—K,J—H, H—K, and R —J color maps are displayed from
0.65 to 1.15, 0.4 10 0.9, 0.0 to 0.4, and 1.0 to 2.5 mag, respectively. The Ha image is displayed as the log of the surface brightness over a range of —16.7t0 —14.7 with
the Ha surface brightness in ergs cm =2 s~ ! arcsec™ 2. The CO image is displayed as the log of the surface brightness over a range of — 1.5 to 0.5 with the CO(1-0)
surface brightness in Jy km s~ ! arcsec™ 2. The linear feature running along the bar is easy to see in the J— K and H —K color maps but difficult to see in the J— H
color map implying that this feature is very red. This feature is the site of both Ha and CO(1-0) emission.

553

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995ApJ...441..549Q

NN Y T

[1O05A0

-
o

b

7+ Hot[NII]

- & > 5
», ¥ U g B . =
S R Al
LY 3 1.
- LT g s
e g k u i
b W TR M Tl ol ;im P g g

100
arcsec

50

FiG. 4—Additional color maps to show features on the sides of the bar. The B—V,R—J,J—K,and B—

to 1.35 and 2.5 to 4.2 mag, respectively. The Ha image is displayed as in Fig. 3.
emission. The outer pair of linear features is coincident with blue colors in the

“lens-shaped region.”

J color maps are displayed from 0.4 to 1.2, 1.0 to 2.5, 0.65

The lower right-hand corner shows a crude representation of the peaks of the Ha
color maps. We refer to the region bounded by these outer linear features as the
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FIG. 5—a) Ha gray scale and CO(1-0) contour overlay. CO(1-0) contours are at 0.05, 0.1, 0.2, 0.5, 1.0, 2.0 Jy km s~ ! arcsec™ 2. The CO contour map covers a

30" x 115" region (bordered by the dotted lines) containing the nucleus and bar. (b)) Ha gray scale and K contour overlay. The lowest contour is 19.2 mag arcsec™ 2

with contours increasing by a ratio of 1.5 in surface brightness.
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weighting with the AIPS task MX. The channel maps from the
three fields were combined with the AIPS mosaicking task
MMAP.

In the final mosaic map, data from the central field was given
half the weight of the other two fields and clipped beyond a
radius of 20” (the 75% power point), since it was significantly
noiser. Data from the other fields were clipped beyond a radius
of 40” (the 35% power point). The resultant maps were created
with a synthesized beam of 874 x 676 at PA = 0°, have sensi-
tivity to structures as large as 30", and are corrected for the
response of the primary beam. CO emission is detected in 26 of
the 32 individual channel maps over the velocity range 2190-
2502 km s ! (LSR) at a level >4 ¢. The channels with emission
were combined to form a moment 0 map of the total CO
intensity. Figure Sa shows a CO contour map of a 30" x 115"
region containing the nucleus and bar. Nothing from outside
this region has been detected at a level >3 o.

CO emission is detected from a marginally resolved circum-
nuclear component, and from several components along the
bar. The OVRO map contains a CO flux of 150 + 20 Jy km
s™! from the circumnuclear component (r = 0"-8"), and
120 + 30 Jy km s~ ! from the bar components (r = 8"-60").
From a comparison with a single-dish CO map obtained with
the FCRAO telescope (J. D. P. Kenney, unpublished), we esti-
mate that the interferometer has detected 90% + 5% of the
total circumnuclear flux, and 30% + 10% of the bar flux. The
CO emission peak, which coincides with the CO kinematic
center, is located at «(1950) = 23"02™26%38, §(1950) =
12°03'10%6, which is offset by 7” from the Dressel & Condon
(1976) position.

3. RESULTS

3.1. Morphology

Near-infrared images of galaxies detect light primarily from
cool giants and dwarfs that contribute a major fraction of the
bolometric luminosity of a galaxy. Particularly in spiral gal-
axies, these stars are much better traces of the mass distribu-
tion of the galaxy than are the bluer, hotter stars (Aaronson
1977; Frogel 1988). Because extinction from dust is far less in
the near-infrared than in the optical (Ax ~ 0.14,) near-
infrared images will also show more accurately the intrinsic
shapes of galaxies. The asymmetric appearance of the spiral
arms of NGC 7479 in the near-infrared bands implies that the
mass distribution of the galaxy is not centered about the
nucleus. We note that the outermost isophotes (see Fig. 2) are
also not centered on the nucleus. The large size of the southern
spiral arm, causes the centroid at K to be ~5” south of the
nucleus. This situation is typical of mergers (e.g, Mihos &
Hernquist 1994a, b) and should last only a few rotation
periods. We see no strong feature at K that could have been the
nucleus of a smaller galaxy so we suspect that the smaller
galaxy has been disrupted.

NGC 7479 has spiral arms and bar that are the most sharply
delineated in Ha of the galaxies observed in the complete Ha
imaging survey (Pogge 1989) of 91 northern non-Seyfert spiral
galaxies with magnitudes at B greater than 12 mag. This galaxy
also has the most highly asymmetric spiral arm pattern of any
galaxy in this survey. The Ha emission can be described in
terms of two separate pairs of nearly linear features; a pair of
linear features that run along the bar on either side of the
nucleus, and an outer pair that extend into the spiral arms. A
cartoon figure of the two pairs of linear features is shown at the
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lower right-hand corner in Figure 4. The two pairs of linear
features may be caused by two timescales of nonaxisymmetric
or quadrupolar distortions of the potential; an outer mode
caused by the remnant of the smaller galaxy that has merged
with NGC 7479 and produces the features seen as spiral arms,
and an inner mode that we see as a bar.

In addition to the narrow feature seen in the J—K color
map, Ha and CO(1-0) emission (see Figs. 3, 4, and 5), there is a
broader lens-shaped region ~100” long and ~25” wide and
with nearly constant red colors in all color maps (see Fig. 4)
which is broader than the bar itself (compare Figs. 1 and 4).
This region has sharp edges on the northwest and southeast
side and is bounded by the outer pair of linear features of Ha
emission that extend into the spiral arms (see Fig. 4). Colors
outside the edge of the lens-shaped region are blue (see Table 1
under the column headed Outside Ridge) which suggests that
the edge of the region is not caused by a drop in extinction but
caused by blue stars that are associated with the outer pair of
linear shocks.

The bulge is small, and there is no radius at which the iso-
photes are round. Mihos & Hernquist (1994a, b) predict that in
a minor merger, galaxies without bulges develop bars shortly
after their first close passage. The asymmetric appearance,
small bulge, and large bar in NGC 7479 fit this prediction. In
order for there to be a significant bulge component in the
region where the isophotes are not round, the bulge would
have to be nonspherical and have an anisotropic velocity dis-
persion.

3.2. The Linear Shocklike Feature

The bar of NGC 7479 contains a strikingly narrow linear
feature that is easily visible in the J— K and H —K color maps
(see Fig. 3), but difficult to detect in a J—H color map. This
feature runs parallel to but displaced from the major axis of the
bar, in the sense that it is closer to the leading edge of the bar.
Aside from the nucleus, the feature has the reddest JHK colors
of any part of the galaxy (see columns labeled Linear Feature
and Nucleus in Table 1). It is also coincident with the location
of the reddest colors observed in R—J (see Fig. 3). As may be
seen in Figure 4 this linear feature also contains spots with blue
optical colors B—V ~ 0.74. Hx and CO(1-0) emission are also
strongly concentrated along this feature.

Although the S/N of our H image is significantly lower than
that of our J and K images, we can still estimate the average
difference in color between the linear feature and the part of the
bar immediately adjacent to it (see the column labeled Lens
in Table 1). The difference in J—K (see Table 1) is about
0.1 +£0.02, and in J—K it is about 0.03 + 0.03. It is unlikely

TABLE 1
CoLORs*
Outer Outside Linear
Color Disk Ridge Lens Nucleus Feature®

B—J...... 275 28 33 4.05

V—J...... 2.1 2.15 24 3.00

R—J...... 1.6 1.7 1.9 2.35
J—-H...... 0.5 0.6 0.7 0.77 0.73
J-K...... 0.7 0.8 09 1.28 0.98

* Estimated errors are typically less than 0.1 mag and are primarily deter-
mined by variation of colors in the features, rather than the systematics of the
observations. See § 3.1 and 3.3 for discussion.

® The optical colors are omitted for the linear feature because of the large
color variations in this feature.
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that such a difference in color could arise from simple
reddening since the ratio of color differences A(J — K)/A(J — H)
is typically ~1.5. We note that the apparent spatial coin-
cidence of the Ha and CO(1-0) emission and the blue spots (in
B—V) points to a close association of young blue stars and
cold dense molecular gas with the linear feature seen in the
J—K and H—K color maps. There must be an additional
emission process contributing to the K surface brightness at a
level that is ~10% above that of the bar, but with only a very
small contribution at J. Possible emission processes that could
contribute at K are emission from giants and supergiants, dust
emission (e.g., Sellgren 1984), and continuum emission from
ionized gas. Studies of star-forming regions have found that
even in starbursts nebular emission contribute less than 1% to
the K band surface brightness (e.g., Lester et al. 1990 in M82);
however, emission from newly formed giants and supergiants
can make a significant contribution to the K surface brightness
(Ricke et al. 1980; Lester et al. 1990; Krabbe, Sternberg, &
Geuzel 1994). Higher resolution and better signal-to-noise
ratio near-infrared images would resolve some of the ambi-
guities seen in our infrared color maps. This, coupled with
spectral observations of hydrogen lines, a measurement of the
CO index and far-infrared images could determine the emis-
sion processes. Studies of M51 show that the Ha emission is
offset from the CO emission and regions of highest extinction
(Rand & Kulkarni 1990). Thus it is quite possible that higher
resolution images would show more structure and that differ-
ent processes may dominate at different locations.

East-west slices across the bar at a number of vertical offsets
are shown in Figure 6. As pointed out previously, we see that
the He and CO(1-0) emission are offset from the long axis of
the bar defined in the near-infrared (see Fig. 5). Within the bar
corotation radius, the gas angular rotation rate is expected to
be faster than the bar angular rotation rate. When a shock
occurs, it is expected to occur on the “leading” side of the bar
since in the frame in which the bar is stationary, this side is
downstream from the peak density of the bar. In the spiral
arms of M51 (Rand & Kulkarni 1990) and at the bar end in
MS83 (Kenney & Lord 1991), Ho emission occurs downstream
from the CO(1-0) emission presumably because of a delay in
the time between forming stars in the dense gas and creating
H 1 regions. We do see this at the outer ends of the bar in NGC
7479 (see Fig. S5a). The larger lag in the outer region may be due
to a faster passage of the gas through the shock at this radius,
or because streamlines could be more circular near the end of
the bar. Higher resolution CO and Ha observations may show
that they are also not coincident in the central region.

4. ESTIMATING THE GAS INFLOW RATE

4.1. Estimating the Gravitational Potential

We correct for the inclination of the galaxy assuming an
inclination of 45° 4+ 4° and a position angle of 39° + 1°
(Grasbol 1985). Following Quillen et al. (1994) we estimate the
gravitational potential by convolving the deprojected K image
of the galaxy (with stars removed) with a function that depends
on the vertical scale height of the disk. This technique is well
suited to our study since it estimates the gravitational potential
of an nonaxisymmetric system in the principal plane of the
galaxy and can be done quickly with a fast Fourier transform.
We assumed a sech? form for the vertical density of the disk
[p.(2) oc sech?(z/h)], where h is the scale height of the disk. We
used a vertical scale height h = 4", that is ~1/12 times the
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FiG. 6.—East-west slices across the bar. The dotted line is the surface
brightness in the optical R band, and the thin solid line is the surface brightness
in the infrared K band. The thick solid line is the Ha emission, and the dashed
line is the CO(1-0) emission. All curves have been normalized so that their
peak is 1. Each plot consists of an average across a slice 4'5 wide extending in
the east-west direction. Each slice is centered at a position directly north or
south of the nucleus. Offsets of the center of the slice are given in arcseconds on
the right-hand side of each plot. The horizontal axis is an offset in arcseconds
(in the east-west direction) from the center of each slice. Note that there is an
offset between the peaks of the Hx and CO(1-0) emission and the peak of the
bar as seen in the infrared images.

exponential disk length of the galaxy 49”6 + 2" Gresbol (1985).
This assumption is consistent with optical and near-infrared
observations of edge-on disks (Barnaby & Thronson 1992;
Wainscoat, Freeman, & Hyland 1989) and resulted in a self-
consistent potential model for the bar of NGC 4314 (Quillen et
al. 1994). Because of the small size of the bulge, we did not
consider its three-dimensional nature; thus our potential will
not be accurate near the nucleus (r < 8).

The gravitational potential in the plane of the galaxy, ®(x, y),
is shown in Figure 7 as a contour map of the quantity,

M/L, \! D \
O, ”(1.35 MO/LKO) (32 Mpc) (@4.1)

in units of (km s™*)> or (pc Myr™!),2 where M/Ly is the
K-band mass-to-light ratio with Lg in units of solar K lumi-
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FiG. 7—Contours of the gravitational potential derived with vertical scale length h = 4” = 640 pc overlayed on a gray scale of the K surface brightness. Contours
are 10* (km s~ )2 apart with the central contour at —22 x 10* (km s~ *)2. Units of the potential are multiplied by factors given in the text. We have corrected for the
inclination of the galaxy assuming an inclination of 45° and a position angle of 39° (Grasbol 1985).

nosities, and M in units of solar masses. Duval & Monnet
(1985) observed in Ha at a radius of 50" (where the rotation
appears to be circular) a maximum line-of-sight velocity of 160
km s~ !, which corresponds to a circular velocity of 226 km s~ *
for a galaxy inclination of 45° (Gresbol 1985). The K-band
mass-to-light ratio we require in order to match this circular
velocity is M/Lg ~ 1.35 Mo/Lg. This corresponds to the
mass-to-light ratio of a single burst population model of age 12
Gyr for metallicity [Fe/H] = —0.25 (Worthey 1994) which is a
quite reasonable value for an average mass-to-light ratio. Our
predicted rotation curve and angular rotation rate derived
from the azimuthally averaged potential with this mass-to-
light ratio is displayed in Figure 8. We find that at least one
inner Lindblad resonance (ILR) exists, and that it must be very
close to the nucleus. The location of the strong circumnuclear
CO emission is near the predicted location of the ILR as is
observed in many other barred galaxies (Kenney et al. 1992).
The small radius of the ILR and central concentration of
molecular gas would be consistent with a merging scenario in
which the molecular gas in the nucleus now observed resulted
from inflow. Assuming that corotation is near the bar end, we
estimate that the bar angular rotation rate is Q, ~ 0.1 Myr ™!
from the angular rotation rate at a radius of ~45" near the end
of the bar.

4.2. Estimating the Inflow Rate

Numerical simulations of gas flow in barred galaxies have
found that the gas inflow primarily occurs in the dense gas
associated with linear shocks which run along the bar

(Athanassoula 1992; Hernquist 1989). Since the CO(1-0) is
located in a linear feature, we expect that the dense gas isin a
shock and has a low nonradial velocity in the frame in which
the bar is stationary (van Albada & Roberts 1981; Athanas-
soula 1992). We estimate the angular momentum per unit mass
of the gas to be I = r2Q,, where Q, is the bar angular rotation
rate. The torque per unit mass at the location of the molecular
gasis t = d®/d0 = dl/dt ~ (dr/dt)2rQ,. This results in an inflow
speed of

dr d®/db

= 2rQ,
We estimate the inflow speed by summing the torque across
the CO feature. The resulting inflow speed is displayed in
Figure 9. A more accurate calculation of dr/dt would need to
consider the gas flow over the whole region. Since the K image
may have a component of nonstellar emission (see § 3.2) we
also computed dr/dt using a potential generated from the J
image. The difference in the predicted inflow speeds was small,
less than 1 kms™1,

We estimate that the inflow speed lies in a range 10-20 km
s~ ! (see Fig. 9). The order of magnitude of the inflow speed
measured here agrees with that predicted by the recent simula-
tions of Mihos & Hernquist (1994a, b) (C. Mihos, private
communication) but is higher than that predicted by Athanass-
oula (1992) (1-6 km s~ ). We note that we have summed the
torque on the CO observed in the linear feature. It is possible
that a sum over the whole gas distribution could result in a
lower estimate for the inflow rate. The low resolution of the

42)
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FiG. 8.—a) Circular rotation speed, v,, derived from the azimuthal average
of the gravitational potential. (b) Angular rotation rate Q = v /r is plotted as
the solid line. The dotted line is Q — «/2, where k is the epicylic frequency. For
a bar angular rotation rate Q, = 0.1 Myr~! (shown as the horizontal line), the
corotation radius is at r ~ 45".

CO data causes the estimate to be inaccurate, particularly at
small radii. To estimate the effect of this we estimated the
inflow rate using the Ha image (which has a smaller spatial
resolution than the CO map) to trace gas mass and found good
agreement between the inflow speed predicted from the Ha
emission and that predicted from the CO (see Fig. 9). The Ha
emission is further offset from the center of the bar for r > 30”
(see Fig. 5), and so the inflow rate predicted from the Ha at this
radius is larger than that predicted from the CO. If the vertical
scale height (h) of the galaxy is smaller, than we have assumed
then the inflow speed should be higher. Quillen et al. (1994)
found that the quadrupole component of the potential scaled
approximately as 1/h so the inflow rate should scale approx-
imately in the same way.

We estimate the mass inflow rate dm/dt using the empirical
relation for the H, column density

Z(H,)(M o pc™2) = 47010 _o(Jy km s™1 arcsec™?) (4.3)

(Kenney et al. 1992), where X(H,) is the mass surface density of
H, and I¢o(;_o) is the integrated intensity in the CO(1-0) line.
This estimate is consistent with observations of optically thick
molecular clouds in the Galactic disk (Bloemen et al. 1986). If
we assume that the total H, + He mass is approximately 1.35
times the H, mass, then for the gas column densities derived
from the CO(1-0) emission we estimate a mass inflow rate of

offset (arcsec)

FIG. 9—Predicted inflow speed dr/dt as a function of distance from the
nucleus. The solid line shows the speed estimated from the location of the
CO(1-0) emission; the dotted line, the speed estimated from the Hx emission.

44+ 2 x 105 My Myr~'. We note that we have detected only
30% + 10% of the single-dish flux in the bar (see § 2.5). If the
missing flux is uniformly distributed then both the inflow speed
and mass inflow rate are still correct; however, if the missing
flux is in a broad component centered on the detected com-
ponents, then we find approximately the same value for the
inflow speed but could have three times as high a mass inflow
rate.

Using the conversion factors listed above, we find that the
total mass (H, + He) at the nucleus is ~2.3 x 10° M. If we
assume that all the gas in the nucleus resulted from an inflow at
the rate as we have estimated, then our estimate implies a
timescale since the inflow began of ~6 x 108 yr ago. The time
for one rotation at the end of the bar r ~ 45" = 7.2 kpc
(corotation) is ~2.0 x 108 Myr so that our inflow timescale is
approximately three rotations at the corotation radius. This
timescale for inflow is consistent with the simulations of Mihos
& Hernquist (1994a). We note that the timescale for a small
galaxy to disrupt in a merger is typically a similar timescale, a
few rotation periods (e.g., Hernquist 1989), depending upon the
core radius of the small galaxy.

5. SUMMARY AND CONCLUSION

In this paper we have conducted a broad-band study of the
barred spiral galaxy NGC 7479 from 0.4 to 2.2 um. The galaxy
has a long narrow region offset from the major axis of the bar .
(observed in the near-infrared) which contains cold molecular
gas detected in CO(1-0) emission and is also the site of star
formation as is seen in Ha emission. Colors in the near-infrared
are quite red suggesting that this region also contains emission
at K. This region also contains some blue spots from associ-
ations of young stars, as well as regions of higher optical
extinction. Outside the bar there is a separate set of linear
features observed in Ha and color maps that suggest there is a
larger scale quadrupolar gravitational perturbation that has a
slower pattern speed than the bar, possibly associated with the
remains of a galaxy that has merged with NGC 7479.

We use our K image to estimate the gravitational potential
of the galaxy and then estimate an inflow speed based upon the
torque on the dense gas as traced in CO emission. We estimate
an inflow speed of 10-20 km s~! and a mass inflow rate of
442 x 10° My Myr~!. The inflow speed is consistent with
the predictions of recent simulations of galaxy mergers (Mihos
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& Hernquist 1994a, b) and somewhat higher than the simula-
tions of a steady state bar model (Athanassoula 1992). Our
estimate is the first estimate (of which we are aware) of a bar-
mediated inflow rate that is based on observations. Because
our estimate is-derived from the torque on the gas, it is not
affected by the large streaming motions that can be observed in
COandH1

Higher resolution and better signal-to-noise ratio near-
infrared images would resolve some of the ambiguities seeni in
our infrared color maps. This, coupled with spectral observa-
tions of hydrogen lines, a measurement of the CO index, and
far-infrared images could determine the emission processes
that could be causing the linear emission feature we see at K.
Higher resolution observations may also reveal additional
structure, in the linear feature similar to that observed in the
spiral arms of the nearby galaxy M51 (i.e., emission and extinc-

. tion might dominate in different locations). Higher resolution
CO data would provide a more accurate estimate of the gas

inflow rate. Deeper optical images or a large-scale H 1 map
might reveal evidence (such as tidal tails or shells) or the
merger that we suggest is responsible for the present appear-
ance of the galaxy. Study of the velocity field in Ha could
confirm our interpretation of the outer pair of linear features
observed in Ha as a response to a perturbation at a slower
pattern speed than the inner pair.

We hope that future studies of these shock like features
observed in barred galaxies are coupled with dynamical
models. These studies would provide a more accurate measure-
ment of the actual inflow rates, as well as a way to investigate
the response and dissipation of the interstellar medium in these
shocks.
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