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ABSTRACT

High-resolution H 1 observations taken at the VLA of the interacting pair of galaxies NGC 2207 and IC
2163"areptesented, compared with optical and radio continuum images, and analyzed with detailed computer
simulations (in Paper II) in order to determine the orbits and study the effects of in-plane and out-of-plane
tidal-forcing during a recent, close, nonmerging encounter between galaxies of comparable mass.

IC 2163 has an ocular shape (an eye-shaped central oval with a sharp apex at each end) and a double-
parallel arm structure on the side opposite NGC 2207. Our observations of IC 2163 find (1) an intrinsically
oval shape to the disk, (2) large streaming motions along the oval, (3) H 1 tidal arms located symmetrically on
opposite sides of the nucleus (even though one side is obscured by NGC 2207 at optical wavelengths), and (4)
a line-of-sight velocity difference of 70-100 km s™! between the two components of the double-parallel arm.
Optical surface photometry of IC 2163 indicates that most of the stars in the interarm region have been
cleared away and put into the central oval and tidal arms. The kinematic and structural anomalies of IC 2163
are consistent with the predictions of N-body galaxy encounter simulations if NGC 2207 moved approx-
imately in the plane of IC 2163 in a prograde sense.

The companion, NGC 2207, shows different types of disturbances. The main body of H 1 gas in NGC 2207
forms a broad, clumpy ring that contains relatively thin stellar arms and corresponds to a plateau in the
radial distribution of optical light. The most massive H 1 clouds in the ring do not always coincide with the
stellar arms. The ring is broken in the south, and a filamentary pool of H 1 extends 40 kpc farther south. The
velocity field in the main disk of NGC 2207 is highly distorted with isovelocity contours that are shaped like
an open trailing spiral, and the H 1 line profiles in this region are very broad with Gaussian dispersions of
40-50 km s~ !. The kinematic disturbances in NGC 2207 suggest that the main tidal force on NGC 2207 was
perpendicular to its disk. The companion side of the H 1 ring is unusually bright in 120 cm radio continuum

emission, perhaps indicating a shock front.

There is no significant excess of star formation in these galaxies, but there are several 10® M, gas clouds in
each disk, some of which may eventually become detached dwarf galaxies.
Subject headings: galaxies: individual (IC 2163, NGC 2207) — galaxies: interactions —
galaxies: kinematics and dynamics — galaxies: structure — radio continuum: galaxies

1. INTRODUCTION

The spiral galaxies IC 2163 and NGC 2207, shown in Figure
1 (Plate 1), are involved in a close tidal encounter. They par-
tially overlap along the line of sight and have nearly the same
systemic velocity. IC 2163, in the east, has an ocular shape (an
eye-shaped central oval with a sharp apex at each end), intense
star formation along the eyelid regions, and a double-parallel
arm structure on the side opposite the companion, NGC 2207.
In N-body simulations by Elmegreen et al. (1991, hereafter
ESES; see also Struck-Marcell 1990; Sundin 1993; Donner,
Engstrom, & Sundelius 1991), this type of morphology arises
as a transient phase when a galaxy disk is sufficiently perturbed
by a companion galaxy moving in a prograde orbit that lies
within a few degrees of the plane of the disk. In such simula-
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tions, the perturbed galaxy first forms tidal arms located sym-
metrically on opposite sides of the disk, and then the ocular
morphology develops as stars and gas from the companion
side of the galaxy stream around on elliptical orbits toward the
opposite arm. Angular momentum conservation bends this
stream outward when it reaches the other arm, resulting in a
double arm structure on the side opposite the companion. The
ocular plus double-parallel arm morphology occurs during the
first half-rotation after closest approach; the structure subse-
quently mixes and disappears.

Figure 2 shows a diagram (from ESES) of a typical ocular
galaxy. The component of the double arm that continues
smoothly from the inner oval is the original tidal tail; it has a
symmetric counterpart on the other side of the galaxy. The
other component (the upper component on the left in Fig. 2) is
the stream of tidally perturbed stars and gas from the compan-
ion side. The simulations in ESES predict large streaming
motions around the oval and a velocity difference of 50 to 100
km s~ ! between the two components of the double arm. Such
star-stream structures are caustics (Struck-Marcell 1990;
Donner et al. 1991).

We observed the galaxy pair IC 2163/NGC 2207 in H 1 with
the VLA in order to look for the predicted streaming motion
on the oval and the velocity jump between the two components
of the double arm. Few galaxies have such a clean ocular shape
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FiG. 1.—Optical images of IC 2163 (left) and NGC 2207 (right): (@) R-band image from H.-J. Deeg; (b) Ha photograph from Rubin & Ford (1983); (c) Blue-band
photograph from V. Rubin (see Plate 1 for [b] and [c]); (d) unsharp-masked version of (a) that illustrates the double-parallel arm in the east of IC 2163 (lef?).

as IC 2163 (see list in ESES), so it was an obvious first choice.
The kinematic and morphological data were then used to
study the effects of tidal forcing on both galaxies. The ocular
morphology makes it relatively easy to deduce the orbits of the
two galaxies because this structure generally occurs soon after
a prograde collision that has a strong in-plane component of
the tidal force.

Our most useful H 1 data have a velocity resolution of 5.25
km s~ ! and an angular resolution of 13”5 x 127, which, at an
adopted distance of 35 Mpc (see below), corresponds to
2.3 x 2.0 kpc. The predicted streaming motions on the oval
and the large velocity difference between the two components
of the double arm in IC 2163 are easily seen in these data.
Although the tidal arm on the companion (western) side of the
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DOUBLE ARM

F1G. 2—Schematic diagram of an ocular galaxy showing the first response
of a galactic diskv}g}‘ a gpmpanion that moves in the plane of the disk in the
prograde sense (frém' ESES). The companion is at the position of the line on
the right.

ocular is obscured optically by NGC 2207, we find H 1 tidal
arms on both sides of IC 2163, as predicted by the models.

The H 1 data are also compared with CCD images in B and
R bands taken by Hans-Jorg Deeg. The B- and R-band images
show that nearly all the stars have been cleared out of the
interarm regions of IC 2163 by the interaction and put into the
central oval and the arms. This is also consistent with the
model.

The companion galaxy, NGC 2207, shows no peculiar struc-
ture in short-exposure optical photographs (see Fig. 1a); it has
a normal spiral pattern and a small, weak central bar. A deep
B-band exposure (Fig. 1c) reveals an extended, asymmetric
outer disk with faint optical streamers in the south. This
southern extension, also visible in H 1, along with a smaller,
faint optical counterpart in the north (Fig. 1c), suggests that
short-range tidal forces are stretching the disk asymmetrically.
The H 1 kinematics in the main disk of NGC 2207 also indicate
that strong tidal forces are present. The isovelocity contours in
NGC 2207 have an S-shaped distortion with unusually large
velocity dispersions. Such a distortion is the signature of a
large-scale warp (Paper II).

We suggest that the differences in morphology and velocity
structures of these two galaxies result from a difference in the
orientation of the tidal forces relative to the disks. In IC 2163,
these forces are primarily in the plane, where they amplify by
disk self-gravity into giant spirals and oval distortions. In
NGC 2207, they are primarily perpendicular to the plane, and
there is no analogous amplifier in this direction. Our simula-
tions in Paper II show that such perpendicular perturbations
propagate inward in the form of an open spiral of z displace-
ment and then propagate outward as a tight spiral in z. By
fitting the observed velocity field, we find that NGC 2207 now
has the inward propagating spiral of z displacement. The fits to
the velocity field of NGC 2207 and to the ocular structure of
IC 2163 give consistent relative orbits for the galaxies.

Both galaxies contain unusually massive H 1 clouds, with H 1
masses several times 10® M. Elmegreen, Kaufman, &
Thomasson (1993) attribute these clouds to gravitational insta-
bilities in the tidally agitated gas disks and suggest that some of
them may eventually form independent dwarf galaxies.

In what follows, § 2 describes the optical morphology of this
interacting pair; § 3, the H 1 observations and the VLA data
reduction procedure; § 4, the H 1 properties of IC 2163; § 5, the
H 1 properties of NGC 2207, § 6, the broadband optical surface
photometry; and § 7, the radio continuum images and Ha
velocities. Section 8 summarizes the observational results.
Dynamical simulations of the galaxy interaction are then com-
pared to the kinematic and morphological data in Paper 1II,
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along with a summary of the results from the models and the
overall conclusions.

2. OPTICAL MORPHOLOGY OF IC 2163 AND NGC 2207

In this study we use the following optical images of IC 2163/
NGC 2207 (see Fig. 1): (a) CCD images with 10 minute expo-
sures in B and R bands taken by Hans-J6rg Deeg on 1990
October 16 at the 24" Capilla Peak telescope in New Mexico,
(b) an Ha plate from Rubin & Ford (1983), and (c) a blue-band
plate with a 90 minute exposure obtained by Vera Rubin with
the CTIO 4 m telescope in the early 1970s. Deeg, Rubin, and
Ford have kindly made their observations available to us. The
CCD has a 3!5 x 55 field. The seeing is estimated to be 3”, and
the pixel size is 07658. Secondary standard field stars (from
Condon 1983) with positions derived from SAO standards
were used to determine the absolute coordinate systems of the
optical images and to register the CCD and the radio images to
the same coordinate grid.

Table 1 lists some basic parameters of the galaxies taken
from the Third Reference Catalogue (de Vaucouleurs et al.
1991, hereafter RC3) and the NASA Extragalactic Database
(NED). We adopted Hy = 75 km s~ ! Mpc™?, which leads to a
distance of 35 Mpc; then 1” = 170 pc.

The ocular structure of IC 2163 is visible in Figure 1 in the
R-band and the Ha images. The eastern arm of IC 2163 is
broad and appears split into two components, as illustrated in
Figure 2. Bright H 11 regions delineate the eyelid regions while
fainter star-forming regions lie along the double-parallel arm.
The two components of the double arm are separated in decli-
nation by 6” to 12” with a valley between. From cuts across the
arm at fixed values of right ascension, we find that the average
difference in R-band surface brightness between the northern
ridge and the valley is 0.2 mag and between the southern ridge
and the valley is 0.3 mag.

IC 2163 is classified as SB in RC3. The bar in IC 2163 is
shown in Figure 3a, which displays an enlarged portion of the
R-band image. The bar ends at 16” distance from the nucleus,
where it joins the eyelid of the oval, and has its major axis close
to the isophotal minor axis of the eye-shaped oval (see values
listed in Table 2). A prominent optical clump occurs on the
eyelid at the northeastern end of the bar. From the B and
R-band CCD images, we find that this clump is bluer than
most of the eastern arm and thus is a region of enhanced star
formation.

The spiral arm structure of NGC 2207, as seen in the CCD
images and the Ha photograph, consists of two very bright,

TABLE 1
Basic DATA oN IC 2163/NGC 2207

GALAXY
CHARACTERISTIC IC 2163 NGC 2207
Morphological type ................ SB(rs)c pec SAB(rs)bc pec

Right ascension (1950) ............. 6"14™20°0 6"14™14%4
Declination (1950) .................. —21°2124" —21°21'14"
Isophotal major radius (R, . 1.51° 2.13%
Axis 1atio......oooiiiiiiiiiiiiinn. 245 1.55
T P 12.55 11.59
Corrected B magnitude, B} ....... 11.26 10.90
S60 um) (Jy) oo 14.6

S100 pm) (Jy) e, 38.0

DisStance ........oovevvieieiiiiennnns 35 Mpc
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FiG. 3—The inner bar/barlike regions for (a) IC 2163 and (b) NGC 2207 in the R-band image. Notice the optical clump at the northeastern end of the bar in

IC 2163.

short spiral arm stubs that emerge from the nuclear region and
two long grand-design spiral arms that dominate much of the
main disk. The H 11 regions are particularly prominent in the
northeastern part of the outer arm (nearest IC 2163) and in
the westernmost outer arm. The dust lane from the east-
ernmost arm of NGC 2207 crosses IC 2163 just south of its
nucleus; this indicates that NGC 2207 is in front and overlaps
the western part of IC 2163 (Wray 1988). Thus NGC 2207 may
optically obscure a western tidal arm in IC 2163. In the deep B
photograph there is a southern extension to NGC 2207, with
long streamers that arc to the south nearly 3’ (30 kpc in the
plane of the sky) beyond the brightest part of the disk. The

easternmost southern streamer appears to be a continuation of
the brighter easternmost optical arm. There are also several
other southern streamers that branch off from the main spiral
arms. The presence of faint wispy structures is consistent with
the idea that this is tidally disturbed material. In the north,
there is a faint extension of the westernmost main spiral arm
ending in blue knots, which also appear faintly on the Ha
image.

NGC 2207 is the larger and the more luminous of the two
galaxies. Based on the values of my listed in RC3, it is 2.4 times
brighter than IC 2163. The values of the “face-on” corrected
magnitude B} in RC3 imply a luminosity ratio of only 1.4, but
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TABLE 2
ORIENTATION PARAMETERS AND SYSTEMIC VELOCITIES

Parameter Value
IC 2163
Systemic velocity (km s~ !):
Nucleus (optical)........cooiviiiiiiiiiiiiiiiiiiianeae.s 2756 + 15
H 1 velocity field (minor axis) .............ccevvvennenn... 2775 £ 10
Major axis of bar .........ccooiiiiiiiiiii 52° + 5°
Minor axis position angle of disk:
Optical and H 1 isophotes on apparent oval ........... 38° + 3°
H1Kinematic .........ooviiiiiiiniiiiiiiiieinineenannns 155° £+ 10°
Preferred position angle of projection line of nodes...... 65° + 10°
Disk inclination from ocular model fits ................... 40° 4+ 5°
NGC 2207
Systemic velocity (km s~ !):
Nucleus (optical) .......coovviiiiiiiiiiiiii s 2745 + 15
H 1 kinematic minor axis in central region .. 2750 + 20
Major axis of bar .........ccoviiiiiiiiiii 65° + 5°
H 1 kinematic minor axis position angle of disk:
In the central region ..............ccooviiiiiiiiiiniann.n, 60° + 3°
At 80” on the southwest side ................coveeenn. .. 95° + 5°
Major axis position angle of disk:
Optical isophotes of main disk .......................... 110° + 7°
N(H 1) isophoteson Hiring..............oooeiiiiiinne 100° + 5°
H 1 kinematic (tilted-ring fit):
North receding: varies over range .................... 330°-342°
South approaching: varies over range................ 150°-177°
Outermost N(H 1) contour:
Northern side ........cooooviiiiiiiiiiiiiie 330° + 3°
Southern side ..........oooiiiiiiiiiiii 160° + 5°
Preferred position angle of projection line of nodes...... 140° + 5°
Inclination of central disk from model fits ................ 35+ 5°

their adopted internal extinction correction for IC 2163 is
questionable because this is a disturbed galaxy and its inclina-
tion cannot be simply deduced from the isophotal minor to
major axis ratio.

NGC 2207 is classified as SAB in RC3. The barlike feature in
NGC 2207 is shown in Figure 3b, which displays the nuclear
region in detail in R-band. The major axis of the barlike feature
is displaced about 45° from the photometric major axis of the
central disk of NGC 2207 (see values listed in Table 2). The
barlike feature in NGC 2207 ends at 28” = 0.22 R, 5, where R, 5
is the radius at which the blue surface brightness reaches 25
mag arcsec” 2. This bar is relatively small compared to the
structures we discuss in this galaxy.

Although NGC 2207/IC 2163 is an interacting system, it is
not currently undergoing a starburst. From the values of the
IRAS flux densities in Table 1, the combined system has a 60
um to 100 um flux density ratio of 0.38, which is typical for
normal galaxies (see Bothun, Lonsdale, & Rice 1989), and a
FIR luminosity equal to 3.6 x 10*° L. The combined system
has the same value of fqo/ f100 as M51, twice the FIR lumi-
nosity of M51, and 3.5 times the blue luminosity of M51. Since
NGC 2207 is a large galaxy with R,5 = 22 kpc, the system is
not overluminous. However, the bright patches of star forma-
tion along the eyelid of IC 2163 are unusual.

There is possibly a third galaxy in this system: an apparent
dwarf elliptical galaxy with a red color and an unknown
redshift (not detected in our H 1 data) at o = 6"14™285014,
0 = — 21°20'54"26, near the tip of the eastern tidal arm of
IC 2163 in the deep B-band photograph in Figure 1. It is also
visible in the other images and noted in the Southern Galaxy
Catalogue (Corwin, de Vaucouleurs, & de Vaucouleurs 1985).

3. VLA H I OBSERVATIONS

3.1. Observations and Data Reduction

The VLA H 1 observations were made on 1990 October 11 in
the hybrid CnB array, i.e., with an extended north arm to
correct for the foreshortening due to the low declination of the
source. The duration of the run was 7.5 hr. The observations
were scheduled for the night to avoid solar interference during
the current solar maximum and were performed under favor-
able weather conditions. In total, 6 hr were spent on the target,
40 minutes on the secondary calibrator 0607—157, and 20
minutes on 3C 48, which served as a flux standard and
bandpass calibrator. We assumed a flux density of 16.17 Jy for
3C 48 on the Baars et al. (1977) scale and measured a flux
density of 2.664 + 0.005 Jy for source 0607 —157. A summary
of the observations is given in Table 3.

Our aim was to observe the interacting pair of galaxies at
about 5 km s~ ! velocity resolution. The velocity range over
which H 1 emission is present is some 550 km s, requiring a
total bandwidth of at least 3 MHz. Since no single correlator
mode accommodates these requirements, we chose a 4IF mode
and used a highly nonstandard correlator configuration. As
this is likely to be the first article describing this option, we feel
it is justified to elaborate on some of the technical aspects of
this run. The VLA employs a system whereby for each polar-
ization, right and left circular (RC and LC), the incoming radio
frequency (RF) is down-converted to intermediate frequencies
(IFs) that are at that stage split to double the frequency cover-
age (see e.g., Napier, Thompson, & Ekers 1983). This results in
two IF pairs, IFs A and C and IFs B and D, each pair measur-
ing both senses of polarization. Also, each IF pair is indepen-
dently tunable within the specified observing band. Usually,
the full bandwidths of the IFs within an IF pair are set at the
same value. The bandwidth of each IF pair and the central
frequency can be selected independently. For example, the two
IF pairs can be employed to observe two different transitions
simultaneously in both RC and LC polarization, or the two
pairs can be set in such a way that their bandpasses overlap so
as to cover a wider range of frequencies while retaining a

TABLE 3
SUMMARY OF THE VLA OBSERVATIONS

Parameter Value

Date of 0bServation ...........ooveviiiiiiiiiiiiiiiiiaiii i 1990 Oct 11
Configuration ..........ooiiiiiiiiiii e CnB

Primary beam at half-power (FWHM) ........................... ~ 30
FWHM of synthesized beam (natural weighting)....... e 1375 x 1270
Total bandwidth (MHz) )

IFsAand B....oooooiiiiiii e 1.5625

IFsCand D ...oooooiiiiiiiiiiiiii 3.125
Number of channels '

IFsAand B 64

IFsCand D ..o 32
Channel width (km s™!)

IFsAand B....oooiiiiiiiiii s 5.25

IFsCand D ..o e 21.0
rms noise in channel maps (mJy beam ™)

IFsAand B......oooiiiiiiiiiiiii e 1.3

IFsCand D oo 0.73
Central velocity, heliocentric (km s ™)

IFsAand C..oooooiniiiiiiiiiii i 2885.0

IFsBand D ... 2617.359
Conversion factor: 1 mJy beam ™! corresponds to Kelvin...... 3.74
Largest scale size visible to VLA ..., 7

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


http://adsabs.harvard.edu/abs/1995ApJ...453..100E

106 ELMEGREEN ET AL.

higher frequency resolution than would otherwise be possible
(see, e.g., the VLA Observational Status Summary, which is
updated on a yearly basis).

In addition to what is described above, it is also possible to
choose a different total bandwidth within one IF pair. There is
a penalty, though, because the VLA fringe rotator system,
which removes from the interferometer output the rapidly
varying sinusoidal component owing to the rotation of the
Earth, has only one local oscillator per IF pair. At the VLA the
“fringe stopping” is done for the beginning (low-frequency
side) of the band. This implies that when different bandwidths
are speciﬁed,nql‘eh: mf‘;’jnge rate of, for example, IF C is in error
with respect to 1F A by an amount that is proportional to the
difference in frequency of the respective band edges within the
pair. This can be expressed as follows:

Af = w,Avp B/c(1)

where Af is the error in the fringe rate, w, is the angular rota-
tion frequency of Earth, B is the projected baseline in meters,
and c is the velocity of light in meters per second. The fre-
quency difference Av,, is one-half the difference in total band-
width of the RC and LC IF within the IF pair. Because of the
way the IF's are being mixed with Local oscillator signals at the
VLA, this means that IFs A and D are fringe-stopped correctly.
IFs B and C are off by the amount specified by equation (1).
This has two consequences. First, because of the phase winding
that is introduced, the correlation within the specified integra-
tion interval, which is usually in the range of 20 to 120 s, is
degraded. Second, the phase can wind over as much as several
radians when going from one secondary calibrator observation
to the next.

We selected for our run the following setup for IFs A and B:
a total bandwidth of 1.5625 MHz with 64 channels after
Hanning smoothing, resulting in 24.414 kHz or 5.25 km s~}
wide channels. IFs C and D cover 3.125 MHz with 32 channels
at a resolution of 21.0 km s~ *. The central velocity for IFs A
and C is set at 2885 km s~ ! and for IFs B and D at 2617.359
km s~ . This choice ensures an overlap of exactly 12 channels
between IFs A and B, which together cover at the required
high velocity resolution exactly the range of velocities over
which H 1 emission is seen in IC 2163/NGC 2207. IFs C and D
cover an additional 200 km s~ ! on either side of the line emis-
sion, providing an ample range of channels for measuring the
continuum emission in our field. The low and high velocity
resolution observations were done simultaneously with the
same antennae and thus cover the same spatial frequencies. We
can therefore subtract the continuum maps derived from IFs C
and D directly from the high velocity resolution IFs to create
maps with line emission only. With this choice of IF mode, the
de-correlation which occurs for IFs B and C within a 60 s
integration time is only about 5% for the longest baselines and
is corrected for automatically when applying the standard
complex gain calibration. The phase winding introduced by
the frequency offset mentioned above causes the phases for the
longest baselines to move up to 4 rad from one observation of
the secondary calibrator to the next. The amount of phase
winding can be calculated via equation (1) and was removed
from the data via the Astronomical Image Processing System
(AIPS) routine CLCOR. In retrospect, a marginally better
setup would have been possible in which the polarization char-
acteristics (the beam “squint ”) are taken into account. This is
discussed by Mehringer (1992).

After removal of the phase term, the data were calibrated via

the standard routines in the AIPS package, with each of the
four IFs treated independently. The high velocity resolution
IFs (A and B) differ in central velocity by an integer number of
channels. We applied the AIPS task CVEL to shift the central
velocity of IF D by 5.25 km s~ ! so that the low velocity
resolution IFs (C and D) would also differ in central velocity
by an integer number of channels. The calibrated data were
mapped, one IF at the time, using the task HORUS to produce
sets of naturally weighted and uniformly weighted cubes. The
21 km s~ ! naturally weighted cubes, which have the highest
signal-to-noise ratio, were inspected to determine the range
over which H 1 was detected. The edge channels were dis-
carded, and the line-free channels were averaged to create con-
tinuum maps for IFs C and D. These were subtracted from the
original cubes-of IFs C and D and subtracted from the higher
velocity resolution data of IFs A and B. Both the uniformly
and naturally weighted continuum maps were averaged and
CLEANed.

The continuum-subtracted cubes were CLEANed as well,
and subcubes encompassing all the emission were extracted
and appropriately merged so that for each of the two velocity
resolutions, we have one final cube with natural weighting and
one with uniform weighting. The cubes measure 256 x 256
pixels (pixel size = 3”) on a side and are 110 channels and 40
channels deep for the high and low velocity resolution data,
respectively. These cubes, which are used for all subsequent
analysis, were not corrected for primary beam attenuation
since the drop in sensitivity over the field of interest is less then
3%. Except where noted, the radio data shown in the figures
here are all from the cubes made with natural weighting.

In addition, the low-velocity, naturally weighted cubes were
smoothed to a circular beam of 30” to enhance the sensitivity
to low-level extended emission and then were clipped at a level
of 3 mJy beam ™!, corresponding to twice the rms noise. In this
blanked cube only those areas which contain genuine H 1 emis-
sion were retained. This was done by visual inspection,
requiring continuity in velocity when going from one channel
to the next. The resulting “masking” cube was applied to the
other low velocity resolution cubes and, after interpolation in
velocity, to the high velocity resolution cube also.

3.2. Maps of the H 1 Emission

Figure 4 displays the channel maps made from the naturally
weighted, low velocity resolution (21 km s~!), full spatial
resolution (13”5 x 12") cube before we attempted to separate
the contributions of the two galaxies. These maps are overlaid
on R-band images, and the heliocentric velocities in kilometers
per second are indicated to the side in the figure. Table 4
provides a short description of where emission is seen in each
channel map of Figure 4. These features will be discussed again
in §§ 4 and 5 below, where we refer to these channel maps as the
“unseparated channel maps.”

As is evident from Figure 4, the highest velocity channels
(v = 3011-2948 km s~ ') contain H 1 emission that comes from
the northern part of the eyelid in IC 2163, the tidal tail of IC
2163, and the northern ridge of the double arm. The highest
velocity (3011 km s~ ') occurs at the eastern end of the north-
ern eyelid, where the streaming arm leaves the oval. The
southern ridge of the double arm appears at lower velocities
(v = 2927-2780 km s~ !) than the northern ridge. This pattern
of velocities suggests that the northern oval has rapid stream-
ing motions and that the two parallel arms on the eastern side
of IC 2163 have very different origins.
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FiG. 4—Channel maps showing the H 1 emission as contours overlaid on R band as gray scale. The channel maps are made from the naturally weighted cube
with 21 km s~ ! velocity resolution and 1375 x 12" spatial resolution before we separated the H 1 contributions of the two galaxies. The heliocentric velocities are
given in km s~ 1. The contour levels are at 3, 6, 12 times the rms noise, and the lowest contour level is 2.2 mJy beam ~!, which corresponds to 8.2 K. All the H 1
emission outside of the optical images in some frames belongs to the frame above, i.e., this peripheral gas is always south of the galaxies.
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Figure 4 also indicates that the directions of the photometric
and kinematic minor axes of IC 2163 differ by approximately
60°. On the kinematic minor axis, the emission in the channel
map should have bilateral symmetry relative to the nucleus.
Where the photometric minor axis of IC 2163 at P.A. = 38°
crosses the northern eyelid of IC 2163, the channels with emis-
sion in excess of 3 times the rms noise have velocities of 2969—
2948 km s~ ! (clearly emission from IC 2163) and 2801-2780
km s~ ! (blended with emission from NGC 2207), but where the
photometric minor axis crosses the southern eyelid, the chan-

nels with bright emission have much smaller velocities of 2696
2633 km s~ ! (all may have some blending with NGC 2207) and
2612 km s~ '. In fact, the kinematic minor axis appears as
bilaterally symmetric features in the 2759-2780 km s '
channel maps at a position angle of approximately 155°.
Figure 5 displays the total H 1 column densities for the two
galaxies. For the naturally weighted map with full spatial
resolution shown here, an H 1 surface brightness of 100 Jy
beam ! m s~! corresponds to a column density of 545 Mg
pc~2. Several giant H 1 clouds are visible as dark, closed-
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TABLE 4
i H 1 EMisSION FEATURES IN THE UNSEPARATED, Low VELOCITY RESOLUTION CHANNEL MAPS

Lo

o, Channel(s)

?.: (kms™!) Location of Emission in Excess of 3 Times the rms Noise
3011:

IC2163......... Eastern end of northern eyelid, where northern component of the
double-arm leaves the oval.

2990-2948: )

IC2163......... Extended tidal tail, northern ridge of double arm, northern eyelid
(includes northern photometric minor axis but no emission from southern
photometric minor axis at this velocity).

BT NGC 2207...... Outer northern region.
2927-2906:
IC2163......... Southern ridge of double arm, western part of northern eyelid.
NGC 2207...... Outer northwestern and northern regions.
2885-2822:

IC2163......... Southern ridge of double arm, western end of northern eyelid (blended
with NGC 2207 at 2822 km s !).

NGC 2207...... Northern, northwestern, and western portions. Notice emission jutting
down from the outer galaxy to southwestern end of bar; this indicates
rapid streaming at bar end.

2801-2738:

IC2163......... Symmetric emission from western end of northern eyelid (blended with
NGC 2207) and eastern end of southern eyelid (particularly symmetric in
the 2780 and 2759 km s~ ! channels). Bilateral symmetry is expected on
the kinematic minor axis, but notice that the axis of symmetry is nearly
along the photometric major axis of the oval. Emission on eastern part of
northern eyelid is most likely from NGC 2207 since IC 2163 has emission
here at 2948-2990 km s~ !.

NGC 2207...... Eastern and western portions of main disk, with surprisingly little
variation in the location of emission over this range of velocities. This
emission is from the H 1 ring. Notice the S-shape to the distribution of
emission in these channels. The kinematic minor axis, with nearly
symmetric emission on each side in the central part of the disk, shows up
in the 2759-2738 km s ™! channels; this axis of symmetry differs by
63° + 4° from the photometric minor axis of the disk.

2717-2696:

IC2163......... Southern eyelid (blended with NGC 2207).

NGC 2207...... Eastern and western portions of main disk, with streamers to the south.
2675-2633:

IC2163......... Southern eyelid (blended with NGC 2207). Western tidal arm (just
southwest of NGC 2207 nucleus) is present but blended with NGC 2207
and easier to distinguish in the 2612 km s ™! channel map.

NGC 2207...... Eastern part of main disk and long southern extension to galaxy.

2612-2570:

IC 2163 ......... Western end of southern eyelid, western tidal arm (just south and
southwest of NGC 2207 nucleus).

NGC 2207...... Outer part of southern extension.

contour regions in each galaxy. We show in § 4.5 and 5.5 that
these clouds contain over 10® M. Figure 6 displays the mean
velocity field derived from the total data cube. The kinematic
minor axis of each galaxy is evident, although for IC 2163 there
is considerable blending with NGC 2207.

3.3. Separation of the H 1 Contributions of the Two Galaxies

Despite the fact that the two systems partially overlap in
projection and share a range of radial velocities, it is possible
to identify how much H 1 emission belongs to one system and
how much to the other. In order to separate the two galaxies,
we followed the method described by Brinks & Burton (1984).
We first inspected the various cubes in different ways. We used
the AIPS task TVMOVIE to display in rapid succession the
channel maps in a movie-like fashion. We produced sets of
position-velocity (PV) maps made parallel to the principal
kinematic axes of NGC 2207 and displayed these as a movie.
Lastly, we inspected the data in a solid-body three-dimensional

rendering mode. In our case, displaying the cubes channel by
channel in movie mode was most useful. For example, starting
with the highest velocity channels (v = 3011-2948 km s !) in
Figure 4, one sees emission in IC 2163 from the tidal tail and
the northern eyelid of the oval quite distinct from any emission
from NGC 2207. We chose the blanked naturally weighted
cube at full spatial resolution and 21 km s~! velocity
resolution, as it exhibits the best compromise between sensi-
tivity and resolution, and isolated both galaxies by drawing
polygons on a TV display. The resulting set of masks
(interpolated in velocity for the high velocity resolution cubes)
were applied to the various final cubes to produce separate
cubes for each galaxy. Those areas that we could not separate
in this fashion were initially included in both galaxies. We then
constructed total surface brightness maps and velocity fields
for each galaxy separately and for the region of overlap.
Assuming that the ratio of gas in IC 2163 compared to NGC
2207 in the overlap region is similar to the global ratio, we
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F1G. 5—Contour plus gray scale display of N(H 1) in the unseparated column density image derived from the same cube as the channel maps in Fig. 4. The
contour interval is 100 Jy beam™' m s~ ! or 374 K km s~ !, which corresponds to a column density of 545 M, pc™2. The contour levels are 100, 200, 300, 400, 500,

600, and 700 Jy beam ™' m s~ 1.

attributed about 80% of gas in the overlap region to NGC
2207 and applied this final correction to the total surface
brightness maps that show the two galaxies separately.

The H 1 surface brightness and velocity displays in § 4 are
based on the emission assigned to IC 2163, while those in § 5
are derived from the emission assigned to NGC 2207. We find
for NGC 2207 a total line flux of 76.0 Jy km s~ ! and for IC
2163 a total line flux of 16.5 Jy km s~ !, corresponding to H 1
masses of 2.2 x 10'%(75/H,)*> M and 4.8 x 10°(75/H)> M,
respectively. Our total H 1 mass is in fair agreement with the
Nangay single-dish observations by Bottinelli, Gougenheim, &
Paturel (1982), who measure an H 1 mass for the system of
2.0 x 101°(75/Hy)* M.

4. H 1 PROPERTIES OF IC 2163
4.1. General H1 Morphology of IC 2163

The result of our separation of the H 1 contributions from
the two galaxies is shown in color in Figure 7 (Plate 2), which
overlays the CCD R-band image in red, the CCD B-band
image in blue, and the H 1 column density N(H 1) image in
green. The top display shows the H 1 associated with IC 2163;
the bottom display, the H 1 associated with NGC 2207.

Figure 8 is a contour plus gray-scale display of N(H 1) from
IC 2163 and reveals the clumpy structure of the H 1 gas. Boxes
are drawn around five giant clouds that will be discussed in
§ 4.5. Relative to the nucleus, the western H 1 arm is symmetric
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FIG. 7—Overlay of the CCD R-band image in red, the CCD B-band image in blue, and the N(H 1) images in green. Top: N(H 1) in IC 2163. Bottom: NMH 1) in
NGC 2207. The separation between the two components of the double arm on the anticompanion side of IC 2163 is visible in the bottom display.
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to the eastern tidal arm. In the unseparated channel map dis-
plays in Figure 4, H 1 emission from the western tidal arm
appears clearly as a feature just southeast of the nucleus of
NGC 2207 at v = 2612 km s~ ! and in neighboring channels.
This western tidal arm is predicted by the models of ocular
galaxies (ESES), but it is obscured by NGC 2207 in the optical
images. The central hole in the H 1 distribution coincides with
the optical nucleus of IC 2163. The H 1 column density image
reveals ocular structure similar to that in the optical, but with
the H 1 ridge along the eyelid regions clearly displaced to the
outer side of the optical eyelid (see Fig. 7). The bright part of
the eastern arm in H 1 corresponds well with the double arm in
the optical images. The tidal tail is longer in H 1 than in the
optical images; in the plane of the sky, the faint outer end of
the H 1 tidal tail extends to a distance of 190" (=32 kpc) from
the nucleus.

Our method for separating the H 1 contributions for the two
galaxies is subjective, but it was done without reference to the
optical images or computer models and without imposing any
symmetries. The resulting images are nevertheless symmetric
relative to the nucleus, and this lends credibility to the method.
Our most secure results are from regions where it is easy to
distinguish between the contributions from the two galaxies,
i.e., the eastern tidal arm and the outer end of the western tidal
arm in IC 2163 and the western and northern portions and the
far southern extension in NGC 2207.

One puzzling feature is the faint H 1 extension heading
southeast from the southern part of the eastern tidal arm on
the IC 2163 map. This H 1 streamer has no obvious optical
counterpart, although it is roughly similar and parallel to the
optical streamers that jut south from NGC 2207 in Figure 1c.
It has velocities of 2930-2960 km s~ 1, similar to those on the
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FiG. 8—Contour plus gray scale display of N(H 1) for the total H 1 emission associated with IC 2163, i.e., after the separation of the emission from the two galaxies
(see text). The data are from the naturally weighted cube with 1375 x 12" spatial resolution and 21 km s~ ! velocity resolution. The contour levels are 5, 10, 15, 20, and
25 M, pc™ 2 and the gray-scale wedge is in M pc™ 2 Boxes are drawn around the five IC 2163 massive clouds listed in Table 6 below.

eastern arm of IC 2163 (see Fig. 12) but 200 km s~ ! greater
than that of the closest gas that we attribute to NGC 2207.
One possibility is that this H 1 streamer is from NGC 2207, and
the gas is now moving rapidly toward IC 2163.

4.2. The Eastern Tidal Armin IC 2163

If the tidal arm in IC 2163 is trailing, then the galaxy rotates
counterclockwise and the southern component of the double
tidal arm is leading. Such double-arm structure is consistent
with simulations in ESES and in Paper II below. The two
components of the eastern arm of IC 2163 are then as follows:
(1) in the south, a broad tidal arm which has a gradual increase
in density toward the leading edge, and (2) in the north, a thin,
shorter arm (a “streaming arm™) produced when material
streaming from the companion side of the disk intersects the
trailing part of the tidal arm. The streaming arm could be
preceded by a shock front in the gas, which may produce a dust
lane between the two components. Such double-arm structure
should be formed in interacting galaxies with in-plane tidal

forces but should be very short-lived; thus, few interactions are
likely to show it unless the epoch is favorable.

The numerical simulations in ESES for ocular galaxies
predict a velocity difference of approximately 100 km s~!
between the two components of the double arm. Although
these simulations were for collisionless particles, we find a
similar velocity jump in the H 1 gas. Figure 9 shows H 1 emis-
sion contour diagrams of declination versus velocity for cuts
across the double arm at fixed values of the right ascension ().
For each value of a, there are two main velocity components
from the double arm. The component with the higher velocity
coincides with the streaming arm in the north, and the com-
ponent with lower velocity coincides with the tidal arm in the
south. The velocity of the streaming arm is nearly constant
with a. The typical line-of-sight velocity difference between the
two arms is approximately 100 km s~! and decreases system-
atically from 150 km s~ ! at the apex of the oval to 40 km s !
near the outer end of the streaming arm, as shown in Figure 10.
Over this same range of a, the separation in declination
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FIG. 9.—The two components of the double arm in IC 2163: contours of H 1 surface brightness in a declination vs. velocity display for cuts across the arm at six
different values of right ascension. The data are from the naturally weighted cube with 13”5 x 12" spatial resolution and 21 km s~ ! velocity resolution. The contour
levels are at 3,4, 5, and 6 times the rms noise, and the lowest contour level is 2.2 mJy beam !, or 8.2 K.

decreases (Fig. 10) from 33" to 18" as the two streams converge
toward the outer end of the arm. The velocity jump between
the northern and southern components of the double arm can
also be seen in the unseparated channel maps (Fig. 4), where
emission from the northern part of the double arm appears in
the 2990 and 2969 km s~ ! channels and emission from the

southern part of the double arm appears from 2927 to 2780
kms™!.

The high-velocity and the low-velocity components of the
double arm are each spatially resolved in declination in our H 1
data (see Fig. 9), and the streaming arm appears broader than
in the ESES simulations, which assume an initial velocity dis-
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F1G. 10—Solid curves showing the position of the H 1 valley and the posi-
tions and velocities of the two main H 1 velocity components in each decli-
nation vs. velocity diagram along the double arm. The component with the
higher velocity is labeled the streaming ridge; the other component, the tidal
ridge. Dashed curves show the locations of the optical ridges. The displace-
ment Ax = Aa cos () is measured eastwards from the apex of the oval at
o = 06"14™215933.

persion of zero. We define the H 1 valley as the division in
declination between the high-velocity (v > 2938 km s~ !) and
the low-velocity (v < 2938 km s~ !) features in the declination-
velocity diagrams of Figure 9. In the H 1 valley, emission is
relatively weak in each channel. It is significant that the H 1
valley, defined in terms of separate velocity components, coin-
cides with the optical valley defined in terms of R- and B-band
surface brightness (see § 2). Table 5 shows the variation in the
ratio of ridge-to-valley surface brightness in H 1 as a function of
position Ax cos 6 measured eastward from the eastern apex of
the oval, so as to correspond to Figure 10. The surface bright-
ness integrations were done on the H 1 cube at the H 1 ridge
and valley positions shown in Figure 10, and the high- and
low-velocity ranges were defined as above. By “total,” we

TABLE 5

RIDGE-TO-VALLEY CONTRAST RATIOS IN H 1 SURFACE BRIGHTNESS
ON THE EASTERN TIDAL ARM OF IC 2163

STREAM TipAL
RIDGE/VALLEY RIDGE/VALLEY
Ao cos 6* Total High Velocity Total Low Velocity
0"-12" ....... 1.2 20 25 52
127-24" ...... 1.7 2.8 1.9 2.6
24"-36" ...... 0.85 1.6 1.3 1.9
36"-42"...... 0.79 1.3 1.0 1.4

® Measured eastward from the eastern apex of the oval at 6"14™213933.

IC 2163 AND NGC 2207. L 115

mean the summation over the total range of velocities at that
position. As indicated in Table 5, the streaming arm is distinct
at high velocities out to 42" (=7 kpc) east of the apex, but
without this velocity information the streaming arm would
appear to blend with the tidal arm much sooner. In maps of the
total H 1 column density, the streaming arm becomes just a
shoulder on the tidal arm beyond 30” from the apex, because in
the valley the total H 1 emission includes a significant contribu-
tion from low-velocity gas associated with the brighter tidal
arm. While this is probably the result of limited spatial
resolution, it may also suggest that the streaming and the tidal
arms are not exactly in the same plane. The maximum column
density of H 1 occurs in the tidal arm, which is also brighter
optically than the northern ridge (see Table 5 and Figs. 1 and
26, below).

The H 1 velocity dispersion is high throughout the region
where the two components of the double arm are distinguish-
able, decreasing eastward along the tidal arm from approx-
imately 60 km s ! to approximately 30 km s~ ! for the range of
a in Figure 10. In noninteracting galaxies, typical H 1 velocity
dispersions (Dickey, Hanson, & Helou 1990) are less than 10
km s~ !. The high velocity dispersion is most likely turbulence
produced by the tidally generated gas flows. Beyond this point,
the dispersion continues to decrease; in the long, faint part of
the H 1 tidal tail that heads north from 6 = —21°20'30" to
—21°18'30", the velocity dispersion is only 7to 17 kms™*.

Figures 7 and 8 show that the tidal arm has an S-shaped
wiggle, which is also present in the N-body simulations of
ESES at time steps 1650 and 1700 of their Figure 3. It occurs
where the velocity components from the tidal and streaming
arms merge and could be caused by the ram pressure of the
streaming arm.

4.3. Mean Velocity Field of IC 2163

Figures 11 and 12 display the mean velocity field of IC 2163
with full spatial resolution (13”5 x 12”) and high velocity
resolution (5.25 km s~ !) after the H 1 emission of IC 2163 was
separated from that of NGC 2207. In Figure 11, the isovelocity
contours are overlaid on the R-band CCD image, and in
Figure 12, on the N(H 1) image in gray scale. The high-velocity
side is on the east and northeast, and the low-velocity side is on
the west and southwest.

The optical velocity in the nucleus of IC 2163 is 2756 + 15
km s~ !, according to V. Rubin, K. Borne, and C. Peterson
(unpublished). The kinematic minor axis of the mean H 1 veloc-
ity field in Figures 11 and 12 gives v,,, = 2775 + 10 km s~ . In
Figure 4, the bilaterally symmetric features in the unseparated
channel maps suggest that v, for IC 2163 lies in the 2759-
2780 km s~ ! channels. All of these values are reasonably close.
The optical value for vy, is sensitive to the placement of the
spectroscope slit on the nucleus; the H 1 values are sensitive to
the separation procedure for the emissipn from the two gal-
axies. Splitting the difference, we adopt 2765 km s~ ! with an
uncertainty of +20km s~ 1.

As mentioned in § 4.1, the low-velocity H 1 emission from the
outer end of the western (optically obscured) tidal arm of IC
2163 is easily distinguished from the H 1 gas in the companion.
From the emission above 3 times the rms noise in the H 1 cube
with 5.25 km s~ ! velocity resolution, we find that the lowest
velocity gas in the clump at the outer end of the western tidal
arm (72" from the nucleus) has v = 2560 km s~ ! and that the
highest velocity gas at the diametrically opposite location on
the eastern arm has v = 2980 km s~ . The average of these two
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FiG. 11.—Velocity field of IC 2163 obtained from data with 13”5 x 12" spatial resolution and 5.25 km s ™! velocity resolution superposed on the R-band image in
gray scale. The eastern side of the galaxy is the receding side. The contour levels are 2600 kms ™! ... (20 km s~ )...3000kms™ 1.

velocities is 2770 km s~ 1, which is about the same as the sys-
temic velocity. If we use the mean velocities at these two loca-
tions instead of the extremes, we obtain an average of 2775 km
s~ 1. Thus, the symmetry between the brighter portions of the
eastern and western tidal arms is evident not only in the NH))
image but also in the velocities. In their atlas of encounter
simulations, Howard et al. (1993) point out that such sym-
metries between the tidal tail and the tidal bridge are expected
in close tidal encounters only if the orbit of the companion lies
within a few degrees of the plane of the disk.

An unusual feature of the velocity field, visible even in Figure
4, is that the straight velocity contours crossing the nucleus in
IC 2163 are nearly parallel to the apparent major axis of the
oval, i.e., the kinematic minor axis (with a position angle of
155° + 10°) lies close to the optical major axis of the oval (with a
position angle of 128° + 3°). The unusual relative orientation
of the photometric and kinematic minor axes in IC 2163 sug-
gests that the intrinsic shape of the galaxy is oval. We adopt
the terminology “line of nodes of the projection” to mean the
intersection between the plane of the sky and the plane of the
galaxy. If the disk were intrinsically circular and flat, and all of
the motions circular, then the line of nodes of the projection
would be both the photometric and the kinematic major axis.

For IC 2163, the line of nodes of the projection is probably
perpendicular to the kinematic minor axis, i.e., it has a position
angle of 65° + 10°, and the disk inclination is approximately
40° (a face-on disk would have inclination = 0°) from the
model results in Paper IL This implies that the intrinsic shape
of IC 2163 is an oval with a 2:1 axial ratio. The projection
makes the oval look less eccentric and the isophotal major axis
shorter than they really are. In this interpretation, the oval
shape in the plane of the sky results mainly from highly ellip-
tical orbits, not a high inclination of the galaxy.

The isovelocity contours show no evidence for a bar. The
bar may be weak, but since the major axis of the bar differs by
only 13° + 10° from the line of nodes of the projection, the bar
is close to the singular viewing angle for which streaming
motions along the bar are not apparent in the velocity con-
tours. It is possible also that there is no real bar in IC 2163.
Our simulations in Paper II have an inner structure that
resembles a bar at this same position angle even though there
is no bar in the face-on projection.

Figure 13 shows a slice of the mean H 1 velocity field through
the nucleus of IC 2163 along the line of nodes of the projection
at P.A. = 65°. On the eastern side of IC 2163, this slice stays on
the northern side of the double arm and shows velocities con-
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image of the H 1 column density from Fig. 8. The gray-scale wedge is in units of Jy

beam~! m s~ L. The contour levels are 2580 km s~ ...(20kms™?)... 3000 km s~ .

tinuously rising in the outer part of the galaxy. (The plateau in
Fig. 13 at 2880 km s~ ! is probably the result of some residual
blending with emission from NGC 2207.) Rubin & Ford (1983)
plotted optical emission-line velocities v sin (i) versus position
along a slit at P.A. = 97° (see Fig. 29 below, where the H 1and
optical velocities are compared), which passes through the
nuclei of both galaxies and then cuts across the double arm
from north to south. The velocity difference between the
streaming and tidal arms makes the “rotation curve ” appear
to be falling on the eastern side. Rubin & Ford (1983) call
attention to the decrease in rotational velocity with increasing
nuclear distance in both galaxies, and Reshetnikov (1992) then
cites both galaxies as examples of interacting galaxies with
falling rotation curves. The difference in the behavior of
v sin (i) as a function of radial distance for P.A. = 65° and
P.A. = 97° illustrates the complexity of the velocity field
resulting from the interaction with NGC 2207. With much of
the galaxy in highly noncircular motion, no single slice across
the velocity field can represent the rotation curve.

In the long faint part of the tidal tail that heads north from

§ = —21°20'30" to —21°18'30", the velocity field has very little
variation with position, the isovelocity contours in Figure 12
take values between 2980 and 3000 km s~ ! with no systematic
trend along the arm, and the H 1 velocity dispersion is typical
of values found in undisturbed spiral galaxies. The constant
velocity here agrees with the models in Paper II below.

4.4. Velocity Streaming in IC 2163

In a disk with pure circular rotation, the locations with the
highest absolute values of (Vs — sys) Should lie on the line of
nodes of the projection. Along the oval in IC 2163, the gas with
the highest value of v,y is at the eastern end (P.A. = 92°) of the
northern eyelid, and the gas with the lowest value of vy, is at
the western end of the southern eyelid (see the channel maps
for 3011 km s~ ! and 2591 km s~ ! displayed in Fig. 4). These
two positions are displaced 27° counterclockwise from the line
of nodes of the projection, which implies that the orbit speed is
not constant with azimuth at this radius. We refer to the high-
velocity feature at the eastern end of the northern eyelid as the
launch point for the streaming arm, since this is where the
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F1G. 13—Mean H 1 velocity vs. position for a slice passing through the
nucleus (position 0) along the adopted line of nodes of the projection. The
northeast side is on the left (negative positions) and the southwest side is on the

right. Because of velocity streaming, the values of v sin (i) in this diagram do
not represent the circular rotation curve.

streaming ridge described in § 4.2 departs from the oval. In
Figure 11 the launch point appears as a closed, high-velocity
contour at a = 6"14™22%, § = —21°21'24". The backward-C-
shaped deformations in the isovelocity contours along the
northern optical eyelid culminate at the launch point and indi-
cate high-velocity material streaming away from us along the
northeastern side of the eyelid and into the northern part of the
eastern double arm.

From the data with 5.25 km s ! resolution, we find that the
value of (vps — Usy) is 10-16 km s ™! greater at the launch point
than at the line of nodes of the projection at the same radius.
The lower value pertains if we use the mean velocities, and the
higher value pertains if we use the highest velocities with sig-
nificant emission at each position. Recall that, in general, if the
motion is confined to the plane of the disk, then

(Vobs — Vsys)/sin (i) = v, cos (8) + Av, cos (0) + v, sin (), (2)

where v, is the circular velocity, Av, is the excess tangential

Vol. 453

velocity, v, is the radial velocity, and 6 is the azimuthal angle in
the face-on image, set equal to O for the northern line of nodes.
For pure circular rotation, the value of (v, — v,ys) should be
12% lower at the launch point than on the line of nodes, while
in IC 2163, (v,ps — Vyys) is 5%—7% higher at the launch point.
Thus, Av, and v, are probably positive at the launch point.
Positive Av, is expected from the conservation of angular
momentum for material that has just crossed over the northern
eyelid of the oval after falling in from larger radii (ESES);
positive v, is expected at the launch point, where the stream
bends outward to produce the streaming ridge at larger radii
on the double arm.

The following argument rules out values of the inclination
<25° because they would yield unreasonably large values for
the excess tangential velocity. For an undisturbed spiral galaxy
with the same B} luminosity as IC 2163, the luminosity-v,,,,
relation in Persic & Salucci (1991) predicts a maximum v,
equal to 225 + 25 km s~ ! (where the uncertainty represents
the uncertainty in the extinction correction for
IC 2163). From the mean velocities on the northeastern part of
the line of nodes in IC 2163 (see Fig. 13), we find (V445 — ¥,y5) =
185 + 20 km s~ L. If the inclination of IC 2163 were 25°, then
(Dobs — Vsys)/sin (i) would be 440 + 47 km s~ %, and the excess
tangential velocity on the northeastern line of nodes would be
215+ 54 km s~!, which is unreasonably large for a non-
merging encounter. Thus, the observed values of the tangential
velocity on the line of nodes of the projection rule out small
values of i, while the position angle of the kinematic minor axis
rules out large values of i. With i = 40°, the excess tangential

velocity on the northeastern line of nodes is 65 + 40 kms ™!,

4.5. Massive H1 Cloudsin IC 2163

The H 1 gas in IC 2163 contains several massive clumps,
visible in Figures 7 and 8. As indicated in Figure 14, cloud I1 is
near the outer end of the brighter part of the eastern tidal arm,
clouds 12 and I3 are on the eastern tidal arm near the apex of
the oval, and cloud 14 is near the outer end of the western tidal
arm. Cloud I5, on the northern eyelid, is centered 9” = 1.5 kpc
north of the end-of-bar optical clump (pointed out in Fig. 3). In
Figure 8, boxes are drawn around these giant cloud complexes
in IC 2163. Table 6 lists the following properties of these
clouds: the position of peak column density, the peak and the
average H 1 column densities, in which the average is calculated
inside the box, the total H 1 mass in the box, and the average
velocity dispersion ¢ before and after correction for the veloc-

TABLE 6
GianT H 1 CLoups

{NH 1> NH 1) <D ops 0D cors Mass
Cloud «(1950) 8(1950) (Mgpc™® (Mgpc ) (kms ') (kms ') (x10® M)
IC 2163:
........ 06°14™2634  —21°21'15" 20 24 20 19 18
2........ 06 14 232  —212121 18 24 56 55 14
3. 0614 22.1  —212148 19 29 56 51 2.6
... 0614 153  —212133 19 23 36 34 1.0
5., 0614 209  —212106 16 21 55 48 1.8
NGC 2207:
Ni....... 0614 09.9  —211945 21 43 58 56 7.1
N2....... 06 14 09.5  —212048 29 36 50 49 10
N3....... 06 14 08.8  —212115 29 38 43 41 55
Nd...... 0614 09.7  —21 2136 27 37 42 40 39
NS....... 06 14 20.6  —212148 26 38 43 40 38
N6....... 0614 17.9  —212112 28 36 47 46 4.6
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FiG. 14—B-band image in gray scale with boxes marking the locations of four massive H 1 clouds on the tidal arms of IC 2163 and six massive H 1 clouds in NGC

2207.

ity gradient across the Gaussian radius of the synthesized
beam. (The corrected velocity dispersion was obtained by sub-
tracting in quadrature the change in the velocity field across
the Gaussian radius.) Cloud IS lies in the part of the northern
eyelid that has a blending problem with NGC 2207 as noted in
Table 4. To be conservative, we attribute only the gas with
v>2817kms ™! tocloud I5.

These five clouds have extremely large masses, 102 Mg or
greater, even if an estimate for the intercloud H 1in each box is
subtracted from the total emission. They are comparable in
mass to dwarf galaxies and to the clouds and star formation
complexes at the outer ends of the tidal tails in the Antennae
and Superantennae galaxies (Mirabel, Lutz, & Maza 1991;
Mirabel, Dottori, & Lutz 1992). They are also similar to the
massive H 1 clumps discovered by Hibbard et al. (1992) in five
merging pairs of galaxies. From Figure 12, one can see that
these clouds have the same mean velocities as the neighboring
H 1in the disk, so they must have formed there.

The H 1 velocity dispersions in these clouds and in the neigh-
boring gas on the tidal arms are high, 20-55 km s~ . For cloud
I3, Figure 15 shows the H 1 line profile averaged over the cloud
and smoothed to a velocity resolution of 10.5 km s~ *. Elme-
green et al. (1993) suggest that this high velocity dispersion is
responsible for the large cloud sizes if the clouds formed by a
gravitational instability in the disk. They also predict that
cloud 11, on the anticollision side of IC 2163, may escape to
form a future dwarf galaxy. NGC 2207 also contains massive
H 1 cloud complexes with high internal velocity dispersions, as
described in § 5 below.

Although there is blue-light emission from each of the
massive clouds on the tidal arms, none is unusually bright in B
band or in Ha. In Condon’s (1983) 420 continuum images,
clouds I2, 13, and I4 are part of the tidal arms detected in the

radio continuum, but none of these clouds appear as particu-
larly bright clumps, and no radio continuum emission is
detected from cloud I1. Optically, the brightest of the four
clouds on the arms is cloud I3 on the southern ridge of the
eastern arm near the apex of the oval; it contains a blue-light

MilliJY/BEAM

| | 1 | | | | 1

3000 2950 2900 2850 2800 2750 2700 2650
Kilo FELO-HEL
FiG. 15—For giant cloud I3, the H 1 velocity profile averaged over the
cloud and smoothed to a velocity resolution of 10.5 km s~ !. The rms noise is
0.54 mJy beam ~ ! per smoothed channel. The spectrum was obtained from the
H 1 cube in which only regions of believable H 1 signal were retained, as
described in § 3.1. This spectrum shows the high velocity dispersion in the gas.
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clump and Ha emission typical of H 11 regions on spiral arms.
Thus, star formation is occurring in cloud I3, but none of these
clouds are major star formation regions yet.

4.6. A Comparison between H 1and Optical Features
inIC2163

The H 1 and optical ridges in IC 2163 do not always coin-
cide. Along much of the oval, the H 1 ridge is displaced toward
the outer edge of the optical eyelid (compare Figs. 11 and 12).
In particular, the massive H 1 clump at the northeastern end of
the bar is displaced 9” north of the optical clump. Perhaps CO
observations will fid*a molecular clump at the optical feature.
If they do not, then a star plus gas numerical simulation will be
required to explain the relative displacement between the gas
and stellar ridges.

The H1and optical observations agree on the location of the
valley on the double-parallel arm (the eastern arm), but the
separation on this arm between the optical ridges, selected on
the basis of surface brightness, is smaller than the separation
between the H 1 streaming and tidal ridges selected on the basis
of velocity components. As shown in Figure 10, the H 1 stream-
ing ridge lies 8"~12" north of the northern optical ridge, a
displacement comparable to the 12” H 1 resolution in the
north-south direction, and the H 1 tidal ridge is displaced
slightly (2"-8") south of the southern optical ridge. Since the
stars, unlike the gas, form a collisionless system and have a
high velocity dispersion, the gas stream may be partially
decoupled from the stellar stream. A star plus gas numerical
simulation is necessary to account for the minor differences in
the spatial distributions described here.

5. H I PROPERTIES OF NGC 2207

5.1. General H1 Morphology of NGC 2207

Figure 16 is a contour plus gray scale display of the total H 1
column density in NGC 2207 as derived from the naturally
weighted data cube with 13”5 x 12” spatial resolution and 21
km s~! velocity resolution. Boxes are drawn around massive
clouds listed in Table 6 and discussed below.

NGC 2207 has a very different appearance in H 1 than in a
short optical exposure. The brightest H 1 emission is concen-
trated in a broad clumpy ring or partial ring, which is 8 kpc
thick on the eastern and western sides and opens to the south.
The nucleus of NGC 2207 lies in an H 1 hole. For the region of
the ring, Figure 17 overlays the H 1 column density contours
on the R-band emission displayed in gray scale (see also Figure
7). The H 1 ring contains the stellar arms, but only in the
northern part of the H 1 ring does the H 1 ridge consistently
coincide with the stellar arm. In the eastern and western parts
of the ring, the H 1 ridge often lies in the interarm region between
the stellar arms, and the H 1 column density is higher than in
the northern part of the ring.

Five of the six giant clouds in NGC 2207 with H 1 masses in
excess of 108 M, are in the eastern or western portions of the
H 1 ring (see Fig. 16 and Table 6). The largest of these (cloud
N2) has a mass of 10° My and sits in the interarm region
between the two western stellar arms. On the eastern part of
the ring, the center of cloud N6 and the H 1 ridge heading south
from this cloud are also in the interarm region. Cloud N1 (see
Figs. 14 and 16) lies north of the H 1 ring but appears to
connect to the northwestern part of it. Other properties of
these clouds will be discussed in § 5.5.

The lack of correspondence between the stellar spiral arms
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and the H 1 peaks is unusual for galaxies. One possible scenario
is that the spiral arms were present before the perturbation
and, aside from the wave propagation, were unchanged by IC
2163 because NGC 2207 was not strongly perturbed in the
in-plane direction. Since the stars form a collisionless system,
the stellar system may respond differently than the gas to a
tidal perturbation, e.g., the gas may undergo shocks and be
more prone to form clumps.

The H 1 ring and the main optical disk of NGC 2207 have
about the same major axis position angle. If we assume these
features are intrinsically circular, then the position angle of the
line of nodes of the projection is 110° + 7°. Actually, we believe
that NGC 2207 is warped on the line of sight and that the true
line of nodes is more like 140°, based on models in Paper II
and on the orientation of the kinematic major axis.

The H 1 ring and the main optical disk are in the northern
part of a large, elliptically shaped distribution of fainter H 1
emission. The position angles of the isophotal major axes of
this fainter H 1 gas distribution are 330° in the north and 160°
in the south and thus differ from the position angle of the line
of nodes of the projection. The outermost H 1 contours in the
long southern extension of this ellipse form an outer envelope
for the faint B-band streamers that arc south of NGC 2207 and
IC 2163 in Figure 1c. The faint optical emission has the same
asymmetry relative to the nucleus and a similar radial extent as
the H 1 emission. Although the H 1 distribution extends to
greater radii in the south than in the north, the total H 1 mass
south of the nucleus (1.2 x 10'® M) is about the same as the
total H 1 mass north of the nucleus (1.0 x 10'°® M ). The H 1
ring comprises 73% of the total H 1 emission from NGC 2207,
and the H 1 mass south of the ring is 3 times that north of the
ring.

The H 1 ring in NGC 2207 looks similar to the incomplete
H 1ring in NGC 2273 (van Driel & Buta 1991). NGC 2273 also
has a central bar, but the circumstances differ from NGC 2207
because the H 1 ring in NGC 2273 corresponds to the outer-
most of two outer stellar pseudorings and there is only one,
pure gaseous ring in NGC 2207. Also, NGC 2273 does not
appear to have a close companion, and NGC 2273 has an
order of magnitude smaller H 1 surface density than the NGC
2207 ring and no detected elliptical extension.

5.2. Channel Maps Reveal the Agitation of the Gas
in NGC 2207

Figure 4 shows large regions on the eastern and western
portions of the H 1 ring that are essentially unchanged from
channel map to channel map over a wide range of velocities
(2696-2801 km s~ *). This gas must have a very large velocity
dispersion to show up in such a wide range of channels (see
§ 5.4). Clearly, a lot of gas on the eastern and western lobes of
the ring has been stirred up by the interaction. Removal of the
H 1 emission associated with IC 2163 does not affect this result,
since the western side of NGC 2207 is not contaminated by IC
2163.

Figure 18 shows H 1 line profiles in the H 1 ring and in the
feature connecting the ring to cloud N1. These profiles were
made from the data with 5.25 km s~ velocity resolution and
1375 x 12" spatial resolution. On the eastern and western por-
tions of the ring, the velocity profiles are very broad and asym-
metric, with no obvious pattern to the asymmetries (the rms
noise = 1.33 mJy beam ~!). The asymmetries imply that this is
not simply an isothermal disk in hydrostatic equilibrium with
a large scale height. The line profiles in the southern H 1 exten-
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F16. 16.—Contour plus gray scale display of N(H 1) for the total H 1 emission associated with NGC 2207, i.e., after separation of the emission of the two galaxies.
The data are from the naturally weighted cube with 1375 x 12" spatial resolution and 21 km s~ velocity resolution. Boxes are drawn around the clouds listed in
Table 6. The contour levels are 5, 10, 15, 20, 25, 30, and 35 M pc™2, and the gray-scale wedge is labeled in units of M. oPc”2

sion and in the northern part of the ring are less complex and overlaid on the R-band image. There are small kinks almost
not as broad. everywhere on the velocity contours; the kinks do not show a
o clear association with the spiral arms even with unsharp

53. M ean Velocity Fieldin NGC 2207 : masking of the mean velocity image. The failure to find strong
Evidence for a Strong Warp density-wave streaming is probably a consequence of the

Figure 19 displays the high velocity resolution (5.25 km s 1), limited spatial resolution (2.3 x 2.0 kpc) of our full spatial
full spatial resolution (13”5 x 12”) velocity field of NGC 2207 resolution image. On the other hand, our data do show evi-

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


http://adsabs.harvard.edu/abs/1995ApJ...453..100E

AL 009 PUE ‘00S ‘00F ‘00€ 21 S[9A9] In0JUOD JY ], "o[eds Aead ur afeunt DD pueq

80

cl

O LTE LT
-¥ 2y} UO PIB[IdA0 A1® (I H)N JO sInojuo)

zo_mzmownx 1HOIH

8l

8'1Z ‘p'9] JO SSNISUIP UWN|od I H 0} puodsaiiod yorym ‘; _sw ;_wedq

0c v1 90

09¢

ove

1144

(01:13

‘uorsstwd [eondo ayy yum paredwod £ozg DON Ul Suu 1 4 syl —'L] DI

Gl

00 ce

0

G

0

ole

14

€

091

NOILVNITO3a

Gl

00 02 L2-

122

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


http://adsabs.harvard.edu/abs/1995ApJ...453..100E

"1°€ § Ul paqLOSIP Se ‘paulelal a1om [BUSIS I H S[qEASI[aq JO SUOISAI AJUo YoIyM Ul ‘9qnd I H 94} WO PaUIelqo a1em exjdads oy [ *, _weaq Afw o] 01 ( wolj s308 2)euIpIo
a1} U 383 SS2UJYBLIQ S0BLINS Y} PUE °; _S WY G9pT O) £40¢ WOIJ 1YBL 0} o] $208 SSIOSqE Y UO (IS A}00[OA YL "€9TT DI YIM P3IRIOOSSE UOISSIWA I H Y} JO [EAOWSI 131je UONIN[OSal [eneds 7] X .61
PUE UOHN[OSAI £}100[9A ; _S WY GT°S UM 3qnd pajyBiom A[[eInjeu oy} WoIj 9pew 219M sa[goid asay [, "Pref1aa0 ] ‘B1] Wolj smoiuod (I H)N Yim L0gZ DON Ul Sull 1 3y 10§ sojgoId AID0[oA—§] Ol

_ _ _ Mw ﬂr ww Mw n_uN Nvaw 90
Y vy TV [V ]V _u< YTV 4_
IRELELEL NRERR NI LR
MM J i il
Ll ) ,
— —wW— et |q| |i||.on
4 T R
- I-_ﬂllnlﬂlu lﬂllﬂlllooa i}
Y NI
, G T
v ~—— A I@I v v
v IR (R
I..Ildlllmil |.q.=||<.-_ J.ﬂ..'—.:.l 1 Y — 000¢ I2-
_ _ =T = _ _ [ [ [

123

ysics Data System

o

ty e« Provided by the NASA Astroph

1€

1 Soc

mica

© American Astrono


http://adsabs.harvard.edu/abs/1995ApJ...453..100E

(=S WY 0$6 ‘0267 " (07) """ 098 ‘0S8T ‘O¥8T " (0T) """ 089T OLIT 099T ‘09T 09T V& S1E S[349] In0JUOD) 9[eds ABId
ur a8euwnt DD PUBQ-Y Sy} UO PIB[ISAO AIE SINOJUOD AOOJPAOSI SY L ‘UONN[OSAI AJDO[oA ;S WY ¢7' pue uonnjosal [eneds 71 x G;€] YIm aqnd Y} WO} 9PBW £0ZZ DON 10] PIY KIDOPA— 6] Ol

092 ove 0zce 00¢ 08l 091

=

[<P]

2

N

NOISNIOSY 1HOIY o
oL Gl 0z Sz ¥l 90 £
B i PO - Ottt o¢ a
S

2z

=)

(=9

0022 S
-

<

<

4 4 5)
og =
%]

=

>

=

00 12 °
=]

>

(=}

S

._ &
0g .
=

= 2

o] 3

[t N

00 0Z = =
> 3

g

2 g

(=}

o€ 61 12- £
<

[=]

[+

(5]

=

%]

g

<

©


http://adsabs.harvard.edu/abs/1995ApJ...453..100E

i
=3
1

NN S

o
2

L

IC 2163 AND NGC 2207. 1. 125

2700

21 19 —

22—

23—

DECLINATION (B1950)

26—

[ I I

2800

2900 3000

06 14 30 25 20

15 10 05 00

RIGHT ASCENSION (B1950)

F1G. 20.—A gray scale plus contour display of the velocity field of NGC 2207 made from the cube with 30" angular resolution and 21 km s~ ! velocity resolution.

The contour levels are 2600...(20)... 2940 km s~ !.

dence for rapid streaming at the western end of the bar; for
example, in the unseparated channel map displays at 2864—
2843 km s~ ! in Figure 4, contours jut down from the outer
galaxy to the southwest end of the bar. The velocities here are
higher than in the neighboring bar regions.

Figure 20 shows a gray scale plus contour display of the
velocity field made from the cube with 21 km s™! velocity
resolution and 30" spatial resolution. The smoothing empha-
sizes the large-scale structure, which will be compared in Paper
IT with the models for the dynamics of the galaxy. Despite the
broad line profiles, we see large-scale, coherent structure in
both the high-resolution and the low-resolution mean velocity

images. The northern part of the galaxy is the receding side. If
the spiral arms of NGC 2207 are trailing, and the sense of
rotation is clockwise, then side of NGC 2207 nearest to us is in
the north.

Table 2 compares various position angles of interest in this
galaxy. The following all have position angles close to 60°: the
major axis of the barlike feature in the center, the H 1 kinematic
minor axis in the central regions, and the minor axis of the
outermost N(H 1) contour of the extended H 1 distribution
surrounding the main disk. These axes differ in orientation by
about 40° from the 20° position angle of the isophotal minor
axis of the H 1 ring and the main optical disk, and all of these
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TABLE 7
StATIC TILTED-RING FITs TO THE VELOCITY FIELD OF NGC 2207

SOUTHEAST APPROACHING

NORTHWEST RECEDING

g Ug
R (kms™") PA. i (kms™?) P.A. i
15" ... f f f f f f
45" ... 188 + 16 335°+ 04 31° %3 13i+11  330°+£1° 46° + 6°
75" ... f f f 139 + 27 339+ 1 46+ 8
105"...... 142+ 13 330 £0.5 46 + 4 144 + 1 342 £ 04 64 + 1
, 135"...... 121 £ 0.7 333+£03 7342 148 + 1 336 +£ 04 81+2
" 165"...... 179+3 357+ 03 56 +2 167 £ 5 331 £03 86+ 1
195"...... 165 + 0.7 354 £ 0.2 M+t .2 .
225"...... 158 +1 352403 68 +2

* H 1 extends to greater radii in the south.

angles differ from the 50° position angle of the minor axis of
the best-fit tilted model disk in the warping simulations.

The velocity field has a global S-shaped, or open spiral-
shaped, distortion. The kinematic minor axis in the central
region has P.A.=60°+ 3° but rotates counterclockwise
through a large angle as the radius increases (see Fig. 20 and
Tables 2 and 7). The conclusion of Bosma’s thesis (1978) is that
S-shaped distortions of velocity contours can be produced
either by an oval distortion or by a warp of the disk. Since the
barlike feature in NGC 2207 is small, whereas the S-shaped
distortion occurs throughout the whole disk, the most likely
interpretation of the unusual velocity distribution in NGC
2207 is that it results from a warp in the disk.

In our first attempt to analyze the velocity field, we fitted a
static tilted-ring model to the data in Figure 20 by using a
version of the GIPSY routine ROTCUR that was adapted to
run within AIPS. It assumes circular motions but allows for a
radial change in inclination and position angle of the major
axis. We restricted the solution to a cone of 25° half-angle

2900 T T T T T
NGC 2207
28501 pA =110° N
2800 ]
g
22750 ~ .
2

2700 — J
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50 100
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about the kinematic major axis to reduce the inclusion of
regions with very broad line profiles in the data. Table 7 gives
the results when the northwest-receding and southeast-
approaching sides are treated separately; annuli that failed to
converge are listed with an “f.” The values given here are
meant to be illustrative only, but they indicate severe distor-
tions in the disk. The model suggests that NGC 2207 is highly
warped in the outer parts, with inclinations ranging from 31°-
46° at small radii to 73°-86° at large radii. High inclinations at
large radii are found on both sides of the galaxy, but the
highest values pertain to the northwest-receding side. The
asymmetry in the behavior of the velocities in the outer part of
the galaxy is evident from the velocity slice along the kinematic
major axis in Figure 21b. The warp does not appear to be a
simple bisymmetric tilt, and the inclinations derived for the
major axis cone may not apply elsewhere in the galaxy. The
static tilted-ring model finds that the position angle of the
kinematic major axis changes with radius, but the twist is not
as large as we see for the kinematic minor axis in Figure 20.
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F1G. 21.—Mean H 1 velocity vs. position for slices through the nucleus (position 0) (a) along the photometric major axis at P.A. = 110°, with east (negative
positions) on the left and west on the right, and () along the kinematic major axis for the central regions at P.A. = 150°, with southeast (negative positions) on the left

and northwest on the right.
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The maximum value of the rotational velocity in Table 7 is low
compared to the typical value in undisturbed, large spiral gal-
axies.

The very large values obtained for the warp in the static
tilted-ring model are problematical because for an interacting
galaxy they should be accompanied by large velocities in the z
direction (to make the warp), and these z motions are not
included in the static model. Therefore, in Paper II, we present
detailed simulations of z motions and warps responding to an
interaction. These simulations reproduce the velocity anom-
alies in Figure 20, and they also show in a dynamically consis-
tent way how the disk is likely to be warped in space.

V. Rubin, K. Borne, and C. Peterson (unpublished) mea-
sured an optical velocity for the nucleus of NGC 2207 equal to
2745 + 15 km s~ !. The bilaterally symmetric features in the
unseparated H 1 channel maps of Figure 4 suggest that v lies
in the 2738-2759 km s~ ! channels. In the mean H 1 velocity
field image in Figure 20, the kinematic minor axis in the central
regions has vy, = 2750 + 20 km s~ !. The static tilted-ring
model found v,,, = 2760 km s~ ! for the kinematic major-axis
cone. All of these values are reasonably close, so we adopt the
optical value for v,,,. Notice that NGC 2207 and IC 2163 have
about the same systemic velocity within the uncertainties of the
estimates. _

Figure 21 shows slices through the mean velocity field (a)
along the photometric major axis at P.A. = 110° and (b) along
the kinematic major axis for the central regions at P.A. = 150°.
The slice along the photometric major axis is fairly close to the
97° position angle for the optical slit shown in Rubin & Ford
(1983) and in Figure 29 below, and the H 1 velocities in Figure
21a mimic the falling rotation curve they found. In IC 2163 the
falling rotation curve in the Rubin and Ford figure is a conse-
quence of velocity streaming on the double arm; in NGC 2207
it results from the twist of the isovelocity contours produced by
the warp. In both galaxies, the velocities fall in the outer part of
the galaxy at certain position angles but rise or remain flat in
the outer part of the galaxy at other position angles. The slice
at P.A. = 150° in Figure 21b appears to show a rotation curve
that is flat in the southeast but rises in the outer part of the
galaxy in the northwest. Thus, along the kinematic major axis,
there is an asymmetry in the radial behavior of the velocities as
well as an asymmetry in the gas distribution (greater elon-
gation to the southeast). Such asymmetries can be the result of
tidal forces at close range; they also suggest that the orbit of
IC 2163 is not in the plane of NGC 2207.

Another way to visualize the mean velocities in NGC 2207 is
to look at the velocity-gradient vector field. This is shown in
Figure 22, which displays the gradient across the beam in the
high resolution velocity field at each location. Proceeding
outward from the nucleus along the kinematic major axis, we
see the following: (1) large radial gradients near the nucleus, as
expected for a spiral galaxy; (2) small gradients at intermediate
radii on the northwest and the southeast major axes, as
expected for a nearly flat rotation curve, and (3) large non-
radial gradients at large radii, particularly on the northern
side. The large outer gradients indicate again that some com-
bination of a warp, z motions, and nonradial tidal stretching
motions are present in the outer northern part of the galaxy,
where the static tilted-ring model yielded high values for the
inclination.

Along the kinematic minor axis, which starts at P.A. = 60°
in the central regions but rotates to larger angles as the radius
increases, Figure 22 shows some velocity gradients directed
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nearly radially; a slice through the mean velocity field along
P.A. = 60° reveals that in the outer part of the galaxy the
absolute value of (v, — vs,,) increases outward, with (v, —
Vys) positive on the northeastern side and negative on the
southwestern side. This unusual behavior can be produced by
a warp, z motions, or radial flows.

5.4. Velocity Dispersions in NGC 2207

Figure 23 shows the velocity dispersion in NGC 2207 as a
gray scale with contours of N(H 1) superposed. The H 1 velocity
dispersion is high (40-50 km s~ !) in a large, butterfly-shaped
region that covers much of the main disk of NGC 2207 and
corresponds to the distortion of the velocity contours
(compare Figs. 23 and 24). The western lobe of the butterfly has
an open spiral shape. Because the distribution of the larger
velocity gradients in Figure 22 resembles the distribution of
gas with high velocity dispersion in Figure 23, we did two tests
to see if beam-smearing could account for the unusual velocity
dispersions. First, we made a corrected image, shown in Figure
24, of the velocity dispersion by taking the quadratic difference
between the observed velocity dispersion and the change in the
velocity field across the Gaussian radius of the synthesized
beam. There is very little difference between the corrected and
uncorrected images of the velocity dispersion because the
average gradient is relatively small (see also examples in Table
6). Second, at each pixel in two large fields in NGC 2207, we
compared the size of the velocity dispersion with the magni-
tude of the velocity gradient across the beam to see if there is a
correlation. One of the fields is in the western part of the H 1
ring, 3.6 arcmin? in area; the other is in the southern extension,
2.5 arcmin? in area. Within each field, there is no correlation
between the velocity dispersion and the magnitude of the
velocity gradient, although the mean values of the velocity
dispersion and the velocity gradient are both greater in the
western-ring field than in the southern extension field. Evi-
dently, the large velocity dispersions are not caused by velocity
gradients across the beam, but they may still result from veloc-
ity gradients along the line of sight.

We consider whether the large velocity dispersions could
result from the simple geometrical effect of intercepting the
disk twice along the line of sight as the disk folds back on itself
in a strong warp, as in the static tilted-ring model of Table 7. In
that case, in a cone centered on the line of maximum fold, one
should find double-peaked or broad line profiles and higher
values for N(H 1) than where the line of sight cuts through the
disk only once. Of course, the line profiles in Figure 18 and the
twisted shape of the high velocity dispersion region in Figures
23 and 24 imply that the warped region in NGC 2207 is more
complicated than a simple fold. Nevertheless, it is interesting to
look for a correlation between N(H 1) and velocity dispersion
in the data.

Figure 25 compares the values of the velocity dispersion and
the H 1 column density at each pixel in the western-ring field
and in the southern extension field. The mean values of the
velocity dispersion and N(H 1) are both greater in the western-
ring field than in the southern extension field. At each value of
N(H 1) > 5 M pc™? within the western-ring field, most of the
values for the velocity dispersion lie in the range of 40—-50 km
s~ !, independent of N(H 1). However, as N(H 1) increases, the
lower velocity dispersion tail (below 35 km s~ ') decreases, and
this produces a weak correlation between the mean values of
velocity dispersion and N(H 1). Since high values of the velocity
dispersion are significant for all H 1 column densities greater
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FIG. 22—The velocity gradient vector field for NGC 2207. Each vector represents the local gradient of the velocity field across the beam; a vector of length 1” in

the image indicates a gradient of 0.333 km s~ ! arcsec ™ !.

than 5 M pc™?, it appears that a simple geometrical effect is
not the only factor involved in producing the observed high
velocity dispersions. Thus, tidally generated turbulence and,
perhaps, stretching motions along the line of sight seem to be
required. The correspondence between the S-shaped velocity
contours and the region of high velocity dispersion suggests
that the same tidal accelerations are involved in producing
both of these velocity anomalies.

5.5. Massive H1 Clouds in NGC 2207

Table 6 lists the properties of six giant cloud complexes in
NGC 2207. All six occur within the butterfly-shaped region of
high velocity dispersion. Like the cloud complexes on the tidal
arms of IC 2163, the largest clouds in NGC 2207 have H 1
masses greater than 10% M, high internal velocity dispersions,
and mean velocities consistent with the neighboring H 1 in the
disk (see Fig. 18). Although we detect blue-light emission from
the vicinities of these clouds on the deep B plate, they are not
unusually bright in Ha or B-band. Radio continuum emission
is detected from the H 1 ring, which contains five of these
clouds, and will be described in § 7 below. The massive clouds

in IC 2163/NGC 2207 range in radius from 1 to 3 kpc, and
most are well resolved in our H 1 observations.

These clouds in NGC 2207 are somewhat more massive and
have slightly higher peak H 1 column densities than those in IC
2163. They are all pure gas features without obvious counter-
parts in the old stellar population and without excessive star
formation. The clumping in the H 1 ring in NGC 2207 looks
like it was caused by a gravitational instability, as in classical
ring galaxies (Theys & Spiegel 1977). In fact, all of the clouds
could have formed this way, in which case their large masses
would be the result of the high velocity dispersions (Elmegreen
et al. 1993).

Two clouds in NGC 2207 deserve further comment. Cloud
N2, with a mass of 10° M, and a radius of 2.9 kpc, is situated
between the western stellar arms and has a maximum
N(H 1) = 36 M pc~ 2, which is high for an interarm region.
Cloud N2 is larger than the arm thickness. This implies that it
could have formed independently of the arms or that it formed
in the arms but was not destroyed when it entered the interarm
region. In normal galaxies, the largest clouds (107 M o) usually
occur only in the arms and have densities sufficiently low
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(10-30 atoms cm ~ ) that they can be destroyed by the increas-
ing tidal forces as they enter the interarm region (Elmegreen
1992). The average density in cloud N2 may be similarly low,
e.g., if the thickness of the cloud is 500 pc, then the average
density is 2.4 atoms cm ~ 3. However, the cloud is so big that it
does not fit completely into the arm-to-interarm transition
region, where the large tidal force can pull it apart. In fact, the

arm is probably a spiral wave that is moving through the cloud
without much of a deformation to either.

Cloud N1 is located north of the H 1 ring but appears to
connect to the northwestern part of the ring. The above
analysis of the H 1 velocity field shows that a strong warp and
perpendicular motions set in at approximately the distance of
cloud N1 from the nucleus. Thus, cloud N1 could be moving
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away from the main disk in the perpendicular direction as a
result of the tidal encounter. N-body simulations of outer rings
by Elmegreen et al. (1992) imply that tidal encounters can
destroy rings as some particles plunge to the center while
others gain angular momentum and escape in tidal tails. Cloud
N1 and the short, thick tidal arm containing it could be the
result of such an action. Elmegreen et al. (1993) suggest that
this cloud may escape from NGC 2207 to form an independent
dwarf galaxy or intergalactic cloud in the future. Cloud N1 is

not detected in the radio continuum, but on the deep B plate in
Figure lc, a blue-light patch (an arclike feature, too faint to be
seen on the B-band CCD image) coincides with the north-
western part of this massive H 1 cloud and may indicate that
some weak star formation is occurring. The mean corrected H 1
velocity dispersion in this blue-light patch is 49 km s~ !, which
is somewhat smaller than in the rest of the cloud.

In NGC 5774, which is a member of the interacting pair
NGC 5775/4, Irwin (1994) finds large regions with H 1 velocity
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N1, and for (b) the southern extension field, which comprises the western part of the large southern extension to the H 1 emission from NGC 2207. In each plot, the
pixels were binned, and the symbol size represents the number of points in the bin.

dispersions of approximately 50 km s~*. She also identifies 3
H 1 clumps with these high dispersions, no apparent optical
counterparts, and masses in the range 107 to 10® M. Both
galaxies have relatively high H 1 velocity dispersions (it would
be difficult to detect clumps in NGC 5775, which is seen edge-
on), which she attributes to tidal agitation. This appears to be
another example of what we see in the IC 2163/NGC 2207
system.

6. BROADBAND OPTICAL SURFACE PHOTOMETRY
OF IC 2163 AND NGC 2207

6.1. The Eastern Tidal Arm of IC 2163

Azimuthal profiles from the deprojected, sky-subtracted R-
and B-band CCD images were made in order to study the
eastern arm of IC 2163. The projection parameters from § 4.3
were used: the position angle of the line of nodes of the projec-
tion equals 65°, and the disk inclination is 40°.

Figure 26 shows the azimuthal profiles around the eastern
arm of IC 2163 in B (bottom) and R (top) bands at the three
indicated values of the face-on radius. The profiles are aver-
aged over radius in radial steps of 8” = 1.4 kpc to improve the
signal-to-noise ratio. The plotted angular coordinate is mea-

sured in degrees counterclockwise from the northern line of
nodes of the projection. In doing the radial averages on the
arm, the angular coordinate of each radial step inside the
average was shifted as a function of radius so that the crest of
the spiral arm is always at the same angular bin; this compen-
sates for the spiral pitch and prevents smearing of narrow
features.

In the profiles at 59” radius, the eastern arm is the broad
feature visible from 20° to 70°, while the very red feature at
approximately 90° coincides with one of the southern
streamers from NGC 2207. In all of the profiles, the arm is
asymmetric, the R- and B-band arms are similar, and contami-
nation by NGC 2207 is significant for azimuthal angles greater
than 120°.

The surface brightness in the interarm region at angles of
—45° to 0° is so low in both bands that it gets lost in the sky
noise. This low interarm intensity is unusual for spiral arms,
which tend to have arm-interarm contrasts of only 1 or 2 mag.
Here the contrast is at least 5 mag in B and R bands for the
northern interarm. Such a low interarm intensity is consistent
with the model results, which show that at this stage of the
interaction nearly all of the stars and gas are cleared out of the
interarm regions and put into the inner oval and double arm.
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The arms of IC 2163 are not density waves, but young material
arms that contain almost all of the stars at those radii.

The arm profiles of the tidal arm in Figure 26 have a sharper
gradient at the leading edge (south and higher angles) than at
the trailing edge. This asymmetry is also apparent in Figure 1.
In the B-band profile at 59" radius, the tidal arm ridge (the
southern ridge) has an azimuthal angle of 57°, and the stream-
ing arm ridge (the northern ridge) is at 43°. The ridge-to-valley
contrasts are generally greater in H 1 (see Table 5) than in B
band and greater in B band than in R band. The tidal and
streaming ridges have similar B—R colors, but the valley
between them is redder by 0.2-0.3 mag. The color difference
could result from obscuration by dust, enhanced star forma-
tion on the ridges, a change in the relative distribution of stars
and gas along the line of sight, or a difference in the velocity
dispersion of young and old stars, which would reduce the
ridge-to-valley contrast in R band relative to B band. If a
foreground screen of dust were responsible for the color differ-
ence in the valley, then the corresponding excess visual extinc-
tion would be 0.3-0.4 mag, and the corresponding excess gas
column density would be about 5 My pc~2. If the dust were
distributed as a Gaussian throughout the height of the disk,
then the excess gas column density in this feature could be
higher, possibly 10 M, pc~2 (Elmegreen 1980). Such gas is not
in the form of H 1 (see § 4.2 above). Considering the velocity
differences, the two ridges in the tidal arm are most likely
separate crests of enhanced star and gas densities, with excess

star formation on the crests and a small amount of dust extinc-
tion between them.

The upper graph in Figure 27 shows the radial surface
brightness profile along the eastern arm of IC 2163. The
plotted values start at the apex of the oval and measure the
peak intensities on the arm. The strong emission near the end
of the optical arm at a face-on radius R = 110" to 120" is from
the dwarf elliptical galaxy, which is several tenths of a magni-
tude redder than the average color of the eastern arm of IC
2163. The optical arm extends out to at least 90” = 15 kpc
from the nucleus. The radial arm profile has an approximately
exponential decrease in surface brightness with a scale length
of 29” (or about 5 kpc) in B and R bands. There is a broad peak
at radius R = 55” from an emission patch (visible also in Fig. 1)
that is slightly redder than the rest of the arm.

6.2. The Radial Profile of the Western Side of NGC 2207

The lower graph in Figure 27 shows the radial surface
brightness profile of the western side of NGC 2207. The plotted
values are the mean intensities at each radius, averaged inside a
box west of the nucleus measuring +26” north-south of the
nucleus. For the de-projection, we used the 110° position angle
of the photometric major axis (see § 5 and Table 2) and took
the inclination as 35° from model fits in Paper II (the static
tilted-ring fits in Table 7 gave inclinations of 31° to 46° at small
radii). The qualitative behavior of the radial profile of interest
here is not particularly sensitive to these values. The western
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B-band profile at each radius. The tick marks on the vertical scale occur at 1
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side of NGC 2207 has a relatively flat radial intensity profile.
The plateau in the radial profile from 40"-90” is not obvious
from the optical images in Figure 1, although the deep B image
shows considerable blue emission between the two arms there.
The bright features at 55” and 85" are the two spiral arms in
the west; the bright spiral stub at the end of the oval contrib-
utes near 25” (the very bright peak at 18” is a foreground star).
There is a sudden drop in intensity beyond 90” in the west, also
apparent in the deep B image. The relatively flat part of the
profile in NGC 2207 is unusual for galaxies, but it corresponds
well to the broad ring of H 1 emission, which peaks at 70”. De
Vaucouleurs & Buta (1980) classify NGC 2207 as having a
pseudoring with radius = 25” x 15”. This refers to the arc of
H 11 regions visible just south of the nucleus in Figure 1b, not
the plateau shown in Figure 27 at R = 40" to 90".

7. OTHER DATA

7.1. Radio Continuum

Figures 28a and 28b show our images of the combined
A =20 cm radio continuum emission from both galaxies. In
Figure 284, the radio continuum image made with uniform
weighting (resolution 10” x 6.5”) is displayed as contours over-
laid on an R-band image in gray scale; radio continuum emis-
sion is prominent from the eyelid regions of IC 2163, from the
southern part of the eastern apex of the oval in'IC 2163, from a
ridge along the eastern to northern side of NGC 2207, and
from portions of the spiral arms in NGC 2207. In Figure 28b,
N(H 1) contours of the H 1 ring in NGC 2207 are overlaid on a
gray-scale display of the naturally weighted 4 = 20 cm contin-
uum image. The radio continuum image in Figure 28b is very
similar to the 4 = 20 cm maps of this galaxy pair made with
15" resolution by Condon (1983) and Hummel et al. (1985).
Condon finds a total 4 = 20 cm flux density S(20) of 353 + 19
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mly for the system. As his broadband continuum maps are
superior to our average of the line-free channels, we rely on his
published data.

In terms of resolution and sensitivity, the best 4 = 20 cm
image of these galaxies is Condon’s (1983) 775 x 6” resolution
map, which clearly shows the ocular shape of IC 2163 and the
emission from the eastern arm of IC 2163, in addition to the
features already noted in Figure 28. In the radio continuum,
the southern ridge of the double arm is brighter than the valley.
This implies that there is no strong shock in the valley and that
the southern ridge has enhanced star formation and/or a com-
pression of magnetic fields and gas. The N(H 1) image shows
the compression of the gas on the southern ridge (see the values
of the ridge-to-valley contrast in Table 5), and the B-band and
Ha images (see Figs. 1 and 26) provide evidence of some excess
star formation on the southern ridge.

All of the radio continuum images have a very bright, dis-
crete source on the outer western arm of NGC 2207. Its A = 20
cm flux density S(20) is 22 mJy, which is too bright for a
collection of H 11 regions, i.e., if the most luminous H 11 region
in M51 (van der Hulst et al. 1988) were at the distance of NGC
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(top) and for the western side of NGC 2207 (bottom) in R (solid line) and B
(dashed lines).
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2207, it would have S(20) equal to 0.14 mJy. In the A = 6 cm
and 4 = 20 cm A-array VLA observations by Vila et al. (1990),
this bright source is resolved and has a spectral index of —0.9.
It is probably a background radio galaxy that accidentally
coincides with the spiral arm; in the following description, we
ignore it. We do not detect H 1 absorption against this back-
ground source.

Condon (1983) points out the central hole in the radio con-
tinuum emission from NGC 2207 (see also Fig. 28). This hole is
highly unusual for radio-bright spiral galaxies with barlike dis-
tortions and indicates that the center of NGC 2207 does not
contain either bright star-forming regions or an active galactic
nucleus. In particular, the bright spiral arm stubs that emerge
from the nuclear region in the optical images are not major
sites of massive star formation.

Figure 28b shows that the 4 = 20 cm continuum emission
corresponds well with the H 1 ring in NGC 2207 and thus
supports the idea that the H 1 ring is a feature of dynamical
significance. But unlike the H 1 emission (either before or after
separation of the contributions of the two galaxies) and unlike
the optical emission, the radio continuum emission from this
system is strongly one-sided, with the strongest emission
coming from the eastern to northeastern side of the ring. We
call this feature the “eastern ridge.” (Note that the north-
eastern side is not in the region of overlap with IC 2163.) On
the eastern side of the ring, the H 1 and the radio continuum
ridges are displaced from the stellar arms. If the radio emission
from the eastern ridge were mainly free-free emission, then the
visual extinction, and hence the column density of molecular

hydrogen, would have to be very large here. The more likely
interpretation is nonthermal emission involving compressed
magnetic fields and cosmic-ray gas, especially since the two
galaxies have a combined spectral index of —0.92 (Condon
1983), which is strongly nonthermal. A large contribution to
this index must come from the eastern ridge, which has a
1 =20 cm flux density above 6 mJy beam™' (in the full-
resolution, naturally weighted image of Fig. 28b) equal to 85
mly, or 26% of the total S(20) from the two galaxies (ignoring
the point source in the west). Active star formation would give
rise to a flatter integrated spectral index.

The brightest radio continuum source in the eastern ridge is
the massive H 1 cloud N6, which is not particularly bright
optically (see Figs. 15 and 17). Its location at a fork in the H 1
ridge suggests intersecting gas streams. The velocity structure
here is complex, with overlapping features in broad line pro-
files (see Fig. 18). The velocity dispersion is greater in cloud N6
than in the H 1 fork headed east or the H 1 fork headed south
from this cloud.

The eastern ridge of the radio continuum emission looks like
a 10 kpc long shock front with some substructure. It would
appear to result from the proximity of IC 2163. We consider
what could have caused the compression of magnetic fields and
cosmic-ray gas. Two possibilities are shocks produced by
tidally generated streaming of gas within NGC 2207 and
shocks produced by accretion of gas from the IC 2163 tidal
bridge (currently southeast of the NGC 2207 nucleus). The
accretion hypothesis needs to satisfy the time and orbital con-
straints discussed in Paper IL. On the other hand, the high
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values for the velocity dispersion on the eastern and western
lobes of the ring indicate a tidal agitation of the gas that could
lead to gas compression and shock fronts. In § 5.3, we noted
some unusual radially directed velocity gradients on the kine-
matic minor axis of NGC 2207, just beyond the eastern ridge of
the radio continuum emission. While such gradients can be
explained by the warp and z motions, they may also indicate
the presence of radial gas flows. For tidal forces at close range,
G. Byrd (private communication) points out that early in the
postencounter evolution, the strongest shocks should be found
on the collision side (i.e., the eastern side of NGC 2207) because
the tidal forces are stronger there.

The absence of strongly enhanced Ha emission from the
eastern ridge suggests that either there is a time delay between
compression and star formation, or there is a condition for star
formation to begin that has not yet been satisfied. Indeed, the
IRAS FIR flux from the IC 2163/NGC 2207 pair is weaker
than expected from the well-known FIR/radio correlation. For
this galaxy pair, the q parameter, defined by Helou, Soifer, &
Rowan-Robinson (1985) as the logarithm of the ratio of FIR to
radio continuum flux density, is 1.86, whereas for various
samples of galaxies, the median value of ¢ = 2.3 with an rms
scatter less than 0.2 (Condon 1992).

Evidence for large-scale shocks between colliding galaxies
was reported by Sargent & Scoville (1991) and van der Werf et
al. (1993), who observed shock-heated H, in a merging pair.
The interacting pair NGC 5775/5774 shows mass transfer from
NGC 5774 to NGC 5775, which exhibits enhanced emission in
the FIR and radio continuum (Irwin & Caron 1994). Huang et
al. (1994) also find enhanced radio continuum emission in the
parts of the disks between two interacting galaxies.

7.2. Comparison between Optical and H 1 Velocities

Spectroscopic emission-line velocity data at 679 points
along 13 optical slit position angles covering both galaxies
were obtained by V. Rubin, K. Borne, and C. Peterson
(unpublished) using the 2.1 m KPNO telescope, as part of a
separate study. They measured velocities from Ha and [N 1]
6583 lines, with typical errors of 10 to 15 km s~ !, and kindly
made these data available to us. For comparison with the
optical velocities, we used the H 1 mean velocity image
(1375 x 12" resolution) of the combined contributions of the
two galaxies and made slices along the same directions as the
optical observations. If the H 1 disk has a substantial scale
height, then the Ha velocities are more likely to represent what
is going on in the central plane.

Figure 29 compares the mean H 1 velocities and the mean
optical velocities as a function of radial distance from the
nucleus’of NGC 2207 for a slice at P.A. = 97° passing through
the nuclei of both galaxies, i.e., along the slit shown in Rubin &
Ford (1983). The displacements in this plot are given relative to
the nucleus of NGC 2207. In the original plot of the optical
data in Rubin & Ford (1983), there is an approximately 20 km
s~ ! range of velocities at each position. Within the uncer-
tainties, there is very good agreement between the optical and
the H 1 velocities along most of this slice. This is comforting,
given the large velocity dispersions in much of the gas. The
launch point for the streaming arm on the eastern side of
IC 2163 is located at r = —104”, P.A. = 96°9 relative to the
nucleus of NGC 2207; the optical emission at r = — 107",
v = 3007 km s~! in Figure 29 comes from the vicinity of the
launch point. The channel maps in Figure 4 show that there is
significant H 1 gas here at 3011 km s, i.e., at the same velocity
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F1G. 29.—Comparison of the mean velocities obtained from H 1 (solid line)
and optical (symbols) observations along a slice passing through the nuclei of
both galaxies at P.A. = 97°. The optical data are from Rubin & Ford (1983).
The H 1 velocities and the optical velocities include contributions from both
galaxies. The abscissa gives the displacement (positive to the west) from the
nucleus of NGC 2207. The nucleus of IC 2163 is at — 83".

as the optical emission. The apparent discrepancy between
optical and H 1 velocities at this location in Figure 29 arises
because the mean H 1 velocity includes contributions from
both galaxies here.

For the complete set of optical measurements, the optical
velocity and the H 1 velocity measured on the mean velocity
image generally differed by less than 40 km s~ !. Considering
the large velocity dispersions in much of the gas, velocity differ-
ences of 40 km s~ ! between Ha and H 1 could just represent
differences between various clouds along the line of sight. In
NGC 2207, we find no systematic difference between the values
of o(H 1) — v(opt) inside the butterfly-shaped region of high H 1
velocity dispersion and those outside. There is one slit which
crosses the double arm in IC 2163 beyond the launch point. It
gives a velocity of 2976 km s~ ! on the northern component of
the optical arm and a velocity of 2922 km s~ ! in the valley
between the tidal and streaming ridges and thus shows the
same sense of velocity jump as the H 1data.

In the few cases where very large differences occur between
the mean H 1 and optical velocities, we examined the H 1 line
profile to see if there is H 1 gas at close to the same velocity as
the H 11 emission. The only location with a large discrepancy
between the optical and H 1 velocities occurs in IC 2163 at
o = 06"14™m20535, 6 = —21°20'52". In Figure 1b, an H 11 region
is visible here 15” north of the northern eyelid. The optical
velocity is 45 km s~ ! greater than the closest peak above 2
times the rms noise in the H 1 line profile, i.e., we detect H 1 but
not close to the velocity of the ionized gas. Since our H 1 spatial
resolution is too low to detect the kinematic effect of a super-
nova remnant, this could be an H 11 region in a giant molecular
cloud traveling at a higher velocity than the H 1 gas.

8. CONCLUSIONS

The observations of IC 2163 find the following features pre-
dicted by the N-body galaxy encounter simulations of ESES:
(1) two tidal arms located symmetrically on opposite sides of
the nucleus, (2) an oval shape of the disk after de-projection to
a face-on image, (3) two orbit streams that differ by 70-100 km
s~ ! on the tidal arm opposite the companion, (4) rapid stream-
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ing along the eyelid, (5) a nearly constant velocity along the
streaming ridge of the double arm, (6) a nearly constant veloc-
ity on the long extension of the tidal tail, and (7) the collection
of nearly all the stars beyond the oval into the tidal arm. The
observed clumping into massive cloud complexes is explained
by the analysis of Elmegreen et al. (1993). The agreement with
the model implies that closest approach occurred within the
past half- rotation of IC 2163 and that NGC 2207 moved in a
prograde, approximately in-plane orbit relative to IC 2163.
This knowledge makes it easier to deduce the orbits of the two
galaxies.

The observations of NGC 2207 show no obvious tidal arms
but they do show (1) a prominent S-shaped distribution of H 1
velocities and high velocity dispersions, (2) a large ring in H 1
and the radio continuum, and a plateau in the distribution of
optical light midway out in the disk, (3) massive cloud com-
plexes similar to those in IC 2163, (4) a large pool of H 1 gas
and optical filaments that extends southward to 4’ radius,
which is about 40 kpc, and (5) strongly enhanced radio contin-
uum emission from the companion side of the ring, perhaps
indicating a shock front. The ring appears to open up in the
south (Fig. 16), as if much of the material in the southern
extension were originally in the ring. The prominent kinematic
warp and lack of tidal arms suggest that the tidal forces acted
mostly in a direction perpendicular to the plane.

The ring in NGC 2207 could have existed prior to the
encounter. It could have been formed by the bar in NGC 2207,
which may have moved some of the central gas to an orbital
resonance (Schwarz 1981), or by viscous accretion to a turn-
over radius of the rotation curve (Icke 1979). In that case, the
recent encounter with IC 2163 could have stretched the
southern part of the ring on the collision side and made the
southern extension from this ring gas. The ring may also have
resulted directly from the collision with IC 2163 (Theys &
Spiegel 1976, 1977; Lynds & Toomre 1976; Appleton &
Struck-Marcell 1987; Gerber, Lamb, & Balsara 1992). Clas-
sical ring galaxies are produced by perpendicular collisions,
with incomplete rings resulting when the collision is off-center.
However, the simulations and basic structure of IC 2163
suggest that this galaxy did not pass through the central disk of
NGC 2207; otherwise, IC 2163 would be much more distorted
than it is. Also, the inner region of NGC 2207 contains an H 1
hole and a radio continuum hole but not a hole in the stellar
distribution (see Fig. 27).

The presence of southern streamers in the deep B image of
NGC 2207 and the near equality between the total H 1 mass
north and south of the nucleus (despite the fact that the gas
distribution is more elongated to the south) suggest that the
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southern extension of low-density H 1 was produced by tidal
stretching.

The gas in the southern extension of NGC 2207 has a lower
velocity dispersion than the gas in the butterfly-shaped region
(see Figs. 24 and 25). In fact, both IC 2163 and NGC 2207 have
relatively low velocity dispersions in the most extended, low-
density H 1 structures, i.e., in the long faint part of the tidal tail
in IC 2163 and in the southern extension of NGC 2207. Else-
where the velocity dispersions are higher. Perhaps these low
dispersions in the southern extension and other low-density
tidal features are the result of an adiabatic decompression of
the turbulent gas during the tidal expansion.

Neither galaxy is currently undergoing a burst of star forma-
tion. We propose that the main interaction is too young
(4 x 107 yr) to have driven much gas accretion to the nuclear
regions yet and that the giant clouds that are present in the
disks are too young to have produced many new stars.

The kinematic and morphological disturbances observed in
this interacting galaxy pair will be used to constrain the rela-
tive orbits in Paper I, in which we model in some detail the
tidal response of each galaxy to the recent encounter.
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