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ABSTRACT

H 1, radio continuum, and *CO J=1—0 observations at resolutions of 12" to 33" (=2.9-8 kpc), and B,
1, J, and K-band images, are presented of the galaxy NGC 2535 and its small starburst companion NGC
2536. NGC 2535 has an ocular (eye-shaped) structure with two long tidal arms indicative of a recent, close,
nonmerging encounter. Our observations reveal widespread high velocity dispersions (30 km s™!) in the H 1
gas and five clouds with masses of ~10% .%, in the tidal arms of NGC 2535. These clouds do not
correspond to the most luminous blue knots or to major clumps in the old stellar population. Similar
phenomena were found previously in other pairs (IC 2163/NGC 2207 and NGC 5774/5), suggesting that
enhanced turbulence and massive gas clouds may be a general feature of interacting spiral galaxies during
an early phase of post-encounter evolution. A search for '2CO J=1—0 emission at 11 positions in NGC
2535 and one position in NGC 2536 yielded two clear detections, one at the center of NGC 2535 and the
other on its tidal tail but close to the center of NGC 2535. Most of the massive H I clouds in NGC 2535 are
not detected in CO emission. The virial masses of these clouds are significantly greater than their measured
masses in gas, presumably because of the presence of old disk stars in the clouds. A form of the virial
theorem that includes gas and stars is presented. NGC 2535 shows several unusual features, including an
intrinsically oval shape to the disk, that are similar to those in the ocular galaxy IC 2163 studied previously.
NGC 2535 also contains structures that are not seen in IC 2163. For example, there is an extended (R
=48 kpc) H1 envelope and a long, outer, elliptically-shaped HI arc in NGC 2535 that may be a
gravitational wake produced by the passage of the companion within or close to the envelope. In the radio
continuum, NGC 2535 exhibits a bar-like feature that leads the small stellar bar by 50°. The starburst
companion, NGC 2536, lies in a 2X 10° .Z, clump of H I gas at the outer end of the tidal bridge from
NGC 2535. Most of the gas in this clump is associated with the bridge. The HI emission on the
anticompanion side of NGC 2536 has the same line-of-sight velocity and projected position as some of the
bridge gas there. This observation is consistent with a previous model by Klari¢ in which NGC 2536
accretes gas from NGC 2535; we even find an H I feature that may represent bridge gas streaming towards
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NGC 2536. The failure to detect 2CO emission in NGC 2536 places an upper limit of 6 X 108 .Z, on its
H, mass if the standard value of the conversion factor between /o and N(H,) applies. © 1997 American

Astronomical Society. [S0004-6256(97)01412-X]

1. INTRODUCTION

The interacting galaxies NGC 2535 and NGC 2536 are
one of five nearby galaxy pairs that we have observed with
the VLA! and other telescopes to study structures and mo-
tions indicative of recent, close, non-merging encounters.
Such encounters may trigger a range of phenomena, includ-
ing grand-design spirals, bars, starbursts in the disks or nu-
clei, warps, and the formation of dwarf galaxy companions.
Observations of another member of this sample, IC 2163/
NGC 2207 (Elmegreen et al. 1995a, hereafter Paper I) re-
vealed an intrinsically oval shape to the disk of IC 2163,
widespread high velocity dispersions (30—50 km s™Y) in the
H 1 gas, a growing warp of the disk of NGC 2207, and eleven
unusually massive (108—10° .Zg) H1 clouds not associ-
ated with bright stellar knots. These features are in good
agreement with computer simulations (Elmegreen 1995b,
hereafter Paper IT). Elmegreen et al. (1993) suggested on the
basis of these observations that close interactions increase
gas turbulence and the gravitational Jeans mass of the largest
clouds.

In NGC 5774, the face-on member of the interacting pair
NGC 5774/75, Irwin (1994) similarly found large areas of
enhanced H 1 velocity dispersion and three H1 clouds with
masses in the range 10’—10® _Zg and no bright stellar knots
at the same location. On the other hand, in five galaxy-
merger pairs, Hibbard (1995) notes that the H I velocity dis-
persions in the tidal tails are generally low, although they are
somewhat higher in the H I clumps; these mergers are more
evolved than the non-merging pairs we are studying. Smith
(1994) finds 10 HI1 clouds with masses of 3
X 107-10°% % and no strong star formation on the western
tail of NGC 2782, an isolated galaxy whose peculiar struc-
ture appears to result from a previous collision or merger.
The behavior of the H1 velocity dispersion in this tail is
similar to that in Hibbard’s merger pairs, i.e., the velocity
dispersions are slightly elevated in the clumps not in the rest
of the tail [see Smith (1997a) for revised values of the ve-
locity dispersions]. In the bridge/ring interacting pair NGC
7714/15, Smith et al. (1997) and Smith (1997b) find that the
H 1 velocity dispersion is generally low except in the nucleus
and close to H 11 regions.

We present H I and radio continuum observations taken at
the VLA with C and D arrays, 2CO J=1—0 data from
Onsala Space Observatory,2 optical images taken with the
Burrell-Schmidt telescope at KPNO, and near-infrared im-
ages taken with the 2.1 m telescope at KPNO of NGC

!The National Radio Astronomy Observatory is operated by Associated Uni-
versities, Inc., under cooperative agreement with the National Science Foun-
dation.

2Onsala Space Observatory at Chalmers University of Technology is the
Swedish National Facility for Radio Astronomy.

2535/36 (Arp 82). NGC 2535 has an eye-shaped (‘‘ocular’”)
structure consisting of a sharply pointed oval with two long
tidal arms [see Fig. 1 (Plate 101), which displays a sky-
subtracted B-band image of NGC 2535 and its companion
NGC 2536]. In optical morphology, NGC 2535 resembles
the ocular galaxy IC 2163 studied in Paper I. Numerical
simulations of close, prograde, approximately in-plane en-
counters between galaxies indicate that such structures de-
velop as a short-lived phase one-half revolution after periga-
lacticon (see, for example, Elmegreen et al. 1991 and Sundin
1993). The advantages of studying ocular galaxies are (1) the
geometry and time of the interaction are well constrained by
the morphology and (2) they show many features typical of a
strong tidal response without the complication of stellar
population mixing that arises in a direct collision or merger.
In the Ha Fabry—Perot observations by Amram ez al. (1989)
at 1.5” resolution, NGC 2535 exhibits a nearly constant ve-
locity along the tidal arms. Since their observations predated
much of the theoretical work on the velocity field of oculars,
Amram et al. did not recognize this velocity anomaly as an
expected characteristic resulting from streaming motions.

The companion, NGC 2536, is a small bright galaxy at the
end of the long tidal arm of the larger galaxy, NGC 2535.
Arp (1969) points out a very bright knot of [O 1] emission
5" NE of the nucleus of NGC 2536. From optical spectros-
copy, Bernlohr (1993) concludes that NGC 2536 is undergo-
ing a burst of star formation, with a burst age of ~ 107 years,
whereas he lists NGC 2535 as having somewhat enhanced
star formation but not a starburst. Bernlohr classifies the
emission-lines in both galaxies as H II region type, i.e., not
Seyfert or LINER.

Galaxy encounter simulations that match the optical mor-
phology of NGC 2535 have a companion-to-ocular mass ra-
tio of 0.1 in a 2D model by Howard et al. (1993) and 0.3 in
a 3D model by Klari¢ (1993). In Klari¢’s model, NGC 2536
approached NGC 2535 from the northwest and above the
disk, crossed the plane of the disk north of the nucleus, and
then traveled underneath NGC 2535 until recently; it is now
crossing the disk of NGC 2535 from the far side to the near
side. This trajectory, which has an initial tilt of 30° with
respect to the plane of NGC 2535, is drawn in Fig. 2. Peri-
galacticon occurred ~ 10® years ago at a distance of 12.4 kpc
(just outside of the initial simulated disk of NGC 2535). The
maximum z displacement of NGC 2536 from the plane of
NGC 2535 between disk crossings was ~6 kpc. In Klari¢’s
model, NGC 2536 accretes gas from NGC 2535, and this
may have fueled the starburst in NGC 2536. His model did
not describe the velocity fields, so additional simulations (to
be published later) are in progress.

Throughout this paper, we will be comparing the tidal
features in NGC 2535/36 with those in IC 2163/NGC 2207.
NGC 2535 and IC 2163 both exhibit ocular structure, but
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FiG. 2. The orbits of NGC 2535 (solid curve) and NGC 2536 (dashed curve)
in the center-of-mass frame from Klari¢ (1993). The xy plane is the plane of
the initial disk of NGC 2535, and the z direction is positive towards us. The
arrows at the ends of the curves indicate the directions of motion of the
galaxies. The length unit in these diagrams corresponds to 11.4 kpc.

they differ in ocular/companion mass ratio. NGC 2535 is a
large ocular with a small companion, whereas IC 2163 is an
ocular with a mass nearly equal to the companion’s. Also,
according to the encounter simulations (Klari¢’s model for
NGC 2535/36 and Paper 1I for IC 2163/NGC 2207), more
time has elapsed since perigalacticon in the NGC 2535/36
pair (100 Myr) than in the IC 2163/NGC 2207 pair (40 Myr),
and the tilt of the companion’s orbit relative to the plane of
the ocular is slightly greater for NGC 2535 than for IC 2163.
There is presently a starburst in NGC 2536 but not in any of
the larger galaxies NGC 2207, IC 2163, and NGC 2535.
Nevertheless, both IC 2163 and NGC 2535 have bright knots
of star formation on the eye-shaped ovals. Other similar fea-
tures will be demonstrated below: widespread, enhanced tur-
bulence in the H I gas, intrinsically oval shapes to the disks,
unusually massive HI clouds without major stellar clumps,
and a concentration of most of the outer disk stars into the
tidal arms.

The distance to NGC 2535/36 is assumed to be 50 Mpc,
based on Hy=80kms !Mpc™! from Freedman et al.
(1994); then 1”=240 pc. Table 1 lists the basic galaxy prop-
erties from the Third Reference Catalogue (de Vaucouleurs

2325
TaBLE 1. Basic data on NGC 2535/36.

CHARACTERISTIC NGC 2535 NGC 2536
Morphological Type SA(r)c pec SB(rs)c pec
Right Ascension (1950) 08"08™13.12° 08h08™15.63*
Declination (1950) +25°21'21.8"  +25°19'43.4"
Isophotal major radius Ras 1.25' 0.45'
Axis ratio 2.1 1.5
B magnitude By 13.31 14.70
Corrected BS 12.64 14.32
(B—V)r (mag) 0.54 0.55
Optical heliocentric v (km s™1) 4095 4085
Galactic Ap (mag) 0.14
(60 pm) (Jy) 2.24
£(100 pm) (Iy) 6.12
Distance (Mpc) 50

et al. 1991) and the NASA Extragalactic Database (NED).?
The velocities are taken from Amram et al. (1989) and the
values of the right ascension, declination, and distance, are
from this paper. All of the velocities given in this paper are
heliocentric, optical definition.

Section 2 describes the observations and the data reduc-
tion. The properties of NGC 2535/36 in the optical and near-
infrared, in 2CO J=1-—0 emission, in H I emission, and in
radio continuum emission, are presented in Secs. 3, 4, 5, and
6, respectively. Optical surface photometry of NGC 2535 is
described in Sec. 7. In Sec. 8, we consider whether the outer
elliptical H 1 arc found in our images could be a gravitational
wake. Section 9 discusses the results, presents a table (Table
6) comparing the disturbances in the ocular galaxies NGC
2535 and IC 2163, and summarizes our conclusions.

2. OBSERVATIONS AND DATA REDUCTION
2.1 Optical and Near Infrared

Images of NGC 2535/36 in B and [ bands were taken
with the Burrell-Schmidt telescope using the s2ka CCD de-
tector at Kitt Peak. The images were bias subtracted, flat
fielded, combined, and sky subtracted using standard IRAF
procedures. The I-band image, a 1053 s exposure taken on
1993 January 29, has a PSF of 5.0"X5.9". The B-band im-
age combines a 1000 s exposure taken on 1993 January 29
with PSF=4.2"x3.6" and a 1122 s exposure taken on 1995
April 1 with PSF=5.3"X5.2". The final images have a pixel
size of 1.47". From the raw images, we selected a field of
view (18’ X 17’ for the 1993 January images) that included
NGC 2535/36 plus 12 standard stars in the Guide Star Cata-
log. Using the positions of these 12 standard stars, we trans-
formed the CCD images to right ascension and declination
coordinates; the plate solutions have standard deviations
=<0.3". This allowed us at a later stage to bring CCD and
radio images to the same coordinate grid.

We took J- and K-band images of the central portions of
NGC 2535 and NGC 2536 with the 2.1 m telescope and the
COB detector at Kitt Peak on 1996 April 31-May 5. The
images were sky subtracted and flat fielded with a global flat
image made from the skies of the whole observing run. The

3The NASA/IPAC Extragalactic Database (NED) is operated by the Jet
Propulsion Laboratory, Caltech, under contract with the National Aeronau-
tics and Space Administration.
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exposures alternated galaxy and off-galaxy images with
equal exposure times so that local skies could be made. The
combined images for NGC 2535 include five J-band images
with a total exposure time of 1380 s and five K-band images
with a total exposure of 900 s and have a total field of view
of approximately 60”X60". There is an E-W elongation
caused by a telescope oscillation. The combined images for
NGC 2536 include three J-band images with a total exposure
time of 900 s and three K-band images with a total exposure
time of 540 s and have a total field of view of approximately
50"X50". The scale is 0.2” per pixel, and the average seeing
was 1”.

2.2 CO

Single-dish 1>CO J=1—0 observations were made with
the 20 m telescope at Onsala Space Observatory on four
occasions: 1994 April 9-14, 1994 May 21-22, 1995 January
10-18, and 1995 March 28-April 3. The telescope was
equipped with a cooled SIS receiver. The back end consisted
of a filterbank with 512 channels and a frequency resolution
of 1 MHz (corresponding to a velocity resolution of
2.6kms™! at 115 GHz). The beamsize (HPBW) was 33",
and the main beam efficiency 0.5. We used the beamswitch
observing method with a beam throw of 12'. The standard
chopper wheel method was used for calibration. The system
temperature (including atmosphere) was typically between
500 and 700 K, occasionally somewhat larger. Pointing was
checked regularly using SiO masers (e.g., R Cas, IK Tau, V
Cam, TX Cam, and R Leo) as reference sources. The point-
ing errors were estimated to be less than one tenth of the
beamsize. We observed 11 positions in NGC 2535 and 1
position in NGC 2536. The average integration time per po-
sition was 2.2 h, ranging from 0.8 to 3.4 h, giving a total of
26.5 h (all numbers given as time on-source). The data were
reduced using Data Reduction Package (DRP, developed by
Michael Olberg at Onsala Space Observatory). The sub-
tracted baselines were in almost all cases of first or second
order (in the latter case still very close to straight lines). The
intensities from the chopper wheel calibration, given on the
T% temperature scale, were divided by the main beam effi-
ciency (7,,=0.5) to get the main beam temperatures 7', .
The total spectra were Hanning filtered and then smoothed to
a velocity resolution of 5.2 km s~!, resulting in noise with a
typical rms value of 0.014 K (on the T, temperature scale).

23HI

We observed NGC 2535/36 in H 1 at the VLA for 4 hours
(on the target) in C configuration on 1993 July 11 and for 1
hour in D configuration on 1993 October 30. In both cases,
0738+ 313 served as the phase calibrator, and 3C 286, as the
flux standard and bandpass calibrator. We assumed a flux
density of 14.9 Jy for 3C 286 on the Baars et al. (1977)
scale. The data were taken in the 4IF correlator mode with
two passbands, each 1.56 MHz wide and containing 64 chan-
nels, and with a 16-channel overlap between the two bands.
This covers a combined range of 594 km s~! with a channel
width of 24.414 kHz=53kms ! after on-line Hanning

2326

smoothing. H I emission is present for heliocentric velocities
3972—4205 km s~ !; the line-free channels were averaged to
create continuum images.

The AIPS software package was used for the data reduc-
tion. The uv data from each of the VLA configurations and
each of the two IFs were calibrated separately, and the stron-
ger continuum sources were subtracted from the uv data. For
each uv data set separately, we generated “‘dirty’’ data cubes
of line plus residual continuum emission and subtracted the
residual continuum emission from each channel. The result-
ing HI maps were cleaned and inspected. The process was
successful in removing the solar interference present in part
of the original C-configuration data. Then the uv data sets
from C and D configurations (after removal of the strong
continuum sources) were combined, the above mapping and
cleaning procedure repeated, first with natural weighting and
then with uniform weighting, and the cubes from the two IFs
were appropriately merged. We selected the areas of genuine
H 1 emission by the following procedure. Since this system
has rather extended H1 emission, the naturally-weighted
cube was convolved to 60" resolution and clipped at twice
the rms noise. Then regions of H I emission were retained in
this cube only if the feature appeared in at least three adja-
cent velocity channels. The resulting cube was applied as a
blanking mask to the higher resolution cubes to produce two
final full-resolution subcubes: one made with natural weight-
ing and spatial resolution=16.7"X16.0" (FWHM) and re-
ferred to hereafter as the low resolution cube; the other with
uniform weighting and spatial resolution=12.4"X11.7"
(FWHM) and referred to hereafter as the high resolution
cube. Moment maps made from these cubes will be denoted
low resolution and high resolution, respectively. Addition-
ally, we blanked regions in the first and second moment im-
ages where the H 1 surface brightness was low in the zeroth
moment image at the same resolution. Both final subcubes
have pixel size=3", channel width=>5.3 km s~! and dimen-
sions 256X 256X 58 (RAXDEC Xvelocity).

The most extended H1 emission is faint emission 4.6’
from the phase center, whereas the primary beam is 32’
(FWHM); thus, over most of the field of interest, primary-
beam attenuation is negligible. We measure a total line flux
for the galaxy pair of 33.3 Jy kms™!, corresponding to an
H1 mass of 2.0X10'%(80/Hy)?> Mg, which is the same as
obtained in the single-dish observations by Bothun &
Schommer (1982). Separation of the H I contributions of the
two galaxies is not obvious because the tidal bridge of NGC
2535 overlaps the small galaxy NGC 2536 along line-of-
sight and in velocity; this will be discussed in Sec. 5.7.

After eliminating the data affected by solar interference,
two cleaned images of the A20 cm radio continuum emission
were made from the averaged, line-free uv data: one with
natural weighting and spatial resolution=15.1"X14.6"
(FWHM) and the other with uniform weighting and spatial
resolution=12.0"x11.5" (FWHM).

Table 2 gives a summary of the HI observations and
Table 3, the H1 and radio continuum map parameters.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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TABLE 2. VLA H I observations. TABLE 4. Orientations.
Parameter C Configuration D Configuration Parameter Value
Observing Date 1993 July 11 1993 October 30 NGC 2535
On-source Observing Time 4 hours 1 hour Minor Axis Position Angle of Disk
Largest Scale Visible to VLA 7 15 Kinematic (Optical and HI) 63° £ 5°
Primary Beam (FWHM) 32/ 32/ Photometric on Eye-shaped Oval 10° +4°
Total Bandwidth ( MHz) Position Angle of Maximum (vobs — sys) in HI
IFs AC 1.5625 1.5625 on Eye-shaped Oval 131° +5°
IFs BD 1.5625 1.5625 Isophotal Major Axis Position Angle
Central Velocity (kms~1) Eye-shaped Oval 100° +4°
IFs AC 4221.185 4221.185 Bar-like Radio Continuum Feature 100° +4°
IFs BD 3967.047 3967.047 Near-Infrared Bar 52° £ 6°
Channel width (kms™!) 5.30 5.30 Outer Stellar Envelope 165° £ 5°
Number of Channels Preferred Position Angle of Projection Line of Nodes 153° 4 5°
IFs AC 64 64 Adopted Disk Inclination 23° +4°
IFs BD 64 64 NGC 2536
Photometric Major Axis of Disk 38° +5°
Major Axis of Near—infrared Bar 20° £ 3°

3. OPTICAL AND NEAR-INFRARED MORPHOLOGY

Figure 1 shows that NGC 2535 has an inner eye-shaped
oval with bright blue knots at the two apices and along the
southern rim, and two long arms that depart from the eastern
and western ends of the oval, respectively. On the concave
side of the northern arm, near the oval, there is a short spur
pointing towards the NW, and diametrically opposite on the
concave side of the southern arm, a short spur pointing to-
wards the SE (although dust lanes confuse the situation
here). The contour in Fig. 1 corresponds to our limiting sur-
face brightness, approximately 26.5—27.0 mag arcsec” 2, and
traces emission from the extended stellar envelope of NGC
2535, i.e., beyond the Holmberg radius. This is unlike the
situation in the ocular galaxy IC 2163, where almost all of
the stars in the outer disk have collected in the tidal arms. In
Fig. 1 the outer isophote of NGC 2535 appears elliptical,
with a semi-major axis of ~2' (compared to the isophotal
radius R,s of 1.25"), a major axis position angle of ~165°,
and an axis ratio of 2:1. (The semimajor axis was measured
on the anticompanion side.) The isophotal major axis of the
eye-shaped oval has a very different PA of 100°*=4° (see
values listed in Table 4). The shapes and relative orientations
of the eye-shaped oval and the outer isophotal ellipse suggest
(a) that one or both of these features are intrinsically ellipti-
cal (as a result of the tidal interaction) or (b) that these fea-
tures are significantly inclined with respect to each other and
to the plane of the sky.

In a higher resolution photograph in Arp (1969), one can
see prominent dust lanes along the inside edges of the main
northern and southern arms, and a dust lane along the outside

edge of the southern rim of the eye-shaped oval. From spec-
troscopy, Arp concludes that the bright object on the south-
western rim of the eye-shaped oval is a foreground star. The
continuum-subtracted Ha image in Amram et al. (1989)
shows significant emission from the eye-shaped oval and the
two main tidal arms of NGC 2535, with the brightest emis-
sion knots at the apices. There are bright H II regions along
the southern rim of the eye-shaped oval and on the section of
the northern arm from the east clockwise around to the north.
Paralleling the northern arm from the NE clockwise around
to the NNW, there is a string of faint Ha emission displaced
15”-18" outwards (in the plane of the sky) from the main
arm. This string corresponds to an H1 feature that will be
described in Sec. 5.1 below.

The northern arm of NGC 2535 is the longer arm and
presently on the anticompanion side. The N-body simulation
by Klaric¢ (1993) successfully matches the shapes of the two
main optical arms of NGC 2535 with an orbit that gets NGC
2536 to its present location and reproduces the sharp bend of
the northern arm near RA(1950)=08"08™09%. The sharp
bend results from the merging, at an earlier step in the simu-
lation, of two arms with different velocities. In this model,
the northern arm of NGC 2535 is the tidal tail and the south-
ern arm, the tidal bridge. We adopt these designations.

In the near-infrared I, J, and K-band images, NGC 2535
has a weak bar with major axis at PA=152°%+6° that ends at
the rim of the eye-shaped oval. The lower left panel of Fig. 3
displays a contour plot of NGC 2535 from the J-band images
that we took on a night with 0.8” seeing. It shows the bar and

TABLE 3. H1 and radio continuum maps from combined C and D configuration data.

Parameter

Uniform Weight
“High Resolution”

Natural Weight
“Low Resolution”

HI Images
Synthesized Beam (FWHM, PA)

16.7” x 16.0”,150°  12.4” x 11.7", —4°

Conversion Factor (T;/S) (K/mJybeam™?) 2.34 4.29

Rms Noise per Channel (mJybeam™!)

Column Density in atomscm ™2

equivalent to 100 Jybeam™'m s~
Radio Continuum Images

Synthesized Beam (FWHM, PA)

1

0.65 0.88
4.2 x 10%° 7.6 x 10%°

15.1"” x 14.6",-15° 12.0"” x 11.5"”, —10°

Conversion Factor (T,/S) (K/mJy beam™1) 2.82 4.51

Rms Noise (mJy beam™?)

0.15 0.19
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FiG. 3. Near-infrared J-band images of the centers of NGC 2535 (bottom left and top) and NGC 2536 (bottom right). These show a bar-like feature in the

center of each galaxy.

another source about 2” NNE of the nucleus. This second
source could be either a foreground star or a supernova in
NGC 2535, but we have no data to discriminate between
these possibilities. The greyscale display of the J-band image
of NGC 2535 in the top panel of Fig. 3 includes the bar, the
start of the tidal tail, the rather weak emission from the
southern rim of the eye-shaped oval, and the bright fore-
ground star 12" SW of the nucleus. The southern rim of the
eye-shaped oval is more clearly outlined by the bright knots
of star formation in the B-band image than in the near-
infrared images. For later comparison with the radio con-
tinuum emission, it is important to note that there is no stel-
lar bar connecting the two apices of the eye-shaped oval at a
PA of 100°.

The companion NGC 2536, located at the end of the tidal
bridge of NGC 2535, has broad arms that wind in the same
sense as the tidal arms of NGC 2535. If the arms in both
galaxies are trailing, then both galaxies are rotating counter-
clockwise. From the sky-subtracted /-band image, we find
that the luminosity of NGC 2536 is 0.26*0.01 times the
luminosity of NGC 2535. The main uncertainties in convert-
ing this to a mass ratio are: (a) NGC 2536 is undergoing a
starburst so may be anomalously bright, even in I band; (b)
the I-band luminosities have not been corrected for extinc-
tion. Both galaxies have the same, rather blue, (B— V),
color~0.55 (see Table 1). The observed value of the lumi-

nosity ratio in 7 band is similar to the value of the mass ratio
(0.3) in Klari¢’s (1993) simulation of the galaxy encounter.

Although NGC 2536 is located at the end of the tidal
bridge of NGC 2635, the blue color of NGC 2536, also evi-
dent in the picture in the Wray Atlas (Wray 1988), suggests
a young population without much extinction. This is unlike
the M51 system, in which the arm of M51 is clearly in front
of its companion (Sandage 1961). In Klari¢’s model, NGC
2536 is between us and much of the bridge gas.

Amram et al. (1989) and Arp (1969) find that the bright-
est Ho emission from this system comes from a knot ~35"
NE of the center of NGC 2536. The J- and K-band images of
NGC 2536 show an inner bar with a position angle of 20°
+3° and major axisXminor axis=8.8"X5.2". The lower
right panel in Fig. 3 displays a contour plot of the J-band
emission from the center of NGC 2536. In addition to the
bar, there is an extension from the northern part of the bar
towards the east (~5”—6" NE of the nucleus). This exten-
sion coincides with the optical emission-line knot.

4. CO RESULTS

Figure 4 displays the set of line profiles at the 12 positions
where we searched for >CO J=1—0 emission. The posi-
tions are distributed on a grid with one beam (33") spacing
and PA=49° (except for positions CH and EI, which are
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FIG. 4. The '>CO line profiles. The label in each panel corresponds to the position where the spectrum was taken; these are marked in Fig. 5. The abscissa is
the heliocentric velocity, optical definition. The intensities are given as main beam brightness temperature, T, (kelvin).

found between positions C and H, and E and I, respectively);
they are marked on the greyscale display of the B-band im-
age in the top panel of Fig. 5. The circles indicate the loca-
tions of two clear detections, one (position B) centered on
NGC 2535 and the other (positon C) at
RA(1950)=08"08™14.64°, DEC(1950)=25°21"41", close to
the center of NGC 2535 but on its tidal tail.

The central position (position B) has an integrated inten-
sity Ico=JTmp dV of 3.6Kkms™' and a peak T of
0.059%0.012 K at a velocity of 4077 km s~!. The equivalent
width I (peak Tyy,) is 61 kms™!. The CO line profile is
asymmetric. A Gaussian fit gives an amplitude of 0.036 K, a
center velocity of 4095 km s™! and a FWHM linewidth of
97 km s~ L. The spatial resolution of the '?CO data is too low
to tell whether the '>CO emission forms an eye-shaped oval
like the optical emission. The Ha velocity field here spans
the range from 4025 km s~} in the northwest to 4165 km s ™!
in the southeast (Amram et al. 1989). Comparison between
the CO profiles and the H1 line profiles from a cube con-

volved to the same spatial resolution as the CO data will be
made in Sec. 5.3.

Position C has Ico=3.8 Kkms™! and peak T, =0.045
*0.013 K. The profile at position C is more symmetric than
at position B. A Gaussian fit gives an amplitude of 0.032 K,
a center velocity of 4088 km s”!, and a FWHM linewidth of
119kms™! (the equivalent width calculated as above is
85 km s™1). The Har velocity field here goes from 4035 to
4135 km s™L. If we adopt the conversion factor N(H,)=2.3
X 10%° Ico H, cm™? from Strong et al. (1988), then the H,
mass is 9.6X 1084, for position B and 1.0X 10°.% for
position C; the average H, column densities are
13-14 M pc™2.

Aside from the clear detections at positions B and C, we
have a weak detection at position I with amplitude 3 X the
rms noise. At positions A and E, we have possible detections
with amplitudes 2 X the rms noise. At all the other positions
the amplitudes are below 2X the rms noise. Gaussian fits
give the following values for the amplitude, center velocity,
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Fic. 5. Top: Greyscale display of the optical B-band image with symbols,
equal in size to the '*CO aperture, marking the 12 positions where we
searched for '2CO (1-0) emission. The circles mark the two clear detections
and the plus signs, the 10 other positions. Bottom: Greyscale plus contour
display of the high resolution N(H 1) image (resolution=12.4"x11.7") for
the two galaxies combined. The same '2CO positions are marked as in the
top panel. The contours are at 4.6, 7.6, 14, 18, and 21x 10% atoms cm™2.

and FWHM linewidth for positions A, E, and I: position A:
0.030 K, 4108 kms™!, 30kms™!; position E: 0.023 K,
4053 kms™!, 47 km s™!; position I: 0.040 K, 4081 km s,
27 kms™!. This gives an H, mass of 3X 108, for posi-
tion I and 2—3 X 108, for each of positions A and E. For
positions A and E, the H, masses should be regarded as
upper limits since the amplitudes are only 2 X the rms noise.

We failed to detect 2CO emission from the starburst gal-
axy NGC 2536 (with an rms noise of 0.019 K; see Fig. 4). If
the CO linewidth (FWHM) were equal to the entire
110 km s~ ! range of Ha velocities in the CO aperture and if
the above value for the conversion factor applies to NGC
2536 (note, we have no information about the metallicity of
this galaxy), then this would place an upper limit of 6
X 108 on the H, mass of NGC 2536.

5. H1 RESULTS

5.1 General H I Morphology of the System

For the two galaxies combined, the bottom panel of Fig. 5
displays the N(H1) image made from the high resolution

2330

cube (12.4"X11.7") as greyscale plus contours, and the top
panel of Fig. 6 (Plate 102) displays the H 1 column density
N(H1) image made from the low resolution cube (16.7”
X 16.0") in greyscale. Throughout this paper, N(H 1) de-
notes the line-of-sight column density, and we assume the
H1 emission is optically thin. A surface brightness of
100 Jy beam ™' ms™! corresponds to a column density of
4.2%10?° atoms cm ™2 or 3.3 % pc? in the low resolution
image and to 7.6X 10% atoms cm ™2 or 6.1 .%, pc™? in the
high resolution image. The bottom panel of Fig. 6 presents
the B-band image in greyscale with contours from the high
resolution N(H r) image and with labels on features of in-
terest. Numbered boxes are drawn around five unusually
massive clouds that will be discussed in Sec. 5.5 below. In
Fig. 7 contours from the low resolution N(HI) image are
overlaid on the B-band image in greyscale with a transfer
function that emphasizes the fainter blue emission.

The prominent H 1 features of NGC 2535 are the tidal tail,
the tidal bridge, and an outer, elliptically-shaped arc. The
eye-shaped oval seen in the B-band image is not present as
an H I feature. In fact, the nucleus of NGC 2535 is located in
an H1 trough filled in with '>CO emission (see Fig. 5). The
portion of the H1 elliptical arc from due east of the nucleus
around clockwise to the north to RA(1950)=08"08™12° lies
parallel, in projection, to the tidal tail and is displaced about
25" =6 kpc (plane of sky) beyond the ridge on the main H 1
arm. From the NE around clockwise to the N, the elliptical
arc coincides with the string of faint Ha emission paralleling
the main arm in Amram et al. (1989). The elliptical arc joins
or crosses the tidal tail (in projection) just before the latter
has a sharp bend. On the western side of NGC 2535, there
seems to be a weaker continuation of the elliptical arc from
the crossing point on the tidal tail to a position west of the
western apex of the eye-shaped oval. One can imagine that
the elliptical arc and this weaker extension form an ellipse
that can be traced from the west counterclockwise around to
the southeast, ending somewhat north of NGC 2536. It is
somewhat off-centered relative to the nucleus of NGC 2535,
and its major axis has a position angle of 172°=*=5°. Its
continuation on the western side will be clearer when we
look at the velocity field in Sec. 5.2.2. The elliptical arc is
not apparent as a feature in the B-band image but is similar
in elliptical shape and orientation to the outer isophote of the
stellar disk in the B-band image.

For the most part, the bright H I arms and the main optical
arms coincide. In the north, the HI arm and the optical arm
have a sharp bend at the same place. However, from Fig. 7,
one can see that just after leaving the apex of the oval, the
H 1 ridge on the tidal tail lies along the inside edge of the
optical arm (or between the main arm and the spur); the H 1
ridge probably coincides with the dust lane there.

The two galaxies are embedded in a large HT envelope
about 3.3’ =48 kpc in radius (see Fig. 6). In the low resolu-
tion image, the H 1 column density just beyond the elliptical
arc is 2.5X 102 —4.2x 10% atoms cm™2. We assume that the
H 1 envelope is associated with the larger galaxy. Time-scale
arguments indicate that the outer H1 envelope predates the
encounter as there is not sufficient time to get the gas out to
48 kpc in the 100 Myr since perigalacticon in Klari¢’s model

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


http://adsabs.harvard.edu/abs/1997AJ....114.2323K

2331 KAUFMAN ET AL.: NGC 2535 AND NGC 2536

2331

25 23

g 22

Cd

o

=

o 2

<

Z

-l

(3]

8 2
19

08 08 20

15 10
RIGHT ASCENSION (B1950)

05 00

FiG. 7. Greyscale display of the B-band image with N(H 1) contours from the low resolution data overlaid. The beam symbol represents the H 1 resolution
(16.7"X16.0"). The contour levels are at 2.5, 4.2, 7.5, 10, 14, 18, and 27X 10% atoms cm™2. Notice the approximate correspondence between the extent of

the blue-light emission and the N(H 1) contour at 4.2X 10%° atoms cm™2.

(1993). Figure 7 shows that the outer isophote of the stellar
disk in our B-band image coincides roughly with the
4.2 10% atoms cm ™2 contour in the low resolution N(H 1)
image. The H 1 envelope is more extensive than the stellar
envelope in our images.

NGC 2536 is located in an HI clump with mass
2X10° . at the southern end of the tidal bridge of NGC
2535. The clump consists of bridge gas plus gas associated
with NGC 2536 and will be discussed in Sec. 5.7 below. At
our highest H1 spatial resolution, the optical major axis of
NGC 2536 is only about 3 synthesized beamwidths.

5.2 Velocity Field and Velocity Streaming

The bottom panel of Fig. 8 is a greyscale plus contour
display of the velocity field made from the low resolution
(16.7"X16.0") cube. These isovelocity contours are overlaid
on the high resolution N(HI) image in greyscale in the top
panel of Fig. 8 and on the B-band image in greyscale in the
top panel of Fig. 9. In these images, velocity information is
restricted to areas of sufficiently high H I surface brightness.
The bottom panel of Fig. 9 displays a more sensitive N(H 1)
image and the global H 1 velocity field, both derived from a
cube convolved to 30" resolution. In this panel, velocity con-
tours are drawn only where N(H 1) exceeds 1.0 .Z¢ pc™2
Figure 10 presents a set of channel maps (every third channel
with emission in excess of 3 X the rms noise) from the cube
with 16.7"X 16.0” resolution overlaid on the B-band image
in greyscale.

From Fabry—Perot Ha observations, Amram et al. (1989)
obtain a velocity field at higher spatial resolution: for NGC

2535, they find v (sys)=4095+10 km s~! with kinematic mi-
nor axis at 63°*x5° for NGC 2536, they find
v(sys)=4085+10 km s~ ! with isophotal major axis at 38°.
The H1 velocity field of NGC 2535 gives
v(sys)=4100+x5kms~! and kinematic minor axis
PA=62°*2°, consistent with the optical values. The reced-
ing side of the eye-shaped oval in NGC 2535 is in the SE.
For trailing arms, NGC 2535 is rotating counterclockwise
and the near side is on the NE kinematic minor axis.

The situation for NGC 2536 is more complicated and will
be discussed in Sec. 5.7.

5.2.1 Oval shape of central disk of NGC 2535

The eye-shaped oval of NGC 2535 has a 53°*+5° mis-
alignment between its kinematic minor axis at 63° and its
photometric minor axis at 10° (see Table 4). Paper I finds a
similar misalignment in IC 2163 and uses it to argue for an
intrinsically oval shape to the central disk. The same inter-
pretation applies to NGC 2535; this is supported by the fol-
lowing comparison between the luminosity of the galaxy and
maximum value of [v g~ Uy before deprojection (we call
this the ‘‘projected maximum velocity’’).

The projected maximum velocity is 75 km s™" in the Ha
velocity field and 45 km s~ in the H T velocity field; it oc-
curs just beyond the eye-shaped oval. We adopt the optical
value (spatial resolution=1.5") because it is likely that the
H1 value has been reduced by beam smearing. The B mag-
nitude of NGC 2535, corrected for extinction in our galaxy is
13.17£0.13, equivalent to Mpz=-—20.33=0.13 and Lj
=2.0X10"Lye if Hy=80kms ! Mpc™!. To err on the

1
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FiG. 8. Bottom: Greyscale and contour display of the H 1 velocity field made from the low resolution (16.7"X16.0") cube. Top: The same H 1 isovelocity
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contours overlaid on the high resolution N(H 1) image in greyscale. The contour interval is 10km s™".

conservative side, we have omitted the correction for internal
extinction. From a comparison of rotation curves and lumi-
nosities of undisturbed spiral galaxies, Persic & Salucci
(1991) find v e =200(Lg /L) km s™!, where (after ad-
justment to Hy=80km s~ ! Mpc™!) L¥=2.3X10"L¢ and
corresponds to a B magnitude of —20.5. There are several
uncertainties in applying this relation to NGC 2535: the ob-
served velocities may include streaming motions, and NGC
2535 has somewhat enhanced star formation, but not a star-
burst (Bernlohr 1993). For an undisturbed spiral with the
same luminosity as NGC 2535, the Persic—Salucci relation
predicts v, =193 km s 1. If v, =193 km s™! and the ob-
served value is 75 km s™!, then the inclination i=23°*4°
(where i=0° for a face-on galaxy). The estimated uncer-
tainty in i allows for streaming motions before deprojection
of +10kms™! (see Sec. 5.2.2) and an uncertainty in Mg of

*0.5 mag. Assuming that the eye-shaped oval is intrinsi-
cally circular, Amram et al. (1989) deduce i=43°*10°
from the isophotes and thus conclude that the maximum cir-
cular velocity is 110 km s™!, well below the value implied
by the Persic—Salucci expression for undisturbed spirals. So
either NGC 2535 is anomalously bright by a factor of 10
(which would put it in the starburst category) or the central
disk has an intrinsically oval shape and i is appreciably less
than 43°. Another argument in favor of the latter option is
that a v,,, of 110 km s~ would result in a total (dynamical)
mass for NGC 2535 of 2.5—5X10" %, which is low,
especially when compared to the observed HI mass of
9x10° .# within the same region (i.e., out to the 105"
apparent distance of the companion).

In summary, the large misalignment between the kine-
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FI1G. 9. Top: H1 isovelocity contours from Fig. 8 overlaid on the B-band image in greyscale. Bottom: Isovelocity contours of the global H 1 velocity field
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overlaid on the N(H 1) image in greyscale, both made from a cube with 30" resolution. The contour interval is 10 kms™.

matic minor axis and the photometric minor axis of the eye-
shaped oval and the comparison between the luminosity of
the galaxy and the projected maximum velocity imply that
the eye-shaped oval is intrinsically oval and that we are see-
ing the central disk close to face-on. In the rest of this paper,
we adopt the following values for the projection parameters
of the central disk of NGC 2535: inclination i =23°*+4° and
position angle of the line of nodes of the projection (the
intersection between the plane of the disk and the plane of
the sky) =153°, ie., perpendicular to the kinematic minor
axis. Note that this position angle is approximately the same

as the position angle of the photometric major axis of the
outer isophotal ellipse marked in the B-band image in Fig. 1.
Since this outer isophotal ellipse has an axis ratio of 2:1, the
outer stellar disk is either intrinsically elliptical or it is tilted
along the kinematic minor axis by =40° relative to the cen-
tral disk.

5.2.2 Velocity streaming in NGC 2535

In the northeastern part of NGC 2535, the velocity field in
Fig. 8 shows kinks (indicative of peculiar velocities or
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FIG. 10. A set of channel maps (every third channel map) from the H 1 cube with low resolution (16.7" 16.0") overlaid on a greyscale display of the B-band
image. The symbol in the 4094 km s~ panel represents the H I beam size. The rms noise is 0.65 mJy beam™!, which corresponds to 1.5 K, and the contour

levels are at 3, 6, and 9 X the rms noise.

streaming motions) where the isovelocity contours cross the
tidal tail (the northern arm) and where the contours cross the
elliptical arc, particularly where these two structures are par-
allel in projection (i.e., from due east of the nucleus clock-
wise around to due north). The velocity on the elliptical arc
is about the same as the velocity on the parallel portion of
the tidal tail at the same azimuth. On the western side of the
galaxy, there are velocity kinks in the opposite sense on the
apparent continuation of the elliptical arc after crossing the
tidal tail in the north at RA(1950)=08"08™12%. The velocity
kinks make it easier to see the elliptical arc and its weaker
continuation on the western side as a coherent ellipse with
peculiar velocities approaching us on the western side of
NGC 2535 and peculiar velocities moving away from us on
the eastern side of NGC 2535. These projected peculiar ve-
locities are about 10-20 km s™ L.

From Fig. 8 and the channel maps in Fig. 10, one sees that
the Hi1 velocity remains fairly constant at
4060-4070 km s~ ! over a long portion of the tidal tail from
massive Cloud 1 (marked in Fig. 6) until PA=—50° (past
the sharp bend in the arm), and then increases steadily to

4130 km s™!. Although the Ha emission from this arm pro-
vides poorer coverage than the H1I data, the Ha velocities
here (from Amram ef al. 1989) appear similar to the H1I
velocities; Amram et al. comment that the optical velocities
along this arm remain almost constant at around
4075 km s~!. Models for ocular galaxies (e.g., Elmegreen
et al. 1991; Paper II) generally predict nearly constant ve-
locities along the tidal arms for these orientations, and Paper
I finds that the ocular galaxy IC 2163, like NGC 2535, has
constant velocity along much of the tidal tail.

The southern arm (the tidal bridge) does not have similar
kinks in the velocity contours crossing the arm (see Fig. 8).
The Ha velocity field in Amram ef al. (1989) shows that
after leaving the eye-shaped oval, the isovelocity contour at
the systemic velocity turns and runs nearly parallel to the
southern arm for the next 25”. This behavior is also evident
in the H 1 channel map at v =4094 km s~! in Fig. 10. Along
the ridge line of the tidal bridge, the mean velocity is nearly
constant at 4120 km s~ in H1 (and 4125 km s™' in Ha) be-
tween the eye-shaped oval and the companion galaxy. The
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F1G. 10. (continued)

He velocity field exhibits a 60 kms™! velocity difference
across (i.e., perpendicular to) the broad tidal bridge. The
above twist of the velocity contours and the constant velocity
along (i.e., parallel to) much of the bridge resembles the
velocity anomalies in the generic ocular model by Elmegreen
et al. (1991).

The H1 velocities also provide evidence for streaming
motions around the eye-shaped oval. The highest velocity
gas on the southern rim of the eye-shaped oval is displaced
22°*7° clockwise from the adopted line of nodes of the
projection at PA=153° (notice the closed high-velocity con-
tour near the eastern apex in the top panel of Fig. 9 and the
location of the H 1 emission in the 4189 km s™! channel in
Fig. 10). In the H 1 velocity field (which has a velocity reso-
lution of 53kms™'), the value of (Vops—Uyy) IS
7-8kms~! greater at PA=131° on the eye-shaped oval
than on the southeastern line-of-nodes (PA=153°) at the
same radius. We rely on the H 1 velocity data for this small
velocity difference because the Ha velocity data in Amram
et al. (1989) have a spectral sampling of 19 km s™1. If the
motion is confined to the plane of the disk, then

(Vops—Vsys)/sin i=v, cos 8+ Av, cos §+v, sin 6, (1)

where v, is the circular velocity, Av, is the excess tangential
velocity, v, is the radial velocity, and 6 is the azimuthal
angle measured counterclockwise in the face-on image. The
displacement of 22° in the sky-plane image corresponds to
0= —24°. For pure circular rotation, the value of (v g,
—Usys) should be 4% to 13% lower at §= —24°+7° than on
the line of nodes, whereas the observed value in the H1
velocity field is 16%—18% higher than on the line of nodes.
After deprojection with i =23°+4°, the observed excess ve-
locity at PA=131° relative to that on the line of nodes is
29+9km s~ !. Thus, there are noncircular motions in this
part of NGC 2535. Paper I finds similar evidence for stream-
ing motions along the eye-shaped oval in IC 2163.

Because of the noncircular motions on the tidal arms and
around the eye-shaped oval, a slice of the H 1 velocity field
through the nucleus of NGC 2535 along the line of nodes of
the projection should not be regarded as the rotation curve.

5.2.3 Outer envelope of NGC 2535

Notice from Fig. 8 that the velocity at the western end of
the tidal tail is 4130 km s!, about the same as the velocity
just south of the eye-shaped oval, and the velocity at the
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Fic. 11. H 1 line profiles from a cube convolved to 60” resolution to have greater sensitivity to the emission from the H I envelope. The velocity scale on the
abscissa goes left to right from 3956 to 4221 km s™, and the surface brightness scale on the ordinate goes from 0 to 30 mJy beam™'. The rms noise is

1.4 mJy beam™. The field displayed is approximately the same as in Fig. 1.

southern end of the tidal bridge is 4060 km s™!, about the
same as the velocity just north of the eye-shaped oval. The
perturbations in velocity at the outer ends of the tidal tail and
the tidal bridge are opposite in sign and have about the same
magnitude relative to the systemic velocity but do not occur
at diametrically-opposite positions. The global HI velocity
field (bottom panel of Fig. 9) shows that the trend of increas-
ing velocity along the tidal tail as one goes from the north-
west to the west continues in the H I envelope around to the
southwest to v =4150 km s~1. The velocity field in the west
and southwest appears to be dominated by tidal streaming
due to the interaction and is not clearly related to the velocity
field of the central disk. Figure 11 presents line profiles from
an H 1 cube convolved to 60" resolution to have greater sen-
sitivity to the emission from the envelope. Most of the line
profiles in the envelope have a broad velocity component.
For example, in the southwestern envelope the profile in the
4th column from the right, 5th row from the bottom in Fig.
11 has FWHM=82 km s~!. Paper I found that NGC 2207,
the companion to the ocular galaxy IC 2163, has a large pool
of gas extending 40 kpc south of the main disk; however,
unlike the envelope of NGC 2535, the line profiles in the
southern extension of NGC 2207 are relatively narrow. Ap-
parently, in NGC 2535, the gas in the envelope is still in
orbits that have been highly disturbed by the interaction.
The high values of the velocity near the end of the tidal
tail and in the western to southwestern part of the envelope
require a peculiar velocity component of 40—60km s~}

away from us on what is mainly the approaching side of
NGC 2535. This is a very recent encounter, the gas in the
envelope is still stirred up, as evidenced by the high velocity
dispersion, and we are viewing the central disk close to face-
on. Therefore, we suspect that these peculiar velocities are
mostly z motions that may eventually lead to the outer part
of the disk bending away from us here. A nearly in-plane
encounter should not produce a strong warp at the present
stage.

In the velocity field in the extreme southern part of the
system (see Fig. 8), we are seeing the result of strong tidal
accelerations in NGC 2535 produced by the proximity of the
companion plus the superposition of the velocity field of
NGC 2536. In Klari¢’s model, the tidal bridge gas here is
now mainly below the initial disk of NGC 2535, NGC 2536
is just below the initial disk plane of NGC 2535, and thus
NGC 2636 is on the near side (relative to us) of most of the
tidal bridge gas. This geometry is consistent with the blue
color of NGC 2536. In the model, bridge material is being
rapidly accreted by NGC 2536, which means that this mate-
rial has a peculiar velocity component headed towards us.
This is consistent with the observed sense of the velocity
perturbation.

Amram et al. (1989) previously invoked a warp of the
disk of NGC 2535 to account for the apparent steep drop in
the Ha “‘rotation’” velocity beyond the eye-shaped oval. We
agree with them that their Ha ‘‘rotation curve’’ does not
represent the true rotation of the galaxy. Velocity streaming,
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FIG. 12. A comparison of H1 line profiles (solid curve) and CO line profiles
(dashed curve) at ?CO positions B, C, and I. The H 1 line profiles are from
an H1 cube convolved to the same 33" resolution as the CO data. The H1
intensity scale is marked on the left in mJy beam™!, and the Ty, scale for
the CO emission is marked on the right in kelvin. The rms noise in the
convolved H 1 cube is 0.90 mJy beam™!. The bar below the axis at positions
B and C indicates the range of the Ha velocity field (from Amram et al.
1989).

as discussed in the previous section, seems to account for the
velocity behavior that they attributed to the effect of a warp
within the optical disk (i.e., out to R,s); the HI velocity field,
which has better coverage than the Ha velocity field, shows
no evidence of a warp within the optical disk. It is well
beyond the optical disk that we detect evidence for z motions
in the H velocity field.

5.3 Comparison of H I, CO, and Ha Velocities

The Ha velocity field gives the same values, within the
uncertainties, as the H I velocity field for the systemic veloc-
ity of NGC 2535 and for the nearly constant velocities along
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much of the tidal arms of NGC 2535, but there are some
differences at the rim of the eye-shaped oval. For example, at
a position angle of —30° to —50°, the Ha mean velocity on
the northwestern rim of the eye-shaped oval is 4025 km s ™!
(Amram ef al), whereas the HI mean velocity is
4050-4060 km s~ . In the H I channel maps of Fig. 10, one
sees that there is some H I here at the same velocity as the
Ha emission but the dominant H I has higher velocity. Pre-
sumably, the H1-Hea velocity difference results from the
lower spatial resolution of the H I data.

In Fig. 12 we compare the 2CO and H 1 line profiles after
convolving the H I cube to the same spatial resolution as the
CO data. At all three positions, the H1 data have higher
signal/noise than the CO data. For '>CO positions B and C
(the two clear CO detections), Fig. 12 indicates the range of
the Ha velocity field at these locations (as read off the Ha
velocity field figure in Amram et al. 1989); the total range of
the Ha profile would be somewhat greater than this. For
position I (the weak CO detection), no He velocity informa-
tion is available.

At the central position (position B), the H1 profile is
broad, flat, and fairly symmetric about the systemic velocity.
The aperture includes the western apex but not the eastern
apex of the eye-shaped oval. The '2CO profile is less sym-
metric about the systemic velocity. CO emission is not de-
tected at velocities <4045 kms~!, corresponding to the
northwestern rim of the eye-shaped oval. The strongest CO
emission (4050—4120 km s™!) includes velocities expected
for the central region and for the western apex of the oval,
where there is a very bright HI region with Hea
velocity =4065-4075 km s~ 1.

Position C includes part of the tidal tail just beyond the
eastern apex of the eye-shaped oval, massive H1 Cloud 2
(labelled in Fig. 6), and the optical spur (see Fig. 5). The CO
velocity profile is rather broad and flat with
FWHM=119 km s™!. The H I emission has the same range
of velocities as the CO emission. However, unlike the CO
profile, the H I profile is asymmetric with a strong maximum
at 4036—-4104 km s™!; inspection of the high resolution H 1
cube confirms that this HI peak is from Cloud 2. Thus, at
position C the atomic gas is more concentrated to Cloud 2
than the molecular gas, and much of the CO emission is not
associated with Cloud 2.

At position I (which is on the elliptical arc), there is only
a 10 km s~! difference in the H I velocity field across the CO
aperture. The H I emission is centered at 4070 km s~ ! with a
FWHM linewidth of 47 km s™!; the CO emission, centered
at 4081kms~! with a FWHM linewidth of 27 kms™},
comes from part of the same feature as the H1L.

5.4 H I Velocity Dispersion in NGC 2535

The top panel of Fig. 13 presents the low resolution image
of Oyg> the one-dimensional H1 velocity dispersion, in
greyscale overlaid with contours from the high resolution
N(H 1) image. The velocity dispersion o, , has been cor-
rected for the velocity gradient across the beam but not for
systematic velocity gradients along line of sight. These H 1
velocity dispersions are high, 30 km s™! over much of the
disk, as compared to the values of 6-10kms™! (Dickey
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Fic. 13. Top: H 1 velocity dispersion in greyscale from the low resolution H 1 image overlaid with the high resolution N(H 1) contours from Fig. 5. The beam
symbol represents the N(H 1) resolution. The greyscale wedge runs from 20 to 60 km s™!. There is widespread high velocity dispersion in the H1 gas as
compared to undisturbed spirals. Numbered boxes are drawn around the five unusually massive H 1 clouds. Bottom: /-band image in greyscale overlaid with
the same N(H 1) contours. There are no major clumps in the older stellar population at the locations of the massive H I clouds. The five slice-lines labeled a,
¢, €, g, and i show the positions of the P-V diagrams thus labeled in Fig. 14. The two unlabeled slice-lines show the locations of the P-V diagrams of the

tidal bridge and NGC 2536 in Fig. 15.

et al. 1990; van der Kruit & Shostak 1984, and references
therein) or 6—13 km s™! (Kamphuis 1993) measured in un-
disturbed spirals. Thus, like the interacting pair IC 2163/
NGC 2207 and the interacting pair NGC 5774/75, NGC
2535 exhibits widespread, enhanced H 1 velocity dispersion.
Amram et al. (1989) note that there is also a large dispersion
in the Hea velocities in NGC 2535. Some speculations as to
what the measured high values for the velocity dispersion
could represent are the following: we may be seeing en-
hanced turbulence resulting from collisions between tidally-

accelerated clouds, or, within the beam, we may be seeing a
collection of clouds differing in z velocity as they stream
perpendicular to the disk.

The H 1 velocity dispersion in NGC 2535 is comparable to
the stellar velocity dispersion o, ; in the z direction in the
solar neighborhood: for stars in the old thin disk, the local
galactic ov,s=20kms_1 and the stellar scale height H
=350 pc, and for stars in the thick disk, o, (=45kms™!
and H,=1 kpc (Freeman 1987). In the case of an isothermal
disk in hydrostatic equilibrium, the HT scale height in the
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TABLE 5. Massive H1 clouds in NGC 2535.

Cloud  «(1950)  4(1950) N(HI) a,(HI) M(HI) a Myie Lp/pc?
. (Mppe™®)  (kms™') (10° Mg) (kpc) (10° Mg) (Lpope?)
1 08 08 13.5 25 2206 10 33 3.0 2.8 25 23
2 08 08 14.8 252139 10 35 1.4 1.5 15 57
3 08 08 11.7 252109 12 31 1.8 1.8 14 75
4 08 08 11.7 252048 11 30 2.2 2.0 15 45
5 08 08 12.6 252033 10 29 1.9 2.0 14 35

main disk, where the stellar potential dominates the Z force,
is

" Ty,600,s

7Gup @

g
where u is the total mass surface density (van der Kruit
1989), and the stellar scale height

o,

e ©)

5
For the case where the mass surface density of stars u, does
not necessarily dominate the mass surface density of gas u,,
an expression for the H I scale height can be derived from the
approximate equation in Elmegreen (1989) for the central
disk pressure,

P(O) =Pg(0)[0'v,g]2~(7TG:u’g/2)[/"'g+:U“s(a-v,glo-v,s)]&‘t)

Thus the H I scale height is given by

oo M [0,
£ 2Pg(0) 77'G[/J“g—F :u*so'v,g/o'u‘s} ’

This reduces to Eq. (2) if u, is small. For the same tidal
acceleration, the percentage increase in the velocity disper-
sion of the gas is greater than that of the stars because the gas
has the smaller initial velocity dispersion. Also, for the type
of encounter that produces ocular structure, the main tidal
acceleration is in-plane, and the disturbed velocities in the
stars will take longer to isotropize than those in the gas, since
the stars form a collisionless system. Many of the HI line
profiles of NGC 2535 are asymmetric; this was also the situ-
ation in NGC 2207 (see Paper I). Whether or not the assump-
tion of an isothermal gas disk in hydrostatic equilibrium is
appropriate for these very recently disturbed galaxies, the H 1
gas in NGC 2535 may well have a large scale height as a
consequence of the enhanced turbulence and possible tidal
perturbations in the z-direction (evidence for the latter was
presented in the discussion of the outer envelope in Sec.
5.2.3). In the case of the interacting galaxy NGC 5775
(which is viewed close to edge-on), Irwin (1994) fit a galaxy
model to the complete set of H 1 line profiles and found that
the best fit occurred with a thick exponential disk with H,
=1.1kpc and o, ,=24kms™". Thus we should allow for
the possibility that the H1 scale height may include most of
the stars.

&)

5.5 Massive H 1 Clouds in NGC 2535

In the bottom panel of Fig. 6 and the top panel of Fig. 13,
boxes are drawn around five H I clouds, each with H I mass

in excess of 10® _Z . Table 5 lists the following properties
of these unusually massive HI clouds on the tidal arms of
NGC 2535: the position, the average HI column density
N(H1) inside the box, the average one-dimensional H1 ve-
locity dispersion a, ,, the total H1 mass M(H1) in the box,
the cloud semi-major axis a, the virial mass M, and the
average B-band surface brightness Ly /pc? before deprojec-
tion. The values of o, , in this table have been corrected for
the velocity gradient across the synthesized beam but not for
systematic velocity gradients along the line of sight. The rms
scatter in the values of o, , within each cloud is =4 km s™h
The calibration of our B image is uncertain by *0.25 mag.
The values of Lz have not been corrected for extinction. The
B-band extinction Ap would be 0.4 mag if half of N(H1)
were in front of all the stars, but less if the stars and the H 1
gas have similar scale heights.
The virial mass of a gas cloud is

Cala
G b

M= (©6)

where for a sphere of uniform density, C=35, and for an
oblate spheroid of uniform density and eccentricity e, C
=5e/(arcsin e) (from the expression for the gravitational po-
tential energy of an oblate spheroid in Chandrasekar 1969
and in Binney & Tremaine 1987). The value of C ranges
from 5 for a sphere to 3.18 in the limit of a very thin spher-
oid in which the minor axis—0; with a minor/major axis
ratio of 0.4, the value of C is only 25% greater than when the
minor axis— 0. As the virial mass is not very sensitive to the
axis ratio when the axis ratio is less than 0.4, we computed
the values of .Z,;, in Table 5 for an oblate spheroid with
uniform density and minor/major axis ratio=0.15; then C
=3.48. Since the average value of the cloud semimajor axis
is 2 kpc (see Table 5), the adopted axis ratio corresponds to
a semi-minor axis of 0.3 kpc, which is a conservatively low
estimate. For the semi-major axis a, we took (A/w)Y?,
where A is the plane-of-sky area of the box in the high reso-
lution N(H 1) image, then deconvolved from the synthesized
beam, and multiplied by (cos )™2=1.04 to correct to face-
on. In the case of Cloud 1, we were able to fit a 2D Gaussian
to the distribution of HI emission; this gave a geometric
mean, deconvolved radius of 2.1 kpc, instead of the 2.8 kpc
value from the box area. This suggests that computing the
value of a from the box area may lead to, perhaps, a 30%
overestimate of a and M., as Cloud 1 is the worst example
of fitting a box to the N(HI) contours.

These massive H1 clouds do not coincide with the most
luminous blue knots in NGC 2535, and Cloud 1 is the only
massive H I cloud that appears to contain an unusually bright
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clump of star formation (see Fig. 6 and the Ha image in
Amram et al. 1989). From an N-body/SPH simulation of gal-
axy encounters, Barnes & Hernquist (1992) concluded that
massive clumps on tidal arms form from instabilities in the
stellar system, with the gas collecting subsequently in the
stellar potential well. The /-band image in the bottom panel
of Fig. 13 shows that the five massive HI clouds in NGC
2535 do not correspond in general to major clumps in the
older stellar population. Cloud 1 has some excess /-band
emission, but this may be from young stars, since new star
formation has already started here. In Table 5, the average
value of Ly /pc? for Cloud 1 is less than for the other clouds
because Cloud 1 includes the optical interarm region.

The virial masses of these clouds from Eq. (6) are a factor
of 7-11 times the observed M(H 1) because the values of
0, are large. In at least four of the five clouds, our upper
limits to the molecular mass are insufficient to account for
the difference. Only Cloud 2 lies in a field where >CO emis-
sion is clearly detected (}*CO position C). As noted in Sec.
5.3 above, much of the CO emission at position C is prob-
ably not from Cloud 2. Nevertheless, if all the 12CO emission
from position C were associated with Cloud 2, then this
cloud would have a total mass in gas (including a 40% by
mass contribution from helium) of 1.5X 10° .Z,, which is
about the same as M ;.. At the positions of the other clouds,
our 2 X the rms noise upper limits on the molecular mass are
comparable to the measured H I mass.

Various possible explanations for the discrepancy be-
tween the virial mass and the gas mass of these clouds are (1)
the H I scale height is comparable to the stellar scale height
and thus the stellar mass .7, inside the cloud is much larger
than the gas mass ./, [see the discussion in Sec. 5.4 and Eq.
(7) below], (2) the clouds are not virialized (perhaps they are
still in the process of forming), or (3) there is a significant
contribution to the measured H 1 velocity dispersions from
velocities other than turbulence. Although the stars are not
clumped like the gas, the values of the B-band surface
brightness in Table 5 imply that the stellar surface density at
these locations is large compared to the gas surface density.
If we take .Z/L=3 in B band from Binney & Tremaine
(1987) for visible stars in the solar neighborhood, then the
ratio of stellar surface density to H 1 surface density varies
from 7 for Cloud 1 to 19 for Cloud 3, and thus, the stellar
mass could account for the difference between the virial
mass and the gas mass. That is, 4, =.%,+ ./, satisfies
Eq. (6) for o, equal to the observed H1 velocity dispersion.
This situation is unusual for interstellar clouds because usu-
ally 0, ,<0,,. A version of the virial equation that in-
cludes both stars and gas can be obtained by multiplying Eq.
(5) for the gas scale height H, by the cloud area A, in the
plane to get

7, Ao

‘%8 + (o-v,g /o'v,s)'%stars,T% 7TGHg ’

™

where ./ s 7= MAg is the total stellar mass in the column
through the disk, not just the stellar mass .7 inside the
cloud, and .Z,= p,A,. Thus when o, , is comparable to
0,5, the contribution of the stellar mass to the virial mass is
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significant. With A/H > ma, we return to the previous gas
virial equation in the limit of o, , /0, (<1.

In NGC 2535, we find (a) high H1 velocity dispersion
throughout much of the disk and (b) clouds comparable in
mass to H I-rich dwarf galaxies but, generally, without major
stellar clumps at the same location. Since a similar phenom-
enon has been found previously in other interacting pairs, IC
2163/NGC 2207 (Elmegreen et al. 1993 and Paper I) and
NGC 5774/75 (Irwin 1994), enhanced turbulence and unusu-
ally massive gas clouds produced by gravitational instabili-
ties in the gaseous disk may be a general feature of interact-
ing spiral galaxies during a certain early phase of post-
encounter evolution.

5.6 More About the Elliptical Arc and the Tidal Tail

In the lower panel of Fig. 5, the '2CO positions are
marked on a display of the high resolution N(H 1) image.
Positions C (a clear detection) and E (a possible detection)
are placed directly on the tidal tail seen in H 1, whereas po-
sitions I (a weak detection) and H are on the part of the H 1
elliptical arc northeast of the tidal tail. To find where any
molecular gas in this region is located, we also observed two
positions, CH and EI between the tidal tail and the elliptical
arc. Position H shows no detection, and the features in the
line profiles at positions CH and EI are below 2X the rms
noise and may result from overlap with positions C and I.
We thus exclude the possibility that the molecular gas is
situated mainly between the H I features. The molecular gas
in this region coincides either with the tidal tail (positions C
and possibly E) or with the elliptical arc (position I). We
conclude that the tidal tail and the elliptical arc are distinct
features in the total gas. The origin of the elliptical arc will
be considered in Sec. 8.

To study the portions of the tidal tail and the elliptical arc
that are parallel in projection, we made position—velocity
diagrams of the H 1 emission in this region. The P-V dia-
grams in panels a, c, e, g, and i of Fig. 14 were made at the
locations of the five slice lines thus labeled in Fig. 13; the
P-V diagrams in panels b, d, £, and h are along parallel slices
midway between these. The ordinates in Fig. 14 are along
the slice lines with positive displacements on the northeast-
ern side. The P-V diagrams show similar velocities on the
tidal tail and the elliptical arc. In many cases, these two
features differ by less than the 5 km s™! channel width; the
greatest difference is 20 km s™!, and (v gps— Ugys) tends to be
slightly more negative on the tail than on the elliptical arc.
The low resolution H I cube shows that some of the emission
between the elliptical arc and the tail has the same velocity
as that on the elliptical arc.

In IC 2163, Paper I finds a double-parallel arm structure
(tidal tail plus streaming arm) on the anti-companion side
with a line-of-sight velocity difference of 70—100 km s}
between the two parallel components of the tidal tail, as pre-
dicted by ocular models. If this feature had been spatially
unresolved in IC 2163, its signature in a sequence of P-V
diagrams would have been two peaks on the tidal tail well
separated in velocity in each P—V diagram but getting closer
in velocity as one goes through the sequence. In NGC 2535
we do not detect the double-parallel arm morphology on the
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FiG. 14. Position-velocity diagrams of the H 1 emission from the tidal tail and the elliptical arc. The P—V diagrams in panels a, c, e, g, and i were made at the
locations of the five slice-lines thus labeled in Fig. 13; the P~V diagrams in panels b, d, f, and h are along parallel slices midway between these. The ordinates
are along the slice lines with displacements positive to the northeast and negative to the southwest. The top three rows are from the high resolution cube, with
contour levels of 2, 3, 4, 5, and 6 X the rms noise, and the lowest contour level is at 1.8 mJy beam™!, or 7.6 K. The bottom row shows the same positions
as the second row from the top, but from the low resolution cube with contour levels at 3, 4, 6, 8, 10, and 12X the rms noise, and the lowest contour level
is at 2.0 mJy beam ™!, or 4.6 K. The tidal tail is the feature at —20” to +5”, and the elliptical arc is the feature at +5" to +30".

tidal tail either in the optical image or in the P-V diagrams of
Fig. 14. Notice that the tidal tail in Fig. 14 is more compli-
cated than a double-parallel arm: for example, in each of
panels ¢, d, and e, there appear to be 3 or 4 clumps on the
tidal tail (covering a range of up to 50 km s™!) within the
3.0X2.9 kpc FWHM synthesized beam of the high resolu-
tion cube. This large range of velocities would be unusual in
an undisturbed galaxy because the gradient in the velocity
field is small along the tidal tail here (see Fig. 8). If these
clumps at different velocities are all in the plane of NGC
2535, then collisions between them should lead to enhanced
turbulence. Another possibility is that they are not all in the

plane of NGC 2535 and may differ in z velocity. In Klari¢’s
(1993) model for NGC 2535, the double-arm structure ap-
pears at somewhat earlier epoch, and the two components
have now merged. The observed P-V diagrams are consis-
tent with the notion that we are viewing the double-arm
structure after the two components mix.

5.7 NGC 2536

In this section we consider the various velocity compo-
nents of the H 1 emission in the direction of NGC 2536. The
end of the tidal bridge of NGC 2535 overlaps NGC 2536
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FiG. 15. H 1 position-velocity diagrams from three different cubes to show our attempts at separating the H 1 contributions of NGC 2536 and the tidal bridge
of NGC 2535. The ordinate is the heliocentric velocity in km s™!. For the upper left and the two lower panels, the abscissa is along the slice line through the
optical nucleus of NGC 2536 in Fig. 13 at the position angle of the photometric major axis of NGC 2536. The upper right panel is a P~V diagram at the
location of the parallel slice-line cutting across the bridge north of NGC 2536 in the same figure. The northeastern side is on the left in each P-V diagram.
The upper left panel displays the combined emission from the bridge and NGC 2536 and is centered on the optical nucleus of NGC 2536, marked by a plus
sign. The lower two panels show the residual emission in the same field after two different attempts at removing the H1 associated with NGC 2536, as

described in the text. The rms noise in these low resolution (naturally-weighted) images is 0.65 mJy beam

times the rms noise.

along line of sight in a clump with a combined H I mass of
2X10° .#g and a peak N(H1) of 21 .# pc™2. The loca-
tion of maximum N(H1) is offset 8” SW of the maximum
surface brightness on the I/-band and B-band images. The
mean velocity of the H1 emission along most of the tidal
bridge is 4120kms~!, with velocity dispersions of
25-30kms L.

The complexity of the situation is illustrated by the
position-velocity diagrams of the tidal bridge and NGC 2536
in Fig. 15. These diagrams were made at the locations of the
two slice lines cutting across the southern part of the system
in Fig. 13. The abscissa in Fig. 15 is along these slice lines
with the northeastern side on the left in each P-V diagram.
The upper left panel and the two lower panels of Fig. 15
display P-V diagrams at the location of the slice line
through the optical nucleus of NGC 2536 along the photo-
metric major axis of NGC 2536 at PA=38°; the upper right
panel is a P-V diagram at the location of the parallel slice
line cutting across the bridge north of NGC 2536 and will be
used for comparison. The upper left panel displays the com-
bined H I emission from the bridge and NGC 2536. The plus
sign marks the optical position and systemic velocity of the
nucleus of NGC 2536. Three apparent velocity features are
labeled in this panel. From comparison with the P-V dia-

~1 and the contour levels are at 3, 4, 6, 9, and 12

gram made farther north along the bridge (and shown in the
upper right panel), the quasi-horizontal feature 1 is gas that
belongs to NGC 2535, mainly bridge gas.

To understand features 2 and 3, we first extracted feature
3 from the cube and made moment maps. The upper left
panel of Fig. 16 displays a high resolution N(H I) image of
feature 3 in greyscale overlaid by contours of the total H 1
column density remaining after feature 3 was removed. The
plus sign marks the location of the optical nucleus of NGC
2536. Except for a fainter extension SW of the nucleus, the
H1 emission from feature 3 corresponds in position to the
B-band image of the northeastern half of NGC 2536 and in
velocity to the He velocities (from Amram ef al. 1989) on
the northeastern side. In the NE half of NGC 2536, the Ha
velocity field has v =4035-4095 km s~ !, and the H 1 cube of
feature 3 has emission over the range 4009— 4089 km s~ 1.
The low spatial resolution of the H I data precludes a detailed
comparison between the Ha and H I velocity fields here; the
H 1 velocity field of feature 3 has v =4039—4066 km s™! on
this side. We are fairly confident that most of feature 3 is H1
in the northeastern half of the disk of NGC 2536. The H1
mass of feature 3 is 3X10® %y, and the location of the
maximum N(H1) in feature 3 coincides approximately with
the very bright optical emission-line knot 5” NE of the
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Fic. 16. H1 in the direction of NGC 2536 and the tidal bridge of NGC 2535. The plus sign marks the location of the optical nucleus of NGC 2536. Upper
Panels: N(H 1) associated with NGC 2536 in greyscale and the residual N(H 1) from the tidal bridge as contours. The contour levels are 4.2, 7.5, 10, 14, 18,
and 23X 10% atoms cm 2. In the upper left panel, only the H 1 emission from feature 3 (mainly the northeastern half of NGC 2536) is attributed to NGC 2536,
whereas the upper right panel uses a symmetrized version of NGC 2536 (see text). Lower Panel: Isovelocity contours of the bridge gas overlaid on the H 1
column density of the bridge gas in greyscale after subtraction of the symmetrized version of NGC 2536. The contour interval is 10 km s~".

nucleus. The bright Ha emission from NGC 2536 is strongly
one-sided and dominated by the NE knot.

As a guide for interpreting the rest of the H I emission in
the upper left panel of Fig. 15, we refer to the Ha velocity
field of NGC 2536 in Amram et al. (1989). The Ha velocity
field is that of a rotating disk with some distortions; it has
Usys=4085+10 km s”!, kinematic major axis at PA
=16-23° (differs between north and south), and its receding
side is on the south. The H1 in the part of feature 3 that
appears southwest of the NGC 2536 nucleus in the N(H 1)
image in the upper left panel of Fig. 16 has a velocity of
~4040 km s~!. This is probably not H1 in the disk of NGC
2536, since the Ha velocities (from Amram et al.) in the
southwestern disk of NGC 2536 are 4105-4145 km s~ !, The
lower left panel of Fig. 15 displays the residual emission
after feature 3 was removed from the cube. The residual
emission in the upper half of feature 2 is low velocity gas

(v=4040-4080 km s~!) some 25” SW of the optical center
of NGC 2536 and, thus, is also not gas in the main disk of
NGC 2536. In Klari¢’s (1993) model, NGC 2536 is on the
near side (relative to us) of much of the bridge gas here.
Therefore this low velocity H I southwest of the NGC 2536
nucleus could represent gas near the end of the bridge
streaming towards NGC 2536 from the far side and in a
retrograde sense relative to the rotation of NGC 2535. This
would be consistent with Klari¢’s model, which has NGC
2536 accrete gas from NGC 2535. By ‘‘bridge gas,”” we
mean gas not in the main disk of NGC 2536; it may include
gas falling into or being ejected from NGC 2536.

The emission in the bottom half of feature 2 in Fig. 15 has
v=4110-4155km s~ ! at spatial positions corresponding to
the northeastern disk of NGC 2536. This is high compared to
the He velocities in the northeastern disk of NGC 2536 but
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similar to the velocities farther north in the bridge. This is
probably bridge gas. Farther west in the bottom half of fea-
ture 2, the bridge gas blends with gas in the southwestern
disk of NGC 2536. The combination of the two may account
for the strong peak at 4116 km s~} in feature 2.

The southwestern disk of NGC 2536 appears embedded in
the bridge gas (i.e., same position and same velocity) and is
not extractable without an additional assumption. Suppose
we cut the emission from feature 3 along the photometric
minor axis of NGC 2536 at PA=128° and assume inversion
symmetry for the HI in NGC 2536, relative to the optical
nucleus. The upper right panel in Fig. 16 displays the result-
ing N(H 1) image of NGC 2536 in greyscale and the residual
N(HT1) emission from the bridge as contours, both for the
low resolution images. The H1I mass of the symmetrized
NGC 2536 is 4 X 10® _Z, . In these low resolution images,
the peak HI column density in the disk of NGC 2536 is
1.0x 10?! atoms cm™2, and the peak H1 column density in
the bridge gas in the direction of NGC 2536 is 1.8
X 10?! atoms cm 2, so, under the assumed symmetry, the
bridge gas is the dominant component. Here ‘‘bridge gas’
means the residual after subtracting the symmetrized disk of
NGC 2536.

Assuming that the velocities as well as the distribution of
H1 in NGC 2536 have inversion symmetry, we subtracted
the symmetrized NGC 2536 emission from the original H 1
cube to obtain the cube of emission from the bridge gas and
its velocity field. Taking the central velocity of NGC 2536 as
4085 km s~ ! produced an unlikely hole in the P~V diagrams
of the bridge gas, so we took the central velocity of NGC
2536 as 4097 km s~ !; this resulted in more plausible P-V
diagrams for the bridge gas. Recall that the optical vy is
4085= 10 km s~ L. The lower right panel of Fig. 15 displays
the resulting P-V diagram of the bridge gas for the same
field as in the upper left panel (which shows the combined
emission from the bridge plus NGC 2536). The resulting
velocity field of the bridge gas is plotted in the lower panel
of Fig. 16. The steep velocity gradient in the bridge gas at
the location of NGC 2536 is probably an artifact of the sym-
metrization process and suggests that the assumption of sym-
metry in the velocity field of NGC 2536 and/or the assump-
tion of symmetry in the distribution of HT in NGC 2536 are
incorrect.

In fact, computer simulations for this type of encounter
(Curtis Struck, in progress) do not predict inversion symme-
try. The accretion of gas onto NGC 2536 may have been
one-sided, and the accreted gas may be still in three-
dimensional orbits. In Klari¢’s (1993) model, shocks in the
bridge gas occur south or southwest to west of NGC 2536,
there is a stream of material from NGC 2535 swinging from
below the disk plane of NGC 2536 and a large fan-shaped
feature behind and east of NGC 2536, and all this material is
quickly dumped onto NGC 2536. In Fig. 16, we see that the
main N(H1) clump in the bridge gas is centered 12" SW of
the nucleus of NGC 2536 and has a velocity of 4075 km s7h
this Jow velocity gas may correspond to some of the shocked
gas in Klari¢’s model.

In summary, we have successfully separated the H 1 emis-
sion of the northeastern disk of NGC 2536 from the bridge
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FiG. 17. Top: The low resolution A =20 cm radio continuum image of both
galaxies in greyscale with N(H 1) contours from Fig. 7. Bottom: The high
resolution A =20 cm radio continuum image as contours overlaid on the
B-band image in greyscale. The beam symbol represents the radio con-
tinuum beam size (12.0”X11.5"). The rms noise is 0.19 mJy beam™!, or
0.86 K, and the contours levels are at 3, 4, 5, and 10X the rms noise. Notice
the bar-like feature in the radio continuum emission from NGC 2535.

gas and have also found a component of the bridge gas
southwest of the NGC 2536 nucleus that may represent gas
streaming towards NGC 2536. The southwestern disk of
NGC 2536 has the same projected position and the same
velocity as some of the bridge gas there. Since the northeast-
ern half of NGC 2536 has an H 1 mass of 2X10% .Z, the
total H I mass of NGC 2536 is at least 2X 10® _Z, and may
be ~4X 108 ., if the distribution of H1 in NGC 2536 is
roughly symmetric. Unless the H I mass of the southwestern
half of NGC 2536 is appreciably greater than that of the
northwestern half, the dominant HI column density in the
direction of NGC 2536 is the bridge gas.

Recall from Sec. 4 that our nondetection of 2CO emis-
sion from NGC 2536 gives an upper limit of 6 X 10° .Z, for
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the H, mass of NGC 2536. Then the mass of molecular gas
in the starburst galaxy NGC 2536 is, at most, three times the
H 1 mass.

6. RADIO CONTINUUM RESULTS

The total A20 cm radio continuum flux density S,(20) of
the system is 46 mJy, of which 6.2 mly is from the starburst
galaxy NGC 2536. The top panel of Fig. 17 displays the low
resolution N\20 cm continuum image (resolution=15.1"
X 14.6” FWHM) in greyscale with N(H 1) contours overlaid,
and the bottom panel displays the high resolution A20 cm
continuum image (resolution=12.0" X 11.5” FWHM) as con-
tours overlaid on the B-band image in greyscale. In the radio
continuum, NGC 2535 looks like a barred spiral with a bar-
like feature connecting the two apices of the eye-shaped oval
at PA=100°. The most luminous blue and Ha knots occur at
or near these two apices. The radio continuum ‘‘bar’’ leads
the weak stellar bar by ~50°, a surprisingly large angle. The
high resolution optical image in Arp (1969) gives no indica-
tion of a dust lane along the radio continuum bar. Instead,
one sees a curved dust lane cutting across just north of the
nucleus from the NE rim of the eye-shaped oval to the inside
edge of the southern arm of NGC 2535, with position angles
in the range 65° to 75°. The dust-lane morphology is hard to
explain if the radio continuum bar is simply a shock front in
the gas on the leading side of a stellar bar.

Perhaps the weak stellar bar is the remnant of an older
bar, whereas the radio continuum ‘‘bar’’ in NGC 2535 may
be shocked gas from a new bar in the process of formation.
Or perhaps the radio continuum ‘‘bar’’ is a two-sided jet
from the nucleus. Bernlohr (1993) classifies the optical emis-
sion lines as H1I region-type, not Seyfert or LINER. The
nucleus of NGC 2535 has a A\20 cm continuum surface
brightness of only 1.6 mJy beam ! on the high resolution
image and is somewhat fainter in radio continuum surface
brightness than the eastern apex of the oval (where there are
two bright knots in the B-band image). Hence, the jet inter-
pretation of the radio continuum bar-like feature appears less
likely.

The radio continuum emission in NGC 2535 comes from
the radio continuum bar, the nucleus, the two apices of the
oval, and the portions of the H I tidal arms relatively close to
the eye-shaped oval. The rim of the eye-shaped oval in NGC
2535 is not clearly outlined in A20 cm continuum and H1
emission as it is in IC 2163 (compare the NGC 2535 images
here with the IC 2163 images in Condon 1983 and Paper I).
This suggests that in NGC 2535 the rim is not presently a
strong shock front, unlike the situation in IC 2163. On the
tidal tail of NGC 2535, the radio continuum emission, like
the H I emission, lies between the main optical arm and the
spur.

In the high resolution A20 cm continuum image, the cen-
ter of NGC 2536 has a flux density of 1.2 mJy and a peak
surface brightness of 1.7 mJy beam™!, about the same as the
nucleus of NGC 2535. If this is optically-thin free-free emis-
sion, it is equivalent to 19 times the most luminous HII
region (CCM 72) in M51 (van der Hulst er al. 1988). The
radio continuum peak of NGC 2536 is at the same location
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FiG. 18. Top: Arm/interarm contrast in B band (solid curves) and I band
(dashed curves) as a function of radius (in units of R,s) in the face-on image
of NGC 2535. The curves for the tidal tail are labelled ‘‘tidal’’; the other
curves represent the tidal bridge. Bottom: Radial profile of the face-on B
image of NGC 2535 for cuts along the kinematic major axis at PA=153°
(solid curves, with positive positions on the NW side of the galaxy) and the
kinematic minor axis at PA=63° (dashed curves, with positive positions on
the NE side). On the cut along the kinematic minor axis, the tidal arms are
labelled ‘‘arm,’” with the tidal bridge at the negative positions and the tidal
tail at the positive positions. The feature labelled “‘tidal arm’ on the cut
along the kinematic major axis is the tidal tail near its sharp bend.

as the optical peak in the B and /-band images.

7. OPTICAL SURFACE PHOTOMETRY OF NGC 2535

The arm-to-interarm contrasts as a function of radius in
the deprojected, sky-subtracted B-band and /-band images
are displayed in the top panel of Fig. 18. We used the pro-
jection parameters from Table 4 and assumed that the disk is
flat. The arm-interarm contrast is less extreme than Paper 1
found in IC 2163, but still large compared to normal spiral
arms, which have a typical arm contrast of 1-2 mag (see
Elmegreen & Elmegreen 1984). The tidal tail can be mea-
sured out to R=2.7R»s=200" in B band and in HI. In B
band, the interarm near the tidal tail is measured with an
accuracy of *0.1 mag out to R=2.0R,5 but blends into the
sky background by R=2.5R,s. The maximum value for the
arm contrast is 4.2 mag and occurs at R=1.2R,5s. Beyond
this, the arm contrast on the long tidal tail averages 3.2 mag
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F1G. 19. The sky-plane projection of Klaric¢’s (1993) orbit for NGC 2536 with +’s for the portion of the orbit above the initial disk plane of NGC 2535, x’s
for the portion of the orbit below the disk plane, a triangle at the disk crossing from near to far (relative to us), and a five-pointed star at perigalacticon. The
orbit is overlaid on a contour plot of the high resolution N(H 1) image (with the same contour levels as in Fig. 5) and the /-band image in greyscale.

and is fairly constant. Throughout the main disk (i.e., R
<R,s) the arm-interarm contrast generally increases with ra-
dius. This behavior suggests that the arms here have a tidal
origin, since in density-wave galaxies, the contrast tends to
level off or decrease after about 0.5R,s [see Fig. 6 in
Elmegreen er al. (1996) for the arm contrast in barred galax-
ies]. Although galaxy encounter simulations, such as those in
Elmegreen et al. (1991) and Paper 11, predict a large stellar
arm-interarm contrast for tidal arms at a certain stage of the
interaction, we are unaware of other studies (aside from Pa-
per I) in which the stellar arm contrast of tidal arms has been
measured. Hibbard (1995) comments that the tails in NGC
4676a/b have high surface brightness in the R-band image.

The bottom panel of Fig. 18 displays radial profiles of the
deprojected B-band image for cuts along the kinematic major
and kinematic minor axes. The rim of the eye-shaped oval is
prominent at R=15"—25". Beyond the rim of the eye-
shaped oval on the kinematic major axis and after crossing
the tidal arms at R=30"—50" on the kinematic minor axis,
the surface brightness declines very steeply. This very steep
decline is unusual and indicates that most of the stars have
collected in the eye-shaped oval and the tidal arms. Since the
interarm disk beyond R=60" is detected, not all of the stars
have been cleared out of the interarm by the interaction. The
cut along the kinematic minor on the NE side crosses the
elliptical arc at 52” in the sky-plane, which corresponds to a
disk position in Fig. 18 of +55”. As no local peak in the
B-band radial profile is visible at this location, the elliptical
arc appears to be a purely gaseous feature. The prominent
feature labelled ‘‘tidal arm’” on the cut along the kinematic
major axis is the tidal tail near its sharp bend.

8. WHAT IS THE ORIGIN OF THE H 1 ELLIPTICAL ARC?

The elliptical arc is a gaseous structure; it is not apparent
in the B-or I-band images. On the eastern side of NGC 2535,
the elliptical arc is a clear feature in the N(H 1) image and
has projected peculiar velocities of 10-20 km s™' receding
from us relative to the neighboring gas in the disk of NGC
2535. It is a long structure, stretching from the north around
counterclockwise to the southeast, but stops some distance
from NGC 2536. The apparent extension of the elliptical arc
on the western side of NGC 2535 is hard to trace in the
N(H 1) image but is evident as a structure in the velocity
field from the west around to the northwest with projected
peculiar velocities of 10-20 km s~} approaching us.

Elmegreen et al. (1992) showed that pre-existing outer
resonance rings are destroyed by nearby encounters. On the
other hand, if the elliptical arc were an expanding ring in the
disk-plane of NGC 2535, the velocity perturbations would be
opposite to those observed. On the NE kinematic minor axis
(which is the near side of NGC 2535), an expanding ring
would produce peculiar velocities approaching us relative to
the undisturbed disk whereas the observed peculiar velocities
of the elliptical arc are receding from us here. Therefore, the
elliptical arc is not an-expanding wave-like shell in the disk
of NGC 2535.

A more promising interpretation is suggested by Klaric’s
(1993) orbit for NGC 2536. The symbols in Fig. 19 represent
this orbit after projection into the sky-plane, with +’s for the
portion of the orbit above the initial disk-plane of NGC
2535, x’s for the portion below the initial disk-plane, a tri-
angle at the disk-crossing from the near side to the far side,
and a five-pointed star at perigalacticon; the symbols are
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TaBLE 6. Comparison of the ocular galaxies NGC 2535 and IC 2163.

Property NGC 2535 IC 2163

1. Central eye-shaped oval with intrinsically oval shape Yes Yes
2. Long tidal arms in optical and HI Yes Yes
3. Nearly constant velocity along much of the tidal tail Yes Yes
4. Streaming motions around the eye—shaped oval Yes Yes
5. Stellar arm contrast of tidal arms is large

compared to normal spiral arms Yes Yes
6. Widespread, high velocity dispersion in the HI gas Yes Yes
7. Massive (108 Mg) HI clouds in the disk but

not associated with major stellar clumps Yes Yes
8. M,;: of the massive clouds is an order of magnitude

greater than M(HI) Yes Yes
9. Small, weak stellar bar Yes Yes
10. Double-parallel arm structure on tidal tail with

~ 100 kms~! velocity difference between the two components No Yes
11. Rim of eye-shaped oval outlined by HI and

radio continuum emission No Yes
12. Radio continuum bar-like feature that leads stellar bar

by large angle Yes No
13. Ocular galaxy more massive than companion Yes No
14. Starburst companion Yes No
15. Extended HI and stellar envelope Yes No
16. z—motions in outer disk of ocular Yes No
17. Outer elliptical HI arc Yes No

separated by time steps of 28 Myr (except for perigalacticon)
and are overlaid on a contour plot of the high resolution
N(H1) image with the I-band image in greyscale. Klaric
determined this orbit to reproduce the observed stellar tidal
features. This orbit was selected before the H I observations
were made and was not adjusted to fit the HI data. The
elliptical arc on the eastern side of NGC 2535, from the
north around counterclockwise to the southeast, coincides
with the sky-projection of Klari¢’s orbit. This suggests that
the elliptical arc on this side is a wake in the gas produced by
the passage of the companion within or close to the extended
H 1 envelope.

Donner & Thomasson (1993) evaluated the following
mechanisms for getting a purely gaseous structure along the
orbit of a companion, as possible explanations for the North
Tidal Bridge in the M81 triplet: (a) ram-pressure stripping in
which gas clouds in the companion collide with gas clouds in
the primary, (b) tidal stripping of gas from the companion,
and (c) a gravitational wake in which gas clouds in the ex-
tended gas disk of the primary are accelerated towards the
companion, collide inelastically, and collect behind the com-
panion. In the case of M81, they found that ram-pressure
stripping does not produce a tail of material staying near the
orbit of the companion, tidal stripping can produce such a
tail but not a very long one, whereas the gravitational wake
in their M81 model lies nearly along the orbit of the com-
panion for about 90°. A gravitational wake can be created
even when the orbit of the companion is slightly inclined
with respect to the disk of the primary. It results from the
collision of gas clouds from inside and outside of the com-
panion’s orbit and thus requires that the disk of the primary
extend beyond the orbit of the companion.

Because NGC 2535 has a sufficiently extended H I enve-
lope and NGC 2536 appears to have been a spiral galaxy
before the interaction, it seems likely that all three of the
above mechanisms are in operation in NGC 2535/36. The H 1

scale height of the extended envelope in NGC 2535 should
be large because of the high H 1 velocity dispersion and the
usual flaring of the disk when the total mass surface de-
creases [see Eq. (5)]. We shall assume that the main process
creating the long elliptical arc on the eastern side of NGC
2535 is the gravitational wake. Since in ocular models the
orbit of the companion is nearly in-plane and prograde, the
gas in the envelope is already orbiting in the same sense as
the companion and merely needs to be compressed by inelas-
tic collisions to form a gravitational wake. On the eastern
side of NGC 2535, the orbit of NGC 2536 is below the
disk-plane of NGC 2535 (i.e., on the far side relative to us).
This gives the correct sense of velocity perturbation to the
wake: the observed peculiar velocities of the elliptical arc are
receding here. Since the projected peculiar velocities are
only 10-20 km s~ !, and the inclination of the present disk of
NGC 2535 is 23°*=4° with respect to the sky-plane, the tilt
of the wake relative to the present disk of NGC 2535 and the
sky-plane should be fairly small. If gas clouds in the wake
were to follow the same orbit as NGC 2536, then the angular
velocity of these clouds should be less than the angular ve-
locity of NGC 2536 (e.g., in a point-mass model, by a factor
of [, I(#,+ #,)]"?, where .Z is the mass of NGC
2535 and .#, is the mass of NGC 2536). The clouds in the
wake are probably not following exactly the same orbit as
NGC 2536, just one that lies close to it in projection. Since it
takes time for the accelerated clouds to collide and produce a
gravitational wake, we expect such a wake to stop some
distance behind the companion, as, indeed, is observed for
the elliptical arc. The string of faint Ha emission from the
north counterclockwise to the NE along the elliptical arc
could be from some new star formation in the compressed
gas (no local peak is seen in the B-band radial profile be-
cause the integrated B light is from older stars than the Ha
emission) or from shock-ionized gas in the wake.

Klari¢’s (1993) simulations did not predict a wake. To
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produce a gravitational wake, a model must start with an
extended gas disk and include sufficient energy dissipation
for the wake to hold together. Klari¢’s simulations did not
include an extended gas disk or allow for inelastic collisions
in the gas. An extended gas disk and inelastic collisions will
be added to the models in a paper to be published later.

A gravitational wake is not a plausible explanation for the
apparent weak extension of the elliptical arc on the western
side of NGC 2535. This feature, which is visible mainly in
the velocity field, must have formed by some other mecha-
nism.

9. DISCUSSION AND CONCLUSIONS

In Table 6, we compare the properties of the eye-shaped
(ocular) galaxy NGC 2535 with those of the ocular galaxy IC
2163 studied in Paper 1. Properties 1-5 (the morphology, the
streaming motions around the eye-shaped oval, the constant
velocities along the tidal arms, and the large values for the
stellar arm contrast) occur in both galaxies and are general
ocular characteristics predicted by computer simulations of
prograde, in-plane galaxy encounters.

Properties 6 and 7 (the enhanced turbulence in the gas and
the unusually massive H I clouds not associated with major
clumps in the older stellar population) are found in the non-
ocular interacting galaxies NGC 2207 (Paper I) and NGC
5774 (Irwin 1994) as well as in the ocular galaxies NGC
2535 and IC 2163, and thus appear to be general features of
a particular early phase of post-encounter evolution, inde-
pendent of the orientation and sense of the galaxy orbit. The
widespread high velocity dispersion in the HI gas could re-
sult from collisions between tidally-accelerated clouds. It is
not seen in NGC 7714/15 (Smith 1997b), in the western tail
of NGC 2782 (Smith 1997a), or in the tidal tails of the five
galaxy-merger pairs studied by Hibbard (1995). These sys-
tems are in a later stage of interaction, e.g., NGC 7715 is
classified as post-starburst and the merger pairs are more
evolved interactions, so perhaps the turbulence generated by
the tidal agitation of the gas has already dissipated.

Almost none of the massive H 1 clouds in NGC 2535, IC
2163, NGC 2207, NGC 5774 (see Irwin 1994), or on the
western tail of NGC 2782 (see Smith 1994) contains an un-
usually bright clump of star formation. Perhaps these clouds
are too recently formed to have produced many new stars.
Alternatively, because of the high velocity dispersion, the
scale height of the gas is large and, hence, the gas volume
density is not particularly high; this would increase the col-
lapse time and delay star formation.

In NGC 2535, the five massive clouds have virial masses
7-11 times greater than the H 1 masses. From the 2CO ob-
servations, we conclude that in, at least, four of the five
clouds, the molecular mass is insufficient to explain the dif-
ference. Thus either (a) the stellar contribution to .Z,; is
important because the H1 scale height is large, or (b) the
clouds are not virialized, or (c) there is a significant contri-
bution to the HI velocity dispersion from velocities other
than turbulence. In NGC 2535, the stellar surface density
suffices to account for the difference between .Z,; and
A (H 1); we conclude that these are simply thick clouds as a
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result of the high velocity dispersion in the gas. Using the
data from Paper I, we find that ten of the eleven massive H 1
clouds in IC 2163/NGC 2207 have virial masses 623 times
greater than the H I masses. The exception, Cloud 12, near
the outer end of the bright part of the H1 tidal tail of IC
2163, has #,,=2.4.7(H1), the lowest velocity dispersion
of the 11 clouds, and thus, probably, the smallest H 1 scale
height. Our mapping of the '*CO emission from IC 2163/
NGC 2207 is in progress. A number of the massive clouds in
this interacting pair are in the main optical disk, and hence
the stellar contribution to .4, could be important. On the
other hand, Cloud N1 in NGC 2207 lies in the outer part of
the disk where there are large z motions creating the warp
and where the stellar surface density is low. Whereas expla-
nation (a) for the difference between .., and .Z(H1) is
suitable for many of the other clouds, it does not apply to
Cloud N1.

The double-parallel arm structure (tidal tail plus stream-
ing arm) seen on the anti-companion side in IC 2163 but not
in NGC 2535 is a very short-lived feature in the models. In
Klari¢’s (1993) encounter model for NGC 2535/36, the two
components of the tidal tail have already merged. Thus, the
differences between NGC 2535 and IC 2163 in properties
10-12 probably mean that we are viewing NGC 2535 at a
slightly later epoch of post-encounter evolution than IC
2163. In the models, perigalacticon occurred 40 Myr ago in
the IC 2163/NGC 2207 pair (Paper II) and 100 Myr ago in
Klari¢’s model for NGC 2535/36. Paper I finds a compressed
ridge of rapidly streaming gas along the rim of the eye-
shaped oval in IC 2163, but a similar compression is not
evident in our radio continuum and H I observations of NGC
2535. Instead, NGC 2535 has a bar-like radio continuum
feature that connects the two apices of the eye-shaped oval
and leads the stellar bar by ~50°. There is no indication of
a dust lane along the radio continuum bar. The radio con-
tinuum bar may be a two-sided jet from the nucleus, or it
may be a new bar in the process of formation. In the latter
case, this would be an example of bar formation following a
strong encounter, as predicted by Noguchi (1987). In the
Elmegreen er al. (1991) models, the double-parallel arm
structure disappears before a new bar is formed.

As more time has elapsed since perigalacticon in the NGC
2535/36 system than in the IC 2163/NGC 2207 system, this
has given sufficient time for a starburst (Property 14) to de-
velop in NGC 2536. In Klari¢’s encounter simulation, NGC
2536 accretes gas from NGC 2535, and this may have fueled
the starburst. In the H 1 P-V diagrams of NGC 2536 and the
tidal bridge of NGC 2535, we identify a feature that may
represent bridge gas streaming towards NGC 2536, as in
Klari¢’s model. Bernlohr (1993) presents observational evi-
dence that interaction-driven starbursts develop first in the
less massive member of the galaxy pair. From the near-
infrared luminosities, we deduce an ocular/companion mass
ratio of 2.8 for NGC 2535 and 0.6 for IC 2163. Using images
from the digitized Ohio State University Galaxy Survey
(Berlind et al. 1997), we find that the luminosity of IC 2163
in H and K bands is 60% of the luminosity of NGC 2207 (in
the nonoverlapping halves). The model in Paper II for the
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encounter between IC 2163 and NGC 2207 adopted a 1:1
mass ratio for that system.

The substantial, extended H1 envelope of NGC 2535
(Property 15) is important for supplying gas to the compan-
ion. IC 2163 may have started with a less extended envelope
than NGC 2535. At present, NGC 2535 is surrounded by an
extended H1 and stellar envelope whereas the entire outer
disk of IC 2163 seems to have been swept up into the tidal
arms or to have fallen into the oval (as predicted by the
simulation in Paper II). Perhaps this latter difference occurs
because NGC 2535 is being perturbed by a companion of
lower mass.

The evidence for z motions in the outer part of NGC 2535
but not in IC 2163 (Property 16) indicates that the tilt of the
orbit of NGC 2536 relative to the plane of NGC 2535 is
nonzero, whereas the orbit of NGC 2207 is probably in the
plane of IC 2163.

The long, outer, elliptical H1 arc (Property 17) on the
eastern side of NGC 2535 is a prominent gas feature not seen
in IC 2163. The coincidence between the sky-projection of
Klaric¢’s (1993) orbit for NGC 2536 and the elliptical arc
gives confirmation to Klari¢’s model. Klaric’s orbit was cho-
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sen to reproduce the stellar tidal features and not subse-
quently adjusted to match the H1 structures. The elliptical
arc is most likely a gravitational wake produced by the pas-
sage of NGC 2536 within or close to the extended gaseous
envelope of NGC 2535. The wake did not appear in Klaric’s
simulation of NGC 2535/36 because he did not include an
extended gas disk or allow for inelastic collisions in the gas.
IC 2163 does not have an outer elliptical HI arc; IC 2163
may not have possessed a sufficiently extended H 1 envelope.
Donner & Thomasson (1993) have modeled the North Tidal
Bridge in the M81 triplet as a gravitational wake. The gravi
tational wake in the M81 triplet and in NGC 2535/36 results
from the smaller galaxy (NGC 3077 and NGC 2536, respec-
tively) moving through the substantial, extended gas disk of
the larger galaxy.
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FiG. 1. B-band image in greyscale of NGC 2535/36 with a contour at our limiting B-band surface brightness (estimated as 26.5-27.0 mag arcsec ™ 2). This

contour traces emission from the extended stellar envelope of NGC 2535.

Kaufman ez al. (see page 2324)
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FiG. 6. Top: Greyscale display of N(H 1) for the two galaxies combined from the low resolution data (resolution= 16.7"x16.0"). Notice the extended H 1
envelope of NGC 2535 and the elliptically-shaped arc that parallels, in projection, part of the tidal tail of NGC 2535. Bottom: Greyscale display of the B-band
image overlaid with N(H 1) contours from the high resolution data. The beam symbol represents the H I resolution (12.4"X11.7"). The contour levels are the
same as in the bottom panel of Fig. 5. The label “‘arc’” marks the H 1 elliptical arc, and the labels “‘tail’” and “bridge’” refer to the tidal tail and the tidal
bridge, respectively. Numbered boxes are drawn around five massive H 1 clouds, each with an H 1 mass in excess of 10% . Z . These clouds do not coincide
with the most luminous blue knots in NGC 2535.
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