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ABSTRACT

We have analyzed long-slit spectroscopic data for a sample of 12 tidally disturbed elliptical galaxies. The
spectra were obtained with the KPNO 4 m RC spectrograph. Rotation curves and velocity dispersion profiles
have been measured at a variety of position angles in these galaxies and have been used to analyze the
dynamical response and internal kinematics of stellar systems involved in strong gravitational encounters. We
have confirmed with these data our previous observation that such galaxies often reveal U-shaped “rotation”
profiles, indicative of a strong resonant tidal effect among those stars that are moving prograde with respect
to the galactic encounter. Additional kinematic peculiarities, including U-shaped and W-shaped velocity dis-
persion profiles, are also revealed in these data. The observed morphologies of the tidal features seen in some
of the sample galaxies are consistent with the idea that elliptical galaxies often contain an embedded disk
component. Our velocity profiles along new position angles confirm the validity of tidal interaction models
that we previously derived for specific pairs in our sample using only a single slit position angle per galaxy.
Additional insight into possible refinements of those collision models has also resulted from this study.

Subject headings: galaxies: interactions — galaxies: kinematics and dynamics

1. INTRODUCTION

Our information on the dynamics of elliptical galaxies has
grown more wondrous and diverse over the past two decades
as more advanced detectors have been applied to the problem.
From the realization that the flattening of bright ellipticals is
not rotationally supported (Bertola & Capaccioli 1975; Illing-
worth 1977) to the discovery of cores with rotation misaligned
with respect to that of the main body of the galaxy (Franx &
Illingworth 1988; Jedrzejewsky & Schechter 1988; Bender
1988), we now believe that these galaxies are not nearly so dull
or so well understood as was once thought. Among the more
unusual properties are the peculiar U-shaped rotation profiles
that we discovered using the High Gain Video Spectrometer
(HGVS) at the KPNO 4 m telescope. These were found in
~50% of the ellipticals that were selected on the basis of their
strong interaction with a nearby companion galaxy (Borne &
Hoessel 1985, 1988; Borne 1990a). In agreement with our find-
ings, Madejsky, Bender, & Mollenhoff (1991) found U-shaped
rotation profiles along some position angles in each member of
the NGC 4782/4783 interacting pair (with an inverted U in
NGC 4782, the higher-velocity component). NGC 205, the
tidally disturbed companion to M31, shows clear evidence for
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a U-shaped dispersion profile (Bender, Paquet, & Nieto 1991),
and the authors speculate that it may also have a very low-
amplitude U-shaped rotation profile. We have shown that
these unusual nonsteady rotation velocity fields are the result
of momentum and energy transfer from the binary galaxy orbit
into individual stellar orbits, which is leading to the orbital
decay and impending merger of the interacting galaxy pair
(Borne 1990b). The detection of peculiar motions of this type
thus provides solid evidence for the action of tidal friction in
colliding galaxies. Very little hard dynamical evidence of this
kind has been presented despite the plethora of gravitational
interaction simulations in the literature.

In Figure 1 we show a composite of the rotation profiles for
four interacting ellipticals obtained from our HGVS data
(reproduced from Borne 1990a). One can see that the evidence
from any individual galaxy is weak, while the combined data
show quite clearly the consistent behavior of the U-shaped
profiles.

Our previous studies also indicated the presence of U-
shaped dispersion profiles in interacting ellipticals. Recent data
from Madejsky (1991) for NGC 750/751, from Madejsky et al.
(1991) for NGC 4782/4783, and from Bender et al. (1991) for
NGC 205 are in agreement with this finding.

For a more complete understanding of the “ U-shape” phe-
nomenon, both the quality and the quantity of these velocity
curves must be improved. We have improved the quality of the
spectroscopic observations by using the newer CCD detectors
at KPNO, resulting in higher S/N measurements in the centers
of the galaxies and in velocity measurements out to larger
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F1G. 1.—U-shaped rotation profiles for four tidally disturbed ellipticals.
Data obtained with KPNO 4 m HGVS. The zero values of projected radius
and velocity correspond to the central brightness peak in the given galaxy.
Velocities are plotted for NGC 2673 (circles), NGC 7236 (squares), NGC 1588
(triangles), and IC 413 (asterisks).

radii, at fainter surface brightness. We have increased the
quantity of data both through the study of a wider sample of
interacting ellipticals and by measuring velocities at additional
position angles in those galaxies that already showed evidence
for a U-shaped rotation profile at the one previously studied
position angle.

We previously analyzed our best HGVS velocity data along
with multicolor CCD images in a series of papers where we
presented collision simulations for four distorted pairs (Borne
1990a, and references therein). In each case, a dynamical con-
figuration was found that completely matched our measured
velocities and the observed optical morphology of the system.
Forced to reproduce all of the available observations, the
derived collision model was well constrained by the data and
provided us with the complete mass, orbital, and spatial solu-
tion for each galaxy pair. For four pairs we found a small range
of mass-to-light ratios, M/Lg = 10-16h,qo(+2h;00)M /Lo
and a wide range of encounter trajectories (from bound to
strongly unbound orbits). By increasing the available input
data for this task, it is now possible to extend our knowledge
about these fundamental galaxy parameters and to gain more
observational insight into the dynamical friction process.

In addition to helping find new binary collision solutions,
our long-slit spectroscopic measurements can be used to eluci-
date the internal dynamics of elliptical galaxies involved in
collisions and to test the predictions of our published collision
models. The observed disturbances in the velocity field of a
tidally distorted galaxy can be used to probe the gravitational
field of the interacting pair, leading to a better understanding
of the internal structure, kinematics, and mass distribution of
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ellipticals in general. High-quality multiposition angle data are
required for this. We have several good candidates among our
interacting elliptical sample for such a detailed velocity
mapping. Among these are NGC 1587 (with very fast rotation;
Borne & Hoessel 1988 [Paper III]; Borne 1988b [Paper IV]),
NGC 1588 (with U-shaped rotation; Paper III), NGC’s 4782/
4783 (tidally shocked and truncated; Borne, Balcells, &
Hoessel 1988 [Paper V]), and NGC 2673 (with tidal plumes,
tidal heating, U-shaped rotation, plus fast pre- and postcolli-
sion rotation predicted by our model; Balcells, Borne, &
Hoessel 1989 [Paper VI]). Measurements of the velocity fields
in such systems can be used both to validate more fully the
models presented in the papers referenced here and to probe
the internal kinematics of perturbed gravitating systems in
general.

We report here on observations of Arp 171 (NGC 5718/IC
1042; from the catalog of Arp 1966), K46 (NGC 750/751), K99
(NGC 1587/1588), K175 (NGC 2672/2673), K194 (NGC 2802/
2803), and K564 (NGC 7236/7237); the last five systems were
selected from the catalog of isolated pairs published by Kara-
chentsev (1972). The spectroscopic observations are supple-
mented by multicolor CCD imaging. HGVS observations for
three of these objects have already been discussed by us in
earlier papers (i.e., K99, K175, and K564). The other pairs were
selected because their morphologies led us to believe that they
are of similar character to those already analyzed. As pointed
out by Borne (1988a [Paper II]), the success of the detailed and
unique matching of collision simulations to observational data
depends critically upon the availability of line-of-sight velocity
and velocity dispersion measurements at several positions in
the galaxies. Our expanded data set serves that purpose.

We describe the observations and their analysis in § 2. The
results of that analysis are described and discussed in § 3. Com-
parisons between our new observations with predictions of our
previously published collision models are presented in § 4. In
§ 5 we discuss the evidence for U-shaped rotation curves in the
light of the new data. Finally, we offer in § 6 a general dis-
cussion of what we have learned about galaxy collisions and
dynamical friction through this work.

2. OBSERVATIONS

2.1. Velocity Measurements

We used the RC spectrograph on the KPNO 4 m telescope
to obtain long-slit spectra of several pairs of interacting ellip-
tical galaxies. Observations were made on two observing runs
with two different detectors. In 1990 February we used the bare
TI CCD, and in 1990 November we used the Tektronix 1024
CCD.

We list in Table 1 the instrument parameters for our two
observing runs. In each case the output image included 32
columns for bias overscan. For the TI CCD, we actually
double-binned the pixels in the spatial direction prior to
readout. For each observing run, our chosen slit width of 2”
corresponded to a physical slit width of 300 um.

TABLE 1
INSTRUMENT PARAMETERS

FWHM A Scale A Range
Date CCD Format Read Noise  Slit  Spatial Scale (2" slit) Grating (A pixel ™) A)
1990 Feb ......... TI 432 x 800 ~10e” 57 086/pixel ~3.5 pixels KP17-B ~1.05 4750-5600
1990 Nov......... Tek 1024 432 x 1024 ~35e” 4.5 0.69/pixel ~2.5 pixels KP007 ~14 4275-5650
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TABLE 2
SPECTROSCOPIC OBSERVING LOG

Date Exposure Time
Object Other Name Slit Location Slit P.A. (1990) (minutes)
NGC 3379 Across center 90° Feb 10
NGC 750/751 Both galaxies 175 Nov 120
NGC 750 North galaxy 85 Nov 100
NGC 1587/1588 Both galaxies 79 . Feb 165
NGC 1587 Primary galaxy 59 Feb 60
NGC 1588 Secondary galaxy 169 Nov 120
NGC 2672/2673 Both galaxies 95 Feb 80
NGC 2673 Secondary galaxy 7 Feb 92
NGC 2802/2803 Both galaxies 132 Feb 105
NGC 5718+1IC 1042 Both galaxies 104 Feb 150
NGC 7236/7237 Both galaxies 126 Nov 120
NGC 7237 SE galaxy 36 Nov 120

Table 2 provides a log of our spectroscopic observations.
When both galaxies were observed in a single setting, the slit
was placed across the centers of the two objects. When a single
galaxy was observed, the slit was centered on the center of that
galaxy.

The exposure time given in Table 2 for a specific object
corresponds to the total integration time for all observations of
that object. Typically several exposures (ranging from 20 to 60
minutes each) were made at the given location and position
angle. These were later co-added.

Before and after each observation we obtained one compari-
son lamp spectrum (He-Ne-Ar) and one internal lamp flat field.
These pairs of exposures bracketed any changes in the wave-
length and sensitivity calibrations, respectively, over the course
of the observation. Flat-field exposures of the illuminated
dome were also taken at the beginning or end of most nights.

Seven radial velocity standard stars were also observed (five
in 1990 February and three in 1990 November, with one repeat
observation). These were late G and early K stars. Each was
trailed along a significant fraction of the slit’s length in order to
cover the CCD as much as possible. In addition, a frame was
taken with a sequence of stellar observations, placing the star
at ~ 10 positions along the slit, without trailing. The result was
a frame with a series of spectral strips, which was used to
calibrate the tilt of the spectra as a function of position along
the slit.

2.2. Spectral Reductions

The spectroscopic exposures were processed using reduction
tasks within IRAF. The sequence of steps followed the usual
pattern for long-slit CCD spectral reductions. Bias levels were
derived from the overscan strip in each frame and from 10-20
bias exposures taken each night. Object exposures were flat-
fielded using illumination-corrected, normalized internal lamp
exposures. The wavelength solution for each comparison-lamp
exposure was fitted using low-order cubic splines and applied
to the corresponding object frame. Each wavelength-calibrated
observation was rebinned on a log A scale for later use by the
Fourier Quotient velocity analysis program. The multistrip
observations of a star (as described above) were used to correct
the tilt of each spectral observation. It was found that the tilt
was quite small (~ 1 pixel along the full dispersion direction)
and was uniform as a function of slit position. We then had a
set of de-biased, flat-fielded, wavelength-calibrated, tilt-
corrected two-dimensional spectra. For the galaxies, sky
columns were identified, co-added, normalized, and removed

from each galaxy column. For the galaxies, individual columns
(or pairs or triples, depending on S/N) were extracted as a
function of galactocentric radius. For the standard stars, the
two-dimensional spectra were collapsed to one dimension by
co-adding all of the columns. Each one-dimensional galaxy
spectrum was analyzed with Jerry Kriss’s FQUOT package, as
implemented in STSDAS/IRAF, using each of the standard
stars as templates. The final line-of-sight velocity and velocity
dispersion at each Galactic position were finally computed
from the average of the values obtained from the different
template stars.

Observations of NGC 3379 during our 1990 February run
provide us with an external check on our velocity derivations.
The results are summarized in Table 3, including a comparison
with previously published values. We include only recent
authors who reported their own redshift and dispersion values.
As shown in Table 3, our central velocity dispersion is within
1 o of each of the published values, and our central redshift is
within 2 o of all except Davies’s value. Actually, his Figure 4
indicates a central redshift of 892 + 28 km s~ !, entirely consis-
tent with our central value. His tabulated value and error
(which we reproduce here in our Table 3) were derived from a
linear fit to the galaxy’s rotation curve and hence depend on
that extra assumption. We are therefore confident that our
velocity measurements for NGC 3379 and for our other
program galaxies are accurate and free from any significant
systematic errors.

2.3. Imaging Observations

We obtained CCD images for the galaxies discussed in this
paper at the KPNO #1-0.9 m and 2.1 m telescopes. In most
cases, we used the RCA CCD with B, V, and R passband filters.
The images were flat-fielded using exposures of the illuminated
inside of the dome. Absolute calibrations were obtained by
measuring several photometric standard stars throughout the
night. The standard star residuals were better than +0.05 mag
in every case.

In Figure 2 (Plate 3) we show grayscale images of the pairs.
The upper panels contain K46, K99, and K175 from left to
right, and the lower panels contain K194, Arp 171, and K564
from left to right. These images have been rebinned to similar
scales and exposure depths. They represent the equivalent of
900 s red exposures on the 0.9 m telescope and each is approx-
imately 4.3 on a side. North is up and east to the left in all
cases. The image intensity scales were stretched to emphasize
the faint outer surface brightness distributions for these pairs,

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


http://adsabs.harvard.edu/abs/1994ApJ...435...79B

PLATE 3

(18 ‘sgp 99s) Te 10 ANYOY

(FS) LETL DON PUB (MN) 9€ZL DON :#953 (f) (A1) T¥0T DI PUe () 815 DON : 1L1 d1V (2) (IS) £08T DON PUe (MN) T08T DON #6131 (7) () £L9T DON Pue
(M) 7L9Z DON :SLTY (9) (F) 88ST DON PUE (M) L8ST DON :66 (9) (S) 1SL DON PU® (N) 05L DON 93] (p) : (01 doy g1 yaim Suness) Jy3ur 0 }jo] WI01{ "3PIS B UO ¢4 S 3IndId Yorg o] 3Y3 03
‘0 ON Y 2y} 1& udye) saSewl (D) PUBQ-Y WOIj UMBIP ‘paIpn)s saixe[ed xis oY) jo a3ewi aeoskeid aysodwo)y—g Ol

1580 “dn st YIION “(19X1d/98;0) DD VOU Ue Yl sad0osa[a) U [T PUE 6

-

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



http://adsabs.harvard.edu/abs/1994ApJ...435...79B

BORNE ET AL.

TABLE 3

CENTRAL VELOCITIES AND DISPERSIONS

Galaxy Vpetio Error 4 Error Galaxy Dpetio Error o Error
NGC Source (km s~ NGC Source (kms™?)
3379 ... This work 920 10 233 7 273 ... This work (P.A. =95°) 3758 6 151 7
S+78 883 18 223 21 This work (P.A. = 7°) 3765 6 147 7
$80 99 13 216 16 HGVS (PA. = 95°) B5 10 13418
D81 885 523 19 T82 3963 ...
P+87 914 37 204 36 RC3 3849 46 ... ..
750 ... This work (PA. = 175) 5269 9 209 7 N+90 - 1510
This work (PA. = 95°) 5262 9 27 10 2802 ...... This work (PA. = 132°) 8736 10 177 16
TD81 520 ... 202 29 W83 8783 27 189 33
D+87 5255 ... 216 RC3 8753 34 ... ..
{,‘4V9+18 S 52200 fgg 2803 ... This work (PA. = 132°) 8905 13 213 18
W+ 83 8806 37 209 45
7510 ... This work (PA. = 175 5257 10 213 10 RC3 8854 34 .. ..
1587 ... This work (P.A. = 59°) 3703 14 218 15 5718 ... This work (P.A. = 104) 8207 12 201 18
This work (P.A. = 79°) 3683 18 228 17 W+83 8259 27 231 26
HGVS 3728 10 206 11 RC3 8277 46 .. ...
el Eorat s G IC1042...  This work (PA. = 104) 7997 13 128 20
™ ez W+ 83 7979 2 176 43
SR RC3 7929 46 ..
RC3 /7L 34 . :
1588 ... This work (PA.=79° 3514 10 159 10 7236 ...... ?l‘)‘; 1“’°rk (P.A. = 126°) ;ggg ;} ig 13
This work (PA. = 1699 3505 5 160 6 s Tere 2
K80 359 90 .. .
T82 3516 65 ... .. 7237 oo This work (PA. = 126°) 7875 17 196 18
272 ... This work (P.A. =95°) 4343 10 259 11 %g;lw‘“k (P.A. =367 ;ggi ég ggg ;i’
HGVS (PA. = 95°) 3956 16 258 17 s LA
MKS85 9200 ... 33 24
RC3 455 46

Sources.—D81 = Davies 1981; D +87 = Davies et al. 1987; HGVS = our previously published HGVS velocities; K80 = Karachentsev 1980; M91 = Madejsky
1991; MK85 = Malumuth & Kirshner 1985; N + 90 = Nieto et al. 1990; P+ 87 = Prugniel et al. 1987; RC3 = de Vaucouleurs et al. 1991; S+ 78 = Sargent et al.
1978; S80 = Schechter 1980; T82 = Tifft 1982; TD81 = Tonry & Davis 1981; W + 83 = White et al. 1983; W+ 85 = Whitmore et al. 1985.

sacrificing an accurate display of the higher surface brightness
information near the galaxies’ centers. Surface brightness data,
when combined with velocity and dispersion data, can be used
to provide strong constraints on collision models of these
pairs, as discussed and demonstrated in previous papers in this
series.

Surface brightness contour plots for the pairs are shown in
Figure 3, in the same orientation as Figure 2. The faintest
contour level represents surface brightness =23.5 R mag
arcsec” 2. The interval between the contours is 0.5 R mag
arcsec ™ 2. The contours were chosen to reveal the faintest outer
structures as well as to show structure at the intermediate
brightness levels. The central lower panel shows a small sky
level gradient (decreasing counts to the SW) which might in
part be due to the presence of a very bright star in the frame.

3. RESULTS

We present in this section the rotation curves and velocity
dispersion profiles obtained for the program galaxies. For each
pair we describe its morphology and kinematic structure, and
discuss its dynamical state. For those systems for which we had
obtained HGVS velocities, we overplot those against the new
data. A zero-point velocity shift has been applied to the HGVS
velocities where necessary to improve the overlap between the
velocity curves. No shifts have been applied to the dispersions.

The heliocentric velocities and the velocity dispersions for
the centers of each galaxy are listed in Table 3. The centers are
defined by the pixel closest to the luminosity peak of each

galaxy. Internal consistency of our own results has been
checked by computing, for the five galaxies for which we have
spectra at two position angles, the difference of the two central
velocities in units of the root-mean-square of their respective
errors. This difference averages to 0.9 for the velocities and to
0.4 for the dispersions. This may indicate that the errors in the
dispersions given by the Fourier Quotient program may be
overestimated for our data set.

Table 3 also lists velocities and dispersions drawn from the
literature for our sample galaxies. No major discrepancies exist
between our results and those previously published. For the
NGC 2672/2673 system, our HGVS velocities must have had a
zero-point error; for the other systems, the HGVS velocities
are in very good agreement with those derived from the new
data.

3.1. NGC 750/751 (Karachentsev 46, Arp 166)

This classic dumbbell system is a prototype dumbbell pair
with isophotes that deviate strongly from pure ellipses (Wirth,
Smarr, & Gallagher 1982). It has recently been examined in
detail by Madejsky (1991). The two components (Fig. 3) show
asymmetric isophotes and a pronounced isophotal twist. Note
the relatively straight sharp isophotes on the east and
southeast sides. A broad, straight tail is visible at very faint
levels extending to the NW, all the way to the edge of the frame
(P.A. = 30°). Also note the shell-like structure surrounding the
pair (Fig. 2). The narrow feature extending to the south side of
this pair is a defect in this particular RCA CCD.
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Madejsky (1991) points out that the inner isophotes have a
drop-shape. Because of the similarity of the contact isophote
with a Roche-lobe surface, it is tempting to propose a stable,
circular binary orbit configuration for NGC 750/751, and for
other dumbbells with drop-shape isophotes. Indeed, Rix &
White (1989) use NGC 750/751 as a prototype for models of
equilibrium configurations for binary galaxies in circular
orbits. As Wirth et al. (1982) point out, detailed velocities and
isophotal shapes are needed before the connection between
drop-shape isophotes and circular orbits can be made (we
carry out this type of analysis for the NGC 4782/4783 system,
in Paper V, which leads in that case to discarding the circular
orbit hypothesis). For NGC 750/751, the morphology gives
clues against a circular orbit interpretation. The straight, low-
surface brightness tail is surely of tidal origin. Tidal tails are
transient features, which indicates that the pair has undergone
a recent close collision, or that it is on a highly elliptical orbit.
To the SE, the outer isophotes are distended, probably due to
tides as well.

We took two spectra, one along the line joining the two
nuclei (P.A. =175°) and another along the perpendicular
direction centered on the bigger, northern component (NGC
750). Figure 4a shows the velocity and velocity dispersion pro-
files for the spectrum at P.A. = 175°; Figure 4b shows those for
P.A. = 85°. NGC 750 (north component) is a slow rotator
along both position angles, with velocities slightly increasing
to the south and to the west. In contrast, NGC 751 (southern
component) shows rapid rotation; line-of-sight velocities
change by 230 km s~ ! over 10”. The velocity curve shows an
abrupt downturn at 6” south of the nucleus, and an abrupt
upturn at 4” north of the nucleus. This peculiar S-shape veloc-
ity curve is a form of double U-shape rotation pattern (§ 4). It is
most likely a transient state resulting from the interaction with
NGC 750. We investigated in detail the response of a rotating
galaxy to a strong tidal field in Paper VI. We found that, for a
perturber field moving with inclination i = 90° with respect to
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the plane of the rotating galaxy, and with argument of peri-
center w = 0°, a pole-on view of the system resulted in an
S-shape rotation curve in the secondary (see Fig. 11 of Paper
VI, second panel). In the NGC 750/751 system, the central
velocities for the two galaxies are nearly identical (Table 3),
which indicates that the three-dimensional relative velocity is
almost orthogonal to the line of sight (ie., that we have a
nearly pole-on view of the binary orbit). Our models of Paper
VI then suggest that the velocity curve of NGC 751 beyond the
central 5” has been perturbed by the tidal field of NGC 750,
and that we are seeing NGC 751 nearly edge-on. Such a coher-
ent response in NGC 751 indicates a high degree of order in its
internal motions; this galaxy may therefore be an SO rather
than an elliptical. Because of the rapid rotation of NGC 751,
we infer that the straight tail to the NW of the system orig-
inates in the southern side of NGC 751 and bends around to
the NW; an origin in the northern component NGC 750 is
unlikely, as the latter rotates slowly.

The velocity dispersion profiles show local minima at the
locations of the two galaxy nuclei, providing further evidence
for the presence of U-shaped dispersion profiles in interacting
ellipticals (see § 5). In a region 15” wide between the nuclei,
dispersions increase by about 70 km s~'. Madejsky (1991)
shows that such an increase cannot be explained as the result
of superposition of two undisturbed velocity distributions with
different mean velocities, and thus it provides evidence for
dynamical heating.

The pair NGC 750/751 shows the most unusual velocity
dispersion profile in our sample. Dispersions show alternating
maxima and minima as one moves outward from the center of
each galaxy in the direction away from the companion (Fig. 4).
The symmetry of this pattern is most unusual if we note that
the velocity fields of the two galaxies are very different (rapid
rotation versus no rotation). This peculiar dispersion pattern
might provide strong diagnostics to discern between equi-
librium models and collision models for this system.
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F1G. 4—Velocity and dispersion curves for the NGC 750/751 (K46) pair. All velocities are heliocentric. The galaxy centers are indicated by the vertical dashed
lines. Position angles are measured north through east. (a) Along P.A. = 175° (includes both galaxies). (b) Along P.A. = 85° (NGC 750).
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(see caption to Fig. 4). (a) Along P.A. = 79° (includes both galaxies). (b) Along
P.A. = 59° (NGC 1587 major axis). (c) Along P.A. = 169° (NGC 1588 major
axis).

Our velocity and dispersion curves generally coincide with
those of Madejsky (1991), except that the amplitude of his
rotation curve is smaller than ours. This is probably due to the
lower spatial and spectral resolutions of his observations,
which would have a significant effect on the measured line-of-
sight velocities precisely in those regions where the velocity is
changing rapidly (as in NGC 751). We agree with Madejsky’s
analysis of the system: the NW tidal tail and the distorted
kinematics of NGC 751 suggest that the NGC 750/751 pair is
in the midst of a collision and are inconsistent with a stable or
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semistable configuration for the system. Numerical simulations
will help to place additional dynamical constraints on the state
of this interesting system.

3.2. NGC 1587/1588 (Karachentsev 99)

Papers III and IV present velocity data and numerical
models for this pair. A surface brightness contour plot is shown
in Figure 3. The inner isophotes are distorted by saturation in
the CCD. NGC 1588, the larger component of the pair, is an
El galaxy with minor isophotal distortions. NGC 1588, the
secondary, is elongated and shows asymmetric outer isophotes.
These distortions were shown in Paper IV to be of tidal origin.
The new observations described in this paper were aimed at
checking the validity of the numerical models presented in
Paper IV, by measuring velocities along new slit orientations.
We present new velocity data taken along the line connecting
the nuclei (P.A. = 79°, Fig. 5a), along the major axis of NGC
1587 (P.A. = 59°; Fig. 5b), and along the major axis of the
secondary NGC 1588 (P.A. = 169°; Fig. 5¢).

NGC 1587 is a rapid rotator. Along the major axis
(P.A. = 59°) the line-of-sight rotation reaches 146 km s~ !,
which implies a rotation parameter V/o, = 0.67, and
(V/o4)* = 1.34. Rotation along P.A. = 79° is somewhat lower:
V =116 km s~ . The velocity dispersion profile peaks at the
center and gently drops outward. Along the major axis, beyond
10", dispersions increase outward in the direction toward NGC
1588, probably due to tidal heating.

The secondary NGC 1588 is a rapid rotator as well. The
velocities in Figure 5c imply V /o, = 0.73 along the direction of
the tail. The velocity curve appears regular inward of 5”, and
irregular outward. Note that, along the line connecting the two
nuclei, the rotation curve is not symmetric with respect to the
luminosity peak of the galaxy. Thus, despite its resemblance to
the rotation curves of isolated galaxies, the velocity curve of
NGC 1588 does not describe equilibrium rotation but prob-
ably an effect of the tidal perturbation. The dispersion profile is
single-peaked along P.A. = 169° and double-peaked along
P.A. =79
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Figure 5a shows that the agreement between the velocity
data presented here and the old data presented in Paper III is
acceptable, though not perfect (particularly in the spatial
direction). A vertical offset of + 100 km s~ ! has been applied to
the HGVS data before plotting, but no offset is allowed in the
horizontal (spatial) direction since the galaxy centers were
defined in all cases to be at the peak surface brightness along
the spectroscopic slit. Thus the slight mismatch between hori-
zontal scales for the two data sets cannot be easily resolved. It
is most probably the result of an inaccurate spatial scale being
used for the HGVS velocity data, but we cannot prove this
with the available information.

3.3. NGC 2762/2763 (Karachentsev 175, Arp 167)

For this very unequal pair (Figs. 2 and 3), two low surface
brightness plumes in the secondary provide photometric evi-
dence for an interaction. We studied this system in Paper VL
The velocity data presented in that paper show a large velocity
difference between the two galaxies, and a U-shaped rotation
profile in the secondary. After numerical modeling, we argued
that, in order to generate the plumes in the secondary, the
latter had to be a rotating galaxy, despite the fact that no
rotation was detectable along the slit in our HGVS data. We
concluded that the galaxy had to rotate in a direction nearly
orthogonal to the slit. Here we present velocity data along the
line connecting the two nuclei, to check the U-shaped rotation
profile in the secondary, and along an orthogonal direction
centered on the secondary, to verify the prediction of our
models that NGC 2673 should rotate. We show these rotation
curves in Figures 6a and 6b, respectively. Figure 6a shows that
the primary NGC 2672 (west component) has no rotation
along the slit and has a flat velocity dispersion profile. Along
this position angle, the secondary NGC 2673 (east component)
does not rotate but shows a weak U shape, in agreement with
the old data. Along P.A. = 7° (Fig. 6b), the secondary does
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actually rotate, with an amplitude of 53 km s~ !, north reced-
ing: This confirms the prediction we made in Paper VI that
NGC 2673 would show rotation along this direction (see § 4).

The HGVS data (solid lines in Fig. 6a) agree quite well with
the new CCD data presented here (except for a slight horizon-
tal mismatch in the spatial scale, which is probably a problem
with the HGVS scale, as mentioned above for the NGC 1587/
1588 velocity profile). An offset of +510 km s~ ! in the reces-
sion velocities had to be applied to the HG VS velocities in order
to produce the match shown in Figure 6a; our new velocities
are closer to determinations by other authors (see Table 3 and
Paper VI) and are probably correct. The U-shaped dispersion
profile seen in the HGVS data for the secondary does not
appear in the new data. Rather, we see a small central peak
plus a (possible) upturn 3” from the center. For some lines of
sight between the two galaxy centers, the line-of-sight distribu-
tion of velocities must be double-peaked. We verified this by
examining the velocity cross-correlation between the galaxy
and template stellar spectra. For these regions, the Fourier
Quotient program computes an abnormally high dispersion
that has little physical meaning. Consequently, we excluded
those points from the plots in Figure 6a.

3.4. NGC 2802/2803 (Karachentsev 194)

A surface brightness contour plot of this system is shown
in Figure 3. The NW component (NGC 2802) shows a
pronounced isophotal twist, a broad, low surface-brightness
luminosity extension to the NW and a thinner low
surface-brightness tail to the NE; the latter, together with a less
prominent tail to the SW (barely visible on our figures), draws
a Z-shaped pattern across the nucleus. The Z-shaped pattern
and the strong isophotal twist are expected effects in the tidal
interaction of a rapidly rotating, flattened galaxy. Therefore,
we suspected that NGC 2802 should rotate rapidly, or that it
should contain a rapidly rotating subsystem. To verify this, we
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FI1G. 6.—Velocity and dispersion curves for the NGC 2672/2673 (K175) pair. (See caption to Fig. 4.) (a) Along P.A. = 95° (includes both galaxies). (b) Along

P.A. = 7°(NGC 2673).
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8400

took spectra along the line connecting the two nuclei. The
velocity results are shown in Figure 7. Indeed, we see that
NGC 2802 is a rapid rotator, with a rotation velocity along the
galaxy’s major axis that is probably much higher than the
velocities that we measured (not along the major axis). Our
rotation curve is highly asymmetric with respect to the galaxy’s
luminosity center. NGC 2803 (SE component) shows no rota-
tion along the slit and a dispersion profile which declines with
radius. Near the center of each galaxy we find a highly deviant
velocity value. We do not believe these values to be real; they
probably originate in poorly subtracted cosmic rays that
happen to exist at each of these two positions.

The two types of tidal distortions seen in NGC 2802 (the
NW fan plus the thin tails) suggest that this galaxy might be a
composite system, maybe an SO or an elliptical with an embed-
ded disk. That the tails are faint and short lends support to the
latter of these possibilities. In fact, Rix & White (1990) suggest
that small disks could account for ~20% of the light in most
elliptical galaxies. Therefore, these disks could contribute to
the thin tidal features occasionally seen in encounters between
ellipticals. In NGC 2802, such a disk appears to be revealed by
its response to the interaction with NGC 2803.

3.5. NGC 5718/IC 1042 (Arp 171)

The Arp 171 pair represents the brightest two galaxies in the
poor cluster MKW8 (Morgan, Kayser, & White 1975), where
the third-brightest galaxy is very much fainter than these two;
it is unlikely that the pair is dynamically affected by the small
number of significantly fainter companions in the group.

The pair shows strongly distorted isophotes, with the orien-
tation rotating strongly with decreasing surface brightness
(Fig. 3). Based on our previous experience trying to model such
systems as superpositions of normal galaxies, we would posit
that there is no way that this pair can be such a superposition.
Of particular note are the strong tidal distensions toward the
NNE in the west member and toward the SE in the east
member.

INTERACTING BINARY GALAXIES. VIIL 87

This pair has been ignored in most studies of binary galaxies,
yet it is a fine example of a dumbbell with strongly distorted
morphology, more so than the prototype NGC 750/751 (§ 3.1).
Both components show isophotal distortions at low and high
surface brightness levels, in such a way that the sense of the
compression/distension of isophotes changes with isophotal
level (Fig. 3). The isophotes near the critical, or contact iso-
phote, show a drop-shape morphology similar to that of NGC
750/751, but the deviation from ellipticity is much stronger in
the Arp 171 pair. In NGC 5718 (the east galaxy), the isophotes
approach a diamond-shape. For both galaxies, some isophotes
show noticeable straight segments.

We took one spectrum along the line connecting the galaxy
nuclei. The velocity results (Fig. 8) show that the rotation
curves are featureless, and that both galaxies do not rotate
along the slit. The broad plume protruding out of IC 1042
suggests however that this galaxy may rotate along a direction
perpendicular to the slit, as coherent responses require coup-
ling of the orbit to organized internal motions (Paper VI). The
central dispersions are unusually different given that the two
components have similar sizes (Fig. 3). Assuming that the lumi-
nosities scale as the fourth power of the velocity dispersions,
our reported dispersions would imply a luminosity ratio of 6,
while the dispersions quoted by White et al. (1983) would
imply a luminosity ratio of 3. However, the photometric lumi-
nosity ratio is approximately 1.6. Two explanations are pos-
sible for this discrepancy. Either a fraction of the mass in IC
1042 may be rotationally supported (i.e., forms a disk, so that
the central dispersion corresponds to that of a central bulge of
lower mass), or the dispersion in NGC 5718 may be higher as a
result of the interaction, thus being indicative of a nonequilib-
rium state. The first hypothesis seems less plausible given the
lack of detectable rotation in either of the two galaxies, but, as
we said above, this galaxy may rotate along a direction perpen-
dicular to our chosen slit position angle. Dynamical modeling
of the binary interaction should help to elucidate this question.
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3.6. NGC 7236/7237 (Karachentsev 564)

This pair was previously studied in detail by us. Surface
photometry and kinematic data were presented in Paper III,
with numerical models of the collision between the two gal-
axies in Paper IV. We show a surface brightness contour plot
of the system in Figure 3. For both galaxies the isophotes are
more distended on one side than on the other. This pattern of
distortions is typical of interacting ellipticals, as we have
shown in previous papers in this series. The NW component is
highly flattened in its central parts, and the kinematic data in
Paper III indicate that this galaxy rotates rapidly, at least in its
central parts. We took spectra of this system along the line
connecting the galaxy nuclei (P.A. = 126°), and along the per-
pendicular direction centered on the SE component NGC
7237. The velocity results are shown in Figures 9a and 9b,
respectively. Figure 9a shows that the NW component, NGC
7236, indeed rotates rapidly. Note that the slit lies along the
shortest isophotal axis of this galaxy. This rapid rotation sup-
ports the suggestion in Paper III that this galaxy is in fact an
S0. The SE component, NGC 7237, also rotates at the core,
albeit with lower amplitude. No rotation is detected in NGC
7237 along the perpendicular direction (Fig. 9b). The velocity
difference between the galaxy centers is 22 km s~ !, indicating
that the three-dimensional relative velocity of the pair is nearly
perpendicular to the line of sight. The central velocity disper-
sion is higher for the NW component, although the two gal-
axies have similar sizes and luminosities (Paper III). The solid
lines in Figure 9a represent the velocity results obtained with
the HGVS (mean +1 o). The velocities agree within the errors,
while the HGVS dispersions are systematically lower.

4. COMPARISONS WITH COLLISION MODELS

In this section we compare our new kinematic data with our
published collision models for K99 (§ 4.1), K175 (§ 4.2), and
K564 (§ 4.3). In particular, we draw attention here to the com-
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parisons between those models’ predictions and the new rota-
tion and dispersion profiles measured along previously
unobserved position angles. The models were derived from
comparisons with our previous HGVS data, and so these new
data provide an independent check on the validity of the
models.

4.1. NGC 1587/1588 (K99)

We reported in § 3.2 on new measurements of the rotation
and dispersion velocity profiles along the line connecting the
centers of the two galaxies in K99. The HGVS version of these
velocities (Paper III) was the only kinematic data set used in
Paper IV to constrain the collision model for K99. We find
that the published model velocities indeed match the new
velocity curves quite well (Fig. 10); the dispersion profile
matches particularly well. There are two minor discrepancies
in the rotation profile. First, the primary galaxy (whose veloci-
ties appear at positive projected radii in Fig. 10) is rotating
faster than in our model. We pointed out in Paper III that this
galaxy (NGC 1587) is a very rapid rotator, significantly faster
than other galaxies with its flattening (E2) and also faster than
our initial galaxy model would allow. So, we are not surprised
by this minor deviation of our model from the new observa-
tions. Second, the secondary galaxy (whose velocities appear at
negative projected radii in Figure 10) has a small amount of
retrograde rotation. This was not evident in our previous
low-S/N HGVS data, and so we did not even attempt to
include such rotation in the collision model of Paper IV. The
mismatch here is thus not a concern.

The major axis of NGC 1587 is rotated by 20° from the
position angle of the line of centers. Given the rapid rotation in
this galaxy, we chose to measure its rotation and dispersion
velocities along its major axis. These are shown in Figure 11,
with the collision model predictions shown as two solid lines
(mean velocity + 1 o). Again we see the agreement between the
model and observed dispersion profiles.
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F1G. 9.—Velocity and dispersion curves for the NGC 7236/7237 (K564) pair (see caption to Fig. 4). (a) Along P.A. = 126° (includes both galaxies). (b) Along

P.A. = 36° (NGC 7237).
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FiG. 10—Kinematic data for K99 binary, along the line connecting the
galaxies’ centers (P.A. = 79°), are plotted as points with error bars. Collision
model velocities (Paper IV) are plotted as two solid lines (mean + 1 o). East is
to the left. The rotation profile is shown in the lower panel; the dispersion
profile in the upper panel.

We measured velocities at one other location in the K99 pair
as a further test of our collision model: along the tail in the
secondary galaxy (NGC 1588). The rotation and dispersion
profiles are shown in Figure 12 along with the collision model
predictions. It is quite clear from this that our model is defi-
cient in having no rotation in the secondary galaxy. We could
have introduced rotation in the model to account for the tail
but decided not to do so for two reasons: (1) a short tidal tail
was formed by simple tidal heating, and (2) we had no evidence
of rotation in the HGVS data. We thought that these were
sufficient reasons to exclude rotation in this galaxy. But, if we
had included rotation in this galaxy, it would have made the
model more robust: producing a longer, more distinct tidal
tail, in agreement with the observed morphology. That is, the
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Fi1G. 11—Kinematic data and collision model velocities along the major
axis (P.A. = 59°)in NGC 1587 (K99 primary). East is to the left.
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F1G. 12.—Kinematic data and collision model velocities along the tidal tail
(P.A. = 169°) in NGC 1588 (K99 secondary). South is to the left.

model morphology is more like a distended tidal lobe (aspect
ratio of unity) than a tidal tail (aspect ratio of 2:1, as actually
observed). In hindsight, we realize now that we should have
predicted that rotation would be necessary to account for the
“thin” tail morphology. In addition, Davies et al. (1983) have
shown that faint ellipticals do have greater rotation rates than
brighter ellipticals, and so we could have naturally included an
appropriate degree of rotation in our model for this particular
galaxy. Thus, we do not consider the mismatch in the rotation
curve of Figure 12 to be a failure of our collision model, but it
represents an improvement in our knowledge of this system
and a verification of our physical model for tail formation
(Borne & Richstone 1991; McGlynn & Borne 1991, and refer-
ences therein). The differences between the model and observed
dispersion profiles in Figure 12 are likewise a consequence of
the fact that the real galaxy is more rotationally supported,
with velocity dispersion consequently decreasing as a function
of radius, whild the model galaxy is dispersion-supported out
to large radii.

42. NGC 2672/2673 (K175)

We reported in § 3.3 on new measurements of the rotation
and dispersion velocity profiles along the line connecting the
centers of the two galaxies in K175. The HGVS version of
these velocities was the only kinematic data set used in Paper
VI to constrain the collision model for K175. We find that the
published model velocities indeed match the new velocity
curves very well (Fig. 13).

We measured velocities at one other location in the K175
pair as a particularly strong test of our collision model: in the
secondary galaxy (NGC 2673) along a line orthogonal to the
line of centers. The rotation and dispersion profiles are shown
in Figure 14 along with the collision model predictions. We see
that not only does the galaxy rotate, but it rotates in the right
sense at the very center of the galaxy, and also the tidal heating
and superposition effects are also well modeled. This is very
gratifying because we had no previous evidence in the HGVS
kinematic measurements that this galaxy was rotating at all.
We determined from our modeling efforts for this system that a
certain degree and orientation of rotation in NGC 2673 was
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required by the morphology. This was a strong prediction of
that model (Paper VI). It is also consistent with the results of
Davies et al. (1983) for rotation in faint ellipticals. It is quite
clear from Figure 14 that our collision model has been vindi-
cated: NGC 2673 does indeed rotate, in the correct sense, and
with the correct amplitude. No evidence for this rotation
existed prior to these observations other than that deduced
from our models.

4.3. NGC 7236/7237 (K564)

We reported in § 3.6 on new measurements of the rotation
and dispersion velocity profiles along the line connecting the
centers of the two galaxies in K564. The HGVS version of
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F1G. 14—Kinematic data and collision model velocities in NGC 2673

(K175 secondary) along a line orthogonal to the line of centers (P.A. = 7°).
South is to the left.
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these velocities (Paper III) was the only kinematic data set used
in Paper IV to constrain the collision model for K564. We
discovered during the analysis of our new CCD velocities that
in Papers III and IV we had in fact inverted the spatial coordi-
nates of the HGVS velocities for K564. This x - — x inversion
has been corrected in all of the results presented in this paper.
Apart from having east and west reversed in Paper III, this
error did not affect the observational results discussed in that
paper. However, this parity flip does affect our chosen collision
model (Paper IV). Fortunately, since the two galaxies have
nearly identical luminosities, line-of-sight velocity profiles, and
velocity dispersion profiles, and since the orbit of the pair is
viewed nearly pole-on, the system is roughly degenerate under
southeast-northwest reflection, and therefore our mistake
(which was masked by this degeneracy) had fortuitously little
affect on the orbital parameters of our collision model present-
ed in Paper IV. However, what does need to change in that
model is the sense of rotation (i.e., the direction of the rotation
axes) for the two galaxies. When we make this parity inversion,
we find a collision model that still matches the morphological
and kinematic data for this system very well. This is demon-
strated in Figure 15, where we plot the modified model veloci-
ties against the new observed velocities. The good match
between model and observation is gratifying.

We measured velocities at one other location in the K564
pair as a further test of our now-modified collision model:
along the minor axis in the SE component (NGC 7237). The
rotation and dispersion profiles are shown in Figure 16 along
with the new collision model predictions. Where there is obser-
vational data to make the comparison, we see that the disper-
sion profile is well matched and that the rotation curve is only
marginally so. In particular, the northeast wing of the rotation
profile is satisfactorily matched, while the southwest wing devi-
ates between model and observation in the sign of the rotation.
This is a case where the data actually show evidence for a
U-shaped rotation profile and the model does not. It is not
clear if this discrepancy is a result of our choice of initial galaxy
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F1G. 15—Kinematic data and collision model velocities along the line con-
necting the galaxies’ centers (P.A. = 126°) in the K564 binary. Collision model
velocities (Paper IV) are plotted as two solid lines (mean + 1 o). Southeast is to
the left. The rotation profile is shown in the lower panel; the dispersion profile
in the upper panel.
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density profile or rotation profile, or if it results from using the
wrong collision model (as described above). Given the good
match between the optical morphology of the pair and the
kinematics along the line of centers, we believe that the colli-
sion model is probably okay and that the details of the initial
model for NGC 7237 is likely to be the root cause of the
observed deviations in Figure 16. We argued in Paper IV that
those internal galaxy parameters were less constrained by the
data and should consequently match less well.

5. U-SHAPED VELOCITY AND VELOCITY
DISPERSION PROFILES

The data presented here provide evidence for the presence of
U-shaped rotation curves in interacting elliptical galaxies (§ 1).
We confirm the existence of these patterns, but modify slightly
the picture as we described it in previous papers in this series.
In the earlier data (reproduced in Fig. 1), the galaxy nucleus
was typically found to lie at a local extremum of the rotation
curve. In the new data, while the rotation curve does again
show a turn-around near the center, the extremum appears at a
finite distance from the nucleus. Of the 12 galaxies studied, four
show such U-shaped rotation curves: NGC numbers 751, 2673
(P.A. = 7°), 7236 (inverted U), and, with lesser significance,
NGC 7237 (see Figs. 4-9).

NGC 1588 has a rotation curve which does not turn around,
but which is strongly asymmetric (Fig. 5a); this pattern may be
generated by the same process which creates U-shaped rota-
tion curves. In NGC 751, 2673, and 7236, the rotation is
normal out to some radius, then turns around. In Paper III, we
described the relation of U-shaped rotation profiles to tidal
coupling in interacting elliptical galaxies. It was argued that
tidal coupling in ellipticals with no net rotation will result in
U-shaped rotation profiles with the galaxy nucleus at the base
of the U. An extension to that discussion would suggest that
when the galaxy has a small degree of internal rotation, as do
some of the galaxies in our sample, tidal coupling should
produce the types of perturbed profiles seen in our data. That
is, a rotation curve that is undisturbed at small radii will turn
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over at a moderate distance (i.e., a few kpc) from the center of
the galaxy as a result of a similar tidal coupling.

While interactions do generate U-shaped rotation profiles,
such profiles do not always trace the effects of an interaction.
Light superposition cannot be excluded without detailed mod-
eling of the contributions of the two galaxies to the light along
the line of sight. One example of this ambiguity is NGC 751;
following Madejsky (1991), light contamination from NGC
750 might start affecting the velocities measured in NGC 751
at about 5” from the galaxy nucleus on the side nearest to
NGC 750. Since the rotation curve does in fact turn around at
4”1 north of the NGC 751 nucleus (Fig. 4a), superposition
effects cannot be strictly ruled out. However, such a sharp
upturn in the velocity curve (at abscissa = 5”) is unlikely to
result from superposition, and it suggests a dynamical effect.
The downturn at abscissa = 15" is also a form of (inverted) U
shape, almost certainly originating in the interaction.

U-shaped dispersion profiles are seen in many of the galaxies
studied. From the results of § 3 we find that eight out of the
twelve galaxies show U-shaped (or similar) dispersion profiles.
These are NGC numbers 750, 751, 1588, 2673, 5718, 7236,
7237, and IC 1042. Therefore, the new data confirm our earlier
result derived from lower signal-to-noise HGVS spectra: U-
shaped velocity dispersion profiles are common in strongly
interacting elliptical galaxies (see also Madejsky 1991;
Madejsky et al. 1991; Bender et al. 1991). It is most clear that
dispersions rise outward on the side of the galaxy farthest away
from the companion galaxy. This rules out an interpretation of
the “U” in terms of superposition of velocity distributions with
differing mean velocities. In the regions between the two gal-
axies the dispersion profiles are often noisy and the reality of
the dispersion increase is often less clear.

A significant difference between the new and the old data is
the detection in the new data of local velocity dispersion
maxima near the centers of the galaxies which show dispersion
profiles rising outward. Examples are NGC 2673, 5718, 7236,
7237, and IC 1042. This structure is expected both when the
U-shaped dispersion profiles are due to tidal heating and when
they are due to light superposition, as both processes get inhib-
ited near the center where the luminosity density and mass
density of the galaxy are high. For our sample, the radius of the
unperturbed region varies between 3” and 5” (i.e., 1.4 and 3.4
kpc).

6. SUMMARY

1. We have presented detailed kinematic measurements for
several pairs of interacting elliptical galaxies and have used the
resulting velocity profiles to elucidate various aspects of tidally
induced dynamical and morphological evolution of galaxies.

2. We have confirmed the existence of U-shaped rotation
and dispersion profiles in interacting ellipticals, which we pre-
viously reported (Borne & Hoessel 1985, 1988). U-shaped rota-
tion and dispersion profiles are found in one-third and
two-thirds of the galaxies, respectively. These U-shapes and the
different variations seen (e.g., in NGC 751) substantiate our
physical interpretation of these peculiar curves (Paper III):
there is a tidal coupling between the orbit of the companion
and the resonant prograde rotating stars in the kinematically
disturbed galaxy. The U-shape is thus direct observational evi-
dence for tidal coupling and hence a direct observational sig-
nature of tidal friction in action. That is, we are seeing the
kinematic signatures of those stars that are responsible for the
extraction of orbital energy and momentum from the binary
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system, which will ultimately lead to the merger of the inter-
acting galaxy pair (except in the most unbound encounters).

3. We have measured new features in the velocity profiles of
interacting galaxies. For example: the S-shaped velocity curve
in NGC 751, the occasional W-shaped dispersion profiles seen
in some of the galaxies, and the general nonequilibrium veloc-
ity fields seen in most of the galaxies in the sample.

4. We have identified tidal kinematic and morphological
evidence that supports the conjecture that elliptical galaxies
often contain small embedded disk components.

5. We have used the new velocities to confirm the collision
models that we published for K99, K175, and K564 (in Papers
IV and VI). In nearly all instances, the new velocities, including
those for previously unstudied position angles, substantiate the
validity of those models. The few deviations from the models
that we do see are generally well understood (e.g., a conse-
quence of the manner in which we limited our parameter
search for those models). As a result, the physical implications

of those models (i.e., tidal coupling, tidal stripping, tidal
heating, dynamical friction, and galaxy merging) are further
substantiated by the data presented here. The new velocities
for K46, K194, and Arp 171 (especially the unusual kinematics
in K46) await a similar dynamical analysis, with a good chance
of shedding further insight into the dynamics and evolution of
interacting binary galaxies.
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