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ABSTRACT

We report the results of a radial velocity survey of planetary nebulae (PNe) located in the tidal features of
the well-known interacting system NGC 5194/95 (M51). We find clear kinematic evidence that M51’s north-
western tidal debris consists of two discrete structures that overlap in projection—NGC 5195’s own tidal tail
and diffuse material stripped from NGC 5194. We compare these kinematic data to a new numerical
simulation of the M51 system and show that the data are consistent with the classic * single-passage ” model
for the encounter, with a parabolic satellite trajectory and a 2 : 1 mass ratio. We also comment on the spectra
of two unusual objects: a high-velocity PN that may be associated with NGC 5194’s halo and a possible

interloping high-redshift galaxy.

Subject headings: galaxies: individual (M51) — galaxies: interactions —
galaxies: kinematics and dynamics — planetary nebulae: general

1. INTRODUCTION

The “Whirlpool galaxy” M51 (NGC 5194, 5195)° is
probably the most famous of all interacting galaxy
systems. As a nearby system (d = 8.4 + 0.6 Mpc; Feldmeier,
Ciardullo, & Jacoby 1997, hereafter FCJ97) with grand-
design spiral morphology (Rosse 1845; see Rosse 1880), dis-
torted outer isophotes (Zwicky 1959; Burkhead 1978), and
an apparent bridgelike feature between the primary, NGC
5194, and the secondary, NGC 5195, M51 has been exten-
sively studied as an example of tidally induced spiral struc-
ture (e.g., Tully 1974; Scoville & Young 1983; Rots et al.
1990; Zaritsky, Rix, & Rieke 1993). In fact, the wealth and
detail of the observational data has made M51 a favorite
target for dynamical modeling, starting with the seminal
work of Toomre & Toomre (1972). In the Toomre &
Toomre (1972) study, many of the tidal features of the M51
system were explained by a parabolic encounter of two gal-
axies with mass ratio of 3 : 1 viewed shortly after the initial
collision. Since then, in response to the ever-increasing
amount of observational data on the system, a number of
alternate scenarios have been proposed (Toomre 1978;
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3 Throughout this paper, we use the designation M51 when considering
both galaxies as a complete system; when referencing the system’s
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Howard & Byrd 1990; Hernquist 1990, hereafter H90;
Barnes 1998; Salo & Laurikainen 2000, hereafter SL00).

Despite M51’s long history of dynamical modeling, sig-
nificant uncertainties in the basic description of the system
remain. While the original Toomre & Toomre (1972) study
proposed a very recent (~100 Myr) collision, the discovery
of M51’s long H 1 tidal tail (Rots et al. 1990) shifted the pre-
ferred solution to somewhat later times (several hundred
Myr past the initial collision) in order to give the tail more
time to develop (H90). More recently, SLO0O have suggested
that a multiple-passage model might be more appropriate
for the system. Such a scenario appears to do a better job of
explaining NGC 5194’s H 1 velocity field, although the pre-
dicted structure for the H 1 tidal tail is more complex than is
observed.

Furthermore, the simulations of SLO0 used rigid halo
models, which do not self-consistently follow the orbital
evolution of the system. Because the multiple-passage
model relies on orbital decay to provide the proper second
passage, the lack of a self-consistent solution remains a con-
cern for these models. As a result, these models have not fol-
lowed the full dynamical response of the system (SLO00).
Consequently, no single scenario satisfactorily explains all
of the system’s observational data (see the discussion in
Barnes 1998).

One reason for the continuing uncertainty about the M51
system is the lack of kinematic information for the compan-
ion galaxy. Unlike NGC 5194, NGC 5195 contains no neu-
tral hydrogen, so the only kinematic data we have on NGC
5195 comes from measurements of the stellar kinematics of
the system’s inner disk (Schweizer 1977). Since tidal kine-
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matics provide strong constraints for dynamical models of
interacting galaxies (e.g., Hibbard & Mihos 1995), this
dearth of information at large radii is a significant stumbling
block for unraveling the evolutionary history of the system.

In principle, there is another dynamical tracer that can
reveal the kinematic structure of M51’s tidal debris—plane-
tary nebulae (PNe). Since PNe are a normal and common
phase of stellar evolution, their spatial distribution and
kinematics closely follow that of the stellar component as a
whole. As a result, surveys for PNe can trace the distribu-
tion of stars to lower surface densities than is possible with
diffuse light. More importantly, PNe are extremely lumi-
nous emission-line sources. At the distance of MS5I
(d = 8.4+ 0.6 Mpc; FCJ97), PN surveys with 4 m class tele-
scopes can reach ~2 mag down the planetary nebula lumi-
nosity function (PNLF), and the velocity of each PN can be
measured to ~10 km s~! accuracy. This makes PNe
uniquely useful as a kinematical probe of diffuse tidal struc-
tures, such as those found in the M51 system.

In 1997, FCJ97 surveyed M51 for PNe in order to obtain
a distance to the system via the PNLF. This survey found a
substantial number of PNe directly west-southwest of NGC
5195 in a tidal tail-like structure. At first, this discovery was
a bit of a surprise, since the deep broadband images of Burk-
head (1978) place the western tail of NGC 5195 more to the
northwest, and not at the location of these planetaries.
However, numerical models (e.g., A. Toomre 1994, unpub-
lished,* as reported by Barnes 1998; SL00) do predict the
presence of tidal material from NGC 5194 in the region
where the planetaries are located.

In order to study this feature in more detail, and to pro-
vide kinematic data on the diffuse tidal structures surround-
ing M51, we have conducted a radial velocity survey of a
significant fraction of the FCJ97 PN sample. The ultimate
goal of these observations is to provide a more complete
description of the kinematics of the M51 system and test
whether the kinematics of NGC 5195’s tidal features are
consistent with the extant models. Interestingly, our PN
velocities reveal significant kinematic substructure in the
diffuse material to the west of NGC 5195; this fact, com-
bined with differences in the spatial distribution of the
region’s PNe and diffuse light, implies that the observed
tidal tail consists of two distinct but overlapping features.
We interpret these data in the light of published models and
our own new N-body model.

The outline of our paper is as follows. In § 2 we detail the
original imaging and follow-up spectroscopic observations.
In § 3, we describe our data reduction and the determination
of the PN velocities. In §§ 4 and 5, we describe the kinematic
structure of M51’s western tidal tail and compare the data
to a new simulation that follows the response of both NGC
5194 and its companion. In § 6, we describe two unusual
objects whose properties are significantly different from the
bulk of the planetaries and discuss their implications.
Finally, in § 7, we summarize our results.

2. OBSERVATIONS

The detection of M51’s PN candidates was reported in
full in FCJ97; here we briefly summarize their results. The
original data were taken with the KPNO 4 m telescope and
the T2KB detector. PN candidates were defined as point
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sources detected manually that were present on co-added
images taken through a redshifted [O 1] A5007 filter (central
wavelength 5017 A, FWHM 31 A) but not present on
similarly co-added frames taken through a broader (275 A
FWHM) off-band filter (A, = 5300 A). Thus, at M51’s sys-
temic velocity (463 km s—!; Schweizer 1977), the survey was
sensitive to emission-line objects with —750 < v < 1100
km s~!. In addition, all PN candidates had to be completely
invisible on complementary R-band and Ha images; this
requirement helped discriminate true PNe from compact
H 11 regions and supernova remnants. A total of 64 PN can-
didates were detected in the survey; the location of these
objects are displayed in the left panel of Figure 1. As the fig-
ure indicates, 45 of the candidate PNe project onto a tail-
like structure to the west of NGC 5195. These PNe do not
simply follow the low surface brightness features seen in the
deep image of Burkhead (1978); the PNe extend much far-
ther west of the galaxy. To illustrate this effect, the right
panel of Figure 1 shows a logarithmic stretching of the
FCJ97 off-band image, binned 5 x 5 pixels to enhance the
faint tidal features.

Also of note in Figure 1 is the paucity of PN candidates in
the visible disk of NGC 5194. As noted by FCJ97, this is
due to the high surface brightness of the spiral arms and the
confusion caused by the system’s many line-emitting H 11
regions and supernova remnants. However, outside the
disk, the FCJ97 survey is uniform and complete. FCJ97
confirmed this by adding artificial stars to the M51 on-band
frame and determining the completeness limit, where the
rate of recovery begins to decline. The lack of PN candidates
southeast and due west of NGC 5194 is real; there is an
absence of stellar material in these regions.

2.1. Improved Astrometry of M51’s Planetaries

In FCJ97, astrometry of M51’s PN candidates was per-
formed using the positions of stars in the Hubble Space Tele-
scope Guide Star Catalog (GSC; Lasker et al. 1990).
Unfortunately, in most cases, the CCD images of these stars
were saturated; this forced FCJ97 to derive their PN coordi-
nates using a set of secondary standards measured on digi-
tized images of the Palomar Sky Survey. Although the
formal rms error of this procedure was 0749, a two-step
process such as this is clearly susceptible to systematic error.

To reduce this error and maximize the signal-to-noise
ration (S/N) of our spectroscopy, we re-derived the astrom-
etry for M51°s PN candidates using the more precise and
much higher density USNO-A2.0 astrometric catalog
(Monet et al. 1996; Monet 1998) and the FINDER astrome-
tric package from IRAF.> The new coordinates, as well as
the previously measured msgy; magnitudes, are given in
Table 1; the rms error of our astrometry is 0”4. Note that
our PN positions are significantly different from those given
by FCJ97; not only is there a systematic offset between the
GSC and USNO catalogs (—3”7 in right ascension and
40”3 in declination), but there are also noticeable position-
dependent terms in the GSC-based astrometry. We attribute
this difference to the very small number (13) of GSC stars
available for the original astrometric measurements, and

S IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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F1G. 1.—Left: [O m1] A5007 image of M51 taken by FCJ97. North is up and east is to the left; the image is 16’ x 16/ in size. The positions of 64 PNe are
denoted by crosses; the high-velocity PN 27 is identified by a box. Right: Corresponding off-band image, binned 5 x 5 and logarithmically stretched to bring
out low surface brightness features. The tidal features described by Zwicky (1959) and Burkhead (1978) are easily seen. Note that the PNe in the western tail

follow a different morphology from the diffuse light.

the complex spatial distortions of the old KPNO 4 m prime
focus corrector (Jacoby et al. 1998).

2.2. WIYN Spectroscopic Observations

On UT 2001 May 16 we used the WIYN 3.5 m telescope
to measure the radial velocities of 43 of M51’s PN candi-
dates. The specific instrument configuration consisted of the
Hydra fiber positioner with 2” diameter red-sensitive fibers,
the WIYN’s telescope’s bench spectrograph, and a 600 lines
mm~! grating blazed at 10°1 in first order. This setup
yielded spectra covering the wavelength range between 4400
and 7200 A at 2.8 A (168 km s~!) resolution with a 1.4 A
pixel~! dispersion.

Our data were collected in two fiber setups, the first tar-
geted for 29 PNe (plus three sky fibers) and the second for
27 PNe (plus three sky fibers). The exposure times for these
setups were 90 minutes (3 x 30 minutes ) and 120 minutes
(4 x 30 minutes), respectively. To provide a check on the
repeatability of our measurements, 14 PN candidates were
observed twice through different fibers. Five candidate PNe
were not detected in our survey; we expect these were likely
missed because of fiber positioning errors, poor astrometry,
or low fiber throughput.® This left us with a total of 37
objects for further analysis.

The wavelength calibration for each spectrum was pro-
vided by a CuAr comparison arc taken immediately before
each observation. In addition, to test our ability to centroid
the weak lines of M51 PNe, we also obtained a set of CuAr
arcs at two different exposures, 10 and 60 s. By comparing
measurements of weak arc lines (i.e., lines comparable in
strength to the [O 11] A5007 emission feature of M51 PNe)
to measurements of the same lines taken at 6 times the expo-

6 While it is strictly possible that some of these candidates were spurious
detections (e.g., cosmic rays), all candidates from FCJ97 were visually
inspected and confirmed to be stellar, making this hypothesis unlikely.

sure level, we placed a limit on the internal errors associated
with our velocity measurements. Our centroiding uncer-
tainty was typically 0.1-0.15 pixels, or less than 0.1 of a reso-
lution element. This implies an expected velocity error for
our measurements of less than 20 km s~ 1.

3. DATA REDUCTION AND ANALYSIS

The individual Hydra images were first preprocessed
(bias-subtracted and flat-fielded) with the DOHYDRA
routine within IRAF and then averaged together with
SCOMBINE. A dispersion relation for each spectrum was
then obtained by fitting 14 bright spectral lines on the CuAr
arc spectrum with a fourth-order spline; the resulting solu-
tion had a 0.02 A rms error. Once this was done, the spectra
of our three sky fibers were averaged and then subtracted
from those of our program objects to create a sky-sub-
tracted spectrum for each planetary. Finally, the spectra of
the 14 objects observed with both setups were combined to
increase their S/N.

After completing these reduction procedures, we exam-
ined each spectrum for the presence of an unresolved emis-
sion line at the approximate location of [O 1] A5007 at the
redshift of the galaxies. Of the 42 PN candidates observed,
36 had this feature, and ~23 also showed evidence for the
weaker [O 1] line at 4959 A. In addition, one PN candidate
(observed with both setups) exhibited a single, broad (~350
km s—! FWHM) emission feature; this object is probably a
background object and is discussed in § 6.1. Figure 2 displays
the PN spectra in the wavelength region about [O 1] A5007.

Velocities were determined for the PN candidates by
assuming the unresolved emission line near 5015 A is,
indeed, redshifted [O 1] A5007, and centroiding the line
with the SPLOT routine in IRAF. To avoid degrading the
S/N, these measurements were carried out on the spectra
prior to sky subtraction; this makes absolutely no difference
to the analysis, as the sky around 5000 A in our spectra is



TABLE 1
M51 PLANETARY NEBULA CANDIDATES

Riso Velocity

1D «(2000) 6(2000) (arcmin)c mso07 (kms~1) Notes*

(0] (@) 3 @ (5 (6) (N
132950.61 +470627.5 5.3 25.15 535 S
133003.73 +471757.3 6.5 25.34 657 S
133016.82 +471401.8 4.7 25.35 657 S
132938.52 +471738.2 6.4 25.36 724 S, T
132923.33 +471725.3 7.6 25.38 664 S, T
132944.86 +470915.0 2.8 25.38 522
132929.37 +471511.1 5.3 25.39 406 S, T
132948.90 +471637.6 5.0 25.42 476 S, T
1330 14.89 +471443.4 4.8 25.44 500 S
132948.95 +471721.6 5.7 25.48 432 S, T
132957.33 +471729.0 5.9 25.51 704 T
132938.99 +470805.0 4.3 25.52 488
132937.28 +471725.9 6.3 25.54 713 S, T
132929.07 +471719.7 6.9 25.55 736 S, T
132935.89 +471642.0 5.8 25.55 655 S, T
132936.65 +470707.0 5.3 25.62 448 S
132948.04 +471557.8 4.3 25.62 687 S, T
132949.23 +471723.5 5.7 25.62 S, T
1330 00.56 +471708.3 5.6 25.63 N, T
132950.36 +471711.9 5.5 25.65 S, T
132936.93 +470835.0 4.1 25.66 511
132934.49 +471738.9 6.7 25.66 S, T
132946.61 +471710.3 5.6 25.68 413
132946.03 +471531.2 4.0 25.68 S, T
132931.22 +471547.2 5.5 25.68 430 S, T
132930.08 +471631.3 6.2 25.68 629 S, T
1330 05.70 +470719.4 4.9 25.69 194 S
132942.63 +4718 18.5 6.8 25.70 745 S, T
132940.21 +471512.8 4.1 25.70 692 S, T
132940.95 +470905.8 33 25.74 576
1330 00.01 +471657.5 5.4 25.77 T
132942.68 +471852.2 7.4 25.81 N,S, T
133001.11 +4704 48.9 7.1 25.83 478 S
1329 55.15 +471829.1 6.8 25.85 S, T
133007.93 +471622.0 5.3 25.86 N, T
132944.02 +471613.7 4.8 25.88 e N,S, T
132930.87 +47 14 36.1 4.7 25.90 315 ,T
132951.23 +471605.9 4.4 25.93 T
132945.83 +471729.0 5.9 25.97 T
1329 17.44 +471521.5 7.0 25.98 S, T
1330 05.40 +471736.1 6.3 26.00 S, T
132948.52 +471718.1 5.7 26.00 T
133012.65 +471408.0 4.2 26.00 508 S
132946.53 +4706 54.4 4.9 26.02 534 S
132943.93 +471548.6 44 26.03 T
133008.25 +471618.8 5.3 26.03 515
132950.41 +4705 38.7 6.1 26.08 S
132924.23 +471502.7 5.9 26.08 S, T
132953.17 +470544.9 6.0 26.09 S
132944.80 +471604.5 4.6 26.15 S, T
132951.33 +471833.7 6.9 26.16 692 S, T
132916.27 +471300.7 6.3 26.17 G,S, T
132951.12 +471719.7 5.7 26.17
1329 55.45 +471857.7 7.3 26.21 T
1329 54.70 +471620.0 4.7 26.24 T
132923.58 +471713.6 7.4 26.26 S, T
133008.28 +471752.7 6.8 26.28 593 S
132944.01 +470551.9 6.0 26.29 e N, S
132946.96 +470536.3 6.2 26.35
132945.44 +470634.5 5.3 26.37 532
133033.91 +471332.3 7.2 26.39 481
133011.08 +471710.7 6.3 26.44 561
132926.01 +471711.3 7.1 26.47 T
133020.00 +471309.1 4.8 26.94 607

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination
are degrees, arcminutes, and arcseconds.

2 G: Object is probably a background Ly« galaxy (see § 6.1 for details); N: no emission line
detected; S: part of the FCJ97 statistical subsample used to derive the system’s distance; T:
planetary is west of NGC 5195 in a tidal tail.
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Fi1G. 2.—(a) Sky-subtracted spectra of PN candidates 1-25 taken with the 3.5 m WIYN telescope. Only the wavelength region between 4940 and 5060 Ais
shown; the vertical intensity scale is arbitrary. [O 1] A5007 is clearly visible in each spectrum; [O 1] AM4959 is also often visible. () Same as (a), but for PN
candidates 26-64.
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completely negligible, and velocities derived before and
after sky subtraction showed no measurable difference. The
PN velocities, corrected for the Earth’s motion about the
Sun, are listed in Table 1. Table 1 also notes those PN candi-
dates that were not detected in our survey. Note that the
tabulated velocities are based entirely on the emission line at
[O 1] A5007. Although the weaker lines of [O 111] A4959 and
Ha were detected in a number of spectra, the S/N of these
lines were too low for an accurate velocity measurement.

To confirm our identification of the A5015 emission line
as redshifted [O ] A5007, we used the velocities of Table 1
to shift each spectrum back into its rest frame. We then
scaled the spectra so that all the putative A5007 lines had the
same weight and summed the data to create one single com-
posite spectrum. This spectrum is displayed in Figure 3. The
left-hand panel of the figure clearly shows both [O 11] A5007
and [O 1] A4959. Despite the fact that the system through-

Wavelength (&) Wavelength (&)

FiG. 2b

put is decreasing rapidly shortward of 5000 A, the ratio of
the two oxygen lines (3.2 : 1) is nearly identical to that
expected from atomic physics (2.98; Storey & Zeippen
2000). This ratio confirms that virtually all the observed
objects are emission line objects associated with M51 (see
Freeman et al. 2000 for a similar analysis on Virgo Cluster
PN spectra). The presence of Ha and [N 11] AA6548, 6584 in
the right-hand panel of Figure 3 provides additional evi-
dence for this interpretation. The relatively strong [N 11] to
Ha ratio (~0.7) may suggest a fairly high abundance in the
stars associated with the PNe in M51, as was seen in M32
(Stasinska, Richer, & McCall 1998).

To estimate the random uncertainty associated with our
velocity measurements, we used the subsample of PNe
observed with both Hydra setups. Fourteen PN were
observed twice. Of these, 12 had their [O 11] A5007 emission
detected in both setups, one was detected only in setup 2,
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Counts

=

4850 4900 4950 5000
A, (R)

6550 6600

Fi16. 3.—Co-added sky-subtracted spectra of the 36 candidate M51 PNe,
as described in the text. Lef?: Region about [O 1] A5007. Right: Region near
Ha. As expected for bona fide PNe, the [O 1] A4959 line is clearly visible.
The [N 1] A\6548, 6584 doublet is also seen, but the rapid decrease in
system throughput shortward of 5000 A prevents us from seeing H3. The
presence of these lines confirms that the observed objects are genuine PNe.

and one had a broad, asymmetrical emission line that was
unsuitable for the experiment. A comparison of the veloc-
ities derived from the individual spectra of the 12 objects
appears in Table 2. In general, the agreement between the
two setups is excellent. If we ignore the highly discrepant
velocity difference for PN 11, the mean difference between
setup 1 and 2 is 0 =4 km s~!, and the dispersion is 12 km
s~L. Thus, the velocity error in a single spectrum is 8 km s~!
if the measurements are completely uncorrelated; however,
we expect this is not quite the case, and the true error will
lie between 8 and 12 km s—!. We have adopted the upper
limit of 12 km s~! as the measurement error of our derived
velocities.

Figure 4 shows the locations of the spectroscopically
measured PNe overlaid on the [O 1] image of FCJ97. The

TABLE 2
VELOCITY ERRORS

Velocity (kms~!)

Av
ID Setup 1 Setup 2 (kms~1)
527 539 —13
661 654 +7
665 664 +1
674 720 —46
25 e 431 428 +3
2T e 194 191 +3
29 e 680 698 —-19
33, 477 479 -2
37 e 316 321 -6
) U 689 693 -5
() IR 493 469 +24
64 .o, 610 601 +9

Vol. 582

PN velocities are denoted by color. The most striking fea-
ture of the figure is the velocity structure of the low surface
brightness tail just west of NGC 5195. As the histogram of
Figure 5 indicates, the distribution is distinctly bimodal.
Two-thirds of the PNe in this region have radial velocities
greater than the systemic velocity of either galaxy in the
interaction (463 km s~! for NGC 5194; 600 km s~! for NGC
5195; Schweizer 1977). Conversely, the velocities of the
remaining PNe are at or below systemic velocity of NGC
5194. This bimodal behavior contrasts with the broad but
generally unimodal velocity distribution exhibited by the
PNe east of NGC 5195 and in the outer disk of NGC 5194;
these objects generally have velocities somewhere between
the two systemic velocities. Since no H 1 is present in the
western tidal tail of M51, the bimodal distribution of Figure
5 is the first measurement of velocity substructure in the
region.

4. THE KINEMATIC STRUCTURE OF THE
WESTERN TAIL

The velocity field of the PNe of M51 is complex. This is
particularly apparent in the western tail of NGC 5195,
where one sees a multimodal distribution of velocities.
Figure 6 illustrates the velocity structure by displaying the
distribution of PN velocities north of NGC 5194, along an
east-west swath across the face of NGC 5195. Two things
stand out in this figure. First, the velocity spread at any posi-
tion is highly clumped; this implies that we are not simply
viewing a single, kinematically hot component (i.e., a galaxy
halo). Instead, the data suggest the existence of multiple kin-
ematically cold components that likely arise from different
parent populations. The second feature of Figure 6 is the
presence of a significant gradient in the PN velocities. Since
this gradient is in the same sense as that observed for the
stars in the inner disk of NGC 5195 (Schweizer 1977), the
data suggest that the bulk of the observable PNe in this
region come from NGC 5195 itself, rather than being cap-
tured or tidal debris from NGC 5194.

Comparing the spatial distribution and kinematics of
MS51’s PNe to published dynamical models is somewhat dif-
ficult, because these studies either did not model the detailed
response of the companion (e.g., H90) or employed simple
N-body models that did not capture the full dynamical evo-
lution of the system (Toomre 1978; SL00). However, we can
make some qualitative inferences based on the published
models. Two broad classes of models exist: single-passage
models, like the original Toomre & Toomre (1972) model
(later refined by H90), and multiple-encounter models, like
the one recently proposed by SL00. Both models can repro-
duce the overall morphology of the M51 system fairly well;
the multiple-passage model better describes some of the
detailed H 1 kinematics of NGC 5194 but predicts a more
complicated structure for the long H 1 tidal tail than is
actually observed.

In terms of the PN population west of NGC 5195, both
classes of models predict that material from NGC 5194’s
disk will be dispersed in this region.” In the multiple-passage
model, this material has been perturbed in the very recent
(~108 yr) past by the second passage of NGC 5195. As a

7While this material was not evident in the H90 simulations, that is
likely due to the relatively small particle numbers used in the study.
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Fi6. 4—Locations of our spectroscopically confirmed PNe superposed on the FCJ97 [O m1] A5007 image of MS51. North is up, and east is to the left; the
image is 16’ on a side. The PNe are color-coded by their heliocentric radial velocity. Note that the tidal tail structure west of NGC 5195 has multiple velocity

components.

result, the model predicts a higher radial velocity for the
material than is produced by corresponding single-passage
models (for example, see SLO0, Fig. 4). In second passage
models, the velocities of the region range from 400 to 525
km s~!, while in single-passage models, the velocities are
between 385 and 425 km s~

Since the PN velocities west of NGC 5195 (315480 km
s~1) lie between these two ranges, we cannot reliably dis-
criminate between the two models. There is some hint of a
blueward gradient toward the west in our PN data, and this
is more consistent with the SLO0 multiple-passage model
than a single-passage model, but the small number of veloc-
ities makes this result tentative at best. Furthermore, it
should be reemphasized that the PN kinematics in the west-
ern tail of the system are truly bimodal: there is a complete
140 km s~! gap between two kinematic components. While
SLO0 did not show the kinematic structure of the compan-
ion’s tidal debris, it is hard to understand how the galaxy
could undergo several close passages with NGC 5194 and
still have its material exhibit such discrete segregation in
velocity space.

5. MODELING THE KINEMATICS OF THE
PLANETARY NEBULAE

Our PN observations do not explicitly rule out either class
of model, but, as SLO0 point out, there are a number of fea-
tures that argue for a multiple-passage model for M51.
First, the kinematics of NGC 5194°s H 1 tail and the appa-
rent tidal bridge between NGC 5194 and 5195 are better fit-
ted by a multiple-passage model than a single-passage
model. Second, single-passage models imply that a long
time has elapsed since perigalacticon; it is not clear whether
the strength of NGC 5195’s tidal features is consistent with
this prediction. Finally, many single-passage models have
trouble reproducing the morphology of NGC 5194’s north-
western tidal plume (which gives rise to the blueshifted PNe
component in the system’s western tail). For example, in the
SLO0 models, this tail extends to the northwest of NGC
5195 (see their Fig. 1), while in the models of Toomre (1994,
as reported by Barnes 1998), the tail has the correct orienta-
tion, but the mass ratio of the galaxy pair is a hefty 1 : 1.
These various inconsistencies make it interesting to reinves-
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tigate the single-passage scenario to see if we can construct a
model that better matches the spatial and kinematical distri-
bution of the tidal debris. We can do this by revisiting the
HO0 single-passage simulation and explicitly including the
response of the companion.
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FiG. 6.—Velocities of PNe around NGC 5195, plotted as a function of
right ascension. The spatial zero point is the position of NGC 5195’s
nucleus. Multiple dynamically cold components can be seen in the data.
The bimodal kinematics of the western tail is obvious.
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We began the simulation process by first defining the
structure of each galaxy. The galaxies were constructed in
the manner described by Hernquist (1993) and consisted of
an exponential stellar disk, a central bulge, and a truncated
isothermal halo. The mass ratio of the components was
My : My, : My =1:0.33:5.8. The companion was identical
to the primary, except scaled down in mass by a factor of
f= % The size and circular velocity of the model was
scaled by f1/2 and f1/4, respectively, which preserved disk
surface density between the two models and provided a
Tully-Fisher— like M ~ V2 scaling of the model. The simu-
lations were then evolved in a self-consistent manner using
TREECODE (Hernquist 1987), using a total of N = 55,296
particles for the models that survey parameter space, and
with a total of N = 425,984 particles (Ngisx = 131,072;
Npulge = 16,384; Npaio = 65,536 in each galaxy) for the final
model. The simulations surveying parameter space were run
using a parallel processing Beowulf cluster.

To begin the interaction modeling, we used the param-
eters of the self-consistent simulation of H90 as our starting
point. These parameters include an NGC 5194/NGC 5195
mass ratio of 2 : 1, an initially parabolic orbit with a periga-
lacticon distance of 6 disk scale lengths and a disk geometry
for NGC 5194 of (i}, wy) = (=70, —45), where i and w are
the orientation angles as defined by Toomre & Toomre
(1972). After surveying simulations with varying w; we set-
tled on a value of w; = 0, which resulted in a longer and
thinner tidal tail for NGC 5194 (as perigalacticon occurs in
NGC 5194’s disk plane) and kept the companion closer to
NGC 5194 in projection while still preserving a fairly high
projected velocity difference between the two galaxies.

With the parameters of NGC 5194°s disk and relative
orbit set in this manner, we next ran a grid of simulations
covering the range of possible orientations (i, w,) for
NGC 5195. To quickly narrow down the list of possible geo-
metries, we examined the simulations to select those that
gave the closest morphological match to the M51 system. In
doing this, we paid particular attention to the tidal plumes
northeast and southwest of NGC 5195. We were con-
strained in viewing geometry by the need to match the pro-
jected position and relative velocity of the galaxy pair, and
by the observed 20° inclination of NGC 5194’s disk (Tully
1974). NGC 5195’s observed inclination also provided a
constraint to the simulations. On the basis of the ellipticity
of NGC 5195’s isophotes, Schweizer (1977) inferred an
inclination angle of 48° for the system. Although this esti-
mate may be affected by tidal deformation, the galaxy’s
appreciable velocity gradient (~120 km s~!; Schweizer
1977) requires that it not be too face-on. The final constraint
on the models came from NGC 5195’s rotation, which is
east to west in the inner portions of the galaxy (Schweizer
1977). The models that best matched these morphological
and kinematic requirements had geometries for the com-
panion in the range of (ir, wy) = (105 £ 15, =30 £ 15),
with our favored model having (i, w,) = (110, —30).

An evolutionary sequence of our model is shown in
Figure 7. The initial passage occurred 280 Myr ago, similar
to H90’s best-match time of ~300 Myr past perigalacticon.
At the present time (7" = 0), the galaxies are widely sepa-
rated (AR ~ 50 kpc) and moving apart from one another
quite rapidly (AV ~ 150 km s~!; in other words, since NGC
5195 is behind NGC 5194 in our model, the observed radial
velocity difference closely reflects the separation velocity).
This is quite unlike the simulation of SL00, which favors a
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T=-150 Myr

FiG. 7.—Time evolution of our new single-passage model, shown projected onto the sky plane. Time is shown in the bottom right corner of each panel;
T = 0 corresponds to our best-match viewing time. The sequence starts just before perigalacticon (which occurs at 7' = —280 Myr), after which the secondary
galaxy, NGC 5195, passes behind the primary galaxy NGC 5194. At the current time, 7 = 0, the *“ western tail ”” can be seen to contain tidal material from both

galaxies seen in projection.

much closer true separation and an orbit that has carried
the companion just past a second disk passage.

The model above plausibly reproduces the main morpho-
logical and kinematic properties of the M51 system, includ-
ing the sharp northwestern tidal tail of NGC 5195. We now
compare the tidal kinematics in the model against the kine-
matics of the PNe. To do this, we examined the projected
velocity distribution of the model in the four regions of the
system that contain the majority of our PNe. These regions
are illustrated in Figure 8. Note that a strict comparison
between the PNe and the model is not possible, since the
selection criteria for the two data sets are very different;
while the simulation samples velocities weighted by mass,
the observational data suffer from constraints imposed by
our nonrandom target selection and fiber crowding. There-
fore, in order to compare the model to the PN velocities, our
approach was to look more for similar patterns of kinematic
substructure, rather than to perform a detailed one-to-one
matching.

Field 1, which is immediately west of NGC 5195, has the
most interesting velocity field. The stellar kinematics in this
region are distinctly bimodal; there is a velocity peak at
v, ~ 250 km s~! that corresponds to the tidal plume from
NGC 5195, and a second peak around v, ~ —50 km s~ !,
which comes from material pulled out of NGC 5194. This
echoes the distribution of PN velocities and explains the
existence of three blueshifted PNe (relative to NGC 5195

systemic) just west of the body of NGC 5195; it is here that
NGC 5194’s tidal plume projects across the face of NGC
5195. The three other blueshifted PNe farther west and
south of NGC 5195 are either with NGC 5194’s plume or
with the diffuse extension of the NGC 5194’s disk. In either
case, their velocities more closely reflect NGC 5194°s sys-
temic velocity rather than that of NGC 5195’s tail. The
model also has a clear gap in velocity between the two com-
ponents; this results from the fact that these two tidal fea-
tures are spatially distinct and kinematically cold.

Field 2 is east of the apparent tidal bridge that links NGC
5194 and NGC 5195. Like field 1, this region, too, shows a
multimodal velocity pattern, which arises from the discrete
populations of NGC 5194’s bridge and NGC 5195’s eastern
tidal tail. Unfortunately, our model for field 2 does not
match the PN velocity distribution very well; although there
is a cluster of PNe near the predicted velocity of NGC
5195’s tail, there are no blueshifted PNe in our sample.
Instead, the region contains two unexplained redshifted
PNe. This discrepancy is somewhat disturbing, but it hard
to make a strong statement about the quality of the agree-
ment based on only five objects. This is particularly true
since our models do not account for the presence of kine-
matically hot populations (see § 6.2 for further discussion
on this point).

Fields 3 and 4 are much more straightforward to inter-
pret. Field 3 covers the southwestern portion of NGC
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FiG. 8.—Comparison between the kinematics of our N-body model and that observed for PNe in four regions of the M51 system. The velocity scale is set by
the relative velocities of NGC 5194 and 5195 (Schweizer 1977). The histograms denote disk N-body particles from NGC 5194 (open histogram) and NGC 5195
(filled histogram); the PN velocities are represented by open pentagons. See the text for a detailed discussion of each region.

5194’s disk, and field 4 includes the northeastern portion of
NGC 5195. In both fields, the model velocity distribution is
single-peaked and representative of the large-scale velocity
field of the superposed galaxy. The match with the PN
velocities in field 3 is excellent: both the velocity mean and
the dispersion agree with the predictions of the model. The
agreement of field 4 is slightly worse, since the PNe there
have slightly larger velocities than predicted. Of course, the
prior constraints on the model—that the southern portion
of M51 and the eastern portion of NGC 5195 both be blue-
shifted relative to their systemic velocities—practically
ensures that the match between the model and the mean of
the PN velocity distribution is close. However, the velocity
dispersion of each field is also reproduced well by the model,
which is not guaranteed by these velocity constraints.

While our model reproduces many of the morphological
and kinematic features of the M51 system, there are still
some discrepancies. Morphologically, NGC 5195’s eastern
tail seems to tilt slightly more south than it does in our
model, and the apparent bridge between the modeled gal-
axies shows more curvature than is actually observed. Also,

as the data of fields 1 and 4 indicate, our model predicts too
large of a velocity gradient across NGC 5195. There are a
number of ways to fix this problem, such as changing the
orientation of NGC 5195’s disk (2, w») so that the system is
observed more face-on, or reducing NGC 5195’s mass (i.e.,
by using a 3 : 1 mass ratio for the system) and thus decreas-
ing the galaxy’s rotation velocity. However, our main goal
here is to see whether a classic single-passage model can
reproduce the global morphology and kinematics of the
tidal features of M51; clearly, this model presents such a
solution.

Nevertheless, we leave with a cautionary note. Parameter
space is wide, and the parameters describing the interaction
are all tightly coupled. The morphology of tidal debris
depends on the encounter geometry, the orbital parameters,
the viewing angle and time, and the structural properties of
the galaxies. For example, the dark matter distributions of
NGC 5194 and NGC 5195 at large radius have a profound
impact on the orbital evolution of the system. Since the
viewing angle is constrained by the projected separation and
velocity of the galaxy pair, the best-fitting value for this
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parameter will change if the dark matter distributions are
modified. A different viewing angle will then alter the
observed morphology of the system and the projected distri-
bution of the tidal debris. Because of this degenerate cou-
pling of parameters, iterating one parameter while holding
the others fixed can be a misleading exercise and lead one to
a “local minimum > in parameter space that ignores the
much wider parameter space available. Simulations such as
the one presented here should be viewed as caricatures of
the real system, with broad uncertainties and lingering con-
cerns about uniqueness.

With this in mind, we have no illusions that our model is
the last word on the M 51 solution. We have focused mainly
on a comparison of the morphology, global kinematics, and
PNe velocity field. Further revisions—and perhaps very dif-
ferent solutions—may be possible based on more detailed
matching of the velocity field. Indeed, the multiple-passage
models of SLOO argue for a more tightly bound ““second
passage ”’ encounter based on the detailed H 1 kinematics of
the system and may do an equally good job of modeling the
PN kinematics. However, it is unclear whether these second
passage models can reproduce the bimodality and kinematic
coldness of the distinct tidal features that comprise the west-
ern tail. Self-consistent simulations and detailed kinematics
for these second passage models will be useful in testing
these models; unfortunately, the uniqueness of these solu-
tions will be even more questionable since they rely on the
interplay between the (largely unconstrained) dark matter
halos, dynamical friction, and orbital decay to obtain the
best match for the M 51 system.

6. UNUSUAL OBJECTS

There are two PN candidates, PN 52 and PN 27, that are
in clear disagreement with the dynamical model we have
adopted. We now discuss these objects and attempt to deter-
mine their true nature.

6.1. PN 52—A Lya Galaxy?

Figure 9 compares the optical spectrum of PN 52 to that
of another PN in the survey. Photometrically, both objects
are similar, with A5007 fluxes of ~1.1 x 10~1¢ ergs cm=2s~ 1.
However, as the figure illustrates, the two sources are differ-
ent spectroscopically. First, PN 52 has no detectable [O 111]
959 line—true PNe must have this line, and, as the com-
parison spectrum demonstrates, this line should have been
seen. It was not,’ and, in fact, no other lines have been reli-
ably detected in this spectrum. Second, the line profile of
PN 52 is anomalously broad and asymmetric. The width of
the object’s lone emission line is approximately 6 A
(FWHM); for comparison, the spectrograph’s instrumental
profile is 3.0 A (FWHM). No other PN in the sample has a
resolved line. Finally, if we identify the emission line as
[O m] A5007, then the heliocentric velocity of the object is
—176 km s~!, or —640 km s~! systemic. Such an object can-
not be gravitationally bound to M51.

The most likely explanation for PN 52 is that it is not a
PN at all, but a higher redshift source whose emission line
has been redshifted into FCJ97’s [O 11] A5007 filter. This is
quite plausible; in a deep blank-field survey far away from
any galaxy or cluster, Ciardullo et al. (2002b) found a popu-
lation of extragalactic sources that mimic the properties of
PNe. If we scale the results of this survey to the area and
depth of the M51 survey (256 arcmin?, my;, = 26.3) and the
width of the narrowband filter, we should expect 0.8 + 0.5
contaminating sources to be present in the FCJ97 sample.

PN 52 is not the first contaminating source to be found in
a deep [O 1] AS007 PN survey. Some intracluster PN candi-
dates in Virgo have turned out to be high-redshift objects
(Kudritzki et al. 2000; Freeman et al. 2000). Also, in a recent

8 Although there is a hint of emission near \4959, its centroid is 4 A too
blue for it to be the [O 1] line.
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Fi16. 9.—Left: Co-added, sky-subtracted spectrum of PN candidate 52 between the wavelengths 4940 and 5060 A. Right: Spectrum of PN 51. Although the
objects are similarly bright in [O 111] A5007, there are clear differences in their spectral properties. We identify PN 52 as a possible Ly« galaxy at z = 3.12.
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PN survey of NGC 4697, Méndez et al. (2001) reported that
three of his 535 PN candidates were interlopers. Based on
these data, it is clear that some amount of contamination
will be present in all [O 1] A5007 observations fainter than
mspo7 = 26.0. Future radial velocity surveys of PNe in exter-
nal galaxies need to take this effect into account.

What is the true identity of PN 52? In order to be listed as
a PN candidate by FCJ97, the emission equivalent width
must be extremely large, =100 A. This, along with the
object’s asymmetric line profile, suggests that the sourceis a
Ly« galaxy at redshift z ~ 3.12. We caution that this inter-
pretation is not conclusive: Stern et al. (2000) have shown
that lower redshift objects can masquerade as high-z Ly«
emitters. To conclusively confirm the identity of this object,
deeper spectroscopy is needed to either detect the Lyman
decrement or find additional emission lines in the spectrum.

6.2. PN 27—A Highly Blueshifted PN

Spectroscopically, PN 27 is very similar to the other PNe
surveyed in this program: its [O 1] A5007 emission line is
strong and unresolved, and the weaker [O 1] A4959 line is
present at roughly % the strength of A5007. However, in
terms of location and motion, the object is unique. PN 27
sits south-southeast of M51, well away from any extended
tidal plume (see Fig. 1, left), and it has a radial velocity of
194 km s—!. In other words, PN 27 is blueshifted by 269 km
s~ ! relative to NGC 5194, and 406 km s~ ! relative to NGC
5195. This remarkable velocity is not due to measurement
error. PN 27 was observed twice; in both cases, both lines of
[O 1] were detected. The velocity difference between the two
measurements is only 3 km s~1.

If PN 27 belongs to NGC 5194, then it is moving at —269
km s~ with respect to NGC 5194. What can cause this
motion? One possibility is that PN 27 belongs to the stellar
halo of the galaxy. In the Milky Way, such high-velocity
objects do exist, as the vertical velocity dispersion in the
spheroidal component is =100 km s~! (Mihalas & Binney
1981). If the stellar halo of NGC 5194 is similar to that of
the Milky Way, then it is at least conceivable that a high-
velocity PNe could have been observed.

We can estimate how likely the halo PN explanation is by
using the bulge/disk parameters for NGC 5194 given by
Baggett, Baggett, & Anderson (1998). As column (4) of
Table 1 demonstrates, the FCJ97 survey of NGC 5194 was
restricted to galactocentric radii 2/8 < Rjs, $8/0. If we
extrapolate the Baggett et al. r1/4 law to these radii, adopt
the FCJ97 distance of ~8.4 Mpc, and apply the bolometric
correction of an old population (—0.8; Jacoby, Ciardullo, &
Ford 1990), we then obtain a value of Ly ~ 2 x 10° L, for
the amount of spheroid (bulge+halo) luminosity contained
in the FCJ97 survey field. To translate this into an expected
number of PNe, we assume old stellar populations produce
~20 x 10~2 PNe (within 2.5 mag of the luminosity function
cutoff, M*) per unit bolometric luminosity (Ciardullo
1995). When we scale this to the FCJ97 survey depth (1.2
mag down the PNLF), we get a value of ~14 for the number
of spheroid PNe that could have been detected. Since we
obtained spectroscopy for roughly half of the FCJ97 PN
candidates, the result is that we might expect ~7 spheroid
PNe to be present in our sample.

Of course, not all halo objects have large vertical veloc-
ities. For example, of the 95 probable Milky Way halo RR
Lyrae stars studied by Layden (1995), only two have a verti-
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cal velocity as great as 269 km s~!. If the spheroidal compo-
nent of M51 is similar to that of the Milky Way, then the
probability of finding a high-velocity PN in our sample is
small, ~0.1. This number is highly uncertain, as it is derived
from a rather large photometric extrapolation and an
assumed ‘““maximal” r!/4 spheroid. Nevertheless, it does
demonstrate that the presence of halo PNe in our sample is
possible.” Such a “hot” population was not explicitly
included in our models.

An alternative explanation for the high velocity of PN 27
is that it is a ““runaway star,”” where the ejected planetary
obtained a high velocity from either the tidal interaction
(e.g., Byrd 1979) or from some other dynamical process.
However, we believe this hypothesis to be less likely—our
dynamical models show no evidence for an extremely blue-
shifted population, and none of the hypothesized models
for high-velocity neutron stars (e.g., Cordes & Chernoff
1998), or O and B stars seem relevant in this case.

The best way to distinguish between these two scenarios
is through deeper PN spectroscopy. If the halo hypothesis is
correct, we might expect PN 27 (and a few other objects) to
have a subsolar oxygen abundance and perhaps enhanced
ratios of C/O and N/O; such properties have been observed
for halo PNe in the Milky Way (Howard, Henry, &
McCartney 1997). Deeper spectroscopy is also desirable for
an improved kinematic model of the system. If the metallic-
ities of the PNe could be derived, this information could be
used to constrain the place of origin of individual objects.

7. SUMMARY

We have presented the velocities of 36 PNe in the interact-
ing galaxy system MS5I1. The planetaries have a velocity
structure that is clearly multimodal and complex, especially
in the tidal debris west of the companion galaxy NGC 5195.
In this region, we find two distinct kinematic components,
consistent with the idea that we are viewing two tidal fea-
tures—one from each galaxy—cospatially in projection.
Such features have been predicted by numerical simulations
(e.g., Salo & Laurikainen 2000), but the component from
NGC 5194 has remained undetected until now. The PN kin-
ematics do not yet discriminate between the various dynam-
ical scenarios for the M51 system: both single- and multiple-
passage models predict multiple kinematic features in this
region. We do, however, note that the kinematic coldness of
these features may be difficult to reproduce in a multiple-
passage scenario, where the galaxies have experienced sev-
eral perturbative events. Self-consistent dynamical models
of the multiple-passage scenario are needed to test this
effect. We expand on the previous simulation of Hernquist
(1990) and present a new single-passage model that reason-
ably reproduces the morphology and kinematics of the
system’s tidal debris.

How can we better constrain the dynamical evolution of
the M51 system? Observationally, the FCJ97 survey of M51
probed only the first 1.2 mag of the PNLF. The sample of 64
PNe found in this survey could easily be increased by a
factor of ~3 by going deeper with current 4 and 8 m class
telescopes. There are roughly 10 PNe in an 18 arcmin~2 area

9 As suggested in § 5, a small number of our PNe have velocities that do
not agree with the model predictions. It is possible that these objects are
also halo PNe.
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in the FCJ97 sample of the northwestern tidal tail. Assum-
ing roughly ~20 x 10~2 PNe per bolometric solar luminos-
ity (2.5 mag down the PNLF) for a stellar population (e.g.,
Ciardullo 1995), and a distance of 8.4 Mpc, this PN density
translates to a stellar surface brightness of x; ~ 24.5 mag
arcsec2. Allowing for a threefold increase in the number of
PNe detected in deeper surveys, and adopting a (conserva-
tive) minimum of 10 PNe in a given region to derive useful
kinematic information, PNe could be used to probe surface
brightnesses as faint as u; ~ 26 mag arcsec 2. The kine-
matics of such low-surface brightness features cannot be
measured in any other way.

In addition to a deeper M51 PN survey, more informa-
tion on the secondary, NGC 5195, would be extremely help-
ful. In particular, integral field spectroscopy (e.g., Andersen
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& Bershady 1999) of the galaxy’s stellar component could
dramatically improve our constraints on galactic rotation
and inclination angle. Finally, better theoretical models are
needed to predict the detailed tidal kinematics probed by
the PNe. This is particularly true for the multiple-passage
models, for which no fully self-consistent solution has yet
been developed.
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