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ABSTRACT

We present high-resolution 12CO J ¼ 1–0 observations of the molecular gas in the Hickson compact group
Stephan’s Quintet (HCG 92). Our observations consist of multiple pointings and mosaics covering all the regions
where CO and star formation have been detected. Within the 10000 field of view centered on the easternmost tidal tail,
we detect three clumps of emission that may be partially resolved at our resolution of 800; two of these are new
detections not previously seen in ISM studies of this region. Two of these clumps lie in the optical tidal tail, while the
third lies to the southeast and is coincident with a large H i feature, but it does not correspond to any features at other
wavelengths. We also tentatively detect CO emission from the star-forming regions in the ‘‘old tail’’ corresponding to
recent star formation activity detected in recent UV and H� observations. Observations of the rest of the compact
group do not show detections, even though strong emission was detected with single-dish telescopes, which suggests
that the CO emission originates from a diffuse molecular gas cloud or from at least three separate clumps with
separations greater than around 3 kpc.

Subject headinggs: galaxies: clusters: individual (HCG 92, Stephan’s Quintet) — galaxies: interactions —
galaxies: ISM — intergalactic medium

Online material: color figure

1. INTRODUCTION

The parallel studies of dwarf galaxies and the outer regions
of spiral galaxies have come together as awareness has grown of
the apparent formation of new dwarf galaxies in the tidal arms of
merging and interacting systems. These galaxies are referred to
as ‘‘tidal dwarf galaxies’’ (TDGs). The concept of material from
interacting galaxies being thrown out of the interacting galaxies
and forming new galaxies is old (Zwicky 1956; Schweizer1978).
This idea has been revived since the early 1990s by Mirabel and
collaborators, who found patches of enhanced optical emission
along the tidal tails of interacting systems (e.g., Mirabel et al.
1991) and subsequently found that these patches correlate closely
with local enhancements in the column density of H i (e.g., Duc
& Mirabel 1994; Duc et al. 1997).

Studies of the physical properties of TDGs show that they are
very similar in gas mass and size to typical gas-rich dwarfs such as
dwarf irregulars (dI’s) and blue compact dwarfs (BCDs;Duc et al.
2000; Braine et al. 2001). One difference is that themetallicities of
TDGs tend to cluster at the metal-rich end of the range found for
the general dI and BCD populations. In fact, the metallicities of
TDGs are consistent with their interstellar mediums (ISMs) being
composed of gas from the outer disks of spiral galaxies.

Some TDGs and candidate TDGs show signs of recent star
formation, such as blue colors and H� emission (e.g., Duc &
Mirabel 1994; Iglesias-Paramo & Vilchez 2001), which imply
the presence of molecular gas. Because TDGs are more metal-
rich than typical dI’s and BCDs, they may be brighter in CO
emission than dI’s and BCDs (Taylor et al. 1998). Indeed, sev-
eral TDGs have been detected in CO emission (Braine et al.
2001), although not yet in sufficient numbers to say for certain
that they are easier to detect than dI’s and BCDs in CO.

Several issues surrounding TDGs remain unresolved, in-
cluding whether or not they are truly self-gravitating, newly

formed galaxies, whether the CO-to-H2 conversion factor is
higher than in dI’s and BCDs, and whether their molecular gas is
formed in situ from atomic gas or is already in molecular form
when expelled from the parent merging system. To shed some
light on these issues, we have made a wide-field mosaic image in
the 12CO J ¼ 1–0 line of the Hickson compact group 92, also
known as Stephan’s Quintet.
Stephan’s Quintet is a group of five galaxies (only three are

interacting) in a relatively small region of space. The result of
five galaxies in such close proximity is that there are a larger
number of interactions between neighboring galaxies than is
found in larger clusters of galaxies, where the relative distances
and velocities are larger. It is believed that an intruder galaxy
(NGC 7320c) passed through the center of this system, depos-
iting a reservoir of molecular gas that was later disrupted by the
passage of NGC 7318b to trigger star formation in the interga-
lactic medium (e.g., Charlton et al. 2004).
This system is also the host of a recently discovered extra-

galactic starburst (Xu et al. 1999) and has been mapped in CO at
low spatial resolution over most of its spatial extent (Lisenfeld
et al. 2002) and at high spatial resolution in a single field (Gao &
Xu 2000; Lisenfeld et al. 2004). Iglesias-Paramo & Vilchez
(2001) identified seven extragalactic H�-emitting regions in
HCG 92 that may be TDGs. Ours is the first wide-field, high-
resolution survey of CO emission in the compact group and in
six of these seven TDG candidates.

2. OBSERVATIONS AND REDUCTION

2.1. BIMA Observations of 12CO J ¼ 1 0

We have observed three regions of the intergalactic medium in
the interacting system HCG 92 corresponding to the regions
observed in the tidal dwarf galaxy survey of Lisenfeld et al. 2002
(their regions A, B, and C). In addition, we have performed a
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seven-field mosaic on the Arc-N region to the north of the
tidal tail (see Fig. 1; Williams et al. 2002). The observations
were taken over the period 2002 May 11–October 19 using the
10 element Berkeley-Illinois-Maryland Association (BIMA)
millimeter interferometer at Hat Creek, California (Welch et al.
1996). Our observations include four D-array and two C-array
tracks on each regionmentioned above.We observed at the 12CO
J ¼ 1–0 spectral line (115.27 GHz), Doppler-shifted to the VLSR

given in column (4) of Table 1 (optical definition) with a spectral
raw resolution of 1.56 MHz (4.06 km s�1) and a total bandwidth
of 386 GHz (960 km s�1). When bright emission was detected
at region B, we followed up with two more C-array and two
more D-array tracks to increase the signal-to-noise ratio. The
combined data set includes baselines that range from 7 to 88 m.
The final synthesized beam is approximately 800 for each of the
regions.

In addition to the C- and D-array tracks for region B we ob-
tained two B-array tracks at a resolution of 200. No emission was
detected in these data alone, and their inclusion in the combined
maps introduced artifacts and generally degraded the image

quality. Thus, the B-array data were not included in the final
maps shown here.

The CO emission for regions A, B, and C were believed to be
relatively centrally concentrated (Lisenfeld et al. 2002), so we
observed these regions with single pointings to avoid using
precious integration time slewing. For the Arc-N region, we had
no expectation about how extended any CO emission might be,
but there were reports of extended star formation to the north of
the tidal tail. We opted for the mosaic in order to increase the area
covered by our map. The primary beam of a single point ob-
servation with the BIMA array at 115 GHz is 10000, but with the
seven-field mosaic, we are capable of covering an area with a
much flatter sensitivity curve in the inner 10000 and an effective
primary beam of around 18000. Details of the mosaic procedure
are given in Helfer et al. (2003).

Observing parameters for each pointing center are given in
Table 1. Column (1) lists the label for each region we observed.
Columns (2) and (3), respectively, list the right ascension and dec-
lination for the pointing centers of our observations. Column (4)
lists the velocity to which we tuned, and column (5) lists the

Fig. 1.—Four regions of HCG 92 ( labeled ‘‘A,’’ ‘‘B,’’ ‘‘C,’’ and ‘‘N’’ ) observed by us with the BIMA array, as well as the region observed by Gao & Xu (2000;
labeled ‘‘GX’’). The underlying image is an NOAO photograph taken by N. A. Sharp/NOAO/AURA/NSF. The gray contours show the H i data from Williams et al.
(2002).

TABLE 1

Observing Parameters

Label

(1)

R.A.

(J2000.0)

(2)

Decl.

(J2000.0)

(3)

VLSR

(km s�1)

(4)

Pointings

(5)

Field of View

(arcsec)

(6)

Synthesized Beam

(arcsec2)

(7)

rms at 5 km s�1

(mJy beam�1)

(8)

SQA.............. 22 35 58.7 33 58 55 6050 1 100 7.1 ; 6.3 21

SQB.............. 22 36 10.5 33 57 20 6625 1 100 8.5 ; 7.5 23

SQC.............. 22 35 57.6 33 57 37 6600 1 100 12.2 ; 10.6 25

Arc-N ........... 22 36 12.0 33 58 28 6625 7 180 9.3 ; 6.8 39

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
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number of pointings observed with these settings. Columns (6),
(7), and (8), respectively, list the effective field of view, synthe-
sized beam (resolution), and rms noise for each of the regions
observed. Note that all fields in this study are single pointings
except for the Arc-N observations, which were done with a
seven-field mosaic and thus have a higher noise level due to the
overhead caused by slewing during the track.

The data were calibrated and reduced using theMIRIAD data
reduction package (Sault et al. 1995). Instrumental and atmo-
spheric phase variations were measured by observing the qua-
sar 2203+317 every 25 minutes. Amplitude calibration was
performed using various planets as primary flux calibrators.
The data were weighted using the robust weighting parameter
of 0.5. The final channel maps have an rms noise of �(2 4) ;
10�2 Jy beam�1 km s�1.

3. MORPHOLOGY

3.1. Region A: The Intragroup Starburst

Previous observations of this region show CO emission that
originates from the center of the intragroup starburst (IGS).
Unfortunately, observations are complicated by two emission re-
gions separated in velocity space: one at around 6000 km s�1 and
the other at around 6700 km s�1. Despite the weakness of the CO

emission at 6700 km s�1 observed by Gao & Xu (2000), the
reality of their detection is supported by the facts that it peaks
near the center of the starburst detected in the mid-IR and H�
maps of Xu et al. (1999) and that it is at the same velocity as one
of the H i components (Williams et al. 2002). The lower velocity
CO emission was detected with the IRAM 30 m by Lisenfeld
et al. (2002) and is reported to be more than twice as strong as the
higher velocity component. There is also star formation activity
observed at the lower velocity component, as traced by the H�
observations of Xu et al. (1999; although it appears at around
5700 km s�1, not 6000 km s�1 as in the CO detections).
Because the BIMA receivers cannot cover both emission re-

gions with the desired velocity resolution, we decided to observe
the brighter (previously unmapped at high resolution) low-velocity
component. Despite reaching an rms noise of 21 mJy beam�1 in
the map (at 5 km s�1 resolution) we do not detect CO emission
from this region. This is somewhat surprising, since the H i col-
umn density and single-dish 12CO J ¼ 1–0 fluxes of CO emis-
sion in region A are actually approximately equal or greater in
intensity than the detections in region B (Williams et al. 2002;
Lisenfeld et al. 2002; Smith & Struck 2001), which we do detect.
Thus, the gasmust have amore even distribution, rendering our in-
terferometric observations less sensitive to this more diffuse emis-
sion. We note that with our tuning setup we are unable to confirm

Fig. 2.—Raw zero-moment zero map for the four regions observed in this study. No clipping or masking has been applied in order to show the noise levels reached in
the regions where there are no detections. The contour levels are 2, 3, 4, . . . times the rms noise in the moment map. For the three regions without a CO detection, we
integrate over 200 km s�1 around the H i peak. For region N, the rms is 1.41 Jy beam�1 km s�1 from 6500 to 6700 km s�1; for region A the noise is 1.04 Jy beam�1 km s�1

from 5900 to 6100 km s�1; for region B the noise is 0.65 Jy beam�1 km s�1 from 6500 to 6660 km s�1; and for region C the noise is 0.64 Jy beam�1 km s�1 from 6650 to
6850 km s�1.
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the existence of the IGM emission observed by Gao & Xu (2000)
since it lies outside our velocity range at a higher velocity.

The IRAM 30 m detection has a peak of �17 mK (TMB) in a
10 km s�1 channel, which corresponds to a 75 mJy peak. Thus,
we would have expected to see >3 � detections if the flux de-
tected in the IRAM beam were a point source. Conversely, if the
flux detected by IRAMwere uniformly distributed across the 2100

beam, we would expect a flux of 8 mJy, which we would not
have detected in our BIMA map. If the flux detected by the
single-dish observations were originating from two unresolved
clumps, we would still predict 1.5 � detections from these
clouds. We can therefore conclude that the molecular gas in the
IGS is not made up of one small clump, but is either a more
diffuse distribution or at least three clumps separated by more
than about 800 (3.4 kpc at 88 Mpc).

Figure 2 (top left) shows the zero-moment map overlaid with
the 2, 3, and 4 � contours. The 3 � contours are simply the result
of spikes in the spectra that happen to lie within the velocity
range over which this moment map was made and do not cor-
respond to significant real emission. There is a clear lack of CO
emission at the peak of the H i maps (overlaid with gray con-
tours). One possible explanation for this could lie in the existence
of two different velocity components at this region. We were
capable of covering only one within our tuning set-up and chose
the brightest of the two, as seen in the single-dish CO maps of
Lisenfeld et al. (2002). It is possible that the component that is
brighter in the single-dishmaps (at 6000 km s�1) containsmore dif-

fuse emission, and perhaps the component at 6700 km s�1 con-
tainsmore dense clumps that were diluted in the single-dishmaps.
Follow-up observations of this region tuned to the 6700 km s�1

component would be useful in characterizing this region in more
detail.

3.2. Region B: The Tidal Tail

Previous studies of this region show that the H i peaks near the
intersection of the southernmost arc of the optical tidal tail with
the Arc-N portion of the H i distribution. Previous single-dish
12CO J ¼ 1–0 observations show strong emission from the op-
tical tail region (Lisenfeld et al. 2002). Follow-up Plateau de
Bure interferometric observations (Lisenfeld et al. 2004) show
that this emission originates from the star-forming region de-
tected by Iglesias-Paramo & Vilchez (2001) and lies on the dust
lanes seen in the Hubble Space Telescope (HST ) images of
Gallagher et al. (2001). Lisenfeld et al. (2004) detect two emis-
sion regions: one at the star-forming dust lane (SQB) and one at
the tip of the optical tidal tail (SQ tip).We do not detect CO at the
tip of the tidal tail, but it is a weak, marginal detection in the more
sensitive data of Lisenfeld et al. (2004), so it is not unexpected
that we do not recover it with our less sensitive BIMA data.

With our lower sensitivity but larger field-of-view observa-
tions, we detect three clumps of CO emission in the easternmost
tidal tail of HCG 92 (region B). Two of the clumps (SQB and
SQB NW) lie directly on the tidal tail and correspond well with
dust lanes observed in the HST images from Gallagher et al.

Fig. 3.—12CO J ¼ 1–0 contours overlaid on a composite image of HCG 92. The white contours show the data obtained as part of this study. The gray contours are the
H i observations of Williams et al. (2002). The black contours are the CO contours from the Gao & Xu (2000) study. The high-resolution gray-scale data are from HST
observations by Gallagher et al. (2001); the lower resolution data used to fill in the regions not covered byHSTare taken from the Arp Catalog of Peculiar Galaxies. The
contour levels for all maps are the same in order to allow comparison of CO brightness between the regions with detections. The contour levels are 0.5, 1.0, 1.5, . . . Jy
beam�1 km s�1. The zero-moment COmaps in this figure and Fig. 4 used a masking technique that does not show emission for SNR< 2. Thus, the resulting map shows
some features that are not visible in the raw map shown in Fig. 2.
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(2001). Figures 3 and 4 show these clumps overlaid on HST and
Digitized Sky Survey images, and the correspondence with the
dust lanes is obvious for the clumps that lie on the optical tail. We
note that the earlier CO observation of HCG 92 (in particular,
NGC 7318; Yun et al. 1997; Gao & Xu 2000) shows that the CO
emission in the parent galaxy also corresponds well with the
dusty regions visible in the HST images (Gallagher et al. 2001;
Fig. 3). The correspondence of these regions of CO emission
with the dust lanes is not surprising. It is suspected that the same
high-density environment that provides shielding against dis-
sociation of dust molecules also provides conditions conducive
to the formation of molecules (e.g., Alves et al. 1999 and ref-
erences therein).

The detection of SQB NW is new with our observations; the
Plateau de Bure interferometer maps of Lisenfeld et al. (2004) do
not show it. Our detection of SQB NW falls outside the primary
beam of the Plateau de Bure interferometer; thus, the observa-
tions of Lisenfeld et al. (2004) were not sensitive to this emission
region. The same authors in Lisenfeld et al. (2002) did not observe
the location of SQBNWin their IRAM30mmapping of HCG92.
SQB NW does not have any corresponding H i emission in the
Very Large Array (VLA) map by Williams et al. (2002).

In addition to the two clumps in the tail, we detect a clump of
molecular gas to the southeast of the tail (SQB SE). This emis-
sion region does not correspondwith any previous observed star-
forming regions or evident dust obscuration. Also, it seems to be
at a slightly different velocity than the other two regions in the
tail (see Table 2). Figure 3 shows the H i contours (Williams et al.
2002) on the CO contours. While the CO emission at SQB SE
does not correspond with any features, it does lie within the H i

cloud designated ‘‘Arc-N’’ byWilliams et al. (2002). None of the
peaks in the CO emission we detect correspond with the H i peak
of the Arc-N region. The two easternmost peaks seem to straddle
the H i peak, while the western CO peak does not correspond
with any significant H i emission. Lisenfeld et al. (2002) pointed
out that SQB does not lie at the peak of the H i emission, but
rather at the location of a steep gradient in H i column density,
and they suggest that perhaps compression of the atomic gas at
this location leads to formation of molecular gas. We further
point out that both the SQ tip detection by Lisenfeld et al. (2004)
and our new detection of SQBSE similarly lie on the edges of the
peak in H i column density. The density gradient at the location
of SQB is larger than those for the SQ tip and SQB SE, which
may explain why there is more CO emission at these locations.
Figure 5 shows the individual CO emission lines (solid lines),

with the H i spectra overlaid with the dashed line in the ‘‘new
tail’’ region. The CO lines tend to lie within the envelope of the
H i line, but are skewed sightly toward the higher velocity tail.
This was not noted by Lisenfeld et al. (2004), who find good
agreement of the centroid velocities of the H i and CO in their
higher resolution maps. Comparing our spectra with those of
Lisenfeld et al. (2004), we find that our maps seem to be missing
some emission in the velocity range 6576–6600 km s�1. This is
somewhat surprising, since our data have lower resolution and
should be more sensitive to more extended structure. It is likely
that our observations are less sensitive to this emission due to the
larger collecting area of the IRAM Plateau de Bure interferom-
eter compared to that of the BIMA array. Since the source is
barely resolved for both telescopes, spatial filtering is not as
much the loss of signal as it is the difference in collecting area.
The two extreme southernmost clumps lie in the middle of the

‘‘old tail.’’ This feature appears as a faint optical structure that
passes behind the foreground galaxy NGC 7320 and has an H i

counterpart (Williams et al. 2002). The origin of this tail is un-
certain and has recently been ascribed to an old passage of NGC
7320c that pulled the tail out of NGC 7318a (Williams et al.
2002; Sulentic et al. 2001). The same authors also ascribe the
more prominent tidal tail (which encompasses the CO detections
SQB, SQ tip, and SQ NW) to a more recent passage of NGC
7320c that pulled a tail out of NGC 7319.
The two southernmost clumps, OT1 and OT2, lie just outside

the edge of the BIMA primary beam. In an interferometer map,
the sensitivity of the telescope declines in an approximately
Gaussian fashion from the center to the edge. Normally, objects

Fig. 4.—Close-up look at the CO emission detected in the tidal tail region.
The contour levels are 0.5, 1.0, 1.5, . . . 3.5 Jy beam�1 km s�1. The synthesized
beam is shown as a black circle in the lower right corner. The primary beam of
this field is 10000, indicating that the regions labeled OT1, OT2, OT3, and OT4
fall just outside the primary beam. Their spatial correspondence with the old tail
and their velocity coincidence with the H i observations of this region provide
some evidence of the reality of these features. [See the electronic edition of the
Journal for a color version of this figure.]

TABLE 2

New-Tail Line Parameters

Label

(1)

R.A.

(J2000.0)

(2)

Decl.

(J2000.0)

(3)

Area

(arcsec2)

(4)

Flux

(Jy km s�1)

(5)

FWHM

(km s�1)

(6)

V

(km s�1)

(7)

Mgas

(M�)

(8)

Mvir

(M�)

(9)

SQB.............. 22 36 10.1 33 57 20 13 ; 11 3.8 � 0.4 20.3 6635 4.7 ; 108 2.0 ; 108

SQB SE........ 22 36 12.3 33 56 53 6 ; 10 2.2 � 0.4 16.1 6614 2.7 ; 108 <1.2 ; 108

SQB NW...... 22 36 07.3 33 57 34 8 ; 8 1.9 � 0.4 22.2 6632 2.4 ; 108 <2.3 ; 108

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
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appearing at the edge of the primary beam (where the sensitivity
has dropped to 50% of the map center) would not be considered
seriously. However, both OT1 and OT2 show significant flux
across four and five channels, respectively, even taking into
account the reduced sensitivity (Fig. 6). Unfortunately, the on-
going construction of the Combined Array for Research in
Millimeter-waveAstronomy interferometer from the antennae of
BIMA and Owens Valley Radio Observatory has made it im-
possible to obtain new observations centered on the locations of
OT1 and OT2.

If OT1 and OT2 are real, they might be molecular gas asso-
ciated with the old tail, which they overlap spatially. Sulentic
et al. (2001) use various estimators to derive an age for this tail
of between 6 and 12 times 108 yr, compared to between 2 and
4 times 108 yr for themore visually prominent younger tail. If OT1
andOT2 are old-tail clouds, theymay have existed in intergalactic
space for �108 yr. Alternately, they may have formed more re-
cently, triggered by the interaction of NGC 7320c with the gas in
the old tail during its second passage through the group. OT1 and
OT2 also overlap spatially with a region of far-UV emission de-
tected by theGalaxy Evolution Explorer (GALEX) that yielded an

age of �3 ; 108 yr for the stellar populations and a current star
formation rate of 0:060 � 0:013 M� yr�1 (Xu et al. 2005).

In the old-tail region, the velocity offset between the CO and
H i emission is similar to the offset seen in the new tail (see Fig. 6;
Table 3). The offset appears to be slightly larger in the old-tail
region compared to the new-tail emission, since in these regions
we do not see any high-velocity tail and do not have the signal-
to-noise ratio to detect any such tail in our lines.

3.3. SQ C: Star-forming Tidal Dwarf Galaxies?

Region C in Figure 3 lies to the west of region B and is the
site of a number of candidate TDGs listed byMendes de Oliveira
et al. (2001), who isolated them on the basis of H� emission.
Lisenfeld et al. (2002) did not detect CO emission from any of
these candidates in IRAM 30m observations targeted at them and
at a few nearby local H imaxima. Our single BIMA pointing cov-
ers the entire region and places an upper limit of 25 mJy beam�1.
Although in this area there are indeed a number of star clusters
coincident with the H�-emitting regions (see the analysis of the
data of Gallagher et al. [2001] by Lisenfeld et al. [2002]), in the
absence of any kinematically distinct component of the ISM,

Fig. 5.—Individual 12CO J ¼ 1–0 and H i spectra for the four regions discussed in the text. The solid lines show the CO data from this study, and the dashed lines
show the H i data fromWilliams et al. (2002). The left axis labels correspond to the CO, and the right axis labels apply to the H i spectra. Top left, Nondetection of the SQ
tip region shown in Lisenfeld et al. (2004); top right, weaker emission region to the northwest of the tidal tail in the IGM (SQBNW); bottom left, peak in the southeast of
the tidal tail (SQB SE); bottom right, central emission peak on the tidal tail (SQB). Note that there is significant H i emission in SQB SE; it is just scaled down in order to
show the H i emission in region SQB and region SQ tip with the same vertical scale.
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no strong case can be made for TDGs in the western side of
HCG 92.

3.4. Arc-N: Star Formation without an Optical Tail?

The Arc-N region (Williams et al. 2002) is an H i–rich gas-
eous tail that is likely the result of the gas in the parent galaxies
(NGC 7319, NGC 7318a, and NGC 7318b) being stripped out
by the rapid passage of NGC 7320c through the system. Recent
GALEX images show UV emission originating from various
regions within theArc-N area (Xu et al. 2005). Thus, the strength
of this emission is indicative of star formation rates on the order
of 0.3 M� yr�1.

Again, despite the evidence of ongoing star formation and an
abundance of H i emission, we do not detect any significant CO
emission in this region. Our seven-point mosaic covered all the
H i emission (Williams et al. 2002) and star formation regions
detected byGALEX (Xu et al. 2005) and reached a sensitivity of
39 mJy beam�1. We discuss the mass detection limits in x 4.

4. FLUXES AND MASS ESTIMATES

4.1. Region B

We detect three emission regions within the BIMA primary
beam around the tidal tail in HCG 92. The flux for each clump in

Fig. 6.—Individual 12CO J ¼ 1–0 spectra for the four emission regions discussed just outside the primary beam in the old tail. The solid lines show the CO data from
this study, and the dashed lines show the H i data from Xu et al. (1999). The left axis labels correspond to the CO, and the right axis labels apply to the H i spectra.

TABLE 3

Old-Tail Line Parameters

Label

R.A.

(J2000.0)

Decl.

(J2000.0)

Area

(arcsec2)

Flux

(Jy km s�1)

FWHM

(km s�1)

V

(km s�1)

Mgas

(M�)

Mvir

(M�)

SQOT 1........ 22 36 11.3 33 56 20 14 ; 10 1.8 � 0.3 15.2 6636 2.2 ; 108 <1.1 ; 108

SQOT 2........ 22 36 08.8 33 56 23 14 ; 12 2.8 � 0.4 21.0 6636 3.5 ; 108 <2.1 ; 108

SQOT 3........ 22 36 07.6 33 56 34 10 ; 10 0.9 � 0.3 9.9 6629 1.1 ; 108 <0.5 ; 108

SQOT 4........ 22 36 07.4 33 56 43 8 ; 8 1.4 � 0.3 16.4 6635 1.7 ; 108 <1.3 ; 108

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
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regionB is shown inTable 2. ThemainCOpeak on the tidal tail has
also been recently detected by Lisenfeld et al. (2004) using the
IRAM interferometer. They detect a flux of 4:4 � 1:0 Jy km s�1

for this region,which agreeswith our value of 3:8 � 0:4 Jy kms�1.
The IRAM 30 m telescope detects 5.2 Jy km s�1 (Lisenfeld et al.
2002; assuming a Jy-K conversion factor of 4.7). Thus, the flux we
detect with BIMA is approximately 70% of the single-dish flux,
suggesting that 30% of the molecular gas structures are on scales
larger than approximately 800.

Lisenfeld et al. (2004) also detect weak emission at the tip of
the tidal tail, which is too faint to be detected in our data. In
addition, the IRAM30mmaps do not extend far enough to cover
the two weaker emission peaks in the tidal tail region (SQB NW
and SQB SE), so we cannot determine what spatial scales
dominate the molecular gas distribution.

To calculate the mass for each clump, we summed the flux
over a box that covered the emitting regions. The size of the
boxes used is given in column (4) of Table 2. The mass is cal-
culated using the equation

Mmol(M�) ¼ 1:61 ; 104
�

�Gal

� �
d 2
MpcSCO; ð1Þ

where �/�Gal is the CO-to-H2 conversion factor relative to
the Galactic value [�Gal ¼ 3 � 1ð Þ ; 1020 cm�2 (K km s�1)�1;
Scoville & Sanders 1987], dMpc is the distance to Stephan’s
Quintet in Mpc, and SCO is the 12CO J ¼ 1–0 flux in Jy km s�1.
A factor of 1.36 is included to account for the presence of helium.

Assuming a distance of 88Mpc (forH0 ¼ 75 km s�1 Mpc�1),
we obtain a molecular mass for the central CO peak of 4:7 ;
108 M�, assuming a Galactic CO-to-H2 conversion factor. If the
molecular gas in SQB is similar in its properties to the giant mo-
lecular clouds in theMilkyWay, then we can assume that most of
the mass is in clouds�106 M�. In this case, SQB likely consists
of�102 clouds of that mass, which are the precursors to the for-
mation of OB associations. In fact, the H� imaging of HCG 92
by Iglesias-Paramo & Vilchez (2001) shows that the location of
SQB is the only spot in the tidal arm with any H� emission.

4.2. Regions A, C, and N

We did not detect any CO emission in our observations of
regions A, C, and N. In region A our observations reached a noise
level of 21 mJy beam�1, while in region C we reached a noise
level of 25 mJy beam�1. Assuming that a minimal real detection
would be spatially unresolved, with velocity width equal to three
continuous velocity channels, we would be unable to detect fea-
tures more massive than 3:9 ; 107 M� in region A and 4:6 ;
107 M� in region C.

The rms noise reached in the Arc-N region was higher because
the sensitivity was spread over seven fields instead of concentrat-
ing on a single field, as we did in the other regions. The final maps
cover an effective area of 18000 and reach an rms of 39mJy beam�1.
At a distance of 88 Mpc, this corresponds to an upper mass of
7:3 ; 107 M�.

At these mass limits, we can rule out supergiant molecular
clouds such as those observed in the Antennae (Wilson et al.
2003) as the source of the star formation, since the supergiant
clouds generally have masses of about 108 M�. It thus seems
most likely that regular giant molecular clouds are the source of
the ongoing star formation observed in these three regions.

As discussed in x 3.1, our lack of detections in region SQA,
despite the strong flux detected in this regionwith the IRAM30m
(Lisenfeld et al. 2002), suggests that the molecular gas in SQA

either is diffuse or exists in more than two clumps separated by
more than 3.4 kpc.

5. DISCUSSION

5.1. Are These Clouds Self-gravitating?

To determine whether this object is gravitationally bound, we
can compare the mass determined by the flux with what we
would expect from the line width if the object is in virial equi-
librium. If the object is virialized, then its mass can be deter-
mined from the following equation:

Mvir(M�) ¼ 99V 2
FWHMDpc; ð2Þ

where VFWHM is the FWHM of the spectral line and D is the
cloud diameter [given by 0.7(D� þ D�), where D� and D� are
the molecular cloud diameters along the east-west and north-
south directions, respectively, in pc; see Wilson 1995] for a
cloud with a density profile that varies as r 3/2. Assuming a
marginally resolved cloud in our map, we obtain a diameter of
4800 pc. A Gaussian fit to the line profile gives a FWHM of
20.3 km s�1, yielding a virial mass of 2:0 ; 108 M�. For the
other two clouds, we assume the same diameter (unresolved),
but adopt the FWHM line widths given in Table 2 to calculate
the virial mass. The results are shown in Table 2, column (9).

Since the molecular mass of SQB determined from the CO
flux is greater than the mass derived from the line width for a
virialized cloud, it is likely that this object is massive enough to
be self-gravitating. Thus, this object likely represents a long-
lived clump that should survive (given its current star formation
rate of 0.3–0.5M� yr�1; Xu et al. 2005; Lisenfeld et al. 2004) for
at least a few times 108 yr.

One objection to this simple picture has been raised byHibbard
& Barnes (2004), who argue that the kinematics observed in
TDGs may not necessarily arise from the gravitational potential
of the TDGs, but rather from the flow of gas along tidal arms as a
result of the galaxy-galaxy interactions. In this view, the dense
concentrations of gas seen in TDGs may be a chance alignment
of our line of sight along a segment of a tidal arm, yielding a large
column density of gas, but not a large volume density. Although
these authors cast doubt on the reality of many TDGs, they
concede that such objects are expected to form in tidal arms.
Hibbard &Barnes (2004) argue that the best possible situation in
which to determine the dynamical mass (and hence reality) of a
TDG occurs when the viewing geometry is face-on with respect
to the tidal arms.

In the case of Stephan’s Quintet, the geometry is difficult
to determine. Comparing with previously published interaction
models, Sulentic et al. (2001) suggest that the specific interaction
that created the more prominent, younger tidal tail coming from
NGC 7319 was a low-velocity one, with a low inclination with
respect to the disk of NGC 7319. Unfortunately, the disk of NGC
7319 is gas-poor, and no kinematic estimates of its inclination
are available in the literature. The visual appearance of NGC
7319 and its tidal arm suggest that both lie close to the plane of
the sky, nearly face on. Our estimates of the dynamical masses
are likely at the lowest possible risk for being affected by poor
viewing geometry.

The strong CO flux suggests that the molecular gas in this
cloud is optically thin (which is supported by the high 12CO/13CO
ratio reported by Lisenfeld et al. [2004]). At first glance this is not
surprising—the first gas to be stripped off during an encounter
should be the outer gas, which in spiral galaxies is most often at
lower metallicities. However, spectroscopy by Lisenfeld et al.
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(2004) has shown the oxygen abundance (12þ log O/H) to be
8.7, nearly equal to the solar value. This is high for the outer
regions of typical spiral galaxies and high for other TDGs (Duc
et al. 2004). Since HCG 92 is believed by many authors to have
been the site of repeated encounters, it is possible that by the time
the ‘‘young tail’’ was formed all the gas from the outer regions
had already been stripped away. The gas we observe in SQBmay
therefore be from the interior of NGC 7319. The two cloud
candidates identified in the old tail, OT1 and OT2, if real, are
more likely to be from the outer regions of their parent galaxy.

If the gas is optically thin, but a lowmetal abundance is not the
reason, it is likely that this state is caused by the influence on the
ISM of the prominent star-forming region in SQB. This idea was
proposed by Lisenfeld et al. (2004) to explain the high 12CO/13CO
ratio they observed. It is consistent with recent estimates of the
star formation rate, which range from 0.5 (Lisenfeld et al. 2004)
to 0.3 M� yr�1 (Xu et al. 2005).

For some nearby starburst galaxies it has been argued that the
low opacity of the CO emission could cause a reduction in the
CO-to-H2 conversion factor (�/�Gal; e.g., Harrison et al. [1999],
among others). If true, this means we are overestimating the
molecular mass. This would lead to our molecular mass being an
upper limit and would make our arguments about the gravita-
tionally bound nature of SQB weaker.

5.2. CO-H2 Conversion Factor Limits

Adopting the method used byWilson (1995), we can estimate
the CO-to-H2 conversion factor (�/�Gal) by assuming the clouds
are virialized, then seeing what value of �/�Gal is needed to
equate the virial mass to the molecular mass. Since the clouds in
this study are not resolved, we are able to place constraints only
on �/�Gal.

For unresolved clouds, our virial mass is an overestimate. Our
molecular mass is also likely to be an overestimate, but to a lesser
degree. To calculate �/�Gal, we set equation (1) equal to equa-
tion (2) and solve for �/�Gal. More simply put, � /�Gal ¼
Mvir/Mm;Gal, where Mm,Gal is the molecular mass determined by
assuming a Galactic value for �/�Gal. This yields values of �/
�Gal of 0.4,<0.4, and<1 for the clouds SQB, SQB SE, and SQB
NW, respectively. Despite the nearly solar metal abundance,
there is at lease some evidence for a non-Galactic value of�/�Gal

in CO emission in the tidal arms of HCG 92.

6. SUMMARY

We present the first complete high-resolution study of mo-
lecular gas in Stephan’s Quintet. Our observations are centered
on all major overlap regions in this interacting system in order to
study the tidal dwarf galaxy population and the conditions result-

ing in the intracluster star formation activity observed at other
wavelengths.
The wide field of view of the BIMA array enables us to detect

seven separate clumps of molecular gas in the new and old tidal
tails to the east of Stephan’s Quintet. One of these clumps has
already been studied with the Plateau de Bure interferometer
by Lisenfeld et al. (2004), but the remaining six clumps are new
detections. Of these six, two are well within the primary beam
and likely correspond with the bright new tidal tail to the east of
Stephan’s Quintet. The remaining four detections are tentative de-
tections at or just beyond the primary beam and coincide (spatially
and in velocity) with the old-tail region of Stephan’s Quintet.
All but one of the CO clumps associated with the new and old

tails correspond well with the velocity and distribution of the H i

observation of Williams et al. (2002). They also correspond well
spatially with the evidence of ongoing star formation discovered
by recent GALEX observations (Xu et al. 2005). One of the
clumps in the new tail (SQB NW), however, does not seem to
have any corresponding H i emission, but there is evidence of
star formation seen in UV images of this region. The nature of
this region is a bit of a mystery andwill need to be studied further
at other wavelengths.
Adopting a Galactic CO-to-H2 conversion factor, we estimate

the molecular masses for these clumps to be on the order of
(1 5) ; 108 M�. The line widths for these regions suggest virial
masses of approximately 50% of the molecular mass, suggesting
that these clouds are gravitationally bound, nontransient objects.
Our data show some evidence that the Galactic value of the CO-
to-H2 conversion factor is not appropriate in this nearly solar
metallicity region.
In all other regions we did not detect any significant CO

emission. This is somewhat surprising, since the IRAM 30 m
observations by Lisenfeld et al. (2002) showed strong CO emis-
sion in the intracluster starburst region (SQA). Our observation
of SQA reached a sensitivity of 21 mJy beam�1 (at 5 km s�1

velocity resolution), corresponding to a mass sensitivity of 3:9 ;
107 M� (for an unresolved source). Our lack of detection sug-
gests that the molecular ISM in this starburst consists of either a
diffuse gas or at least three clumps separated by over 3 kpc.
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