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ABSTRACT

We report the discovery of active star formation in the H 1 cloud associated with the interacting Seyfert
system NGC 3227/3226 that was originally identified as a candidate tidal dwarf galaxy (TDG) by Mundell et al.
and that we name J1023+1952. We present broadband optical B, R, I (from the Isaac Newton Telescope), and
ultraviolet images (from XMM-Newton) that show that the H 1 cloud is associated with massive ongoing star
formation seen as a cluster of blue knots (Mp < —15.5 mag) surrounded by a diffuse ultraviolet halo and
cospatial with a ridge of high neutral hydrogen column density (N ~ 3.7 x10?! ¢cm~?) in the southern half of
the cloud. We also detect Ha: emission from the knots with a flux density of Fi, ~ 2.55x 107 ergs s™! cm ™2
corresponding to a star formation rate of SFR(Hay) ~ 10.6 x 1073 M yr~!. J1023+1952 lies at the base of the
northern tidal tail, and, although it spatially overlaps the edge of the disk of NGC 3227, Mundell et al. showed
that the H 1 cloud is kinematically distinct with an H 1 mean velocity 150 km s~! higher than that of NGC 3227.
Comparison of ionized (Ha) and neutral (H 1) gas kinematics of the cloud shows closely matched recessional
velocities, providing strong evidence that the star-forming knots are embedded in J1023+1952 and are not merely
optical knots in the background disk of NGC 3227, thus confirming J1023+1952 as a gas-rich (My/Lg > 1.5)
dwarf galaxy. No star formation is detected in the northern half of the cloud, despite similar H 1 column densities;
instead, our new high-resolution H 1 image shows a ridge of high column density coincident with the reddest
structures evident in our B — I image. We suggest that these structures are caused by the background stellar
continuum from the disk of NGC 3227 being absorbed by dust intrinsic to J1023+1952, thus placing J1023+1952
in front of NGC 3227 along the line of sight. We discuss two scenarios for the origin of J1023+1952: as a third,
preexisting dwarf galaxy involved in the interaction with NGC 3227 and NGC 3226, or as a newly forming dwarf
galaxy condensing out of the tidal debris removed from the gaseous disk of NGC 3227. The first scenario is
feasible given that NGC 3227 is the brightest member of a galaxy group, an environment in which preexisting
dwarf galaxies are expected to be common. However, the lack of a detectable old stellar population in J1023+
1952 makes a tidal origin more likely. If J1023+1952 is a bound object forming from returning gaseous tidal tail
material, its unusual location at the base of the northern tail implies a dynamically young age similar to its star
formation age, and suggests it is in the earliest stages of TDG evolution. Whatever the origin of J1023+1952, we
suggest that its star formation is shock-triggered by collapsing tidal debris.

Subject headings: galaxies: dwarf — galaxies: individual (NGC 3227) — galaxies: interactions —
galaxies: Seyfert

Online material: color figures

1. INTRODUCTION

The importance of collisions between galaxies as a key
driver of galaxy formation and evolution is well recognized,
with the galaxy merger rate being higher in the early universe
(Burkey et al. 1994; Struck 1999) and galaxies undergoing sev-
eral interactions, of varying strengths, in their lifetime. Dwarf
galaxies in particular are thought to play an important role in
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galactic formation and evolution, but the origin of today’s
dwarfs galaxies is still debated. Cold dark matter hierarchical
models invoke the merger of small dark matter halos formed in
the early universe to produce larger galaxies, while alternative
“downsizing” models suggest that large galaxies formed first
via collapse of primordial gas clouds, and smaller galaxies
were created later, perhaps through tidal interaction (Cowie
et al. 1996; Hunter et al. 2000). Indeed, as many as one-half
of the current dwarf galaxy population of compact groups
could have formed from the interaction of giant spiral galaxies
(Hunsberger et al. 1996).
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Tidal forces between interacting galaxies redistribute ga-
lactic material, producing extensive stellar and gaseous tidal
tails (e.g., Toomre & Toomre 1972; Barnes & Hernquist 1992;
Mihos 2001); tidal dwarf galaxies (TDG) are small, gas-rich
galaxies formed from gas removed from the progenitor gal-
axy disks either as coherent gas clouds ejected during the
encounter (Elmegreen et al. 1993) or via the gravitational col-
lapse of tidal debris (Zwicky 1956; Duc et al. 2000). As nearby
galaxies in the process of formation, TDGs offer an important
laboratory to study the ongoing processes of galaxy evolution
and the link with tidal interaction, but to date only a small
number have been confirmed and studied in detail (e.g., Braine
et al. 2001).

NGC 3227 is a nearby Seyfert galaxy that is interacting with
a gas-poor dwarf elliptical companion NGC 3226. Neutral
hydrogen (H 1) imaging of the system (Mundell et al. 1995)
revealed tidal tails extending 2100 kpc north and south of
the disk of NGC 3227 and well-ordered gas in the disk of
NGC 3227; no H 1 was detected in NGC 3226. In addition to
the tidal tails, Mundell et al. (1995) discovered a 10® M_, cloud
of H 1 close to, but physically and kinematically distinct from,
the galactic disk of NGC 3227. They concluded that this cloud
was either a third galaxy in the interacting system being ac-
creted by NGC 3227 or that it represented gas stripped from the
disk of NGC 3227 and therefore was a candidate tidal dwarf
galaxy.

Here we present new ground-based broadband BRI and
narrowband Ha + [N 1] optical imaging, ultraviolet contin-
uum imaging taken with the optical monitor on board XMM-
Newton, and high angular resolution 21 ¢cm (H 1) imaging of
this candidate tidal dwarf galaxy, named hereafter J1023+
1952. We also present two-dimensional Ha ionized gas kin-
ematics of this object and compare them with the H 1 kin-
ematics. We assume a distance to the NGC 3227 system of
20.4 Mpc (Tully 1988); 1” therefore corresponds to 99 pc.

2. OBSERVATIONS AND REDUCTION
2.1. 21 cm H 1 Emission

The 21 cm neutral hydrogen emission from the NGC 3227
system was imaged on 1995 November 26 and 30 using the
Very Large Array (VLA) in B configuration. The total on-
source observing time was 10.5 hr, and data editing, calibra-
tion, and analysis followed standard methods (e.g., Mundell
et al. 1999). The final calibrated image cube has 1”5 pixels, a
circular restoring beam size of 6”3 (624 pc), a velocity reso-
lution of 10.3 km s~ !, and an rms noise per channel of 0.3 mJy
beam~'. Moment analysis (e.g., Mundell et al. 1999) was
performed on the image cube to isolate H 1 emission from the
cloud J1023+1952, which is spatially and kinematically dis-
tinct from that of the disk of NGC 3227, and to derive images
of the integrated H 1 intensity (Fig. 1) and velocity structure of
the cloud (§ 3.4).

2.2. Optical Continuum Imaging

NGC 3227 was imaged on 2000 February 5 with the Wide
Field Camera (WFC) at the 2.5 m Isaac Newton Telescope
(INT) located on La Palma, Canary Islands. The WFC has a
pixel scale of 0733 per pixel. We obtained B, R, and I images of
three 1000 s, two 500 s, and three 300 s exposure times, re-
spectively. The seeing was ~1”. Because of partial cloud cover
through the night the final photometry was derived from
values given for NGC 3227 in McAlary et al. (1983). The data

reduction was carried out using standard IRAF tasks (e.g.,
T. Miles et al. 2004, in preparation). The B-band image of the
interacting system is shown in Figure 3a; Figure 35 shows a
close-up of the B-band image in the region of J1023+1952
with H 1 emission overlaid in contours.

2.3. Ha Imaging and Spectroscopy

Narrowband Ho observations of NGC 3227 were obtained
using the 4.2 m William Herschel Telescope (WHT) on La
Palma. The TAURUS filter centered at 6589 A, with width
15 A, was used for a 600 s exposure; R-band continuum data
were used for the continuum subtraction (N. Loiseau et al., in
preparation). The pixel size is 0728. The quoted flux was the
sum of the fluxes measured through four circular apertures
centered on the Ha-emitting regions cospatial with J1023+
1952 (Table 2) using the GAIA package.

Ha spectroscopic images were obtained using the wide-
field Fabry-Perot interferometer TAURUS-2® on the WHT
(N. Loiseau et al., in preparation). After reduction and wave-
length calibration the resulting data cube had dimensions of
500 x 500 x 60 pixels, a pixel size of 0754 pixel™!, and
channel separation of 14.1 km s~!. The channel maps were
combined to produce the Ha velocity field (§ 3.4).

2.4. Ultraviolet Continuum Imaging

We obtained archival ultraviolet images taken on 2000
November 28 (PI: F. Jansen) with the optical monitor on XMM-
Newton in the UVM2 (J, ~ 2298 A, AL ~ 439 A) and UVW1
(Je ~ 2905 A, AJ ~ 620 A) filters (see Mason et al. 2001). The
exposure time for each filter was 1 ks, the pixel size is 0795,
and the data were processed using SAS version 5.4. Measured
counts in each filter were converted to flux units using a value
averaged over different spectral types as listed in § 7.1.2.8
(Method 2 by Breeveld) in the SAS Watchout documentation.”

2.5. Infrared Continuum Imaging

Infrared images in the J, H, and K bands were obtained
using the 1-5 pm imager-spectrometer UIST on the UK In-
frared Telescope (UKIRT) in imaging mode on 2003 May 25.
Exposures were taken with the 180" field of view (0712 pixels)
centred on the location of J1023+1952 and with total inte-
gration times of 2220, 2220, and 3360 s in the J, H, and K
bands, respectively. Data reduction was performed using the
ORAD-DR pipeline. Infrared emission was detected from the
edge of the disk of NGC 3227, but no infrared emission was
detected coincident with J1023+1952.

3. DUST, GAS, AND STARS IN J1023+1952
3.1. 21 cm H 1 Emission

Figure 1c shows the high angular resolution image of the
integrated H 1 emission from J1023+1952; the distribution of
H 1 in the NGC 3227 system at lower resolution, taken from
Mundell et al. (1995), is shown in Figures la and 1b. J1023+
1952 has an H 1 size of ~90” x 60" (8.9 x 5.9 kpc), and sig-
nificant structure is evident within the cloud with two
prominent ridges of high Ny lying along P.A. ~ 0° in the
northeast and P.A. ~ 120° in the southwest regions, hereafter
called the northern and southern ridges. More diffuse emission

3 Seehttp://www.ing.iac.es/Astronomy/observing /manuals/html_manuals/
wht_instr/taurus /taurus.html.
4 See http://xmm.vilspa.esa.es/external xmm_sw_cal/sas.shtml.
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Fic. 1.—(a) VLA D-configuration H 1 image (zeroth moment) of the NGC 3227 system (from Mundell et al. 1995). The angular resolution is 60”7 x 58”2, and the
location of NGC 3226 is indicated by the plus sign. (b) VLA C-configuration H 1 imaging that resolved H 1 emission from the disk of NGC 3227 and the “H 1 cloud”
(Mundell et al. 1995). The angular resolution is 20”5 x 18”3. (¢) New B-configuration image of integrated hydrogen emission from the dwarf candidate, J1023+1952.

The angular resolution is 6”3 x 6”3, and contour levels correspond to column densities N = (0.4,1.2,2.1,2.9,3.7) x 10?' cm~2. Peak Ny = 4.0 x 10?! cm
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Fic. 2.—Three-color image of the NGC 3227/3226 system. B, R, and [
images are in blue, green, and red channels, respectively. Contours of H 1
emission from J1023+1952 are overlaid in white.
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extends to the northeast and connects to the northern tidal tail
reported by Mundell et al. (1995). Column densities in
J1023+1952 are in the range of ~4x 102 < Ny< 4.0 x
10%' cm~2 (or 0.4 < A < 3.4 mag); the northern and southern
ridges have similar Ny with the peak Ny occurring in the
southern ridge (Fig. 1¢). H 1 emission is detected over the
heliocentric velocity range 1188—1336 km s~!' with a full
width at 20% intensity of the integrated H 1 profile of W5y ~
120 km s~'. These H 1 properties are consistent with those
measured by Mundell et al. (1995) from the lower resolution
(~20") C-configuration data set; the integrated H 1 emission
measured from our new H 1 data is ~12% lower than that
measured by Mundell et al. (1995)—a discrepancy that may
be due to the inclusion of a small amount of faint extended
emission from tidal tail gas in the value quoted by Mundell
et al. (1995). Since the difference is small, we use the H 1 mass
taken from Mundell et al. (1995) as an upper limit; correcting
to a distance of 20.4 Mpc, the H 1 mass of J1023+1952 is
therefore My ~ 3.8 x10% M.

3.2. Optical Continuum Emission

Figure 2 shows the combined BRI three-color image of the
NGC 3227 system; continuum emission from NGC 3227 and
NGC 3226 dominates the image, and the two galaxies appear
connected by a tidal arm curving counterclockwise from the
southern point of the NGC 3227 disk to NGC 3226. A string
of blue optically emitting knots can be seen ~70" (~7 kpc)
west of the nucleus of NGC 3227; the string extends over
~27" (~2.7 kpc) along P.A. ~ 120°. Complex dust patches
are also evident around and to the northeast of the string of
knots.

The blue knots and dust structures are prominent in the
B-band image (Fig. 3a); as can be seen in Figure 35, the dust
is cospatial with the H 1 cloud J1023+1952 and, in particular,

HI Contours ‘AB mag)

Fic. 3.—(a) INT B-band image; the location of H 1 cloud J1023+1952 and string of newly discovered blue knots are indicated. (») Contours of H 1 emission from
J1023+1952 overlaid on B-band image showing a close correspondence between the high column density H 1 ridges and the string of blue knots and dust patch.
Contours correspond to Ny converted to magnitudes of optical B-band extinction assuming a Galactic extinction law (Staveley-Smith & Davies 1987).
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Fic. 4—INT B — [ image, corrected for Galactic extinction, with H 1
contours overlaid. The color scale in magnitudes is indicated at the top of the
image; no correction for intrinsic extinction has been applied. The H 1 contour
levels correspond to A = 0.4, 1.4, 2.4, and 3.4 mag (as in Fig. 3b).

the structure of the H 1 northern ridge closely matches that
of the dust seen in the B-band image. In the southern half
of J1023+1952 the string of blue knots coincides with the
southern H 1 ridge.

The B — I color map in Figure 4 shows the dust structure
and blue knots more clearly and, although no correction for
intrinsic extinction has been applied, illustrates that the knots
are bluer than any of the star formation regions in the disk of
NGC 3227. Similarly the reddest region in J1023+1952, co-
incident with the northern H 1 ridge, is redder than the rest
of the NGC 3227 disk at this radius; comparable reddening
in NGC 3227 is only seen concentrated along the known
bar close to the nucleus. The lack of stellar continuum in
the northeast of J1023+1952 and the close correspondence
between H 1-inferred values of Ag (~2.4 mag) and B — I color
(~3 mag) in this region suggest that there is a significant
quantity of dust intrinsic to J1023+1952 that is absorbing
background stellar continuum emission from NGC 3227; we
therefore suggest that the northern half of J1023+1952 is lo-
cated in front of NGC 3227 along the line of sight. Numerical

Vol. 614

Fic. 5.—INT B-band image; apertures used to measured photometry of
knots in BRI images as listed in Table 1. Aperture 6 has a major axis extent of
29". [See the electronic edition of the Journal for a color version of this figure.)

simulations of this interacting system could help to identify
projection effects but are beyond the scope of this paper.
Table 1 lists the optical photometric parameters of the knots
measured from the B, R, and / images; the measurement ap-
ertures, listed in columns (1) and (2), are shown in Figure 5.
Columns (3)—(5) list the measured B, R, and / magnitudes in the
given apertures, column (6) gives the (B — I) color corrected
for Galactic extinction only, and column (7) lists the corre-
sponding Mp calculated using a distance modulus |m — M| =
31.57 (Tully 1988) and including correction for Galactic ex-
tinction. The tabulated values of Mp represent lower limits as
the intrinsic extinction is not known but is likely to be high.
As can be seen from Figure 35, although the depth of the star
formation knots in the cloud along the line of sight is not known,
the average intrinsic extinction could be as high as 43 ~ 2 mag,
resulting in a total Mz ~ —15.5 mag, typical of tidal dwarf gal-
axies (e.g., Duc et al. 2000; de Oliveira et al. 2001). Column (8)
shows the (B — I'), color corrected for Galactic extinction and
additional intrinsic extinction corresponding to Ag = 2 mag.

3.3. Ultraviolet Continuum Emission

Figure 6 shows XMM-Newton ultraviolet images in the
UVM2 and UVWI filters of the NGC 3227 system. The
blue knots in J1023+1952 are still prominent at ultraviolet

TABLE 1
BRI APERTURE PHOTOMETRY

Aperture Diameter B R 1 B-1) Mp B—-1),

ID (aresec) (mag)  (mag)  (mag) (mag) (mag) (mag)
M @ ©) @) ®) (©) O ®
3.46 20.67 19.75 19.49 1.13 —11.0 0.03

4.58 19.89 19.16 18.63 1.21 —11.8 0.11

4.49 21.30 20.13 19.53 1.72 —-10.4 0.62

2.97 21.69 20.47 19.86 1.78 —10.0 0.68

6.14 20.74 19.54 18.80 1.89 -10.9 0.79

29.1% 18.16 16.98 16.48 1.63 —13.5 0.53

Note.—See Fig. 5 for apertures.
* Ellipse eccentricity is 0.83.
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2450 — 3200 A

Fi6. 6.—XMM-Newton ultraviolet images of the NGC 3227 system in the (a) UVM2 filter with H 1 contours overlaid and () UVW!1 filter. Flux density scales are

given in units of (a) 107'¢ ergs s™! A~! cm™2? and (b) 107" ergs s~' A~! ecm

wavelengths and, as can be seen in Figure 6a, are surrounded
by a halo of diffuse UV emission that is coincident with the
southern half of J1023+1952; comparable diffuse UV emis-
sion is markedly absent from the northern half of J1023+1952.
The knots are also clearly detected at shorter wavelengths in
the less-sensitive UVM?2 image (Fig. 6b). The total lumi-
nosity Lyy (ergs s~' A™") of J1023+1952 in each filter is
listed in Table 2. The H 1 distribution and Ny in the northern
and southern H 1 ridges in J1023+1952 are similar, leading to
the conclusion that the absence of UV continuum emission
from the northern half of J1023+1952 is due to an intrinsic
lack of star formation in this region rather than obscuration

TABLE 2
DErRIVED PROPERTIES FOR J1023+1952

Parameter Value
@ (J2000) ..o 10"23m2635
6 (J2000)....... 19°52'070
H 1 Diameter . 8.9 kpc
My o 3.8x 108 M,
Systemic Velocity ~1270 km s~!
IV ceveeeeeieeeeesesieee e 120 km s~
Dynamical Mass Mp.... 3.6 x 10° M,
Star Formation Extent.. 2.7 kpe
2Total Mg ...coeueeerernnnne . —13.5 mag
Ho Equivalent Width.................. 283 A
ATotal Fg ceverereeerereeeereeerereeenenns 2.55% 107 ergs s7! cm™2
2Total Ly, .. 1.35x 10% ergs s~
2Total Lg 3.9% 107 L

#Total L22905 .................................
#Total L0098 ceuveveneiriiieiiienieniene

5.6x10% ergs s A1
7.5%10% ergs s~! A~!

# Uncorrected for extinction.

effects, and therefore vigorous star formation is isolated to the
southern half of J1023+1952.

3.4. Ho Emission and Kinematics

The presence of hot young stars in the south of J1023+1952
is further implied by the detection of Har emission from the
blue continuum-emitting knots. Figure 7 shows the narrowband

J1023+1952

NGC 3227

Fic. 7—WHT narrowband Ha image of the NGC 3227 system. H 1 con-
tours of J1023+1952 are overlaid. [See the electronic edition of the Journal for
a color version of this figure.]
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Fic. 8.—TAURUS Ha velocity field (color) of the NGC 3227 system. H 1 isovelocity contours for J1023+1952 are superimposed in white and labeled in units of

km s~

Ha image of the system in which Ha emission from the ac-
tive nucleus and from star-forming regions in the disk and bar
of NGC 3227 is evident; Ho emission coincident with the
blue knots is indicated. The total measured Ho flux is 2.55 x
10~ ergs s~! em~2 corresponding to a star formation rate (after
Kennicutt 1998) of SFR ~ 10.6 x 1073 M, yr~! that is uncor-
rected for intrinsic extinction.

The ionized gas kinematics, derived from the TAURUS
Fabry-Perot cube, are shown in Figure 8 along with the H 1
kinematics. The velocities of the Ha knots lie in the range
1210-1348 km s~! and are higher than those in the disk of
NGC 3227 suggesting that they are kinematically distinct.
The corresponding H 1 velocities measured from the H 1 line
profile at the location of the Har knots are 1290 + 46 km s/,
closely matching those of the Ha. This strongly suggests
that the star-forming knots are embedded in J1023+1952 and

are not merely optical knots in the background disk of
NGC 3227.

3.5. Infrared Continuum Emission

No infrared emission was detected coincident with J1023+
1952. Infrared emission was detected, as expected, from the
edge of the disk of NGC 3227 providing a consistency check
on the telescope pointing position. The lack of IR emission
implies that the star formation knots are too young and blue to
produce detectable IR emission and that there is no prominent
old stellar population. The 1 ¢ limiting surface brightness sen-
sitivity for a 1 hr exposure at the K band is 22.8 mag arcsec?;
integrating across the H 1 area of J1023+1952 and using rela-
tions in Campins et al. (1985) and Thronson & Greenhouse
(1988) for absolute K-band calibration and near-infrared
mass-to-light ratios in galaxies, we infer an upper limit



No. 2, 2004

to the old stellar population of My < 9.4x10% M. for
J1023+1952.

4. DISCUSSION

The results presented in this paper and the H 1 kinematics
presented by Mundell et al. (1995) demonstrate that J1023+
1952 is physically and kinematically distinct from the disk of
NGC 3227 and lies in the foreground between us and the back-
ground disk of NGC 3227. The close correspondence between
the Ha and H 1 velocities provides strong evidence that the star-
forming knots are embedded in J1023+1952 and are not merely
optical knots in the background disk of NGC 3227, confirming
the suggestion of Mundell et al. (1995) that this H 1 cloud is a
dwarf galaxy. Here we discuss the possible origin of this dwarf
galaxy as either a third, preexisting dwarf galaxy involved in
the interaction with NGC 3227 and NGC 3226 or a newly
forming dwarf galaxy condensing out of the tidal debris re-
moved from the gaseous disk of NGC 3227. Whatever the
origin of J1023+1952, we suggest that we are witnessing
shock-triggered star formation in infalling tidal material and
that this may provide a mechanism for the formation of young
extragalactic/intracluster H 11 regions.

4.1. J1023+1952—Preexisting Dwarf or Young
Tidal Dwarf Galaxy?

One scenario for the origin of J1023+1952 is that it is
a preexisting dwarf galaxy involved in the interaction with
NGC 3227 instead of, or in addition to NGC 3226; as sug-
gested by Mundell et al. (1995), in this scenario the tidal forces
in a prograde encounter would have caused the northern tail
to be extracted from J1023+1952 and the southern tail to be
extracted from NGC 3227, in a manner similar to other known
encounters in which two gas-rich galaxies interact and each
galaxy develops one tidal tail (e.g., Toomre & Toomre 1972).
NGC 3227 is the brightest member of a galaxy group vari-
ously classified to contain between 4 and 13 members (Huchra
& Geller 1982; Garcia 1993; Ramella et al. 1997); in this wider
group environment in which galaxy evolution is ongoing, it
is not unreasonable to expect to find preexisting dwarf gal-
axies (Zabludoff & Mulchaey 2000).

Alternatively, J1023+1952 may be newly formed from
tidal debris stripped from the disk of NGC 3227; the presence
of blue optical knots along tidal tails in interacting galaxy
systems has long been recognized as an indication that con-
densations of tidal debris, ejected during an interaction, might
evolve into dwarf galaxies (e.g., Zwicky 1956; Schweizer 1978;
Mirabel et al. 1992). Indeed, a chain of star formation knots,
with similar optical properties to J1023+1952, is observed
in the TDG at the end of the southern tidal tail in NGC 4038/
4039 (Mirabel et al. 1992).

The blue colors, large Ha equivalent widths, and the pres-
ence of ultraviolet emission in J1023+1952 suggest that star
formation is dominated by hot young stars, in particular late-
Olearly-B stars with lifetimes less than 10% yr. Comparison
of our measured UV luminosities with those predicted by
Starburst99 models (Leitherer et al. 1999) for an instantaneous
burst of star formation (including nebular continuum) suggests
a starburst age less than 10 Myr for the knots in J1023+1952;
the high Hor equivalent width of ~283 A is also consistent with
a strong burst of star formation less than 10 Myr ago (Alonso-
Herrero et al. 1996). Mendes de Oliveira et al. (2001) used Ha
and blue luminosities to derive star formation rates for tidal
dwarf galaxy candidates in Stephan’s Quintet. The Ha and blue
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luminosities of J1023+1952, uncorrected for intrinsic extinc-
tion (see Table 2), imply a star formation rate of SFR(Ha) 2
10.6 1073 M, yr~! and SFR(Lz)= 1.1 x 1073 M, yr~! sim-
ilar to giant H 1 regions (Mayya 1994; Fig. 6 in Mendes de
Oliveira et al. 2001). Correcting for extinction results in star
formation rates similar to those of both blue compact gal-
axies (BCDs; Sage et al. 1992) and tidal dwarf candidates in
Stephan’s Quintet (Mendes de Oliveira et al. 2001). Although
the H 1 mass and H 1 line width measured for J1023+1952
(see Table 2) are similar to those measured for some BCDs
(van Zee et al. 1998), the 8.9 kpc H 1 diameter of J1023+1952
is larger than those typical of BCDs (<2 kpc); the distribution
of H 1 and star formation is also less centrally concentrated
in J1023+1952 than in BCDs. Tidal effects might explain these
discrepancies, but a striking property of J1023+1952 is its
apparent lack of an old stellar population (§ 3.5), making it an
unusual dwarf galaxy if preexisting (Cairos et al. 2003). In the
context of tidal dwarf galaxies, the observed H 1 mass, column
density, extent, and global kinematics of J1023+1952 (Tables 1
and 2) are broadly consistent with the range of properties
known for other confirmed tidal dwarf galaxies (Mirabel et al.
1992; Duc & Mirabel 1994; Hibbard et al. 1994; Duc et al.
2000; Braine et al. 2001; Mendes de Oliveira et al. 2001), and
the lack of an old stellar population could be understood if
J1023+1952 is newly formed from gaseous tidal debris re-
moved from NGC 3227.

A key difference between classical dwarfs and TDGs is
metallicity. Unlike classical dwarf galaxies, which follow a
luminosity-metallicity relation, the metallicities of TDGs ap-
pear to lie in a narrow range 12 + log (O/H) = 8.3-8.7 (Duc
etal. 2000, 2004; Lisenfeld et al. 2002), reflecting their origin as
enriched material tidally stripped from a progenitor galaxy
disk. For the absolute magnitude of Mz = —13.5, the galaxy
metallicity-luminosity (Z-L) relation (e.g., Brodie & Huchra
1991) would predict a metallicity of [Fe/H] ~ —2 for J1023+
1952. If, however, the gas in J1023+1952 came from the disk
of NGC 3227, it would be enriched to approximately solar
metallicity and hence deviate from the classic Z-L relation,
following other TDGs (Weilbacher et al. 2003). The location
of J1023+1952 on the Z-L relation will therefore discriminate
between J1023+1952 as a preexisting or newly formed dwarf
galaxy.

4.2. Dark Matter in J1023+1952?

Simulations of interacting disk galaxies with dark halos
(Barnes & Hernquist 1992) produced tidal concentrations with
less than 5% of their mass in dark matter, predicting that tidal
dwarf galaxies, in contrast to classical dwarf galaxies, should
have low mass-to-light ratios. Braine et al. (2001) confirmed
this prediction with detection of a significant quantity of CO
in eight gas-rich TDGs. The H 1 distribution and kinematics
of J1023+1952 are suggestive of a rotating disk structure, but
the contribution of projection effects on the observed structure
cannot be ruled out. Assuming the neutral gas is distributed
in a circularly rotating disk of radius ~4.45 kpc, the observed
velocity gradient implies a dynamical mass of Mp ~ 3.6 x
10%(sin~2i) M., suggesting that H 1 accounts for ~11% of the
total mass. Correcting the measured H 1 mass for the presence
of He such that M,,s = 1.34My (after Hunter et al. 2000) and
deriving the mass in stars M, = 1.54Lp (assuming intrinsic
extinction 4 = 2), we conclude that the mass in gas and stars
(Mgas + Mqtar) accounts for at least 24% of the dynamical
mass of J1023+1952; inclusion of the old stellar population
mass upper limit of 9.4 x 10 M, takes this value to ~50%.
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Therefore, if J1023+1952 is gravitationally bound, the mea-
sured dynamical mass would require a detection of a signifi-
cant quantity of molecular gas to exclude the presence of dark
matter, given the lack of any obvious old stellar component.
Alternatively, as suggested by the young star formation age,
J1023+1952 might not yet be fully self-gravitating, and the
large H 1 line width could then be explained by a velocity
gradient of infalling tidal gas rather than rotation. Measure-
ment of the molecular gas mass, distribution, and kinematics
will provide useful constraints on the dynamics of J1023+1952
and its current evolutionary state.

4.3. A Dynamical Trigger for the Star Formation
in J1023+1952

There appears to be an empirical relationship between ob-
served H 1 column densities and the presence of star formation
in galaxies (e.g., Duc et al. 2000). The star formation threshold
is Ny ~ (0.5—1) x10%! cm~2 in dwarf galaxies and low surface
brightness galaxies (e.g., Gallagher & Hunter 1984; Skillman
1987; van der Hulst et al. 1993; van Zee et al. 1997), but
Martin & Kennicutt (2001) find that a high gas surface density
alone is not sufficient to predict the presence of star formation
in a galaxy disk and suggest that an additional dynamical
trigger is required for the onset of star formation. Elmegreen
et al. (1993) argued that large velocity dispersions in the
interstellar medium, induced by tidal agitation, can result in the
formation of massive gas clouds similar to J1023+1952, with
high internal dispersion and high star formation efficiency. The
velocity dispersion of H 1 in J1023+1952 of ¢ ~ 25-30 km
s~! is consistent with that found by Elmegreen et al. (1993) to
result in the formation of large clouds with masses in excess of
103 M. Barnes (2004) also argues that density-dependent star
formation rules are insufficient and suggests a dynamical
trigger in which star formation is governed by the local rate of
energy dissipation in shocks.

A dynamical trigger would appear to be necessary to explain
why the star formation in J1023+1952 is localized to the
southern half of the H 1 cloud, given the similarity in Ny in the
southern and northern H 1 ridges. If J1023+1952 is forming
from infalling tidal debris, then the southern ridge in J1023+
1952 could represent a shock in the returning material where
gas is compressed to sufficiently high gas densities to trigger
the observed star formation. Such a shock would compress the
gas in the southern ridge resulting in a region in which both
molecular and atomic densities are high, with the molecular
gas forming in situ and providing both the fuel for the star
formation and the necessary shielding from the resultant UV
radiation (Allen et al. 1997). A similar region of active star
formation has also been observed at the base of the tidal tail of
NGC 4676b (e.g., de Grijs et al. 2003)—a member of the
interacting galaxy pair NGC 4676 (“the Mice”). Simulations
of star formation in this system (Barnes 2004) show that star
formation occurs in a shock produced as gas from the curved
tail falls back into its original disk. The presence of broad
H 1 line widths across J1023+1952 and, in particular, broad,
double-peaked H 1 and He lines along the southern H 1 ridge
further supports a turbulent, shock scenario for the triggering
of the observed star formation; detection of molecular gas
localized to the southern ridge in J1023+1952 with similar
kinematic properties to those of the H 1 and Ha: components
would provide additional support for the shock hypothesis.

In the context of TDG formation, the location of J1023+
1952 at the base of the northern tidal tail is unusual. Duc et al.
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(2000) argue that, if TDGs are defined as long-lived, grav-
itationally bound objects, the most probable location for
them to be observed is toward the tips of a tidal tails, since
TDGs formed close to the progenitor would disappear quickly
(Mirabel et al. 1992; Duc et al. 2000; Bournaud et al. 2003).
Indeed, dynamical simulations of the merging system NGC
7252 (Hibbard & Mihos 1995) show that material at the base of
a tidal tail is more tightly bound to the progenitor than material
at the ends and falls back quickly to small pericentric distances,
with debris at greater distances falling back more slowly to
correspondingly greater pericentric distances. The rate of return
of tidal debris scales as 73, implying a high initial rate of
return with as much as 50% of the tidally stripped material
falling back to the progenitor nucleus after only 175 Myr
(Hibbard & Mihos 1995). As the projected distance between
NGC 3227 and J1023+1952 along the line of sight is not
known, we cannot constrain whether J1023+1952 is stable to
tidal disruption and therefore likely to be long lived. Never-
theless, Mundell et al. (1995) note that the H 1 distribution of the
disk of NGC 3227 is asymmetrical with less H1on the side close
to J1023+1952, suggesting that the northern tail (and hence the
material in J1023+1952) originated from NGC 3227. There-
fore, if the northern H 1 tidal tail represents material stripped
from the disk of NGC 3227, and J1023+1952 is forming from
returning tidal debris, the dynamical age of J1023+1952 would
be younger than 100 Myr—consistent with the derived star
formation age.

Whether J1023+1952 is a preexisting dwarf galaxy, a young
TDG, or a transient galaxy-like object, the discovery of vig-
orous ongoing star formation outside of the disks of interacting
galaxies such as NGC 3227 suggests that the gas dynamics in
such environments are suitable for the shock-triggering of ex-
tragalactic star formation and may provide a mechanism for the
formation of young intergalactic H 1 regions similar to those
discovered by Gerhard et al. (2002) and Ryan-Weber et al.
(2004).

5. CONCLUSIONS

We have used multiwavelength imaging and spectroscopy
to investigate the nature of the massive H 1 cloud originally
identified by Mundell et al. (1995) in the interacting Seyfert
system NGC 3227/3226 and named J1023+1952 in this paper.
We find:

1. Two H 1ridges in the northern and southern halves of the
cloud, with comparable H 1 column densities in the range ~4 x
102 < Ny < 4.0 x 10?! em™2 (or 0.4 < A < 3.4 mag).

2. A string of blue, Ha-emitting knots of star formation, co-
incident with the southern H 1 ridge, with an extent of ~2.7 kpc,
total magnitude Mz ~ —15.5 mag (assuming a conservative es-
timate for the internal extinction of Ag ~ 2 derived from the ob-
served Ny), and an Ha luminosity Ly, > 1.35x10% ergs s~

3. Ultraviolet continuum emission from the knots, a halo of
diffuse UV continuum emission around the southern half of
J1023+1952, and UV luminosities and Ha equivalent widths
consistent with a burst of instantaneous star formation less than
10 Myr ago.

4. Closely matched ionized and neutral gas kinematics in
the southern half of J1023+1952 with 1210 < Vg, < 1348 km
s~ and Py, ~ 1290 + 46 km s~!, confirming unambiguously
that the newly discovered star formation is occurring in situ in
the southern half of the cloud, rather than in the underlying disk
of NGC 3227.
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5. Alack of UV and optical emission from the northern half
of J1023+1952 and a close match between the inferred red-
dening and spatial distribution of dust and H 1 in the northern
ridge, confirming that the northern half of the cloud lacks star
formation and is seen primarily in absorption against the
background stellar continuum from the disk of NGC 3227.

We conclude that J1023+1952 exhibits properties broadly
consistent with dwarf galaxies, whether preexisting or tidal in
origin; the lack of a detectable old stellar population in J1023+
1952 makes a tidal origin more likely but measurements of
metallicity are required to confirm this. We speculate that if
J1023+1952 is tidal in origin, its unusual location at the base of
the northern tidal tail and the localization of star formation to
its southern H 1 ridge suggest that it is young and forming from
gaseous material tidally stripped from the disk of NGC 3227
that is in the first stages of infall. We suggest that the southern
ridge might represent a shock that has formed in gas as it
falls back along the northern tail onto the progenitor disk,
triggering the observed star formation. Such early TDGs are
thought to be rare because of the rapid fallback timescale of
material close to the progenitor, suggesting a dynamical age
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7 < 100 Myr for J1023+1952, consistent with its derived star
formation age.
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