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Fig.7. Integrated HI map of the emission between 119.6 and
150.4 km s~! derived from the deep VLA data at 90 resolution (gray-
scale). Light-gray contours show (5, 10, 20, 50, 100, 200) x 10" cm™
column density levels. The noise in the map corresponds to 2 X
10" cm™ and the lowest VLA contour corresponds to ~2.5¢~. Thin
black contours show the GBT cloud, thick white contours the 8-kpc fil-
ament at 30” resolution. Contours as in Fig. 4. The 90” VLA beam is
indicated in the bottom-right corner, the GBT beam in the bottom-left
corner.

and that the GBT observations show additional HI. An explana-
tion for this was already mentioned: the single-pointing VLA ob-
servation has a limited field of view, and as can be seen in Fig. 4,
the cloud is located in the region of the primary beam where the
VLA sensitivity has dropped to between 50 and 10 percent of
the central value.

Can we say anything about the column densities of the cloud
compared with that of the filament? The HT mass of the cloud
is 6.3 x 10° M. If we take the dimensions of the cloud to be
16" x 12’ (i.e., the angular size of the cloud as shown in Fig. 4
corrected for the GBT beam size), then the average HT col-
umn density of the cloud is ~6 x 10'® cm™ assuming a uni-
form distribution. This would not be detected by the deep VLA
observations.

Because of the GBT beam size we, however, cannot distin-
guish between smooth emission that fills the beam, or a more
clumpy, higher column density distribution with a smaller beam-
filling factor. To take the other extreme, if we assume that the
HT1in the cloud has a size and distribution identical to that of the
8 kpc filament, the inferred average column density increases to
~6 x 10" cm™2. The column densities in the actual observed
8 kpc filament are in the range (~3 to ~6) x 10'> cm~2, which is
consistent with this value.

It would still be difficult to detect this more compact emis-
sion in the existing 30” VLA data, however. Placing the ob-
served 8 kpc filament at the position of the cloud means applying
a primary beam loss of sensitivity of a factor of ~0.4. The re-
sulting apparent column density would thus be (~1.5 to ~2.5) X
10" cm™. Assuming that the emission has a velocity width of
~50 km s~! implies that in the 30”” VLA data, an 8 kpc filament
at the position of the cloud would show at the ~10 level in each
channel (cf. the sensitivities listed in Sect. 2.2).

Figure 7 shows that the 90" VLA data have detected more
HT1 associated with the filament than the 30” data. The ad-
ditional emission detected in the former data set (compared
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with the 30” maps) has a corresponding HI mass between
~3 x 10° My and ~8 x 10° My, depending on how exactly the
extent of the 30" filament is defined. This is only between 5
and 13 percent of the H1 cloud mass detected by the GBT, there-
fore it is clear that even with the extra spatial smoothing applied
here, the VLA does not detect all of the cloud emission.

In an attempt to further constrain the nature of the
cloud/filament complex, we observed the cloud with the WSRT
in Aug. and Dec. 2013 for a total of 21 h. The telescope was
pointed at the center of the GBT cloud. The data were reduced
using standard methods, and an image cube was produced using
a robustness parameter of 0 and a taper of 30”. The resulting
beam size was 42" x 47", with a noise level of 0.9 mJy beam™!.
This corresponds to a 50, 10 km s~ column density sensitivity
of 2.5x 10" em™2,

The WSRT data confirm all features seen in the deep
VLA data, but do not detect significant emission at the position
of the cloud. The similar limits derived from both the WSRT and
the VLA data thus indicate that the cloud HI must have column
densities below ~10' cm™2 (when observed at 30” and inte-
grated over the velocity width of the cloud) for it not be detected
in the deep VLA, or the more shallow but targeted WSRT ob-
servations. The combination of this column density limit and the
total HT mass of the cloud implies that the true spatial distribu-
tion of the HI must be fairly uniform, on scales similar to the
extent of the GBT-detected emission, as more clumpy HT dis-
tributions with higher local column densities would have been
detected in the interferometry data.

4. Interpretation
4.1. Comparison with optical data

We investigated whether any signatures or counterparts of the
cloud are visible at other wavelengths. Inspection of GALEX
images (Gil de Paz et al. 2007) shows no sign of an overdensity
of near-ultraviolet (NUV) or far-ultraviolet (FUV) sources in the
area of the cloud, so there is no indication of a concentration of
recent star formation at that location.

Barker et al. (2012) examined the resolved stellar popula-
tion in and around NGC 2403, using wide-field observations
with Suprime-Cam on the Subaru telescope. They used color-
magnitude diagrams to identify different stellar populations and
found that the stellar distribution of NGC 2403 extends to at least
~40 kpc, at a surface brightness level of uy ~ 32 mag arcsec™.
The field of view of these observations thus comfortably encom-
passes the location of the cloud, which is at a radius of ~17’ or
16 kpc.

Barker et al. (2012) presented the spatial distribution of the
stellar populations in their Fig. 10. Their plot of the distribution
of RGB and AGB stars shows diffuse overdensities of stars to
the NW and SE of the main disk, with the NW overdensity being
most prominent. In Fig. 8 we show the distribution of RGB stars
in NGC 2403 from Barker et al. (2012), and overlay the cloud
and the filament. The center of the cloud is offset ~5" to the NE
from the approximate center of the stellar overdensity, but still
has a substantial overlap.

The optical overdensity shows little internal structure and is
most likely part of the faint outer stellar disk, possibly tracing
the warp as seen in HT (cf. Fig. 3). As noted above, according
to Barker et al. (2012), stellar emission can be traced out to well
beyond the cloud. The (radially averaged) surface brightness at
the radius of the cloud is uy ~ 29 mag arcsec™>.
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Fig. 8. Cloud and filament (contour levels as in Fig. 3) overlaid on the
distribution of RGB stars from Barker et al. (2012; gray-scale). The
ellipses are spaced 10 kpc in deprojected radius. The absence of stars in
the center is due to crowding. The GBT beam is shown in the lower left
corner of the panel. The distribution of RGB stars is taken from Fig. 10
of Barker et al. (2012).
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The location of the cloud near the optical overdensity may
thus be a chance superposition, and the cloud/filament complex
is possibly the equivalent of a large high-velocity cloud (HVC).
The HI mass of the complex is similar to that of the Complex C
HVC in our Galaxy. This raises the question of whether the
cloud/filament complex might be caused by galactic fountain
processes, that is, could it be gas blown out of the main disk
due to star formation and forming a HVC? As discussed above,
Fraternali et al. (2001, 2002) reported a thick, lagging H1 disk
in NGC 2403. Fraternali & Binney (2006, 2008) modeled this
extra-planar gas component using particles that are blown out
of the disk on ballistic orbits. Fraternali & Binney (2008) con-
cluded that the general distribution of the gas can indeed be mod-
eled in this way, but that smaller substructures and large fila-
ments (such as the 8 kpc filament) are not easily produced in the
fountain model. With the addition of the GBT data, the 8 kpc
filament is now twice as massive and extends much farther out
than originally assumed, making it less likely to be purely the
result of the galactic fountain process.

4.2. Comparison with NGC 891: a fly-by scenario

We already noted that another galaxy in which extraplanar
gas has been observed and extensively studied is NGC 891.
Mapelli et al. (2008) focus on the origin of the lopsided disk
in NGC 891 and offer an interesting alternative explanation for
some of the extra-planar gas observed in that galaxy. They re-
ported that the main extra-planar filament in NGC 891 points at
nearby LSB galaxy UGC 1807 (as first pointed out in Oosterloo
et al. 2007; cf. their Fig. 8), and showed with simulations that
a fly-by interaction with an intruder dwarf galaxy can create
this filament. Note, incidentally, that these types of fly-bys are
also a common phenomenon in cosmological cold dark matter
simulations (Sinha & Holley-Bockelmann 2012).

For the specific case of NGC 891, Mapelli et al. (2008) found
the best match with an interaction that occurred 300 Myr ago, at

a fly-by velocity of 260 km s~'. They showed that the filament
must consist mostly of gas stripped off the UGC 1807 intruder.

The simulations of Mapelli et al. (2008) indicate that there
is gas between the two galaxies. Deep GBT HT observations of
the area around NGC 891 not detect any connection between
NGC 891 and UGC 1807 (D.J. Pisano, priv. com.), however, im-
plying that if the fly-by hypothesis holds, this gas must be of
very low column density and/or ionized, and only close to the
NGC 891 disk dense enough to be detected.

Could the cloud-complex in NGC 2403 be caused by a simi-
lar fly-by of a neigboring galaxy? If we extend the major axis
of the VLA 8 kpc filament® (using a major-axis position an-
gle of —17°; cf. Fig. 4), it passes close to the dwarf spheroidal
galaxy DDO 44 (at about 1.5° or ~85 kpc from NGC 2403) and
the late-type dwarf galaxy NGC 2366 (at ~3.5° or ~190 kpc).
The velocities of the HI in NGC 2366 completely overlap with
those of the HI in NGC 2403. In NGC 2403, H1 is found from
~=5 to ~270 km s~!. In NGC 2366, this ranges from ~40 to
~170 km s~ (Walter et al. 2008). DDO 44 has a single radial ve-
locity determination that places it at 213 km s~ (Karachentsev
et al. 2011), which is inside the range of velocities found in
NGC 2403. See Fig. 9 for an overview.

Arbitrarily assuming the same fly-by velocity of 260 km s~!
as given in Mapelli et al. (2008) (and assuming that this velocity
is in the plane of the sky, ignoring any radial velocities), we find
the timescale for an interaction with DDO 44 to be ~300 Myr.
For NGC 2366 we find ~750 Myr. The DDO 44 timescale is
similar to what Mapelli et al. (2008) found for NGC 891.

Given the orbital time of NGC 2403, which is ~700 Myr at
the approximate position of the cloud, it is unclear which part
of the stellar disk would have been affected most. However, the
effects of the interaction on anything other than the local gas dis-
tribution must have been minor. In a study of the star formation
histories at various locations in the NGC 2403 disk, Williams
et al. (2013) found no evidence for any major temporal varia-
tions in the star formation rate. The locations studied were all on
the receding side of the galaxy (i.e., the side of the galaxy oppo-
site to that of the cloud). Given the regularity and the symmetry
of the stellar disk of NGC 2403, there is no reason to assume that
the star formation history of the approaching side of the galaxy is
dramatically different, however. Williams et al. (2013) suggested
that because NGC 2403 is so undisturbed, it is unlikely to have
had major interactions in the past.

Do any of the two potential intruder galaxies show any signs
of interactions or disturbance? NGC 2366 is a gas-rich dwartf-
galaxy that is known to have a disturbed HT velocity field and
an outer gas component that does not follow regular rotation
(de Blok et al. 2008; Oh et al. 2008). It is undergoing a star-
burst and shows evidence of major gas outflows (van Eymeren
et al. 2009). McQuinn et al. (2010) find from modeling the stel-
lar population, that the star formation burst started and peaked
~450 Myr ago.

The second, closer, galaxy DDO 44 is a dwarf-spheroidal
galaxy. In a search for Ha clumps in the M81 group,
Karachentsev et al. (2011) detected an HII region in this
dSph galaxy that contains a number of blue, late-type B-stars.
Karachentsev et al. (2011) noted that despite the absence
of early-type B- or O-stars, the FUV luminosity of ~1 X
10% erg s™' of the detected stars is sufficient to ionize the
H1 region. These stars are also seen in GALEX data. The im-
plied star formation rate (SFR) is ~107> Mg yr~!. Despite this
low SFR value, it is surprising to find recent star formation

3 We do not include the GBT cloud as its morphology is too uncertain.
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Fig. 9. Field around NGC 2403. Contours and gray-scales of NGC 2403
(bottom of the plot) are the same as in Fig. 3. The circle indicates the
position and approximate size of DDO 44. In the top of the panel we
show the HT distribution of NGC 2366 from THINGS (Walter et al.
2008). All distances and sizes are to scale.

in such a gas-poor system. No HT has so far been detected in
DDO 44, and we found no evidence in our deep GBT cube ei-
ther (which also covers the position of DDO 44). Assuming, like
Karachentsev et al. (2011), that the velocity width of DDO 44 is
W < 30 km s, sets the 5o~ HI mass upper limit derived from
our GBT data at My ~ 8 x 10* M.

Karachentsev et al. (2011) speculated that the star formation
is caused by accretion of gas from the intergalactic medium.
If the fly-by scenario is valid, this might therefore be star
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formation due to gas dragged out of the immediate environment
of NGC 2403. The life-time of a late-type B-star (a few hun-
dred Myr) is consistent with the timescale for the fly-by derived
above.

We examined the GBT data cube for evidence of an HI con-
nection between NGC 2403 and DDO 44, but found no emission
beyond what was already detected in the filament, although one
may expect that gas to be of such low column density that it
is ionized. In fact, we found no evidence throughout the entire
GBT cube for emission not associated with NGC 2403 or our
Milky Way at the 30~ level (3.9x 10'7 cm™! per 5.2 km s~! chan-
nel). Nevertheless, the simulations presented in Mapelli et al.
(2008) suggest that in the fly-by scenario, the intruder and the
target galaxy are connected by a stream of gas. Given the ab-
sence of this stream in emission in the GBT data, it will be in-
teresting to investigate whether signs of it can be detected in
absorption. Alternatively, careful stacking of spectra in the as-
sumed area of the putative stream could yield a result, although
the unknown velocities of the stream (needed to shift the spec-
tra to a common velocity prior to stacking) could hamper this
excercise.

4.3. Accretion

Alternatively, the cloud could be a sign of accretion happening.
This could be accretion (or rather infall) of a dwarf galaxy, or
bona-fide accretion from the IGM or cosmic web.

To start with the first possibility, the cloud and filament com-
plex could represent the tail left behind by a dwarf galaxy as it
plunged into NGC 2403 and was stripped. Unfortunately, be-
cause we see the tail projected against the bright stellar disk of
NGC 2403, it will be difficult to directly detect the stellar popu-
lation belonging to the dwarf galaxy. A careful study of the re-
solved stellar population in the region where the 8 kpc filament
connects with the main disk is probably the only way to directly
detect this stellar population, if present.

The second possibility is accretion of gas directly from
the IGM. Simulations show that a fraction of gas falling from
the cosmic web into a galaxy halo potential is not heated to the
virial temperature of the halo (Kere§ et al. 2005). These fila-
ments of cooler gas can penetrate from the IGM through the hot
gas in the halo of a galaxy and directly deliver gas to the disk.
This process is commonly known as cold accretion. However,
the gas involved still has a temperature of ~10° K, and is there-
fore not directly comparable with the cold gas we observe in the
HT line. The cold accretion process appears to be most efficient
at high redshifts (z > 2). At low redshifts it seems (according
to the simulations) to mainly occur in low-mass galaxies with
Miao S 5 % 10" My (Joung et al. 2012), potentially includ-
ing NGC 2403. As noted, the “cold” accreting gas would have
temperatures too high to be observed in the HT line. However,
further simulations (Joung et al. 2012) showed that in the inner-
most regions of the halo (R < 100 kpc) some of the gas can cool
further and form H1 clouds. For a Milky-Way-type galaxy, sim-
ulations showed that at z = 0 the amount of cold gas present in
the halo is ~10® My (Ferndndez et al. 2012). This is an order
of magnitude higher than the HI mass of the NGC 2403 com-
plex, but the final stages of accretion are complex and difficult to
model, and it is not clear whether this difference is significant.
See also Nelson et al. (2013) for a comparison of simulations
made with the smoothed particle hydrodynamics and with the
moving-mesh techniques. In the latter the amount of cold gas
and corresponding cold accretion rates are much lower.
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Qualitatively, the density distribution of the filament can be
consistent with an accretion scenario. The VLA observations
show a dense filament close to the disk, with the GBT data
showing it with a lower density farther out. However, whereas
the current observations are consistent with the infall of an
accreting cloud, they do not conclusively prove that accretion
from the IGM does indeed occur.

5. Conclusions

Deep HI observations obtained with the GBT show a 6.3 X
10% Mg, cloud near NGC 2403. A comparison with deep VLA
observations by Fraternali et al. (2001, 2002) suggests that
this cloud is part of a larger complex that also includes the
~1 x 107 Mg 8 kpc anomalous-velocity HI filament in the inner
disk of NGC 2403.

Deep optical observations by Barker et al. (2012) showed a
stellar overdensity near the position of the cloud. It is not clear,
however, whether the overdensity and the cloud are associated.
We suggest that the cloud/filament complex could be a direct
observation of accretion, or that we could be seeing the after-
effects of a minor interaction (fly-by) with a neigboring galaxy.

If we witness accretion happening, assuming NGC 2403 is
not a unique galaxy, future observations of other galaxies to sim-
ilar column densities should reveal more of these events. If these
are not detected in significant numbers, this would be a strong
indication that features as now seen in NGC 2403 are interac-
tion events. It would imply that significant accretion from the
cosmic web that is observable in emission does not occur or is
at least rare at low redshifts. Future, deeper observations with
instruments such as the SKA, or its precursors, are required to
be able to routinely probe the environment around galaxies and
quantify the importance of accretion from and the relation with
the cosmic web.
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