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Galaxy evolution in HI

The connection, over time, between between 
star formation, HI, dynamics and accretion.!

!

- How do galaxies get their gas? 

- How is star formation regulated? 

- How are outer disks and cosmic web linked? 

MeerKAT: 6000 hours allocated to for deep 
observations of  30 galaxies



Deep
!

• observe 25 times longer 
than THINGS 

• 30 galaxies 

• 200h per galaxy 

• Accretion, cosmic web, 
dynamics beyond disk 

• About twice as deep as 
HALOGAS 

• 5σ = 1.3· 1019 cm-2 at 30” for 16 km 
s-1 FWHM HI line at 5 km s-1 
channel spacing or 5.1017-1018 
cm-2 at 90”

Figure 2: Comparison of shallow THINGS and deep HALOGAS observations of NGC 925. Left: The HI distribution in NGC 925
from THINGS, convolved to the WSRT resolution. Lowest contour at 9 · 1019 cm�2, with each contour double the previous value.
Center: False-color image of the baryonic components. Colors as in Fig. 1. Right: The HI distribution as observed by the deep WSRT
HALOGAS survey. Lowest contour 1.8 · 1019 cm�2 with each contour double the previous value. (HI maps: courtesy G.Heald and the
HALOGAS collaboration.)

HI halos have been detected in only about a dozen galaxies. The current state-of-the art survey for these HI
halos is the WSRT HALOGAS project. Its goal is to map the distribution of the low column density (� 1018

cm�2) gas in a number of late-type galaxies, but with a fairly limited range in inclination and rotation velocity
(cf. Section 4.1 and Fig. 3g). HALOGAS is an exploratory survey and is not aiming to be representative of the
local galaxy population, and leaves a large part of parameter space unexplored. Nevertheless, first results
paint a dramatically different picture of hitherto familiar galaxies (Fig. 2), and indicate great potential for a
more complete understanding of the respective roles of accretion and feedback over a comprehensive range
in galaxy properties.

The deep survey of MHONGOOSE will lead to a large increase in the number of detected HI halos. For the
first time, the properties of the HI halos (e.g., spatial distribution and kinematics of gas, velocity dispersion, HI
mass function of high-velocity clouds, etc.), and how these depend on global galaxy characteristics, can be
investigated for a large range in galaxy mass and evolutionary history.
3.1.3 Cosmic Web

In recent years it has become clear that galaxies do not dominate the universal baryon budget, but are
merely the brightest pearls of an underlying cosmic web. Gaseous filaments extending between the massive
galaxies are a prediction of high-resolution numerical models of structure formation (e.g. Davé et al. 1999).
These predict that most of the baryons at low redshift are in a warm-hot intergalactic medium (WHIM; T =
105–107 K), while 25% are in the 104 K diffuse IGM, with only 25% condensed in galaxies and their gaseous
halos. Due to the moderately high temperature in the IGM (� 104 K), most of the gas in the cosmic web
is highly ionised. To detect the cooler baryons in the cosmic web, a column density sensitivity of � 1017�18

cm�2 is required. Multiple independent lines of evidence demonstrate that the surface area subtended by HI
at column densities near 1017 cm�2 significantly exceeds that seen at 1019 cm�2 (Corbelli & Bandiera 2002;
Braun & Thilker 2004; Popping et al. 2009). The MHONGOOSE deep survey will have enough sensitivity to
unravel the cosmic web. At a resolution of 90 ��, the typical 5� column density sensitivity of one of our deep
observations will be a few times 1017 cm�2. Stacking the HI profiles may push the effective column density
sensitivity even lower. Note that while single-dish observations probing these low column density levels exist,
it is the powerful combination of resolution and sensitivity that make MeerKAT the instrument par excellence
for this work.
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Status

• Defined proto-sample 

• SINGG/SUNGG (Meurer) 
• HIPASS selected 

• 90 galaxies 

• GALEX, Spitzer, WISE, ground-based all available 

• additional data with KAT7, WiFeS, … 

• Selecting best sub-set of 30 in time for early 
science 

• What to expect….



• Observe the THINGS galaxies to low column density with 
the GBT 

• Today: NGC 2403

GBT-THINGS

THINGS mom0 

• GBT THINGS: D.J. Pisano (PI), 
EdB, K. Keating, F. Walter, E. 
Brinks, F. Bigiel, A. Leroy 

• NGC 2403 analysis:  
F. Fraternali, T. Oosterloo



• Observe the THINGS galaxies to low column density with 
the GBT 

• Today: NGC 2403 

• 4 by 4 degrees (0.2 x 0.2 Mpc)  
for 120 hours,  or ~11 min/beam 

• 9’ resolution (8.4 kpc), 5.2 km/s 

• -880 < v < 1750 km s-1 

• 1.3 1017 cm-2 (1σ, 5.2 km/s), or  
2.4 1018 cm-2 (5σ, 20 km/s)

THINGS mom0 

GBT-THINGS
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Figure 2. Selected channel maps of the GBT data cube. Contours levels are �2� (gray dashed contours) and
(2, 4, 8, 16, 32, 64, 128, 256, 512, 1024) · � (full contours) where � = 6 mJy beam�1 = 1.25 · 1017 cm�2. Heliocentric velocities of the
channels in km s�1 are shown in the top-right of each channel. From 150.5 to 104.1 km s�1 every channel is shown. Outside this range
only every third channel is shown. The GBT beam is shown in the bottom-left corner of the top-left panel. Channels in the bottom-row
are marginally a↵ected by Galactic emission. In the 140.2 km s�1 panel the right arrow indicates the cloud; the left arrow indicates the
eastern filament, as discussed in the text.

ment in the VLA data cube. We show an integrated H i
map of this filament superimposed on that of the main
disk in the top panels of Fig. 3. A more detailed view is
shown in Fig. 5 (see also Figs. 7 and 8 in Sancisi et al.
2008). These figures immediately show that the 8-kpc
filament points towards the cloud seen by the GBT.
We make a more detailed comparison in Fig. 6, where

we show again the GBT channel maps from Fig. 2, but
this time superimposed on the corresponding deep VLA
data channel maps from Fraternali et al. (2002). Note
that the VLA data are again not corrected for primary
beam e↵ects. Doing this would significantly enhance the

noise in the far outer parts of the primary beam. Plot-
ting contours at the low column density levels studied
here would then result in the outer parts of the primary
beam being filled with contours of the noise. This would
obviously make a clear comparison with the GBT data
di�cult. Column density levels based on the VLA data
are therefore not corrected for the primary beam sensi-
tivity.
In the VLA data in Fig. 6, note the “finger” of emis-

sion pointing to the NW away from the main emission
between 150.5 and 109.3 km s�1. This is part of the 8-
kpc filament. There is a clear correlation between the

(2,4,8,16,32,64,128,256,1024) x 1.3 1017 cm-2
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Figure 3. H i moment maps of NGC 2403. Top-left: Integrated H i map derived from the GBT data. Thick dark-gray contours show
the H i distribution of the entire galaxy. Contour levels are 5 · 1017, 5 · 1018, 5 · 1019, and 5 · 1020 cm�2. The gray-scale runs from 5 · 1017
(white) to 3 · 1020 cm�2 (black). Thin, black contours show the H i distribution of the cloud. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours indicate the location of the 8-kpc filament. The GBT beam is shown in the bottom-left. Top-right: Integrated H i
map derived from the 3000 VLA data from Fraternali et al. (2002). Grayscale runs from 2 · 1019 (white) to 2 · 1021 cm�2 (black). Contours
are as in top-left panel. The VLA beam is indicated in the bottom-right corner. Bottom-left: Velocity field derived from the GBT data.
The thick black contour indicates v = 130 km s�1. White contours decrease in steps of 20 km s�1. Black contours increase in steps of 20
km s�1. Bottom-right: Velocity field derived from the 3000 VLA data. Contours are as in bottom-left panel.

appearance of this “finger” in the VLA data and the
cloud emisson in the GBT data. As noted earlier, the
spatial separation that we still see between the filament
and cloud features may be artificial, due to our inability
to detect possible faint cloud emission projected against
the bright main disk.
We can illustrate the continuity using position-velocity

(pV ) diagrams. We take two slices through the GBT
cube, indicated in Fig. 4: one along the major axis (as
defined by the kinematical parameters from de Blok et
al. 2008), and one through the centers of the cloud and
the filament, along the major axis of the filament. Both
slices have a thickness of 1.750 (one pixel in the GBT
cube). In addition, we extract identical slices (also with
a thickness of 1.750) from the VLA data cube.
The GBT and VLA slices are compared in Fig. 7. Both

spatially and spectrally, there is a strong suggestion that
the cloud and filament features are part of the same com-
plex. The link with the 8-kpc filament definitely rules out

the possibility that the cloud is a Galactic foreground ob-
ject not related to NGC 2403. Such objects are known
to exist in this part of the sky (Chynoweth et al. 2009),
but they are typically found at velocities of ⇠ �150 km
s�1 and these are therefore likely to be part of the Milky
Way high-velocity cloud population.
But is the cloud indeed a new feature which has not

been seen before, or is it simply the already known 8-
kpc filament, but smoothed to a lower resolution? To
answer this, we use the VLA data cube smoothed to the
GBT resolution, as described in Sect. 2.2. We compare
corresponding channel maps and position-velocity slices
of this smoothed VLA data set and the GBT data in
Figs. 6 and 7, respectively. From these Figures it is clear
that the cloud emission was not detected in the single-
pointing VLA observations, and that the GBT observa-
tions are showing additional H i. An explanation for this
was already mentioned: the single-pointing VLA data
have a limited field of view, and as can be seen in Fig. 4,

5 x (1017,1018,1019,1020) cm-2

(6.25, 12.5, 25, 62.5) · 1017 cm-2

v=130 km/s

+20
-20

GBT VLA

Fraternali et al 2001,2002

• HI mass of cloud  
is 6.3 106 M⦿  

• Total HI mass of N2403  
is 4.0 109 M⦿ 

• Cloud HI mass 0.15%  
of galaxy HI mass 

• No obvious optical  
counterpart 

• Compare with deep VLA  
of Fraternali et al  
(2001,2002)
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Cold gas accretion in galaxies 207

Fig. 8 Top panels total H I (VLA) map (left) and optical DSS image (right), on the same scale, for the
spiral galaxy NGC 2403. The contours show a 8-kpc long H I filament kinematically decoupled from the
bulk of the disk gas. Bottom panels comparison between the H I position-velocity plot along the major axis
of NGC 2403 and the prediction for a thin disk model (right panel). The gas at anomalous velocities, not
visible in the model, is extra-planar gas (Fraternali et al. 2002)

3.1.4 NGC2403

For other galaxies seen at intermediate inclinations [NGC 2403 (Schaap et al. 2000;
Fraternali et al. 2002) and NGC 4559 (Barbieri et al. 2005)] or more “face-on” (M 101
and NGC 6946) the presence of gaseous halos has been inferred from the anomalous
velocities. In NGC 2403 and NGC 4559 the signature is the asymmetric velocity shape
of the H I line profiles (Fig. 8, bottom left). The deep H I observations of NGC 2403
with the VLA and a careful 3-D modeling (Fraternali et al. 2001) have led to con-
clusions very similar to those obtained for the edge-on NGC 891. Also in NGC 2403
there is a vertically extended (a few kpc) gas component with lagging rotation. It has
a total mass of about 3 × 108 M⊙ (∼10% of the total H I mass) and contains long
filamentary structures. In addition to its lagging rotation, the halo gas has a large-scale
inflow motion of about 15 km s−1 toward the center of the galaxy.

123

• Fraternali et al (2001/2): 40h with VLA CS array 

• 30” cube, 5σ over 10 km/s is 2.0 1019 cm-2 

• Search for kinematically anomalous HI 

• Largest complex is “8-kpc filament” with  
HI mass ~1.0 107 M⦿

Sancisi et al 2008, Fraternali et al 2001,2002
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Figure 3. H i moment maps of NGC 2403. Top-left: Integrated H i map derived from the GBT data. Thick dark-gray contours show
the H i distribution of the entire galaxy. Contour levels are 5 · 1017, 5 · 1018, 5 · 1019, and 5 · 1020 cm�2. The gray-scale runs from 5 · 1017
(white) to 3 · 1020 cm�2 (black). Thin, black contours show the H i distribution of the cloud. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours indicate the location of the 8-kpc filament. The GBT beam is shown in the bottom-left. Top-right: Integrated H i
map derived from the 3000 VLA data from Fraternali et al. (2002). Grayscale runs from 2 · 1019 (white) to 2 · 1021 cm�2 (black). Contours
are as in top-left panel. The VLA beam is indicated in the bottom-right corner. Bottom-left: Velocity field derived from the GBT data.
The thick black contour indicates v = 130 km s�1. White contours decrease in steps of 20 km s�1. Black contours increase in steps of 20
km s�1. Bottom-right: Velocity field derived from the 3000 VLA data. Contours are as in bottom-left panel.

appearance of this “finger” in the VLA data and the
cloud emisson in the GBT data. As noted earlier, the
spatial separation that we still see between the filament
and cloud features may be artificial, due to our inability
to detect possible faint cloud emission projected against
the bright main disk.
We can illustrate the continuity using position-velocity

(pV ) diagrams. We take two slices through the GBT
cube, indicated in Fig. 4: one along the major axis (as
defined by the kinematical parameters from de Blok et
al. 2008), and one through the centers of the cloud and
the filament, along the major axis of the filament. Both
slices have a thickness of 1.750 (one pixel in the GBT
cube). In addition, we extract identical slices (also with
a thickness of 1.750) from the VLA data cube.
The GBT and VLA slices are compared in Fig. 7. Both

spatially and spectrally, there is a strong suggestion that
the cloud and filament features are part of the same com-
plex. The link with the 8-kpc filament definitely rules out

the possibility that the cloud is a Galactic foreground ob-
ject not related to NGC 2403. Such objects are known
to exist in this part of the sky (Chynoweth et al. 2009),
but they are typically found at velocities of ⇠ �150 km
s�1 and these are therefore likely to be part of the Milky
Way high-velocity cloud population.
But is the cloud indeed a new feature which has not

been seen before, or is it simply the already known 8-
kpc filament, but smoothed to a lower resolution? To
answer this, we use the VLA data cube smoothed to the
GBT resolution, as described in Sect. 2.2. We compare
corresponding channel maps and position-velocity slices
of this smoothed VLA data set and the GBT data in
Figs. 6 and 7, respectively. From these Figures it is clear
that the cloud emission was not detected in the single-
pointing VLA observations, and that the GBT observa-
tions are showing additional H i. An explanation for this
was already mentioned: the single-pointing VLA data
have a limited field of view, and as can be seen in Fig. 4,

5 x (1017,1018,1019,1020) cm-2

(6.25, 12.5, 25, 62.5) · 1017 cm-2

v=130 km/s

+20
-20

GBT VLA
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Properties
• HI mass of cloud is 6.3 106 M⦿  

• Size 16’ x 12’ (15 x 11 kpc) 

• Uniform distribution within GBT cloud size: ~6 1018 cm-2 

• Same size as 8-kpc filament: ~6 1019 cm-2 

• This is comparable to actual filament 

• Would show up in VLA data at 1σ



But is it real?
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Figure 4. Gray lines show the location of the position-velocity
slices shown in Fig. 7. The long-dashed circle indicates the 50 per-
cent sensitivity level of the VLA primary beam. The short-dashed
circle shows the 10 percent level. Other contours and grayscales as
in Fig. 3.

Figure 5. A detailed view of the cloud-filament complex.
Grayscales show the integrated H i distribution derived from the
3000 VLA data and run from 2·1019 (white) to 2·1021 cm�2 (black).
Thin, black contours show the H i distribution of the cloud derived
from the GBT data. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours show the 8-kpc filament, derived from the
3000 VLA data. The contour level is 2 · 1019 cm�2. The highest
column density found in the filament is 6.5 · 1019 cm�2. The GBT
and VLA beams are indicated in the bottom-right corner.

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 H i mass
of the cloud is 6.3 · 106 M�. If we take the dimensions
of the cloud to be 160 ⇥ 120 (i.e., the angular size of the

cloud as shown in Fig. 5 corrected for the GBT beam
size), then the average H i column density of the cloud is
⇠ 6 · 1018 cm�2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-

inghuish between smooth emission which 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 H i in the cloud has a
distribution identical to that of the 8-kpc filament, then
the inferred average column density increases to ⇠ 6·1019
cm�2. The column densities in the actual 8-kpc filament
are in the range ⇠ 3 to ⇠ 6 · 1019 cm�2, so consistent
with this value.
It would however still be di�cult to detect this more

compact emission in the existing 3000 VLA data. Putting
the observed 8-kpc filament at the position of the cloud
means applying a primary beam loss of sensitivity of a
factor of ⇠ 0.4. The resulting apparent column density
would thus be ⇠ 1.5 to 2.5 · 1019 cm�2. Assuming that
the emission has a velocity width of ⇠ 50 km s�1, implies
that in the 3000 VLA data, an 8-kpc filament at the po-
sition of the cloud would show at the ⇠ 1� level in each
channel (cf. the sensitivities listed in Sec. 2.2).
We investigated whether the filament could be traced

further out towards the cloud by convolving the 3000 VLA
data to a resulting beam size of 6000. In this new data
set the filament emission could be traced to somewhat
larger radii. To show this, we created a moment map of
all emission between 119.6 and 150.4 km s�1 (cf. Fig. 7)
brighter than 3� (0.9 mJy beam�1). The resulting map
is shown in Fig. 8. The filament emission extends about
twice as far out compared to that in the 3000 data. The
tip of the filament and an individual H i cloud overlap
with the GBT detection. The individual cloud is found
at the half-power radius of the primary beam, and its
true column density (after primary beam correction) is
around ⇠ 1 · 1019 cm�2.
We did not detect any emission in the center of the

GBT cloud. The “extra” emission detected in the 6000

data has a corresponding H i mass between ⇠ 3 · 105 M�
and ⇠ 8 · 105 M�, depending on how exactly the extent
of the 3000 filament is defined. This is only between 5 and
13 percent of the H i mass detected by the GBT, so 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, we observed the cloud with the Westerbork Syn-
thesis Radio Telecope (WSRT) in Aug and Dec 2013 for
a total of 21 hours. The telescope was pointed at the
center of the GBT cloud. The data were reduced using
standard methods, and an image cube was produced us-
ing a robustness parameter of 0 and a taper of 3000. The
resulting beam size was 4200 ⇥ 4700, with a noise level of
0.9 mJy beam�1. This corresponds to a 5�, 10 km s�1

column density sensitivity of 2.5 · 1019 cm�2.
The WSRT data confirm all features seen in the deep

VLA data, and also do not detect significant emission
at the position of the cloud‘,. The limits derived from
both the WSRT and the VLA data thus indicate that
the “missing” cloud H i must have column densities well
below a few times 1018 cm�2 for it not be detected in the
deep VLA, or the more shallow but pointed WSRT obser-
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Figure 6. Selected channel maps of the GBT data cube superimposed on corresponding channel maps from the deep VLA data. The
GBT data are shown in black contours. Black contours levels are (2.5, 5 [thick contour], 10, 50) · 1017 cm�2. Gray, dashed contours denote
�2.5 · 1017 cm�2 in the GBT data. The gray scale shows the H i emission in the deep 3000 cube from Fraternali et al. (2002). The thin,
red contour surronding this emission shows the 5 · 1018 cm�2 in these VLA data. The thick, red contours show the 5 · 1017 cm�2 level in
the VLA data when smoothed to the GBT resolution of 8.70. This is the same column density as shown by the thick black contour. None
of the VLA contours or grayscales are corrected for primary beam e↵ects. The panel in the bottom-right is a↵ected by Galactic emission.
The GBT beam is shown in the bottom-left of the top-left panel. The two small features to the north of the main emission, as indicated
by the thick red contour at v = 258.7 and 243.3 kms s�1 are data artefacts due to the severe smoothing used.

vations. The combination of this column density limit,
and the total H i mass of the cloud, implies that its true
spatial distribution cannot be much smaller than as ob-
served with the GBT as more clumpy H i distributions
with higher column densities would likely have been de-
tected. More sensitive observations pointed at the cloud
are thus needed to further constrain the morphology of
the cloud.

4. INTERPRETATION

4.1. Comparison with optical data

We now investigate whether any signatures or coun-
terparts 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 NUV or FUV sources
in the area of the cloud, so there is no indication of a
concentration of recent star formation at that location.
A study by Barker et al. (2012) looks at the stel-

lar population in and around NGC 2403, using wide-
field observations with Suprime-Cam on the Subaru tele-

thick contours: 5 1017 cm-2
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Figure 4. Gray lines show the location of the position-velocity
slices shown in Fig. 7. The long-dashed circle indicates the 50 per-
cent sensitivity level of the VLA primary beam. The short-dashed
circle shows the 10 percent level. Other contours and grayscales as
in Fig. 3.

Figure 5. A detailed view of the cloud-filament complex.
Grayscales show the integrated H i distribution derived from the
3000 VLA data and run from 2·1019 (white) to 2·1021 cm�2 (black).
Thin, black contours show the H i distribution of the cloud derived
from the GBT data. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours show the 8-kpc filament, derived from the
3000 VLA data. The contour level is 2 · 1019 cm�2. The highest
column density found in the filament is 6.5 · 1019 cm�2. The GBT
and VLA beams are indicated in the bottom-right corner.

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 H i mass
of the cloud is 6.3 · 106 M�. If we take the dimensions
of the cloud to be 160 ⇥ 120 (i.e., the angular size of the

cloud as shown in Fig. 5 corrected for the GBT beam
size), then the average H i column density of the cloud is
⇠ 6 · 1018 cm�2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-

inghuish between smooth emission which 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 H i in the cloud has a
distribution identical to that of the 8-kpc filament, then
the inferred average column density increases to ⇠ 6·1019
cm�2. The column densities in the actual 8-kpc filament
are in the range ⇠ 3 to ⇠ 6 · 1019 cm�2, so consistent
with this value.
It would however still be di�cult to detect this more

compact emission in the existing 3000 VLA data. Putting
the observed 8-kpc filament at the position of the cloud
means applying a primary beam loss of sensitivity of a
factor of ⇠ 0.4. The resulting apparent column density
would thus be ⇠ 1.5 to 2.5 · 1019 cm�2. Assuming that
the emission has a velocity width of ⇠ 50 km s�1, implies
that in the 3000 VLA data, an 8-kpc filament at the po-
sition of the cloud would show at the ⇠ 1� level in each
channel (cf. the sensitivities listed in Sec. 2.2).
We investigated whether the filament could be traced

further out towards the cloud by convolving the 3000 VLA
data to a resulting beam size of 6000. In this new data
set the filament emission could be traced to somewhat
larger radii. To show this, we created a moment map of
all emission between 119.6 and 150.4 km s�1 (cf. Fig. 7)
brighter than 3� (0.9 mJy beam�1). The resulting map
is shown in Fig. 8. The filament emission extends about
twice as far out compared to that in the 3000 data. The
tip of the filament and an individual H i cloud overlap
with the GBT detection. The individual cloud is found
at the half-power radius of the primary beam, and its
true column density (after primary beam correction) is
around ⇠ 1 · 1019 cm�2.
We did not detect any emission in the center of the

GBT cloud. The “extra” emission detected in the 6000

data has a corresponding H i mass between ⇠ 3 · 105 M�
and ⇠ 8 · 105 M�, depending on how exactly the extent
of the 3000 filament is defined. This is only between 5 and
13 percent of the H i mass detected by the GBT, so 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, we observed the cloud with the Westerbork Syn-
thesis Radio Telecope (WSRT) in Aug and Dec 2013 for
a total of 21 hours. The telescope was pointed at the
center of the GBT cloud. The data were reduced using
standard methods, and an image cube was produced us-
ing a robustness parameter of 0 and a taper of 3000. The
resulting beam size was 4200 ⇥ 4700, with a noise level of
0.9 mJy beam�1. This corresponds to a 5�, 10 km s�1

column density sensitivity of 2.5 · 1019 cm�2.
The WSRT data confirm all features seen in the deep

VLA data, and also do not detect significant emission
at the position of the cloud‘,. The limits derived from
both the WSRT and the VLA data thus indicate that
the “missing” cloud H i must have column densities well
below a few times 1018 cm�2 for it not be detected in the
deep VLA, or the more shallow but pointed WSRT obser-
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Figure 4. Gray lines show the location of the position-velocity
slices shown in Fig. 7. The long-dashed circle indicates the 50 per-
cent sensitivity level of the VLA primary beam. The short-dashed
circle shows the 10 percent level. Other contours and grayscales as
in Fig. 3.

Figure 5. A detailed view of the cloud-filament complex.
Grayscales show the integrated H i distribution derived from the
3000 VLA data and run from 2·1019 (white) to 2·1021 cm�2 (black).
Thin, black contours show the H i distribution of the cloud derived
from the GBT data. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours show the 8-kpc filament, derived from the
3000 VLA data. The contour level is 2 · 1019 cm�2. The highest
column density found in the filament is 6.5 · 1019 cm�2. The GBT
and VLA beams are indicated in the bottom-right corner.

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 H i mass
of the cloud is 6.3 · 106 M�. If we take the dimensions
of the cloud to be 160 ⇥ 120 (i.e., the angular size of the

cloud as shown in Fig. 5 corrected for the GBT beam
size), then the average H i column density of the cloud is
⇠ 6 · 1018 cm�2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-

inghuish between smooth emission which 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 H i in the cloud has a
distribution identical to that of the 8-kpc filament, then
the inferred average column density increases to ⇠ 6·1019
cm�2. The column densities in the actual 8-kpc filament
are in the range ⇠ 3 to ⇠ 6 · 1019 cm�2, so consistent
with this value.
It would however still be di�cult to detect this more

compact emission in the existing 3000 VLA data. Putting
the observed 8-kpc filament at the position of the cloud
means applying a primary beam loss of sensitivity of a
factor of ⇠ 0.4. The resulting apparent column density
would thus be ⇠ 1.5 to 2.5 · 1019 cm�2. Assuming that
the emission has a velocity width of ⇠ 50 km s�1, implies
that in the 3000 VLA data, an 8-kpc filament at the po-
sition of the cloud would show at the ⇠ 1� level in each
channel (cf. the sensitivities listed in Sec. 2.2).
We investigated whether the filament could be traced

further out towards the cloud by convolving the 3000 VLA
data to a resulting beam size of 6000. In this new data
set the filament emission could be traced to somewhat
larger radii. To show this, we created a moment map of
all emission between 119.6 and 150.4 km s�1 (cf. Fig. 7)
brighter than 3� (0.9 mJy beam�1). The resulting map
is shown in Fig. 8. The filament emission extends about
twice as far out compared to that in the 3000 data. The
tip of the filament and an individual H i cloud overlap
with the GBT detection. The individual cloud is found
at the half-power radius of the primary beam, and its
true column density (after primary beam correction) is
around ⇠ 1 · 1019 cm�2.
We did not detect any emission in the center of the

GBT cloud. The “extra” emission detected in the 6000

data has a corresponding H i mass between ⇠ 3 · 105 M�
and ⇠ 8 · 105 M�, depending on how exactly the extent
of the 3000 filament is defined. This is only between 5 and
13 percent of the H i mass detected by the GBT, so 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, we observed the cloud with the Westerbork Syn-
thesis Radio Telecope (WSRT) in Aug and Dec 2013 for
a total of 21 hours. The telescope was pointed at the
center of the GBT cloud. The data were reduced using
standard methods, and an image cube was produced us-
ing a robustness parameter of 0 and a taper of 3000. The
resulting beam size was 4200 ⇥ 4700, with a noise level of
0.9 mJy beam�1. This corresponds to a 5�, 10 km s�1

column density sensitivity of 2.5 · 1019 cm�2.
The WSRT data confirm all features seen in the deep

VLA data, and also do not detect significant emission
at the position of the cloud‘,. The limits derived from
both the WSRT and the VLA data thus indicate that
the “missing” cloud H i must have column densities well
below a few times 1018 cm�2 for it not be detected in the
deep VLA, or the more shallow but pointed WSRT obser-
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Figure 7. Comparison of pV slices through the GBT and the VLA data. Top panel: major axis slice. Bottom panel: slice through
centers of cloud and 8-kpc filament. Position and orientation of the slices are indicated in Fig. 4. In both panels the grayscale shows
the 3000 VLA data with (2.5, 5) · 1018 cm�2 contours overplotted in dark-gray. The black contours show the GBT data at contour levels
(0.5 [thick], 1, 5) · 1018 cm�2. The red contour shows the VLA data smoothed to the GBT resolution at the 5 · 1017 cm�2 level, i.e.
corresponding to that of the thick black contour. The VLA contours and grayscales are not corrected for primary beam e↵ects. The
hatched area at the top indicates velocities a↵ected by Galactic emission. The cloud and 8-kpc filament are indicated by arrows in both
panels.

scope. These observations resolve the stellar distribution
in NGC 2403 and Barker et al. (2012) were able to use
colour-magnitude diagrams to identify di↵erent stellar
populations. They found that the stellar distribution of
NGC 2403 extends to at least ⇠ 40 kpc, at a surface
brightness level of µV ⇠ 32 mag arcsec�2. The field of
view of these observations thus comfortably encompasses
the location of the cloud, which is at a radius of ⇠ 170 or
16 kpc.

Barker et al. (2012) present the spatial distribution of
the stellar populations in their Fig. 10. Their plot of
the distribution of RGB and AGB stars shows di↵use
overdensities of stars to the NW and SE of the main
disk, with the NW overdensity being most prominent.
In Fig. 9 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 o↵set ⇠ 50

to the NE from the approximate center of the stellar
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slices shown in Fig. 7. The long-dashed circle indicates the 50 per-
cent sensitivity level of the VLA primary beam. The short-dashed
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Figure 5. A detailed view of the cloud-filament complex.
Grayscales show the integrated H i distribution derived from the
3000 VLA data and run from 2·1019 (white) to 2·1021 cm�2 (black).
Thin, black contours show the H i distribution of the cloud derived
from the GBT data. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours show the 8-kpc filament, derived from the
3000 VLA data. The contour level is 2 · 1019 cm�2. The highest
column density found in the filament is 6.5 · 1019 cm�2. The GBT
and VLA beams are indicated in the bottom-right corner.

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 H i mass
of the cloud is 6.3 · 106 M�. If we take the dimensions
of the cloud to be 160 ⇥ 120 (i.e., the angular size of the

cloud as shown in Fig. 5 corrected for the GBT beam
size), then the average H i column density of the cloud is
⇠ 6 · 1018 cm�2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-

inghuish between smooth emission which 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 H i in the cloud has a
distribution identical to that of the 8-kpc filament, then
the inferred average column density increases to ⇠ 6·1019
cm�2. The column densities in the actual 8-kpc filament
are in the range ⇠ 3 to ⇠ 6 · 1019 cm�2, so consistent
with this value.
It would however still be di�cult to detect this more

compact emission in the existing 3000 VLA data. Putting
the observed 8-kpc filament at the position of the cloud
means applying a primary beam loss of sensitivity of a
factor of ⇠ 0.4. The resulting apparent column density
would thus be ⇠ 1.5 to 2.5 · 1019 cm�2. Assuming that
the emission has a velocity width of ⇠ 50 km s�1, implies
that in the 3000 VLA data, an 8-kpc filament at the po-
sition of the cloud would show at the ⇠ 1� level in each
channel (cf. the sensitivities listed in Sec. 2.2).
We investigated whether the filament could be traced

further out towards the cloud by convolving the 3000 VLA
data to a resulting beam size of 6000. In this new data
set the filament emission could be traced to somewhat
larger radii. To show this, we created a moment map of
all emission between 119.6 and 150.4 km s�1 (cf. Fig. 7)
brighter than 3� (0.9 mJy beam�1). The resulting map
is shown in Fig. 8. The filament emission extends about
twice as far out compared to that in the 3000 data. The
tip of the filament and an individual H i cloud overlap
with the GBT detection. The individual cloud is found
at the half-power radius of the primary beam, and its
true column density (after primary beam correction) is
around ⇠ 1 · 1019 cm�2.
We did not detect any emission in the center of the

GBT cloud. The “extra” emission detected in the 6000

data has a corresponding H i mass between ⇠ 3 · 105 M�
and ⇠ 8 · 105 M�, depending on how exactly the extent
of the 3000 filament is defined. This is only between 5 and
13 percent of the H i mass detected by the GBT, so 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, we observed the cloud with the Westerbork Syn-
thesis Radio Telecope (WSRT) in Aug and Dec 2013 for
a total of 21 hours. The telescope was pointed at the
center of the GBT cloud. The data were reduced using
standard methods, and an image cube was produced us-
ing a robustness parameter of 0 and a taper of 3000. The
resulting beam size was 4200 ⇥ 4700, with a noise level of
0.9 mJy beam�1. This corresponds to a 5�, 10 km s�1

column density sensitivity of 2.5 · 1019 cm�2.
The WSRT data confirm all features seen in the deep

VLA data, and also do not detect significant emission
at the position of the cloud‘,. The limits derived from
both the WSRT and the VLA data thus indicate that
the “missing” cloud H i must have column densities well
below a few times 1018 cm�2 for it not be detected in the
deep VLA, or the more shallow but pointed WSRT obser-

GBT: 5 1017, 1 1018, 5 1018 cm-2 
VLA (smoothed): 5 1017 cm-2
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Figure 8. Integrated H i map of the emission between 119.6 and
150.4 km s�1 derived from the deep VLA data at 6000 resolution
(grayscale). Light-gray contours show (3, 7.5, 15, 30, 75) · 1018
cm�2 column density levels. Thin black contours show the GBT
cloud, thick black contours the 8-kpc filament at 3000 resolution.
Contours as in Fig. 5. The hatched gray box indicates features in
the 6000 (gray contours) data that are confirmed to be artefacts, and
not real emission. The 6000 beam is indicated in the bottom-right
corner.

overdensity, but still has a substantial overlap. We do
not find any additional H i component associated with
the SE component (though this may well be caused due
to the confusion with Galactic emission, cf. Fig. 2).
The optical overdensity shows little internal structure

and could either represent di↵use stellar tidal remnants,
caused by a past interaction, or a faint, outer stellar disk.
In the first case, the cloud would be an interaction rem-
nant resulting from the same interaction that produced
the stellar overdensities. The evolution of the cloud and
the stellar remnant would thus be related. In the second
case, the evolution of the cloud and stellar overdensities
is not related, and the coincidence in position would be
by chance. We briefly discuss the merits of both inter-
pretations below.

4.1.1. Tidal remnants

The overdensities do not resemble the features and stel-
lar streams like the ones seen around, e.g., NGC 5907
(Mart́ınez-Delgado et al. 2008). If stellar streams are in-
deed the progenitors of this overdensity, then the interac-
tion must have happened long enough ago for the stellar
interaction features to have di↵used. As the overdensity
is visible in the RGB and AGB stellar components, this
means a time-scale between ⇠ 0.5 and ⇠ 10 Gyr. While
this does not really constrain the interaction timescale,
stellar streams are long-lived, and it is not clear that the
timescale for di↵usion of a stellar stream is consistent
with that of the presence of H i interaction remnants (i.e.,
the cloud). Estimates of the di↵usion time of H i clouds
resulting from an interaction are uncertain, but suggest a
timescale of a few hundred million years to a Gyr (Put-
man et al. 2012), while stellar interaction features can
remain visible for a number of gigayears (Barnes & Hern-
quist 1992; Mart́ınez-Delgado et al. 2008). The timescale

Figure 9. The cloud and filament (contour levels as in Fig. 3)
overlaid on the distribution of RGB stars (grayscale). 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 of the panel. The distribution of RGB stars is copied
from Fig. 10 of Barker et al. (2012).

implied by the H i would be consistent with the lower end
of the age range suggested by the RGB stars, but prob-
ably not with the time scale for di↵usion of any stellar
interaction features. Note that in any of the well-known
cases of stellar streams (e.g., those in NGC 5907, NGC
5055, NGC 4013 or NGC 891), no H i is found associated
with these streams.

4.1.2. Stellar disk

An alternative explanation for the optical overdensi-
ties is that they are part of a faint outer disk, possibly
tracing the warp (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 µV ⇠ 29
mag arcsec�2. The cloud and its evolution would then
have nothing to do with the optical overdensities.
With no relation to the optical disk, the cloud is thus

likely to be more like a large high-velocity cloud. Its H i
mass is similar to that of the Complex C high-velocity
cloud in our Milky Way. This then raises the question
of whether the cloud/filament complex could be caused
by galactic fountain processes, i.e., could it be gas blown
out of the main disk due to star formation? As discussed
above, Fraternali et al. (2001, 2002) show the presence of
a thick, lagging H i disk in NGC 2403. Fraternali & Bin-
ney (2006, 2008) model this extra-planar gas component
using particles that are blown out of the disk on ballis-
tic orbits. Fraternali & Binney (2008) conclude that the
general distribution of the gas can indeed be modelled
in this way, but that smaller substructures and filaments
(like 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 further out, presumably making it less likely to be
a result of the galactic fountain.

Integrated 60” HI between 119 and 150 km/s
light-gray contours (3, 7.5, 15, 30, 75) · 1018 cm-2
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Figure 8. Integrated H i map of the emission between 119.6 and
150.4 km s�1 derived from the deep VLA data at 6000 resolution
(grayscale). Light-gray contours show (3, 7.5, 15, 30, 75) · 1018
cm�2 column density levels. Thin black contours show the GBT
cloud, thick black contours the 8-kpc filament at 3000 resolution.
Contours as in Fig. 5. The hatched gray box indicates features in
the 6000 (gray contours) data that are confirmed to be artefacts, and
not real emission. The 6000 beam is indicated in the bottom-right
corner.

overdensity, but still has a substantial overlap. We do
not find any additional H i component associated with
the SE component (though this may well be caused due
to the confusion with Galactic emission, cf. Fig. 2).
The optical overdensity shows little internal structure

and could either represent di↵use stellar tidal remnants,
caused by a past interaction, or a faint, outer stellar disk.
In the first case, the cloud would be an interaction rem-
nant resulting from the same interaction that produced
the stellar overdensities. The evolution of the cloud and
the stellar remnant would thus be related. In the second
case, the evolution of the cloud and stellar overdensities
is not related, and the coincidence in position would be
by chance. We briefly discuss the merits of both inter-
pretations below.

4.1.1. Tidal remnants

The overdensities do not resemble the features and stel-
lar streams like the ones seen around, e.g., NGC 5907
(Mart́ınez-Delgado et al. 2008). If stellar streams are in-
deed the progenitors of this overdensity, then the interac-
tion must have happened long enough ago for the stellar
interaction features to have di↵used. As the overdensity
is visible in the RGB and AGB stellar components, this
means a time-scale between ⇠ 0.5 and ⇠ 10 Gyr. While
this does not really constrain the interaction timescale,
stellar streams are long-lived, and it is not clear that the
timescale for di↵usion of a stellar stream is consistent
with that of the presence of H i interaction remnants (i.e.,
the cloud). Estimates of the di↵usion time of H i clouds
resulting from an interaction are uncertain, but suggest a
timescale of a few hundred million years to a Gyr (Put-
man et al. 2012), while stellar interaction features can
remain visible for a number of gigayears (Barnes & Hern-
quist 1992; Mart́ınez-Delgado et al. 2008). The timescale

Figure 9. The cloud and filament (contour levels as in Fig. 3)
overlaid on the distribution of RGB stars (grayscale). 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 of the panel. The distribution of RGB stars is copied
from Fig. 10 of Barker et al. (2012).

implied by the H i would be consistent with the lower end
of the age range suggested by the RGB stars, but prob-
ably not with the time scale for di↵usion of any stellar
interaction features. Note that in any of the well-known
cases of stellar streams (e.g., those in NGC 5907, NGC
5055, NGC 4013 or NGC 891), no H i is found associated
with these streams.

4.1.2. Stellar disk

An alternative explanation for the optical overdensi-
ties is that they are part of a faint outer disk, possibly
tracing the warp (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 µV ⇠ 29
mag arcsec�2. The cloud and its evolution would then
have nothing to do with the optical overdensities.
With no relation to the optical disk, the cloud is thus

likely to be more like a large high-velocity cloud. Its H i
mass is similar to that of the Complex C high-velocity
cloud in our Milky Way. This then raises the question
of whether the cloud/filament complex could be caused
by galactic fountain processes, i.e., could it be gas blown
out of the main disk due to star formation? As discussed
above, Fraternali et al. (2001, 2002) show the presence of
a thick, lagging H i disk in NGC 2403. Fraternali & Bin-
ney (2006, 2008) model this extra-planar gas component
using particles that are blown out of the disk on ballis-
tic orbits. Fraternali & Binney (2008) conclude that the
general distribution of the gas can indeed be modelled
in this way, but that smaller substructures and filaments
(like 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 further out, presumably making it less likely to be
a result of the galactic fountain.
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Figure 4. Gray lines show the location of the position-velocity
slices shown in Fig. 7. The long-dashed circle indicates the 50 per-
cent sensitivity level of the VLA primary beam. The short-dashed
circle shows the 10 percent level. Other contours and grayscales as
in Fig. 3.

Figure 5. A detailed view of the cloud-filament complex.
Grayscales show the integrated H i distribution derived from the
3000 VLA data and run from 2·1019 (white) to 2·1021 cm�2 (black).
Thin, black contours show the H i distribution of the cloud derived
from the GBT data. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours show the 8-kpc filament, derived from the
3000 VLA data. The contour level is 2 · 1019 cm�2. The highest
column density found in the filament is 6.5 · 1019 cm�2. The GBT
and VLA beams are indicated in the bottom-right corner.

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 H i mass
of the cloud is 6.3 · 106 M�. If we take the dimensions
of the cloud to be 160 ⇥ 120 (i.e., the angular size of the

cloud as shown in Fig. 5 corrected for the GBT beam
size), then the average H i column density of the cloud is
⇠ 6 · 1018 cm�2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-

inghuish between smooth emission which 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 H i in the cloud has a
distribution identical to that of the 8-kpc filament, then
the inferred average column density increases to ⇠ 6·1019
cm�2. The column densities in the actual 8-kpc filament
are in the range ⇠ 3 to ⇠ 6 · 1019 cm�2, so consistent
with this value.
It would however still be di�cult to detect this more

compact emission in the existing 3000 VLA data. Putting
the observed 8-kpc filament at the position of the cloud
means applying a primary beam loss of sensitivity of a
factor of ⇠ 0.4. The resulting apparent column density
would thus be ⇠ 1.5 to 2.5 · 1019 cm�2. Assuming that
the emission has a velocity width of ⇠ 50 km s�1, implies
that in the 3000 VLA data, an 8-kpc filament at the po-
sition of the cloud would show at the ⇠ 1� level in each
channel (cf. the sensitivities listed in Sec. 2.2).
We investigated whether the filament could be traced

further out towards the cloud by convolving the 3000 VLA
data to a resulting beam size of 6000. In this new data
set the filament emission could be traced to somewhat
larger radii. To show this, we created a moment map of
all emission between 119.6 and 150.4 km s�1 (cf. Fig. 7)
brighter than 3� (0.9 mJy beam�1). The resulting map
is shown in Fig. 8. The filament emission extends about
twice as far out compared to that in the 3000 data. The
tip of the filament and an individual H i cloud overlap
with the GBT detection. The individual cloud is found
at the half-power radius of the primary beam, and its
true column density (after primary beam correction) is
around ⇠ 1 · 1019 cm�2.
We did not detect any emission in the center of the

GBT cloud. The “extra” emission detected in the 6000

data has a corresponding H i mass between ⇠ 3 · 105 M�
and ⇠ 8 · 105 M�, depending on how exactly the extent
of the 3000 filament is defined. This is only between 5 and
13 percent of the H i mass detected by the GBT, so 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, we observed the cloud with the Westerbork Syn-
thesis Radio Telecope (WSRT) in Aug and Dec 2013 for
a total of 21 hours. The telescope was pointed at the
center of the GBT cloud. The data were reduced using
standard methods, and an image cube was produced us-
ing a robustness parameter of 0 and a taper of 3000. The
resulting beam size was 4200 ⇥ 4700, with a noise level of
0.9 mJy beam�1. This corresponds to a 5�, 10 km s�1

column density sensitivity of 2.5 · 1019 cm�2.
The WSRT data confirm all features seen in the deep

VLA data, and also do not detect significant emission
at the position of the cloud‘,. The limits derived from
both the WSRT and the VLA data thus indicate that
the “missing” cloud H i must have column densities well
below a few times 1018 cm�2 for it not be detected in the
deep VLA, or the more shallow but pointed WSRT obser-
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Figure 4. Gray lines show the location of the position-velocity
slices shown in Fig. 7. The long-dashed circle indicates the 50 per-
cent sensitivity level of the VLA primary beam. The short-dashed
circle shows the 10 percent level. Other contours and grayscales as
in Fig. 3.

Figure 5. A detailed view of the cloud-filament complex.
Grayscales show the integrated H i distribution derived from the
3000 VLA data and run from 2·1019 (white) to 2·1021 cm�2 (black).
Thin, black contours show the H i distribution of the cloud derived
from the GBT data. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours show the 8-kpc filament, derived from the
3000 VLA data. The contour level is 2 · 1019 cm�2. The highest
column density found in the filament is 6.5 · 1019 cm�2. The GBT
and VLA beams are indicated in the bottom-right corner.

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 H i mass
of the cloud is 6.3 · 106 M�. If we take the dimensions
of the cloud to be 160 ⇥ 120 (i.e., the angular size of the

cloud as shown in Fig. 5 corrected for the GBT beam
size), then the average H i column density of the cloud is
⇠ 6 · 1018 cm�2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-

inghuish between smooth emission which 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 H i in the cloud has a
distribution identical to that of the 8-kpc filament, then
the inferred average column density increases to ⇠ 6·1019
cm�2. The column densities in the actual 8-kpc filament
are in the range ⇠ 3 to ⇠ 6 · 1019 cm�2, so consistent
with this value.
It would however still be di�cult to detect this more

compact emission in the existing 3000 VLA data. Putting
the observed 8-kpc filament at the position of the cloud
means applying a primary beam loss of sensitivity of a
factor of ⇠ 0.4. The resulting apparent column density
would thus be ⇠ 1.5 to 2.5 · 1019 cm�2. Assuming that
the emission has a velocity width of ⇠ 50 km s�1, implies
that in the 3000 VLA data, an 8-kpc filament at the po-
sition of the cloud would show at the ⇠ 1� level in each
channel (cf. the sensitivities listed in Sec. 2.2).
We investigated whether the filament could be traced

further out towards the cloud by convolving the 3000 VLA
data to a resulting beam size of 6000. In this new data
set the filament emission could be traced to somewhat
larger radii. To show this, we created a moment map of
all emission between 119.6 and 150.4 km s�1 (cf. Fig. 7)
brighter than 3� (0.9 mJy beam�1). The resulting map
is shown in Fig. 8. The filament emission extends about
twice as far out compared to that in the 3000 data. The
tip of the filament and an individual H i cloud overlap
with the GBT detection. The individual cloud is found
at the half-power radius of the primary beam, and its
true column density (after primary beam correction) is
around ⇠ 1 · 1019 cm�2.
We did not detect any emission in the center of the

GBT cloud. The “extra” emission detected in the 6000

data has a corresponding H i mass between ⇠ 3 · 105 M�
and ⇠ 8 · 105 M�, depending on how exactly the extent
of the 3000 filament is defined. This is only between 5 and
13 percent of the H i mass detected by the GBT, so 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, we observed the cloud with the Westerbork Syn-
thesis Radio Telecope (WSRT) in Aug and Dec 2013 for
a total of 21 hours. The telescope was pointed at the
center of the GBT cloud. The data were reduced using
standard methods, and an image cube was produced us-
ing a robustness parameter of 0 and a taper of 3000. The
resulting beam size was 4200 ⇥ 4700, with a noise level of
0.9 mJy beam�1. This corresponds to a 5�, 10 km s�1

column density sensitivity of 2.5 · 1019 cm�2.
The WSRT data confirm all features seen in the deep

VLA data, and also do not detect significant emission
at the position of the cloud‘,. The limits derived from
both the WSRT and the VLA data thus indicate that
the “missing” cloud H i must have column densities well
below a few times 1018 cm�2 for it not be detected in the
deep VLA, or the more shallow but pointed WSRT obser-
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Figure 4. Gray lines show the location of the position-velocity
slices shown in Fig. 7. The long-dashed circle indicates the 50 per-
cent sensitivity level of the VLA primary beam. The short-dashed
circle shows the 10 percent level. Other contours and grayscales as
in Fig. 3.

Figure 5. A detailed view of the cloud-filament complex.
Grayscales show the integrated H i distribution derived from the
3000 VLA data and run from 2·1019 (white) to 2·1021 cm�2 (black).
Thin, black contours show the H i distribution of the cloud derived
from the GBT data. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours show the 8-kpc filament, derived from the
3000 VLA data. The contour level is 2 · 1019 cm�2. The highest
column density found in the filament is 6.5 · 1019 cm�2. The GBT
and VLA beams are indicated in the bottom-right corner.

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 H i mass
of the cloud is 6.3 · 106 M�. If we take the dimensions
of the cloud to be 160 ⇥ 120 (i.e., the angular size of the

cloud as shown in Fig. 5 corrected for the GBT beam
size), then the average H i column density of the cloud is
⇠ 6 · 1018 cm�2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-

inghuish between smooth emission which 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 H i in the cloud has a
distribution identical to that of the 8-kpc filament, then
the inferred average column density increases to ⇠ 6·1019
cm�2. The column densities in the actual 8-kpc filament
are in the range ⇠ 3 to ⇠ 6 · 1019 cm�2, so consistent
with this value.
It would however still be di�cult to detect this more

compact emission in the existing 3000 VLA data. Putting
the observed 8-kpc filament at the position of the cloud
means applying a primary beam loss of sensitivity of a
factor of ⇠ 0.4. The resulting apparent column density
would thus be ⇠ 1.5 to 2.5 · 1019 cm�2. Assuming that
the emission has a velocity width of ⇠ 50 km s�1, implies
that in the 3000 VLA data, an 8-kpc filament at the po-
sition of the cloud would show at the ⇠ 1� level in each
channel (cf. the sensitivities listed in Sec. 2.2).
We investigated whether the filament could be traced

further out towards the cloud by convolving the 3000 VLA
data to a resulting beam size of 6000. In this new data
set the filament emission could be traced to somewhat
larger radii. To show this, we created a moment map of
all emission between 119.6 and 150.4 km s�1 (cf. Fig. 7)
brighter than 3� (0.9 mJy beam�1). The resulting map
is shown in Fig. 8. The filament emission extends about
twice as far out compared to that in the 3000 data. The
tip of the filament and an individual H i cloud overlap
with the GBT detection. The individual cloud is found
at the half-power radius of the primary beam, and its
true column density (after primary beam correction) is
around ⇠ 1 · 1019 cm�2.
We did not detect any emission in the center of the

GBT cloud. The “extra” emission detected in the 6000

data has a corresponding H i mass between ⇠ 3 · 105 M�
and ⇠ 8 · 105 M�, depending on how exactly the extent
of the 3000 filament is defined. This is only between 5 and
13 percent of the H i mass detected by the GBT, so 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, we observed the cloud with the Westerbork Syn-
thesis Radio Telecope (WSRT) in Aug and Dec 2013 for
a total of 21 hours. The telescope was pointed at the
center of the GBT cloud. The data were reduced using
standard methods, and an image cube was produced us-
ing a robustness parameter of 0 and a taper of 3000. The
resulting beam size was 4200 ⇥ 4700, with a noise level of
0.9 mJy beam�1. This corresponds to a 5�, 10 km s�1

column density sensitivity of 2.5 · 1019 cm�2.
The WSRT data confirm all features seen in the deep

VLA data, and also do not detect significant emission
at the position of the cloud‘,. The limits derived from
both the WSRT and the VLA data thus indicate that
the “missing” cloud H i must have column densities well
below a few times 1018 cm�2 for it not be detected in the
deep VLA, or the more shallow but pointed WSRT obser-
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Figure 4. Gray lines show the location of the position-velocity
slices shown in Fig. 7. The long-dashed circle indicates the 50 per-
cent sensitivity level of the VLA primary beam. The short-dashed
circle shows the 10 percent level. Other contours and grayscales as
in Fig. 3.

Figure 5. A detailed view of the cloud-filament complex.
Grayscales show the integrated H i distribution derived from the
3000 VLA data and run from 2·1019 (white) to 2·1021 cm�2 (black).
Thin, black contours show the H i distribution of the cloud derived
from the GBT data. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours show the 8-kpc filament, derived from the
3000 VLA data. The contour level is 2 · 1019 cm�2. The highest
column density found in the filament is 6.5 · 1019 cm�2. The GBT
and VLA beams are indicated in the bottom-right corner.

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 H i mass
of the cloud is 6.3 · 106 M�. If we take the dimensions
of the cloud to be 160 ⇥ 120 (i.e., the angular size of the

cloud as shown in Fig. 5 corrected for the GBT beam
size), then the average H i column density of the cloud is
⇠ 6 · 1018 cm�2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-

inghuish between smooth emission which 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 H i in the cloud has a
distribution identical to that of the 8-kpc filament, then
the inferred average column density increases to ⇠ 6·1019
cm�2. The column densities in the actual 8-kpc filament
are in the range ⇠ 3 to ⇠ 6 · 1019 cm�2, so consistent
with this value.
It would however still be di�cult to detect this more

compact emission in the existing 3000 VLA data. Putting
the observed 8-kpc filament at the position of the cloud
means applying a primary beam loss of sensitivity of a
factor of ⇠ 0.4. The resulting apparent column density
would thus be ⇠ 1.5 to 2.5 · 1019 cm�2. Assuming that
the emission has a velocity width of ⇠ 50 km s�1, implies
that in the 3000 VLA data, an 8-kpc filament at the po-
sition of the cloud would show at the ⇠ 1� level in each
channel (cf. the sensitivities listed in Sec. 2.2).
We investigated whether the filament could be traced

further out towards the cloud by convolving the 3000 VLA
data to a resulting beam size of 6000. In this new data
set the filament emission could be traced to somewhat
larger radii. To show this, we created a moment map of
all emission between 119.6 and 150.4 km s�1 (cf. Fig. 7)
brighter than 3� (0.9 mJy beam�1). The resulting map
is shown in Fig. 8. The filament emission extends about
twice as far out compared to that in the 3000 data. The
tip of the filament and an individual H i cloud overlap
with the GBT detection. The individual cloud is found
at the half-power radius of the primary beam, and its
true column density (after primary beam correction) is
around ⇠ 1 · 1019 cm�2.
We did not detect any emission in the center of the

GBT cloud. The “extra” emission detected in the 6000

data has a corresponding H i mass between ⇠ 3 · 105 M�
and ⇠ 8 · 105 M�, depending on how exactly the extent
of the 3000 filament is defined. This is only between 5 and
13 percent of the H i mass detected by the GBT, so 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, we observed the cloud with the Westerbork Syn-
thesis Radio Telecope (WSRT) in Aug and Dec 2013 for
a total of 21 hours. The telescope was pointed at the
center of the GBT cloud. The data were reduced using
standard methods, and an image cube was produced us-
ing a robustness parameter of 0 and a taper of 3000. The
resulting beam size was 4200 ⇥ 4700, with a noise level of
0.9 mJy beam�1. This corresponds to a 5�, 10 km s�1

column density sensitivity of 2.5 · 1019 cm�2.
The WSRT data confirm all features seen in the deep

VLA data, and also do not detect significant emission
at the position of the cloud‘,. The limits derived from
both the WSRT and the VLA data thus indicate that
the “missing” cloud H i must have column densities well
below a few times 1018 cm�2 for it not be detected in the
deep VLA, or the more shallow but pointed WSRT obser-
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Figure 4. Gray lines show the location of the position-velocity
slices shown in Fig. 7. The long-dashed circle indicates the 50 per-
cent sensitivity level of the VLA primary beam. The short-dashed
circle shows the 10 percent level. Other contours and grayscales as
in Fig. 3.

Figure 5. A detailed view of the cloud-filament complex.
Grayscales show the integrated H i distribution derived from the
3000 VLA data and run from 2·1019 (white) to 2·1021 cm�2 (black).
Thin, black contours show the H i distribution of the cloud derived
from the GBT data. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours show the 8-kpc filament, derived from the
3000 VLA data. The contour level is 2 · 1019 cm�2. The highest
column density found in the filament is 6.5 · 1019 cm�2. The GBT
and VLA beams are indicated in the bottom-right corner.

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 H i mass
of the cloud is 6.3 · 106 M�. If we take the dimensions
of the cloud to be 160 ⇥ 120 (i.e., the angular size of the

cloud as shown in Fig. 5 corrected for the GBT beam
size), then the average H i column density of the cloud is
⇠ 6 · 1018 cm�2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-

inghuish between smooth emission which 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 H i in the cloud has a
distribution identical to that of the 8-kpc filament, then
the inferred average column density increases to ⇠ 6·1019
cm�2. The column densities in the actual 8-kpc filament
are in the range ⇠ 3 to ⇠ 6 · 1019 cm�2, so consistent
with this value.
It would however still be di�cult to detect this more

compact emission in the existing 3000 VLA data. Putting
the observed 8-kpc filament at the position of the cloud
means applying a primary beam loss of sensitivity of a
factor of ⇠ 0.4. The resulting apparent column density
would thus be ⇠ 1.5 to 2.5 · 1019 cm�2. Assuming that
the emission has a velocity width of ⇠ 50 km s�1, implies
that in the 3000 VLA data, an 8-kpc filament at the po-
sition of the cloud would show at the ⇠ 1� level in each
channel (cf. the sensitivities listed in Sec. 2.2).
We investigated whether the filament could be traced

further out towards the cloud by convolving the 3000 VLA
data to a resulting beam size of 6000. In this new data
set the filament emission could be traced to somewhat
larger radii. To show this, we created a moment map of
all emission between 119.6 and 150.4 km s�1 (cf. Fig. 7)
brighter than 3� (0.9 mJy beam�1). The resulting map
is shown in Fig. 8. The filament emission extends about
twice as far out compared to that in the 3000 data. The
tip of the filament and an individual H i cloud overlap
with the GBT detection. The individual cloud is found
at the half-power radius of the primary beam, and its
true column density (after primary beam correction) is
around ⇠ 1 · 1019 cm�2.
We did not detect any emission in the center of the

GBT cloud. The “extra” emission detected in the 6000

data has a corresponding H i mass between ⇠ 3 · 105 M�
and ⇠ 8 · 105 M�, depending on how exactly the extent
of the 3000 filament is defined. This is only between 5 and
13 percent of the H i mass detected by the GBT, so 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, we observed the cloud with the Westerbork Syn-
thesis Radio Telecope (WSRT) in Aug and Dec 2013 for
a total of 21 hours. The telescope was pointed at the
center of the GBT cloud. The data were reduced using
standard methods, and an image cube was produced us-
ing a robustness parameter of 0 and a taper of 3000. The
resulting beam size was 4200 ⇥ 4700, with a noise level of
0.9 mJy beam�1. This corresponds to a 5�, 10 km s�1

column density sensitivity of 2.5 · 1019 cm�2.
The WSRT data confirm all features seen in the deep

VLA data, and also do not detect significant emission
at the position of the cloud‘,. The limits derived from
both the WSRT and the VLA data thus indicate that
the “missing” cloud H i must have column densities well
below a few times 1018 cm�2 for it not be detected in the
deep VLA, or the more shallow but pointed WSRT obser-
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Figure 8. Integrated H i map of the emission between 119.6 and
150.4 km s�1 derived from the deep VLA data at 6000 resolution
(grayscale). Light-gray contours show (3, 7.5, 15, 30, 75) · 1018
cm�2 column density levels. Thin black contours show the GBT
cloud, thick black contours the 8-kpc filament at 3000 resolution.
Contours as in Fig. 5. The hatched gray box indicates features in
the 6000 (gray contours) data that are confirmed to be artefacts, and
not real emission. The 6000 beam is indicated in the bottom-right
corner.

overdensity, but still has a substantial overlap. We do
not find any additional H i component associated with
the SE component (though this may well be caused due
to the confusion with Galactic emission, cf. Fig. 2).
The optical overdensity shows little internal structure

and could either represent di↵use stellar tidal remnants,
caused by a past interaction, or a faint, outer stellar disk.
In the first case, the cloud would be an interaction rem-
nant resulting from the same interaction that produced
the stellar overdensities. The evolution of the cloud and
the stellar remnant would thus be related. In the second
case, the evolution of the cloud and stellar overdensities
is not related, and the coincidence in position would be
by chance. We briefly discuss the merits of both inter-
pretations below.

4.1.1. Tidal remnants

The overdensities do not resemble the features and stel-
lar streams like the ones seen around, e.g., NGC 5907
(Mart́ınez-Delgado et al. 2008). If stellar streams are in-
deed the progenitors of this overdensity, then the interac-
tion must have happened long enough ago for the stellar
interaction features to have di↵used. As the overdensity
is visible in the RGB and AGB stellar components, this
means a time-scale between ⇠ 0.5 and ⇠ 10 Gyr. While
this does not really constrain the interaction timescale,
stellar streams are long-lived, and it is not clear that the
timescale for di↵usion of a stellar stream is consistent
with that of the presence of H i interaction remnants (i.e.,
the cloud). Estimates of the di↵usion time of H i clouds
resulting from an interaction are uncertain, but suggest a
timescale of a few hundred million years to a Gyr (Put-
man et al. 2012), while stellar interaction features can
remain visible for a number of gigayears (Barnes & Hern-
quist 1992; Mart́ınez-Delgado et al. 2008). The timescale

Figure 9. The cloud and filament (contour levels as in Fig. 3)
overlaid on the distribution of RGB stars (grayscale). 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 of the panel. The distribution of RGB stars is copied
from Fig. 10 of Barker et al. (2012).

implied by the H i would be consistent with the lower end
of the age range suggested by the RGB stars, but prob-
ably not with the time scale for di↵usion of any stellar
interaction features. Note that in any of the well-known
cases of stellar streams (e.g., those in NGC 5907, NGC
5055, NGC 4013 or NGC 891), no H i is found associated
with these streams.

4.1.2. Stellar disk

An alternative explanation for the optical overdensi-
ties is that they are part of a faint outer disk, possibly
tracing the warp (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 µV ⇠ 29
mag arcsec�2. The cloud and its evolution would then
have nothing to do with the optical overdensities.
With no relation to the optical disk, the cloud is thus

likely to be more like a large high-velocity cloud. Its H i
mass is similar to that of the Complex C high-velocity
cloud in our Milky Way. This then raises the question
of whether the cloud/filament complex could be caused
by galactic fountain processes, i.e., could it be gas blown
out of the main disk due to star formation? As discussed
above, Fraternali et al. (2001, 2002) show the presence of
a thick, lagging H i disk in NGC 2403. Fraternali & Bin-
ney (2006, 2008) model this extra-planar gas component
using particles that are blown out of the disk on ballis-
tic orbits. Fraternali & Binney (2008) conclude that the
general distribution of the gas can indeed be modelled
in this way, but that smaller substructures and filaments
(like 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 further out, presumably making it less likely to be
a result of the galactic fountain.

Barker et al 2012. Subaru observations of 
RGB and AGB stars
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Figure 4. Gray lines show the location of the position-velocity
slices shown in Fig. 7. The long-dashed circle indicates the 50 per-
cent sensitivity level of the VLA primary beam. The short-dashed
circle shows the 10 percent level. Other contours and grayscales as
in Fig. 3.

Figure 5. A detailed view of the cloud-filament complex.
Grayscales show the integrated H i distribution derived from the
3000 VLA data and run from 2·1019 (white) to 2·1021 cm�2 (black).
Thin, black contours show the H i distribution of the cloud derived
from the GBT data. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours show the 8-kpc filament, derived from the
3000 VLA data. The contour level is 2 · 1019 cm�2. The highest
column density found in the filament is 6.5 · 1019 cm�2. The GBT
and VLA beams are indicated in the bottom-right corner.

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 H i mass
of the cloud is 6.3 · 106 M�. If we take the dimensions
of the cloud to be 160 ⇥ 120 (i.e., the angular size of the

cloud as shown in Fig. 5 corrected for the GBT beam
size), then the average H i column density of the cloud is
⇠ 6 · 1018 cm�2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-

inghuish between smooth emission which 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 H i in the cloud has a
distribution identical to that of the 8-kpc filament, then
the inferred average column density increases to ⇠ 6·1019
cm�2. The column densities in the actual 8-kpc filament
are in the range ⇠ 3 to ⇠ 6 · 1019 cm�2, so consistent
with this value.
It would however still be di�cult to detect this more

compact emission in the existing 3000 VLA data. Putting
the observed 8-kpc filament at the position of the cloud
means applying a primary beam loss of sensitivity of a
factor of ⇠ 0.4. The resulting apparent column density
would thus be ⇠ 1.5 to 2.5 · 1019 cm�2. Assuming that
the emission has a velocity width of ⇠ 50 km s�1, implies
that in the 3000 VLA data, an 8-kpc filament at the po-
sition of the cloud would show at the ⇠ 1� level in each
channel (cf. the sensitivities listed in Sec. 2.2).
We investigated whether the filament could be traced

further out towards the cloud by convolving the 3000 VLA
data to a resulting beam size of 6000. In this new data
set the filament emission could be traced to somewhat
larger radii. To show this, we created a moment map of
all emission between 119.6 and 150.4 km s�1 (cf. Fig. 7)
brighter than 3� (0.9 mJy beam�1). The resulting map
is shown in Fig. 8. The filament emission extends about
twice as far out compared to that in the 3000 data. The
tip of the filament and an individual H i cloud overlap
with the GBT detection. The individual cloud is found
at the half-power radius of the primary beam, and its
true column density (after primary beam correction) is
around ⇠ 1 · 1019 cm�2.
We did not detect any emission in the center of the

GBT cloud. The “extra” emission detected in the 6000

data has a corresponding H i mass between ⇠ 3 · 105 M�
and ⇠ 8 · 105 M�, depending on how exactly the extent
of the 3000 filament is defined. This is only between 5 and
13 percent of the H i mass detected by the GBT, so 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, we observed the cloud with the Westerbork Syn-
thesis Radio Telecope (WSRT) in Aug and Dec 2013 for
a total of 21 hours. The telescope was pointed at the
center of the GBT cloud. The data were reduced using
standard methods, and an image cube was produced us-
ing a robustness parameter of 0 and a taper of 3000. The
resulting beam size was 4200 ⇥ 4700, with a noise level of
0.9 mJy beam�1. This corresponds to a 5�, 10 km s�1

column density sensitivity of 2.5 · 1019 cm�2.
The WSRT data confirm all features seen in the deep

VLA data, and also do not detect significant emission
at the position of the cloud‘,. The limits derived from
both the WSRT and the VLA data thus indicate that
the “missing” cloud H i must have column densities well
below a few times 1018 cm�2 for it not be detected in the
deep VLA, or the more shallow but pointed WSRT obser-



It is clear that this simple lagging-halo model reproduces the
main features of the data much better than the previous models.
The structure in the upper channel maps is as thin as in the data,
and it becomes thicker as one approaches the systemic velocity
(bottom row).

However, this model is still not completely satisfactory. In par-
ticular, near the systemic velocity the radial extent of the halo gas
is much narrower than in the data. One way to improve themodel
is to increase the velocity dispersion of the halo gas (Fig. 14,
second column). For this model all values of the parameters
have been kept the same as in the previous model except for the
velocity dispersion of the halo gas, which has been increased
to !halo ¼ 25 km s"1, and the halo rotation, which has been de-
creased. The higher velocity dispersion is physically plausible
since the gas in the halo is expected to be kinematically ‘‘hotter’’

and to have a more complex motion than the gas in the plane.
However, to such an increasing velocity dispersion corresponds
a decreasing halo rotation and, therefore, an increasing verti-
cal velocity gradient, to !vrot /!z ¼ "0:8 km s"1 arcsec"1 ’
"17:4 km s"1 kpc"1. Figure 14 shows that increasing the ve-
locity dispersion of the halo gas indeed improves the match of
the radial extent of the halo H i in the channel maps close to the
systemic velocity (bottom row).

An alternative approach to the increase of the velocity dis-
persion is to introduce a systematic noncircular motion in addi-
tion to the rotation of the halo gas. Such noncircular motions
have been found in similar studies of other galaxies. Large-scale
inflows toward the galaxy center have been discovered in NGC
2403 (vrad # "15 km s"1; Fraternali et al. 2001) and in NGC
4559 (Barbieri et al. 2005). The third column of Figure 14

Fig. 8.—Top left, Wide-field total H imap with NGC 891 and the companion UGC 1807; bottom left, contours showing the total H i emission of the companion, con-
tour levels 1, 2, and 5 ; 1020 cm"2; bottom right, velocity field of UGC 1807; top right, p-V plot of UGC 1807 taken along the kinematical major axis, with contours at 0.135
and 0.27 mJy beam"1. [See the electronic edition of the Journal for a color version of this figure.]
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Lopsided galaxies 699

Table 2. Parameters of runs of gas accretion from filaments.

Run Coplanar z-shifta Inclinationb

ACC1 Yes 0 0
ACC2 No 10 kpc 0
ACC3 No 0 −20◦

aOffset of the filament along the z-axis with respect to the plane
of the galaxy.
bInclination of the filament with respect to the plane of the galaxy.

only coplanar filaments, we also simulate the case of non-coplanar
accretion. In the following, we will present the results for three
different runs in which gas filaments are simulated (see Table 2). In
all of them the filament has a radius of 12.5 kpc, a relative velocity
of infalling on to the galaxy vinfall = 100 km s−1, an accretion rate
Ṁ⊙ = 6 M⊙ yr−1, and a 25 kpc offset with respect to the centre of
the galaxy (see fig. 16 of B05).

In run ACC1, the filament is coplanar to the galaxy (see fig. 16 of
B05). In run ACC2, the filament is still parallel to the plane of the
galaxy, but is shifted of 10 kpc above it. Finally, in run ACC3, the
filament has an inclination of −20◦ with respect to the plane of the
galaxy. The existence of non-coplanar filaments and, in particular,
of the case ACC3, is supported by cosmological simulations (Keres
et al. 2005).

The total number of particles in the filament in the above runs is
543 910 and the mass of each particle is 2.23 × 104 M⊙. We made
also other check runs with smaller Ṁ⊙ (down to 2 M⊙ yr−1). We
integrate each run for ∼1 Gyr.

2.3 Ram pressure from the IGM

The characteristic signatures of ram pressure have recently been
observed also in dwarf irregular galaxies of the Local Group
(McConnachie et al. 2007). This suggests the existence of a non-
negligible amount of diffuse IGM even in poor groups. In particular,
gas is ram-pressure stripped from a galaxy if the density of the IGM
is (Gunn & Gott 1972; McConnachie et al. 2007):

nIGM ! 3.7 × 10−6 cm−3

(
100 km s−1

vrel

)2 (
!H I

1019 cm−2

)2

, (1)

where vrel is the relative velocity between the galaxy and the IGM
and !H I is the column density of H I.

Thus, if the IGM density is higher than the threshold value in
equation (1), even galaxies which are isolated or in small groups
can suffer ram pressure and the distribution of their gas might appear
lopsided.

According to Bland-Hawthorn, Freeman & Quinn (1997), ram-
pressure heating can explain the fact that some galaxies (e.g. the
lopsided galaxy NGC 253) have a truncated H I disc but present high-
temperature, ionized gas extending beyond the H I disc. Similarly,
Ryder et al. (1997) suggest that ram pressure is responsible for the
H I ‘wake’ observed in the spiral galaxy NGC 7421.

To check the hypothesis that lopsidedness is induced by ram
pressure, we made a simulation where the galaxy is moving into a
cylinder of uniform gas with density nIGM = 5 × 10−5 cm−3 and
vrel = 200 km s−1. We made different runs, changing the inclination
of the relative velocity vrel with respect to the plane of the galaxy
between 0 and 45◦. The total number of IGM particles in the above
runs is 2088 630 and the mass of each particle is 2.23 × 104 M⊙.
We integrate each run for ∼1.5 Gyr.

Figure 1. Density map of gas, projected along the y-axis, for the target
galaxy (edge-on) and the companion (face-on), at t = 640 Myr after the
beginning of the simulation and ∼300 Myr after the flyby. The frame mea-
sures 105 and 129 kpc, along the short and the long side, respectively. The
density goes from 2.23 × 10−3 (blue on the web) to 2.23 × 101 M⊙ pc−2

(red on the web) in logarithmic scale.

3 R ESULTS

The main result of this paper is that all the considered processes
induce lopsidedness in the gaseous component. In the following, we
discuss the details and the differences among the three scenarios. We
firstly describe the morphological features of the simulated gaseous
and (global and young) stellar component in the three scenarios
(Sections 3.1–3.3). We then provide a more quantitative estimate of
some observational quantities, that is, the Fourier m = 1 component
(Section 3.4), the H I spectrum and the rotation curve (Section 3.5).

3.1 Flybys

Fig. 1 shows the density of the gas in the target galaxy (seen edge-
on) and in the companion galaxy (face-on) ∼300 Myr after the
interaction, when the projected distance between the two galaxies
is ∼80 kpc, that is, comparable with the observations of NGC 891
and UGC 1807.

The simulation matches some of the properties of the NGC
891−UGC 1807 system. First, a gaseous filament connects the two
galaxies in the simulation. The filament starts at ∼10 kpc (projected
distance along the y-axis) from the centre of the target galaxy, which
is the position where the intruder reached the closest approach with
the target. This filament is mostly due to the gas stripped from the
companion galaxy. The position of the filament is the same as in the
observations (O07). However, in the simulation the density of gas
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Figure 2. Density map of gas in the target galaxy, at t = 640 Myr after the
beginning of the simulation and ∼300 Myr after the flyby. Top panel: the
target galaxy is seen edge-on and the density is projected along the y-axis
(this panel is a zoom of Fig. 1). Bottom panel: the target galaxy is seen
face-on and the density is projected along the z-axis. The frames measure
both 80 kpc per edge. The density goes from 2.23 × 10−3 to 2.23 × 101 M⊙
pc−2 in logarithmic scale.

is more or less constant along the filament, whereas in the data only
the part of the filament which is closest to NGC 891 is visible.

Secondly, the edge-on disc of the target galaxy is clearly lop-
sided (see the zoom in Fig. 2). In particular, the disc extends fur-
ther out on the side of the galaxy which is opposite with respect
to the intruder. Indeed, the lopsidedness is induced by the flyby,
as the perturbation originated exactly where the intruder penetrated
the disc of the target. At the time shown by Figs 1 and 2 (i.e. ∼300
Myr after the flyby), the galactic disc has completed a half-rotation,

Figure 3. Density map of stars, projected along the y-axis, in the target
galaxy, at t = 640 Myr after the beginning of the simulation and ∼300
Myr after the flyby. Top panel: all stars of the target galaxy. The frame
measures 80 kpc per edge and the density goes from 2.23 × 10−3 to 2.23 ×
102 M⊙ pc−2 in logarithmic scale. Bottom panel: young stars (≤100 Myr)
of the target galaxy. The frame measures 80 and 22 kpc, along the long and
the short side, respectively. The density goes from 7.05 × 10−6 to 2.23 ×
102 M⊙ pc−2 in logarithmic scale.

and the perturbation appears on the other side of the disc with
respect to its initial position.

Thirdly, Fig. 3 shows that even the stellar component of the
simulated galaxy has some degree of lopsidedness, although less
evident than in the gas. The observations also show that the stellar
component of NGC 891 is slightly lopsided, especially the young
population (van der Kruit & Searle 1981; Rand, Kulkarni & Hester
1990; Hoopes, Walterbos & Rand 1999; Kamphuis et al. 2007a,b).
We also ran check simulations with different disc scalelength Rd

(between 2.2 and 8.8 kpc), but we did not find significant differences
from the point of view of lopsidedness. The flyby scenario then
seems to reproduce quite well the lopsidedness of NGC 891.

Furthermore, the simulations suggest that the perturbation in-
duced by flybys is long-lived (!500 Myr), explaining the origin
of lopsidedness even in galaxies which have no longer interacting
companions. This might be important, as many studies do not find
any correlation between lopsidedness and nearby companions (Rix
& Zaritsky 1995; Zaritsky & Rix 1997; Wilcots & Prescott 2004;
B05).

3.2 Gas accretion

Gas accretion from cosmological filaments is also able to pro-
duce lopsidedness, as suggested by B05. However, the kind of

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 388, 697–708

 at A
STRO

N
 on M

arch 17, 2014
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 



10

4.2. Comparison with NGC 891

We already noted that another galaxy in which extra-
planar gas has been observed and extensively studied is
NGC 891. A paper by Mapelli et al. (2008), which fo-
cusses on the origin of the lopsided disk in NGC 891,
o↵ers an interesting alternative explanation for the pres-
ence of some of the extra-planar gas observed in that
galaxy.
Mapelli et al. (2008) note that the main extra-planar

filament in NGC 891 is pointing at nearby LSB galaxy
UGC 1807 (as first pointed out in Oosterloo et al. 2007;
cf. their Fig. 8), and using simulations, show that a fly-by
interaction with an intruder dwarf galaxy can create this
filament. For the specific case of NGC 891, they find the
best match with an interaction that happened 300 Myr
ago, at a fly-by velocity of 260 km s�1. Mapelli et al.
(2008) show that the filament must consist mostly of gas
stripped o↵ the UGC 1807 intruder.
The Mapelli et al. (2008) simulations indicate the pres-

ence of gas between the two galaxies. Deep GBT H i ob-
servations of the area around NGC 891 do, however, not
detect any gas between NGC 891 and UGC 1807 (D.J.
Pisano, priv. com.) implying that if the fly-by hypothesis
holds, then 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.

4.3. A fly-by scenario

Could the cloud-complex in NGC 2403 be caused by a
similar fly-by of a neigboring galaxy? If we extend the
major axis of the VLA 8-kpc filament (using a major axis
position angle of �17�; cf. Fig. 5) we find that it passes
close to the dwarf spheroidal galaxy DDO 44 (at about
1.5� or ⇠ 85 kpc from NGC 2403) and also the late-type
dwarf galaxy NGC 2366 (at ⇠ 3.5� or ⇠ 190 kpc). The
velocities of the H i in NGC 2366 completely overlap with
those of the H i in NGC 2403. In NGC 2403, H i is found
from ⇠ �5 to ⇠ 270 km s�1. In NGC 2366, this ranges
from ⇠ 40 to ⇠ 170 km s�1 (Walter et al. 2008). DDO
44 has a single radial velocity determination that puts it
at 213 km s�1 (Karachentsev et al. 2011), which is inside
the range of velocities found in NGC 2403. See Fig. 10
for an overview.
Arbitrarily assuming the same fly-by velocity of 260

km s�1 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 comparable to the
one Mapelli et al. (2008) found for NGC 891. The e↵ects
of the interaction on anything other than the local gas
distribution must have been minor though. In a study
of the star formation histories at various location in the
NGC 2403 disk, Williams et al. (2013) find no evidence
for any major disturbances in the star formation rate.
The locations studied were all on the receding side of the
galaxy (i.e., the side of the galaxy opposite to that of
the cloud) and any e↵ects of the interaction on the star
formation history must therefore have been very local.
They suggest that as 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-

Figure 10. The field around NGC 2403. Contours and grayscales
of NGC 2403 (bottom of the plot) are as in Fig. 3. The circle
indicates the position and approximate size of DDO 44. In the
top of the panel the H i distribution of NGC 2366 from THINGS
Walter et al. (2008) is shown. All distances and sizes are to scale.

It is clear that this simple lagging-halo model reproduces the
main features of the data much better than the previous models.
The structure in the upper channel maps is as thin as in the data,
and it becomes thicker as one approaches the systemic velocity
(bottom row).

However, this model is still not completely satisfactory. In par-
ticular, near the systemic velocity the radial extent of the halo gas
is much narrower than in the data. One way to improve themodel
is to increase the velocity dispersion of the halo gas (Fig. 14,
second column). For this model all values of the parameters
have been kept the same as in the previous model except for the
velocity dispersion of the halo gas, which has been increased
to !halo ¼ 25 km s"1, and the halo rotation, which has been de-
creased. The higher velocity dispersion is physically plausible
since the gas in the halo is expected to be kinematically ‘‘hotter’’

and to have a more complex motion than the gas in the plane.
However, to such an increasing velocity dispersion corresponds
a decreasing halo rotation and, therefore, an increasing verti-
cal velocity gradient, to !vrot /!z ¼ "0:8 km s"1 arcsec"1 ’
"17:4 km s"1 kpc"1. Figure 14 shows that increasing the ve-
locity dispersion of the halo gas indeed improves the match of
the radial extent of the halo H i in the channel maps close to the
systemic velocity (bottom row).

An alternative approach to the increase of the velocity dis-
persion is to introduce a systematic noncircular motion in addi-
tion to the rotation of the halo gas. Such noncircular motions
have been found in similar studies of other galaxies. Large-scale
inflows toward the galaxy center have been discovered in NGC
2403 (vrad # "15 km s"1; Fraternali et al. 2001) and in NGC
4559 (Barbieri et al. 2005). The third column of Figure 14

Fig. 8.—Top left, Wide-field total H imap with NGC 891 and the companion UGC 1807; bottom left, contours showing the total H i emission of the companion, con-
tour levels 1, 2, and 5 ; 1020 cm"2; bottom right, velocity field of UGC 1807; top right, p-V plot of UGC 1807 taken along the kinematical major axis, with contours at 0.135
and 0.27 mJy beam"1. [See the electronic edition of the Journal for a color version of this figure.]
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indicates the position and approximate size of DDO 44. In the
top of the panel the H i distribution of NGC 2366 from THINGS
Walter et al. (2008) is shown. All distances and sizes are to scale.

It is clear that this simple lagging-halo model reproduces the
main features of the data much better than the previous models.
The structure in the upper channel maps is as thin as in the data,
and it becomes thicker as one approaches the systemic velocity
(bottom row).

However, this model is still not completely satisfactory. In par-
ticular, near the systemic velocity the radial extent of the halo gas
is much narrower than in the data. One way to improve themodel
is to increase the velocity dispersion of the halo gas (Fig. 14,
second column). For this model all values of the parameters
have been kept the same as in the previous model except for the
velocity dispersion of the halo gas, which has been increased
to !halo ¼ 25 km s"1, and the halo rotation, which has been de-
creased. The higher velocity dispersion is physically plausible
since the gas in the halo is expected to be kinematically ‘‘hotter’’

and to have a more complex motion than the gas in the plane.
However, to such an increasing velocity dispersion corresponds
a decreasing halo rotation and, therefore, an increasing verti-
cal velocity gradient, to !vrot /!z ¼ "0:8 km s"1 arcsec"1 ’
"17:4 km s"1 kpc"1. Figure 14 shows that increasing the ve-
locity dispersion of the halo gas indeed improves the match of
the radial extent of the halo H i in the channel maps close to the
systemic velocity (bottom row).

An alternative approach to the increase of the velocity dis-
persion is to introduce a systematic noncircular motion in addi-
tion to the rotation of the halo gas. Such noncircular motions
have been found in similar studies of other galaxies. Large-scale
inflows toward the galaxy center have been discovered in NGC
2403 (vrad # "15 km s"1; Fraternali et al. 2001) and in NGC
4559 (Barbieri et al. 2005). The third column of Figure 14

Fig. 8.—Top left, Wide-field total H imap with NGC 891 and the companion UGC 1807; bottom left, contours showing the total H i emission of the companion, con-
tour levels 1, 2, and 5 ; 1020 cm"2; bottom right, velocity field of UGC 1807; top right, p-V plot of UGC 1807 taken along the kinematical major axis, with contours at 0.135
and 0.27 mJy beam"1. [See the electronic edition of the Journal for a color version of this figure.]
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4.2. Comparison with NGC 891

We already noted that another galaxy in which extra-
planar gas has been observed and extensively studied is
NGC 891. A paper by Mapelli et al. (2008), which fo-
cusses on the origin of the lopsided disk in NGC 891,
o↵ers an interesting alternative explanation for the pres-
ence of some of the extra-planar gas observed in that
galaxy.
Mapelli et al. (2008) note that the main extra-planar

filament in NGC 891 is pointing at nearby LSB galaxy
UGC 1807 (as first pointed out in Oosterloo et al. 2007;
cf. their Fig. 8), and using simulations, show that a fly-by
interaction with an intruder dwarf galaxy can create this
filament. For the specific case of NGC 891, they find the
best match with an interaction that happened 300 Myr
ago, at a fly-by velocity of 260 km s�1. Mapelli et al.
(2008) show that the filament must consist mostly of gas
stripped o↵ the UGC 1807 intruder.
The Mapelli et al. (2008) simulations indicate the pres-

ence of gas between the two galaxies. Deep GBT H i ob-
servations of the area around NGC 891 do, however, not
detect any gas between NGC 891 and UGC 1807 (D.J.
Pisano, priv. com.) implying that if the fly-by hypothesis
holds, then 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.

4.3. A fly-by scenario

Could the cloud-complex in NGC 2403 be caused by a
similar fly-by of a neigboring galaxy? If we extend the
major axis of the VLA 8-kpc filament (using a major axis
position angle of �17�; cf. Fig. 5) we find that it passes
close to the dwarf spheroidal galaxy DDO 44 (at about
1.5� or ⇠ 85 kpc from NGC 2403) and also the late-type
dwarf galaxy NGC 2366 (at ⇠ 3.5� or ⇠ 190 kpc). The
velocities of the H i in NGC 2366 completely overlap with
those of the H i in NGC 2403. In NGC 2403, H i is found
from ⇠ �5 to ⇠ 270 km s�1. In NGC 2366, this ranges
from ⇠ 40 to ⇠ 170 km s�1 (Walter et al. 2008). DDO
44 has a single radial velocity determination that puts it
at 213 km s�1 (Karachentsev et al. 2011), which is inside
the range of velocities found in NGC 2403. See Fig. 10
for an overview.
Arbitrarily assuming the same fly-by velocity of 260

km s�1 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 comparable to the
one Mapelli et al. (2008) found for NGC 891. The e↵ects
of the interaction on anything other than the local gas
distribution must have been minor though. In a study
of the star formation histories at various location in the
NGC 2403 disk, Williams et al. (2013) find no evidence
for any major disturbances in the star formation rate.
The locations studied were all on the receding side of the
galaxy (i.e., the side of the galaxy opposite to that of
the cloud) and any e↵ects of the interaction on the star
formation history must therefore have been very local.
They suggest that as 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-

Figure 10. The field around NGC 2403. Contours and grayscales
of NGC 2403 (bottom of the plot) are as in Fig. 3. The circle
indicates the position and approximate size of DDO 44. In the
top of the panel the H i distribution of NGC 2366 from THINGS
Walter et al. (2008) is shown. All distances and sizes are to scale.

It is clear that this simple lagging-halo model reproduces the
main features of the data much better than the previous models.
The structure in the upper channel maps is as thin as in the data,
and it becomes thicker as one approaches the systemic velocity
(bottom row).

However, this model is still not completely satisfactory. In par-
ticular, near the systemic velocity the radial extent of the halo gas
is much narrower than in the data. One way to improve themodel
is to increase the velocity dispersion of the halo gas (Fig. 14,
second column). For this model all values of the parameters
have been kept the same as in the previous model except for the
velocity dispersion of the halo gas, which has been increased
to !halo ¼ 25 km s"1, and the halo rotation, which has been de-
creased. The higher velocity dispersion is physically plausible
since the gas in the halo is expected to be kinematically ‘‘hotter’’

and to have a more complex motion than the gas in the plane.
However, to such an increasing velocity dispersion corresponds
a decreasing halo rotation and, therefore, an increasing verti-
cal velocity gradient, to !vrot /!z ¼ "0:8 km s"1 arcsec"1 ’
"17:4 km s"1 kpc"1. Figure 14 shows that increasing the ve-
locity dispersion of the halo gas indeed improves the match of
the radial extent of the halo H i in the channel maps close to the
systemic velocity (bottom row).

An alternative approach to the increase of the velocity dis-
persion is to introduce a systematic noncircular motion in addi-
tion to the rotation of the halo gas. Such noncircular motions
have been found in similar studies of other galaxies. Large-scale
inflows toward the galaxy center have been discovered in NGC
2403 (vrad # "15 km s"1; Fraternali et al. 2001) and in NGC
4559 (Barbieri et al. 2005). The third column of Figure 14

Fig. 8.—Top left, Wide-field total H imap with NGC 891 and the companion UGC 1807; bottom left, contours showing the total H i emission of the companion, con-
tour levels 1, 2, and 5 ; 1020 cm"2; bottom right, velocity field of UGC 1807; top right, p-V plot of UGC 1807 taken along the kinematical major axis, with contours at 0.135
and 0.27 mJy beam"1. [See the electronic edition of the Journal for a color version of this figure.]
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We already noted that another galaxy in which extra-
planar gas has been observed and extensively studied is
NGC 891. A paper by Mapelli et al. (2008), which fo-
cusses on the origin of the lopsided disk in NGC 891,
o↵ers an interesting alternative explanation for the pres-
ence of some of the extra-planar gas observed in that
galaxy.
Mapelli et al. (2008) note that the main extra-planar

filament in NGC 891 is pointing at nearby LSB galaxy
UGC 1807 (as first pointed out in Oosterloo et al. 2007;
cf. their Fig. 8), and using simulations, show that a fly-by
interaction with an intruder dwarf galaxy can create this
filament. For the specific case of NGC 891, they find the
best match with an interaction that happened 300 Myr
ago, at a fly-by velocity of 260 km s�1. Mapelli et al.
(2008) show that the filament must consist mostly of gas
stripped o↵ the UGC 1807 intruder.
The Mapelli et al. (2008) simulations indicate the pres-

ence of gas between the two galaxies. Deep GBT H i ob-
servations of the area around NGC 891 do, however, not
detect any gas between NGC 891 and UGC 1807 (D.J.
Pisano, priv. com.) implying that if the fly-by hypothesis
holds, then 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.

4.3. A fly-by scenario

Could the cloud-complex in NGC 2403 be caused by a
similar fly-by of a neigboring galaxy? If we extend the
major axis of the VLA 8-kpc filament (using a major axis
position angle of �17�; cf. Fig. 5) we find that it passes
close to the dwarf spheroidal galaxy DDO 44 (at about
1.5� or ⇠ 85 kpc from NGC 2403) and also the late-type
dwarf galaxy NGC 2366 (at ⇠ 3.5� or ⇠ 190 kpc). The
velocities of the H i in NGC 2366 completely overlap with
those of the H i in NGC 2403. In NGC 2403, H i is found
from ⇠ �5 to ⇠ 270 km s�1. In NGC 2366, this ranges
from ⇠ 40 to ⇠ 170 km s�1 (Walter et al. 2008). DDO
44 has a single radial velocity determination that puts it
at 213 km s�1 (Karachentsev et al. 2011), which is inside
the range of velocities found in NGC 2403. See Fig. 10
for an overview.
Arbitrarily assuming the same fly-by velocity of 260

km s�1 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 comparable to the
one Mapelli et al. (2008) found for NGC 891. The e↵ects
of the interaction on anything other than the local gas
distribution must have been minor though. In a study
of the star formation histories at various location in the
NGC 2403 disk, Williams et al. (2013) find no evidence
for any major disturbances in the star formation rate.
The locations studied were all on the receding side of the
galaxy (i.e., the side of the galaxy opposite to that of
the cloud) and any e↵ects of the interaction on the star
formation history must therefore have been very local.
They suggest that as 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-

Figure 10. The field around NGC 2403. Contours and grayscales
of NGC 2403 (bottom of the plot) are as in Fig. 3. The circle
indicates the position and approximate size of DDO 44. In the
top of the panel the H i distribution of NGC 2366 from THINGS
Walter et al. (2008) is shown. All distances and sizes are to scale.

It is clear that this simple lagging-halo model reproduces the
main features of the data much better than the previous models.
The structure in the upper channel maps is as thin as in the data,
and it becomes thicker as one approaches the systemic velocity
(bottom row).

However, this model is still not completely satisfactory. In par-
ticular, near the systemic velocity the radial extent of the halo gas
is much narrower than in the data. One way to improve themodel
is to increase the velocity dispersion of the halo gas (Fig. 14,
second column). For this model all values of the parameters
have been kept the same as in the previous model except for the
velocity dispersion of the halo gas, which has been increased
to !halo ¼ 25 km s"1, and the halo rotation, which has been de-
creased. The higher velocity dispersion is physically plausible
since the gas in the halo is expected to be kinematically ‘‘hotter’’

and to have a more complex motion than the gas in the plane.
However, to such an increasing velocity dispersion corresponds
a decreasing halo rotation and, therefore, an increasing verti-
cal velocity gradient, to !vrot /!z ¼ "0:8 km s"1 arcsec"1 ’
"17:4 km s"1 kpc"1. Figure 14 shows that increasing the ve-
locity dispersion of the halo gas indeed improves the match of
the radial extent of the halo H i in the channel maps close to the
systemic velocity (bottom row).

An alternative approach to the increase of the velocity dis-
persion is to introduce a systematic noncircular motion in addi-
tion to the rotation of the halo gas. Such noncircular motions
have been found in similar studies of other galaxies. Large-scale
inflows toward the galaxy center have been discovered in NGC
2403 (vrad # "15 km s"1; Fraternali et al. 2001) and in NGC
4559 (Barbieri et al. 2005). The third column of Figure 14

Fig. 8.—Top left, Wide-field total H imap with NGC 891 and the companion UGC 1807; bottom left, contours showing the total H i emission of the companion, con-
tour levels 1, 2, and 5 ; 1020 cm"2; bottom right, velocity field of UGC 1807; top right, p-V plot of UGC 1807 taken along the kinematical major axis, with contours at 0.135
and 0.27 mJy beam"1. [See the electronic edition of the Journal for a color version of this figure.]
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Scenarios
• Galactic fountain 

• Infall of dwarf 

• Tidal interactions 

• Fly-by 

• Accretion
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Figure 4. Gray lines show the location of the position-velocity
slices shown in Fig. 7. The long-dashed circle indicates the 50 per-
cent sensitivity level of the VLA primary beam. The short-dashed
circle shows the 10 percent level. Other contours and grayscales as
in Fig. 3.

Figure 5. A detailed view of the cloud-filament complex.
Grayscales show the integrated H i distribution derived from the
3000 VLA data and run from 2·1019 (white) to 2·1021 cm�2 (black).
Thin, black contours show the H i distribution of the cloud derived
from the GBT data. Contour levels are (6.25, 12.5, 25, 62.5) · 1017
cm�2. White contours show the 8-kpc filament, derived from the
3000 VLA data. The contour level is 2 · 1019 cm�2. The highest
column density found in the filament is 6.5 · 1019 cm�2. The GBT
and VLA beams are indicated in the bottom-right corner.

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 H i mass
of the cloud is 6.3 · 106 M�. If we take the dimensions
of the cloud to be 160 ⇥ 120 (i.e., the angular size of the

cloud as shown in Fig. 5 corrected for the GBT beam
size), then the average H i column density of the cloud is
⇠ 6 · 1018 cm�2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-

inghuish between smooth emission which 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 H i in the cloud has a
distribution identical to that of the 8-kpc filament, then
the inferred average column density increases to ⇠ 6·1019
cm�2. The column densities in the actual 8-kpc filament
are in the range ⇠ 3 to ⇠ 6 · 1019 cm�2, so consistent
with this value.
It would however still be di�cult to detect this more

compact emission in the existing 3000 VLA data. Putting
the observed 8-kpc filament at the position of the cloud
means applying a primary beam loss of sensitivity of a
factor of ⇠ 0.4. The resulting apparent column density
would thus be ⇠ 1.5 to 2.5 · 1019 cm�2. Assuming that
the emission has a velocity width of ⇠ 50 km s�1, implies
that in the 3000 VLA data, an 8-kpc filament at the po-
sition of the cloud would show at the ⇠ 1� level in each
channel (cf. the sensitivities listed in Sec. 2.2).
We investigated whether the filament could be traced

further out towards the cloud by convolving the 3000 VLA
data to a resulting beam size of 6000. In this new data
set the filament emission could be traced to somewhat
larger radii. To show this, we created a moment map of
all emission between 119.6 and 150.4 km s�1 (cf. Fig. 7)
brighter than 3� (0.9 mJy beam�1). The resulting map
is shown in Fig. 8. The filament emission extends about
twice as far out compared to that in the 3000 data. The
tip of the filament and an individual H i cloud overlap
with the GBT detection. The individual cloud is found
at the half-power radius of the primary beam, and its
true column density (after primary beam correction) is
around ⇠ 1 · 1019 cm�2.
We did not detect any emission in the center of the

GBT cloud. The “extra” emission detected in the 6000

data has a corresponding H i mass between ⇠ 3 · 105 M�
and ⇠ 8 · 105 M�, depending on how exactly the extent
of the 3000 filament is defined. This is only between 5 and
13 percent of the H i mass detected by the GBT, so 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, we observed the cloud with the Westerbork Syn-
thesis Radio Telecope (WSRT) in Aug and Dec 2013 for
a total of 21 hours. The telescope was pointed at the
center of the GBT cloud. The data were reduced using
standard methods, and an image cube was produced us-
ing a robustness parameter of 0 and a taper of 3000. The
resulting beam size was 4200 ⇥ 4700, with a noise level of
0.9 mJy beam�1. This corresponds to a 5�, 10 km s�1

column density sensitivity of 2.5 · 1019 cm�2.
The WSRT data confirm all features seen in the deep

VLA data, and also do not detect significant emission
at the position of the cloud‘,. The limits derived from
both the WSRT and the VLA data thus indicate that
the “missing” cloud H i must have column densities well
below a few times 1018 cm�2 for it not be detected in the
deep VLA, or the more shallow but pointed WSRT obser-



• NGC 2403 mapped by GBT to ~1018 cm-2 

• ~107 M⦿ HI cloud, connected with 8-kpc filament  

• Possibly accretion or fly-by 

• Further analysis of sample to constrain importance 
and nature of features

Summary



• NGC 2403 mapped by GBT to ~1018 cm-2 

• ~107 M⦿ HI cloud, connected with 8-kpc filament  

• Possibly accretion or fly-by 

• Further analysis of sample to constrain importance 
and nature of features

Summary

• At 3σ level (~5 1017 cm-2) no other features in cube


