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Letter to the Editor
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ABSTRACT

We present Hi imaging of GBT 1355+5439 performed with the Westerbork Synthesis Radio Telescope. This is a dark Hi object
recently discovered close to the nearby galaxy M101. We find GBT 1355+5439 to be an Hi cloud 5× 3 arcmin in size. The total Hi
image and the kinematics show that the cloud consists of condensations that have small (∼10 km s−1) motions with respect to each
other. The column densities of the Hi are low; the observed peak value is 7.1 × 1019 cm−2. The velocity field shows a mild velocity
gradient over the body of GBT 1355+5439, possibly due to rotation, but it may also indicate large-scale radial motions. Although our
data are limited in sensitivity, at all positions the Hi velocity dispersion is higher than 5 km s−1 and no narrow, cold, Hi component is
seen. Because its distance is not known, we considered various possibilities for the nature of GBT 1355+5439. Both the scenarios that
it is a tidal remnant near M101 and that it is a dark dwarf companion of M101 meet difficulties. Neither do the data fit the properties of
known compact High-Velocity Clouds in the Galactic halo exactly, but we cannot entirely exclude this option and deeper observations
are required. We also considered the possibility that GBT 1355+5439 is a gas-rich dark minihalo in the outer regions of the Local
Group. Interestingly, it would then have similar properties as the clouds of a proposed Local Group population recentlyfound in the
ALFALFA survey. In this case, the Hi mass of GBT 1355+5439 would be about a few times 105 M⊙, its size about 1 kpc, and the
dynamical massMdyn > 5 × 107 M⊙. However, if GBT 1355+5439 is a dark Local Group object, the internal kinematics ofthe Hi
appears to be different from that of gas-dominated, almost dark galaxies of similar size.

Key words. Galaxies : dwarf; Radio lines: galaxies

1. Introduction

One of the puzzles of extragalactic astronomy is the formation
of the smallest galaxies. Because of their shallow dark mat-
ter potentials, they are very delicate and sensitive systems, and
modelling their evolution requires an accurate description and
balance of all physics. A number of years ago, there appeared
to be a large discrepancy between predictions and observations
regarding the number of dwarf galaxies (Klypin et al., 1999;
Moore et al., 1999). However, due to a large amount of theo-
retical work and new optical surveys (see McConnachie, 2012),
the gap between observations and theory has considerably de-
creased.

Nevertheless, some important questions remain. A key fea-
ture of galaxy formation is that star formation becomes increas-
ingly inefficient for progressively smaller galaxies. This leads
to the question whether there is a minimum halo mass below
which no stars form, and, if there were such a limit, whether
there are starless objects, but that are nevertheless visible in other
tracers, e.g. through their cold gas (e.g. Sternberg et al.,2002;
Maloney & Putman, 2003; Bovill & Ricotti, 2011). Several
searches for such gas-rich ’dark galaxies’ have been made.
Although a number of objects have been found that are al-
most dark, there is no observational evidence for an exten-
sive population of gas-rich dark objects, either in the Local
Group or in other nearby systems (Zwaan & Briggs, 2000;
Meyer et al., 2004; Pisano et al., 2007; Chynoweth et al., 2011,
but see Giovanelli et al. (2010) for an interesting new possibil-
ity).

Recently, a deep survey of a region around the nearby galaxy
M101, conducted in single-dish Hi (GBT) and in the optical, re-
vealed an, at the GBT resolution of 9 arcmin, unresolved isolated
H i cloud (GBT 1355+5439, hereafter GBT 1355) near M101.
It has no optical counterpart, even in very deep optical images
(Mihos et al., 2012, 2013). The immediate question is, of course,
whether the object is a dark galaxy. Answering this questionre-
quires spatially resolved Hi data, and here we report on interfer-
ometric observations that have allowed us to image the distribu-
tion and kinematics of the object. Although the detection ofthe
H i in GBT 1355 is fairly faint, a number of interesting features
are detected that may give some clues to the nature of this object.

2. Data

The neutral hydrogen in GBT 1355 was imaged using a standard
12-hr observation with the WSRT on January 29, 2013. A 10
MHz bandwidth was used, divided into 2048 channels, giving a
nominal velocity resolution of about 1 km s−1. Standard WSRT
calibration and data reduction procedures were applied using the
MIRIAD package (Sault, Teuben & Wright 1995).

The initial inspection of the data immediately made clear
that the Hi column densities in GBT 1355 are below 1020 cm−2:
in data cubes made with standard full spatial resolution only a
hint of H i is visible. Only when the data are tapered to lower
spatial and velocity resolution, a clear detection of GBT 1355
is made. A good compromise between resolution and signal-to-
noise (S/N) was found by smoothing the data spatially to a res-
olution of 55 arcsec.
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Fig. 1. Integrated Hi contours on the deepV-band optical image
from Mihos et al. (2013), kindly provided to us by Chris Mihos.
The 1-σ limiting surface brightness in this optical image isµV =

29 mag arcsec−2. H i contour levels are 1.5, 3 and 6· 1019 cm−2.

To construct the total Hi image, the data were binned to a
velocity resolution of 16.4 km s−1. This was done so that the Hi
is found in only 1-2 channels, maximising theS/N for detection.
The noise in this data cube is 0.5 mJy beam−1 and the 5-σ de-
tection limit per 3-D resolution element is 1.45×1019 cm−2. The
total Hi image obtained in this way is shown in Fig. 1.

The overall shape of GBT 1355 is roughly elliptical, oriented
east-west, extending 5×3 arcmin. The Hi distribution shows two
concentrations with fainter Hi in between. The observed total Hi
flux is 1.05±0.15 Jy km s−1. This is basically the same as derived
by Mihos et al. (2012) from the GBT data, that have a spatial
resolution of 9.′1 (roughly the size of Fig. 1). This indicates that
all the Hi detected with the GBT is represented in Fig. 1.

Figure 1 confirms that the Hi column densities are indeed
low: the peak value is 7.1 × 1019 cm−2 at the western side of
the object; on the eastern side a second peak is observed witha
column density of 4.9×1019 cm−2. The range of column densities
observed is lower than the critical column density below which
no star formation is expected to occur (e.g., Schaye, 2004).

The kinematics of the Hi was studied by fitting Gaussians
to the spectra of a data cube made with the same spatial taper-
ing as used above, but now with a velocity resolution of 4.2 km
s−1. The velocity field is shown in Fig. 2. This figure shows that
there is a N-S velocity gradient of about 15 km s−1 over the ob-
ject, more or less perpendicular to the morphological majoraxis.
This velocity gradient could indicate overall rotation of the Hi,
but given that the gradient is aligned with the minor axis of the
H i body, it may as well indicate a radial flow (in or out) of the
gas. Below we show that at some locations the spectra show mul-
tiple components. This means that the velocity field only crudely
represents the overall kinematics. The heliocentric systemic ve-
locity was found to beVsys= 208±5 km s−1, consistent with the
value of 210 km s−1 found by Mihos et al. (2012).

Figure 3 gives the velocity dispersion map. In the north the
lowest dispersions are found, with values between 5 and 8 km
s−1, while in the south dispersions have values above 20 km s−1.
In the western part the dispersions are intermediate with values
around 15 km s−1. Nowhere dispersions below 5 km s−1 are de-

Fig. 2. Velocity (heliocentric) field of the Hi in GBT 1355.

tected, even though the spectral resolution would allow detecting
dispersions as low at 1.5 km s−1.

There is quite some structure in the spatial distribution of
the dispersions, and there appears to be a fairly sharp transition
between the relatively narrow profiles in the north and the wide
profiles in the south. There are indications that the high disper-
sions in the south are due to fitting a single Gaussian to profiles
that are a sum of two narrower components. This is illustrated
in Fig. 4 where three spectra are shown. Spectrum 1 is taken in
the western peak of the Hi distribution where the intermediate
dispersions are found, while spectrum 2 is taken in the region
of lower velocity dispersion. Spectrum 3 is taken from the re-
gion with highest dispersions and appears to be composed of
two narrower components. The most likely explanation is that
GBT 1355 contains a small number of gas concentrations that
have small random motions with respect to each other and that
in the southern part we see two such concentrations superposed.

3. Nature of GBT 1355

In the following, we discuss a number of possibilities for the
nature of GBT 1355. One obvious scenario is that it is an object
in the vicinity of M101. However, because only one dark Hi
cloud is detected near M101, while the sensitivity of the data is
good enough to have detected much fainter clouds as well, GBT
1355 may have no physical relation to M101 and the proximity
to M101 on the sky could be a chance superposition. Therefore,
we also discuss the possibilities that GBT 1355 is a foreground
object in the Galactic halo or in the Local Group.

3.1. Object near M101

First we discuss the possibility that GBT 1355 is an object asso-
ciated with M101. If this is the case1, its size would be 10× 6
kpc and the Hi mass 1.1 × 107 M⊙. The projected distance to
the centre M101 would be 150 kpc.

One possibility is that GBT 1355 is a remnant of a tidal inter-
action with one of the members of the M101 group. Such rem-

1 We assume the same distance to M101 as in Mihos et al. (2012):
6.9 Mpc. For this distance, 1 arcmin corresponds to 2.0 kpc.
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Fig. 3. Velocity dispersion of the Hi in GBT 1355. The numbers
indicate where the spectra given in Fig. 4 were taken.

nants are seen near many large galaxies (see e.g., Sancisi etal.,
2008). Mihos et al. (2012) discussed this possibility and con-
cluded that there is no observational evidence that GBT 1355
is associated with an ongoing or recent tidal interaction. While
GBT 1355 is detected with highS/N in their data, they did not
detect any other Hi that could hint at a tidal nature of GBT 1355.
In addition, in the deep optical images of Mihos et al. (2013)no
indications for such an interaction were found either.

We can add to this that the shape and kinematics do not
quite match that what is generally expected for tidal filaments.
Because of the nature of tidal forces, tidal filaments are usu-
ally linear structures, different from GBT 1355. Moreover, ve-
locity gradients in tidal filaments tend to be aligned with such
filaments, while the velocity gradient in GBT 1355 is perpendic-
ular.

If GBT 1355 is not a tidal filament, it could be a ’proper’
galaxy near M101. However, it would be then have to be of ex-
ceptionally low optical surface brightness. For example, in the
compilation of dwarf galaxies in and around the Local Group of
McConnachie (2012), all dwarfs detected in Hi have central sur-
face brightnesses brighter than 26 mag arcsec−2 in V, with most
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Fig. 4. Spectra taken at the positions indicated in Fig. 3.

brighter thanµ◦,V = 24 mag arcsec−2. Any optical emission from
GBT 1355 must be much fainter: the upper limit to theV surface
brightness is 29 mag arcsec−2 (Mihos et al., 2013).

Assuming GBT 1355 is a gravitationally bound object, we
can estimate its total dynamical mass. One uncertainty is that we
do not know the shape of the total matter distribution, and there-
fore do not know exactly how to use the kinematical information.
A frequently used compromise is (Hoffman et al., 1996)

Mdyn = 2.325× 105

(

V2
rot + 3σ2

km2 s2

) (

r
kpc

)

M⊙.

Another complication is that one does not know whether to
interpret the velocity gradient as rotation, and even if onecould
do so, the inclination would not be well constrained. We there-
fore derived a lower limit to the dynamical mass by assum-
ing that there is no systematic rotation. In this way, we found
Mdyn > 3.5 × 108 M⊙, usingσ = 10 km s−1 and r = 5 kpc.
Except for the case where GBT 1355 is seen fairly face on, the
effect of possible rotation is modest. For example, assuming that
the velocity gradient indicates rotation and, in addition,the in-
clination is 30◦, we findMdyn = 6.1× 108 M⊙.

Interestingly, if GBT 1355 is a dark object near M101,
its properties would be very similar to those of the com-
pact High-Velocity Clouds (CHVCs) in the model proposed by
Braun & Burton (1999). In this model, the observed CHVCs
are a population of unevolved (dark) dwarf galaxies scattered
throughout the Local Group, at distances up to 1 Mpc. This
model has met with a number of objections, however. One is
that such dark objects would be too large to be consistent with
theoretical models of small, starless dark matter halos contain-
ing observable Hi (Sternberg et al., 2002; Maloney & Putman,
2003). Another objection is that surveys of nearby galaxy
groups have not detected similar populations of similarly sized
H i clouds (e.g. Zwaan & Briggs, 2000; Pisano et al., 2007;
Chynoweth et al., 2011). The same objections would apply here.
According to the CHVC model of Braun & Burton (1999), one
would expect a substantial population of failed dwarf galaxies
near M101, but the data of Mihos et al. (2012) exclude this.

3.2. Galactic object

The above discussion shows that there could be some problems
with the scenario of GBT 1355 as an object in the direct vicinity
of M101. We therefore discuss two other possibilities, the first
one being that GBT 1355 is an Hi cloud associated with our own
Galaxy. Given its high Galactic latitude (60◦) and its velocity,
GBT 1355 would then be a CHVC somewhere in the Galactic
halo. If so, it would be quite a small cloud: for a distance of 10
kpc, the physical size would be 14.5 × 8.7 pc and its Hi mass
only 24.7 M⊙.

However, if GBT 1355 is Galactic, it would be a somewhat
unusual CHVC. As Mihos et al. (2012) discussed, within a ra-
dius of several tens of degrees from GBT 1355 there are indeed
a number of known Galactic HVCs, but they are at quite different
velocities. Almost all these HVCs havenegativevelocities. The
highest velocity of a Galactic HVC in this region of sky is+50
km s−1 (see Wakker & van Woerden, 1991) therefore the veloc-
ity differences between GBT 1355 and the nearby HVCs are at
least 150 km s−1, ruling out any association. However, the ob-
servations used by Wakker & van Woerden (1991) are not deep
enough to have detected small clouds like GBT 1355, so the pos-
sibility remains that there is a population of smaller CHVCsin
this region of the sky. Mihos et al. (2012) noted, however, that
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they found no trace of any other Galactic Hi that could be asso-
ciated with GBT 1355 in their deep GBT observations.

Some additional information comes from the kine-
matics. Imaging studies of CHVCs have shown (e.g.
de Heij, Braun & Burton, 2002; Brüns & Westmeier, 2004)
that they typically consist of cores with line widths of at most
a few km s−1 that are embedded in more diffuse emission with
velocity widths similar to those seen in GBT 1355. GBT 1355
does appear to consist of gas condensations surrounded by more
diffuse gas. However, a distinct difference seems to be that the
profiles of these condensations are much broader than those
of the cores of CHVCs. On the other hand, we cannot entirely
exclude that the sensitivity of our data is not good enough to
have detected such narrow components. We have planned more
sensitive observations to investigate this in more detail.

We note that GBT 1355 is located on the great circle spanned
by the Magellanic Stream (Nidever et al., 2010). As seen from
the Magellanic Clouds, it is about 90 degrees beyond the tip of
the Leading Arm of the Magellanic Hi system. Although the
extent of the Leading Arm has not been completely determined,
this makes an association with the Leading Arm unlikely.

3.3. Local Group minihalo

The last hypothesis we discuss is that GBT 1355 is a foreground
object located in the Local Group. This is, in fact, an interesting
possibility. Giovanelli et al. (2010) and Adams et al. (2013) re-
ported the discovery of a number of ultra-compact HVCs with
properties that, although other interpretations cannot beentirely
excluded, are consistent with them being isolated, dark miniha-
los in the outskirts of the Local Group. If they are assumed to
be at a distance of 1 Mpc, these clouds have Hi masses in the
range of 105 M⊙ to 106 M⊙, sizes up to a few kpc, and dynam-
ical masses of 107 - 108 M⊙. Their heliocentric velocities range
up to +320 km s−1 and they have linewidths of about 20-30
km s−1. They are basically smaller versions, by roughly a fac-
tor 10, of the clouds of the CHVC model of Braun & Burton
(1999). However, the clouds as proposed by Giovanelli et al.
(2010) and Adams et al. (2013)areconsistent with the theoreti-
cal models of, e.g., Sternberg et al. (2002). They would alsobe
small enough to have escaped detection in existing searchesfor
dark Hi clouds in nearby groups of galaxies.

Assuming GBT 1355 is at a distance of 1 Mpc, its properties
would be similar to those deduced for these clouds. Its Hi mass
would be 2.4× 105 M⊙, its size 1.4 × 0.9 kpc, and the dynamical
massMdyn > 5× 107 M⊙. The number density of clouds reported
by Adams et al. (2013) is such that one would expect about one
such cloud in the survey area of Mihos et al. (2012).

One useful comparison is with very small, almost dark, Hi-
dominated galaxies such as Leo T (Ryan-Weber et al., 2008) and
Leo P (Giovanelli et al., 2013). The size, gas content, and dy-
namical mass of these galaxies are very similar to that of GBT
1355, if it is assumed to be at 1 Mpc. The two Leo galaxies do
have an observable number of stars, but they are completely gas
dominated. Their stellar components are very faint and> 70%
of the visible baryons are in Hi. Therefore, the stellar compo-
nents are not very relevant for their overall structure. If GBT
1355 were a dark minihalo, one would expect that it would be
very similar kinematically. This is not the case. Both Leo T and
Leo P do not have a clumpy Hi distribution and show not much
structure in the velocity dispersions. This could argue against the
minihalo hypothesis, unless GBT 1355 happens to be a bound
pair of minihalos. Hi imaging of the Giovanelli and Adams
clouds will be useful to investigate this question in greater de-

tail. The radial velocity and sky location are consistent with GBT
1355 being a member of the loose group containing Leo P.

4. Summary

We have imaged the Hi in GBT 1355+5439, a starless Hi cloud
near M101 recently discovered by Mihos et al. (2012). We find
it to be a cloud of 5× 3 arcmin. The distribution and kinemat-
ics indicate that it consists of a small number of gas concentra-
tions that have small relative motions with respect to each other.
Because the distance to GBT 1355 is not known, we discussed a
number of possibilities for the nature of this cloud. However,
none of these provided a perfect explanation. If the object is
assumed to be physically associated with M101, we find that
the size, structure and kinematics is not what one would ex-
pect for either a tidal filament near M101, or for a dark, star-
less galaxy in the M101 group. Although the data neither ex-
actly fit the properties of known CHVCs in the Galactic halo, we
cannot entirely exclude this option. Deeper observations are re-
quired for a more detaild study. If the object is part of the Local
Group, its size and mass would be very similar to that of the
clouds from the Local Group population of Hi objects recently
proposed by Giovanelli et al. (2010) and Adams et al. (2013).In
that scenario, it would also have similar size and mass as that of
some of the smallest known gas-dominated dwarf galaxies in or
near the Local Group and it would only differ by the absence of
a very small population of stars. However, the internal kinematic
of GBT 1355 seems to be different from such objects.
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