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ABSTRACT

Context. The extended environment of galaxies contains a wealth of information about the formation and life cycle of galaxies which
are regulated by accretion and feedback processes. Observations of neutral hydrogen are routinely used to image the high brightness
disks of galaxies and to study their kinematics. Deeper observations will give more insight into the distribution of diffuse gas in the
extended halo of the galaxies and the inter-galactic medium, where numerical simulations predict a cosmic web of extended structures
and gaseous filaments.

Aims. To observe the extended environment of galaxies, column density sensitivities have to be achieved that probe the regime of
Lyman limit systems. H1 observations are typically limited to a brightness sensitivity of Ny; ~ 10'° cm™2, but this must be improved
upon by ~2 orders of magnitude.

Methods. In this paper we present the interferometric data of the Westerbork Virgo H1 Filament Survey (WVES) — the total power
product of this survey has been published in an earlier paper. By observing at extreme hour angles, a filled aperture is simulated of
300 X 25 m in size, that has the typical collecting power and sensitivity of a single dish telescope, but the well defined bandpass
characteristics of an interferometer. With the very good surface brightness sensitivity of the data, we hope to make new H1 detections
of diffuse systems with moderate angular resolution.

Results. The survey maps 135 degrees in Right Ascension between 8 and 17 h and 11 degrees in Declination between —1 and
10 degrees, including the galaxy filament connecting the Local Group with the Virgo Cluster. Only positive declinations could be
completely processed and analysed due to projection effects. A typical flux sensitivity of 6 mJy beam™"' over 16 km s~! is achieved,
that corresponds to a brightness sensitivity of Ny ~ 10'8 cm™. An unbiased search has been done with a high significance threshold
as well a search with a lower significance limit but requiring an optical counterpart. In total, 199 objects have been detected, of which
17 are new H1 detections.

Conclusions. By observing at extreme hour angles with the WSRT, a filled aperture can be simulated in projection, with a very good
brightness sensitivity, comparable to that of a single dish telescope. Despite some technical challenges, the data provide valuable

constraints on faint, circum-galactic H1 features.

Key words. galaxies: formation — intergalactic medium

1. Introduction

In the current epoch, numerical simulations predict that most of
the baryons are not in galaxies, but in extended gaseous fila-
ments, forming a Cosmic Web (e.g. Davé et al. 1999; Cen &
Ostriker 1999) Galaxies are just the brightest pearls in this web,
as the baryons are almost equally distributed amongst three com-
ponents: (1) galactic concentrations, (2) a warm-hot intergalactic
medium (WHIM) and (3) a diffuse intergalactic medium. Direct
detection of the intergalactic gas is very difficult at UV, EUV or
X-ray wavelengths (Cen & Ostriker 1999) and so far the clearest
detections have been made in absorption (e.g. Lehner et al. 2007,
Tripp et al. 2008). In this and previous papers in this series, we
make an effort to detect traces of the intergalactic medium in
emission, using the 21-cm line of neutral hydrogen. Most of the
gas in the Cosmic Web will be highly ionised, due to the mod-
erately high temperatures above 10* K, resulting in a low neu-
tral fraction and relatively low neutral column densities. A more

* Appendix is only available at electronic form at
http://www.aanda.org

Article published by EDP Sciences

detailed background and introduction on this topic is outlined in
Popping (2010) and Popping & Braun (2011a)

To investigate column densities that probe the Lyman Limit
System regime, very deep Hr1 observations are required with a
brightness sensitivity significantly better than Ny ~ 10'° cm™2.
Reaching these column densities is important to learn more
about the distribution of neutral hydrogen in the inter-galactic
medium and to have a better understanding of feedback pro-
cesses that fuel star formation in galaxies. In Popping & Braun
(2011a) and Popping & Braun (2011b) two H1 surveys have
been presented that reach these low column densities in a re-
gion of ~1500 square degrees. The first data product described
in Popping & Braun (2011a) is the total power data of the
Westerbork Virgo Filament Survey, an H1 survey mapping the
galaxy filament connecting the Virgo Cluster with the Local
Group. The survey spans 11 degrees in Declination from —1 to
+10 degrees and 135 degrees in Right Ascension between 8 and
17 h. This survey has a point source sensitivity of 16 mJy beam™!
over 16 km s~! corresponding to a column density of Ny ~
3.5x 10" cm™.
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The second data product presented in Popping & Braun
(2011b) is reprocessed data, using original data that has been
observed for the Hr1 Parkes All Sky Survey (Barnes et al. 2001;
Wong et al. 2006). The 1500 square degree region overlapping
the WVES was reprocessed to permit comparison between these
data products and detections. The point source sensitivity of the

reprocessed HIPASS data is 10 mJy beam™! over 26 km s~!, cor-

responding to a column density of Ny ~ 3.5 x 107 cm™2.

In this paper, a third data product is presented: the cross-
correlation data of the Westerbork Virgo Filament Survey. As
explained in Popping & Braun (2011a), the aim of the WVES
was to achieve very high brightness sensitivity in a large region
of the sky, to permit detection of H1 features that probe the neu-
tral component of the Cosmic Web. The configuration of the ar-
ray was chosen such that the dishes of the interferometer form a
filled aperture of ~300 m in projection by observing at extreme
hour angles. Because of the much smaller beam size compared
to the WVES total-power or HIPASS observations, we will be
able to identify brighter clumps within diffuse features if these
are present.

The special observing configuration creates some technical
challenges itself. This novel observing strategy requires non-
standard data-reduction procedures, which will be explained in
Sect. 2. In Sect. 3 we will present the results, starting with a list
of detected features. Objects are sought both blindly, by using a
high signal-to-noise threshold, and in conjunction with a known
optical counterpart by using a lower threshold. New Hr detec-
tions and diffuse structures are briefly discussed, however de-
tailed analysis of these features will be presented in a follow
up paper, also discussing new and tentative detections obtained
from the WVES total-power data and the re-processed HIPASS
data as described in Popping & Braun (2011a) and Popping &
Braun (2011b). We will end with a short discussion and conclu-
sion, summarizing the main results.

2. Observations and data reduction

The basic observations have already been described in
Popping & Braun (2011a), where the total power product of
the Westerbork Virgo Filament Survey is presented. Cross-
correlation data were acquired simultaneously with that total
power data. We will only summarise the observational param-
eters as these have been discussed previously and concentrate
more on the observing technique and data reduction as these are
very non-standard for this data set.

2.1. Observations

The galaxy filament connecting the Virgo Cluster with the Local
Group has been observed using the Westerbork Synthesis Radio
Telescope (WSRT) in drift scan mode. Data was acquired in
two 20 MHz IF bands centred at 1416 and 1398 MHz. In
total ~1500 degrees has been observed from —1 to 10 de-
grees in Declination and from 8 to 17 h in right ascension.
Forty-five strips have been observed at fixed Declinations of
Dec = —1,-0.75,-0.5... 10 degrees. The correlated data was
averaged in Right Ascension every 60 s, corresponding to an an-
gular drift of about 15 arcmin, to yield Nyquist sampling in the
scan direction. All regions have been observed twice, once when
the sources were rising and once when they were setting.

2.2. Observing technique

The data has been obtained at very extreme hour angles between
+80 and +90 degrees, to be able to achieve a filled-aperture
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Fig. 1. Observing mode of the WSRT dishes: 12 of the 14 dishes are
placed at a regular interval of 144 meters. When observing at large hour
angles, an approximately filled aperture of 300 by 25 m can be simu-
lated in projection.

Rise Set Combined

Fig. 2. Due to the filled aperture of ~300 x 25 meters, a very elongated
beam is created. By observing each pointing twice at complementary
orientations, the combined beam of the two observations is nearly cir-
cular, although with a significant side-lobe level.

projected geometry. The WSRT has 14 dishes of 25 m diame-
ter, of which 12 can be placed at regular intervals of 144 m. At
these extreme hour angles, the dishes do not shadow each other,
however the separation is so small that there are no gaps in the
UV-plane. Using the 12 dishes at regular intervals, a filled aper-
ture is created in projection of 300 X 25 m in extent as demon-
strated in Fig. 1. When observing in this mode, we can achieve
the high sensitivity of a single dish telescope, but benefit from
the excellent spectral baseline properties and PSF of an interfer-
ometer. Although each pointing is only observed one minute at a
time and two minutes in total, the expected sensitivity after one
minute of observing is ANy ~ 5 X 107 cm2 over 20 km s~! in
a ~35 x 3 arcmin beam over a ~35 X 35 arcmin instantaneous
field-of-view. It is important to note that the shape of the beam
in a single snap-shot is extremely elongated. The high column
density sensitivity is only achieved in practise for sources which
completely fill the beam, which is only likely for the nearest
sources, or when they are fortuitously aligned with the elliptical
beam. However, each pointing is observed at two complemen-
tary hour-angles; one positive and the other negative, implying
that the orientation of the snap-shot beams is also complimen-
tary. When combining the observations, the resulting beam has a
well defined circular/elliptical shape, even though the orientation
of each of the two beams is only a few degrees on either side of
vertical. The concept is demonstrated in Fig. 2 where the com-
bination of the individual elongated beams forms a symmetric,
approximately circular response.

2.3. Data reduction

Both the auto and cross-correlation data have been obtained si-
multaneously, but were separated before importing them into
Classic AIPS (Fomalont 1981). The reduction process of the
auto-correlations or total power data has been described in detail
in Popping & Braun (2011a). Here we will describe the cross-
correlation data product.
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Table 1. Right ascension range and noise levels of the 18 individual
sub-cubes of the WVFS cross-correlation data.

Cube RA o RAmax rms [Jy beam™]
1 07:57:04 08:41:35 6.4
2 08:26:10 09:11:42 5.5
3 08:56:19 09:41:44 53
4 09:26:25 10:11:49 6.3
5 09:56:29  10:41:53 5.8
6 10:26:34  11:11:59 5.1
7 10:46:39  11:42:04 5.8
8 11:26:45  12:12:08 5.5
9 11:56:49  12:42:15 5.5
10 12:26:56  13:12:18 6.5
11 12:56:59  13:42:24 6.4
12 13:27:04  14:12:28 7.0
13 13:57:09  14:42:34 6.6
14 14:27:14  15:12:38 6.2
15 14:57:19  15:42:43 6.6
16 15:27:24  16:12:48 6.1
17 15:57:29 16:42:53 6.1
18 16:27:35 17:01:56 59

Notes. All cubes are centred at a declination of 5 degrees.

A typical observation consisted of a calibrator source (3C 48
or 3C 286), the actual drift scan at a fixed Declination and an-
other calibrator source. After importing the data into AIPS, the
calibration and drift scan data were concatenated into a single
file.

The total dataset consists of 90 drift-scans at fixed declina-
tion, containing 91 baselines in two polarisations; half observed
at an extreme negative hour angle and the other half at an ex-
treme positive hour angle. Each baseline was inspected manually
in Classic AIPS, using the SPFLG utility. Suspicious features ap-
pearing in the frequency and time domain of each baseline were
inspected critically. Features that were not confirmed in spectra
acquired simultaneously were flagged as radio frequency inter-
ference (RFI).

The calibrator sources were used to determine the bandpass
calibration and the bandpass solutions were inspected by eye be-
fore application. Continuum data files were created from the line
data by averaging the central 75% of the frequency bandwidth.
These were used for determining the gain calibrations. As we
are using the AIPS package which was originally developed for
VLA data, a re-definition of the polarisation products is neces-
sary for correct gain calibration. The VLA measures right and
left circular polarisations (RR =1+ V,LL=1-V,RL = Q+iU
and LR = Q —iU), while the WSRT data consists of the two per-
pendicular linear polarisation products (XX = I-Q, YY =1+ Q,
XY =-U+iVand YX = —U —iV). Both definitions are in terms
of the same true Stokes parameters (/, Q, U, V). By redefining
a calibrator’s parameters as (I, Q’, U, V') = (I, -U, V, -Q) it is
possible to successfully calibrate the (XX, Y'Y, XY and YX) data
by treating it as if it were (RR, LL, RL and LR). Redefinition of
polarization products has no effect for sources that are not po-
larised. However the calibrator, 3C 286, is known to be about
10% linearly polarised. The “apparent Stokes” values that have
been used for this calibrator are (14.75, —1.27, 0, —0.56) Jy for
the first IF and (14.83, —1.28, 0. —0.57) Jy for the second IF.
Gain solutions determined with the continuum data are applied
to the line data as well. The calibrated data is exported from AIPS
into the uvfits format and imported into the Miriad (Sault et al.
1995) software package. Miriad has been used to further reduce
the data. The mosaic scans are split into individual pointings.

Continuum emission is subtracted from the line data using a first
order polynomial, excluding the edge of the bandpass and re-
gions containing galactic emission.

Although there are only scans at 45 different declinations,
each scan contains 540 pointings in right ascension. Because the
complete survey cannot be imaged simultaneously due to com-
puter memory and image projection limitations, all the scans
have been split into individual pointings. The complete survey
is separated in 18 blocks of 40 pointings in right ascension and
45 pointings in declination, with a ten pointing overlap in right
ascension between neighbouring blocks. This corresponds to
sub-regions of ~10 x 11 degrees in size. The central positions of
each of the sub-region cubes is listed in Table 1. When inverting
the data from the UV to the image domain a uniform weighting
scheme was applied, as this is the most optimal weighting for
the 12 inner antennas of the array. Because of the regular an-
tenna spacing, many baselines have the same length but the uv-
plane is fully sampled at all spacings between one and eleven
dish diameters. To suppress the side-lobes due to incomplete
sampling of the longer baselines involving antennas 13 and 14,
a Gaussian taper has been applied to the visibility data with a
FWHM of 200 arcsec; as this is approximately the size of the
final beam. The 250 individual velocity channels were imaged
between 150 and 2000 km s~! with a sampling of 8.24 km s~!.
An example of a single channel in a sub-region is shown in
Fig. 3, the inner 10 degrees in right ascension and declination
have uniform mosaic sampling and an approximately constant
noise level. Figure 4 shows the same field, overlaid with all the
individual pointing patterns that have been used to mosaic this
field.

Unfortunately the data from pointings with negative declina-
tions are missing from the cubes, as well as the axis labels in the
two plots that are shown. The data has been inverted using the
Miriad software package, which grids and inverts the data using
the natural NCP (North Celestial Pole) projection that applies to
data obtained with an East-West interferometer. In most cases
this is not a problem, however the NCP definition breaks down
at a declination of zero degrees. The NCP projection is defined
in Brouw (1971) by:

L = cos ¢ sin A (1)
and
M = (cos &y — cos d cos Aa)/ sin &y 2)

At declinations approaching zero, the M-value diverges to in-
finity, making any projection impossible. The commonly used
imaging tasks in both Miriad and AIPS have been found to work
effectively when given either all positive or all negative declina-
tions, but failed when given both simultaneously. Various meth-
ods of circumventing this problem have been tested, but none of
them was successful in re-projecting all of the data to a more
useful grid. We have therefore chosen to neglect the negative
Declination pointings of the cross-correlation data, as they con-
tain less than 10% percent of the total. Other projections for the
northern part of the data have been considered, but these are not
favorable since they yield a highly position dependant PSE. The
data is gridded in NCP-projection, for which a well defined beam
applies. When re-projecting the ~10 x 10 degree field to e.g.
a SIN-projection, the response to point sources, particularly at
the lowest declinations, is severely distorted. The effect of the
NCP-projection can also be seen in the shape and distribution
of the pointings in Fig. 4 as the pointings at low Declination
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Fig. 3. Example of a channel map from one of the processed sub-region
cubes (Cube 9) from the WVES cross-correlation data. The inner re-
gion is well sampled by the pointings and the noise is uniform, while
emission at the edges is noisier. There is 25% overlap in right ascen-
sion between adjacent cubes. Unfortunately the coordinates could not
be shown in this plot due to projection effects, as explained in the text.

are squeezed into narrow ellipses. Quite apart from the NCP-
projection, it is an inherent property of an east-west interferom-
eter, that the north-south spatial resolution that can be achieved
at Dec = 0 is only as good as the primary beam, which is
~35 arcmin.

Figure 5 shows the synthesized beam for one of the cen-
tral pointings in the strip at Dec = 10 degrees. The left panel
shows the beam due to a single observation, which is extremely
elongated. The right panel displays the beam after combining
both complimentary observations. When averaging the two elon-
gated beams, a circular main-lobe is formed, although substan-
tial X-shaped side-lobes are also apparent.

After the cubes have been imaged, the data were Hanning
smoothed using a width of 3 channels, to eliminate spectral side-
lobes and lower the rms noise. Although the channel sampling
of the cubes is unchanged, the velocity resolution of the data is
decreased to ~16 km s7!.

After Hanning smoothing has been applied, the beam and
smoothed dirty maps were deconvolved using the MOSSDI task
within Miriad to create clean cubes. This task is similar to the
single-field CLEAN algorithm, but can be applied to mosaic-
data. Only one pass of CLEAN deconvolution has been done
without any masking. Because of the relatively large size of the
18 cubes, the cleaning step takes significant processing power.
For the cleaning step a cutoff level of 50 mJy beam™' was used.
This cutoff level was determined empirically to be optimal in
cleaning the data as deeply as possible while not creating false
components. Although on the whole the data quality was sig-
nificantly improved by deconvolution, the brightest sources are

A28, page 4 of 35

\J
).\\g

'\
\ |.',‘
'-. \",- i

A
Aty
l,\_‘v“ﬁ'}‘ i\

A L Wt

Fig. 4. Same image as Fig. 3, but now with the positions of the pointings
overlaid. Each cube contains data from 45 pointings in declination, by
40 pointings in right ascension covering 11 by 10 degrees. Due to the
NCP projection of the data, the declinations close to zero degrees are
increasingly distorted, as can be seen in the shape of the pointings that
are squeezed toward the lowest declinations. Unfortunately, pointings
with both positive and negative declinations could not gridded simulta-
neously due to limitations of the NCP projection.

still suffering from some residual side-lobe artifacts. A second
cleaning pass using a clean mask was not undertaken, since
residual sidelobes prevented effective mask definition in an au-
tomatic way. The survey volume was deemed too large, to de-
termine a mask manually. Nevertheless the improvement in dy-
namic range is significant as can be seen in the example shown
in Fig. 6. In the left panel a channel is shown before cleaning and
in the right panel the same field is shown after cleaning. In the
left panel a very strong X-shaped sidelobe pattern can be seen at
the location of bright sources. In the right panel the side-lobes
have almost completely disappeared.

2.4. Sensitivity

We reach an almost uniform noise level throughout the survey
area of 6 mJy beam™' over 16 km s~! which corresponds to
a column density sensitivity of Ny ~ 1.1 x 10'® cm™2. The
noise level in each of the individual 18 cubes is listed in Table 1.
Although we reach very high sensitivities, we note that the data
is affected by some residual side-lobe contamination in the vicin-
ity of bright sources.

Typical features that occur in the data cubes are illustrated in
Fig. 3. At the edge of the field there is an increase in the noise
due to the finite number of mosaic pointings included in each
cube. The large dark and light structure in the upper part of the
field is caused by solar interference during the observation. This
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POINTING: 1.000000e+00

+10°05'

+10°00°

Declination (J2000)

+9°55'

= | . . | . . | . .
11hoo™155  11P00™005  10M59™455  10P59™308
Right Ascension (J2000)

10M59™15%

POINTING: 2.000000e+00

+10°05'

+10°00'

Declination (J2000)

+9°55'

11h00™00%  10P59™45°  10P59™30°5  10759™15°

Right Ascension (J2000)

11h00™15%

Fig. 5. Beam shape of a central pointing in the strip at Dec = 10 degrees. The left panel shows the synthesized beam of a single observation, while
the right panel shows the beam for the combination of two complimentary scans. Both panels have the same intensity scale and contours are drawn

at 70, 80 and 90 percent of the peak.

instance of solar interference is very extreme and certainly not
typical. Distributed over the field are many galaxies that appear
as point sources. The X-shaped residual side-lobe pattern is still
apparent within the noise around the brightest of these sources
in the field.

2.5. False positives

Although the reduced data has a good flux sensitivity, there
are many artifacts in the data, that are important to understand.
Because the “cleaning” step during the data reduction has not
been perfect, there are artifacts in the vicinity of bright groups of
sources that are caused by side-lobes in the beam. In some cases
the residual side-lobes of a bright source are similar in strength
to fainter sources in it’s vicinity.

At some locations, the quality of the data was not optimal
and parts of several declination strips had to be flagged. As a re-
sult, the restoring beam is not well matched to the data at these
locations and the sensitivity is V2 worse. Due to the extended
nature of the mosaic pointing pattern, such instances are often
compensated by adjacent pointings. The effect of poor data qual-
ity is most apparent around a declination of 9.25 degrees (due to
solar interference), where the noise is enhanced throughout the
entire survey.

Although an attempt was made to observe only during night
time hours, portions of scans are suffering from solar interfer-
ence. The regions where this occurs are relatively isolated, how-
ever the data quality in these regions is significantly impaired.

Galactic H1 emission is another potential cause of false de-
tections at radial velocities below ~+400 km s~2.

2.6. Flux determination

In the case of single dish observations with a large beam, the
flux density of an object can be determined by integrating the

spectrum over the line-profile of an object. When multiplied
with the velocity resolution of the observations, this gives the
line strength in [Jy km s~!]. This method can be used when
the telescope beam is more extended than the spatial size of an
object implying that the sources are unresolved. This assump-
tion has been used for the HIPASS data and for the WVES to-
tal power data. Although the WVES cross-correlation data has
a relatively large beam size compared to typical interferometric
observations, some objects are apparently resolved.

The flux of each object is therefore determined in two dif-
ferent ways. The first method simply employs the integral of the
line strength in the spectrum with the highest peak brightness.
The error in this estimate is given by:

1.5Wy

Ures

Ov X rms

3)

g =

where vy i the velocity resolution of the data, while dv is the
channel separation in [km s7.

The second method is a more sophisticated one, that is better
suited to extended sources. Ideally the flux would be determined
interactively for each object, by selecting the regions that con-
tain significant emission in a moment map integrated over the
velocity extent of the source. While this is possible when ob-
serving a modest number of individual galaxies, the total area of
the WVES survey and the number of objects is too large to treat
each object manually. An automatic method is used, which con-
sists of integrating the flux of the moment maps in the vicinity
of each peak out to a certain radius. Ideally, beyond a certain ra-
dius the integrated flux density remains approximately constant
apart from fluctuations due to the noise and local background.
Because of side-lobe and large-scale background effects this is
often not the case; the integrated flux drops again or keeps in-
creasing. A radius has to be determined that yields the best es-
timate of the integral, while restricting the effects of confusing
features as much as possible
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Velocity: +1072.68 km/s

Declination (J2000)

L AN A
12h3sm 30™

Right Ascension (J2000)

Velocity: +1072.68 km/s

Declination (J2000)

30™ 25
Right Ascension (J2000)

12h3sm

Fig. 6. The left panel shows a region of the dirty map; data that has only been inverted from the u,v plane to the image plane. The right panel
shows exactly the same region after one pass of cleaning. While in the left panel the cross pattern of the beam is very apparent, in the right panel

the side-lobes are almost completely subtracted.

For each object a zeroth moment map is created and the ra-
dial profile of the flux values is determined. A Gaussian function
is fitted to the radial profile, the o value of the fit is an indica-
tion of how extended the source is. The pixel brightness is inte-
grated for all pixels within a radius of 3.50" and converted from
[Jy beam™! km s7'] to [Jy km s by division with the beam
area. The error of the integrated flux is calculated from:

error = \/I'SWZO X \/I'SAS v X rms %)

Ures Apeam

where A; is the surface area of the source and Apean 1S the surface
area of the synthesised beam. The integrated value of the pixel
values is used, rather than the integral of the Gaussian fit, to be
more sensitive to possible extended emission which is likely to
be suppressed by the wings of the Gaussian.

2.7. Flux correction

We have noticed a shortcoming in the invert task within miriad
when the data is converted from the u,v plane to the image plane.
When creating the mosaiced image, each individual pointing is
inverted and then the set of images are combined using the pri-
mary beam model for the relative weightings.

When gridding the data using the NCP projection the offset
in declination with respect to the tangential point is calculated
using Eq. (2). In this function dy is the central declination, ¢ is
the observed declination that has to be gridded and A« is the
difference between the central Right Ascension and the Right
Ascension to be gridded. At declinations close to zero, the differ-
ences in M in the projected frame become very small: 6 = 0 + €
and 6 = 0 + 2¢ are gridded to the same pixel in the projected
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frame and for 6 = O there is a singularity as there is no solution
at all.

In the observed frame, the mosaic is Nyquist sampled and
there is a pointing every 15 arcmin between 0.25 and 10 degrees
in declinations. This is shown in the top panel of Fig. 7 where
the response of each beam is plotted as function of declination.
At each position the sum of all the beam responses is equal and
the weighted sum is always unity.

The separation between the pointings with respect to each
other changes, when they are converted to the projected NCP
frame. Not only the position of pointings changes, the complete
shape of the primary beam becomes different, and a distorted
beam should be applied when doing the weighting. We suspect
that this is not happening and that the undistorted beam is used.
This is demonstrated in the bottom panel of Fig. 7 where the
undistorted beam response of the pointings is plotted as func-
tion of the projected M value. The M value gives the offset with
respect to the reference pixel, so M = 0 corresponds to § = 5 de-
grees.

In an image the flux is determined by the weighted sum of
the beam response of all the contributing pointings.:

_ XS54(0)Bi(0)
So = TBi(6) ©)
and

_ 55,(6)Bi(6)
Su = TBi(M) ©

Where S;(9) is the measured flux by a pointing, B;(0) is the beam
response in the observed frame, while B;(M) is the beam re-
sponse in the projected frame.
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Fig. 7. Beam response of pointings in the mosaic as function of the observed declination (d) (fop panel) and the NCP projected declination (M).
The observed mosaic is Nyquist sampled, with a regular interval between beams of 15 arcmin. When projecting the data, the sampling becomes

different.

In the projected frame the sum of the beam responses
changes dramatically with declination if the projection is not ap-
plied to the shape of the primary beam.

As aresult, fluxes appear lower in the projected frame at low
declinations, as the sum of the beam responses by which the flux
is weighted is larger. At high declinations the opposite is the case
where the flux values in the projected frame become enhanced.

This effect is clearly visible in the data, as the measured flux
of objects at low declination is systematically to low. This is
demonstrated for a sample of objects in the right panel of Fig. 8.
The data points show the ratio between the fluxes obtained from
the WVES total power data as described in chapter 4 and the
fluxes from the cross-correlation data, without a flux correction.
The flux ratios are plotted on a logarithmic scale against declina-
tion. At low declinations the total power fluxes are much higher,
while at high declinations the opposite is the case.

The correction that has to be applied is given by:
XBi(M
s @

i(6)

This ratio is plotted in the left panel of Fig. 8 as function of dec-
lination. The cross indicates the central position of the projected
grid at 5 degrees, where the ratio is exactly 1 as no correction
has to be applied. For declinations below 5 degrees the fluxes
have to be scaled up, while for high declinations the fluxes have
to be scaled down. At both ends of the correction function there
is a bump, as the edges of the mosaic are not Nyquist sampled in
the observations, so the integrated beam responses are different
here. For declinations approaching zero degrees the correction
goes to infinity, because of the singularity in the NCP projection
here.

C() =

In the right panel of Fig. 8 the same correcting ratio is plot-
ted on a logarithmic scale, together with a sample of data points
as described before. Although the scatter is large the data points
follow the correcting function reasonably well. The fluxes ob-
tained from the total power and cross-correlation data actually
can be different as the total power data is more sensitive to ex-
tended emission, but to get the cross-correlation data on the right
level, the correction has to be applied.

3. Results
3.1. Source detection

Because of the large extent of the WVES, and the large number
of independent pixels, an automated source finding algorithm is
essential to obtain a list of candidate detections. Although the
sensitivity of the data is good, source detection is not straight-
forward because of the artifacts that are apparent in the data as
described in Sect. 2.5. Two strategies have been employed to
circumvent these complications and to obtain a list of candidate
detections that is as complete as possible. The first method is a
blind search that uses a clipping level of 8. This conservative
clipping level will provide a reliable list of bright features. The
second method uses a less conservative clipping level of 5o that
will also yield many false positives. An extra constraint on these
features is that an optical counterpart is required within a suitable
search radius and at a comparable radial velocity. The search ra-
dius is variable, depending on the declination of the candidate
feature, as will be explained below.

For both approaches the Duchamp (Whiting 2008) source
finding algorithm has been used, with different control
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Fig. 8. Left panel: correction factor as function of declination, to be applied on the obtained fluxes. Right panel: correcting factor on a logarithmic
scales with data points representing the flux ratio between WVES total-power and cross-correlation data, before applying the correction on the

cross-correlation data.

parameters. The two methods and their results are described be-
low. When searching for objects, Duchamp uses the processed,
three dimensional data cubes. The source finder has been run on
each of the 18 cubes individually, although for Cubes 8 and 9
every pixel above a declination of 9 degrees has been blanked.
This region could not be used due to solar interference, which
heavily affected the quality of the data. The interference is so
strong here that it increases the noise and causes many false and
unreliable detections. As a consequence, any objects between
~172 and ~190 degrees in right ascension and above 9 degrees
in declination will not be detected.

3.2. Blind detections

Although the noise in the data is approximately Gaussian, it is
clear from an inspection of the histogram of brightnesses that
there are excess negative outliers from this ideal distribution.
Due to the purely relative nature of interferometric data (the ab-
sence of the auto-correlation), artifacts caused by e.g. side-lobes,
continuum sources and solar interference are symmetric in their
positive and negative excursions with respect to zero. For this
reason, the number of noise and artifact pixels within a negative
brightness interval is equal to the number of likely false positive
pixels within the same brightness interval on the positive side
of the histogram. This is illustrated in Fig. 9 where a histogram
of the observed brightness is plotted from the central portion of
Cube 13. The incidence of each brightness scaled by the local
rms fluctuation level is plotted. At 4 or 50 the number of neg-
ative pixels is still significant, but these rapidly drop to zero for
a brightness below —8c. A clipping level of +80 was therefore
chosen since it should yield no false positive detections due to
either noise or artifacts.

For the actual source finding Duchamp has been used with
four different settings, that are summarised in Table 2. The cubes
were first Hanning smoothed to velocity resolutions of 16, 32,
64 and 128 km s~!, to be more sensitive to sources with different
line widths. Although an initial clipping level of 80 has been
used for peak identification, the detected features are “grown”
to a level of 30. Furthermore a certain number of pixels in the
velocity domain is required, that is representative for the velocity
resolution.
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Fig. 9. Histogram of incidence of brightness in units of o~ in Cube 13
of the WVES. At a level of —50 there are still many pixels, indicating
that the number of false positives at the +50 level is also likely to be
relatively high. At a level of —8¢ there are no negative pixels, so above
a clipping level of +80 no false detections are expected.

Table 2. Duchamp parameters for the blind H1 search in the WVES
cross-correlations.

Vies rms Clip Grow Size
[kms™!'] [mlybeam™'] [o] [o] [pixels]
Setupl 16 6.7 8 3 3
Setup2 32 5.0 8 3 5
Setup3 64 4.1 8 3 9
Setup4 128 3.1 8 3 17

For each candidate detection, the spectrum was determined
and a moment map has been created by integrating the data cube
over the velocity width of the detection. Furthermore, an opti-
cal counterpart was sought for each source within a radius of
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measurements and the method of estimating the uncertainty are
explained in Sect. 3.4. The last column in the table indicates
whether the object has been found in the blind search (B) or in
the search where an optical identification is required (O). When
objects appear in both search methods, this is indicated with two
letters.

Of the 135 detected sources in the blind search method, only
WVFSCC 120929+080730does not have an optical counterpart,
the properties of this objects are given in Table 3, which has the
same column description as the Appendix, but only showing new
H1 detections in the survey.

3.3. Confirmed detections

Because of the high clipping limit in the blind search, many ob-
jects have been missed that are at a lower significance, which
might still be real sources. In a second approach, all features
are sought with a peak brightness of at least So. This limit
was chosen to permit the deepest possible search for the H1
counterparts to known objects while keeping the number of
likely false positives manageable. An optical identification was
sought for each candidate within a variable search radius, us-
ing the NASA Extragalactic Database (NED)!. Only those fea-
tures which have an optical counterpart at a radial velocity that is
within 100 km s~! of the detected feature are accepted. Because
the survey has been done using an east-west array, the synthe-
sized beam size is increasing towards lower declinations. For
features above 8 degrees in declination, a search radius of 6 ar-
cmin was employed, which is on the order of the synthesized
beam FWHM. For lower declinations, the search radius is scaled
as a function of the declination:

in8
r(6) = 8222 for 2 < 6 < 8°. (8)
sin 0

For declinations below 2 degrees a constant search radius of
24 arcmin is used, which is of the same order as the primary
beam of the telescope. This scaling is chosen to track the distor-
tions of the NCP projection at these low declinations. Allowing
even larger search radii is not necessary, as the uncertainty in
position cannot be larger than the primary beam.

A very similar method has been used to identify counterpart
features as for the blind search, employing Duchamp with two
different settings, as given in Table 4. Only two velocity res-
olutions have been used, as using more combinations did not
appear to be practical. The list of candidate features was visu-
ally inspected in a very similar way as the blind search detec-
tions. Multiple detections were omitted, as well as false positives
caused by artifacts in the data.

In a similar fashion as for the blind search, all the spectra
and moment maps of the candidate features have been inspected
visually to look for artifacts. All detections with their properties
are listed in the appendix, together with the sources that have
been detected through the blind detection.

A total of 198 H1 features with a peak brightness exceed-
ing 50 could be identified with an optical counterpart within
the search radius. We have compared the list of detections with
the HIPASS catalogue. In total 53 objects are not listed in the
HIPASS database, of which 16 are completely new H1 detec-
tions. On the other hand 51 objects have not been detected in

! The NASA/IPAC Extragalactic Database (NED) is operated by the
Jet Propulsion Laboratory, California Institute of Technology, under
contract with the National Aeronautics and Space Administration.
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Fig. 11. The dark histogram shows the number of HIPASS sources as
function of declination between 0 and 10 degrees, binned in intervals
of 1 degree. The light histogram shows the number of HIPASS objects
that have not been found in the WVFS source detection procedures. The
distribution of undetected sources is not uniform, as their proportion
increases toward lower Declination.

the current data, which are listed in the HIPASS catalogue. The
properties of the new H1 detections are listed in Table 3.

The WVFS has a better point source sensitivity than
HIPASS, which explains the sources that are detected in WVFS
and not in HIPASS. For the HIPASS detections, a clipping level
of 40~ has been used which corresponds to approximately 60 mJy
beam~! over 18 km s~! taking into account the point source sen-
sitivity of the original HIPASS cubes. The 5o clipping limit that
has been used in this survey corresponds to ~30 mJy beam™! at
a very comparable velocity resolution of 16 km s~!.

Although the point source sensitivity of the WVFES is almost
a factor two better than HIPASS, the latter has a much better
brightness sensitivity due to the larger beam. The 14 arcmin
beam of the Parkes telescope is approximately six times larger
in area than the synthesised beam of the WVFS, resulting in a
three times better brightness sensitivity. This may explain the
relatively high number of sources that have not been detected in
the WVES. Diffuse sources will be more easily detected in the
larger beam of a single dish like the Parkes telescope.

The incidence of all the 51 HIPASS sources that are missed
in the current survey are plotted as a histogram of declina-
tion with a bin size of 1 degree in Fig. 11. The dark bars of
the histogram represent the distribution of sources catalogued
by HIPASS, while the light coloured bars show the number of
HIPASS sources that have not been detected by WVFS. The
histogram does not show a uniform distribution for the missed
sources, several sources that have not been identified in WVFEFS
are in the region that has been excluded from the search due
to solar interferences, as explained in Sect. 3.1. This explains
the high number of non-detections in the last bin, above a
declination of 9 degrees. What is striking is that the vast ma-
jority of the sources that have not been detected in the WVFES
cross-correlation data have a low Declination. This is again an
effect of the shortcoming in the gridding, as has been described
earlier. At declinations below 2 degrees the projected fluxes be-
come diluted by a factor more than two and in many cases end
up below the detection limit.
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Table 4. Duchamp parameters for the counterpart search in the WVES.

Vies [km s7']  rms [mJy beam™'] Clip [c] Grow [o]  Size [pixels]
Setupl 16 6.7 5 3 3
Setup2 32 5.0 5 3 5
80 1.2
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Fig. 12. Integrated flux of the WVES cross correlation data plotted
against the line-strength. For many objects, the integrated flux is signifi-
cantly larger than the line strength implying that detections are spatially
resolved.

3.4. Flux comparison

The two different methods by which the flux was determined
are compared in Fig. 12 where the integrated flux is plotted as
function of the line-strength. The dashed line through the ori-
gin of the plot indicates where the fluxes are equal. For low flux
values, there is reasonable agreement between the two methods.
For high fluxes the differences are increasing dramatically, with
most bright sources being much more extended than the synthe-
sised beam. This is shown in a different way in Fig. 13, where
the ratio of the two fluxes with their error bars is plotted on a log-
arithmic scale against the integrated flux on a logarithmic scale.
Here the differences become even more apparent. In addition to
a systematically higher flux in all the integrated moment maps,
the ratio also increases with source brightness. This result im-
plies that most objects do have extended emission on the scale
of the ~5 arcmin synthesised beam.

As a second test, all measured fluxes have been compared
with fluxes obtained from the HIPASS catalogue, where avail-
able. Figure 14 shows both the WVFES line-strength (circles) as
the integrated flux (crosses) plotted against HIPASS fluxes. The
dashed line indicates where the plotted fluxes are equal. Fluxes
determined from the line-strength measurement are much too
low; while there is reasonable correspondence between the inte-
grated WVES fluxes and the HIPASS fluxes. This is also shown
in Fig. 15, where the ratio between the integrated WVFS fluxes
and the HIPASS fluxes is plotted on a logarithmic scale against
the HIPASS fluxes. At low flux values the scatter is very large,
but overall there is very good correspondence. To be less influ-
enced by the scatter, for all objects with a HIPASS flux stronger
than 5 Jy km s~! the mean and median values have been deter-
mined. The mean of the ratios is 0.91 with a standard deviation
of 0.33, while the median of the ratios is 0.87, these numbers

log(Integrated Flux) [Jy km s_1]

Fig. 13. Ratio of integrated flux and line-strength is plotted on a loga-
rithmic scale as function of the integrated flux. For almost all sources
the emission is more extended than the synthesised beam and the inte-
grated flux is much higher than the integrated line-strength.
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Fig. 14. WVES line-strength (circles) and integrated flux (crosses) are
plotted as function of HIPASS flux. Although the line-strength is very
low for many objects with respect to the HIPASS fluxes, there is good
correspondence between the HIPASS data and the WVFS integrated
fluxes.

indicate that there is an excess in the catalogued HIPASS fluxes
of ~10% with respect to the WVFES cross-correlation data.

3.5. New H 1 detections

Both the blind search for neutral hydrogen and the search based
on identification of an optical counterpart have resulted in a
number of new Hr1 detections. Spectra for all these detections
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Fig. 15. Ratio of WVES integrated flux and HIPASS fluxes as function
of HIPASS fluxes, plotted on a logarithmic scale.

are shown in Fig. 16; WVFSCC 120929+080730 is the only one
without an optical counterpart. Typically all detections have a
peak brightness of between 25 and 50 mJy beam™!, which is
quite faint. Based on the fluxes derived from WVFS, none of
these sources could have been detected by HIPASS, as the peak
flux is below the clipping level that has been utilised for the
HIPASS source finding. The new H1 detections do not share any
particular attributes, and the spectra have a variety of shapes. The
line-widths vary from a few tens of km s™! to several hundreds
of km s~! and both single peaks as well as “double-horned” pro-
files are encountered.

3.6. HI without an optical counterpart

The blind H1 search resulted in one source, for which no optical
counterpart is found. WVFSCC 120929+0807301is just at the 8o
detection limit of the blind H1 search. This feature has one strong
peak, but has a relatively narrow line-width of only 22 km s~ at
FWHM as can be seen from the spectrum in Fig. 16. The peak
column density of this feature is Ny ~ 1.5X% 10" km s™!. No cat-
aloged optical counterpart is found within a radius of one degree,
at the relevant velocity. The nature of this detection is not clear,
as the DSS image of this position also shows no likely counter-
part. Possibly this is an example of an intergalactic gas filament
that is a component of the Cosmic Web. Comparison with other
data products will have to reveal whether this detection can be
confirmed in independent data.

3.7. Extended neutral hydrogen

For each detection a moment map has been created by integrat-
ing the cubes in the velocity domain over the line-width of the
detection. All integrated maps were visually inspected to search
for extended emission or companions. For several galaxies there
is clear evidence of extended H 1 emission; we will discuss these
cases in more detail individually.

WVESCC 103109+042831: the main galaxy UGC 5708 has
a clear extension toward a nearby companion to the north west.
The companion is separated from UGC 5708 by approximately
20 arcmin, which corresponds to 100 kpc. Both the radial veloc-
ity and the line width of the companion are very similar to that of
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UGC 5708 as can be seen from the spectra in Fig. 17. The peak
column density of the companion is Ngr ~ 3 x 10" cm™2. The
contours are overlaid on a second generation DSS image. An
optical counterpart can be identified exactly at the peak of the
contours. This optical counterpart is probably CGCG 037-059
which is classified as a galaxy triplet. Only one radial velocity,
of 11944 km s~! is known for this triplet. If CGCG 037-059 is
indeed a galaxy triplet that is gravitationally bound, then a re-
lation with the Hr gas is not likely because of the very large
deviation in radial velocity and the similarity in spatial position
is purely coincidental. The other possibility is that the classi-
fication of CGCG 037-059 is incorrect and that the Hr gas is
associated with an object with an unknown redshift.

WVESCC 123428+062753: the main galaxy is NGC 4532,
that has an extended H1 companion towards the south east as
can be seen in Fig. 18. Although the gas looks very extended, it
belongs to the irregular galaxy Holmberg VII, at a radial velocity
of 2039 km s~!. Due to the relatively large synthesised beam it
has not been identified as an individual object, but this is not the
first detection of neutral hydrogen in this galaxy.

WVESCC 125550+041348: this is a very extended struc-
ture with at least 4 concentraions as can be seen in Fig. 19.
The main galaxy is NGC 4808, which has a long tail of H1
gas towards the south. The apparent extension to the south-east
is most likely caused by a residual side-lobe. When looking at
the optical DSS image with the H1 contours overlaid, an optical
counterpart can be identified for all H1 peaks. The first optical
galaxy south-east of NGC 4808 is CGCG 043-077 and has only
one Hr1 contour. The peak column density of this detection is
Nur ~ 1.4x10' cm™, this is the first H1 detection of this galaxy.
The two galaxies to the south are UGC 8053 and UGC 8055,
both with a peak column density of Ny ~ 4 x 10'° cm™2, which
have been previously detected in H1.

4. Discussion and conclusion

The WSRT has been used in a very novel observing mode to
simulate a filled aperture in projection of 300 X 25 m by ob-
serving at very extreme hour angles. Because of the very short
observing times per pointing it is a technical challenge to ob-
serve and reduce this data, while still achieving useful results. In
total 22 000 pointings have been observed that cover a total area
of ~1500 square degrees. Each pointing has been observed two
times for a period of one minute. Normally an integration time
of one minute with an interferometer is not sufficient to fill the
u,v plane, however as there are essentially no gaps between the
individual antennas in projection, and the two scans have a com-
plimentary orientation, a well defined synthesized beam could
be formed. The observing method is limited to a narrow range in
declination, but has been very successful.

In the reduced data we reach a flux sensitivity of
~6 mJy beam™' over 16 km s~'. The synthesised beam has an
average size of 395 x 245 arcsec, which results in a bright-
ness sensitivity of Ny ~ 10'® cm™2. Such a brightness sensitiv-
ity can typically only be achieved with single-dish observations.
Because the WSRT is an interferometer, the calibration and sta-
bility of the bandpass is significantly superior to that of a single
dish.

The drawback of interferometric observations is that a clean-
ing step has to be applied to correct for the synthesised beam
shape, especially for bright objects. Although the synthesised
beam is well defined, the side-lobes in our observations are very
strong, making the cleaning step a critical one. Because of the
large size of the survey, only one pass of cleaning deconvolution
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Fig. 16. Spectra of new H1 detections is the WVES cross correlation data. The central velocity of each object is indicated by the dashed vertical

line.

could be applied. Improved deconvolution results would require
detailed masking of real emission features during component
identification. Because of the relatively high side-lobe level,
any automatic masking procedure is unlikely to be reliable.
Each emission peak would have to be inspected visually, to
be able to distinguish a real emission feature from a side-lobe
artifact. Because of the size of the survey this approach was not

considered practical. As a result of these limitations, there are
low level artifacts in the data, although the flux sensitivity in the
reduced data is very good.

An extra complication in processing the data is that
the north-south synthesized beamsize increases towards low
Declinations since the WSRT is an east-west array. Furthermore,
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Fig. 16. continued.

the natural image plane projection of an east-west array is the
North Celestial Pole (NCP) projection (Brouw 1971) which be-
comes undefined at zero degrees. As a result, only positive de-
clinations could be analysed in our mosaiced images. Although
this did not dramatically affect our results, it is still a major point

of concern.
We found

another serious complication in using an NCP

projection in a wide field survey close to a declination of zero
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degrees. This complication is not caused by a shortcoming in
the projection, but more likely a shortcoming in the imaging
software that has been used. When gridding the observed data
or u,v coordinates to the projected plane, the observed flux is
not being conserved due to an incorrect wighting when combin-
ing pointings in a mosaic. At positive declinations, the imaged
flux of data below the declination of the reference pixel is di-
luted while for data above the reference pixel the imaged flux is
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Fig. 16. continued.

enhanced compared to the observed flux. This effect is very ap-
parent when using a NCP projection but probably also happens
when using other projections. When observing small fields, or
fields between ~20 and ~70 degrees in declination this effect
is negligible, however in our case a significant correction to the

derived fluxes had to be applied.

In general, other image plane projections are required at
Declinations near zero degrees to enable both positive and nega-
tive Declinations to be imaged simultaneously. However several

hel

1300 1400 1500 1600 1700 1800 1900 2000 2100

major interferometers are East-West arrays, including the WSRT
and the Australia Telescope Compact Array (ATCA). All these
telescopes are being upgraded, partly to serve as a pathfinders for
the SKA (Square Kilometre Array). A general aim of future tele-
scopes, especially the ones that use a FPA (Focal Plane Array) is

to conduct large surveys of the entire sky. Ideally these surveys

near zero degrees.

will have significant overlap with deep optical surveys, however
several major optical surveys are concentrated at Declinations
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H1 contours of WVFSCC 103109+042831. Contour levels are drawn
at 1, 2, 4 and 8 Jy km s~!. The main galaxy is UGC 5708, the small
companion in the north west is most likely CGCG 037-059
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Fig.18. Hicontours of WVFSCC 123428+062753 at 1, 2, 4 and
8 Jy km s! are overlaid on a second generation DSS images. The main
galaxy is NGC 4532, while the diffuse galaxy in the South-East that is
attached is Holmberg VII.

Two search methods have been applied to the reduced WVES
data, both using the Duchamp source finding algorithm. The first
method is a blind search at a peak brightness limit of 8c. The
second method uses an initial peak brightness limit of 50, but
has the additional requirement that all detected features need to
have an optical counterpart. In the blind search 138 objects have
been detected, while the second search resulted in 198 H1 coun-
terparts to cataloged optical galaxies. Of all the detections 16 are
new H1 detections and only 1 detection does not have an optical
counterpart. On average, the interferometric total fluxes of detec-
tions are ~10% lower than the catalogued fluxes in the HIPASS
archive.
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Fig. 19. Hicontours of WVFSCC 125550+041348 at levels of 1, 2, 4
and 8 Jy km s~! overlaid on a red band, second generation DSS images.
The main galaxy NGC 4808 has a long tail of H1 towards the south,
connecting two other galaxies. South-East of the main galaxy is a very
faint signal possibly associated with another galaxy.

There are many features in the cube with a peak of 3 or 40
and an integrated flux that probably exceeds 8c. It is very likely
that many of these features are real, however they cannot be
identified reliably by automated source finders. In a subsequent
paper, the WVES cross-correlation data will be compared with
the WVES total-power data and the re-reduced HIPASS data as
described in Popping & Braun (2011a) and Popping & Braun
(2011b). Both surveys contain several new H1 detections and
tentative filaments. As this is a limited number of sources, we
can do a targeted search in the WVES cross-correlation data.
Although the brightness sensitivity of each of the three surveys
is almost an order of magnitude different, comparison of the data
will be useful to distinguish extended and diffuse emission from
denser H1 clumps.

Acknowledgements. The Westerbork Synthesis Radio Telescope is oper- ated by
the ASTRON (Netherlands Foundation for Research in Astronomy) with support
from the Netherlands Foundation for Scientic Research (NWO).

References

Barnes, D. G., Staveley-Smith, L., de Blok, W. J. G., et al. 2001, MNRAS, 322,
486

Brouw, W. N. 1971, PhD Thesis, Leiden University

Cen, R., & Ostriker, J. P. 1999, ApJ, 514, 1

Davé, R., Hernquist, L., Katz, N., & Weinberg, D. H. 1999, ApJ, 511, 521

Fomalont, E. 1981, Newsletter. NRAO NO. 3, 3

Lehner, N., Savage, B. D., Richter, P., et al. 2007, ApJ, 658, 680

Popping, A. 2010, PhD Thesis (University of Groningen)

Popping, A., & Braun, R. 2011a, A&A, 527, A90

Popping, A., & Braun, R. 2011b, A&A, submitted

Sault, R. J., Teuben, P. J., & Wright, M. C. H. 1995, in Astronomical Data
Analysis Software and Systems IV, ASP Conf. Ser. 77, 433

Tripp, T. M., Sembach, K. R., Bowen, D. V., et al. 2008, ApJS, 177, 39

Whiting, M. T. 2008, Astronomers! Do You Know Where Your Galaxies are?
ed. H. Jerjen, & B. S. Koribalski, 343

Wong, O. I., Ryan-Weber, E. V., Garcia-Appadoo, D. A., et al. 2006, MNRAS,
371, 1855


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015719&pdf_id=17
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015719&pdf_id=18
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015719&pdf_id=19

A. Popping and R. Braun: The WSRT Virgo H1 filament survey. II.

R) €0 TLT T6l 661  S91  LEOT  vHISI0S:S0 96'60:15:01 CTPEODON  1S0SSO+601S0T DOSIAM  9F
g0 60 IS 89y I¥T  LTT 96  LY'TE0S10 29719101 SOEEDDON  TEOSTO+TION0I DDSIAM  SF
g0 €0 TEE TET 80T P8I  10T1  SELESTHO TLLTTE0T 80LS0DDN  LESTHO+LITEOT DOSIAM
o) €0 €9 &Y PPl T8  ISIT  0S6YIEEE0 61°9€:87:01 LL9S0DON  6VEEE0+9E8T01 DDSIAM  €F
o) PO €9  SS w6l 981 980T TTYSWSE0 8€°5€:97:01 9vZE DDN  ¥SHSE0+SE9T0T DDSAAM T
T0 8T 8T 901 16 1911 SSEPISECO 1T°THST01 €€0-LE0DODD  EF8ESO+TPSTOI DDSAAM 1

o) z0 0SS 6T 6 69  €9€1  8STO:ITH0 STTT:LI:01 1S5500DN  TOTTHO+TILION DDSIAM  OF
o) SO S6 €6 0SI  SEI  €0El  SE6STHTO 8SHSISI1:01 6£SS0 DN 6STHTO+PSSION DDSHAM  6€
o) L0 6Ly TIE  ¥6b  SEF 8601  0L'0TSTE0 L8 TT:T:01 69T€ DON  0TSTEO+TTHION DDOSIAM  8€
o) T0 08T Tl €T 65T 0TTl  60°TEI0:LO PSLSIET01 TTSS0 DN TEIOLO+LSEION DOSHAM L€
o) T0 61T 9T 1€C  OL  9¥ST  TI'LISOLO 19'8¥:T1:01 ¥0SS0 DN LISOLO+SYTION DDSAAM  9€
0 10 60 80 99 8T 98T1  SI'6€:1€:90 19°L0:+0:01 PILOMMIN  6£1€90+L0P00T DOSAAM  S€E
o) T0 98 v €6 €L t0E  16'VT61:50 STHS:65:60 gSURIXOS  HTOEIS0+PS6S60 DOSIAM  +E€
0 T0  6€ Y1 91 T9 €971 ¥8LITTS0 1€ 1€:65:60 881 VODN  LITTRO+IESS60 DISHAM €€
o) PO T6 LL 606 65T  L¥ST  0S'9TLIHO TTYTISS:60 SSOEDON  9TLIPO+9TSS60 DISIAM €
o) T0 06 0S  ¥T 80T 0S¥l SLPESI60 €€ 815160 6V0€ DON  PEST60+8PPS60 DOSIAM  I€
00 ¥T SO ¥ 1€ LTST  86'SS:9Vi60 65 6€:75:60 1'T1TS60+L 0SPS60f SSAS  SSOP60+6ES60 DISIAM  OF

o) T1 68 1'6€  0S€  6I€  SLTI  6'STLEINOD LT TH€5:60 PPOE DDN  STLEIO+IPES60 DDSIAM 6T
g0 TO 891 L9 LST  SPT  ¥9S  61'61:8KiLO SL'OTTSI60 887S00DON  6I8PLO+9TTIS60 DOSIAM ST
o) L0 STI vOl Tl €01 0981  S6°T08E00 LS 8161160 €20€ DON  T08E00+876760 DISIAM LT
g0 90 991 O0€I 86T  €0T €981  €3°0V0FT0 ST'SHLY:60 6v2S0 DDN  OWOFTO+SPLY60 DDSAAM 9T
0 60 Y11 011 SIT 9L  vLLI  Ov'bbi8E00 69°€S:9%:60 8€7S00DN  PPRE00+ESIP60 DOSIAM ST
0 80 19 TP P91 ¥b LT T0°0SIEFTO0 $S10:9%:60 877S00ON  0SEPI0+109¥60 DOSIAM T
0 SO 8L LS P81 ¥SI  TI6l  0ETS00:€0 86°€S:S1160 PZTS0 DN TSOOE0+ESSP60 DDOSAAM €T
o) TO  v9 LT S8T 191  VELT  TL'E0:0T80 1957160 9T12280+T68SHH60f XSVINT  £00280+95H760 DISIAM T
o) 10 6% TT vl 08  SES  €ILOLE6O L8'6€:7:60 6SS0DI  LOLEG0+6EPP60 DOSAAM 1T
0 10 80 90 9 1T $€IT £ H0:9SH0 £€6'8€:TH160 S LTESHO+SL'0STYO0r SSAS  P09SHO+8ETH60 DDOSIAM 0T
0 TO0 9T LT T 66  IL6T  S6OIIFH0 6€'61:T7:60 9967 DDN  OTT#H0+61TH60 DOSIAM 61
o) L0 6€l 1Tl ¥SI LTl 6981  I8°0TILE00 S1°90:T:60 L96TDON  0TLEOO+90T¥60 DOSIAM 81
0 o 1T 01 6b €€ S8LT  TEEEITIS0 €9°85:01:60 7967 DN €ETTS0+8S0V60 DOSAAM LI
o) €0 LS v€ Tel 0Ll €10  0S'65:60:50 SE81:6€160 LOISODDN  6S60S0+81S€60 DDSIAM 91
0 T0  TI 60 S6  TL  S¥S  TIT'6VLT90 6L°0S:7€:60 L00-S€0DDDD  6VLTI0+OSPE60 DDSAAM ST
0 10 ¥1  ¥0 It 6T 10T  L$10:8T:80 1€'80:2€:60 9067 DON  108780+807€60 DDOSAAM VI
o) 10 L€ TI TL  ¥S  Y00T  6S0TOHLO 96'67:67:60 ¥68T DDN  0TOPLO+6T6T60 DOSIAM €1
0 10 ¥l S0 9L 67 89€1  LEPI6E60 €1°91:12:60 €TSEP60+86 112601 SSAS  ¥16€60+911760 DDSIAM Tl
0 10 80 SO 6§ 9T  ¥STI  ISOFHS:80 OV PYiTI:60 1°029580+6S 9vZ160f SSAS  9YPS80+HHTI60 DISIAM 11
o) T0 96 6% 90T 861  960C  9£'9€£:95:60 T'STTII60 SP8P0 DDN  9€9560+8TT160 DDOSIAM 01
g0 TO LS TE 8€T 801  wevI  IT'ISI0INLO 18'8€:01:60 LO+OT60f SSVATH ~ TSOTLO+8E0T60 DISIAM 6
10 ST 6T 86 8¢ 1LVl YL'SPTOLO 63°90:01:60 TIPI0LO+ES610160f SSAS  SHTOLO+900160 DDSAAM 8

o) TO 9T ST €L ¥S 009 90°TTLISO $89€:80:60 8'9TLISO+YS'9E8060f SSAS  TTLISO+9£8060 DDSAAM L
o) T0 09 vE€  9vl L6 9TEl  SEPTI9SS0 9°'11:80:60 L6LFODON  $T9SSO+118060 DOSIAM 9
o) TO S€1 S8 TOT IS8T ISHT  vS'8PISI90 80°62:90:60 18LV0 DDN  8¥8T90+679060 DISIAM S
o) TO0 L€ 0€ STl 901  TE6I  69°LSI8SHO TISE T80 PPOT DON  LS8SHO+SEIP80 DDSAAM  +
g0 TO  v€ 9T 8€1 0L  SS61  LTTI'SESO LTHT:07:80 PISYO DN TISESO+PTOPS0 DOSIAM €
0 T0 0T 9T 001  S€  LSST  OL'80:I1:S0 90°8Z:9€:80 S0+9€80f SSVAIH ~ 8011S0+879€80 DOSAAM ¢
o) TO  6v 6T  L0T STl O¥8T  TEPSILS90 YT 'TTIE:80 $€0-T€0DDDD  ¥SLS90+ZT1E80 DOSAAM 1
qomRg [ So g s T Om ,PHA [sstuunpp]oag  [ssiwwiyy] vy ‘a1 vondo oweN  IN

Aaning uaweji4 oBlIA }400481S9AN 8Y] Ul SUoioalap 1 { Jo santadouid [eaisAyd :v xipuaddy

"KoAINgG Juowe[L] 0SIIA YI0qQI0)SIAN Y} UI SUONO)IP 1H Jo sentadoid [edrsAyd 1V dqeL

A28, page 17 of 35



A&A 528, A28 (2011)

d‘0 0 09 g'e 8¢l el 9CL 99°60-5€-90 LI'SOvC-Cl 892 DI 60S€90+S0¥CCT DOSHAM L6
o 0 01 01 8L 6S ¥00C LT LT60:S0 0L720¥CCl €690 DDA LT60S0+C0rCC] DOSHAM 96
o 1o L0 0 9 8¢C 9rel  8I0¢:L1-80 6L°LS-€TTI 8'LELTBOFOI'SOVCCIL SSAS  0ELIBOFLSECTT DOSHAM S6
o 1o 07c L0 S9 (9% Lyel  8L6£°€0:L0 6¢°LGE€TTI L9TEDL  6€€0LO+LSETTT DDSHAM ¥6
o 1o 80 90 9% LT oSyl 888C:TI:LO 08°Ly-€T-Cl 6SCE DI BETTLOTLYETTT DOSHAM €6
o 1o 1l 60 €L Ly Y611 L891:95:90 18°LE€TCI ever ODN  919690+LEETTI DISHAM 6
o €0 LYy 1'e €0C 161 IvLT  91°0€:S1:60 ¥8°00:€CC1 YEY DON  0€S160+00€CCT DOSHAM 16
o 1o 90 80 9L Ly SSCI LY’ LT:0¥:90 05 6v-¢C-Cl 6CCE Dl L10¥90+6¥CCCT DOSHAM 06

g0 1o 6'C 8’1 LTI 88 8¢l LTTOLT80 12°8¢ceel 9960 DDA TOLI8O+8ETTTI DISHAM 68

q‘0 €0 991 9v1 Gel 141! coCl  YSErEEY0 €0°'LTTCTl 10ey ODN  €veer0+LTTCC] DDSHAM 88
o 1o e 90 16 LE 1€0T  96'90:85:80 L6'6S:1TCT LOEY DON  908S80+6S1TCT DISHAM L8

q°‘0 0 s8OSy 80¢C 9LI 6LST  SE0V:LTH0 60°96-1¢C-C1 190 JHISSHIN  OVLTYO+9STCTI DDSHAM 98
o 1o 'l L0 9t 1€ LT 99°9€:%C:90 0g°6s 1Tl €CrL0 DDN  9ePTI0+SSTITCT DOSHAM ¢8
o €0 (A% 'l 14! 96 860C  €9°9V:Er-S0 90'€-0C-Cl L8y ODN  9repSO+rE0TCT DOSHAM 78
o €0 0 L0 98 1€ 116 86°8C:8¢:90 '86:61:CI 18€0 DDA 8T8E90+BSO61CTI DDSHAM €8

q‘0 0 v 07c 68 (49 S¢Sl SL1T0S-S0 8SYC61-Cl 0r€0 DDA 120SSO+¥C61TI DISHAM 8
O 0 e ¢c L81 651 898 0L°0€:Ce50 09°0¢:81:Cl CSTY DON  0€2eC0+0€81CT DDOSHAM 18

d‘0 0 L9 I'y 781 611 oL G8°91:8¢:90 Y¥'C0-81-C1 I7Cy ODON  9¥8€90+C081CI DDSHAM 08
O S0 'L 69 L 0¢ Sl6 88°91:9¢:00 9¢'9G:L1:CI ceeL00DN  9P9E00+9SLITI DOSHAM 6L
o 1o | 80 (44 Ll L8IT  S8'8L6E10 SL'E091-CI CLIO DDA 8E6EV0+E09ITI DDSHAM 8L
o 1o ¥l ¢l 6% 6¢ €10T  TTeESHS0 61 1C:S1:Cl 90 O4VH  SE€SPSO+ITSITI DIOSHAM LL

q‘0 €0 al L8 ¥9¢ 1254 090C  19°Lv-L¥:S0 clecvl-Cl L6IY ODN  LyLySO+6EVITT DOSHAM 9L

g0 0 6'¢ 8C 651 (14! €cel  YL9S SL0 0I'v0¥1:Cl 6€CL0DDN  9SSYLOTYOVITI DOSHAM SL

€0 6'¢ 9C 69 IS €L8 I¥7°€2-05:20 09°6CCI-Cl T6LSET VAAT  €20ST0+STTITI DOSHAM YL
q°0 0 99 19 vl w 88¢I  81'6#:96:C0 0L 6c 11:Cl G81L0DDN  S¥9ST0+6CIITI DDSHAM €L

d‘0 90 €0l 98 14! S9 reer  06'v7-10:20 Y810-11:CI 8LILODDN  ¥rI0T0+YOTICTI DOSHAM L
d 1o 91 0 98 1 SLIT  €1'0£:L0:80 €L°6C:60:C1 0€L080+6C60C1 DDSHAM 1L
o 90 L0S  8'SC LST 881 9¢el  SL'TE95C0 91'170-80:C1 C0+80CIL SSVAIH  2€9520+¥080CT DOSHAM 0L

q°0 L0 €'e8  ¥8C  TSC 90¢ 8¢Cl  TO'TEIST0 9L°00:80:CI €CIY ODN  TE€16C0+0080CT DDSHAM 69

d‘0 90 80t 6'¢C 0ce 0¢ veel  §9°0S:Tv-C0 90°€€-L0CI 911y DON  0STHC0+E€LOTT DOSHAM 89

g0 0 0'8 €9 Sl €S 90T  €S°LST0C0 98'01:¢0:Cl1 SYOr ODN  LSTOCO+0rC0TI DDSHAM L9

q‘0 0 £C Sl €6 6S 19€l  ¥ETr-8¥:50 ¢S6¢:10:Cl O AN TP8YSO+6E10CT DDSHAM 99
o S0 vy 9y L6 9L c10l  SL00:11:C0 CLYS YT 8'9¥760C0+8TYSHYIIL SSAS  001120+¥SHyIT DOSHAM <9
o 1o 61 60 801 0¢ €L8]  T6'05:85-80 0S°S0-0%-11 61L0DI  068S80+S00VIT DOSHAM 9
o 1o 60 11 14! 86 L661  TYTETS80 LS8G6E 1T 8ILODI  TEIS80+BSO6ELT DDSHAM €9

q‘0 €0 60 vl 19¢ Lye 666 26°€0-S1-:60 89°CS6C- 11 SOLEDDN  €0S160+CS6TIT DISHAM a9

q°0 0 0’8 9'¢ 9% 801 691 OF'LSTT60 C0'ST8T 11 TO9E DON  LETT60+STCIT DOSHAM 19

q‘0 1o (a4 el 98 €9 Y20l 80°8¢:€¥-80 Y 80-LT 11 8CBT Ol 8E€EPB0O+BOLTIT DOSHAM 09

g0 1o ¥l (! 9 93 0€IT  S1°€€:85:60 Y0'61:SCT 11 2690 DI €€8560+6¥STIT DDSHAM 6S

d‘0 0 L6l 811 161 (081 89¢l  TO6VO¥T-€0 99°CTYC 11 ¥99¢€ OON  vOPCe0+STrell DOSHAM 86

g0 S0 6'Lc 86l 144! 101 6191  00°0¥:€€C0 ceSI:0T 1 SP€90 DDN  0vELTO+SIOTTT DOSHAM LS

q‘0 1o 1At 60 €L IS 0L6 ¥0°CC-S€-60 eSYeol-11 CYrSe60+018COITIL SSAS  TCSE60+TTOITT DISHAM 9¢

q°0 S0 LT 801 8¢ S9¢ GE91  C8'LSI9EV0 6C9C:LI T Y09¢ DON  LEOEVO+9TLITT DOSHAM ¢SS

1o 0¢ 1a! 9¢G1 78 28ST  0S¥E:9¢:60 S6'LS:0L-T1 860+8011 OTOTOL  #£€9€60+LSOTTT DIOSHAM 123
g0 0 Le €'e L61 171 68¢l  80'8C:0I:LO 0T°CS90:11 9TEE DON  8TOILO+TSI0TT DOSHAM €S

d‘0 0 0cc 96l LSE 88¢C LITT  9990:8¢-€0 LOET-T0-TT S6V€ DDN  908c€0+EIT0TT DDSHAM s

g0 1o e (! 6¢Cl 66 9CIT  6SLOTY60 69°LY-€601 #1090 ODN  LOTYO0+LYESOT DDSHAM 59

d‘0 S0 9 6'S 9CI 69 ILOT  6S7C0:6¢:2C0 9¢€'60-€5-01 LET-TTOAST  20S€20+t60€S01 DOSHAM 0s

g0 1o 01 60 144 1€ 616 99'%$%0:90 £€9°6C: 1601 €eenN DDSN ¥SP090+SS1S0T DOSHAM (94

d‘0 €0 Syl 611 €Ll 8G1 6901  €6°05:SE¥0 LTSETS01 YL6S0 ODN  0SSEVO+SEISOT DOSHAM 8y

d‘0 €0 L1 <L Yel L11 9901  €T9T:6C€0 0I°6e16:01 €0+ICSOIL SSVAIH ~ 9T6TE0+SETSOT DISHAM Ly

uonodRq So 'S g 0Tpm 0Sm PHA [ssiwu:pp] 00 [ssiwuyy] vy ‘i reondo QUBN IN

A28, page 18 of 35



A. Popping and R. Braun: The WSRT Virgo H1 filament survey. II.
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A. Popping and R. Braun: The WSRT Virgo H1 filament survey. II.
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Appendix B: Spectra of all HI detections in the WVFS cross-correlation data
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Fig. B.1. Spectra of detections of neutral hydrogen in the WVES cross-correlation with a known optical counterpart. Detections were found using
an 50 threshold and are only accepted if an optical counterpart at a corresponding redshift is cataloged. The central velocity of each object is

indicated by the dashed line.
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