Accepted for publica tion in The Astr onomical Journal
Preprin t typ eset using IATEX style emulateap j v. 11/26/04

J. M. Stil *and A. R. Taylor !, J. M. Dickey 2® and D. W. Kavars 3, P. G. Mar tin *%, T. A. Rothwell

THE VLA GALACTIC PLANE SURVEY

Boothr oyd*, Felix J. Lockman ®, and N. M. McClure-Griffiths 7
Accepted for publication in The Astronomical Journal

ABSTRACT

The VLA Galactic Plane Survey (VGPS) is a survey of Hi and 21-cm continuum emissionin the
Galactic plane between longitude 18 and 67 with latitude coveragefrom jbj < 1:3 to jb < 2:3.
The survey area was obsened with the Very Large Array (VLA) in 990 pointings. Short-spacing
information for the H i line emissionwas obtained by additional obsenations with the Green Bank
Telesco (GBT). Hi spectral line imagesare preseried with a resolution of 1° 1° 1:56 km s !
(FWHM) and rms noise of 2 K per 0:824km s ! channel. Continuum images made from channels
without H i line emissionhave 1° (FWHM) resolution. The VGPS imagesreveal structures of atomic
hydrogen and 21-cmcortinuum aslarge as se\eral degreeswith unprecederted resolution in this part
of the Galaxy. With the completion of the VGPS, it is now possible for the rst time to assess
the consistency between arcminute-resolution surveys of Galactic H i emission. VGPS images are
comparedwith imagesfrom the Canadian Galactic Plane Survey (CGPS) and the Southern Galactic
Plane Survey (SGPS). In general,the agreemen betweenthese surveysis impressiwe, consideringthe
di erences in instrumentation and image processingtechniques usedfor ead survey. The di erences
betweenVGPS and CGPS imagesare small, . 6 K (rms) in channelswhere the meanH i brightness
temperature in the eld exceedsB0K. A similar degreeof consistencyis found betweenthe VGPS and
SGPS.The agreemen we nd betweenarcminute resolution surveysof the Galactic planeis a crucial
step towards combining these surveysinto a single uniform dataset which covers 90% of the Galactic
disk: the International Galactic Plane Survey (IGPS). The VGPS data will be made available on the
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World Wide Web through the Canadian Astronomy Data Centre (CADC).

Subject headings: ISM: atoms| Galaxy: disk |

1. INTR ODUCTION

The physical processesn the feedbadk cycle of matter
betweenstars and the interstellar medium play an impor-
tant role in the ewolution of galaxies,and in the way prod-
ucts of stellar nucleosyrthesis are dispersed. A quanti-
tativ e description of these processegequires knowledge
of the poorly known topology of di erent phasesof the
interstellar medium and the timescalesand locations of
transitions between these phases. Atomic hydrogen is
the link betweenthe gasheated or expelled by massiwe
stars and cold molecular gasfrom which new stars form.
H i is widely distributed and, within certain limits, eas-
ily obsenable acrossthe Galaxy through the 21-cmline.
As sud, atomic hydrogen has been used to study the
dynamics of the Galaxy and physical conditions in the
diuse interstellar medium.

To study the interstellar medium in transition, from
the cold phaseto the warm phaseor vice versa, or the
dynamical e ect of stars on the interstellar medium, re-
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Surveys

quires obsenations which reveal parsec-scalestructures.
For objects outside the solar neighborhood, resolving
parsec-scalestructures requires arcminute-resolution im-
ages. The distribution of cold atomic gasmay berevealed
by absorption of cortinuum emission or absorption of
the Hi line emissionitself (H i self absorption). Results
from such obsenations depend strongly on the resolu-
tion of the data (Dickey & Lockman 1990). To place
these processesnto a Galactic context, the high reso-
lution image should also show structure on large scales.
At 21 cm wavelength, imageswith arcminute resolution
and a large spatial dynamic range can be obtained by
an interferometer in combination with a large single dish
telescop to Il in large scalestructure not detected by
the interferometer.

Previously the Canadian Galactic Plane Survey
(CGPS) (Taylor et al. 2003) and the Southern Galac-
tic Plane Survey (McClure-Griths et al. 2001, 2005)
have provided high-resolution Hi imagesin the north-
ern sky (mainly the secondGalactic quadrant) and the
southern sky (third and fourth Galactic quadrants). The
CGPS will be extendedto longitude 50 , while the SGPS
has been extended to longitude 20 . A large part of
the rst Galactic quadrant is located near the celestial
equator. This area of the sky cannot be obsened at
su cien t angular resolution by the interferometers used
in the CGPS and SGPS, becausethese interferometers
have exclusively or mostly east-west baselines. At the
extremesof the CGPS and SGPS, the angular resolution
of these surveysis degradedby a factor 3 in declina-
tion.

The Very Large Array (VLA) can obsene the equato-
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TABLE 1
VGPS parameters
Quantity Value

Survey area jh<1:3 18 <1< 46

jBh< 19 46 <1< 59

jh< 223 59 << 67
Angular resolution (FWHM) 6000 Q0
Spectral resolution (FWHM) 156 km s 1
Channel width 0:824km s 1
Noise in contin uum?@ 0:3K
Noise per channel® 2K
Tp=S 168 K/Jy

2Noise levels may be dieren t from these representativ e val-
ues depending on location and velocity (H i line).

rial part of the Galactic plane with adequateresolution.
In this paper we presen the VLA Galactic Plane Survey
(VGPS). The VGPS is an H i spectral line and 21-cm
continuum survey of a large part of the rst Galactic
quadrant. This survey was done with the Very Large
Array (VLA) and the 100 m Robert C. Byrd Green
Bank Telescom (GBT) of the National Radio Astronom-
ical Obsenatory (NRAO). Short spacinginformation for
the VGPS continuum imageswas provided by a cortin-
uum survey with the 100 m E elsb erg telescope (Reich
& Reich 1986; Reich et al. 1990). The CGPS, SGPS,
and VGPS will be combined into a single data set which
provides arcminute-resolution imagesof Galactic H i for
90% of the Galactic plane as part of the International
Galactic Plane Survey (IGPS). With the completion of
the VGPS, dierent parts of the IGPS overlap for the
rst time, allowing a detailed comparison of the results
from ead survey. This paper describesthe VGPS data,
and comparesthe VGPS spectral line imageswith those
of the CGPS and SGPSin the areaswhere the surveys
overlap.

2. OBSERVATIONS AND DATA REDUCTION
2.1. VLA observations

The main set of obsenations of this survey was done
with the Very Large Array (VLA) of the NRAO. The
technical speci cations of the array are described in de-
tail by Taylor, Ulvestad& Perley (2003). The VLA isan
interferometer with 27 elemerns, ead 25 m in diameter
(32° FWHM primary beamsizeat 21 cm). Sewral VLA
elds must be combined in a mosaicto image an appre-
ciable part of the Galaxy. The most compact con gura-
tion of VLA antennas,the D-con guration, hasbaselines
between35 m and 1.03 km, and is the most suitable for
imaging of widespread Galactic H i emission. For short
obsenations (snapshots), the largest angular scalethat
can be obsenedreasonablywell is 450arcsecondsat 21
cm. The synthesized beam size is about 45 arcseconds
(FWHM) at 21 cm. The total amount of observingtime
at the VLA allocated to this survey was 260 hoursin the
period July to Septenber 2000. In addition to the VLA
obsenations, a fast survey with the 100 m GBT of the
NRAO was done to obtain the necessaryshort-spacing
information for the H i spectral line images. Table 1 lists
basic parameters of the VGPS.
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Fig. 1. The Sensitivit y Function of the VGPS. A representativ e

section of the primary survey area is shown. Contours are drawn
at the 50%, 80%, 90%, 95%, and 98% levels of the maximum sen-
sitivit y in the mosaic. This function re ects the Gaussian primary
beam shape of the VLA and the grid of pointing centers indicated
by the crosses. The latitude coverage of the survey widens by two
more rows of pointing centers for longitudes greater than 45: 7, and
a further two rows for | > 59: 7.

2.1.1. Mosaic Strategy

An interferometer survey using the mosaiking tech-
nigque to combine many primary beam areasinto a large
map beginswith the choice of the areato cover and the
telescopetime available. Thesetwo numberssetthe over-
all sensitivity or noiselevel of the survey, but this sensi-
tivit y is not uniform over the area. The gain in a single
VLA eld variesover the 32° (FWHM) primary beam of
the VLA antennas. When multiple elds are combined
in a mosaic,the spacingbetweenpointing certers deter-
minesthe corrugation or spatial variation of the sensitiv-
ity function. A certered hexagonalgeometryis optimum
for attening the sensitivity function, for a given num-
ber of pointings, but the function canalways be attened
further by decreasingthe spacingbetweenadjacert beam
certers and so increasing the total number of pointings
obsened. The overheadcostsin telescope drivetime and
the complexity of the data reduction are increased as
the number of pointings increases,so there is a compro-
mise required between attening the sensitivity function
and reducing the number of pointings. For this survey
we have usedthe relatively wide spacing of 25° between
points, which is not much lessthan the full-width to half-
power point of the VLA beamat 21-cmof 32° This
resultsin the sensitivity function showvn in Figure 1. The
25° spacing choice is driven by the 20 secondminimum
lag time betweenthe end of data taking on one scanand
the beginning of the next, which is exacerbatedby the
needto delete the rst 10 seconddata averageof each
scan. Thesefeaturesof the current VLA data acquisition
systemmakeit arelatively slow telescope for mosaidking.
There are other options available for data taking while
driving the telescope (mode OF), but theseprovedto be
impractical for this survey.

The D con guration of the VLA is subject to shad-
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Fig. 2.| Shadowing vs. hour angle and declination for the D
array of the VLA. Two elevations, 13 and 20 , are plotted with
thin lines; two shadowing limits, zero shadowing and 10% shad-
owing, are plotted with thick lines. These limits were computed
using the AIPS subroutines GET ANT, UVANT, and BLOCK, for
the antenna le corresponding to the array used for all survey ob-
servations. All observations of the primary survey area were taken
with zero shadowing, i.e., for hour anglesin the area between the
solid curves. Some of the observations of the higher latitude elds
((jbj > 1 ) were taken with some shadowing, but never more than
a few percert.

owing, i.e. blockage of one antenna by another, at low
elewations. For amosaicsurvey, it is evenmoreimportant
than usual to avoid shadaving, becauseof its e ect on
the primary beam shape of the blocked antenna, which
compromisesthe estimate of the telescope responseto a
model sourcethat is neededfor the maximum entropy
decorvolution. This survey includesmany elds at nega-
tiv e declinations, for which the available hour anglerange
is minimal. Avoiding shadaving becomesthe rst driver
of the observing strategy. Figure 2 shows a rough guide
for the hour angle and declination range which is safe
from shadowing for the D con guration. All scansfor
the primary survey area(jbj < 1, 18 < | < 65) were
taken without shadowing, as were most in the secondary
area(jbj> 1).

Besides avoiding shadoving and minimizing tele-
scope driv e times, the most important consideration for
scheduling was obtaining multiple scanson eacth eld at
widely spacedhour angles. This is the best way to min-
imize sidelobesdue to large unsampledregionsof the uv
plane that compromisethe dynamic range of the result-
ing maps. The scheduling processwasdriven by the need
to spreadthe obsenations of eath eld overthe available
hour anglerangeat the declination of that eld, and still
t ewverything into about 25 sessionsgad typically cov-
ering 14" < LST < 24". The low longitude end, which
is obsenable only from 16" to 20" LST, was hard
to t into approximately 25 sessions.The areanorth of
+10 declination (I > 45)) is relatively easyto schedule.
For simpli cation, ead row of pointings at constart lon-
gitude (six beam areas, 20 minutes of integration time
total) was scheduledin a block. The nal observing se-
guencegave hour angle coveragesas shown in Figure 3.
Top priorit y for scheduling wasgivento the primary area
of the survey, latitude 1 to +1 , longitude 18 to 65 .
The elds at higher positive and negative latitudes were
obsenedwith secondpriorit y, sotheir uv coverageis less
evenly distributed over the available hour angle range.
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Fig. 3.] Hour angles of the observations of sample pointings.

The Galactic plane follows the center line, and the two lines on
either side show latitudes 1 and +1 . Longitudes are marked
with short bars, with longitude 20 and 25 indicated. The point-
ing centers are shown as the vertices of seweral short line segmerts
(\c hicken feet"). The short segmerts each represernt an observa-
tion, with the direction of the segmert indicating the correspond-
ing hour angle, with O" plotted asa vertical segmert, 6" and +6"
plotted horizontally to the left and right. The observing schedule
was chosen to optimize the uv coverage provided by a wide range
of hour angles, i.e., a broad footprin t for each pointing.

Generally the strongestcontinuum sourceghat causethe
worst dynamic range problemsare locatedin the primary
area, so this strategy is appropriate. However it should
be kept in mind that the quality of the imaging in the
area of the survey with jbj > 1 is degradedrelative to
the lower latitudes. Most elds (93%) were obsened at
least three times at di erent hour angles,and 38% of the
elds were obsened four or more times. About 7% of
the elds were obsened only 2 times. The theoretical
sensitivity of the spectral line mosaicsis 8.4 mJy (1 )
or 1.4 K per 0:824km s ! channel for the beam size of
60°% The rms noise amplitude in the nal VGPS im-
agesis 1.8 K per channel on average. The actual spatial
variation of the noisein the nal VGPS imagesdeviates
somewhat from the regular pattern shown in Figure 1
becauseof di erences in the integration time per eld.
Such di erences exist becauseof variation in the number
of visits to a eld and becauseof a longer dwell time on
the rst eld of a block of six.

2.1.2. Spectrometer

This survey pushesthe limits of the VLA correlator in
that we need high resolution in velocity (0:824km s !
= 3.90 kHz channel spacing) and broad bandwidth (
300km s ! = 1.4MHz total). This wasimpossibleto ob-
tain with the existing spectrometer for two polarizations
at once. To sacri ce oneof the two circular polarizations
would be equivalert to giving up half the integration time
of the survey, sowe chosea strategy that keepsboth po-
larizations but with the coarservelocity channel spacing
of 1:28 km s 1. We then staggerthe placemer of the
channelsbetweenthe two polarizations by half a channel
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spacing,0:64 km s !, sothat the sampling on the spec-
tral axis may be increasedwhen all data are combined
(Figure 4). The VGPS spectral line data are sampledon
the same 0:824 km s ! spectral channels as the CGPS
for maximum consistencybetweenthe two datasets. The
spectral resolution of the data (1:21 128 km s ! =

1:56 km s 1) is determined by the size of the time lag
window in the spectrometer. It is not changed by re-
sampling to narrower spectral channels. The certers
of the two polarizations are o set by +32:304km s !
and 31:460 km s ! from the nominal certer velocity,
which is set at v¢(I) = +80 (1:6 1) km s ! with |

the longitude in degrees. Combining these gives spec-
tra with velocity width 341 km s ! after dropping 20
channelson either side of the band due to the baseband
Iter shape. The Hi line emissionis unpolarized ex-
cept for tiny amounts due to the Zeemane ect, which
are far below our sensitivity limit. But to avoid spuri-
ous spectral features arising from H i absorption of lin-

early polarized contin uum, which is commonin the syn-
chrotron emissionat low latitudes, we alternate the fre-
quency settings betweenthe two polarizations every 100
seconds.Soa single obsenation of a survey eld consists
of two short integrations (100sead) with complemenary

spectrometer settings. This gives enough bandwidth to
cover the range of velocities in the rst Galactic quad-
rant, +150 to 80 km s ! at the lower longitudes, with

0:824km s ! channelsthroughout. The local oscillator
settings for the survey were 3:2, 3590 with bandwidth

code 5 (1.5625MHz, of which the inner  85%is usable)
and correlator mode 2AD. No on-line Hanning smooth-

ing was performed, and the single dish bandpassshape
was not usedto normalize the spectra, as is sometimes
done as part of the correlation step.

2.2. VLA Calibration

Calibration of the VLA data was carried out using
standard procedureswithin AIPS. The primary calibra-
tors 3C286 and 3C48 were used for ux and bandpass
calibration. After calibration, the visibilit y data wereim-
ported into MIRIAD for further processing.Editing out
glitchesin the large volume of visibilit y data for the 990
VLA elds wasdonewith an automated agging routine.
The visibilit y data for the VGPS elds were searted for
high-amplitude points relative to the median visibilit y
amplitude for a particular baselinein a particular chan-
nel and for a particular spectrometer/p olarization com-
bination. The thresholds applied in this procedurewere
chosenafter careful inspection of the data. Amplitudes
more than 20 Jy above the median amplitude in the du-
ration of the snapshot were agged. Also, scanswith
an overall median amplitude above 50 Jy were agged
to eliminate saturated antennas. Special care was taken
not to label legitimate signal on the shortest baselines
as bad data. The snapshotsare su cien tly short that
a constart visibilit y amplitude can be assumedfor eath
baselinein a single channel in this seard.

The agging procedure allowed streamlined visual in-
spection of identi ed bad data and, if necessarya human
veto before the actual agging. No false rejections were
found becausethe rejection criteria weresu cien tly con-
senative. If visibilities for a particular combination of
time, baselineand polarization wererejectedin onechan-
nel, all channelswere rejected so asto keepthe uv sam-

First Record : .
R

LG e D
T e

Second Record :

!ﬂllnii LCP

R P e R

““““

1420 v (MHz) 1421

Fig. 4.| Spectrometer channel spacing. Observing frequency
is indicated on the bottom, with a representativ e spectrum shown
in the inset, with velocity shifted by a typical o set from the rest
frequency of 1420.4058 MHz due to terrestrial and solar motion.
All observations were done in pairs, with the center frequencies of
the two polarizations switched as indicated. The channel center
frequencies are staggered as shown in the magnied inset, so as
to make it possible to sample the prole shape with 0:824km s 1
channels in spite of the necessity to take the data with a broader
channel spacing (1:28 km s 1). The center velocity was set at
ve(l) = #80  (1:6 I) for each longitude, I.

pling identical for all channels. Lower amplitude glitches
often had higher amplitude counterparts in other chan-
nels. The policy to ag all channels was found to be
e ective in eliminating low-amplitude glitches as well.
After the automated agging procedure,only a few inci-
dental manual agging operations wererequired to make
spectral line and continuum imagesfree from noticeable
e ects of bad data.

Preliminary continuum mosaicswere constructed from
visibilit y data averagedover channelsoutside the velocity
range of Galactic H i line emission. These mosaicswere
analyzedwith an automated sourceextraction algorithm
to comparethe uxes of compact contin uum sourceswith
uxes in the NVSS survey (Condon et al. 1998). Sources
were labeled as suspected variables and removed from
consideration if the ratio of the absolute value of the
di erence betweenthe NVSS and VGPS uxes and the
mean of these uxes waslarger than 10 times the formal
error. This comparison between the NVSS and VGPS
showvedthat uxes of compactsourcesin the VGPS were
on average30% lessthan uxes listed in the NVSS. The
origin of this discrepancyis not understood. It is be-
lieved to be the result of the higher systemtemperature
in the VGPS obsenations, which is in part the result of
bright H i emissionin the Galactic plane. The VLA has
an automatic gain corntrol (AGC) systemthat scalesthe
signal with the system temperature, but visibility am-
plitudes are corrected for this scaling. First we discuss
various factors that a ect the systemtemperature in the
VGPS. Later we derive a correction to the ux scaleof
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Fig. 5.| Relation between scalar averaged visibilit y amplitude

and sky brightness temperature (line + continuum averaged over
the VLA primary beam) for three snapshots of the eld G 65.3+1.4
taken with the same spectrometer settings in a single polarization
(L) on 2000 September 7, 17, and 29 at elevations 52: 3, 63: 5, and
24: 2 respectively. Each point corresponds to a single frequency
channel. The noise per channel changes as the brightness of the
H i line varies with velocity, and a signi can t variation of the noise
level with elevation is apparent. The lines represent linear least
squares ts used to separate the contribution of Galactic radio
emission from other factors contributing to the noise.

the VGPS to make it consistert with the NVSS.

2.2.1. Contributions to the systemtemperature

Compared with the NVSS, there are two important
enhancedcortributions to the systemtemperature. One
contribution is from bright Galactic Hi and cortinuum
emission,which can double the system temperature av-
eragedover the inner 75% of the frequency band. The
systemtemperature changesacrossthe spectral band be-
causethe brightnessof the H i line changeswith velocity.
The other cortribution is from spillover to the ground
when a eld is obsened at low elevation. Emission from
the atmosphere also depends on elewation, adding 2 to
4 K to the system temperature. The e ect of spillover
is an order of magnitude larger than this. The average
systemtemperature of the VLA antennasin the zenith is
Tsys 35K. The systemtemperature increasesrapidly
at low elewation, to approximately 70K at elewation 30 .
VGPS obsenations were made over a wide range of hour
anglesto obtain adequatesamplingin the uv plane. As a
result, elds wereregularly obsened far from the merid-
ian at low elewvation. In cortrast, when the NVSS was
made, its elds were obsened closeto the meridian in
order to minimize ground noise. This strategy is more
suitable for a continuum survey which targets compact
sources.

The systemtemperature for eac antenna of the VLA
is recordedand stored with the visibilit y data. However,
for the presert purposeit is more cornveniert to adopt a
di erent measureof Ty deriveddirectly from the visibil-

ity data. The scalaraverageamplitude of the continuum-
subtracted visibilities (abbreviated here as ampscalar)
gives a spectrum that is proportional to the rms visi-
bility amplitude in each sample; it is noise dominated
(proportional to Tsys). It takesinto accourt the edit-
ing of data rejected by the automated agging routine,
and it is not necessarilyaveragedin frequency as is the
system temperature recorded with the data. After con-
tinuum subtraction, only the shortest baselinescontain
some correlated signal becauseof the Galactic H i line.
When averaging the ampscalar data over all antennas,
this remaining signal has a negligible e ect. This was
veried by comparing the result with ampscalar values
averagedover baselineslonger than 1k . The ampscalar
valuesare proportional to the recordedsystemtempera-
ture averagedover the array.

We write the total system temperature as the sum
of the receiver temperature Tiec 35 K, an elewation-
dependent term Teann (h) which includes atmospheric
emission but is usually dominated by spillover to the
ground, and the brightnesstemperature of cosmicradio
emissionTy(v) which dependson velocity becauseof the
bright Galactic H i line,

Tsys(V; h) = To(V) + Teartn (D) + Trec 1)

The spectral line data of the VGPS allows separation of
the contribution of Galactic emissionto Tsys from other
contributions.  This in turn allows us to derive a new
functional form for the elewation dependenceof T (h).

The brightness temperature in ead velocity channel,
Tp(v), averagedover the VLA primary beam, was de-
termined by smoothing the GBT maps and the E els-
berg maps to the resolution of the VLA primary beam.
Figure 5 shaws the relation betweensky brightnesstem-
perature (line + cortinuum) averagedover the primary
beam of the VLA, with the scalar averaged amplitude
per channel. Three visits to the same eld on three dif-
ferent days are shown. The main di erence betweenthe
snapshotsin Figure 5 is the elewation of the eld at the
time of obsenation. Some elds were obsened at nearly
the sameelewation on di erent days. Such obsenations
have nearly indistinguishable values of ampscalar. The
relation betweenampscalarand brightnesstemperature
was tted with alinear relation to allow extrapolation to
T, = 0 K. The contribution of Galactic emissionto the
system temperature is eliminated by this extrapolation.
We refer to this extrapolation asthe scalar-averagedam-
plitude at T, = 0 or ampscalarat T, = 0, which is pro-
portional to Tearth (h) + Trec accordingto Equation (1).
We nd that the slope of the relation in Figure 5increases
asthe ampscalarat T, = O increases.

Figure 6 shows the relation between the scalar-
averagedvisibilit y amplitude and elewation of the eld at
the time of obsenation for all snapshotstaken on 2000
Septenber 15. A poor correlation is found betweenthe
raw band-averagedampscalar and elewation. After cor-
rection for the cortribution by Galactic emission,a very
tight relation is found betweenthe ampscalarat T, = 0
and elewation. The scatter in this relation is consistert
with the estimated errors in the extrapolation to T, = 0.
This extrapolation is less accurate towards the bright-
est continuum sourcesbecausethe relation as showvn in
Figure 5 is not well de ned. The points which do not
t on the relation represen snapshotswith very bright
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Fig. 7. Band averaged ampscalar as a function of position in the sky. Top panel: smallest ampscalar for each eld in gray scales.
Middle panel: smallest ampscalar per eld, corrected for elevation-dep endent spillover to the ground. Bottom panel: VGPS contin uum
image. The predominance of the observing pattern of blocks of 6 elds in the upper panel shows that spillover to the ground is imp ortant
compared with Galactic emission almost everywhere in the VGPS. When the elevation-dep endent contribution is eliminated, as described
in the text, a clear correlation with bright Galactic emission is seen.
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TABLE 2
Fits of Equation (2)

Date  a_ b L ar br R

07/23 1.26 1.033 0.088 Tl Tl [
07/25 1.10 1.078 0.061 1.14 1.169 0.057
07/28 1.28 1.079 0.060 1.32 1.182 0.061
07/29 152 1.075 0.094 1.54 1.216 0.093
08/02 1.37 1.021 0.052 1.41 1.135 0.049
08/04 1.38 1.133 0.055 1.44 1.276 0.051
08/05 1.48 1.090 0.031 1.58 1.187 0.037
08/08 150 1.056 0.058 1.42 1.215 0.051
08/10 1.41 1.079 0.076 1.51 1.166 0.071
08/14 1.31 1.121 0.061 1.31 1.246 0.059
08/17 1.46 1.102 0.063 1.55 1.231 0.066
08/19 1.30 1.055 0.026 1.31 1.141 0.029
08/22 1.26 1.166 0.055 1.28 1.228 0.054
08/24 142 1.110 0.051 1.45 1.272 0.061
08/29 0.89 1.118 0.090 0.91 1.228 0.093
08/31 141 1.115 0.039 151 1.262 0.040
09/05 1.40 1.143 0.042 1.54 1.287 0.046
09/07 164 1.115 0.058 1.75 1.260 0.058
09/11 1.39 1.132 0.034 1.54 1.272 0.034
09/14 1.17 0.933 0.097 1.18 1.243 0.109
09/15 1.41 1.147 0.066 1.42 1.314 0.061
09/17 1.29 1.011 0.041 1.40 1.127 0.041
09/18 1.33 1.258 0.163 1.79 1.351 0.174
09/19 1.32 1.139 0.065 1.46 1.284 0.061
09/21 1.15 1.237 0.088 1.26 1.398 0.101
09/24 1.15 0.996 0.044 1.12 1.083 0.055
09/29 134 1.146 0.054 151 1.233 0.050
09/30 1.32 1.173 0.060 1.32 1.273 0.065

continuum. Similar results were obtained for ead day of
VGPS obsenations.

Figure 6 illustrates the relative importance of factors
which raise the systemtemperature. At high elewations,
Galactic emissionroughly doublesthe system tempera-
ture in the Galactic plane. This increaseis mostly dueto
the bright H i line, but the continuum also cortributes 5
to 20K to the systemtemperature, depending on longi-
tude. The brightest continuum sources(W49, and W51)
actually contribute moreto the systemtemperature than
the H i line when averagedover the spectral band.

The tight correlation between ampscalarat T, = 0
and elewation resenbles the increasein Tsys with elewa-
tion from spillover to the ground measuredby Taylor,
Ulvestad & Perley (2003), who applied a second-order
polynomial t to the data. It is dicult to interpret
the results of a polynomial t when comparing di er-
ent days of obsenation, becausesomedays covered more
elds at low elewation than others. Inspection of all the
data for ead day separately shoved that the elewation
dependenceof ampscalarat T, = 0 is also described well
with two free parametersby the form

A=acofh+b 2

Equation (2) was tted to ead day and polarization sep-
arately. Three elds centered on (I,b) = (43:3, 0:1),
(49:0, 0:5), and (49:4, 0:3) were excluded from these
ts. These elds are most a ected by W49 and W51.
Results of the ts are listed in Table 2.

Equation (2) provides an accurate t of the elewation-
dependent noise cortribution for ead day. Note that
the scatter around the ts in Figure 6 is much smaller
than the dierence betweenthe L and R polarization.
The mean di erence between the two polarizations is

Hy bsi = 0:13 0:05. The dierence in ampscalar
betweenthe polarizations is equivalert to a systemtem-
perature that is approximately 12% higher in L than in
R. The rms residualsof the ts ( | and g in Table 2)
are 0.06in the mean. Inspection of the ts indicated that
larger valuesof | and g indicate variation in the sys-
tem temperature during the day. Such variation may be
related to solar activity, in particular in Septernber when
the angular distance of the Sun was smaller. Inspection
of the ts showed that variations in a,. and ar in Ta-
ble 2 appear to be related mainly to intra-day variation.
However, the range of valuesof b and br represerts real
variations in the receiver temperature T;.. during the
period of obsenations.

The ts in Table2 allow usto make an elewation correc-
tion for the noiseamplitude for ead snapshotto obtain
a prediction of the noise level if the eld had been ob-
sened at the zenith. Figure 7 shows the distribution per
VGPS eld of the smallest value of the band averaged
ampscalar of all snapshotscontributing to a eld. This
map typically showsthe ampscalarfor the obsenation of
eadh eld at the highest elevation. Most of the structure
in the distribution of the band averagedampscalarcorre-
sponds to the VGPS observing sequence®f six elds in
arow. A few bright continuum sourcesnear the Galac-
tic plane can be identied as well. The observing pat-
tern visible in the distribution of the band-averagedamp-
scalar shaws that almost everywhere in the survey area
elevation-dependert cortributions to Tsys are important.
Elevation-dependert e ects and sky emissioncontribute
roughly equal amourts to the total systemtemperature
(Figure 6).

The minimum ampscalar per eld tends to be higher
at low longitudes, in part becausethese elds transit the
meridian at a lower elevation. Equation (2) allows a cor-
rection to be made for the elewation of the eld at the
time of obsenation. The parametersa and b were deter-
mined for ead day and for eadh polarization separately
by tting Equation (2) to the available data asillustrated
in Figure 6. The elewation-corrected band-averagedamp-
scalar was calculated by subtracting the excessin the
band-averaged ampscalar value resulting from the ele-
vation of the eld. The map of the elewation-corrected
ampscalarin Figure 7 shows a higher noise level in the
Galactic plane, and toward bright corntinuum sources.
Someresidualsof the elewvation correction remain in this
map. These are likely the result of intra-day variations
that are not traced by the daily averageof the elewation
correction applied here.

The distribution of the elewation-corrected ampscalar
shows a strong resenblanceto the VGPS continuum im-
age. This resenblance is not inconsistert with the fact
that the Hi line usually contributes more to the level
of Tsys than the continuum. The visualization in Fig-
ure 7 tendsto emphasizethe variations betweenadjacert
elds. Field-to- eld variations in the velocity-integrated
Hi brightness are fairly small compared with eld-to-
eld variations in the continuum level.

2.2.2. Correction of the VGPS ux sale

The remainder of this section describes a method to
adjust the ux scaleof the VGPS to the ux scale of
the NVSS. The Canadian Galactic Plane Survey also
corrects its ux scaleto the NVSS by comparing the
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The ux ratio (NVSS/V GPS) is shown as a function of band av-
eraged ampscalar, which is proportional to Tsys. The solid curve
represents the t that isusedto nd the appropriate scalefactor for
individual snapshots. After this correction, the uxes of compact
continuum sourcesin all VGPS contin uum mosaics were found to
be consistent with the NVSS to within 5%. A detailed compari-
son of the Hi spectral line images with the CGPS and SGPS (this
paper) further conrms the integrity of the ux scaleafter this cor-
rection. The smaller correction for higher system temp eratures is
not understo od.

uxes of cortinuum sourcesin each CGPS eld as part
of the eld registration processdescribed in Taylor et al.
(2003). A direct comparison of source uxes per VGPS
eld is not possiblebecause,on average,only four com-
pact continuum sourcesare available per VGPS eld.

Bright extended continuum emission from Hii regions
and supernova remnarnts also inhibits a comparisonwith

NVSS sources.A subsetof the VGPS elds contains one
or more isolated compact contin uum sourcesthat can be
comparedwith corresponding ertries in the NVSS cata-
log. We obtain an empirical relation betweenthe NVSS
to VGPS ux ratio and the systemtemperature, includ-
ing all cortributions, as measuredby the band-averaged
ampscalar. This relation is usedto predict a speci ¢ cor-
rection factor for eat snapshot.

To this end, eadh continuum snapshotwasimagedand
cleanedindividually. Cleaning VLA snapshotimagesis
dicult becauseof the high level of sidelobesof the syn-
thesized beam. This is a particular concern for faint
sources. Therefore, only sourceswith a ux density
larger than 100 mJy were considered. Sourcesidenti-
ed in the snapshotimageswere matched with sources
in the NVSS catalog. A sourcewas acceptedif its po-
sition was within 15°0of the NVSS position, and if the
decorvolved size of the sourcein the NVSS catalog was
lessthan 60°° These requiremerts are aimed to avoid
misiderti cation while retaining a su cien t number of
sourcesto determine a relationship between the band
averagedampscalarand the ux ratio NVSS/V GPS.

The snapshotimageswere sorted into narrow ranges
of the band averagedampscalar. For eac narrow range,

a list of identied sourceswas compiled. Each of these
sourcelists contains continuum sourcesthroughout the

VGPS survey areadetectedin snapshotswith nearly the

sameband-averagedampscalar. Figure 8 shows the ra-

tio of NVSS ux to VGPS ux as a function of the

band averagedampscalar. A tight relation is found be-
tween the band averaged ampscalar and the ux ratio

NVSS/V GPS. This relation de nes the correction factor

for the ux scaleof eath snapshotbasedon its band av-

eragedampscalar. The scatter in the relation shown in

Figure 8 is dominated by sourcenumber statistics. The

e ect of the samplesizewasinvestigatedby regenerating
the relation for ft y randomly selectedsubsamples,ead

half the sizeof the total number of snapshots. The error

barsin Figure 8 shaw the rms variation for each bin over
the ft y subsamples.Valuesof the band-averagedamp-

scalarare always larger than 1.4in the VGPS. A second-
order polynomial was tted to the data to provide a pre-
scription for the correction factor, asa rst-order polyno-

mial t wasdeemedinsu cien t. A small number of elds

that include very strong continuum emissionhave a band

averagedampscalaroutside the range where the relation

is de ned. We assumethe relation to be constart for

band averagedampscalarmore than 3.8. All VGPS con-
tinuum mosaicswere made again with this correction to

the ux scale. Thesenew mosaicswere searded for com-
pact continuum sourcesand the uxes of these sources
were compared with uxes listed in the NVSS catalog.
This comparisonincluded many faint sourcesthat were
not included in the derivation of the ux correction. The

ux scaleof the VGPS mosaicswas found to be consis-
tent with the NVSS ux scalewithin 5%.

The succes®f applying the well-de ned relation in Fig-
ure 8 adds con dence to the initial assumption that the
di erence in the ux scalebetweenVGPS and NVSS con-
tinuum imageswasrelated to the higher systemtempera-
ture in the VGPS. Howeer, the negative slope in this re-
lation implies that the largest correction to the ux scale
is necessaryfor VGPS snapshotswith the lowest system
temperature. This result remainsunexplained. However,
we note that increasedcontributions to the systemtem-
perature by bright continuum emissionand by spillover
to the ground at smaller Galactic longitudes must also
have occurred to someextent in the NVSS obsenations.

The response of the VLA to increased system tem-
perature has been tested by following a ux calibrator
during a time span of seweral hours asit approachesthe
horizon. These experiments indicate that the raw cor-
relator output is adequately corrected for the scaling of
the signal by the AGC (R. A. Perley, private commu-
nication). Calibrators obsened for the VGPS are not
well suited to repeat this experiment becausethey cover
a very limited rangein elewation. In particular, the pri-
mary ux calibrators were consisterily obsened at high
elevation. With limited signi cance, we con rmed that
the raw correlator output for the secondarycalibrators
did not changewith elewation. Our analysis shaws that
a calibrator must be followed to very low elewations to
probe the systemtemperature regime of VGPS obsena-
tions. The behavior of ampscalarat T, = 0in Figure 6 is
represenativ e for a calibrator, becausethe T,(v) term in
Equation (1) is very small for a calibrator. A comparison
of the two panelsof Figure 6 showsthat the systemtem-
perature in VGPS target elds almost always exceeds
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the system temperature of a calibrator at an elewation
of only 25 . However, obsenations of a calibrator asiit
setsto elewations aslow as10 (Taylor, Ulvestad & Per-
ley 2003) cover the system temperature range of most
VGPS obsenations.

The relation in Figure 8 compares ux measuremets
of fairly bright, relatively isolated, compact continuum
sources.These ux measuremets should not be a ected
by modest di erences in the uv coverage between the
VGPS and the NVSS. Since ampscalar values do not
changeif the minimum baselineis takenaslongas1k ,
the ampscalarvaluesare also not a ected by di erences
in uv coverage. Therefore, we believe that the behavior
in Figure 8 is not related to di erences in uv coverage
betweenthe VGPS and the NVSS.

In summary, the VGPS calibration follows thesesteps:
1. Standard gain and phasecalibration wasdonein AIPS
for all snapshots. The gain and phase corrections were
applied to the data beforeimporting the visibilities into
MIRIAD for imaging.

2. Visibilities were channel-averaged(continuum images)
or cortin uum-subtracted (spectral line images)asappro-
priate.

3. The gain for eat snapshotwas adjusted by a single
factor derived from its band averagedampscalarand the
relation shown in Figure 8. A small number of elds
was selectedfor self-calibration after construction of the
mosaics(Section 2.4.1).

2.3. GBT observations

Short-spacinginformation for the H i line emissionwas
obtained using the Green Bank Telescom (GBT) of the
National Radio Astronomy Obsenatory (NRAO). The
GBT is a 100m dish with an o -axis feedarm for an un-
blocked aperture which reducesthe radio sidelobes,radio
frequency interference, spectral standing waves,and the
e ects of stray radiation. The extent of the GBT survey
varies with longitude, covering jj  1:3 for longitudes
18 | 45 andjbj 2:3forlongitudes45 | 67.
Obsenations of these regions began on 2002 November
21 25 and continued on 2003 March 6 9, 2003 May
26 27, and 2003 August 29 30. The observing strat-
egywasto makesmall, =2 5, Hi maps onthe
y." Using this technique, the telescope was driven at a
rate of 3 per minute with a sample written ewvery sec-
ond. After driving through the full latitude range, the
telescope was stepped 3° in longitude. This processwas
continued until the particular map was completed. The
data were taken in frequency-switching mode using the
GBT spectral processomwith atotal bandwidth of 5 MHz
across1024 channels. The resulting channel spacing is
1:03 km s ! and the spectral resolution is 1:25km s !
(FWHM). Data weretaken by in-band frequency switch-
ing yielding a total velocity coverageof 530km s ! cen-
tered at +50 km s ! LSR. IAU standard regions S6 and
S8 (Williams 1973) were obsened and usedfor absolute
brightnesstemperature calibration. The angular resolu-
tion of the GBT datais 9° The nal GBT Hi spectra
have an rms noiseof 0:3 K in emission-freechannels.

Imaging and data calibration were done with the
AIPS++ data reduction padkage. A rst order polyno-
mial was tted to the o -line channelsto removeresidual
instrumental baselinestructure. Polynomial ts of higher
order werealsoattempted, but thesewere found to be no

better than a rst order polynomial t. Gridding of the
data was done with the task IMA GEMS, using a BOX
gridding function. The latitude and longitude sizeof eat
cell was set to 3% equal to the longitude spacing of the
obsenations. Each of the small Hi maps had a narrow
overlap in longitude with the adjacert maps. After ap-
plying the absolute brightness temperature calibration,
the overlap regionswerecomparedfor consistency A ma-
jorit'y of the overlap regionsshowved small discrepanciesof
order1l 3K, but afewregionswerefound to havebright-
nesstemperature di erences of upto 6 8K. The overlap
regions were usedto scalethe cubesobsened on di er-
ent daysto a common calibration, which is consistert to
within 3%. As a secondched of the obsened brightness
temperature consistency a small portion of the galactic
plane (65 Il 67; 13 b +1:3) wasobsened
twice, once during the 2002 November 21 25 observing
sessiorand again during the 2003August 29 30 session.
Only small di erences of a few Kelvin were found be-
tweenthese maps.

2.4. Imaging

The de nition of VGPS mosaicimagesis a direct ex-
tension of the set of mosaicimagesof the CGPS. VGPS
imagesare sampledin position and velocity on the same
grid as CGPS images. Mosaics of 1024 1024 pixels
(5:12 5:12) are centered at intervals of 4 in longi-
tude. This provides signi cant overlap between mosaics
for coverageof objects near the mosaic boundary. The
velocity axis of VGPS spectral line cubesis sampledwith
the samechannel de nitions asthe spectral line cubesof
the CGPS, but the velocity range covered by the VGPS
is di erent. There are three VGPS data products as de-
scribed below: continuum images which include short-
spacingdata, continuum-subtracted H i spectral line im-
ageswhich include short-spacing data, and continuum-
included spectral line imageswhich do not include short-
spacing data. All VGPS data products will be made
available on the World Wide Web through the Canadian
Astronomy Data Centre (CADC).

2.4.1. Continuum

VGPS line or cortinuum imagesare mosaicsof seweral
VLA pointings. As it is impractical to processthe ertire
survey area at the sametime, only elds with their cen-
tral longitudes within 4 of the certer of the mosaicwere
included in the construction of eac mosaic. Each VLA
eld wasimagedto the 10% level of the primary beam,
and eld imageswere combined with the VLA primary
beam as weighting function. The primary beam model
for the VLA is the sameasusedin the AIPS task LTESS.

Figure 9 shows the sampling in the uv plane and the
synthesizedbeamfor a represerativ e eld near the cen-
ter of the survey, composedof snapshotstaken at three
di erent hour angles. A Gaussianweighting function in
the uv plane was applied to obtain a 60°°(FWHM) syn-
thesizedbeamthroughout the survey area. The strongest
sidelobesof the synthesizedbeam are spokesrunning ra-
dially outward from the main lobe in sewral position
angles. The pattern of the spokes dependson the hour
anglesat which the eld wasobsened. The pattern is dif-
ferent for each eld, but elds that were obsened within
the samesequenceof six elds (Section 2.1), have simi-
lar but slightly rotated patterns. The amplitude of the
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spokesin the dirty beam is typically 10% of the main
lobe, but peaksup to 17% are usually presert. The
VGPS images must be deconvolved to remove artifacts
resulting from these sidelobes. Emissionin the Galactic
plane usually lls the eld of view. In this case,decon-
volution is preferred after mosaiking the elds.

Continuum images were constructed from visibilit y
data averaged over channels without discernible line
emission, but avoiding noisy channels near the edgesof
the frequencyband. Decornvolution of the VGPS images
was done with the MIRIAD program MOSMEM which
usesthe maximum entropy method described by Corn-
well & Evans(1985)and Sault et al. (1996). Experiments
showed that no signi cant improvemen was made after
about 20 iterations of the algorithm, even if no formal
convergencecould be reached. A maximum of 50 itera-
tions wasadopted in the decorvolution of the corntinuum
mosaics. The criteria that de ne the convergenceof the
decorvolution, the ertropy function andthe 2 criterium,
include a summation over the ertire image. Therefore,
the result of the decorvolution dependssomewhaton the
areathat wasimagedin the construction of the mosaic.
This causessmall di erences between neighboring mo-
saicsin the areawherethey overlap, with rms amplitude
at or below the level of the noise.

Standard calibration alone results in images with a
maximal dynamic range of 100, which is not su cien t
to image bright cortinuum sourcesin the survey area
without discernible image artifacts. The cortinuum mo-
saicswere inspected for residual sidelobesaround bright
sourcesafter the decorvolution step. Self-calibration was
attempted for selected elds with strong artifacts, begin-
ning with the eld in which the sourceis located closest
to the eld certer. A small mosaic, typically including
all elds within 1 of the source,wasmadeand decon-
volved. If a particular visit to the eld could beidenti ed
as the prime origin of the artifacts, the visibility data

0°2, and +2"7. Left: sampling function of the uv
0:05 to 0:30 in

from this visit were excluded from the initial imaging
step. The decorvolution of this small mosaic producesa
sky model of \clean components”, which is usedfor phase
self-calibration on the certral eld only, after multipli-

cation with the primary beam model of the VLA. The
small mosaicis then madewith the improved calibration

solution for the certral eld. If any data were left out
of the rst imaging step, those data were included after
the rst round of self calibration. If necessaryadjacert
elds areself-calibrated subsequetly. The certral eld is
usually self-calibrated a secondtime after self-calibration
of the surrounding elds. After self-calibration, the nal

VLA continuum mosaic was constructed and regridded
to Galactic coordinates.

The results of the self-calibration are usually satisfac-
tory. A dynamic range of 200 was obtained in the
continuum images after self calibration on sourcesthat
mostly a ect asingle eld. However, self-calibration does
not provide a good solution if the sourceis too far from
the eld certer. The brightest cortinuum sourcesin the
VGPS, in particular W49 and W51, generate artifacts
even at large distancesfrom the eld certer. Thesear-
tifacts remain in the continuum images, mostly a ecting
elds surrounding these sources.

The VLA is not sensitiveto emissionon angular scales
larger than  30° becausestructures on these scalesare
resolved even by the shortest projected baselines. The
missing continuum short-spacing information was pro-
vided by the continuum survey of Reich & Reich (1986)
and Reich et al. (1990) with the 100 m E elsb erg tele-
scope. The decorvolved VLA mosaicwas combined with
the E elsb erg image with the MIRIAD program IM-
MERGE. The interferometer and single-dishimagesare
both Fourier transformed and addedin the uv plane with
baseline-degndert weights such that the sumrepresens
the visibilities for all angular scalesweighted by a single
Gaussian weighting function de ned by the 1° synthe-
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sized beam. More details of this procedure were given
by McClure-Griths et al. (2005). The single-dish data
may be multiplied with a factor closeto 1 to compen-
sate for a potential di erence in the ux calibration be-
tween the two surveys. This factor can be determined
by comparing the Fourier transforms of the single-dish
and interferometer imagesin a common annulus in the
uv plane, taking into accourt the di erence in resolution.
This ux scalefactor was found to be equalto 1 within
the uncertainties of a few percent, soit wassetto 1 for
all VGPS continuum mosaics.

2.4.2. Hi spectral line

Continuum emission was subtracted in the uv plane
by subtracting the averageof visibilities in the channels
usedto create the continuum images. The continuum-
subtracted visibilit y data wereresampledfrom their orig-
inal 1:28km s ! channelsto 0:824km s ! channelsbefore
imaging with the velocity resampling method included
in MIRIAD. The resampledyvisibilit y data in an output
channel are the weighted mean of visibilities of all in-
put channelsthat overlap with the output channel. The
weights are proportional to the amount of overlap be-
tween eadh input velocity channel with the output ve-
locity channel. VGPS velocity channelswere de ned to
match with velocity channelsof the CGPS. The resulting
velocity sampling was tested by comparing VGPS con-
tinuum absorption pro les with corresponding pro les
from other sources,in particular the CGPS. Thesetests
showed that the strategy of staggering velocity chan-
nels (Figure 4) and subsequeh resampling of the data
in MIRIAD was successfulin recovering a fully-sampled
H i line pro le overthe required wide velocity range. The
resampledvisibilit y data were imaged and mosaidked in
the sameway asthe continuum images.

Continuum sourcesin absorption appear as a negative
imprint in the Hi image in the form of the continuum
source corvolved with the dirty beam. A cortinuum
source brighter than Ty 20 K displays visible side-
lobesin channelswhere the optical depth of the Hi line
is signi cantly more than 1. The VGPS area contains
many brighter continuum sourceswhich display signi -
cant sidelobesin absorption, even if the optical depth of
the Hi line is not that high. The maximum entropy de-
convolution would considerthe sidelobesassaiated with
absorbed contin uum sourcesas structure in the H i emis-
sion and try to decorvolve thesestructures.

Before decorvolution of the H i line emission,the side-
lobesof bright continuum sourcesare removed using the
clean (Hogbom 1974) algorithm with the MIRIAD pro-
gram MOSSDI. A temporary mosaic with (projected)
baselineslonger than 0:3 k was made for this purpose.
The exclusion of short baselinesin this mosaic elimi-
nates most H i emission and allows proper cleaning of
(negative) absorbed continuum sourceswithout interfer-
ence from negative sidelobes assciated with Hi emis-
sion. The resulting clean componert model for absorbed
sourceswas subtracted from the H i image and restored
with a Gaussian beam before deconvolution of the line
emission. This procedureis e ectiv e in removing side-
lobes assaiated with absorbed corntinuum sources, in
particular the radial spokesthat occur in the synthesized
beamof VLA snapshots(Figure 9). The H i line emission
was then decorvolved with the samemaximum entropy

algorithm as used for the cortinuum images. The de-
convolved model of \clean componerts" of the H i emis-
sion was restored with a 1° (FWHM) circular Gaussian
beam. The synthesized beam in the VGPS H i images
is therefore independert of position and identical to the
synthesizedbeamin the continuum images.

The cleanH i imageswere regridded to Galactic coor-
dinates and combined with the H i zero spacingdata set
obtained with the GBT. The processof combining the
single-dish survey with the interferometer survey allows
rescalingof the single-dishdata to match the ux scaleof
the interferometer. The accuracy with which this scale
factor can be determined from the H i spectral line data
was estimated at 5% to 10%. Within the uncertainties,
no scaling of the GBT ux scalewas required. How-
ever, after a detailed comparisonof H i imagesfrom the
VGPS and the CGPS (seeSection3.1), it wasdecidedto
rescalethe GBT data with a factor 0.973to obtain a sin-
gle consistent calibration for the CGPS and the VGPS.
This correction factor is well within the uncertainty of
the absolute ux calibration. A consistert ux scalefor
these surveys facilitates the comparison of properties of
H i emissionin the inner and the outer Galaxy.

2.4.3. Continuum-included H i cules

Hi cubes were also constructed with both line and
continuum emissionincluded, for usein 21-cm absorp-
tion line studies. Instead of subtracting the continuum
(as was done for the continuum-subtracted line cubes
described in the previous section), the visibility data
were imaged directly with the samevelocity channelsas
the spectral line cubes. The weighting function in the
uv plane was superuniform weighting, which optimizes
the angular resolution of the images. Maximum angu-
lar resolution is more important for continuum absorp-
tion experiments than brightness sensitivity. A \dirt y"
contin uum-included mosaiccube wascreated, and decon-
volved using the maximum entropy method; the decon-
volved model of \clean componerts" wasrestored with a
50°%ircular Gaussianbeam(slightly smallerthan the 60°°
Gaussianbeamusedto restorethe line cubesand contin-
uum maps). The deconvolved cubeswerethen regridded
to Galactic coordinates. Note that no zero-spacing data
were addel to thesecontinuum-included H | cubes, since
no zero-spacingdata setwasavailable that included both
line and continuum emission.

3. COMPARING THE VGPS WITH CGPS AND SGPS

The three individual Galactic plane surveys will be
combined into a uniform high- delit y multi-w avelength
dataset which coversthe Galactic plane from | = 107
to |l = +190 at least within the latitude range jbj <
1 with arcminute angular resolution. This combined
datasetis called the International Galactic Plane Survey
(IGPS). It will cover 90% of the areaof the Galactic disk.
With the completion of the VGPS, di erent IGPS com-
ponerts overlap in narrow portions of the Galactic plane.
This allows for the rst time a comparisonof theselarge
mosaiking surveysof the H i sky. The succesof an in-
tegrated IGPS dataset depends on the extent to which
the di erent surveyscan produce consistert imageswhen
observingthe samepart of the sky. This is a signi cant
challengegiventhe di erent telescopsand imaging tech-
niquesused,in particular for the Hi line where extended
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bright emissionis presert throughout the eld of view.
Comparing the VGPS with the CGPS is of particular
interest becausethe image decorvolution step does not
exist in the CGPS.

3.1. VGPS and CGPS

The CGPS and the VGPS are ead a combination of
two separatesurveys. Low spatial frequenciesare sam-
pled by a single-dishsurvey, and high spatial frequencies
are sampledby an interferometer survey. The single-dish
survey dominatesthe signal at spatial frequenciessmaller
than those sampled by the shortest projected baselines
of the interferometer. Most of the power in Galactic H i
emissionoccurs on these large angular scales. The low-
resolution survey for the CGPSwasdonewith the DRAO
26 meter telescope. The low-resolution survey for the
VGPS was done with the 100 m GBT. Thesetelescopes
have di erent resolution and stray radiation character-
istics. Stray radiation correction was done for the low-
resolution DRAO survey (Higgs & Tapping 2000), but
not for the GBT survey, asthe sidelobesof the GBT are
much lower.

The shortest (unprojected) baselineof the DRAO syn-
thesis telescope is 60 , comparedto 170 for the VLA.
The largest angular scalesampled by the interferometer
is therefore approximately 3 times larger in the CGPS.
On average,the VLA D-array also samplessmaller an-
gular scalesthan the DRAO ST. The longestbaselinesof
the VLA D-array are 50%longerthan the longestbase-
line of the DRAO ST. At the declination of the area of
overlap ( . 30 ) the array con gurations and di erence
in latitude betweenDRAO and the VLA further increase
the di erence betweenthe interferometersin projected
baselines.

The most signi cant di erence betweenthe VGPS and
the CGPS is the density of the sampling of the aperture
plane by the interferometer. A full synthesis with the
DRAO ST samplesthe aperture plane completely be-
tweenan inner and an outer boundary (Landecker et al.
2000). This complete sampling allows direct imaging of
the visibilit y data without decorvolution. The sampling
of the aperture plane by VGPS snapshotsis less com-
plete. The necessarydecorvolution of the VGPS images
is a priori the most likely source of di erences between
CGPS and VGPS H i images.

In order to comparethe CGPS and VGPS spectral line
data, a special VGPS spectral line cube was madewith a
resolution that matchesthe 122° 58%0synthesizedbeam
of the DRAO ST in the overlap area. The major axis of
the DRAO synthesizedbeam changesby 17% acrossthe
areawhere the VGPS and CGPS overlap. Assuming an
averagebeam shape for the comparisonleadsto a max-
imum mismatch of the beam size of lessthan 9% in the
declination direction in the extreme corners of the area
where VGPS and CGPS overlap. The spectral resolu-
tion of the CGPS is 1:32 km s * (FWHM), marginally
smaller than the 1:56 km s 1 (FWHM) resolution of the
VGPS. The di erence is lessthan half a frequency chan-
nel. This small di erence in velocity resolution is not
expected to produce a noticeable di erence becauseof
the modest dynamic range of the spectral line data.

Figure 10 comparesH i line proles from the CGPS
and the VGPS. The CGPS and VGPS H i emissionpro-
les agreevery well, but comparing H i emissionpro les

is not a sensitive test of the consistencyfor small-scale
structure, becausethe signal is dominated by the single-
dish surveys. Line proles aected by cortinuum ab-
sorption are an exception, becausethe depth of the ab-
sorption pro le is very sensitive to resolution. Figure 10
therefore focuseson continuum absorption pro les.

Judging the signi cance of the di erences betweenthe
two datasetsinvolvesthe noisein the imagesat the res-
olution of 2° 1% The rms noisein channelsfree of line
emissionin the overlap region, avoiding noisy edgesof
the CGPS mosaic,is 1.8 K for the CGPS, and 1.2 K for
the VGPS. These noise amplitudes are consistert with
the theoretical noise levels in DRAO spectral line im-
agesat the declination of the overlap region (Landecker
et al. 2000), and for VGPS data convolved to the 2° 1°
resolution of the DRAO images. The theoretical o -line
noise in the di erence prole is therefore 2.2 K (rms).
In channels where the H i brightnessis high ( 100 K),
the noise is approximately twice the o -line noise (see
Section 2.2). Di erences betweenthe H i pro les should
therefore be comparedto an expected rms noise ampli-
tude 4.4 K. The measuredrms amplitude of the di er-
enceimage per channel is 2:2 K per velocity channel in
the absenceof line emission (as expected), and 5:8 K in
channels where the Hi emissionis brightest. The rms
amplitude of the di erence image over the overlap area
is  30% higher than the theoretical noise amplitude of
the di erence image. Locally, the di erences in Figure 10
are usually lessthan 10 K, but occasionaldi erences as
largeas 20K (4to 5 ) exist.

Figure 11 shows the di erence VGPS CGPS in a sin-
gle velocity channel at +9 km s . Inspection of the
di erence images shows that residuals on small angu-
lar scalesusually coincide with emissionfeaturesin the
original images. Someripple-lik e artifacts in the highest
rows of VGPS elds (b= 2 ) are the result of imper-
fect convergenceof the maximum entropy decorvolution
(e.g., Figure 11 near| = 66:25, b= 2 ). Dierences
assaiated with mainly small-scaleH i emissionare also
believed to originate from the decorvolution. In rare
casesthese di erences appear as a measurablevelocity
di erence betweenfeaturesseenin the CGPS and in the
VGPS. Howewer, an analysis of narrow continuum ab-
sorption features (Figure 10) showed that in generalthe
velocities in the surveysagreevery well.

However, the most conspicuousstructure in the dif-
ferenceimage is a wave pattern with a wavelength of
order 1:5 which does not resenble any structure in the
Hi emission. The pattern is seenwith the samephase
and orientation in channelswherethe averagebrightness
of the H i line is high, but its amplitude varies with the
brightness of the H i line. The pattern may be isolated
by Itering in the Fourier domain. Subtracting the wave
pattern in Figure 10 decreaseshe rms residualsto 5:2 K.
This is more than the expected value of 4.4 K. If the
remaining di erence is ertirely the result of the image
decorvolution, then the inconsistenciesbecauseof the
image decorvolution are lessthan 3 K (rms). The crests
of the wave pattern are aligned with the eld certers of
the CGPS or possibly the direction of right ascension
and the wavelength corresponds within the errors with
the separation of the CGPS elds. The wavelength of
the pattern is more than three times the eld separation
of the VGPS. This excludesthe VLA data as a possible
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of continuum emission. Panels E and F show pro les which are represertativ e for the general eld. The theoretical rms of the dierence
prole is 4:4 K. The surveys show very good agreemert, but some systematic di erences on the level of 5to 10 K are found to persist over
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origin. Also, the zero-spacingdatasets of the CGPS and
VGPS were taken with a primary beam of 30° and 9°,

excluding a possible problem with the primary beam of
thesetelescopesasthe origin. Both zerospacingdatasets
were obsened scanningacrossthe Galactic plane at con-
stant longitude. It is not likely this observing pattern

would produce a wave pattern with the orientation seen
in Figure 11. This leavesthe DRAO ST as the most
likely origin of the wave pattern.

The sign of the uctuations in Figure 11 suggeststhat

the CGPS intensity is systematically higher at larger dis-
tancesfrom the eld certer in the declination direction.
This could indicate that the primary beam of the DRAO
ST is slightly elliptical, with a larger sizein the declina-
tion direction than predicted by the axially symmetric
model adopted in the mosaidking (Taylor et al. 2003).
This hypothesis was con rmed by a reanalysis of point
sources uxes measuredfor the CGPS eld registration
(Taylor et al. 2003) provided by S. J. Gibson. In the
eld registration process, uxes of compact corntinuum
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ing right ascension and declination are indicated by arrows. The
pattern of diagonal dark and light bands aligned with the CGPS
eld centers originates from the DRA O synthesis telescope. Some
artifacts in the VGPS are visible at latitudes 2 .

sourcesare measuredin individual CGPS elds and com-
pared with uxes listed in the NVSS. This processhas
accunulated 17;000 ux measuremelts over the years
of obsenations for the CGPS. This datasetwasanalyzed
for systematic changesin the ratio of CGPS ux to NVSS
ux as a function of position anglein the eld. It was
found that the ux ratio CGPS/NVSS was on average
a few percert higher along the declination axis. This
systematic e ect can be removed by applying a slightly
elliptical primary beam model for the DRAO ST, with
axial ratio 0:975 0:005. This value is within the uncer-
tainties of a previous determination of the primary beam
shape of individual DRAO antennas (Dougherty 1995),
but the comparisonwith the VGPS shows that it hasa
signi cant e ect in wide- eld imaging of the Galactic H i
line.

This comparisonshaws that despitethe critical decon-
volution step in the VGPS image processing,the VGPS
images are in general very consistert with CGPS im-
ageswhich did not require image decorvolution. We
estimated that inconsistenciesin the convergenceof the
VGPS imagedecorvolution result in di erences lessthan

3 K (rms). We have found evidencefor a small elliptic-
ity in the primary beam of the DRAO ST, which creates
a measurablee ect in wide- eld imagesof bright Galac-
tic H i emission. It should be noted that the overlap area
betweenthe CGPS and the VGPS is in a part of the sky
which is most favorable for the VGPS.

3.2. VGPS and SGPS

The Southern Galactic Plane Survey (SGPS) covers a
large piece of the Galactic plane in the southern hemi-
spherebetween| = 107 and| = +20 and jh < 1.
The interferometer usedis the ATNF Australia Telesco
Compact Array (ATCA). Zero spacingdata is provided
by the multi-b eam 64 m Parkestelescope. The ATCA is
mainly an east-west array but it has a north-south arm
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Fig. 12.] Comparison of VGPS and SGPS H i line proles. The

overlap region of the VGPS with the SGPS is the most di cult
part of the Galactic plane to observe for both surveys. Shown
are single-position proles from the SGPS (thic k histogram), the
VGPS convolved to the 3% 20 beam of the SGPS (thin histogram),
and the dierence (VGPS SGPS) for two locations. The top panel
shows a representativ e H i emission pro le at (I,b) = (19: 19,+0: 07).
The bottom panel shows the strongest absorption prole in the
overlap area at (I,b) = (19:61, 0:23). The gray prole in the
bottom panel is the full-resolution (1° FWHM) VGPS absorption
prole at the same location, illustrating that a small discrepancy
in the beam size may contribute signi can tly to the residuals.

which was used for the northernmost part of the SGPS
(phasell), including the overlap region with the VGPS,
to obtain more complete sampling in the uv plane. The
ATCA elemerts are similar in sizeto the VLA antennas,
so individual SGPS elds are similar in size to VGPS
elds. Mosaicking speedis improved at the expenseof
continuity of antenna tracks in the uv plane, in particu-
lar at longer baselines.The density of sampling of the uv
plane by the ATCA decreasedaster with baselinelength
than for the VLA. The longer baselinesof the ATCA
are included in SGPS datasetsusedto study cortinuum
absorption, but not in the H i spectral line cubes. This
limits the resolution of the SGPSH i spectral line images
to 2° (FWHM). The SGPSand VGPS usethe same
software for mosaiking and image decorvolution, but
there are somedi erences. The SGPS data acquisition
and image processingwasdescribed by McClure-Gri ths
et al. (2001) and McClure-Griths et al. (2005).

The area of overlap between the VGPS and SGPS
is smaller than the overlap between VGPS and CGPS.
Also, SGPSimageshave 3° 2°resolution in the overlap
area,comparedto 2° 1°for the CGPS. The shape of the
synthesizedbeamof the SGPSchangesrapidly acrossthe
overlap area. This is relevant for comparing absorption
pro les, becausecontinuum sourcesand their assaiated
absorption are not cleanedseparatelyin the SGPS. Ab-
sorbed continuum sourcesare convolved with the local
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dirty beam which may have a di erent shape than the
glokal restoring beam adopted for the line emission. The
comparisonbetween SGPS and VGPS imagespresened
here is therefore lessdetailed. However, this comparison
is usefulbecauseit is donein the part of the IGPS survey
areawhich is most di cult to obsene from the point of
view of both the VGPS and the SGPS. It is therefore
a comparison of images made under the least favorable
conditions.

Figure 12 comparesSGPSand VGPS line pro les with
the same spatial resolution at two locations. The up-
per panel shows a represenative Hi emissionline pro-
le. The correspondencebetweenthe VGPS and SGPS
pro les is generally as good as betweenthe CGPS and
VGPS. The bottom panel in Figure 12 shaws a cortin-
uum absorption pro le. Here, the quality of the corre-
spondencebetweenthe pro les dependscritically on our
ability to match the beam of the SGPS at the location
of the source. For comparison, the full-resolution VGPS
pro le is also shown.

It is found that the VGPS and SGPSH i images(not
shown) are consistent to a similar degreeas the consis-
tency between the CGPS and VGPS. The comparison
between VGPS and SGPSis somewhatlimited because
of the smaller area of overlap and the varying beam of
the SGPSdata.

4. PANORAMIC IMA GES OF THE GALA CTIC PLANE

The high-resolution imagesof the VGPS open the op-
portunity for a variety of researd on the interstellar
medium in the rst Galactic quadrant. The imagesalso
reveal objects which would not be noticed in previous
surveyswith lower resolution. Stil et al. (2004) reported
the discovery of asmall H i shellin the inner Galaxy. The
upper limit to any thermal emissionfrom this shell de-
rived from the VGPS continuum image, imposedstrong
constraints on the interpretation of this shell as a stel-
lar wind bubble. Lockman & Stil (2003) and Stil et al.
(2006) reported the discovery of small Hi clouds with
large forbidden velocities from the VGPS data. These
clouds with massesof tens of solar massesand radii of
a few parsecmay be the disk analogy of similar clouds
seenat large distancesfrom the Galactic plane (Lock-
man 2002). Stil et al. (2006) demonstratethe importance
of arcminute-resolution imagesin the discovery of these
clouds.

The VGPS data are preserted in Figure 13 as
panoramic images of the Galactic plane in 21-cm con-
tinuum and Hi line emission. The continuum images
display a strong increasein complexity of structure as
Galactic longitude decreasesre ecting the higher rate
of star formation in the inner Galaxy. At lower lon-
gitudes, the Galactic plane is traced by a diuse layer
of emissionapproximately 1 thick certeredon b= 0 .
This layer may be the thin disk identied at 408 MHz
by Beuermann et al. (1985). A large number of shells,
laments and certer- lled di use emissionregionsis seen
concerirated toward the Galactic plane, with occasional
objects located a degreeor more from b= 0. Many
compact cortinuum sourcesare also presen. At longi-
tudes| & 55 , the Galactic plane is much lessdiscernible
in the continuum images. Some small di use emission
regions and numerous point sourcesare seenon top of
an extended otherwise featurelessbackground of cortin-

uum emission. The structures in the VGPS contin uum

images,with angular scalesranging from seeral degrees
down to the resolution limit of the VGPS, represen pro-

cesseshat operate on a wide rangein physical size,time

scale,and energy Many unresolved sourcesare distant

radio galaxies, but some compact Galactic H ii regions
and supernova remnants may also appear unresoled in

the VGPS.

The brightest continuum sourcesin the VGPS are W49
(I = 43) and W51 (I = 49). The VGPS continuum
imagescontain artifacts within a distance 1 around
thesesources.The dynamic rangeis limited becauseself-
calibration for a sourcefar from the eld cerer is not
possible (see Section 2.4.1). This aects mainly elds
surrounding the bright source. Sidelobesof a bright con-
tinuum source outside the survey area are presen at
I 355,b 1:3.

The bottom panelsin Figure 13 show H i emissionat
+3:5km s 1. Hi at this velocity arisespredominartly
near the solar circle (Galactocertric radius 8.5 kpc), and
thus both locally and from gas6.6to 16 kpc distant, de-
pending on longitude. The VGPS covers only a small
fraction of the scale height of local gas, but at the far
side the latitude range b= 1:3 spansmore than 700
pc (almost twice the FWHM thicknessof the H i layer)
perpendicular to the Galactic plane at | = 20 . Any
tendency of H i emissionto be concerrated toward the
Galactic planeis therefore most likely the result of emis-
sion on the far side. At longitudes| . 30, Hi emission
in Figure 13 is brighter around b= 0 than at b= 1:3.
Here we seedistant H i at the far side on the solar circle
through local H i. This distinction disappearsfor | & 30
becausethe FWHM thicknessof the H i layer on the far
side becomescomparableto or larger than the latitude
range covered by the VGPS.

The local H i is widely distributed in latitude, but it
is far from featureless. Most of the structure in the lo-
calHiis dicult to separatefrom structure in emission
from the far side, but there are exceptions. A band of de-
creasedH i brightness temperature runs approximately
perpendicular to the Galactic plane betweenl = 20 and
| = 22 . This dark band is part of alargecloud of coldH i
discovered by Heestien (1955) and mapped by Riegel &
Crutcher (1972) seenin 'self-absorption’ against brighter
badkground Hi emission. Hi self-absorption features
may represer atransition or a boundary betweenmolec-
ular and atomic hydrogen. The high-resolution VGPS
images reveal delicate substructure in this large cloud
of cold hydrogen. Many H i self-absorption features are
seenin VGPS images at positive velocities on a wide
range of angular scales.

Measuremens of the opacity of continuum absorption
provide an estimate of the spin temperature of Hi and
therefore the thermal structure of the gas. Continuum
absorption pro les can also help resolve the near-far dis-
tance ambiguity of kinematic distancesfor sourcesof con-
tinuum emissionin the inner Galaxy. Many resolved and
unresolved continuum sourcesare seenin absorption in
the H i images. Theseappearasa negativeimprint of the
continuum imageonto the H i imagesin Figure 13. How-
ever, this imprint is not a perfect copy of the continuum
image. A good exampleis the areabetweenl = 18 and
| = 20, where somecortinuum sourcesare seenin ab-
sorption, whereasother sourcesof similar brightnessare
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not. This clearly illustrates the potential of the VGPS
data to study the location and the properties of cold H i
cloudsin the Galaxy.

Any structural resenblance betweenH i emissionand
contin uum emissionwould be unusual. Contin uum emis-
sion originates mainly from ionized gas or relativistic
electrons. The 21-cm line of Hi traces neutral atomic
gas. Apart from the negative imprint of the continuum
image becauseof continuum absorption, there is almost
no similarity betweenthe H i and cortin uum emissionin
Figure 13. A peculiar exceptionis a thin lament of con-
tinuum emissionat | = 38:35, 0 b 0:7.AnHi la-
ment with the samethicknessand certer line is obsened
in the VGPS. It is visible in Figure 13, but the velocity
of the Hi lament is actually near 0 km s !, whereit is
much more conspicuousagainst the other emission.

5. CONCLUSIONS

Hi spectral line and 21-cm continuum images of the
Galactic plane between| = 18 and | = 67 from
the VLA Galactic Plane Survey (VGPS) are presened.
The VGPS data will be made available on the World
Wide Web through the Canadian Astronomy Data Cen-
tre (CADC).

The calibration of the VGPS images was made con-
sistert with the calibration of the NVSS (Condon et al.
1998). Initially uxes of compact sourcesin VGPS im-
ageswere found to be systematically below the uxes
listed in the NVSS by up to 30%. A correction to the
ux scaleof the VGPS wasdeveloped, basedon the noise
amplitude in the visibilit y data. This procedure can be
applied to any VGPS eld, including those without suf-

cient point sourcesto compare the ux directly with
the NVSS, and those elds which are lled with complex
extended emission. After this correction, the uxes of
compact continuum sourcesin the VGPS were found to
be consistert with NVSS uxes to within 5%.

VGPS H i imageswere comparedwith those from the
CGPS and SGPSin regions of overlap and show good
agreemen betweenthe three surveys, although the rms
amplitude of the di erence image (VGPS CGPS) is ap-
proximately 30% higher than the uctuations expected
from the theoretical noiselevels alone. Small systematic
di erences betweenthe VGPS and CGPS originate from
imperfections of the image decorvolution applied in the
VGPS image processing,and from a wave pattern which
resenblesthe e ect of ellipticit y in the primary beam of
the DRAO ST.
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