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ABSTRA CT
The Canadian Galactic Plane Survey (CGPS) is a project to combine radio, millimetre and

infrared surveysof the Galactic Plane to provide arc-minute scaleimagesof all major components
of the interstellar medium over a large portion of the Galactic disk. We describe in detail the
observations for the low-frequency component of the CGPS, the radio surveys carried out at
the Dominion Radio Astrophysical Observatory (DRA O), and summarize the properties of the
mergeddatabaseof surveys that comprisesthe CGPS.

The DRAO Synthesis Telescope surveys have imaged a 73± section of the Galactic Plane,
using » 85% of the telescope time betweenApril 1995and June 2000. The observations provide
simultaneous radio continuum imagesat two frequencies,408MHz and 1420MHz, and spectral-
line images of the ¸ 21-cm transition of neutral atomic hydrogen. In the radio continuum at
1420MHz dual-polarization receivers provide imagesin all four Stokesparameters. The surveys
cover the region 74:2± < ` < 147:3±, with latitude extent of ¡ 3:6± < b < +5 :6± at 1420MHz
and ¡ 6:7± < b < +8 :7± at 408MHz. By integration of data from single-antenna observations,
the survey images provide complete information on all scalesof emission structures down to
the resolution limit, which is just below 10 £ 10cosec(±) at 1420MHz, and 3:40 £ 3:40cosec(±) at
408MHz. The continuum imageshave dynamic range of several thousand, yielding essentially
noise-limited imageswith rms of » 0.3 mJy/b eam at 1420MHz and » 3 mJy/b eam at 408 MHz.
The spectral-line data are noise limited with rms brightness temperature ¢ TB » 3K in a 0.82
km s¡ 1 channel.

The complete CGPS data set, including the DRAO surveysand data at similar resolution in
12CO (1{0) and in infrared emissionfrom dust, all imaged to an identical Galactic co-ordinate
grid and map projection, are being made publicly available through the Canadian Astronomy
Data Centre.

Subject headings: Galaxy: general { ISM: general { ISM: structure { ISM: Hi { surveys
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1. In tro duction

Understanding the origin and evolution of
galaxies is a central theme of modern astron-
omy. Galaxies evolve by the condensation and
processingof the di®usematerial in the interstel-
lar medium (ISM) through multiple generations
of stars. The ISM of a galaxy is both the source
of the next generation of stars and the matrix
within which the physical and chemical tracers of
current and past generationsappear. The condi-
tions of the ISM, its spatial, dynamical, thermal
and chemical structure, re°ect the evolutionary
processesat work within a galaxy. Understand-
ing the ISM is thus key to understanding galaxy
evolution.

Our own Milky Way Galaxy o®ersthe only op-
portunit y to observe theseISM processesin detail,
but our location, completely embeddedwithin the
Galactic ISM, providesboth opportunit y and chal-
lenge. The ISM is a complex, dynamic medium,
with structures in temperature, density and veloc-
it y over a broad range of spatial scales. It con-
sists of multiple phases:gasin atomic and ionized
forms, densepockets where the gas is molecular,
and dust grains. The whole is threaded by mag-
netic ¯elds and a °ux of cosmic ray particles. To
sample the range of spatial scalesfrom parsecs,
typical of stellar separationand clustering, to kilo-
parsecs,characteristic of spiral arm systems, re-
quires high spatial dynamic range - angular reso-
lution of approximately 1 arcminute coupled with
sky coverageof several tens of degrees.The mul-
tiple phasesof the ISM are rendered visible by
observations over a range of wavelengths sensi-
tiv e to di®erent emissionmechanisms. In 1995 a
group of researchers in Canadaand in other coun-
tries joined together to meet theserequirements by
creating a combined databaseof multiw avelength
imagesover a signi¯cant fraction of the plane of
the Galaxy with an angular resolution of about
one arcminute. Data on all major components of
the ISM are provided by surveysat radio (atomic
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hydrogen, magnetic ¯elds, ionized and relativistic
plasma), millimetre (molecular gas) and infrared
(dust and policyclic aromatic hydrocarbons).

A particular observational challenge is the
low-frequency, radio observations, where existing
single-dishsurveys, while providing high sensitiv-
it y and extensive sky coverage, yield very poor
angular resolution relative to high-frequency ob-
servations. The most recent large-areasurvey of
atomic hydrogen is that of Hartmann & Burton
(1997), with angular resolution of 360. The low-
frequency components of the CGPS are obtained
with the Synthesis Telescope at the Dominion
Radio Astrophysical Observatory, which has 10

resolution at 1420 MHz. Following a pilot study
carried out in 1994/5 (Normandeau et al. 1997),
the DRAO embarked on the CGPS project in
April 1995. By April 2000a region of 660 square
degreesalong the Galactic plane in the second
quadrant had beenobserved, imaging in the radio
continuum at 408and 1420MHz, and in the 21-cm
Hi line. All the DRAO data products integrate
single-antenna and interferometer data to provide
high-¯delit y images with complete sampling of
structures on all angular scales larger than the
resolution limit.

The DRAO atomic hydrogen survey is the ¯rst
large-scale spectroscopic survey made with an
aperture synthesis radio telescope. The region
covered by the DRAO survey is largely limited
to the outer Galaxy by the high declination limit
of the East-West interferometer. Upon comple-
tion of observing for the ¯rst 660 degreesof the
DRAO survey, an international collaboration was
formed to createan HI survey covering almost the
entire disk of the Galaxy by combining data from
the Southern Galactic Plane Survey (Dickey et al.
1999)and the VLA Galactic Plane Survey (Taylor
et al. 2002). All of thesesurveys have similar an-
gular resolution and spectral resolution. As part
of this collaboration the DRAO surveyshave been
extended beyond the original 660 square degrees
in both longitude and latitude.

This paper describes in detail the acquisition
and processingof the DRAO observations, and the
data products for the initial 660squaredegreesur-
vey. Since the complete CGPS databasefor this
intitial survey hasnow entered the public domain,
we present details relevant to the useof the CGPS
data for astronomical research. Descriptions of
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the observations which have provided the other
CGPS datasetsat 12CO (1-0) and far infrared are
published elsewhere,(Heyer et al. 1998, Cao et
al. 1997, Kerton and Martin 2000) and here we
summarize the propertes of the other data prod-
ucts and describe the additional processingcarried
out to produce the CGPS data. We present some
examplesof CGPS imagesand the details of the
format of the CGPS data products, consisting of
a seriesof imagesof all the survey data setson a
common grid and co-ordinate projection.

2. DRA O Syn thesis Telescope Observ a-
tions

2.1. Single Field Syn thesis

The DRAO Synthesis Telescope is described in
detail by Landecker et al. (2000). Here we give
a brief description of the telescope, concentrat-
ing on the parameters that de¯ne the properties
of the survey. The telescope consists of seven
equatorially-mounted paraboloidal antennason an
east-west baseline with maximum separation of
617.1m. All antennashave prime-focus feeds,and
simultaneously receive radiation at 1420MHz in
both right-hand (R) and left-hand (L) circular po-
larizations, and at 408MHz in R.

The small diameter of the array antennas (» 9
metres)providesa wide synthesis¯eld of view with
full-width at half maximum (FWHM) of 107.20 at
1420 MHz and 332.10 at 408MHz. The survey
area of 660 square degreeswas covered by ob-
serving a hexogonal grid of 193 synthesis ¯elds,
with a spacingbetween¯eld centers of ¢ = 1120.
The survey grid, shown in Figure 1, is laid out in
Galactic co-ordinates with ¯v e rows of 38 ¯elds.
The central row lies at 1± Galactic latitude, to
follow the mid-plane of the neutral hydrogen disk
in the secondquadrant of the Galaxy. The spac-
ing betweenrows in Galactic latitude is

p
3¢ =2 =

1.62±. The ¯eld-center separationis 1.04times the
FWHM of the primary beam at 1420 MHz, and
0.34 times the 408 MHz beam. This value of the
grid spacingwas chosenas a compromisebetween
uniform sensitivity (seesection 3.5) and area cov-
erage at 1420 MHz. In order to image the area
around Cas A with the best dynamic range, the
regular grid wasabandonedand ¯elds wereplaced
so that Cas A was in the ¯rst null of the primary
beam at 1420MHz.

Fig. 1.| The grid of DRAO Synthesis Telescope
observations. Each circle represents one synthe-
sis ¯eld with diameter equal to the FWHM of the
1420MHz primary beam (data from a larger area
are used in making mosaics;seetext and Figure
5 for details). The survey area is covered by 193
synthesispointing, each requiring 144hours of ob-
servation over 12 array con¯gurations. The hexag-
onal grid contains ¯v e rows of ¯elds separatedby
1.62± in Galactic latitude with the central row at
b = ¡ 1±. To allow high sensitivity imaging around
the position of the very strong radio sourceCasA
(`=111:7±, b= ¡ 2:7±) the surrounding seven ¯elds
were repositioned to place Cas A closeto the null
of the 1420MHz primary beam.

Three of the seven antennas are movable along
a precision railway track. A full synthesis of an
individual ¯eld is obtained by carrying out 12 in-
dividual 12-hour observations. Between each ob-
servation, the array con¯guration is changed by
shifting the positions of the three movable anten-
nas as a unit by an increment of ¢ d = 4.29m.
Over the duration of a full synthesis, all baselines
from 12.9m to 604.3m are sampled with a regu-
lar grid spacing of 4.29m. The outer baselineof
617.1m is also sampled. In order to maximize ob-
serving e±ciency, a set of 7 ¯elds is observed at
one array con¯guration 24 hours per day over 4
days, with half a day set aside for moving anten-
nas and general maintenance. In principle a full
synthesis can be obtained of 7 ¯elds in 48 days.
However, repeat observations and downtime mean
that, in practice, it takes an averageof about 56
days for a set of 7 ¯elds, allowing the observation
of typically 46 ¯elds per year. Observations began
in April 1995and were completed in June 2000.

At 1420MHz the R and L circular polarization
signalsare each split into ¯v e sub-bands,with two
7.5MHz continuum bands located on either side
of a central 5MHz band that is fed into the spec-
trometer (discussedbelow). The continuum bands
are centered at º § 6:25 and º § 13:75 MHz, where
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º is the (tunable) center frequency of the spec-
trometer, nominally the neutral hydrogenspin-°ip
frequency of 1420.406MHz. The four continuum
bandsare correlated separately, forming all polar-
ization products (RR, LL , RL, LR ) on each base-
line, allowing recovery of all four Stokes parame-
ters (I , Q, U, V ). The 256-channel spectrometer
operates in both R and L, and for the CGPS was
set to receive a total bandwidth of 1 MHz, provid-
ing a velocity rangeof 211km s¡ 1, with a channel
separation of 0.824km s¡ 1 and a velocity resolu-
tion of 1.32 km s¡ 1. The 1420MHz system tem-
perature is 60 K. The 408MHz system receives a
single channel of right hand circular polarization
over a 3.5MHz band with a system temperature
of about 150 K (including the contribution from
the typical sky brightnesstemperature).

At declination ±, the main lobe of the synthe-
sized beam has dimensions 2:80 £ 2:80cosec± at
408MHz and is 4900£ 4900cosec± at 1420MHz.
The theoretical rms noiseat the pointing center in
the continuum data is 3.0mJy/b eam(0:75sin± K)
at 408MHz and 0.28 mJy/b eam (71sin± mK) at
1420MHz. Measurednoisevaluesare 3.8 and 0.27
mJy/b eam respectively. The ¯rst grating lobe of
the synthesized beam occurs at an angular ra-
dius in right ascensionfrom the pointing center
of µg = ¸= ¢ d, equal to 9.8± at 408MHz and 2.8±

at 1420MHz. This is much larger than the angu-
lar distanceto the 10%point of the primary beam
of » 4.8± at 408MHz and » 1.5± at 1420MHz. The
¯rst grating ring associated with a sourcewithin
one primary beam FWHM of the pointing center
will lie outside the imaged area.

A cleansynthesizedbeamis particularly impor-
tant for synthesis of wide ¯elds within the plane
of the Galaxy where strong extended emission is
common. This is especially true of Hi data, where
emissionis present everywhereand covers all spa-
tial scales.For the Hi data the maximum sidelobe
of the dirt y beam is further reduced by applying
a Gaussian taper to the u-v data with attenua-
tion to 20%at the maximum baseline. A crosscut
of the 1420 MHz spectral-line synthesized beam
is shown in Figure 2. Beyond the region directly
adjacent to the main lobe, the highest sidelobe in
the synthesizedbeamfalls below 0.5%everywhere
in the ¯eld. Becauseof the taper, the synthesized
beam for the Hi line images is 5800£ 5800cosec±,
slightly broader than the continuum beam. The
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Fig. 2.| A cross-sectionin right ascensionof the
1420 MHz spectral-line synthesized beam. The
¯rst side-lobe of the dirt y beam is » 3%. Away
from the immediate vicinit y of the main lobe the
responseof the synthesizedbeam within the ¯eld
of view is everywhere lessthan 0.5%.

theoretical rms noise in an empty channel at the
pointing center is 20mJy/b eam (3:5sin± K). The
measuredvalue is 18 mJy/b eam.

With 256 spectral channels, the channel width
of 0.824km s¡ 1 was chosento maximize the spec-
tral resolution, while still providing su±cient to-
tal velocity coverage to sample the full range of
bright Hi emission. The central velocity of the 211
km s¡ 1 window was shifted as a function of longi-
tude to encompassthe velocity range of emission
above 3K as observed in the Leiden-GreenBank
Hi survey (Burton 1985). Above l = 100±, the cen-
tral velocity in the Local Standard of Rest (LSR)
frame is VLS R = ¡ 60 km s¡ 1. Below l = 100±,
the central velocity increases linearly to ¡ 46:8
km s¡ 1 at l = 75±. Over the declination range of
the observations (36± to 67±) the rms noise level
in brightness temperature for an empty channel
rangesfrom 2.1K to 3.2K.

The continuum bandsat 1420MHz span35MHz.
Owing to chromatic aberration, if the entire band
were assumed to be at the nominal center fre-
quency, there would be a reduction in the peak
response of a point source by about 50% at an
angular o®setof ½= 900 from the pointing cen-
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ter, accompaniedby a bandwidth smearingin the
radial direction to approximately twice the nom-
inal beamwidth. By processingthe four 7.5MHz
continuum bands separately during imaging, the
point sourcepeak°ux density at ½= 900 is reduced
by only 5%, with a comparable amount of radial
sourcedistortion (seeBridle & Schwab 1989). The
3.5MHz band usedat 408MHz reducesthe point-
sourcesensitivity by about 10% at ½= 4:8±. At
these o®setsthe visibilit y averaging period of 90
secondsproducesa further reduction of the peak
point-source response of about 8% in a 12 hour
observation, with azimuthal smearingof the beam
of similar magnitude. The combined e®ectwith
bandwidth smearing is then a worst-case reduc-
tion of point source sensitivity of about 13% at
1420MHz and 17% at 408MHz, with both radial
and azimuthal distortions. Sincethesevaluesof ½
correspond to approximately the 10%point of the
primary beamsat both frequencies,data that are
signi¯cantly a®ectedenter into the ¯nal survey
images with very low weight, and the resultant
smearing is negligible.

2.2. Calibration Observ ations

2.2.1. Complex Gain Calibration

Complex gainsfor the pointing centers werecal-
ibrated by observing compact sourcesknown to
be temporally stable in both °ux and structure
on arcsecond scales. One such source was ob-
served before and one after each 12hr observing
run at a given array con¯guration. Becauseof the
wide ¯eld of view of the instrument, especially at
408MHz, it is necessaryto include a model of the
sky surrounding the calibration sourcein the cal-
ibration process.A full synthesis observation was
thus madeof each calibration source. The calibra-
tors usedin the majorit y of observations are listed
in Table 1. Fluxes are basedon the Baars scale
(Baars et al. 1977,Ott et al. 1994).

Calibration of total intensity is straightforward,
with the mean antenna gain and phase parame-
ters derived from the two calibrator observations
being applied to the intervening target observa-
tion. Polarization calibration was achieved by us-
ing unpolarized sources(generally the samecali-
bration observations) to correct the data for non-
orthogonality of the R and L signals(i.e., leakage
of R into the nominal L channel and vice versa),

with observations of 3C286usedto determine ab-
solute received polarization angle (Smegal et al.
1997).

2.2.2. BandpassCalibration

Calibration of the spectrometer using astro-
nomical signals is di±cult because the narrow
channel bandwidth leads to high noise levels in
individual channels. Bandpass calibration was
achieved in a two-step process. Gain and phase
changeswhich a®ectthe entire spectrometer band
occur largely in antenna-basedequipment, and ex-
perienceshows that they can be satisfactorily cali-
brated from the observations usedto calibrate the
continuum channelsof the telescope, made about
every 12 hours. Channel-to-channel amplitude
and phase di®erencesarise largely in the ¯lters
which de¯ne the bandpass,just before the signals
are digitized; these are quite stable with time. A
common high-level noise signal was injected into
the IF path from every antenna (both polarization
channels), at a su±cient level to give an accurate
measurement of gain and phase in each channel
in 15 minutes. While this was done the anten-
nas were pointed in di®erent directions, so that
signals from the sky do not correlate. The noise-
injection bandpasscalibration wasperformedonce
every four days.

2.2.3. Wide-Field Polarimetry

To correct the contamination from the total
power, Stokes I , into Q and U across the ¯eld,
an empirical model of the wide-¯eld instrumental
polarization was derived by observing polarized
and unpolarized sourcesover a grid of locations
within the primary beam. The strong, unpolar-
ized sources3C295 and 3C147 were observed at
88 positions over a rectangular grid with spacing
of 150, providing a measure of the instrumental
polarization up to an o®setof 750 from the ¯eld
center. Figure 3 shows contour plots of the instru-
mental component of each Stokes parameter as a
percentage of I , averagedover the four 1420MHz
continuum sub-bands. The distribution of instru-
mental polarization across the ¯eld is the result
of cross-polarization of the receiver feedsand the
e®ectsof the feedsupport struts. Becausethe Syn-
thesisTelescope antennashave equatorial mounts,
this instrumental polarization pattern is constant
on the sky during a synthesis observation.
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Table 1
Calibra tion sour ces used f or the synthesis obser vations

Source S408 S1420 p1420 µp
1420

3C48 38.9 15.7 0.6 |
3C147 48.0 22.0 0
3C286 | 14.7 9.25 33±:5
3C295 54.0 22.1 0
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Fig. 3.| Contours representing percentage of the Stokes parameters Q, U and V , and the linear polar-
ized intensity, (

p
Q2 + U2), with respect to the total intensity, I , from measurements of the unpolarized

calibrators 3C295and 3C147at di®erent positions within the synthesized¯eld.

7



The wide-¯eld polarization correctionswereap-
plied to polarization maps from each sub-band by
interpolation of the corrections measuredover the
¯eld. If Q(l ; m)obs is the °ux at pixel (l ; m) in the
uncorrected Stokes Q map, I (l ; m) is the corre-
sponding value in the StokesI map, and t(l ; m) is
the fractional instrumental polarization, then the
corrected map is obtained via:

Q(l ; m)cor r = Q(l; m)obs ¡ t(l ; m) ¢I (l ; m): (1)

A similar correction is applied to the Stokes U
maps.

We performedseveral tests to con¯rm the e®ec-
tiv enessof these corrections. To check for varia-
tion in the corrections,observations of 3C295over
portions of the ¯eld werecarried out on three sep-
arate occasions;in all casesthe instrumental terms
wereidentical to within the uncertainties. The po-
larized calibration source,3C286,was observed in
5 di®erent o®setdirections; applying the wide-¯eld
correction successfullyrecoveredthe known values
within errors. Finally, the consistency in polar-
ization measurements was veri¯ed by comparison
of data from the same source observed at di®er-
ent ¯eld positions in overlapping synthesis ¯elds.
Basedon thesemeasurements the residual instru-
mental polarization error after correction is » 0.3%
at the ¯eld center and grows slowly to » 1% at
½= 750.

3. Image Pro cessing

3.1. Remo val of Residual Calibration Er-
rors

Calibrated continuum visibilities produce\ra w"
imageswhich typically have a dynamic range of a
few hundred. Further image processingusesrou-
tines developed especially for this telescope, de-
scribed by Willis (1999). The following describes
the image-processingprocedure which has been
used to make continuum imageswith a dynamic
range of up to 10,000 at 1420MHz and up to
5,000 at 408MHz. The need for special routines
to achieve theseperformancelevelsarisesfrom the
telescope properties, particularly the wide ¯elds of
view.

Step 1: Removing artefacts from strong sources
outside the primary beam.

Strong sourcesoutside the primary beam can
generate strong artefacts, particularly grating
rings and, less frequently , radial spokes centered
on the source. Since the o®endingsourcescome
into the sidelobesof each individual antenna at a
di®erent level, and usually with a phasedi®erent
from that applicable to the data in the center of
the ¯eld, standard self-calibration cannot be used.
The sourcesCas A and Cyg A causemost of the
problems in the CGPS survey area. Thesesources
produce some level of contamination in virtually
every 408-MHz image in the survey. The routine
modcal (Willis 1999) derives a phase and am-
plitude for the response of each antenna to the
o®endingsource by ¯tting to the visibilit y data.
The starting point for the ¯t is a set of theoretical
visibilities based on a model of the source, gen-
erally derived from high-resolution images from
other telescopes. These are modifed to create
time-dependent corrections to remove the e®ects
of the sourcefrom the observed image.

Step 2: Self-calibration.
Phase and amplitude drifts over the 12-hour

interval between calibrations are corrected with
self-calibration. At 1420MHz the dominant e®ect
seemsto be phase drifts on long timescales, al-
though short-term phaseand amplitude drifts can
causelower-level defects,seenonly in the vicinit y
of sourcesmore intense than » 3Jy. At 408MHz,
long-term amplitude drifts are the dominant fac-
tor.

Complex gain corrections for the R and L
receivers, derived for each antenna from self-
calibration of the StokesI data at 1420MHz, were
applied to the cross-correlationproducts, RL and
LR , to construct the polarization images.

Step 3: Removing remaining artefacts of
sourceswithin the primary beam.

After self-calibration, many small-diameter
sourcesstill have surrounding ring artefacts; these
are removed using modcal . The model used is
basedon clean components from the sourceitself.
This is applicable to sourceswhose°ux density ex-
ceeds30mJy at 1420MHz or 400mJy at 408MHz.
For weaker sourcesthe signal-to-noiseratio is too
low for successful̄ tting to visibilities. Since the
typical source°ux density in the polarization im-
agesis quite low, modcal is more rarely applied
to polarization images.
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Step 4: Removal of weaker artefacts from
sourcesoutside the primary beam.

Sometimessourcesoutside the primary beam
create weak artefacts which must be removed by
the modcal processat this stage. Examples are
Cas A or Cyg A at very large radii. The Sun
can also create artefacts. These primarily a®ect
imagesat 408 MHz, becausethe sidelobe level at
that frequencyis relatively high; solar interference
is rarely a problem at 1420MHz. For removal from
the imageswith modcal , the Sun is modelled to
su±cient accuracyas a uniform disk.

Step 5: Special clean procedure around ex-
tended sources.

Deep negative bowls occur around strong ex-
tended sourcesbecauseof the lack of zero-spacing
information. Residual rings around point sources
in these bowls are \hidden" to processingmeth-
ods becausethe peak of the source is lower than
its true value, and is sometimesstill at a nega-
tiv e level. To overcomethis problem, we applied
clean separately to extended structure and ¯ne
structure. We ¯rst generatedan image using only
baselineswith nominal lengths greater than 150m
(which contains only structure ¯ner than about
40). This imagewasclean ed,and the clean com-
ponents weresubtracted from the imagecomputed
using all visibilities. The resulting image contains
only extended structure. This image was then
clean ed, and, ¯nally , the clean components of
the ¯ne structure were added back.

It is not usually necessaryto apply these tech-
niques to spectral-line images, whose dynamic
range is inherently low, limited by noise (t ypi-
cally 3K on a single-channel image) and the peak
brightnesstemperature (rarely above 120K). The
exceptions are those ¯elds which contain strong
continuum sources. Subtraction of a continuum
image, derived from spectrometer channels free
of Hi signal (see x3.2), will, in principle, remove
the continuum sourceand any artefacts around it.
However, in certain channels continuum emission
is absorbed; subtraction of the continuum image
over-subtracts the artefacts in these channels. In
such casesmodcal was applied to remove resid-
ual artefacts from the line images(in practice this
often proves necessaryif the °ux density of the
continuum sourceexceedsabout 1 Jy).

3.2. Con tin uum Remo val from Hi Cub es

Line-emission-freechannelsat oneor both ends
of the data cubeswere averagedtogether to form
an end-channel continuum map, which were then
subtracted from the entire cube to form the line-
emission-onlydata cubes. The choice of line-free
channelswasmadeby visual inspection of the data
cube.

For the very occasional ¯eld where there are
no obvious line-free channels, a matching contin-
uum imagewassubtracted from the line data. The
matching continuum imagewascreated from data
collectedin the two continuum bandsimmediately
adjacent to, and on either side of, the line emis-
sion band. Thesedata wereprocessedin the same
manner as the line data, and thus have identical
uv-plane coverage. However, the total bandwidth
of the matching continuum data (15 MHz) is much
larger than the bandwidth of a single line channel.
As a result, the bandwidth smearingin the match-
ing continuum map is larger than in a single line
channel. While the bandwidth smearinge®ectsin
the matching continuum map are small (the peak
°ux density of a point sourceat the 10% point of
the beamis reducedby lessthan 5%), this can re-
sult in small residualsassociated with substraction
of strong continuum sources.

3.3. Field Registration

The imageprocessing,which involvesphaseand
amplitude self-calibration, can produce slight po-
sition and °ux-scale errors in individual ¯elds. For
this reason,an independent position and °ux reg-
istration procedure was adopted to bring all the
observations to a commonabsolutecalibration. It
should alsobe noted that the °ux scaleof the 408-
MHz observations at DRAO is normally corrected
basedon the total radio power to remove the e®ect
of an automatic gain control system. These cor-
rections are not made for the CGPS observations.
Instead the registration procedure implicitly pro-
vides this correction. The procedure involves the
comparisonof properties of compact sourceswith
their counterparts in catalogs from previous sur-
veys of similar angular resolution.

All positions are tied to those of the NRAO
VLA Sky Survey (NVSS; Condon et al. 1998),
which in turn are basedupon the VLBI reference
frame of Johnston et al. (1995). 1420MHz contin-
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uum and Hi spectral-line °uxes are alsoregistered
to the NVSS catalog and depend ultimately upon
the absolute °ux scaleof Baars et al. (1977). Un-
fortunately, no prior calibrated survey was avail-
able for direct comparison at 408 MHz. Instead,
these°uxes are scaledto valuesinterpolated loga-
rithmically betweenthe 1420MHz NVSS and 151
MHz Cambridge 7C(G) (Vessey& Green 1998)
catalogs, with the latter tied to the °ux scaleof
Roger, Bridle & Costain (1973). Amplitude cor-
rections reach a maximum of 20 to 30% at both
1420MHz and 408 MHz. Maximum position cor-
rections are a few arcsecondsat 1420MHz and a
few tensof arcsecondsat 408MHz. The di±culties
of absolute °ux calibration at low frequency and
possiblespectral nonlinearity of the sourcesused
for registration suggest an uncertainty of order
15%in the absolute408MHz °ux scale. However,
the internal consistencyof the data is high, with
median relative calibration errors of only » 3%.
This and other internal uncertainties are given in
Table 2.

For each of the 193 ¯elds, the 1420 MHz con-
tinuum, spectral line, and 408 MHz continuum
data are registered separately. The end-channel
continuum images are used for the Hi line data.
In each ¯eld, single-component sourceswith soli-
tary catalog matcheswithin 6000and no additional
matcheswithin 12000wereidenti¯ed asregistration
ensemble candidates. Those with half-power ar-
eas> 1:2 times the NVSS synthesized beam area
were discarded to prevent any bias arising from
di®erent uv coveragesbetweenDRAO and the ref-
erencecatalogs. Sourceswith °ux densities less
than 5 mJy at 1420MHz or 100 mJy at 408 MHz
werealsoculled to minimize any mismatch of sen-
sitivities between catalogs and observations. Fi-
nally, sourceslying outside the main distribution
of DRAO/reference °ux ratios by more than 9¾
were deemedlikely variablesand ignored. All °ux
densities used throughout the registration proce-
dure were integrated °ux densities,which are im-
mune to both bandwidth and azimuthal smearing
e®ects. The 1420 MHz and 408 MHz continuum
¯elds typically included 50 sourcesafter the above
¯ltering, while the spectral-line end-channel con-
tinuum ¯elds contained closer to 20.

Exceptions to these sourcecounts occurred in
the Cygnus-X region at the low longitude end of
the survey, where acceptablecompact sourcesare

di±cult to ¯nd. Hereregistration uncertainties are
consequently larger, with the worst caseobtained
near ` = 80:3§ 1:0±; b = ¡ 0:6§ 1:6±, where four ad-
jacent ¯elds yielded no useablesourcesin the 1420
MHz end-channel data becauseof the presenceof
strong extendedcontinuum emissionand contam-
inating line emission. These ¯elds were °ux reg-
istered in the spectral-line by a two-step method.
First, the matching continuum image (seesection
3.2) was °ux registered in the usual way to the
NVSS scale(the absenceof spectral-line emission
in the matching continuum permitted a reasonable
number of compact sourcesto be identi¯ed). Sec-
ond, a ratio betweenthe °ux-density scaleof this
image and that of the spectral-line end-channel
continuum imagewas establishedfrom a pixel-by-
pixel linear regressionanalysis; this ¯t was dom-
inated by the extended continuum emission, and
served to tie the two intensity scalestogether.

An additional departure from the normal regis-
tration procedurewasnecessaryfor 408MHz ¯elds
in the vicinities of the strong radio sourcesCyg A
and Cas A, where the coverageof 151 MHz refer-
encecatalog sourcesis sparseor absent altogether.
CGPS ¯elds in theseareaswereregisteredby com-
paring the positions and °uxes of sources they
share with overlapping neighbor ¯elds of known
registration. The 408MHz ¯elds are large enough
that useful overlap sourcesetsexist between¯elds
whosecenters are separatedby up to » 5±. Some
problem ¯elds lie further than this from reference
catalog sources;in this case,all ¯elds within » 5±

of referencesourceswereprocessed̄ rst, and their
registrations were usedto register subsequent sets
of problem ¯elds. Cumulativ e °ux scaling errors
of a few percent per overlap stage prevent this
processfrom being extended inde¯nitely , but two
overlap stagesare su±cient to cover all 408 MHz
problem ¯elds in the CGPS.

Since the 408 MHz °ux-density registration
scheme involves a two-point spectral interpola-
tion, a further test was applied to remove sources
with evidenceof spectral curvature. The reference
°uxes from the NVSS 1420 MHz and Cambdrige
151 MHz catalogs, which were interpolated loga-
rithmically to give the 408 MHz °ux, were also
interpolated to 365 MHz for comparisonwith the
Texas survey of Douglas et al. (1996). Sources
were removed if the interpolated °ux deviated
from the Texas °ux by more than 4¾, or if the
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Table 2
Field registra tion uncer t ainties

Dataset ¾RA ¾DEC ¾FLUX (fractional)

1420MHz continuum 0:1500 0:1500 0.8%
1420MHz spectral line 0:4000 0:4000 3.0%
408 MHz continuum 0:2000 0:2000 3.0%

S=N < 5 in any of the three referencecatalogs.
As a cautionary note, however, the Texas cata-
log °uxes appear on average 15% brighter than
those interpolated from the Cambridge and NVSS
°uxes. This systematic di®erencewas corrected
before applying the curvature ¯lter, but it indi-
cateseither a systematic spectral curvature in the
sourcesused, or a systematic discrepancy in low-
frequency catalog °ux scales,or both. For this
reason, though the CGPS 408 MHz °uxes have
high internal precision, their absolute scaleis un-
certain at the » 15% level.

After source ensemble ¯ltering, the positional
o®setsand integrated °ux ratios betweenobserved
and catalogvalueswereaveragedwith appropriate
weights to obtain several registration parameters.
Corrections to the ¯eld-center position and mean
°ux scalewere applied to each ¯eld. Averageer-
rors associated with these are given in Table 2.
From a large ensemble of ¯elds an averagevalue
wasderived for ¯eld rotation, angular scaling,and
primary beam attenuation as a function of o®set
½. All net ¯eld rotations wereconsistent with zero,
indicating no measurableerror in instrumental ori-
entation about the pointing axis. For the spectral-
line data, the radial stretch measure,¢ ½=½, was
likewisefound to be zero within the uncertainties.
Errors in the radial scaleof the continuum images
are ¢ ½=½of 1:52§ 0:09£ 10¡ 4 and 0:98§ 0:03£ 10¡ 4

for 1420 and 408 MHz, respectively. These arise
from small deviations from the expected shape of
the continuum bandpass,which bias the e®ective
observed wavelength and subsequently the image
scale.However thesestretchesequateto maximum
imagedistortions, ¢ ½, of 0.800and 1.700at the 10%
point of the 1420and 408MHz primary beamsre-
spectively, and thus have negligible e®ecton the
¯nal images. Finally, the change in °ux scaling

with radius from the ¯eld center wasusedto mea-
sure the primary beam attenuation pattern. This
was found to be well ¯t with a cos6 function, i.e.,

A(½) = cos6
·

2½cos¡ 1(0:51=6)
FWHM

¸
; (2)

in agreement with past measurements but with the
FWHM more accurately determined as107:2§ 0:30

at 1420MHz and 332:1§ 0:80 at 408 MHz.

3.4. In tegration of Low Spatial Frequency
Information

The low spatial-frequency limit of a Synthesis
Telescope observation is determined by the short-
est antenna spacingused,3¢ d = 12:9 metre. This
corresponds to an angular size scaleof ¸= 3¢ d ¼
560 and » 3:3± at 1420MHz and 408MHz respec-
tiv ely. Although foreshortening of the baselines
during a synthesisobservation providessomesam-
pling of lower spatial frequencies,interferometric
observations are generally not sensitive to struc-
tures on these angular scalesand larger. To give
complete spatial-frequency coverage, the missing
information on structures corresponding to low-
order interferometer spacings must be obtained
from observations using a ¯lled aperture.

At 408 MHz, data from the all-sky map of
Haslam et al. (1982) were used. Observed using a
number of di®erent large-aperture telescopes,this
all-sky map has an e®ective resolution of 510. At
1420 MHz, surveys of the Galactic plane made
with the E®elsberg 100-metre telescope (Reich et
al. 1990,1997)are the primary sourceof low-order
spacing data (resolution 9:40). However, as these
surveysdo not adequately cover the upper Galac-
tic latitude extent of our observations, interferom-
eter ¯elds along the high latitude edgeof the sur-
vey were supplemented with single-antenna data
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from the Stockert 25-metre northern sky survey
(Reich 1982, Reich & Reich 1986), with a reso-
lution of 350. For the Hi data, low-order spacing
data wereobtained from the single-antenna survey
of the CGPS area (Higgs & Tapping 2000) with
resolution of 360. Thesedata were taken with the
DRAO 26-m telescope and have beencorrectedfor
stray radiation.

The merging of single-antenna and interfer-
ometer data was done on a ¯eld-by-¯eld basis
before the mosaicing. For the Hi data, low-
order spacing information was added channel by
channel. The single-antenna data were converted
into visibilities by Fourier transforming the single-
antenna image and removing the single-antenna
beam convolution by dividing by the transform
of the beam pro¯le. The image formed from the
deconvolved single-antenna visibilities was multi-
plied by the Synthesis Telescope primary beam to
produce a low-order-spacing map which comple-
ments the high-order-spacingmap from the inter-
ferometer. The ¯nal stepcombinesthesetwo maps
into a ¯eld with a complete set of spatial frequen-
cies, by transforming the imagesand merging in
the u-v planeusing a normalized tapering function
in the overlap region.

The low-order and high-order spacing maps
have somespatial frequenciesin common,and the
extent of this overlap in the u-v plane depends
upon the ratio between the shortest interferome-
ter spacing,s, and the radius, r , of the single an-
tenna. As a generalguideline, it is desirable that
r ¸ 2s. This condition is satis¯ed only for the
E®elsberg 100-metre 1420 MHz continuum data.
The remainder of the single-antenna data used in
the CGPSis characterizedby r ' s, providing con-
tinuous u-v plane coveragebut a smaller range of
overlap between the synthesis and single-antenna
data.

Usersof the CGPS DRAO data shouldbeaware
of two sets of artefacts arising from the single-
antenna data. First, signi¯cant sidelobe e®ects
appear near the bright radio sourcesCas A and
Cyg A. Their radius of in°uence is » 1 ¡ 2± at
1420 MHz and up to » 5± at 408 MHz. The
area around Cas A will be re-observed with the
100-m Green Bank Telescope; the unobstructed
aperture of this telescope will reducethe sidelobe
problem substantially . The secondtype of arte-
fact is low-level striping that appears as discon-

tinuities acrosslines of constant Right Ascension.
The amplitude in the 408-MHz data is a few K,
consistent with the quoted zero-level uncertainty
of § 3 K (Haslam et al. 1982). The e®ect is far
lessseriousat 1420 MHz. The E®elsberg survey
(Reich et al. 1990,1997)is free of scan artefacts,
so strip esare not present for b < 5±. The e®ectis
seenonly at latitudes b > 5±, where it arisesfrom
zero-level e®ectsin the Stockert data; Reich (1982)
quotes an uncertainty of » 0:1 K. The artefacts
can appear deceptively real when single-antenna
and DRAO synthesis data are merged. Options
for de-striping these surveys are under investiga-
tion. Meanwhile, users of the CGPS DRAO im-
agesshould be cautious about the interpretation
of faint, large-scale(& 1±) features. The Higgs &
Tapping (2000) survey has some strip e artefacts
acrosslines of constant Galactic longitude at lev-
els of » 1 K, but these are of su±ciently small
angular sizethat they are removed in the ¯ltering
step of integrating with the synthesis data, and
the ¯nal CGPS Hi maps show no obvious strip e
contamination.

3.5. T he CGPS Mosaics

The processedDRAO ¯elds werecombined into
1024£ 1024pixel mosaicimagesin FITS format on
a Galactic Cartesian grid, which de¯ne the stan-
dard data format for all the CGPS data products.
Since the data acquired in the DRAO survey fall
into two resolution classes,near10 (1420MHz) and
near 40 (408 MHz), two di®erent sets of partially
overlapping mosaic imageswere produced.

3.5.1. The 5± £ 5± Mosaics

At 1420MHz the full area of the CGPS is cov-
ered by 36 mosaics,each 5:12± £ 5:12± in extent,
with enoughoverlap to allow objects or regionsof
interest less than 1± in size to be fully contained
in one such mosaic. Each 1024£ 1024 mosaic
has a pixel size of 1800 in Galactic co-ordinates.
This pixel size gives » 3:3 pixels per synthesized
beam for 1420 MHz data. The mosaicsoverlap
by 1:12±, and cover the 660squaredegreesde¯ned
by ` = 74:2± to 147:3±; b = ¡ 3:6± to 5:6±. Fig-
ure 4 shows the layout of thesemosaics(known as
the M mosaics), and Table 3 gives the Galactic
co-ordinatesof pixel (513,513)of each of the mo-
saics. The terminology used for the mosaiccodes
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is basedon that usedat DRAO to specify Synthe-
sis Telescope ¯elds.

For the Hi data cubes,the number of channels,
referencechannel, reference-channel LSR velocity,
and channel separation are given in Table 4. The
number of channels, 272, results from the varia-
tion in LSR referencevelocity with Galactic lon-
gitude usedfor the synthesisobservations in order
to keep the Galactic H i emissioncentered in the
observational bandwidth. The correlators produce
spectra in channelsat uniform frequencyintervals,
not velocity, so there is a slight error in taking the
channels to be velocity channels. The error so in-
tro duced is negligible, lessthan 0.04 of a channel
at the extreme endsof the spectra.

3.5.2. The 15± £ 15± Mosaics

As for all CGPS data products, M seriesmo-
saics were also constructed from the 408 MHz
data. However, the larger primary beam of the
Synthesis Telescope at 408 MHz provides much
greater sky coverage. In order to present the full
area imaged at 408 MHz, a secondset of larger
mosaicswas constructed at this frequency. They
are also 1024£ 1024pixels in extent, with a pixel
size of 5400, giving » 3:9 pixels per synthesized
beam and dimension of 15:36± on a side. The lay-
out of these mosaics,known as the C mosaics,is
shown in Figure 4, and the Galactic co-ordinatesof
pixel (513,513)of each mosaicaregiven in Table5.
Thesemosaicsoverlap in longitude by 2.86±.

3.5.3. Creating the Mosaic Images

The data from many Synthesis Telescope ¯elds
must be combined in order to create each of the
mosaic imagesspeci¯ed above. Data are included
from each ¯eld out to a radius corresponding to the
10% point of the primary beam attenuation. At
1420MHz, about eight Synthesis Telescope ¯elds
are major contributors (i.e., their pointing centers
lie within the mosaic) to any of the M mosaics,
with approximately another nine Synthesis Tele-
scope ¯elds being minor contributors (their 10%
attenuation points lie within the mosaic). The
data from the overlapping ¯elds were averaged
together with suitable weights. An example of
such overlapping ¯elds is shown in Figure 5, where
the ¯elds used to produce the 1420-MHz mosaic
MW1 are presented. Sixteen Synthesis Telescope

observations contribute to this mosaic.
The DRAO mosaic images are presented in

units of brightness temperature. The noise level
in the mosaicedimage is minimized when the sky
brightness,TB , in the mosaic is derived from

TB =
NX

m =1

wm Tm ; (3)

where Tm is the primary-b eam-correctedbright-
nesstemperature in ¯eld m. The weights wm are

wm =

"
A(½m )

¾m

#2

; (4)

where A(½m ) is the primary-b eam attenuation
(equation 2) at the o®set,½m , of the pixel in ¯eld
m, corresponding to the given sky position and
¾m is the rms noise level at the center of map m.
In general ¾m is the samefor all ¯elds, with the
exception of ¯elds closeto the strong sourcesCas
A and Cyg A. The rms noiselevel in the resulting
mosaic is a function of position and is given by

¾=
· NX

m =1

w2
m

¸ ¡ 1
2

: (5)

Figure 6 shows the theoretical rms noise level
that can be achieved for a sample cut in Galac-
tic latitude acrossthe survey grid. At 1420 MHz
a relatively uniform noise level with a minimum
value of 0.27 mJy/b eam and a mean level of 0.34
mJy/b eamis obtained within an approximately 8±

latitude strip from ¡ 3± < b < 5±. At 408 MHz a
minimum noiselevel of 1.4 mJy/b eam is theoreti-
cally possiblewithin an areanearly the sizeof the
1420MHz survey region. Outside of this area the
theoretical rms noiseis below 3 mJy/b eamwithin
a 13± strip ¡ 4:5± < b < +6 :5±. However, in prac-
tice the rms noise at 408 MHz is limited to » 3
mJy over the whole area by confusion and image
dynamic range.

A mosaicing routine, called super tile , was
written that combines a large number of input
images or data cubes, in various astronomical
co-ordinate systems and velocity frames, pro-
ducing a mosaic image or data cube in a given
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Table 3
The 5± £ 5± mosaics

Mosaic Code Gal. Longitude Gal. Latitude Mosaic Code Gal. Longitude Gal. Latitude

MV1 144.75± ¡ 1± MV2 144.75± +3 ±

MW1 140.75± ¡ 1± MW2 140.75± +3 ±

MX1 136.75± ¡ 1± MX2 136.75± +3 ±

MY1 132.75± ¡ 1± MY2 132.75± +3 ±

MA1 128.75± ¡ 1± MA2 128.75± +3 ±

MB1 124.75± ¡ 1± MB2 124.75± +3 ±

MC1 120.75± ¡ 1± MC2 120.75± +3 ±

MD1 116.75± ¡ 1± MD2 116.75± +3 ±

ME1 112.75± ¡ 1± ME2 112.75± +3 ±

MF1 108.75± ¡ 1± MF2 108.75± +3 ±

MG1 104.75± ¡ 1± MG2 104.75± +3 ±

MH1 100.75± ¡ 1± MH2 100.75± +3 ±

MIJ1 96.75± ¡ 1± MIJ2 96.75± +3 ±

MK1 92.75± ¡ 1± MK2 92.75± +3 ±

ML1 88.75± ¡ 1± ML2 88.75± +3 ±

MM1 84.75± ¡ 1± MM2 84.75± +3 ±

MN1 80.75± ¡ 1± MN2 80.75± +3 ±

MO1 76.75± ¡ 1± MO2 76.75± +3 ±

Table 4
The spectral-line co-ordina te specifica tions

Number of Channels 272
Channel Separation ¡ 0.82446km/s
ReferenceChannel 145
ReferenceLSR Velocity ¡ 60 km/s

Table 5
The 15± £ 15± mosaics

Mosaic Code Gal. Longitude Gal. Latitude

C1 142.3± +1 ±

C2 129.7± +1 ±

C3 117.1± +1 ±

C4 104.5± +1 ±

C5 91.9± +1 ±

C6 79.3± +1 ±
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Fig. 4.| The CGPS mosaicimage layout. The high resolution data sets(10-scale)are coveredby the thirt y-
six 5:1± £ 5:1± M seriesmosaics. At 408 MHz a seriesof six 15± £ 15± C mosaicsare also constructed. All
mosaicsare 1024£ 1024samplesin the (`; b) plane. Spectral-line mosaicshave 272velocity planesseparated
by 0.82 km s¡ 1.
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Fig. 5.| The Synthesis Telescope ¯elds used in creating the 1420 MHz MW1 mosaic. The ¯eld radii are
de¯ned by the 10% level of the primary beam (½= 930). Sixteen synthesis ¯elds contribute to this mosaic
image.

Fig. 6.| Theoretical noise level in the continuum mosaicsfor a sample cut in latitude acrossthe survey
grid. The solid curves shows the level at 1420 MHz. The theoretical noise has an averageRMS value of
0.34 mJy/b eam within ¡ 3± < b < +5 ±. The theoretical noiselimit is reached at 1420MHz over most of the
survey with exceptionof small regionsaround a few very strong sources(e.g. CasA). The dotted curve shows
the level at 408 Mhz. At this frequency the theoretical minimum RMS noise is 1.4 mJy/b eam. However, in
practice the image RMS is limited to about 3 mJy/b eam by confusion.
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astronomical co-ordinate system and velocity
frame. For the DRAO data, the input images
are in the NCP co-ordinate system, the natural
system for an east-west interferometer, while the
output image is in Galactic co-ordinates. At each
pixel/v oxel of the output image/cube, a corre-
sponding data value is interpolated from each of
the input datasets, using a bicubic interpolation
schemein the spatial dimensionsand linear inter-
polation in the velocity dimension, and assigned
the corresponding weight wm .

Corrections for several subtle e®ects are in-
cluded in the data extraction. The imagesor data
cubes corresponding to the individual ¯elds ob-
served with the Synthesis Telescope are in NCP
pseudo-equatorialco-ordinates. In these images,
the synthesized beam is constant over the image
and the calibrated pixel intensities are in units of
Jy/b eam. During the addition of short-spacing
data, these pixel intensities were converted to
\pseudo-brightness temperature", simply by scal-
ing by a factor constant over the image. However,
when projected onto the real sky, the synthesized
beam is not constant in solid angle. To ¯rst or-
der, it varies as sin±0=sin± where the declination
of the ¯eld center is ±0. To obtain true brightness
temperatures on the sky, the \pseudo-brightness
temperatures" in each ¯eld must be correspond-
ingly corrected with a declination dependent fac-
tor. This factor can vary as much as § 12% over
the large 408-MHz ¯eld of view.

The velocity interpolation when merging data
cubesmust allow for the fact that spectral obser-
vations madewith the SynthesisTelescopearecor-
rectly adjusted to the Local Standard of Rest only
at the ¯eld center. Becauseof the wide ¯eld of
view, the LSR velocity assignedto a given spec-
tral channel, while correct at the ¯eld center, may
be in error by as much as 1.2 channelsat the ¯eld
edge. During the interpolation process,the veloc-
it y of each voxel of the cube was adjusted to the
correct LSR frame.

In addition to creating a mosaic image or data
cube from the Synthesis Telescope data, super-
tile alsoproducesa weight imagewhich givesthe
total weight of each pixel of the mosaicedimage,
equalto the quadratic sumof the weights of the in-
put imagescontributing to the pixel. This weight
image can be usedto create an image of the noise
distribution acrossthe mosaic(seeequation 5). As

shown in Figure 6, the theoretical noiselevel varies
smoothly over the mosaic. In the 1420 MHz im-
agesthe ratio of maximum to minimum noiselevel
is 1.62. In the 408 MHz M mosaicsthe ratio is
1.64.

The e®ective resolution alsovariesacrossa mo-
saic, becausethe e®ective synthesizedbeam is an
averageof the beamscorresponding to each of the
input images. For each mosaic, the super tile
program producestwo products which give infor-
mation on this variation. To give an overview of
the beam variations, an image of beamswas pro-
duced. This presents 289 beam patches(17 £ 17)
in a 272£ 272pixel image,corresponding in areato
the 1024£ 1024mosaic,whereeach patch of 16£ 16
pixels displays the synthesizedbeam at that posi-
tion in the mosaic. Quantitativ e information on
the beam parameters is stored in a 17 £ 17 £ 5
data cube which gives, for each of the 17 £ 17
sample beams shown in the beam-patch image,
the weight at that point in the corresponding mo-
saic, the beamsolid angle (pixels2), the beamma-
jor and minor half-power width (pixels), and the
orientation angle of the major axis of the beam
ellipse (degrees counter-clockwise from Galactic
west). This data cube is termed the resolution-
parameter cube.

4. Panoramic Images of the DRA O Surv ey

To illustrate the properties of the DRAO data
we have combined the 1420 MHz continuum and
line mosaicsto createpanoramic imagesgiving an
overview of the entire survey region. Theseimages
areshown in Figures7 a{d. The top paneldisplays
the 1420-MHz continuum emissionand the lower
panel onechannel of the Hi data cube, at VLSR =
¡ 40:21 km s¡ 1.

4.1. T he 1420-MHz Con tin uum Image

This image is a sign¯cant advance in radio as-
tronomy surveys. In resolution and spatial fre-
quency coverageit is the equivalent of the image
that would be made with a 600-m single antenna.
The spatial dynamic range, the ratio of the largest
observable feature to the area of the resolution el-
ement, is approximately 2:5 £ 106.

The signal dynamic range is also high. With
the exclusionof the region around CasA (blanked
out region at ` = 111:5±) and Cygnus A (` = 75±)
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the lowest detectable brightnessis essentially lim-
ited by thermal noise of about 0.3 mJy, despite
the ubiquitous presenceof strong emission with
brightness of several Jansky per beam. It is im-
possibleto present the full range of the image as
a grayscale on paper despite the use of a loga-
rithmic scale. Grayscaleswere chosento preserve
details in some of the bright regions, and some
large extended di®use emission is barely visible
even though it is well above the noisein the image.

Several large bright emissioncomplexes\frame"
the survey region, the Cygnus-X complex,G80+1,
blending into W80 (G85¡ 1), and the W3/W4/W5
complex, G135+1. Theseare dominated by ther-
mal emission from H I I regions, but there is a
sprinkling of non-thermal emissionfrom supernova
remnants (SNRs).

There are some very large objects which are
quite nearby, including the SNRsW63 (G82.2+5.3
{ partly o® the top of the image) and HB21
(G89.0+4.7), and the H I I regionsS131(G99.3+3.7)
and S171(G118.4+4.7). There are several other
large complexesof H I I regionsand SNRs, partic-
ularly one at ` ¼ 94± and one around Cas A.

Sixteen SNRs can be seen by inspection of
the data as reproduced in the ¯gures. Small,
bright SNRs include the historic remnants Ty-
cho (G120.1+1.4) and 3C58(G130.7+3.1). Of the
more extendedSNRs, the brightest are G78.2+2.1
(in Cygnus X), G84.2¡ 0.8 (seen through W80),
HB21 (G89.0+4.7) and CTB109 (G109.1¡ 1.0).
Among the fainter remnants, still imagedwith ex-
cellent signal to noise, are CTB1 (G116.6+1.1)
and G114.3¡ 0.3. Still fainter SNRs, not dis-
cernible in these ¯gures, have been discovered in
the imagesby Kothes et al. (2001).

A band of very di®use emission runs the en-
tire length of the Survey. This is probably domi-
nated by synchrotron emissionfrom the thick disk
of the Galaxy, mixed, at these lower latitudes,
with thermal emissionfrom di®useionized hydro-
gen. In Figures 7 a{d it is most easily seenfrom
` = 86± to ` = 98±, peaking at about b = 2±,
and again around the entire complex of objects
between` = 102± and ` = 114±.

4.2. T he Hi -line Image

The Hi images in Figures 7 a{d, are on a
grayscalethat is linear with intensity. The contin-

uum emissionhasbeensubtracted from the image,
leaving only atomic hydrogen emission, with the
exception of continuum absorption signalssuch as
seenquite strongly on W3 (G135+1). The darkest
regions in these images correspond to brightness
temperatures of » 125 K.

In the outer quadrants of the Galaxy the
velocity-distance relationship from pure circular
motion is monotonic. At the high-longitude end
of the CGPS, VLSR of ¡ 40:21 km s¡ 1 corresponds
to emissionfrom gasin the Perseusarm, at a dis-
tance of » 2 kpc. The spatial resolution at this
distance is 0.7 pc and the 20± longitude interval of
Figure 7a corresponds to a distance of 0.84 kpc.

Even in thesesingle-velocity channels,Hi emis-
sion has a large ¯lling factor, and exhibits struc-
tures on all scalesdown to the resolution limit.
\Filamen ts" of Hi emission that are unresolved
perpendicular to their lengths are common. Such
¯laments are often seen as elements of coher-
ent structures that persist for several degreesand
more, or hundreds of pc. The Hi medium seenat
parsec-scaleresolution hasthe generalappearance
of a dynamic, energizedmedium.

The Hi images contain several features that
have been discovered and analysed using the
CGPS data and reported elsewhere. Figure 7a
contains onevelocity channelof the Galactic chim-
ney rising above the Hi i region W4 at ` = 135±

(Normandeau et al. 1996). The winds of the clus-
ter of massive stars ionizing W4 have blown a
vertical channel in the ISM, allowing ionizing ra-
diation to escape to the Galactic Halo (Dennison
et al. 1997). In the nearby intense Hi emission
at ` = 139± bright lanes (of less intense emis-
sion) appear, arising from cold hydrogen clouds
absorbing the background emission(Gibson et al.
2000). These cold, dense clouds may represent
the result of compressionof di®use hydrogen in
the wake of the Perseusarm spiral shock (Gib-
son 2002). In Figure 7b the stem and part of
the cap of a mushroom-shaped atomic hydrogen
cloud is seenextending toward negative latitudes
at ` = 124± (English et al. 2000). This cloud,
of unknown origin, is an example of bulk mass
transfer between the midplane and the thick disk
or halo of the Galaxy. It appears on the edge
of a region between 110± < ` < 124± character-
ized by the presenceof large-scaleHi structures
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Fig. 7a.| Mosaic image covering the Galactic Longitude range 127± · ` · 147± from the DRAO 21-cm
continuum data (top) and one channel of H i emissionat VLSR = -40.21km s¡ 1 (bottom). Both imagesare
renderedas grayscalewith darker regions corresponding to higher intensity. The 21 cm continuum scaleis
logarithmic from TB = 4 K to TB = 40 K. The H i emissionscaleis linear from T B = 0 K to TB = 125 K

19



Fig. 7b.| Like Fig. 7a, except covering the Galactic Longitude range 109± · ` · 130±.
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Fig. 7c.| Like Fig. 7a, except covering the Galactic Longitude range 92± · ` · 112±.
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Fig. 7d.| Like Fig. 7a, except covering the Galactic Longitude range 74± · ` · 94±.
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extending out of the mid-plane. Thesestructures
may be related to energy injection due to massive
star formation evidencedby the clusters of super-
nova remnants seenin the continuum image over
theselongitudes.

This seriesof imagesillustrates that large-scale
maps of atomic hydrogen emission at arcminute
resolution reveal the Hi gas as a tracer of dy-
namical processesin the ISM. The CGPS facili-
tates comparisonof theselow frequencyimagesto
imagesof similar resolution at millimetre and in-
frared wavelengths,allowing systematic and wide-
scalestudy of the relationship betweenthe neutral
atomic gasand the other states and phasesof the
ISM.

5. CGPS Data Pro ducts

5.1. T he CGPS Data Sets

The ¯nal DRAO data products for the CGPS
are the M mosaics for all the frequency bands
of the Survey, and C mosaicsat 408 MHz. The
images are accompanied by auxiliary data in-
cluding the weight images, beam-patch ¯les and
resolution-parameter cubes.

The goal of the CGPS is to provide imagesof
all the principal components of the ISM at similar
angular resolution. The complete CGPS data set
includesreprocesseddata from surveysat millime-
tre and infrared wavelengthsthat are regridded to
the CGPS M -seriesmosaic grid. Table 6 list the
survey data sets that make up the CGPS along
with the ISM components traced by each.

The Five College Radio Astronomy Observa-
tory 12CO (J=1{0) Outer Galaxy Survey (OGS;
Heyer et al. 1998) provides our tracer for the
molecular gas phase of the Interstellar Medium.
The OGScoverageis ` = 102.5± to 141.5±, b= ¡ 3±

to +5 ±.4, VLS R = ¡ 153 to +40 kms¡ 1. For inclu-
sion in the CGPS databasethe original OGS data
have been reprocessed(Brun t & Ontkean 2003).
The reprocessingsuppressescorrelated noise pro-
duced by sharing of referencemeasurements, esti-
mates and removes contamination from emission
in the referencepositions and ¯xes a number of
other minor artefacts. The FCRAO data werecon-
volved to 100.44 arcsecondresolution (twice the
OGSsampling) prior to re-imagingonto the CGPS
grid, on which twenty CGPS M mosaicsof 12CO
(J=1-0) emissionhave beenconstructed. The rms

noisein the spectra is » 0.16K (T ¤
R ), an improve-

ment in sensitivity by a factor of about 4 from the
original data.

Information on the dust component of the ISM
is provided by two infrared atlasesthat are based
upon IRAS data: the IRAS Galaxy Atlas (IGA;
60 and 100 ¹ m bands; Cao et al. 1997) and the
Mid-Infrared Galaxy Atlas (MIGA; 12 and 25 ¹ m
bands; Kerton & Martin 2000). Over the CGPS
survey region, Kerton and Martin have also ex-
tended the latitude coverageof the IGA to match
that of the MIGA and meet the requirements for
the M mosaics. Both of these data sets consist
of IRAS data processedusing the HIRES algo-
rithm (Aumann, Fowler and Melnyck, 1990) to
achieve a typical resolution of 10. Special pre-
processingstepsand modi¯cations to the original
HIRES algorithm, described in Cao et al. (1996),
allow the creation of high-quality, seamless,large-
scalemosaics.The infrared data setscontained in
the CGPS also include a number of ancillary ¯les
that provide the user with information about the
achieved resolution, beam shape, IRAS scan pat-
tern and noisecharacteristics for a given mosaic.

5.2. Sample CGPS Images

Figure 8 shows the radio continuum products
from the DRAO observations for the mosaicMW1
(see Table 3 and Figure 4), including 1420 MHz
Stokes I , 408 MHz Stokes I , 1420 MHz polar-
ized intensity (calculated assuming V = 0, i.e.,p

Q2 + U2), and polarization position angle. The
bright ¯lament of ionized gas running down the
center of the 1420 MHz Stokes I image is Lynds
Bright Nebula 679.

The polarized intensity image reveals highly
structured polarized radiation distributed over al-
most the entire image. Outside of the region of
LBN 679, bright polarized emissionis seenwith a
wide range of spatial scales.This e®ectis ubiqui-
tous in the CGPS images,and early results from
polarization images have been reported by Gray
et al. (1998, 1999). In general, structures seen
in polarized emission are not replicated in to-
tal intensity, leading to the conclusion that the
polarized emission is an e®ect of a foreground
Faraday screen comprised of the magneto-ionic
component of the ISM acting on emission from
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Table 6
The dat asets of the CGPS

ISM Telescope Wavelength Angular Coverage Coverage
Component Frequency Resolution (l ; b) VLSR

Ionized and DRAO1 73.4 cm 3:40£ 3:40 cosec± 71:8± < ` < 149:7±

Relativistic 408 MHz ¡ 6:7± < b < +8 :7±

Ionized and DRAO1 21.1 cm 4900£ 4900cosec± 74:2± < ` < 147:3±

Relativistic 1420MHz ¡ 3:6± < b < +5 :6±

Magneto-ionic DRAO1 21.1 cm 5800£ 5800cosec± 74:2± < ` < 147:3±

Medium (polarimetry) 1420MHz ¡ 3:6± < b < +5 :6±

Atomic DRAO1 21.1 cm 5800£ 5800cosec± 74:2± < ` < 147:3± ¡ 150 to 50
(Hi line) 1420MHz ¡ 3:6± < b < +5 :6± kms¡ 1

Molecular FCRAO2 2.6 mm 100:400 102:5± < ` < 141:5± ¡ 153 to 40
(12CO line) 115 GHz ¡ 3± < b < +5 :4± kms¡ 1

Dust IRAS3 100¹ m 10 ¡ 20 0± < ` < 360±

¡ 4:7± < b < +4 :7±

Dust IRAS3 60¹ m 10 ¡ 20 0± < ` < 360±

¡ 4:7± < b < +4 :7±

Dust IRAS4 25¹ m » 0:50 75± < ` < 148±

¡ 6± < b < +6 ±

Dust IRAS4 12¹ m » 0:50 75± < ` < 148±

¡ 6± < b < +6 ±

1This paper

2Heyer et. al. (1998)

3Reprocessedby California Institute of Technology, Cao et. al. (1997)

4Reprocessedby the Canadian Institute for Theoretical Astrophysics, Kerton & Martin (2000)
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Fig. 8.| CGPS continuum imagesof the MW1 mosaic. The mosiacimage is 5:1± £ 5:1± centered at (`; b)=
140.75±, ¡ 1±. The imagesshow the four continuum products from the DRAO survey, 1420 MHz Stokes I
continuum (upper left), 408 MHz Stokes I continuum (upper right), 1420 MHz polarized intensity (lower
left) and polarization position angle (lower right).
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a smooth synchrotron background of Galactic ori-
gin. Such structures have also beenseenwith the
Westerbork SynthesisRadio Telescopeat 327MHz
(Wieringa et al. 1993)and the Australia Telescope
at 1420MHz (Gaensleret al. 2001). In Figure 8,
the region coinciding with LBN 679 is seento be
depolarized. This e®ectcan be attributed to beam
depolarization in this high ne environment, where
the Faraday rotation varies with angle on spatial
scalessmaller than the 10 beam (Peracaula et al.
1999).

The spatial structure in polarization angle that
arizes from the Faraday screen is readily visible
in the polarization angle image. In this gray-scale
representation of polarization angle, the intensity
goes from black to white along loci where the an-
gle wraps from 180± to 0±. Regions bounded by
thesewrap contours represent areaswhere the po-
larization angle changesby less than 180± These
\cells" thus de¯ne a spatial scaleover which the ro-
tation measureof the Faraday screenis relatively
uniform.

Since the rotation measure of the Faraday
screen is given by the product of electron den-
sity and magnetic ¯eld along the line of sight

RM = 8:1 £ 105
Z

neBkdl rad m¡ 2; (6)

knowledge of the average electron density from
the bremsstrahlung emissivity allows information
to be extracted on the interstellar magnetic ¯eld.
The DRAO polarization observations at resolution
» 10 at 1420MHz are well suited for studies of the
random component of the magnetic ¯eld in the
disk of the Galaxy. The excessrotation of the po-
larization angleby passagethrough a regionof uni-
form electron density and magnetic ¯eld is given
by ¢ Ã = 46̧ 2neBkL degrees,where ne has units
of cm¡ 3, Bk ¹ G, and L pc. The interstellar mag-
netic ¯eld is characterizedby a uniform component
and a random component with roughly equalmag-
nitude of a few ¹ G. Setting ne and Bk to typical
ISM valuesand ¸ = 21 cm yields

¢ Ã = 42± ¢
³ ne

0:1cm¡ 3

´ µ
Bk

2¹ G

¶ µ
L

100pc

¶
: (7)

At typical distancesof a few kpc, an angle of 10

correspondsto a linear dimensionof a few pc, and
regions with dimension of tens to hundreds of pc
will produce incremental rotation anglesof a few

tens to a few hundred degrees.Becauseof the ¸ 2

dependence,at shorter wavelengths the e®ect is
much reducedand di±cult to measure.At longer
wavelengths rotation is so large that di®erential
e®ectswithin the beamand along the line of sight
lead to depolarization of signals at low latitudes,
as noted by Wieringa et al. (1993).

Examination of the large 408 MHz, C1 mosaic
in Figure 9 (seeTable5) underscoresthe very wide
range of angular sizes present in the continuum
structures seenin the Galactic Plane. Very large
di®usestructures of low surfacebrightnessextend
well beyond the boundariesof even this large im-
age. The inset box in the image shows the re-
gion of the MW1 mosaic in Figure 9 containing
the ¯lamentary HI I region from LBN 679. The
HI I complexesof W5 and W4 with surrounding
di®usehalo are seenat the right sideof the image.
The background is dominated by a densepopula-
tion of compact sources.

Figure 10 shows a set of CGPS images of
the di®erent components of the ISM from the
DRAO (atomic hydrogen emission and ionized
gas), FCRAO (12CO J=1 ! 0) and the IGA (dust
emission at 60¹ m). These varied images show
complementary views of ISM features. For exam-
ple, ionized gasand warm dust are plainly visible
in the large, bright Hi i region W5 on the right side
of the DRAO 1420 MHz continuum and IGA 60
¹ m panels. This feature is part of the W3/W4/W5
star-forming complex (e.g., Carpenter et al. 2000)
which extendsfurther to the eastand contains nu-
merousmolecular clouds (Heyer & Terebey 1998),
a few of which are visible in the 12CO panel. In
addition, the lower-left corners of all four panels
reveal di®erent aspects of the Lynds Bright Neb-
ula previously mentioned. This object, perhapsa
giant shock structure, contains ionized gas,warm
dust, molecular clouds, warm Hi , and even indi-
cations of cold Hi in self-absorption features.

The Hi image in Figure 10 reveals a complex
of dark ¯laments seenagainst the bright Hi emis-
sion background. These features are identi¯ed as
self-absorptionof the background emissionby cold
Hi (HISA) (Gibson et al. 2000). The spectral-line
data features are too narrow in line width and
too sharp in angular structure to be explained as
physical gaps in a purely emissive Hi medium
(e.g. Baker & Burton 1979). A large-scale,
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Fig. 9.| The 408 MHz Stokes I image for the 15± £ 15± C1 mosaic (see Figure 4). The white square
delineatesthe area of mosaicMW1 (Figure 8).
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Fig. 10.| CGPS imagesof the same5:1± £ 5:1± region of the sky in atomic hydrogen emissionfrom DRAO
(upper left), CO (J=1-0) from FCRAO (upper right), dust emission at 60¹ m emission from reprocessed
IRAS data (lower left), and ionized gasseenin ¸ 21cm continuum radiation from DRAO (lower right). The
Hi and CO imagesshow emissionfrom gasmoving with VLSR = ¡ 41:04 km s¡ 1. In all imageslighter regions
represent higher brightness emission. The dark ¯laments in the Hi image are cold atomic hydrogen clouds
absorbing the background Hi emission. The bright radio continuum and dust emissionregion seenin the
lower panelsis the W5 Hi i region. At lower left in each image is the northern sectionof LBN 679,exhibiting
emissionfrom all of the ISM components.
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high-resolution survey like the CGPSis required to
systematically detect and map such structures. In
the CGPS imagesa rich array of cold Hi clouds is
revealed throughout the Galactic plane as HISA,
appearing wherever there is a su±ciently bright,
smooth Hi emission background against which
such features may be distinguished (Gibson et al.
2000) and in someinstancesagainst a structured
emissionbackground (Knee & Brunt 2001).

Of particular interest in the context of the
Galactic ISM is the relationship betweenthe cold
Hi traced by HISA and the molecular gas and
dust imaged at other wavelengths. A limited cor-
respondencecan be found in Figure 10 between
some dark Hi features and a few of the fainter
molecular clouds and dust ¯laments, e.g., near
(` = 139:3±; b = +0 :8±). While such associations
can be identi¯ed throughout the survey, there is
no generalcorrelation betweenHISA and CO line
strengths (Gibson et al. 2002), as might be ex-
pectedfrom traditional viewsof HISA tracing cold
atomic gas in predominantly molecular clouds.

5.3. Public Release of the CGPS Data

The CGPS project hasproduceda unique data
base designed to provide the means for system-
atic, multi-component investigationsof the phases
and processeswithin the ISM over a broad range
of spatial scales. The merged CGPS survey data
sets have been publicly releasedin FITS format
through the Canadian Astronomy Data Centre
(CADC). The CADC data archive can be accessed
at http://cadc-ccda.hia-iha.nrc-cnrc.gc.ca/cgps.

For the DRAO data products, the individual
Synthesis Telescope ¯eld data from the 193 syn-
thesis observations are also available, as both im-
ageand visibilit y data sets. Thesedata are also in
FITS format, with the FITS-IDI (IDI = Interfer-
ometry Data Interchange) format being used for
the visibilit y data. These products include °ux-
registration corrections(either implicitly or explic-
itly), and position-registration correctionsascom-
ments, but do not include short-spacing comple-
mentary data.

The Domininion Radio Astrophysical Observa-
tory is operated as a national facilit y by the Na-
tional Research Council of Canada. The Cana-
dian Galactic Plane Survey is a Canadian project

with international partners. The Survey is sup-
ported by a grant from the Natural Sciencesand
EngineeringResearch Council of Canada. We also
thank many present and former members of the
DRAO sta®for their skill and dedication in build-
ing, operating and maintaining the SynthesisTele-
scope.
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