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Abstract

Adding the short-spacing information �ltered out by (sub)- millimeter interferometers is
crucial to obtain good images of wide �elds (observed in stop-and-go or on-the-
y mode). In
this memo we discuss how to obtain the short-spacing information with single-dish data using
the pseudo-visibility method. We have computed the naturalweights of the pseudo-visibilities
from the noise in the single-dish map. We also discuss 1) the relative weights of the single-
dish and interferometric data, 2) how the relative weight equation transform into relative
integration time and 3) severals ways of weighting the pseudo-visibilities. Finally, we discuss
the addition of the short-spacings in practice (e.g. single-dish artifacts, �eld-of-view,...).

� This work is part of the commissioning of the interferometri c On-The-Fly observing mode, funded by the EU
FP6 \ALMA enhancement" grant.
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1. wide-field imaging with a multiplicative interferomete r: the problem of the
short-spacings

1 Wide-�eld imaging with a multiplicative interferometer: The
problem of the short-spacings

A (sub-)millimeter interferometer has two important limit ations when imaging a wide �eld of
view. The �rst one comes directly from its measurement equation

V (u; v) = FT f Bprimary :I sourceg(u; v); (1)

where FT f F g(u; v) is the bi-dimensional Fourier transform of the function F taken at the spatial
frequencies (u; v), I source the sky intensity, Bprimary the primary beam of the interferometer and
V(u; v) the visibility at the spatial frequency u; v. The product of the sky intensity by the
primary beam, which \quickly" decreases to zero, implies that an interferometer looking at a
given direction of the sky will have its �eld-of-view limite d by the size of the primary beam.
Therefore, to image a region larger than the primary beam size, the antennas of an interferometer
will be successively pointed in di�erent directions of the sky typically separated by half of the
full-width at half maximum (FWHM) of the primary beam. This p rocess is calledstop-and-go
mosaicing and the result requires speci�c imaging and deconvolution steps. Another possibility is
to acquire data as the interferometer antenna continuouslyslew through a portion of the sky. This
second observing mode is called interferometric On-The-Fly (OTF) mosaicing. Interferometric
stop-and-go mosaicing is a standard observing mode today, while the OTF observing mode is
under development (at PdBI).

The second limitation to wide-�eld imaging with a (sub-)mil limeter interferometer is more
subtle. A (sub-)millimeter interferometer is a multiplica tive instrument (the visibilities are ob-
tained by computing the cross-correlation of the signals received by the di�erent antennas). An
indirect consequence is that it is a bandpass instrument as shown on Fig. 1, which displays a
typical uv coverage for one con�guration of the Plateau de Bure Interferometer (PdBI) and the
lowest and highest spatial frequencies measurables (red circles). Indeed, the interferometer �lters
out the large spatial frequencies (those larger than the spatial frequencies sampled by the largest
baseline) but also the small spatial frequencies (all the frequencies shorter than the shortest
baseline, which is typically comparable to the diameter of the interferometer antennas). Hence,
a (sub-)millimeter interferometer �lters out the large sca le structures in extended sources. In
particular, a multiplicative interferometer does not measure the total 
ux of the observed source
since the total 
ux is given by the visibility at the center of the uv plane.

The lack of short baselines orshort-spacings is important as soon as the size of the source
is larger than about 1/3 to 1/2 of the interferometer primary beam. Indeed, when the size
of the source is small compared to the primary beam of the interferometer, the deconvolution
algorithms uses, in one way or another, the information of the 
ux at the smallest measured
spatial frequencies to extrapolate the total 
ux of the source. The extreme case is a point source
at the phase center for which the amplitude of all the visibilities is constant and equal to the
total 
ux of the source: Extrapolation is then exact. However, the larger the size of the source,
the worse the extrapolation, which then underestimates thetotal source 
ux. This is the well-
known problem of the missing 
ux that observers sometimes note when comparing the 
ux of
the source delivered by a mm interferometer with the 
ux observed with a single-dish antenna.
The transition between right and wrong extrapolation is not well documented. It depends on
the repartition of the 
ux with spatial frequencies but also on the signal-to-noise ratio of the
measured spatial frequencies. It is often agreed that the transition happens for sizes between
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1. wide-field imaging with a multiplicative interferomete r: the problem of the
short-spacings

Figure 1: Typical uv coverage for the Plateau de Bure interferometer. The lowest and highest
spatial frequencies measurables are indicated by the red circles.

1/3 and 1/2 of the interferometer primary beam, as mentionedabove. To obtain a correct result
for larger source sizes, it is neccesary to complete the interferometer data with additional data,
which contain the missing short-spacings information. At PdBI, we use the IRAM-30m single-
dish telescope. Short-spacings informations can also in part be obtained with a secondary array
of smaller antennas and thus baselines (e.g. the CARMA interferometer). In the ALMA project,
the short-spacing information will be obtained by a combination of four 12m-single-dish antennas
and an interferometer of 12 antennas of 7 meters called ACA (Atacama Compact Array).

In this memo, we summarize the di�erent issues concerning the observations and processing
steps of single-dish data to produce the short-spacings. This cover a wide range of applications:
The acquisition and processing 1) of IRAM-30m data to complement IRAM-PdBI data, 2) of
ALMA single-dish 12m-antenna data to complement the ACA and/or ALMA interferometric
data, etc... Although it is relevant to the short-spacing problem, we will not cover the merging
of data from di�erent interferometric arrays as ALMA-ACA or CARMA. This topic is largely
discussed elsewhere (Wright, 2003; Tsutsumi et al., 2004; Morita & Holdaway, 2005; Wright,
2007).
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2. processing single-dish observations to get short-spaci ng information

2 Processing single-dish observations to get short-spacin g infor-
mation

2.1 Interferometric and single-sish measurement equation s

An interferometer only measures the value of the continuousvisibility function at some points
of the uv-plane (see for instance Fig. 1). This is introduced mathematically in the measurement
equation by asampling function, S(u; v). Its value is usually set to the natural weight (1=� 2, where
� is the rms noise determined from the radiometer equation) atuv points where a visibility has
been measured and zero elsewhere. When the data are gridded (to use Fast Fourier Transforms),
the gridded S(u; v) gives the weight density. The dirty image I int

meas is then obtained with

I int
meas = FT f S(u; v)V (u; v)g (2)

Using the properties of the Fourier transform and Eq. 1, this can be rewritten as

I int
meas = Bdirty ? f Bprimary :I sourceg; (3)

where the dirty beam (Bdirty ) is de�ned as

Bdirty � FT f S(u; v)g ; (4)

i.e., the synthesized beam is the Fourier Transform of the weightdensity distribution. A real
interferometer should have an initial weight density distribution as close as possible to a Gaussian
to obtain a well behaved dirty beam, that is, a beam that simpli�es the deconvolution.

A map observed with a single-dish antenna can be described bythe following measurement
equation

I sd
meas = Bsd ? Isource; (5)

i.e. the measured intensity (I sd
meas) is the convolution of the source intensity distribution ( I source)

by the single-dish beam (Bsd).
Comparing Eqs. 3 and 5, it is clear that the measurement equations for the interferometer

and the single-dish are quite di�erent. Bsd has very similar properties than Bprimary and very
di�erent properties than Bdirty . In radioastronomy, Bsd and Bprimary both have Gaussian shapes
and a comparable full widths at half maximum. By contrast, Bdirty is far from a Gaussian with
the current generation of interferometers (in particular, it has large sidelobes) and the FWHM of
its primary lobe is the interferometer resolution, i.e. it is much smaller than the FWHM of Bsd

or Bprimary .
Merging both kinds of information, obtained from such di�er ent measurement equations thus

calls for dedicated processing techniques. The combination can be done during the deconvolution
step, using algorithms such as MEM (Cornwell 1988) or multi-scale CLEAN, which produce in
those cases deconvolved images that are consistent with both input datasets. The data can also
be merged directly, either after the deconvolution (hybridization method; see for instance Pety
et al. 2001a, Weiss et al. 2001) or before the deconvolution (pseudo-visibilities technique; Bajaja
& van Albada 1979, Vogel et al. 1984).
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2. processing single-dish observations to get short-spaci ng information

2.2 Hybridization technique

This technique has been described by Weiss et al. (2001) and consists in combining the sigle dish
(I sd

meas) and the CLEANed interferometer images (I int
clean) in the uv plan. It is important to note

that the interferometer data are deconvolved before the short-spacings addition (see discussion
below).

1. Both images are �rst spatially regridded on the same �ne grid and Fourier transformed

2. The Fourier transform of the single dish image is divided by the Fourier transform of a
model of the single dish beam and multiplied by the Fourier Transform of the clean beam

3. These data are linearly combined with the Fourier transform of the interferometric image
by selecting the low spatial frequencies from FT(I sd

meas) and the high spatial frequencies
from FT( I int

clean).

4. The result is Fourier transformed back to the image plane to produce a �nal image that
takes into account both single-dish and interferometric information.

The method has the following free parameters: the transition radius and the detailed shape of
that transition. To avoid discontinuity, the transition sh ape is chosen to be reasonably smooth.
The spatial frequency of transition is generally chosen to the smallest spatial frequency reliably
measured by the interferometer (e.g. about 20 m for PdBI).

2.3 Pseudo-visibility technique

2.3.1 General description

In this family, the single-dish information is heavily processed before merging with the inter-
ferometric information. The basic idea is to produce from the single-dish observations pseudo-
visibilities similar to the ones that would be produced by the interferometer if they were not
�ltered out. These pseudo-visibilities are then added to the interferometer measurements, and
all data are then imaged and deconvolved together.

1. The single-dish measurements are gridded.

2. The edges of gridded map are apodized,i.e., the gridded map is plunged into a larger
image �lled with a convolution of the gridded map with a Gaussian of FWHM similar to
the interferometer primary beam FWHM. This is an important s tep because the single-dish
data has a limited �eld-of-view. But nothing ensures that th e source will nicely fall o� to
zero at the edges of this �eld-of-view. Without apodization, this property is troublesome
because it will translate in the uv plane by a convolution of the short-spacings with a sinus
cardinal function.

3. The apodized map is then FFTed into theuv plane.

4. The data are deconvolved from the single-dish beam convolution by division by its Fourier
Transform (FT f Bsdg) truncated to the antenna diameter D .
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2. processing single-dish observations to get short-spaci ng information

5. The data are FFTed back to the image plane to get the deconvolved sky brightness distri-
bution I 0� D

source, which contains information on the sky intensity for spatial frequencies from
0 to D .

6. I 0� D
source is multiplied by the interferometer primary beam, Bprimary .

7. The result is FFTed again in the uv plane where the visibilities are sampled on a regular
grid to obtain pseudo-visibilities.

8. In the case of a mosaic, the last two steps are performed foreach pointing center.

Using the properties of the Fourier transform, we can rewrite the measurement equation resulting
from this processing as

Vpseudo(u; v) =
n

FT( Bprimary ) ? FT( I 0� D
source)

o
(u; v) + N: (6)

This equation means that the visibility measured by an interferometer at the spatial frequency
(u; v) is the convolution of the Fourier transform of the source intensity distribution by the
Fourier transform of the primary beam. Hence, to get pseudo-visibilities truly consistent with
interferometric visibilities, we must be able to reliably compute the convolution by the Fourier
transform of the primary beam.

The function I 0� D
source is de�ned from 0 to D meters, while the support of FT(Bprimary ) is 0{d

meters (whered is the diameter of the antennas of the interferometer). Therefore, the convolution
by the primary beam can be properly calculated from 0 to D � d1. This implies that we can
compute pseudo-visibilities only for spatial frequencieslower than D � d. The use of the IRAM-
30m to produce the short-spacing information of the PdBI is thus ideal as it enables to recover
pseudo-visibilities up to 15 m (= 30 m� 15 m). Once the pseudo-visibilities have been computed,
they are merged with the interferometric visibilities and standard imaging and deconvolution are
then applied to the merged data set.

2.3.2 An important subset: The zero spacing

A particular case of the pseudo-visibility technique is to compute only the visibility at the center
of the uv plane (which corresponds to the \zero-spacing"), which is just the total 
ux of the
observed �eld-of-view. If D= d, a single spectra observed with the single-dish telescope in the
direction of the interferometer phase center may be used as zero spacing. If D > d , it is also
possible to obtain the zero spacing information only if the source size is smaller than the single-
dish beam. Compared to adding all short-spacings (which requires a full single-dish map), this is
the \poor man's solution" but it turns out to be extremely use ful in practice: the measurement
of the total 
ux can greatly improve the deconvolution by con straining the interpolation that the
algorithms have to do at the center of theuv plane.
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2. processing single-dish observations to get short-spaci ng information

Figure 2: Comparison in the uv plane of simulations of observation by ALMA of a cluster of
Gaussian sources of di�erent sizes. Two di�erent simulations are displayed: One simulation of
observation with the long spacings only (i.e. ALMA only) at top and one with the short and long
spacings (i.e. ALMA+ACA) at bottom. In each set, the top left corner show the FFT of the
model image. The bottom left corner the FFT of the di�erence (model� simulation). The bottom
right corner is the ratio of the 2 previous FFTs: this is an image of the �delity of the observation
in the uv plane. Finally, the top right panel is a zoom of the uv �delity. The large circle enclose
the region where largest spacings where measured (its radius is the size of the ALMA compact
con�guration, 150 m). The small 12 m circle enclose the area where ALMA can a priori make
only indirect visibility measurement (via mosaicing) and where the short-spacing information
from ACA is in practice essential. Finally the azimuthal average (not median) of the �delity as
function of uv radius is inserted in the header. The red vertical lines are set at 12 m and 150 m.
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2. processing single-dish observations to get short-spaci ng information

2.4 Advantages of the pseudo-visibility technique

One of the main advantages of the pseudo-visibility technique compared to, e.g., the hybridization
algorithms, is that the short-spacings are added to the interferometric dataset before the decon-
volution step. This is instrumental to obtain a reliable deconvolution of the extended structures
that are observed in such experiments.

Indeed, the interferometer dataset does not contain the zero spacing. This implies that the
total 
ux in the dirty image is zero ( i.e. as much negative as positive 
ux in the dirty image)
but also that the dirty beam integral is zero (i.e. as much negative as positive sidelobes). When
we add the short-spacing information (and in particular the zero spacing) through the pseudo-
visibility method, we enforce positivity of the dirty image total 
ux and of the dirty beam
integral. It is well-known that trying to deconvolve a large �eld (e.g., a mosaic) built only
with interferometric data is quite di�cult. It almost alway s requires the de�nition of support
where the CLEANalgorithms can search for clean components with the risk to bias the �nal
result. In contrast, adding the short-spacing information through pseudo-visibilities stabilizes
the deconvolution process, allowing it to converge much more easily on a meaningful solution. In
many cases, the deconvolution does not need any support.

The main point here is that deconvolution algorithms are non-linear. This implies that it is
better to jointly deconvolve short and long spacings together than separately. Fig. 2 exampli�es
this. It displays the comparison in the uv plane of simulations of observation by ALMA of
a cluster of Gaussian sources of di�erent sizes. Two di�erent simulations are displayed: One
simulation of observation with the long spacings only (i.e. ALMA only) at top and one with
the short and long spacings (i.e. ALMA+ACA) at bottom. The comparison of the azimuthal
average of the �delity as function of uv radius (plot inserted in the header) clearly shows that a
joint deconvolution of the short and long spacings increasethe �delity by one order of magnitude
even for the long spacings.

The pseudo-visibility technique has been used for many years now to extract short-spacings
from the IRAM 30-m telescope and complement Plateau de Bure observations. Pety et al.
(2001a,b,c) showed through simulations that 1) the pseudo-visibility algorithm implemented in
GILDAS enables extremely reliable results (�delities of a few thousands) on ideal observations
and 2) the accuracy of the wide-�eld imaging is limited by pointing errors, amplitude calibration
errors and atmospheric phase noise (and not by the used algorithms), even for ALMA. Wright &
Corder (2008) pointed out the importance of a good knowledgeof the primary beam de�nition
to obtain high �delity images.

1 It is possible to obtain the same result as follows. One can think of a single dish antenna as an interferometer
where di�erent portions of the antenna are equivalent to the individual antennas of a real interferometer. In this
context, it is clear that the maximum separation between the center of two circles of d meters within a circle of
D meters is D � d. Therefore, using a single dish of D meters it is not possible to derive pseudovisibilities full y
equivalent to the actual visibilities measured with an inte rferometer of antennas of d meters beyond D � d meters.
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3 Single-dish versus interferometer weights and observing times

3.1 Weights

3.1.1 Discussion of criteria

Obviously, in the case of adding the short spacings to an interferometric data set, the relative
weights of the single dish data to interferometer data is critical. It is all the more important that
the Fourier transform of the uv plane density of weights is the dirty beam, a key parameter for the
deconvolution. This relative weight can be considered as a free parameter within the restrictions
imposed by the noise level (i.e. we want the single-dish data to bring information and not just
noise into the interferometric data) and a criterion must th erefore be de�ned to adjust it to an
optimal value. Below, we discuss three di�erent approaches to compute the relative weight.

Matching the brightness sensitivity in the image plane The �rst idea one can have when
thinking of how to add the short spacings information to an interferometric dataset is to
match the brightness sensitivity in the single-dish and the interferometer images. In this
case, it is easy to demonstrate that

tsd / t int

�
� int

� sd

� 4

; (7)

wheretsd and t int are the single-dish and interferometric integration timeswhile � sd and � int

are the single-dish and interferometric angular resolutions. The problem here is that � int

depends on the used con�gurations. In particular, why should we use the whole interfero-
metric resolution if several con�gurations (including extended ones) are used? Furthermore,
since the merging of the datasets is performed in the uv planebefore any imaging processing,
it is convenient to look for a criteria in the uv plane.

Matching SNR in uv plane In cases where short-spacings matter, the visibility amplitude
decreases quickly from short to long spatial frequencies. It is then tempting to enforce the
matching of the signal-to-noise ratio at short and long spatial frequencies. However, this
criterion has two problems. The �rst one is pratical: This cr iterion depends on the source
properties, which implies that the source must have been observed before being able to
de�ne what relative observing times should be used. The second one is theoretical: This
criterion gives a counter-intuitive evolution of the integration time as a function of the
short-spacing importance. Indeed, when the source is fullyresolved (i.e. no power in long
spacings) the long spacing SNR is zero. This criterion implies a short integration time for
the single-dish while it is known that all the information ar e in this short-spacing. At the
opposite end, the integration time for the short-spacing would be maximized in the case of
a point source where it is known that short-spacing are not needed.

Getting a \Gaussian" weight density in uv plane The antenna con�gurations of modern
interferometers are designed to produce a weight density close to Gaussian. Since the
Fourier transform of a Gaussian is a Gaussian, and the dirty beam is the Fourier transform
of the weight density, this ensures that the dirty beam is as close as possible to a Gaussian.
One can use the same approach to set the total weight for the short spacing observations in
order to get a combined weight density inuv plane close to Gaussian. Indeed, this criterion
is optimum from the deconvolution point-of-view. In general, the short spacing frequencies
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3. single-dish versus interferometer weights and observin g times

are small compared to the largest spatial frequency measured by an interferometer. This
implies we can assume that the Gaussian is constant (linear approximation around the
peak) in the range of frequencies used for the short spacing processing. We thus end up
with the need to match the single-dish and interferometric densities of weights in the inner
region of the uv plane. In practice, we compute the density of weights from the single-dish
in a uv circle of radius 1:25d and we match it to the averaged density of weights from the
interferometer in a uv ring between 1.25 and 2:5d. Experience shows that this gives the
right order of magnitude for the relative weight and that a la rge range of relative weight
around this value gives very similar �nal results.

Taking into account the previous remarks, we assume in the following that a \Gaussian"
weight density in uv plane is the best solution. We mathematically express this criterion and
we derive a relation between single-dish and interferometer observing times.

3.1.2 Mathematical formulation

Generic formulation Let's assume that ! pv and ! int are respectively the total weights of the
pseudo-visibilities and the interferometric visibilitie s. Therefore, the above criterion of having a
Gaussian weight density can be written as

f int ! int

� (22 � 12) (1:25d)2 =
! pv

� (1:25d)2 ; (8)

where f int is the fraction of visibilities measured by the interferometer at spacings between 1.25
and 2.5d. Equation 8 gives after simpli�cations

! pv =
1
3

f int ! int : (9)

Pseudo-visibility weighting It is well-known that the visibility weights play a crucial r ole in
interferometric image synthesis. As a �rst approximation, it is logical to weight the visibilities
with the inverse of their variance, i.e. these intrinsic or natural weights are the inverse of the
square of the rms noise (1=� 2). However, other weighing schemes are commonly used asuniform
or robust weighting. In the case of uniform weighting a constant weight is given to all the cells of
the gridded visibility function. As a result the relative we ight between long and short baselines is
modi�ed. The robust weighting scheme is an intermediate approach that avoids to give too much
weight to a cell with low natural weight: if the natural weigh t is lower than a threshold the weight
is unchanged, but if it is higher, the weight of the cell is setto this threshold. Therefore, there is
some 
exibility in the way to weight the visibilities that de pends of course on the scienti�c goals
to be achieved. In order to implement the same approach for the pseudo-visibilities, we introduce
here an additional scaling factor, f pv , which links the pseudo-visibilities total ( ! pv ) and natural
(! nat

pv ) weights
! pv = f pv ! nat

pv : (10)

From single-dish to pseudo-visibility natural weights Producing the short-spacing infor-
mation is done in two steps:

11



3. single-dish versus interferometer weights and observin g times

1. A given �eld-of-view in the sky is mapped with a single-dish antenna during a given time.
A total weight ! sd is attached to this observation. Computed from the noise in the image,
the total weight can be expressed as a function of the observing time via the radiometer
equation (see Sect. 3.2.1).

2. The single-dish data is processed as described in Sect. 2.3.1 to produce pseudo-visibilities
in the uv plane range from 0 toD � d. These pseudo-visibilities will have a natural weight
! nat

pv . Due to all the processing applied to the single dish map to obtain pseudo-visibilities,
the weights ! nat

pv and ! sd are not equal. To take into account this fact, we will introdu ce a
factor f sd as follows

! nat
pv = f sd ! sd: (11)

It is important to note that f sd is a �xed value, that depends on the single-dish input
maps (size, noise distribution,...), the ratio of single-dish and interferometer antenna diameters,
and, of course, on the processing applied to compute pseudo-visiblities that is described in
Sect. 2.3.1. The derivation its exact value is far from trivial and is presented in Sect. 4. For
instance, f sd � 5:10� 3 for a single-dish and interferometer antenna diameter respectively of
30 m and 15 m and and an observed single-dish map with uniform noise and twice as large as
the interferometric �eld-of-view. With the same parameter s but a single-dish map size equal to
the interferometer �eld-of-view one gets f sd � 2:10� 2.

Final formulation

Introducing Eqs. 10 and 11 into Eq. 9, we obtain the followingequality to have a Gaussian
weight density in the uv plane.

! sd =
1
3

f int

f sd f pv
! int : (12)

The factor f pv can be considere as a free parameters. Let's assume an interferometric dataset
is available (with a given f int and ! int ) and must be complemented by single-dish data. Several
approaches can then be considered:

1. One can �x f pv = 1 to use just the pseudo-visibilities natural weight and then use Eq.
12 to get the value of the total weight in the single-dish map needed to have a Gaussian
weight density distribution. From this ! sd one can derive the total single-dish observing
time. Since f sd � 1 (Sect. 4), this approach implies very long single-dish integration times
(see Sect. 3.2 below).

2. Due to the lack of a detailed calculation of the pseudo-visibilities natural weight, it has been
common to assume that the pseudo-visibility weight is equalto the weight in the single-dish
image (! pv = ! sd). In our notation, this is equivalent to setting f pv = 1=f sd, which is a
signi�cant up-weighting of the pseudo-visibilities. Taki ng into account this weighting one
gets a single-dish integration time which is typically similar to the interferometer observation
time (see Sect. 3.2).
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3. single-dish versus interferometer weights and observin g times

3. Alternatively one can �x the single-dish observing time to a reasonablevalue (see below)
and thus �x ! sd. Eq. 12 can then be used to derive the value off pv that ensures a Gaussian
weight desnity distribution:

f pv =
1
3

f int

f sd ! sd
! int : (13)

In practice, Case 1 and 2 give maximal and minimal integration times, respectively. The
third approach should only be used with an integration time long enough to avoid corrupting the
interferometer data with noise-dominated single-dish data. Section 5 presents a comprehensive
study of this approach and shows that the single-dish integration time obtained in Case 2 is an
strict minimum.

3.2 Observing times

The weights ! sd and ! int can be written as a function of the integration times tsd and t int using
the radiometer or sensitivity equation for the single-dish and the interferometer. Therefore, it is
possible to obtain an equation giving the single-dish observing time needed to get a combined
Gaussian dirty beam.

3.2.1 Single-dish sensitivity

The single-dish total weight ! sd is derived from the total single-dish rms noise with

! sd � 1=� 2
sd; (14)

where � sd, expressed in 
ux units, is given by

� sd[Jy] = f obs
2k
� A

Tsyssdp
Npix � � t sd

(15)

where k is the Boltzman constant, A is the antenna collecting surface,Tsyssd the system tem-
perature, Npix is the number of simultaneous pixel mapping at the same time (e.g. 2 for 2
polarizations or 18 for the IRAM-HERA multi-beam), � � the frequency bandwidth, � an instru-
mental e�ciency factor (including the antenna e�ciency), tsd the on+o� integration time for
the whole map andf obs depends on the observing mode

� f obs =
p

2 for frequency-switched observations;

� f obs = 2 for position-switched observations;

� f obs = 1+1 =
p

R for ON-OFF OTF observations with R the ratio between the time spent on
the OTF scan and that spent on the OFF position; Typically: R = 30 and thus f obs ' 1:2.

Alternatively, the Eq. 15 can be written as:

� sd[Jy] = f obs Jsd
Tsyssdp
� � t sd

(16)

where Jsd is the conversion factor from K to Jy for the single-dish telescope.
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3. single-dish versus interferometer weights and observin g times

3.2.2 Interferometer sensitivity

As for the single-dish case, the total interferometric weight is derived from the total interferometric
rms noise with

! int � 1=� 2
int (17)

where � int , expressed in 
ux units is given by

� int [Jy] =
J int Tsysint

� atm

q
Nant (Nant � 1) Npol � � t int

(18)

whereJ int is the conversion factor from K to Jy for the interferometer antennae,Tsysint the system
temperature, � atm the decorrelation factor due to atmospheric phase noise,t int the on-source total
integration time, � � the frequency bandwidth, Nant the number of antennae andNpol the number
of polarization observing simultaneously with the same frequency setup (e.g. 1 or 2).

3.2.3 Relative observing times

Formula Substituting Eqs. 16 and 18 into the formula that ensures a Gaussian weight density
distribution in the uv plane (Eq. 12) one gets the following equation linking the interferometer
and single-dish integration times.

tsd = t int
1
3

f int

f sd f pv

NpolNant (Nant � 1)
Npix

 

� atm f obs
Jsd Tsyssd

J int Tsysint

! 2

(19)

As mentioned above (discussion of Eqs. 12 and 13), this last relation can be used either
to compute the optimal single-dish integration time tsd for a given value of f pv , or to compute
the optimal weighting (i.e., the value of f pv ) for a given integration time (provided that the
integration time is not shorter the minimum obtained with f pv = 1=f sd).

Numerical applications

IRAM (PdBI and 30m) Jsd = 6 Jy/K at 3 mm, 10 Jy/K at 1.3 mm for the 30m single-dish,
while J int = 22 Jy/K at 3 mm and 35 Jy/K at 1.3 mm for the PdBI antennas. � atm = 0 :9
at 3 mm, 0.8 at 1.3 mm for the Bure site. With Nant = 6, we obtain

tsd � 0:6t int
f int

f sd f pv

Npol

Npix

 

f obs
Tsyssd

Tsysint

! 2

: (20)

Before 2007 i.e. old receivers at PdBI and 30m: Npol = 1, Npix = 2, similar Tsys

tsd � 0:3t int
f int

f sd f pv
f 2

obs: (21)
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Between 2007 and mid 2009 i.e. new receivers at PdBI but old receivers 30m:Npol = 2
and Npix = 2, Tsyssd � 2Tsysint

tsd � 2:4t int
f int

f sd f pv
f 2

obs: (22)

After mid 2009 i.e. new receivers at PdBI and 30m:Npol = 2 and Npix = 2, similar Tsys

tsd � 0:6t int
f int

f sd f pv
f 2

obs: (23)

ALMA The short-spacings information for ALMA will be obtained wi th the Atacama Compact
Array (ACA), which is composed of twelve 7 m dishes and four 12m dishes. The four 12 m
antennas can be used in single-dish mode, in the way described in this document, to obtain
the short-spacings data to complement the observations with the array of 7 m antennas. Let
us assume the sameTsys (because of the same site and same receiver system),Npix = 4Npol

(because there are 4 antennae used as single-dish),� atm = 0 :9 and Jsd=Jint � 3 (i.e. the
ratio of the antenna areas). Therefore, takingNant = 12, we obtain

tsd � t int
f int

f sd f pv
f 2

obs: (24)

3.3 E�ect of the di�erent weighting schemes on the single-di sh observing time

In Sect. 3.1 we have discussed several weighting schemes based on the assumption that the weight
distribution in the uv plane should be close to Gaussian. On the other hand, in Sect.3.2 we
have derived some formulae relating interferometer and single-dish observing times for speci�c
combination of instruments in which we did not substitute th e values of the factorsf sd, f pv , f obs

and f int . Here we make a �nal numerical comparison of how the single-dish integration time
depends on the weighting scheme using Eq. 21 (i.e. IRAM-30m and PdBI instruments before
2007). We assume that the single-dish observations have been done in OTF mode (f obs=1.2),
we take f int =0.4, which is a typical value for the PdBI compact con�gurat ion, and we setf sd to
5 10� 3, as derived in Sect. 4. With this assumptions the single-dish observing time tsd is:

Using natural weights ( f pv =1): tsd � 34t int

Using f pv = 1
f sd

( i.e. , assuming ! pv = ! sd) : tsd � 0:2t int

In practice, the single dish observations made to compute pseudo-visibilities are obtained in
a time which is in between those limits, although closer to the second, smaller value. We discuss
the outcome of this practice in the Sect. 5.

4 Pseudo-visibility natural weights as a function of the tot al
weight of the single-dish map

We have obtained an equation (Eq. 19) giving the single-dishobserving time as a function of the
observing time with the interferometer. Using natural weighting ( f pv = 1), the critical unknown
parameter is the factor f sd giving the pseudo-visibilities weight ! pv as a function of the total
weight in the single-dish map! sd. The goal of this section is to constrain the value off sd.
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4. pseudo-visibility natural weights as a function of the to tal weight of the
single-dish map

4.1 Image plane de�nitions and assumptions on the single-di sh observing
mode

For simplicity's sake, we will assume that the single-dish data is already gridded. The intensity
of each gridded pixel can thus be seen as a statistical variable, I . The measured intensity value of
pixel represents the variable mean< I > and the measured noise value of the pixel represents the
variable standard deviation � I �

p
< I 2� < I >> . We will call the weight of the pixel ! I � 1=� 2

I .
The single-dish total weight ! sd is derived from the total single-dish rms noise� sd with

! sd � 1=� 2
sd: (25)

It is usual to de�ne the total single-dish rms noise � sd as the standard deviation of the weighted
average of the pixel intensity values

� sd � standard deviation(Asd); (26)

where

Asd �

P
ij ! I ij I ij

P
ij ! I ij

(27)

When the noise properties of the pixel intensities are totally independant from each other,
the statistical variables I are then said uncorrelated. In this case only, it is easy to show that the
total single-dish weight is the sum of the weights of each pixels, i.e.

! sd =
X

ij

! I ij : (28)

For instance, this is the case when each pixel of the single-dish map is observed in position-
switched mode. In contrast, the case of the single-dish On-The-Fly observing mode is more
complex because the noise properties depends 1) on the switching mode and 2) possibly on the
source coverage. Frequency-switched OTF observing mode ensures statistical independence of
the noise properties of the di�erent pixels. The ON-OFF switched OTF observing mode always
imply some correlation of the noise properties from pixel topixel because the OFF position is
shared between several ON position. However, the degree of correlation in this case depends
on the exact observing setup and in particular on the number of time the source is covered by
di�erent OTF scans.

For simplicity's sake, we will assume in the following that the single-dish observations have
been done with an observing mode which ensures that the noiseproperties are independent from
pixel to pixel.

4.2 uv plane de�nitions

As in the image plane, each pseudo-visibility can be seen as acomplex statistical variable Vpv .
The measured values of the visibilities represent the variable means,< Vpv > and the measured
noise value of the visibility represents the variable standard deviation,

� Vpv �
q

< (Vpv � < Vpv > )(Vpv � < Vpv > )� >: (29)

We will call the weight of the pixel ! Vpv � 1=� 2
Vpv

.
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4. pseudo-visibility natural weights as a function of the to tal weight of the
single-dish map

The pseudo-visibility total weight, ! pv , is derived from the total pseudo-visibility noise, � pv ,
with

! pv � 1=� 2
pv : (30)

As in the image plane, we de�ne the total pseudo-visibility rms noise� pv as the standard deviation
of the weighted average of the pseudo-visibility values

� pv � standard deviation(Apv ); (31)

where

Apv �

P
uv ! Vpv uv

VpvuvP
uv ! Vpv uv

: (32)

4.3 Analytical approach

The Fourier transform of the I ij statistical variables are themselves statistical variables which
will be named ~I uv . It is possible to show that the weight associated to each variable ~I uv is just the
sum of the weights associated to theI ij statistical variables, provided that the I ij are statistically
independent. This property of the Fourier transform is used every day in the interferometric
imaging process to estimate the noise of an image from the noise associated to each visibility.
The naive approach consisting in using the above property through several steps, which each uses
a Fourier transform, is wrong. Indeed, according to the de�nition of the Fourier transform, each
variable ~I uv is a linear combination of all the I ij statistical variables. This implies that the ~I uv

variables are not statistically independent anymore, eventhough the I ij variables were assumed
statistically independent. And the above property can not be used anymore.

A small illustration is readily derived from the successionof a Fourier transform and then an
inverse Fourier transform on I ij independent statistical variables, whose weights varies with ij .
Applying twice the above property would give a uniformly distributed weight for the I ij variables
in contradiction with the original assumption. The fact tha t the variables becomes statistically
correlated through Fourier transform makes the analytical approach impractical. Indeed, we can
not easily follow how the weights transform independently through each step.

4.4 Simulation approach

We simulated Nsim sets of I ij values by adding Gaussian noise to a given mean value< I ij > .
We assumed that each pixel in the image has been observed using the position-switching mode
with similar weather conditions and for the same amount of time. This implies that 1) the I ij

variables are statistically independent and 2) the noise and weight distribution in the image is
uniform. The weight of each pixel (! I ij ) is simply deduced from the total single-dish weight (! sd)
as:

! I ij =
! sd

n i n j
; (33)

wheren i and n j are the number of pixels on thei and j axes of the input image. In the Appendix
A we discuss other, non-uniform, noise distributions. In particular, a noise distribution which is
inverse to the attenuation of the interferometer primary beam.

For each set ofI ij values, we used the standard short-spacing processing (gildas/mapping
uv short ) to obtain a set of pseudo-visibility values Vpvuv

. In this step, we assumed that the
single-dish and interferometer antenna diameters were respectively 30 m and 15 m. We then used
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5. short-spacings addition in practice

Eq. 32 to take into account the e�ect on the pseudo-visibility weight from the introduction of
statistical correlation during the processing of the single-dish data. In this equation, the ! Vpv uv

have been estimated by computing �rst the standard deviation of the Nsim values of eachVpvuv

statistical variable. Fig. 3 displays the weights ! Vpv uv
as a function of the uv distance. The red

curve displays the following Gaussian

! Vpv uv
/ exp

 

�
u2 + v2

d2

!

with d2 �
2 ln(2) � 2

� 2� 2
sd

; (34)

where � is the observation wavelenght and� sd is the full width at half maximum single-dish
beam. We checked that this Gaussian shape comes from the stepof deconvolution of the single-
dish beam, which is a division by the single-dish beam in theuv plane (see also the Appendix
A). It is worth noting that the full width at half maximum of th e weight function is about half
the single-dish diameter, and not just the single-dish diameter because of the power of two in the
de�nition of the weight.

Using the weights ! Vpv uv
shown in Fig. 3, we have computed the weighted mean given by

Eq. 32 to obtain Nsim values of Apv , whose standard deviation � pv gives the pseudo-visibility
total weight, ! pv , as described in Sect. 4.2. Finally, the factorf sd, is simply computed as
f sd = ! pv =! sd.

The defaults parameters areNsim = 1500, an input single-dish total weight of 1 Jy� 2, a
sampling equal to Nyquist and a single-dish �eld-of-view twice as large as the interferometric
�eld-of-view. For all the experiments, we checked how the estimation of f sd converge with Nsim

(Fig. 4, top-left panel) and we derived the values off sd from the limit behavior. The top-right
panel of Fig. 4 displays thef sd factor as a function of the single-dish total weight (! sd). This
shows that f sd is basically independent of the value of! sd as expected. It also shows that our
estimation of the f sd factor is correct within 10%. The bottom-left panel of Fig. 4 displays the f sd

factor as a function of the sampling in Nyquist unit, i.e. a value of 1 means Nyquist sampling, 0.5
twice Nyquist sampling, and so on... As we are always better than Nyquist sampled, we expect
the f sd to be independent of the sampling. The results show a systematic trend but it is within the
error bar of our estimation of f sd. Finally, the bottom-righ panel of Fig. 4 displays the variations
of f sd as a function of the �eld-of-view measured by the single-dish in unit of the interferometric
�eld-of-view. The dashed line displays a curve/ 1=fov2, i.e. inversely proportional to the number
of independent single-dish beam in the measured �eld of view. In addition, we also discuss in
Appendix A how f sd changes for di�erent noise distributions in the single-dish images.

In summary, f sd � 5:10� 3 for a single-dish and interferometer antenna diameter respectively
of 30 m and 15 m and and an observed single-dish map twice as large as the interferometric �eld-
of-view (de�ned as twice the FWHM of the primary beam). In contrast, one gets f sd � 2:10� 2

for a single-dish map of the same size than the interferometer �eld-of-view.

5 Short-spacings addition in practice

In Sect. 3.1, we de�ned a criterion to set the pseudo-visibility total weight knowing the inter-
ferometric total weight. We stated that this criterion is op timum from the deconvolution point-
of-view. In this section, we will try to quantify this assert ion by checking the e�ects of varying
the pseudo-visibility total weight. We will then explore th e e�ect of decreasing the single-dish
observing time, while keeping the optimum pseudo-visibility total weight. We will also check the
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Figure 3: Weight of the pseudo-visilibities as a function ofthe uv distance. Those weights are
computed from simulations where single-dish noise values are randomly drawn and then processed
to obtain pseudo-visilibilities (see the text for details). 1500 simulations have been done with an
input single-dish total weight of 1 Jy � 2, a sampling equal to Nyquist and a single-dish �eld-of-
view twice as large as the interferometric �eld-of-view. The red curve is a Gaussian whose full
width at half maximum is derived from the full width at half ma ximum of the single-dish data
(30m in the case of the IRAM-30m single-dish used here).
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Figure 4: Ratio of the pseudo-visibility total weight to the single-dish total weight (f sd) as a
function of one simulation parameter varied at a time: The number of simulations (at top left),
the input single-dish total weight (in arbitrary units, at t op right), the sampling (in unit of the
Nyquist sampling, at bottom left) or the �eld of view (in unit of the interferometric �eld-of-
view, at bottom right). The defaults parameters are 1500 simulations, an input single-dish total
weight of 1 Jy, a sampling equal to Nyquist and a single-dish �eld-of-view twice as large as the
interferometric �eld-of-view. The left axes show the ratio value while the right axes show the
relative distance from the default value, in percentage.
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e�ect of remaining stripes due to bad baseline removal in thereduction of the single-dish data.
We will �nally explore the required single-dish �eld-of-vi ew. We will do all these experiments on
real data sets obtained with the IRAM instruments.

5.1 Data set description

The IRAM Plateau de Bure Interferometer (PdBI) was used to achieve high spatial resolution in
mapping 12CO(1-0) emission from the Galactic di�use gas in the vicinity of the line-of-sight to
the bright extragalactic quasar NRAO150, a.k.a B0355+508 at the following position: � 2000 =
03h59m 29:747s, � 2000 = 50 � 57050:1600.

We observed in July 2005 a seven{�eld mosaic, centered on theposition of NRAO150. The
�eld positions followed a compact hexagonal pattern to ensure Nyquist sampling in all directions.
This eventually gives an approximately circular �eld-of-v iew of diameter � 10000. This mosaic
was observed for about 12.5 hours oftelescopetime with 4 to 6 antennas. Taking into account the
time for calibration and after �ltering out data with rms tra cking error larger than 100(computed
over the scan length), this translated into on{source integration time of useful data of 3.3 hours
in the D con�guration with 6 antennas. The typical angular re solution at 2.6 mm is 5:800in the
D con�guration.

The 12CO J =1{0 was also observed with the IRAM-30m during about 3 hours of good
summer weather (� 4 mm of water vapor) in September 2005. The two available 3mm single-side
band mixers (A100 and B100) were used in the OTF observing mode to map a �eld-of-view of
22000� 22000centered on the position of NRAO150. The dump time was 1 second and the scanning
speed� 300=sec. The �eld-of-view was covered twice by raster-scanningalong the RA axis and
once by scanning along the Declination axis. The HPBW of the telescope for the J=1-0 line is
2200and the rasters were separated by 1000, providing Nyquist sampling at 2.6 mm. We used the
ON-OFF switching mode with a reference position located at (+40000; 000).

The calibration, imaging, deconvolution, and scienti�c analysis of the data is described in
detail in Pety et al. (2008). The �nal data cube has 151 velocity channels of 0.2 km/s width.
For simplicity sake, the brightest channel at -10.24 km/s has been extracted and only this one
is used in this work. The IRAM-30m ungridded data and the IRAM -PdBI uv tables are freely
available in the GILDAS distribution, as they are used to demonstrate the wide-�eld capabilities
of the GILDAS imaging and deconvolution algorithms.

Since the observations were done before 2007, the corresponding formula to compute single-
dish integration times as a function of the interferometer integration time is given by Eq. 21.
As descrived in Sect. 3.3, to use natural weights (f pv = 1), tsd should have been of 112 h for
t int = 3 :3 h. On the other hand, 0.6 hours would have been enough if one would have applied an
up-weighting factor of f pv = 1=f sd. In reality, the source has been observed with the single-dish
during about 3 hours, i.e., about 5 times more. Therefore, this is the third case discussed at the
end of Sect. 3.1 in which the single-dish observing time is �xed to an intermediate value (and
so ! sd) and one has to use Eq. 13 to determine an optimal weighting factor to have a Gaussian
weight distribution.

5.2 Experimental setup

In all experiments discussed below, only the single-dish data or its use in the data processing
were modi�ed, the interferometric data being unchanged. Weused standard GILDAS/MAPPING
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tools to process the short-spacings, to image the combination of single-dish pseudo-visibilities and
interferometric visibilities and to deconvolve the dirty i mage. Indeed, all these steps are pipelined
in the GO IMAGEcommand, which we used for all our experiments. The two following control
parameters were set to ensure a processing as independent aspossible of the context:

� The pixel size, set to 1:400 (the image size is automatically set to 128� 128 pixels, i.e.
179:2 � 179:200);

� The stopping criterion set to a maximum number of CLEAN components of 4000. We
checked whether the CLEAN deconvolution fully converged. It was the case in all experi-
ments, except a subset of the �rst experiment, for which we show the residual images.

All the other control parameters were left to their default values, except in experiment #1, where
the total single-dish weight have been varied. The deconvolution method was the basic CLEAN
method, known as HOGBOM. No support was used during the deconvolution to avoid any bias.

5.3 Experiment #1: In
uence of the relative total weights

Our �rst experiment aims at determing how the combined synthesis result (i.e. clean image
resulting from the combination of the IRAM-PdBI interferom etric and IRAM-30m single-dish
data) depends on the relative total weights of the interferometric and single-dish data. We
assume that the criterion of having a Gaussian dirty beam is the optimal solution (Eq. 8). Since
in this case tsd, and so! sd, are �xed, in order to satisfy Eq. 8, one has to up-weight the pseudo-
visibilities by a factor f pv given by Eq. 13. Hereafter, we will refer to the pseudo-visibility total
weight using this factor as theoptimal weight and we will study how the results change when the
pseudo-visibility total weight is larger or smaller than th e optimal value. Fig. 5 gives the results
for pseudo-visibility total weight smaller than the optima l one. Fig. 6 gives the results when the
pseudo-visibility total weight is larger than optimal.

The pseudo-visibility total weight �rst a�ects the dirty be am. Indeed, the dirty beam is the
Fourier transform of the sampling function. Hence in the absence of zero-spacing, the dirty beam
integral is equal to the weight of the zero-spacing,i.e. the dirty beam integral is zero valued
(as much power in the negative side-lobes as in the positive side-lobes). Although essential, this
e�ects appear subtly for less than optimal pseudo-visibilities total weight, while the evolution of
the dirty beam is very fast for more than optimal pseudo-visibilities total weight. For instance,
the dirty beam azimuthal average and images vary slowly in Fig. 5 while broad shoulders appear
on Fig. 6. The optimal pseudo-visibility total weight value is at the onset of the apparition of
the dirty beam shoulders. This is expected because our optimal criterion tries to mimic as much
possible as possible a Gaussian dirty beam.

The variation of the pseudo-visibility weight has two other e�ects. The �rst one a�ects the
CLEAN convergence. When giving less and less weight to the single-dish data, more and more
parts of the dirty image are negative. The CLEAN algorithm th us oscillates between positive
and negative CLEAN components, which makes the CLEAN convergence much slowlier (cf. the
increase of the residual levels on Fig. 5 when stopping at thesame total number of CLEAN
components). The second e�ect a�ects the clean beam, which is a Gaussian �t of the dirty
beam main lobe. It is almost constant for less than optimal pseudo-visibility total weight. Its
FWHM starts to increase for more than optimal pseudo-visibility total weight. At some point,
the Gaussian �t algorithm is dominated by the broad shoulders of the dirty beam and the spatial
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Figure 5: Evolution of the combined synthesis results (i.e. the combination of interferometric
and single-dish data coming from IRAM-PdBI and IRAM-30m instruments) as a function of the
relative total weight. Each row shows the results for a particular relative total weight, which is
displayed on the �rst column in unit of the optimal f pv as given by Eq. 13,e.g. the single-dish
weight has zero relative weight on the top row, an optimal relative weight on the bottom row and
1/64 time the optimal relative weight on the middle row. The single-dish data is here given less
relative weight than the optimal value. The second column displays the azimuthally averaged
dirty beams in black and the synthesized Gaussian in red. Thethird column displays the images
of the dirty beams. The fourth column displays the cleaned images. And the �fth column displays
the residual images. For the images, the contour levels are displayed on the color look-up tables
at left of the images. 23
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Figure 6: Same as �g. 5 but for the relative weights. The single-dish data is here given more
relative weight than the optimal value.
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resolution diverge. This happens here for a pseudo-visibility total weight less than one order of
magnitude larger than our optimal value.

The clean image becomes more and more patchy for lower pseudo-visibilities total weight. The
clean image resulting from the deconvolution of the interferometric data alone shows negative
signal due to the spatial �ltering of the south-east north-west plateau. Conversely, the clean
image becomes smoother and smoother for larger pseudo-visibilities total weights.

5.4 Experiment #2: In
uence of the single-dish integration time

Having an analytical criterion (Eqs. 8-12) to set the relative total weights of the single-dish and
interferometric data does not mean that the single-dish data have been observed in the right
conditions. In the observations discussed here, the sourcehas been observed with the single-dish
during about 3 hours (see Sect. 5.1), which is about 5 times more that the time that one can
derive using Eq. 21 with f pv = 1=f sd, but much less than the 112 hours given by Eq. 21 with
f pv = 1 (natural weights only). In this section, we study how the combined synthesis results
depend on the single-dish observing time.

In the calculations presented here, we have added random Gaussian noise to the single-dish
data before gridding. The rms of the added noise is computed as to mimic a given decrease of
the single-dish observing time. Fig. 7 shows the results. The top row displays the results coming
from the raw data. All the other rows display the result with a dded Gaussian random noise. We
labelled each row with the corresponding integration time, in fraction of the total integration
time tobs.

The visual inspection of the single-dish and combined synthesis images gives the impression
that the main features of the combined synthesis images are mostly constant for a large range of
the single-dish integration time. To get more quantitative ideas, we used the concepts of image
and uv plane �delities, introduced by Pety et al. (2001b,a,c). In short, �delities are computed
with

Fidelity( i; j ) =
abs(Reference(i; j ))

max(abs(Di�erence(i; j )) ; 0:7 � rms(Di�erence))
; (35)

where i; j are pixel indices, Reference is the reference image and Di�erence is the di�erence
between the reference and the modi�ed image. In the image plane, it is pratical to compute
1) the cumulative histogram of the �delity values, i.e. the number of pixels whose values are
larger than a given �delity and 2) the median �delity, taking into account only the pixels whose
intensity in the initial model image is higher than 20% of the peak. We compute here only one
median �delity with a quite high intensity threshold, which is a compromise between the wish to
avoid noisy pixels and the need to get a large number of pixelsin the statistics: This is possible
here with such a high intensity threshold because the sourceis quite extended. In the uv plane,
it is convenient to plot the azimuthal average of the �delity as function of uv radius (instead of
the cumulative histogram) because it gives the evolution ofthe �delity as a function of the data
origin (single-dish or interferometry).

Fig. 8 and 9 shows the comparison in the image anduv plane of our reference image (combined
synthesis obtained with the default single-dish data) and the combined synthesis obtained with
a 0.05% addition of noise in the single-dish data. Fig. 8 displays an almost square cumulative
�delity histogram in the image plane, with a maximum �delity value of about 200 and median
�delity values between 50 and 100. In theuv plane, the Fig. 9 insert shows that theuv �delity
is very large for uv radius less than 15 m. The �delity value decreases very quickly from 50 to
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Figure 7: Evolution of the combined synthesis results as a function of random noise added to
the single-dish data, the interferometric data staying unchanged. The top row shows the raw
data, which will be our reference data set. The following raws show the results for a particular
reduction of the total on-source integration time, which is displayed on the �rst column with
the resulting single-dish noise per pixel in parenthesis. The second column displays the gridded
single-dish data, the third column the deconvolved combined synthesis data. The fourth column
displays the histogram of the cumulative �delity in the imag e plane. The green vertical lines are
drawn at the median �delity computed for the image pixels whose intensity is at least 20% of the
maximum value. The �fth column displays the azimuthal averages (not median) of the �delity
as function of uv radius. The red vertical lines are set at 15 m (diameter of thePdBI antennae)
and 85 m (size of the PdBI D con�guration).

26



5. short-spacings addition in practice

Figure 8: The 2 top images show the raw data (right) and the modi�ed data (left). The 2
bottom images show complementary information: The di�erence (raw� modi�ed, at left) and
the �delity (raw/(raw � modi�ed), at right). To quantify the visual impression, sev eral numbers
are provided: Integrated 
uxes (and their percentage as compared to the raw data); rms of
the di�erence image; �delity range (max(abs(raw))/rms(di �erence)). Finally the histogram of
cumulative �delity is inserted in the header with median �de lities computed for the image pixels
whose intensity is at least 20/40/60/80% of the maximum value.

27



5. short-spacings addition in practice

Figure 9: Same as Fig. 8 but the results are shown in theuv plane. The top left corner show
the FFT of the raw data. The bottom left corner the FFT of the di �erence (raw� modi�ed).
The crosses show theuv positions where a visibility is e�ectively measured. The bottom right
corner is the ratio of the 2 previous FFTs: this is an image of the �delity of the observation in
the uv plane. Finally, the top right panel is a zoom of the uv �delity. The large circle enclose
the region where visibilities where measured (its radius isthe size of the PdBI D con�guration,
85 m). The small 15 m circle enclose the area where PdBI can a priori make only indirect visibility
measurement (via mosaicing) and where the short-spacing information from the 30m telescope is
in practice essential. Finally the azimuthal average (not median) of the �delity as function of uv
radius is inserted in the header. The red vertical lines are set at 15 m and 85 m.
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less than 10 between 15 and 85 m. This is due to the combinationof two factors. First, the
amplitude of the source decreases very quickly as a functionof the uv radius, implying that the
same value of di�erence appears as a much lower �delity for low amplitude values. Second, the
crosses plotted over the di�erence between the reference and modi�ed data sets display the uv
points where PdBI measured the visibilities. It is striking that while the di�erence is low (around
5) where there is data points, the di�erence can be as large as50 outside, implying a quite low
azimuthally averaged �delity value. In other words, even though only the single-dish data has
been very slightly modi�ed, the azimuthally averaged visibility values in the uv range from 15 to
85 m are probably dominated by theuv coverage of this experiment.

Getting back to Fig. 7, we see that the cumulative histogram shapes stay close to rectangular,
but that the maximum �delity and the median �delity decrease s sharply with the integration time,
going from 200 and 20 when using the total single-dish integration time to 20 and 4 for a single-
dish integration time reduced by a factor 64. In the uv plane, the uv �delity decreases at all uv
radius, although very slowly in the interferometric uv range and very quickly in the \single-dish"
uv range. More important, the image �delity regularly decreases when the noise increases. In
other words, we do not see a stationary regime, which would have allowed us to claim that we
have integrated enough with the single-dish antenna. In particular, Fig. 7 shows that the image
�delity clearly continue to increase for single-dish integration times longer than that given by
Eq. 21 with f pv = 1=f sd.

5.5 Experiment #3: In
uence of remaining stripes in the sing le-dish data

The platforming due to analog parts of the back-ends or the standing-waves due to complex
optics make the baseline removal a di�cult step in the reduction of single-dish data. It is rarely
perfect. Bad baseline removal on On-The-Fly data translates into stripes in the �nal image. To
explore the e�ect of single-dish stripes onto the combined synthesis result, we simulate stripes by
drawing a single Gaussian noise value every 30 dumps of the On-The-Fly single-dish data and
adding this value to these 30 dumps.

Figure 10 shows the results for di�erent levels of added strip noise. The top row in Fig. 10
displays the original data. Comparing Fig. 7 and 10, we see that strip noise degrades the quality
of the combined synthesis much more than random noise of the same magnitude. This e�ect
strongly favors observing with the single-dish antenna long enough to be able to do a good job
of baseline removal.

5.6 Experiment #4: In
uence of the single-dish �eld-of-vie w

In the last experiment, we explore the in
uence of the single-dish map size on the combined
synthesis results. To do this, we select before gridding thesingle-dish data inside a square of a
given size. Doing this before gridding is important becausethe gridded image is a bit larger than
the measured �eld-of-view due to the �nite size of the gridding convolution kernel (a Gaussian
of FWHM equal to 1/3 of the 30m resolution, i.e. � 700at 2.6 mm). We can do this experiment
because the size of the single-dish map is about twice the interferometric �eld-of-view. The e�ect
of limiting the single-dish map size implies that we use onlya fraction of the single-dish total
observing time in the processing. Therefore, the total weight of the input map decreases with
the map size. For each single-dish map used in this experiment, we have computed the optimal
weighting factor f pv as given by Eq. 13, which of course is di�erent for the di�erent map sizes.
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Figure 10: Same as Fig. 7 except that the added noise is now shared among typically 30 consec-
utive dumps of the On-The-Fly single-dish data. This is to mimic stripping e�ects due to bad
baseline removal.
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Figure 11: Evolution of the combined synthesis results as a function of the single-dish �eld of
view, the interferometric data staying unchanged. The column layout is the same as Fig. 7, but
for the �rst column which shows the used single-dish �eld of view in unit of the interferometric
�eld of view. The circles on the �rst two columns display the i nterferometric �eld of view. The
squares on the �rst column shows the region sampled by the single-dish data. The single-dish
image is larger than the square because of the �nite size of the gridding convolution kernel (a
Gaussian of FWHM equal to 1/3 of the 30m resolution, � 700).
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6. summary and conclusions

Figure 11 shows that the combined synthesis image is independent of the single-dish map
size as long as it is larger than 0.75 times the interferometric �eld-of-view (the size ratio 0.75 is
de�ned as the ratio of the side length of the square of the single-dish map to the interferometer
�eld-of-view diameter). For smaller single-dish maps, the image �delity decreases quickly. The
fact that a slightly smaller single-dish map than the interferometric �eld-of-view may be due
to the convolution by the gridding kernel, which perform an extrapolation at the image edges
(indeed the gridded single-dish map is still larger than theinterferometer �eld-of-view).

However, the good result obtained in this example with a sizeratio of 0.75 should also be
taken with care for several reasons. First, the good result depends on the source structure: A
large part of the north-east synthesized and single-dish �eld-of-view is almost devoid of signal,
implying that it is not needed to measure it (if we knew beforehand it was devoid...). Second,
in this experiment, two parameters are varied at the same time, the single-dish �eld-of-view but
also the total single-dish integration time, making the interpretation more complex. Finally, the
noise of a mosaic increases sharply at the edges of the mosaic. This implies that, measured with
the single-dish or not, the mosaic edges may be lost in the noise. Having a single-dish map wider
than the interferometric �eld-of-view thus helps the inter pretation of the signal at the mosaic
edges.

6 Summary and conclusions

This memo deals with the processing of single-dish data to produce the short-spacing information
�ltered out by (sub)-millimeter interferometers. We consi der the pseudo-visibility technique,
which proved to be extremely stable and robust over a large range of input data. One of the
main advantages of this method is that the short-spacings are added to the dataset before the
deconvolution, which eases the deconvolution process through standard algorithms.

� The relative weight between the pseudo-visibilities and the interferometer visibilities is
critical parameter, because the Fourier transform of theuv plane density of weights gives
the dirty beam. We discuss di�erent ways to set the pseudo-visibilities total weight once
the interferometer weight is known. The criterion optimal f rom a deconvolution point of
view is to set the pseudo-visibilities total weight so that the combined weight density gets
as close as possible to a Gaussian shape.

� Mathematically, this criteria translates into a relation b etween the total weights of the
pseudo-visibilities (! pv ) and the interferometric ( ! int ) visibilities

! pv =
1
3

f int ! int ; (36)

where f int the percentage of the used con�guration which falls between1.25 and 2.5d. The
corresponding relations between the observing time is:

tsd = t int
1
3

f int

f sd f pv

NpolNant (Nant � 1)
Npix

 

� atm f obs
Jsd Tsyssd

J int Tsysint

! 2

; (37)

where the di�erent parameters are de�ned in Sect. 3.2.
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� The factor f sd is the ratio between the total weight in the single-dish image (easily derived
from the observations) and the natural weights of the pseudo-visibilities that are extracted
from that image. Simulations have been used to derived a value of f sd � 5:10� 3 for a
single-dish and interferometer antenna diameter respectively of 30 m and 15 m and and an
observed single-dish map twice as large as the interferometric �eld-of-view.

� Using just the pseudo-visibility natural weight ( f pv = 1), we derive a single-dish observing
time which is very long and in practice out-of-reach (112 hours for the example discussed in
this memo). This is because the e�ciency of the translation of the total single-dish weight
into the total weights of the pseudo-visibilities (i.e. the f sd factor) is very low.

� A compromise is to use shorter single-dish integration timeand to upweight the pseudo-
visibilities to get a Gaussian weight density distribution. This must be performed with care
because giving the pseudo-visibilities more weight than their natural weights emphasizes
single-dish noise in the �nal combined synthesis result. A usual practice to get an idea of
the single-dish integration time is to assume that the total weight of the pseudo-visibilities
equals the total weight of the input single-dish map (! pv = ! sd, which is equivalent to setting
f pv = 1=f sd). However, we stress that this approach only gives aminimum single-dish
integration time since we have shown that increasing the single-dish integration time above
this minimum value increases the quality of the combined synthesis result. This is consistent
with the single-dish time estimation using pseudo-visibility natural weigths, which is much
longer. In addition, it is important to get enough time at the single-dish antenna to be able
to correctly reduce all the artifacts characteristic of single-dish observations (e.g. stripes).

� Finally, we shown that the size of the single-dish map must beat least that the interfero-
metric �eld-of-view.
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A. another determination of the pseudo-visibility natural weights and the
effect of the single-dish observing strategy

A Another determination of the pseudo-visibility natural w eights
and the e�ect of the single-dish observing strategy

To cross-check the results obtained with theGILDAS tools, we independenly coded the single-
dish processing to compute the pseudo-visibilities in a waywhich easily allowed us to check
the intermediate results. The main di�erence between both calculations is the lack of griding
in the new code since we work with simulated gridded data since the beginning and not with
observations.

We then used this code in a similar way than theGILDAS simulations described in Sect. 4.4.
We have computed 10000 input maps whose sizes are two times larger than the interferometer
�eld-of-view. The input maps contain 8 � 8 points spaced by half the FWHM of the IRAM-
30m telescope at 115 GHz (Nyquist sampling). The images are composed of Gaussian noise
corresponding to a total total weight of 1 Jy� 2, i.e., the weight per pixel is � 1

8� 8 Jy� 2. Figure
12a shows the weights in the input images (indeed this and allthe other panels in Fig. 12 show
cuts across them = 0 or v = 0 planes).

Afterwards, we processed the input maps as described in Sect. 2.3.1 (except for the griding, as
mentioned above), and we computed the weights at each step. Figure 12b shows the weights of the
Fourier transform of the input maps (the calculations are performed in only half of the uv-plane
to take into account that the Fourier transform of a real function is a complex Hermitian function
and thus only half of the visibilities are independent). Figure 12c shows the weights after division
by the beam pattern of the single-dish antenna and Fig. 12d the weights of the deconvolved
single-dish maps. Afterwards, the deconvolved maps are apodized by the interferometer primary
beam (the weights are shown in Fig. 12e) and �nally a Fourier transform is computed to obtain
pseudo-visibilities, whose weights are shown in Fig. 12f.

At each step of the calculation, we computed thetotal weight as described in Sects. 4.1 and 4.2.
The total weight of the pseudo-visibilities is 6:5 10� 3, which agrees within a factor of 1.3 with
the result obtained in Sect. 4.4. Since the input weight was chosen to be 1 Jy� 2, the value of the
factor f sd is also 6:5 10� 3.

A.1 The e�ect of the noise distribution in the single-dish im ages

The factor f sd depends on the processing applied to compute pseudo-visibilities but it also depends
on the noise properties of the single-dish image. For instance, instead of using a single-dish image
with a constant noise per observed point, one can do the single dish observations with a noise
distribution inverse to the attenuation of the primary lobe of the interferometer (or a combination
of interferometer primary beams in the case of a mosaic). Doing this one can optimize the
observing time. We have also done simulations following this scheme. The results are shown in
Fig. 13.

The total weight in the input single-dish images is ! sd=1 Jy � 2, but in contrast to the simula-
tions discussed above, the noise is distributed as the inverse of the interferometer primary beam
pattern. Thus, the weight in the input single-dish images is distributed as B 2

primary (Fig. 13a).
All the other characteristics of these simulations are the same than those described above.

The important point here is that the total weight of the pseud o-visibilities is ! pv =0.027 Jy� 2,
therefore f sd = 0 :027 in this case, instead of 6:5 10� 3 obtained when the noise distribution in
the single-dish image is uniform. Therefore, this scheme does optimize the weight of the pseudo-
visibilities at expenses of imposing strong constrains to the observing strategy.
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Figure 12: Weights computed with an independent code. We have computed 10000 input maps
composed of Gaussian noise and applied the data processing to obtain pseudo-visibilities. In
contrast with the simulations using GILDAS , here the input data are already gridded and not
extra gridding is performed. Each panel shows the weights after each step of the calculations
as a cut across them = 0 or v = 0 planes. a) Weights in the input images for a total weight
of 1 Jy� 2. The red line corresponds to a weight per pixel of 1

8� 8 . b) Weights after the Fourier
transform of the input images. The variance per point of the Fourier transform is the addition of
variances in the input images, however the addition should be divided by 4 to take into account
the Hermitian character of the Fourier transform of a real function. The red line has been
computed as (64� 64=4)� 1 c) Weights after division by the Fourier transform of single-dish beam
pattern. The red line is the Gaussian de�ned in Eq. 34 normalized to the peak value.d) Weights
after applying an inverse Fourier transform to obtain the deconvolved single-dish images. The
weights per pixel are again almost constant to 2:12 10� 6 (red line). e) Weights after apodizing
the deconvolved images by the primary beam pattern of the interferometer antennas. The red
line corresponds to the inverse of a Gaussian as de�ned by Eq.34 but using � primary instead of
� sd e) Weights after computing a Fourier transform to obtain pseudo-visibilities.The red line is
the Gaussian de�ned in Eq. 34 normalized to the peak value.
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Figure 13: Same as Fig. 12 (in particular the total weight in the input single-dish images is 1 Jy� 2)
but the noise distribution of the input single-dish maps follows the attenuation of the primary
lobe of the interferometer. (the weight in the input single-dish images {panela{ is distributed as
B 2

primary ). This observing strategy is more e�cient as the total weight of the pseudo-visibilities,
whose weight distribution in the uv plane is shown in panele, is ! pv =0.027 Jy� 2 and thus
f sd = 0 :027.
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