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ABSTRACT

This is the final report of the ALMA study project “Total Power Map to Visibilities (TP2VIS) —
Joint-Deconvolution of ALMA 12m, 7m & Total Power (TP) Array Data”. This study developed
software to convert a TP map into visibilities, which can be jointly deconvolved with ALMA 12m
and 7m array data on the CAsA platform. The TP2VIS procedure is based primarily on the one
discussed in Koda et al. (2011) with some modifications. The products from this study, software and
documentation, are distributed through the GITHUB repository:

https://github.com/tp2vis/distribute

The script “tp2vis.py” is a package that includes four functions: Tpr2vis, TrP2viswT, TP2VISPL, and
TprP2vISTWEAK. The TP2vis function generates a Gaussian visibility distribution, whose inversion,
i.e., the synthesized beam, reproduces the primary beam of TP telescopes under natural weighting.
The sensitivity-based weighing scheme is adopted as the default, but the TP2viSwWT function provides
several ways to manipulate the weights. The TP2VISPL function plots and visualizes the TP weights
with respect to those of ALMA 12m and 7m array data. After the joint deconvolution of TP, 7m, and
12m data, the residual map should be re-scaled with the TP2VISTWEAK function. This rescaling is
required due to the typical disparity between the areas of the synthesized beam and convolution beam,
which is discussed in this report. The TP2vis development team often encountered some issues in
CAsA, which sometimes became major hindrances. In the last section, we list some of the unresolved
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issues of CASA.

1. CONCEPT

Conceptually, the joint deconvolution of interferome-
ter and single-dish data is fairly simple. The two sets
of data are added before deconvolution (e.g., CLEAN),
so that the deconvolution routine can take advantage
of the better uv coverage. Deconvolution algorithms fill
data-absent (unfilled) parts of the uv space; by using
the data-present parts as guidance, they make guesses
for the unfilled parts. The better uv coverage permits
more educated guesses.

In practice, a joint deconvolution can be implemented
in different ways (e.g., Vogel et al. 1984; Cornwell 1988;

jin.koda@stonybrook.edu

Stanimirovic et al. 1999; Stanimirovic 2002; Takakuwa
2003; Rodriguez-Fernandez 2008; Kurono et al. 2009;
Pety & Rodriguez-Fernandez 2010). Most of them re-
quire fairly major adjustments in the existing CASA
package and will likely be implemented in the official
CAsA development in the future. TP2VIS intends to
provide an easy alternative, which maximally takes ad-
vantage of the existing CASA tasks with minimal modifi-
cations. In the CASA platform, TP2VIS converts a TP
map into TP visibilities, which can be passed on to the
existing deconvolution routines (CLEAN/TCLEAN). In
addition to this report, some more details of the TP2vIS
procedure are discussed in Koda et al. (2011).

The TPr2vIs package provides four functions in the
CASA platform. The key functions, TP2VIS, generates
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a CASA measurement set (MS) —visibilities including
weights— from a TP map. The weights are calculated
based on the root-mean-square (RMS) noise from the
TP map. This MS is ready for joint-deconvolution,
though in some cases one may wish to manipulate the

weights using the supplementary function, TP2VISWT.
An accessary function, TP2VISPL, plots the weights of
ALMA 12m, 7m, and TP visibilities for comparison.
Another function, TP2VISTWEAK, fixes the problem of
beam-size mismatch in the image space after deconvo-
lution (Section 4.2).

Table 1. Beam Terminology

Number Beam Name Symbol

1 Primary beam of Total Power (TP) telescopes Qrp
Primary beam of Virtual Interferometer (VI) telescopes Quir
Dirty beam (output from clean/tclean with niter=0) Qairty
Synthesized beam Qsyn
Deconvolution beam Qdec
Point spread function Qpst

4 CLEAN beam (typically derived from Gaussian fit to Qairty)  Qclcan
Convolution beam Qconv
Restoring beam Qres

NoTeE—Horizontal lines separate different beams. The third and forth beams have a few
names: Qdirty = stn = Qdec = stf7 and chean = Qconv = Qres-

2. THE TP2VIS PROCEDURE

The TP2vIS function takes a sky brightness distribu-
tion (TP map) and simulates observations with a virtual
interferometer (as defined below). Figure 1 shows the
flowchart of steps in the TP2vis function. The proce-
dure can be separated to three parts: first, it converts
the TP map into the sky brightness distribution, which
the virtual interferometer observes (steps A and B in the
figure). Second, it converts the brightness distribution
into visibilities (steps C and D). And third, the weights
of the TP visibilities are set so that they represent the
RMS noise of the original TP map (step E).

Different types of beams are involved in our discus-
sions. Hence, we list the beams in Table 1 to avoid
confusion.

2.1. Step A: Deconvolution with TP Beam Qrp

A map from TP observations represents a sky bright-
ness distribution convolved with a TP telescope beam
(Qrp). Hence, the map needs to be de-convolved with
Qrp. We approximate Qrp with a Gaussian with a full-
width half maximum (FWHM) of 56.6” at 115.2 GHz
and assume that it scales linearly with 1/frequency. We
note that the definition and handling of the TP telescope
beam may be changed in future, when the planned beam
manager (called “vpmanager”) is implemented properly

in CASA. With vpmanager in future, we should be able
to convert data from other single-dish telescopes into a
CASA measurement set.

2.2. Step B: Apply Virtual Primary Beam Qi

In interferometer observations, a sky brightness distri-
bution is attenuated by the primary beam (PB) before
signals are detected. Therefore, the PB pattern of the
virtual interferometer (€y;;) should be multiplied by the
sky brightness distribution from Step A at each pointing
position. The TP2vis function takes pointing center co-
ordinates of the virtual interferometer from an ascii list
set by the “ptg=" option.

2.3. Step C: Generate Gaussian Visibility Distribution

A visibility distribution (and MS) is generated so that
its Fourier transformation (called the synthesized beam
Qsyn) reproduces Qrp. Assuming a Gaussian TP beam
on the sky, the visibility distribution also follows a Gaus-
sian distribution. Hence, we generate random num-
bers to make a Gaussian visibility distribution in the
uv space. The standard deviations of the Gaussians in
the sky o and in the uv space o have the relation of
or = 1/270. The full width at half maximum (FWHM)
is calculated as FWHM=2+v/21n 20 (& 2.3550).

2.4. Step D: Fill Visibility Amplitudes and Phases
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By now, we have the sky brightness distribution
with the PB of the virtual interferometer applied (from
step B) and the Gaussian visibility distribution in the
uv space (step C). The sky distribution is Fourier-
transformed into the uwv space, which is used to fill the
AMPLITUDE and PHASE columns of the visibilities in
the MS.

These visibilities are already internally consistent.
CLEAN/TCLEAN with the natural weighting produces
a synthesized beam €y, similar to the TP telescope
beam Qrp. The brightness distribution also reproduces
the observed TP brightness distribution.

2.5. Step E: Set Weights of TP Visibilities

The Tpr2vis function sets visibility weights according
to the RMS noise in the TP map. The RMS value is set
manually by the “rms=" option. [Note that in the cur-
rent implementation, the RMS is set by hand, because it
is not always trivial to find emission-free channels using
an algorithm.] The RMS is converted to the weight of
individual visibilities. The equation for this conversion
is in Section 5. This sensitivity-based weight is a proper
representation of the quality of the TP data.

One may wish to adjust the weights of TP visibilities
with respect to those of ALMA 12m and 7m data. The
supplementary TP2VISWT function provides several op-
tions to manipulate the weights. An accessary TP2VISPL
function plots the weight distributions of ALMA 12m,
7m, and TP visibilities for comparison, so that user can
decide how the TP visibilities need to be weighted with
respect to 12m and 7m data.

3. A SCHEMATIC CODE

The TP2VIS package takes advantage of functions in
the CASA Toolkit. Here, we present a skeleton PYTHON
code and show how some of the functions are used in
Tp2vIs. A typical reader of this report may skip this
section entirely, but it may be useful for those who in-
tend to develop similar or better software.

In the CASA Toolkit, the “sm.predict” function in
the SIMULATOR module is the key. It takes a sky image
and visibilities, and swaps the visibility amplitudes and
phases with respect to the image. Hence, we generate
a visibility distribution that represents the Qrp shape,
and run “sm.predict” to generate TP visibilities.

The steps here are straightforward: (1) create a new
measurement set (MS) with a specified number of empty
visibilities, (2) replace their (u,v,w) coordinates with
those following a Gaussian distribution (with w = 0),
and (3) run “sm.predict” with a single-dish image as in-
put to replace the visibility amplitudes and phases. The
following shows the skeleton code.

# Open measurement set file

sm.open("ms file")

# Setup observational parameters

sm.setconfig() # observatory, antenna pos.
sm.setspwindow() # spectral window
sm.setfeed() # polarization
for "loop over pointings":

sm.setfield() # pointing centers
sm.setlimits()  # shadowing, el. limit
sm.setauto () # weight of auto-corr. = 0
sm.settimes () # integ. time per vis.

# Generate measurement set

# Set # of vis. by adjusting start/end time,
# integ. time, and # of antenna pairs.

sm.observemany() # generate "box" of vis.

# Replace uvw coordinates

tb.open("ms file") # open MS file as table
uvw = tb.getcol(’UVW’) # get uvw

# Generate gaussian distributions for (u,v),
# including (u,v)=(0,0). w=0.

tb.putcol (PUVW’ ,uvw) # put uvw back
tb.close()

# Replace amplitude/phase

sm.setdata() # all pointings
sm.setvp() # primary beam
sm.predict("image name") # replace amp/pha

# Close measurement set

sm.done ()

4. BEAM DISPARITY AND FLUX PROBLEM

Four different beams are involved in this report (Ta~
ble 1). The first two beams were used in Section 2; the
primary beam of the TP telescopes (rp) and that of
the virtual interferometer (€2yi;). The third and fourth
beams are from visibilities, i.e., a synthesized beam
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Figure 1. Flow chart of the TP2VIs procedure. TP2VIS processes the functions shaded in blue: taking a calibrated TP data
cube from CASA, converting it into a set of visibilities (i.e., a measurement set), and passing it to a deconvolution task in
CASA, together with the ALMA 12m and 7m interferometer visibilities.

(Qsyn) and convolution beam (Qconv). The Qgyn is also
called a dirty beam (Qqirty ), deconvolution beam (Qqec),
or point spread function (Qpsr). The Qeony is also called
a clean beam (Q¢jean) or restoring beam (Q,e5). As they
are needed in later sections, we describe the definitions
of Qgyn and Qeony in Section 4.1.

Jorsater & van Moorsel (1995) extensively discussed
the problem of flux conservation when there is a dis-
parity between the areas of Qg and Qcony. The prob-
lem becomes more apparent when the TP visibilities are
included (Section 4.2). We introduce two ways to re-
solve/mitigate this problem, by adjusting the weights of
the TP visibilities (Section 5.2), and/or by scaling the
residual map (Section 6).

Note that we use the symbols, {2y, and 2cony, to Tep-
resent the synthesized and convolution beams, respec-
tively, but also to denote their areas.

4.1. The Synthesized and Convolution Beams

The synthesized beam gy, equivalently Qgi¢y or
Qqec, represents the distribution of visibility weights in
wv space. Its 2-dimensional pattern, B(l,m), is a Fourier
transformation of the weight distribution W (u,v). With
the normalization of [[ W (u,v)dudv = 1,

B(l,m) = // W (u, v)e 2 +om) gy dy, (1)

The area of (), is the beam solid angle and is given as
an integration over space,

Quyn = / / B(l, m)didm = W (0,0). @)

This area depends only on W (0, 0), the weight of visibil-
ity at (u,v)=(0,0). This is just Wrp(0,0) when ALMA
12m, 7m, and TP visibilities are combined. Only the
weight of the TP visibility matters, because the inter-
ferometer data have zero weight at (u,v)=(0,0).

The convolution beam oy, equivalently Qcjean or
Qres, 18 typically defined by a Gaussian fit to the central
peak in the B(l,m) pattern. Hence, it depends on the
full weight distribution, W(u,v); but in practice, the
outer, long-baseline part of the visibility weight distri-
bution is often the determining factor.

4.2. Beam Disparity and Fluz Problem

For simplicity, we use CLEAN as an example here,
but it applies to other image deconvolution schemes as
well. In each iteration, the CLEAN task identifies a
peak in a dirty map, fits the 2-dimensional pattern of
{lyn to the peak to determine its position and ampli-
tude, subtracts it from the dirty map, and puts a J-
function at that position in a clean-component map.
The CLEAN task then convolves the clean-component
map with Qcony to produce a model map, which has
brightness units of Jy/Qconv. There is typically leftover
emission after CLEAN iterations. These unidentified
emissions are stored in a residual map, whose units re-
main Jy/Qgyn. The CLEAN task naively adds the model
and residual maps to produce a final map, whose units
are often denoted as Jy/beam, and for the “beam” in
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the denominator, Qcony is typically adopted. Therefore,

F M R
7] ~ (w70 * L7y | @
(Jy/Qconv) (Jy/Qconv) (Jy/QSyn)
where F';, M, and R stand for the final, model, and resid-
ual maps, respectively.

The areas and patterns of €y and Qeony could be
very different, as they depend on different parts of the
weight distribution in wv space (Section 4.1). In par-
ticular, if their areas are not equal, Qgyn 7# Qcony, the
brightness of R in eq. (3) is calculated incorrectly. For
example, if Qgyn > Qcony, the brightness in R is overes-
timated by Qsyn/Qeony (3> 1), leading to an overestima-
tion of flux in F. This happens when the ALMA 12m,
7m, and TP visibilities are combined.

In case Qeyn < Qconv, the brightness in R is underesti-
mated. The impact of this on F' may not be as noticeable
as in the opposite case, since R typically has much less
flux than M. This happens when 12m and 7m visibili-
ties are imaged without TP, since Qg = Wrp(0,0) =0
(hence, < Qcony). This flux problem did not attract
much attention in the past, as single-dish data were typ-
ically not included.

5. WEIGHTS

An optimal weighting scheme for TP visibilities is a
topic of debate. TP2VIS provides some implementations
of weighting schemes, as well as providing a framework
for testing other schemes that may be suggested in fu-
ture. It may be worth noting that in the history of radio
interferometry it has been very common to manipulate
visibility weights, e.g., using natural, uniform, or robust
weightings. No matter what weights are used, the final
map should be usable for scientific applications, as long
as the same weights are used consistently for both map
and beam in the imaging process.

Our main function, TP2VIS, sets the weights so that
their sum represents the RMS noise of the original TP
map. The supplementary function, TP2VISWT, provides
several options to manipulate the weights. Currently, it
has five modes:

e mode="statistics output statistics of the current
weights in MS(s).

e mode="constant’, value=: set the weights of all
visibilities to a constant value specified by the
“value="" option.

e mode="multiply’, value=: multiply a constant
value specified by the ”value=" option to the cur-
rent weights.

e mode="rms’, wvalue=: use the sensitivity-based
weight for all visibilities (Section 5.1). An RMS

value from TP map should be set with the

“value=" option.

e mode="beam” use the beam size-based weight for
all the TP visibilities (Section 5.2).

5.1. The Sensitivity-Based Weight

One of the most intuitive weighting schemes is the
one that represents the quality of TP data, namely
the root-mean-square (RMS) noise of the TP map.
The TP2vISWT function with the mode="rms’ sets the
weights to the sensitivity-based one. This is the default
weighting scheme used by the TP2vIS function as well.
Section 5.1.1 discusses the conversion of the RMS noise
of a TP map into the weights of individual visibilities.
For a joint deconvolution of ALMA 12m, 7m, and TP
visibilities, the weights of 12m and 7m data should be
set consistently. Section 5.1.2 shows the corresponding
weights of 12m and 7m data. [Note that CASA version
5 uses this definition of 12m and 7m weights by default.
Prior versions, however, did not set the 12m and 7m
weights properly.]

5.1.1. Weights for TP Visibilities

With the natural weighting, the sensitivity of a map,
or the RMS noise of the image (AS?), is a simple sum-
mation over all visibility sensitivities (AS}),

() - 2 <Agz>2 () @

where N,is is the number of visibilities. All visibilities
are assumed to have the same sensitivity (AS} = ASY).
The weight of each TP visibility is

1\ 1 /7 11\?
w=(ag) =wslas) @

5.1.2. Corresponding Weights for 12m € Tm Visibilities

For consistency, the 12m and 7m data should also use
the sensitivity-based weights. Theoretically, a visibility
sensitivity, for a single visibility & between antennas %
and j, is given by (Taylor et al. 1999; Thompson et al.
2007)

Tsys,i Tsys J o sys

=C; ,
B- tvis “ B- tvis

ASy = C;

where Ty i, Tys,j, and B, tyis are the system temper-
atures of ¢ and j, bandwidth, and integration time of
the visibility, respectively. For simplicity, we assume
= Tiys. The coefficient Cj; is

2kp 1

V010 43) (10 A7) V214

where 144, 14, Ai, A;, and 7, are the aperture effi-
ciencies and areas of antenna ¢ and j, and the quantum

Tsys,i = Tsys,j

Cij =

(7)
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efficiency of correlator, respectively. With the natural
weighting, the RMS sensitivity of final map is
T2

AS' = Oy 52, (8)

where tio¢ is the total integration time tior = Nyistvis-
The weights of 12m and 7m visibilities should be set to
wy = (1/AS?)? with eq. (6).

5.1.3. Supplementary Note for Internal Consistency

This step is not necessary in practice, but is discussed
for consistency among all data columns in MS. It might
become important in some future CASA development.
Tp2vis fills the WEIGHT and SIGMA columns. Only
the WEIGHT column is used by CLEAN in CASA; other
columns do not matter in practice. For the consistency,
however, one could also make the EXPOSURE column
(i.e., integration time of each visibility) consistent.

The sensitivity equations for TP, corresponding to egs.
(6), (8), and (7), are

=Crp (9)
VIS
and

| T2,
AS' = C e 10
w B ttot ( )

where & L1
CTP = 2B —, 11
naA Thmb T]q ( )

and 7y is the main beam efficiency of the TP anten-
nas. Tus, ASY and B are measured during observa-
tions. With eq. (10) we can derive i, using Tyys and
AS? from the MS and TP maps, respectively. Equation
(5) gives tyis = ttot/Nvis~

5.2. The Beam Size-Based Weight

Section 4.2 explained the problem in flux conservation
due to the disparity between the areas of Qsyn and Qconv -
The beam size-based weighting scheme discussed here is
an attempt to adjust the weights of TP visibilities to
equalize their areas. Note again that we use the symbols,
Qeyn and Qcony, to represent the areas of the beams as
well as to refer the beams themselves.

5.2.1. The Synthesized and Convolution Beams from
Combined INT+TP Visibilities

The pattern of the synthesized beam gy, denoted
by B(l,m), is given by eq. (1), where the weight is nor-
malized as [[ W (u,v)dudv = 1. For the visibilities from
interferometer (hereafter INT; e.g., ALMA 12m and 7m)
and TP, the synthesized beam patterns, Bint(u,v) and
Brp(u,v), are derived with their normalized weights,
WinT (4, v) and Wrp(u, v), respectively.

By using a relative weight parameter 8, a combined
weight distribution of INT and TP visibilities can be
defined as

Wint(u,v) + BWrp (u, v) (

Wi ~ [T Wi (a0 + fWp (o, v/ )}du’dqﬂ‘u)
1 _|1_ 3 (Wint (u,v) + BWrp(u,v)]. (13)

The corresponding synthesized beam pattern is

B(l, m) = [BINT(Z; m) + ﬂBTp(l7 m)] . (14)

1
1+
The area of the synthesized beam is derived from egs.

(2)(13),

P wap0,0),  (15)

Qgyn = W(0,0) = 113

where we used Wint(0,0) = 0, as INT has no contri-
bution at zero spacing. Note that Wrp(0,0) is equal to
the area of the synthesized beam of TP visibilities.

The convolution beam .oy, is typically derived by a
2-d Gaussian fit to the central peak in B(l,m). Using
the major and minor axis diameters, byaj and by, from
the fit, the area of Q¢ony i

'/Tbmaj X bmin

Qconv =
4In2

(16)

5.2.2. Setting Up Weights for TP Visibilities

This weighting scheme attempts to achieve gy =
Qconyv. Equation (15) gives [ as

stn o Qconv
WTP (0; 0) - stn WTP (07 O) - Qconv '

B= (17)

Wrp(0,0) is equal to the area of the synthesized beam
of TP visibilities alone, which, by construction, is the
same as that of the Gaussian primary beam of the TP
antennas. Hence, Wrp(0,0) = mbip/4In2 (as in eq.
16) using the beam size of the TP antennas, brp. The
Qcony should be calculated from INT+TP visibilities,
but in practice it depends primarily —and almost solely—
on the longest baselines. Hence, for simplicity, we derive
Qecony from INT visibilities alone. We now obtain § from
eq. (17).

Using B, we adjust the TP visibility weight distri-
bution from Wrp to SWrp, by scaling the weights of
individual visibilities (wiNT and w(® for INT and TP
visibilities in MSs, respectively).

For the following, we use the notation W for an
unnormalized weight distribution. The ratio of the two
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terms in the numerator of eq. (13) is

Wint(u,v) : BWrp(u,v)
_ WINT(UaU)

ff Wint (u, v)dudv

= WINT(’LLJ)) : 6 [/ WINT(U; v)dudv WTP(U, 7]).

(18)

: BWrp (u,v)

Theﬁ unnormalized Wrp(u,v) and wgp are related as
[ Wrp(u,v)dudv = >, wit = NEPwlP. Thus, for

vis
the normalized Wrrp (u,v), we set wit = 1/NLF. Also,

the term in the bracket is simply, [[ Winr(u,v)dudv =
> p wiNT. Therefore,

B
wit = TP wiNT. (19)
Vvis k

The weights of TP visibilities are set in this way, to
satisfy Q¢yn = Qcony for the combination of INT and
TP visibilities. The weights of INT visibilities (7m and
12m) are kept as delivered from the ALMA observatory.

5.3. Notes on Visibility and Weight Distributions

The weight distribution of TP visibilities can be con-
trolled, either by changing the distribution of TP visi-
bilities in uv space, and/or by adjusting the weights of
individual visibilities of any given distribution. TP2vIS
takes the former approach, generating a Gaussian vis-
ibility distribution with a constant weight for all the
visibilities.

The latter approach could be useful in future. For
example, generating a grid distribution, instead of
the Gaussian distribution, and changing the visibility
weights as a function of wv distance so that the weight
distribution follows a Gaussian. This way, one could
avoid shot noise due to the randomly-distributed dis-
crete visibilities. In the end, the CLEAN task puts the
visibilities onto a grid. If the grid spacing is controlled
consistently between TpP2vis and CLEAN, we can test
grid-based approaches in future. Of course, the weight
distribution can be realized on a grid without visibili-
ties, however, its implementation requires an update of
the CLEAN task in CAsA. It cannot be achieved by a
supplementary package such as TP2VIs.

6. THE RESIDUAL SCALING

The flux problem in Section 4.2 is due to the dispar-
ity between the areas of Qgyy and Qcony in eq. (3). The
residual part of the final image from CLEAN is added in-
correctly with an inconsistent unit of brightness. Hence,
its surface brightness needs rescaling. To solve this, we
simply scale the residual map by a factor of Qgyn/Qconv
and add it to the model map to generate a new final

map. The TP2VISTWEAK function does this operation.
1

In theory, Qgyn/Qcony can be calculated mathemati-
cally, but it turns out not to be that simple. The esti-
mation of Qg = W(0,0) depends on how the visibilities
are gridded in imaging process. The integration of the
synthesized beam, Qg = [ B(l,m)dldm, requires an
unrealistically large image size as its tiny responses at
the far outskirts add up as their area is cumulatively
large.

Instead, Jorsater & van Moorsel (1995) suggested a
more practical approach by taking advantage of detected
emissions. In parallel to eq. (3), we can write a similar
equation for the dirty map D,

D 1 R
() =[] * (o]
(Jy/Qsyn) (Jy/Qsyn) (Jy/Qsyn)
where I denotes a map of the emissions that will be
identified in CLEAN. We should note that the brightness
unit is Jy/Qgyn for all terms, and that M and I in egs.
(3) and (20) represent exactly the same emissions in
different units. The D, F', and R are given by CLEAN
in CAsA, and hence, we can calculate the scaling factor
as
Ssyn — F;R (21)
Qconv D—-R
We multiply the R map by this factor and add it to M
to construct a new F as in eq. (3), but with consistent
brightness units (consistent beam areas). This residual
scaling method is included in the A1Ps task IMAGER and
was used recently by lanjamasimanana et al. (2017).

In principle, this method can be applied on a pixel-
by-pixel basis, as long as the emissions are significantly
detected across the map. In practice, this is not always
the case. In addition, different spillovers of the beam
patterns of Qg and Qeony degrade the accuracy of the
calculation on a pixel-by-pixel basis. Hence, TP2VIS in-
tegrates the part of map with significant detections and
calculates a single beam ratio with eq. (21). Currently,
TP2VIS uses a single ratio even for mosaic, which may
be modified in future as the synthesized beam may vary
among mosaic pointings.

7. TESTS WITH ALMA DATA
We apply TP2VIS to two sets of ALMA data.

7.1. The Spiral Galazy M100

The first example is a mosaic of the nearby spiral
galaxy M100 in CO(1-0). The data are conveniently
readily available from a science verification project

1 One should keep it in mind that the patterns of Qgsyn and Qconv
are still not the same, even though their areas are the same.
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(2011.0.00004.SV; Preben Grosbol and Catherine Vla-
hakis) and are discussed in the CASA guide on the com-
bination of ALMA 12m, 7m, and TP data with the
FEATHER method.  Calibrated data were downloaded
from the website in the CASA guide. The galaxy is cov-
ered in a 47-point mosaic with the ALMA 12m array,
a 23-point mosaic with the 7m array, and mapped with
the TP array. In the following, we describe the steps for
combination.

First, we pre-prepare two inputs for TpP2vis: (1) the
RMS noise of the TP map, and (2) a text-format list of
mosaic pointing coordinates around which visibilities are
generated. The RMS is derived with the IMSTAT task
in CASA. The list of pointing coordinates is manually
created, based on an output from the LISTOBS task on
the ALMA 12m data. Here, we adopt the set of the
mosaic pointings of the 12m, though it could be any set
of coordinates within the TP map.

Second, we run the TP2vis function with three inputs
and one option: (1) and (2) from the previous step, (3)
the TP map in CASA image data format, and (4) the
“nvgrp=20" option. TP2VIS generates visibilities as a
batch of 1,035 visibilities (called “a visibility group”).
The “nvgrp” parameter controls the number of visibil-
ity groups to generate. In this case, it generates 20 vis-
ibility groups, and hence, 20,700 visibilities per mosaic
pointing. This second step creates a MS of the TP data.

The TpP2vis function wuses the sensitivity-based
weighting scheme (Section 5.1). The relative weights
among TP, 7Tm, and 12m visibilities can be visualized
with the TP2VISPL function. Figure 2 is an example.
The weight density appears to transition smoothly from
TP to 7m, and to 12m. There may be a flux calibration
issue on the 7m data with respect to the 12m and TP
(the top-right panel), which should have been dealt with
in the calibration prior to the TP2VIS steps. We ignore
this calibration issue, since it is not in the scope of this
report.

Third, we concatenate TP, 7m, and 12m MSs with the
CONCAT task to generate a single MS. This CONCAT
step should not be necessary in theory, but is required
to avoid issues in data headers in CAsA. We then run
the TCLEAN task and obtain dirty and clean maps. For
this demonstration, we use the natural weighing, which
gives the same weights for TP data as those in FEATHER
with respect to the 7m and 12m data. The power of
TP+7m+12m combination with TCLEAN can be appre-
ciated more with other weighing schemes, such as robust
(Briggs), uniform weightings, etc. FEATHER allows only
the one weighting scheme, but TpP2vIs is flexible. In

2 https://casaguides.nrao.edu/index . php/M100_Band3_Combine_4.3

addition, the TP2vis approach combines the data be-
fore TCLEAN, providing better uv coverage for better
imaging.

Forth, we apply the residual scaling method (Section
6) with the TP2VISTWEAK function. This generates a
final map for science. Figure 3 presents a channel map,
showing a part of the molecular gas disk in this galaxy.
It compares clean maps with 7Tm+12m data alone (left
panel) and with TP+7m+12m data (right). Negative
sidelobes appear clearly around significant emissions in
the map without TP (left), while they are absent in the
map with TP (right).

7.2. A Giant Molecular Cloud in LMC

This example makes a map of a giant molecular cloud
(GMC) in the Large Magellanic Cloud (LMC). The
data were taken as part of the ALMA Cycle 1 project
(2012.1.00641.S; PI T. Sawada) with the ALMA 12m,
7m, and TP arrays. Each data set was reduced and
calibrated separately using the data reduction scripts
distributed through the ALMA data archive. The indi-
vidual weights of the 7m array visibilities were adjusted
by following the instruction in the CAsa guide.” The
data covers a ~ 2.5' x 2.5’ region at the heart of Cloud
197 in the LMC in the CO J=1-0 transition. The region
is observed with a 27-point mosaic with the 12m array,
a 10-point mosaic with the 7m, and mapped with the
TP array.

The calibrated TP cube is converted into visibilities
using TP2VIS in the same way as in Section 7.1. We
used the 27 pointings of the 12m as the pointings of the
virtual interferometer. The sensitivity-based weighting
scheme is used first. We then plot the weight density
in Figure 4. In the two lower panels, the TP weights
appear to be lower than those of the 12m by a fac-
tor of about 4-10. The 7m weights are also lower, but
in this paper we do not manipulate the weights of the
7m and 12m [though of course, we can]. We made a
map of TP4+7m+12m with this sensitivity-based weight,
but the effect of TP was only marginally recognizable.
Hence, we increased the TP weights by a factor of 4 with
the the TP2vISWT function.

Figure 5 compares three cleaned channel maps with
TP data (left panel) and without TP data (right).
Clearly, the TP data is critical for this object. The
emission at large scales, seen clearly on the right panels,
is missed in the left panels. The uv space is not filled
very well without the TP data (Figure 4 top-left), and
the CLEAN process without TP data left substantial
negative side-lobes around the emission (Figure 5 left).

3 https://casaguides.nrao.edu/index.php/DataWeightsAndCombination
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Figure 2. A plot generated by the TP2VISPL function for the spiral galaxy M100. The red, green, and blue correspond to the
TP, 7m, and 12m visibilities. Top-left: uv coverage. Top-right: amplitude as a function of wv distance. Bottom-left: weight
density as a function of uv distance. Bottom-right: the same as the bottom-left panel, but for a smaller range of uv distance.

8. OPEN CASA ISSUES

During the development of TP2VIS we encountered
several problems that sometimes were caused by prob-
lems in CASA. We typically filed those as a helpdesk
ticket, or if clear enough, a JIRA ticket, or if not clear
enough, consulted with NRAO staff.

Here is a few noteworthy issues which are still open as
of the date of this final report.

(1) The TCLEAN task does not generate a correct syn-
thesized beam image (or .psf image) in case of mosaic.
This is very clear when we map a single field of a mosaic
with “field=" option. The synthesized beam pattern ap-
pears distorted and does not show the expected 180 deg-
rotation symmetry. This effect becomes even more se-
vere when the field is farther from the phase/map center.

For example, when we map a single field near the cen-
ter of a mosaic with TP visibilities, its synthesized beam
is a nice round with the 40" size, but in the mosaicked
field, the combined PSF becomes as large as 60" and is
also not round. Since we generate the uv distribution,
we have a control of its size and shape. This result was
a surprise.

When we then map the individual fields, it became
clear that the synthesized beam patterns in the outer
fields are very distorted, non-gaussian. It is not a sur-
prise that the mean of these distorted synthesized beams

becomes 60” and not the expected 40”. However, when
we map them with phasecenter=field-center, we do get
nice 40” beams for each field.

It is still not clear if this problem affects the clean
operation and final map. At very least, the part that
generates a .psf image does not handle the phase shift
properly.

(2) The TCLEAN task does not handle the POINTING
table in MS properly. The primary beam shape varies
unexpectedly when a POINTING table exists, and sub-
sequently, the final image also suffers from this problem.

In particular, the primary beam is not symmetric for
a symmetrically enforced mosaic from TpP2vis. In fact,
some of the pointings are over- or under-weighted, which
appears in the .pb image. To test this, we generated .pb
images with and without the POINTING table left in
MS and checked their difference. We can obviously work
around this by removing the POINTING table with the
textscConcat task with “copypointing=False” option.

(3) The TCLEAN task and CASA as a whole would
crash when a list of MSs including one from TP2vIS
was given to TCLEAN. Removing the POINTING table
and DATA_CORRECTED column would fix this. For
this, the CONCAT or MSTRANSFORM tasks can be used.

(4) We could not get the vpmanager to work
(Helpdesk ticket # 11267; Jira ticket # CAS-10384).
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Figure 3. A comparison of cleaned channel maps of the spiral galaxy M100 in CO(1-0) with (left panels) and without (right)
TP data , using the ALMA science verification data. Both left and right panels include ALMA 7m and 12m data. Negative
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Without the properly-functioning vpmanager, we could
not implement a widely-requested option for handling
other single-dish telescope data (such as GBT, LMT,
Nobeayam, IRAM 30m, etc) with TpP2vIs.

(5) There are differences (1-5%) in the result of
TCLEAN between different CAsA versions. Such differ-
ences often caused confusions and sometimes became a
major hindrance to the TP2ViSs development.

(6) The IMmviEW and CASAVIEWER tasks have some
kind of hysteresis effect, by which png’s or images on
the screen causea rescaling if you repeat them or try
and write a python loop for comparison between im-
ages. This made it very hard and time consument to
interactively compare results, and we had to use both
ds9 and write a custom made matplotlib routine to help
us.

We thank NRAO staffs, in particular, Remy Inde-
betouw, Kumar Golap, and Jennifer Donovan Meyer,
for their helps. We also thank Kazuki Tokuda for
very helpful feedback on an early version of TP2VIS.
This report makes use of the following ALMA data:
ADS/JAO.ALMA##s 2011.0.00004.SV, 2012.1.00641.S,
and 2013.1.00652.S. ALMA is a partnership of ESO (rep-
resenting its member states), NSF (USA) and NINS
(Japan), together with NRC (Canada) and NSC and
ASTAA (Taiwan), and KASI (Republic of Korea), in
cooperation with the Republic of Chile. The Joint
ALMA Observatory is operated by ESO, AUI/NRAO
and NAQOJ.
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