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Recap



Radio interferometric observations
The products from the array are Visibilities (Fourier domain, u-v), 
not images (physical domain, x-y).
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S(u,v): sampling function,  
a.k.a. uv coverage

Vobs(u,v): Fourier components 
a.k.a visibilities



What to do with visibilitiescalibrated?
Stay in the uv-domain and 
perform your analysis in the 
Fourier domain (works for 
simple source geometry) 

Reconstruct a model sky 
brightness distribution, then 
perform your analysis in the 
physical domain 

Independent of detailed modeling, the size scale of this inner
hole can be estimated simply from the separation of the peaks in
the image. These peaks are sensitive primarily to the inner edge
of the disk, where the 7 mm brightness is highest. The separation
of the peaks is !0.1400, or !7 AU. This separation is slightly
smaller than the diameter of the inner hole, since the bright emis-
sion from the inner edge to the north and to the south of the star,
combined with the lower angular resolution in the north-south
direction, tend to draw the image peaks together. This effect is
evident in the right panel of Figure 1, in which the contoured
peaks can be seen to lie interior to the inner edge of the disk. The
null in the visibility function provides a corroborating estimate
of the size of the inner hole in the disk. In the Appendix, we show
how the angular scale of the null in the visibility function of a
power-law disk depends on the density and temperature power-
law indices and the radius of the inner hole. If we assume that the
outer disk emission contributes little on these long baselines and
that the total emission is dominated by a bright, thin ring associated
with the inner edge of the disk, as discussed in x 4.1.1 below,
then we can estimate the radius of the inner hole with equa-
tion (A11). A linear fit to the binned visibilities gives a null po-
sition of 930 " 60 kk and implies an inner hole radius of 4:3 "
0:3 AU. Thus, the resolved dust emission shows an inner hole
in the disk at a size scale very similar to that inferred from SED
modeling.

4.1. Comparison with Disk Models

4.1.1. Power-Law Disk Models

The dust emission from the outer disk of TW Hya has been
shown to be a good match to the structure of an irradiated accre-
tion diskmodel, approximated by power laws in temperature and
surface density, with indices q ! 0:5 and p ! 1:0, respectively,
over a wide range of radii. However, an extrapolation of this very
simple power-law model to an inner disk truncated at a radius of
!4 AU is not compatible with the new long-baseline 7 mm data.
For these power laws, the null in the visibility function of the
4 AU hole should appear at !500 kk, which is smaller than ob-
served (eq. [A9]) by a factor of 2. In order for a 4 AU hole to be
consistent with a!1000 kk null, the power-law model requires
a much steeper emission gradient, with the sum of the radial
power-law indices pþ q approaching 5. Such steep power laws
are inconsistent with observations of the outer disk. In addition,
this power-law model fails to reproduce the flux in the image
peaks by nearly an order of magnitude. Another possibility is that
the radius of the hole is smaller than that predicted by the SED. A
power-law diskwith pþ q ¼ 1:5 and radius 2AUdoes reproduce
the 1000 kk null and observed peak separation; however, this
model still fails to reproduce the observed peak flux bymore than
a factor of 5. These discrepancies indicate that a more complex
model of the disk is needed. In general, reproducing the observed
peak flux in the new high-resolution observations requires a
greater concentration of material at the inner edge of the disk
than that of power-law disk models.
A natural modification to the power-law disk model with an

inner hole is the addition of a bright, thin, inner edge, or ‘‘wall’’
component. This ‘‘wall’’ component corresponds to the frontally
illuminated inner edge of the disk in the calculations of Calvet
et al. (2002), who show that a small range of temperatures is re-
quired to reproduce the narrow spectral width of themid-infrared
excess. The presence of this additional compact component to
themodel shifts the angular scale of the null in the visibility func-
tion to larger Ruv and raises the flux at long baselines. In this
composite model, for a given power-law description, the angular
scale of the null in the composite ‘‘disk+wall’’ visibility function
depends on (1) the radius of the inner hole and (2) the relative
brightness of the disk and wall. The effect of the second depen-
dency is to move the angular scale of the null between the limit-
ing positions from the ‘‘disk’’ alone and from the ‘‘ wall’’ alone.
In fact, the position of the null in the 7mmdata is close to that ex-
pected from an infinitesimally thin ring with a radius of !4 AU
(eq. [A11]). A bright, thin ring also reproduces the!0.1400 separa-
tion of the image peaks. Thus, it appears that the high-resolution
observations show primarily the directly illuminated wall at the
inner edge of the disk. At these long baselines, the extended emis-
sion from the outer disk that dominates at larger size scales isweak
and effectively not detected.

4.1.2. Irradiated Accretion Disk Model

The irradiated accretion diskmodel of Calvet et al. (2002) pro-
vides a more realistic description of disk structure than a simple
power-law model. To compare the data to this more sophisticated
disk model, we simulate numerically the expected emission at
7 mm, including the detailed visibility sampling of the Very Large
Array observations.
For the frontally illuminated component of the inner edge of

the disk, we follow the prescription of Calvet et al. (2002), adopt-
ing a shape given by

zs ¼ z0 exp R% R0ð Þ=!R½ ) ð1Þ

Fig. 2.—TW Hya real and imaginary 7 mm visibilities, in 430 kk bins of
deprojected u-v distance from the center of the disk. Error bars represent the
standard error of the mean in each bin. Note that bins represented by open and
filled circles are not independent: the bins are overlapping, i.e., the domain of
each open circle extends to the neighboring filled circles. The calculated visibility
function for the best-fit irradiated accretion disk model is indicated by the heavy
solid line and is composed of contributions from an outer disk (light solid line)
with an inner hole of radius 4.5 AU and a bright, thin wall (dotted line). For
comparison, the visibility function for a disk model that extends in to the dust
destruction radius at!0.01 AU is also shown (dashed line). To the extent that the
disk is radially symmetric, the imaginary part of the visibility (the average phase)
should be zero for all models.
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TW Hya 7mm cont. (Hughes et al. 2007)

from February 11, the most stable night. The calibrator 3C 286
was used to set the absolute flux scale (adopting 1.45 Jy, from the
AIPS routine SETJY), and we derived 1.95 Jy for J1037!295.
The uncertainty in the flux scale should be less than 10%.

3. RESULTS

3.1. 7 mm Image

Figure 1 shows an image of the TW Hya 7 mm emission,
where a Gaussian taper (FWHM 2000 kk) has been used in the
imaging process to obtain an angular resolution matched to the
surface brightness sensitivity. The rms noise level in this image is
0.23 mJy, and the peak flux of 0.88 mJy corresponds to a bright-
ness temperature of 46 K. Because of the southern declination of
the TWHya and the VLA antenna geometry, the beam is elliptical
and the resolution is higher east-west than north-south. Inspection
of Figure 1 shows that the 7 mm emission is clearly not centrally
peaked, as would be expected for a disk that extends continu-
ously inwards toward the central star. Instead, the image exhibits a
double-peaked morphology, consistent with a nearly face-on disk
with a central hole observed with an elliptical beam. An image of
the test calibrator J1103!328 made with the same parameters is
pointlike, as expected.

3.2. Radially Averaged 7 mm Visibilities

The central hole in the TW Hya emission may be identified
even more clearly in the visibility domain, free from the effects
of the Fourier transform process and nonlinear deconvolution.
To better show the brightness distribution, we averaged the vis-
ibility data in concentric annuli of deprojected (u,v) distance,Ruv,
as described in Lay et al. (1997).We use the TWHya disk position
angle and inclination found by Qi et al. (2004) from CO line
imaging of the outer disk (!45" and 7", respectively). These val-
ues may not be valid in the inner disk if, e.g., the disk warps in the
interior. However, as long as the disk remains close to face-on at
all radii, the deprojection correction is small and therefore insen-
sitive to the exact values of these parameters.

For each visibility, the coordinates were redefined in terms of
R ¼ (u2 þ v2)1/2, the distance from the origin of the (u,v) plane,
and ! ¼ arctan(v/u! PA), the polar angle from themajor axis of
the disk (defined by the position angle, PA, measured east of
north). Assuming circular symmetry and taking into account the

disk inclination i, the deprojected (u,v) distances parallel to the
major and minor axes of the disk are da ¼ R sin ! and db ¼
R cos ! cos i, respectively, and the deprojected (u,v) distance is
Ruv ¼ (d 2

a þ d 2
b )

1/2.
An important parameter in the averaging process is the posi-

tion of the star, or the center of the disk. To examine the radial
distribution of flux at the smallest scales permitted by the data,
particularly in the east-west direction of highest resolution, we
must know the phase center to within a fraction of the radius set
by the resolution, i.e., the position of the star must be specified to
within a few hundredths of an arcsecond, which is better than the
absolute astrometric accuracy of the data (typical positional ac-
curacies in the A array are%0.100 due to baseline uncertainties and
uncorrected tropospheric phase fluctuations; see, e.g., the 2004
VLA Observational Status Summary). To the extent that the disk
is symmetric, the process of deprojecting and averaging at the cor-
rect star positionwill minimize the scatter within each deprojected
radial bin and bring the average of the imaginary parts of the vis-
ibilities (the average phase) to zero. Therefore, we chose the star
position to be that whichminimized the absolute value of the mean
of the imaginary visibility bins. This position is indicated by the
cross in the left panel of Figure 1.

Figure 2 shows the annularly averaged visibility amplitude as
a function ofRuv. Thewidth of each bin is 430 kk, chosen to be nar-
row enough to sample the shape of the visibility function and also
wide enough to have a sufficient signal-to-noise ratio. Although
the visibility data are still noisy when divided up in this way, it is
evident that the visibility function passes through a null nearRuv

of %1000 kk, indicative of a sharp edge in the emission.

4. DISCUSSION

The most striking feature of the new 7 mm observations is the
central depression in the image, which is also indicated by the
presence of the null in the deprojected visibility function. We
identify this feature with a clearing of the inner dust disk. A con-
tinuous disk that extends inward to the dust destruction radius at
%0.01 AU would show sharply centrally peaked emission and
would not show a null at the observed baselines. Figure 1 compares
the 7 mm image (left panel ) with an image generated for a model
with a continuous disk (right panel ). Figure 2 also shows the vis-
ibility function of continuous disk (dashed line); this is clearly not
compatible with the 7 mm observations (or the infrared SED).

Fig. 1.—TWHya 7mm continuum emission observed with the VLA (left) compared to simulated images generated from the Calvet et al. (2002) model of an irradiated
accretion disk, truncated at the 4 AU radius indicated by the SED and including the directly illuminated inner edge (center), or extending in to the 0.01 AU dust destruction
radius (right). The contour levels are !2, 2, and 3 ; 0:23 mJy (the rms noise). In each panel, the ellipse in the lower left corner indicates the 0:2900 ; 0:0900, PA 2:1"

synthesized beam. The crossmarks the derived position of the central star (see text). The center and right panels also show the diskmodels at full resolution in a logarithmic
gray-scale to display the range of intensities in the fainter, outer regions of the disk and the bright, thin wall at the inner edge of the canonical model.
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CLEAN: concepts



Nomenclature
Dirty beam (synthesized beam): point-source response (point spread 
fn.), FT of uv-coverage and normalize the peak to unity [Jy/beam] 

Dirty map: FT-1 of visibilities [Jy/beam] 

Clean beam: (usually) a 2D Gaussian approximation of the main lobe 
of the dirty beam [Jy/beam] 

Clean map: the sum of clean component map convoluted with clean 
beam and the residual map [Jy/beam] 

Clean component map: an assumable of point sources determined 
from CLEAN algorithms [Jy/pixel] 

Residual map: a dirty map with clean components (convolved with 
dirty beam) removed, usually noise-like [Jy/beam]



CLEAN (Högbom 1974) 
An (iterative) algorithm proposed/summarized by J. A. Högbom 

I: compute dirty beam and dirty map 

II: subtract over the whole dirty map with a dirty beam 
pattern (multiplied by a factor, e.g., 0.1) which is centred at 
the point where the dirty map has its maximum of absolute 
value of intensity 

III: Repeat step II, each time replacing the dirty map by the 
remaining map (i.e., residual map) from the previous iteration 

IV: once the iteration is satisfied, generate the clean map by 
adding the final residual map with the clean component map 
convolved with the clean beam

recommended to read 



1D example
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What if…

I iterate the CLEAN process too many times? 

the strength of sidelobes is similar to the main lobe? 
(i.e., dirty map is really “dirty”)



1D example 2
small sidelobes, too many iterations





1D example 3
large sidelobes, a few iterations





1D example 4
large sidelobes, too many iterations





Real data: a face-on spiral galaxy
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CLEAN: CASA setup



CLEAN with CASA
CASA 4.7.2 (https://casa.nrao.edu/casa_obtaining.shtml) 

> casapy 

> inp clean 

> clean?

CASA User Reference & Cookbook

Release 4.6.0

Version: April 11, 2016

https://casa.nrao.edu/casa_obtaining.shtml


Important keywords
vis

The value of the vis parameter is either the name of a single MS, 
or a list of strings containing the names of multiple MSs, that 
should be processed to produce the image. For example, 
 	 vis = ’ngc5921.ms’ 
set a single input MS, while 
 	 vis = [’ngc5921_day1.ms’, ’ngc5921_day2.ms’] 
points to two separate measurement sets that will be gridded 
together to form the image.



Important keywords
field 

The field parameter selects the field indexes or names to 
be used in imaging. Unless you are making a mosaic, this 
is usually a single index or name: 
	 field = ’0’ #   First field (index 0) 
	 field = ’NGC1234’ #  source name 
	 field = ’0~10’ # 11 pointings to mosaic



Important keywords
spw

The spw parameter selects the spectral windows that will be used to 
form the image, and possibly a subset of channels within these 
windows. 
The spw parameter is a string with an integer, list of integers, or a 
range, e.g. 
	 spw = ’1’ #  select spw 1 
	 spw = ’0,1,2,3’ #  select spw 0,1,2,3 
	 spw = ’0~3’ #  same thing using ranges 
	 spw = ’1:10~30’ # select channels 10-30 of spw 1 
	 spw = ’0:5~55,3:5;6;7’ # chans 5-55 of spw 0 and 5,6,7 of spw 3



Important keywords
imagename 

The clean task will produce a number of output images based on 
the root name given in imagename. These include: 
   <imagename>.image # the restored image 
   <imagename>.flux # the effective response (e.g. for pbcor) 
   <imagename>.flux.pbcoverage # the PB coverage  
                                                                (ftmachine=’mosaic’ only) 
   <imagename>.model # the model image 
   <imagename>.residual # the residual image 
   <imagename>.psf # the synthesized (dirty) beam 



Important keywords
imagename 

WARNING: If an image with that name already exists, it will in 
general be overwritten. Beware using names of existing 
images. However, if the clean is run using an imagename 
where <imagename>.residual and <imagename>.model 
already exist then clean will continue starting from these 
(effectively restarting from the end of the previous clean). 
Thus, if multiple runs of clean are run consecutively with the 
same imagename, then the cleaning is incremental.



Important keywords
cell 

The cell parameter defines the pixel size in the x and y 
axes for the output image. If given as floats or integers, this is the 
cell size in arc seconds, e.g. 
	 cell=[0.5,0.5] 
make 0.5′′ pixels. You can also give the cell size in quantities, 
e.g.  
	 cell=[’1arcmin’, ’1arcmin’] 
If a single value is given, then square pixels of that size are 
assumed. 

Usually cell = 1/5 of the minor axis of the clean beam



Important keywords
imsize 

The image size in numbers of pixels on the x and y axes is set 
by imsize. For example, 
	 imsize = [640, 640] 
makes a square image 640 pixels on a side. 
In general, the best performance is obtained with image sizes 
that are even and factorizable to 2,3,5,7 only. An easy rule of 
thumb would be 2n × 10 where n is an integer number, like 
160, 320, 640, 1280, 2560, etc. 

Usually imsize= FOV (1.22λ/D) or mosaic area+half FOV each 
side



Important keywords
phasecenter

The phasecenter parameter indicates which of the field IDs 
should be used to define the phase center of the mosaic image, 
or what that phase center is in RA and Dec. The default action is 
to use the first one given in the field list. 
For example: 
	 phasecenter=’5’ # field 5  
	 phasecenter=’J2000 19h30m00 -40d00m00’ # specified  
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 position 



Important keywords
mode (expandable)

The mode parameter defines how the frequency channels 
in the synthesis MS are mapped onto the image. The 
allowed values are:  
	 mfs # multi-frequency-synthesis,  
	 	 	 for continuum imaging 
	 channel # image the specified channels 
	 velocity # for line imaging 
	 frequency # grid in frequency

e.g. LSRK, BARY



Important keywords
imagermode

This choose the mode of operation of clean, either as single-field 
deconvolution using image-plane major and minor cycles only 
(imagermode=’ ’), single-field deconvolution using Cotton-
Schwab (CS) residual visibilities for major cycles 
(imagermode=’csclean’), or multi-field mosaics using CS major 
cycles (imagermode=’mosaic’). 

In the CS mode, cleaning is split into minor and major cycles. 
For each field, a minor cycle is performed using the PSF 
algorithm specified in psfmode. At major-cycle breakpoints, the 
points thus found are subtracted from the original visibilities.



Important keywords
psfmode

The psfmode parameter chooses the “algorithm” that will be 
used to calculate the synthesized beam for use during the minor 
cycles in the image plane. The value types are strings. Allowed 
choices are ’clark’ (default) and ’hogbom’.



Important keywords
gain

The gain parameter sets the fraction of the flux density in the 
residual image that is removed and placed into the clean model 
at each minor cycle iteration. The default value is gain = 0.1 and 
is suitable for a wide-range of imaging problems. Setting it to a 
smaller gain per cycle, such as gain = 0.05, can sometimes help 
when cleaning images with lots of diffuse emission.



Important keywords
threshold

The threshold parameter instructs clean to terminate when the 
maximum absolute residual reaches this level or below. Note that 
it may not reach this residual level due to the value of the niter 
parameter which may cause it to terminate early. 
	 threshold = ‘0.1mJy’

niter
The niter parameter sets the maximum total number of minor-
cycle CLEAN iterations to be performed during this run of clean.
	 niter = 2000



Important keywords
weighting

To determine how we weight the visibilities. 
For weighting=’natural’, visibilities are weighted only by the data weights, 
which are calculated during filling and calibration and should be equal to the 
inverse noise variance on that visibility. It gives best signal-to-noise ratio, 
worst angular resolution. 

For weighting = ’uniform’, the data weights are calculated as in ’natural’ 
weighting. The data is then gridded to a number of cells in the uv-plane, and 
after all data is gridded the uv-cells are re-weighted to have “uniform” 
imaging weights. It gives best angular resolution, worst signal-to-noise ratio. 

The weighting = ’briggs’ mode is an implementation of the flexible weighting 
scheme. The robust keyword takes value between −2.0 (close to uniform 
weighting) to 2.0 (close to natural). 



Important keywords
restfreq

The value of the restfreq parameter, if set, will overwrite the rest 
frequency in the header of the first input ms to define the velocity 
frame of the output image. For example: 
	 restfreq=’115.2712GHz’, 
will set the rest frequency to that of the CO 1-0 line. 

ALERT: Setting restfreq explicitly here in clean is good practice, 
and may be necessary if your ms has been concatenated from 
different files for different spectral windows  



Important keywords
mask

To limit the clean algorithm where to look for clean components. 
Default is the full image plane. Putting a mask is sometimes 
useful for poor dirty beam and for somehow known source 
structure. Check manual for more detail.

pbcor
The pbcor parameter (True or False) controls whether the 
final .image is scaled to correct for the Primary Beam of the array 
or not. Check the task impbcor as well.



Important keywords

vis 
field 

spw 

imagename 

cell 

imsize
 

phasecenter 

mode 

imagermode

check manual or type “clean?” for more information

psfmode gain niter threshold 
restfreq mask pbcor weighting



CLEAN: hands-on



Before we start
Demo dataset: “continuum.ms” and “molecular_line.ms”, 
both come from the IRAS16293-2422 Band4 science 
verification (SV) dataset (https://almascience.nao.ac.jp/
almadata/sciver/IRAS16293Band4/) 

IRAS16293-2422: a low-mass protostellar binary system 
with a rich amount of molecular line emission 

IRAS16293A

https://almascience.nao.ac.jp/almadata/sciver/IRAS16293Band4/
https://almascience.nao.ac.jp/almadata/sciver/IRAS16293Band4/
https://almascience.nao.ac.jp/almadata/sciver/IRAS16293Band4/


The contents of a MS: listobs
CASA <2>: listobs vis='continuum.ms'

With “listobs”, figure out 

How many fields are observed?  

How many spectral windows (spw )in the ms?  

Center frequency? 

Bandwidth?  

Number of channels? 

Channel width? 

How many antennae in the array?



CASA <2>: listobs vis='continuum.ms'



The contents of ms: listobs
CASA <2>: listobs vis='continuum.ms'

With “listobs”, figure out 

How many fields are observed? [one, ID = 0] 

How many spectral windows (spw )in the ms? [one, ID = 0]  

Center frequency? [146044.6047 MHz TOPO frame] 

Bandwidth? [1.875 GHz] 

Number of channels? [192] 

Channel width? [-9.765625 MHz] 

How many antennae in the array? [23]

command line mode, scripting style



Set up “CLEAN”
CASA <9>: inp clean interactive mode

CASA <14>: clean?

full user guide for help



Set up “CLEAN” (continuum imaging)

Essential (necessary) keywords 

vis = ‘continuum.ms’ 

imagename = ‘I16293_cont’ 

field = ‘0’ 

spw = ‘0’ 

mode = ‘mfs’ # mfs means multi-frequency synthesis. We use this 
mode for continuum imaging. 

niter = 3000 

gain = 0.1 # this is the default, usually a good number 

threshold = ‘0.9mJy’

CASA <9>: inp clean



Set up “CLEAN” (continuum imaging)
Essential (necessary) keywords 

psfmode = ‘clark’ 

imagermode = ‘csclean’ 

cell = [‘0.15arcsec’,’0.15arcsec’] 

imsize = [256,256] 

weighting = ‘natural’ / weighting = ‘uniform’ 

pbcor = False 

when you are ready, type ‘go’



Image visualization
CASA <9>: viewer

1

2
3



4

5

6

Image visualization
CASA <9>: viewer



IRAS 16293-2422 Continuum
dirty beam residual map

clean component clean map



Set up “CLEAN” (line imaging)

Essential (necessary) keywords 

vis = ‘molecular_line.ms’ 

imagename = ‘OCS_12_11’ 

field = ‘0’ 

spw = ‘0’ 

mode = ‘velocity’ 

niter = 3000 

gain = 0.1 

threshold = ‘5mJy’

CASA <8>: listobs vis=‘molecular_line.ms’
CASA <9>: inp clean



Set up “CLEAN” (line imaging)
Essential (necessary) keywords 

psfmode = ‘clark’ 

imagermode = ‘csclean’ 

outframe = ‘LSRK’ 

restfreq = ‘145946.815MHz’ 

cell = [‘0.15arcsec’,’0.15arcsec’] 

imsize = [256,256] 

weighting = ‘natural’ / weighting = ‘uniform’ 

pbcor = False 

when you are ready, type ‘go’



IRAS 16293-2422  OCS 12-11

color: continuum 
contour: OCS 12-11 mom0

source A

source B
source A

source B



Excellent reference to read
CASA cookbook, Chapter 5 (https://casa.nrao.edu/
casa_cookbook.pdf) 

“CLEAN” algorithm (Högbom 1974; http://adsabs.harvard.edu/abs/
1974A%26AS...15..417H) 

“Bible” 

Interferometry and Synthesis in Radio Astronomy (http://
as.wiley.com/WileyCDA/WileyTitle/productCd-0471254924.html) 

Synthesis Imaging in Radio Astronomy II (http://
www.aspbooks.org/a/volumes/table_of_contents/?book_id=292)

https://casa.nrao.edu/casa_cookbook.pdf
https://casa.nrao.edu/casa_cookbook.pdf
http://adsabs.harvard.edu/abs/1974A%26AS...15..417H
http://adsabs.harvard.edu/abs/1974A%26AS...15..417H
http://as.wiley.com/WileyCDA/WileyTitle/productCd-0471254924.html
http://as.wiley.com/WileyCDA/WileyTitle/productCd-0471254924.html
http://www.aspbooks.org/a/volumes/table_of_contents/?book_id=292
http://www.aspbooks.org/a/volumes/table_of_contents/?book_id=292


Quiz

How to generate dirty image with CLEAN? 

Try to image “m51_mockObs.ms” 

input hints 

field=‘0~22’  

imsize=[512,512] 

cell = [‘0.5arcsec’,’0.5arcsec’] 

phasecenter = ‘11’


