Introduction to Imaging in CASA

Luca Ricci (Rice University)

Atacama Large Millimeter/submillimeter Array
Expanded Very Large Array

%' RICE



Talk Outline

Fourier transform Deconvolution

7N 7N

Interf. data (“Visibilities”) Dirty Image Sky Brightness

‘\
\/\ |

“Step 0”: Calibration of Interferometric Visibilities
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Interferometry Basics

Single dish: diameter is responsible for sensitivity, field of view, resolution
Interferometer: multiple contributing design parameters
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Interferometry Basics

Single dish: diameter is responsible for sensitivity, field of view, resolution
Interferometer: multiple contributing design parameters

Longest baseline for resolution, “synthesized beam”
Shortest baseline for Iargest angulde[scale
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Diameter of Single element: Field of View, primary beam
-\/ Sum of dish apertures, collecting area: sensitivity




From Sky Brightness to Visibility

1. An interferometer measures the complex correlations
between each pair of antennas

2. For small fields of view the complex visibility, V(u,v), is
the 2D Fourier transform of the brightness of the sky,
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T(z,y) = [ [V(u,v)e 2wzt qydy \
Image space/domain uv plane
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Some 2D Fourier Transform Pairs

T(x,y) - Amp{V(u,v)}
S Function = . Constant
Gaussian = Gaussian
i —
Gaussian A Gaussian

@8 narrow features transform to wide features (and vice-
NRAO versa)



More 2D Fourier Transform Pairs

Amp{V(u,v)}
elliptical elliptical
Gaussian Gaussian

B - . -
ﬂ sharp edges result in many high spatial frequencies



ALMA observes planetary disk

Amp vs. UVdist

| Fourier transform of
- nearly symmetric
- planetary disk
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Plotms: Versatile examination of UV data
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uv-coverage

Interferometers cannot see the entire Fourier/uv domain
- imperfect, “dirty” image
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Short baselines: small uv-distance, low angular frequencies, i.e. extended emission
Long baselines: large uv-distance, high angular frequencies, i.e. small-scale emission
uv-coverage with many “holes” gives dirty beams with pronounced sidelobes




“Dirty Images” from a “Dirty Beam”

T(z,y) = [ [ V(u,v)e 2wty dydy

* We sample the Fourier domain at discrete points
B(u,v) = ), (ug, vi)

* The inverse Fourier Transform is
TP (z,y) = FT-YB(u,v) x V(u,v)}

 The convolution theorem tells us
TP(z,y) = b(z,y) @ T(z,y)

* Where the point spread function is
b(z,y) = FT-'{B(u,v)} “dirty beam”

* The “dirty image” is the true image convolved with the “dirty beam”



b(X,y)

dirty beam

bad
sidelobes

Dirty Beam and Dirty Image

B(u,v)



Dirty Beam and Dirty Image

b(X,y)

dirty beam B(u,v)

bad
sidelobes

B . ' . I dlrty Image




Dirty Beam and Dirty Image

b(x,y)

dirty beam- B(u,v)
bad

sidelobes
. i - I dlrty Image

Need for deconvolution, or “cleaning” of the dirty image
from the sidelobes of the dirty beam



How to analyze (imperfect) interferometer data

Image plane analysis
- dirty image TP(x,y) = Fourier transform { V(u,v) x B(u,v) }
- deconvolve b(x,y) from TP(x,y) to determine (model of) T(x,y)

Visibilities dirty image sky brightness




CLEAN Algorithm (deconvolution in CASA)

A. Initialize a residual map to the dirty
image
1. Start loop

2. Identify brightest pixel in residual map
as a point source

3. Add this point source to the clean
component list

4. Convolve the point source with b(x,y)
and subtract a fraction g (the loop
gain) of that from residual map

5. If stopping criteria not reached, do
next iteration

B. Convolve Clean component (cc) list by
an estimate of the main lobe of the dirty
beam (the “Clean beam”) and add
residual map to make the final
“restored” image
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- Natural
Each sample is given the same weight e B 5

There are many samples at short baselines, so natural weighting
will give the largest beam and the best surface brightness sensitivity
(and sometimes pronounced wings in the dirty beam)
- Uniform
each visibility is given a weight inversely proportional to the sample density

Weighs down short baselines, long baselines are more pronounced. Best
resolution; poorer noise characteristics

- Briggs (Robust)

A graduated scheme using the parameter robust; compromise of noise and
resolution

In CASA, set robust from -2 ( ~ uniform) to +2 ( ~ natural)
robust = 0 often a good choice

Taper: additional weight function to be applied (typically a Gaussian to
suppress the weights of the outer visibilities — be careful, however, not to
substantially reduce the collecting area)
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From a single visibility dataset to a multitude of possible images!
Adjust the weighting to match your science goal:

- Detection experiment/weak extended source:

natural (maybe even with a taper).

- Finer detail of strong sources: robust or even uniform

(best, when possible: model the visibilities directly)

- robust = 0 often a good choice
%aper: additional weight function to be applied (typically a Gaussian

ppress the weights of the outer visibilities — be careful, however, not to
bstantially reduce the collecting area)




Imaging Results

(senS|t|V|ty optimized, but bad sidelobes)

Natural Welght Dirty Beam CLEAN image




Imaging Results

(angular resolution optimized)

Uniform Welght Dirty Beam CLEAN image
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Imaging Results

(good compromise)

Robust O Dirty Beam CLEAN image
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CLEAN in CASA

CLEAN is the imaging task in CASA. It:

- takes the calibrated visibilities

- grids them on the UV-plane

- performs the FFT to a dirty image

- deconvolves the image

- restores the image from clean component list and residual

Modes/Capabilities:

- continuum: incl. multi-frequency synthesis (radial extend of each visibility due to bandwidth),
and Taylor term expansion (to derive spectral index and curvature

- spectral line: data cubes (many planes) grids in velocity space, takes account of Doppler
shift of line

- mosaicking: combine multiple pointings to single image
- w-projection/faceting for images beyond the half-power point

- outlier fields to deconvolve strong sources in primary beam sidelobes
- multiscale cleaning

- primary beam correction




CLEAN in CASA: | .. &
I n > inp({clean)
L # clean :: Invert and deconvolve images with selected algoriths
vis - o 2 Name of input visibility file
imagename - o 2 Pre.-name of cutput images
outlierfile - R # Text file with image nases, sizes, centers for
# outliers
field - o 2 Field Name or id
spw - AR # Spectral windows e.g. "0~3', '" is all
selectdata - True # Other data selection paraseters
timerange - o 2 Range of time to select from data
uvrange 5 # Select data within uvrange
antenna - M # Select data based on antenna/baseline
scan - o # Scan number range
observation - ot 2 Observation ID range
intent - E # Scen Intent(s)
node B ‘mfs’ 2 Spectral gridding type (mfs, chanmel, velocity,
] frequency)
gridmode - G 2 Gridding kernel for FFT.based tramsforms,
¢ default='" None
niter - 560 # Maximus number of ifterations
gain - 8.1 2 Loop gain for cleaning
threshold - 0.0m)y’ 2 Flux level to stop cleaning, swust include
#  units: ‘1.06m)y’
psfeode - ‘clark’ # Method of PSF calculation to use during sinor
2 cycles
imagersode = ‘gsclean’ ¢ Options: ‘csclean’ or ‘mosaic’, '°, wuses
B psimode
cyclefactor - 1.5 2 Controls how often major cycles are done. (e.9.
¢ S for frequently)
cyclespeedup - -1 # Cycle threshold doubles in this nuaber of
# iterations
'Il\tllt.\. - [ ¢ Deconvolution scales (pixels): [] = standard
# clean
interactive - False 2 Use interactive clean (with GUI viewer)
mask K (3] ¢ Cleanmbox{es), mask image(s), region(s), or a
v level
imsize - [256, 256) # x and y image size in pixels. Simgle value:
2 same for both
cell = ["1.08rcsec’) # x and y cell size(s). Default wnit arcsec.
phasecenter - o # Image center: direction or field index
restfreq - S 2 Rest frequency to assign to image (see help)
stokes - RS ¢ Stokes params to image (eg I.IV.IOQ.IOUY)
weighting = ‘matural’ # Weighting of uv (natural, unifors, briggs. ...)
uvtaper - False 2 Apply additiomal uv tapering of visibilities
modelimage - o 2 Name of model image(s) to imitialize cleaning
restoringbean - ) # Output Gaussian restoring beas for CLEAN image
pocor - False # Output primary beam-corrected image
ninpd - 0.2 2 Minimum PB level to use
usescratch - fFalse ¢ True if to save model visibilities inm
# MODEL DATA coluan
allowchunk - False 2 Divide large image cubes into chamnel chunks
s for deconvolution



Output of CLEAN

my_image.flux Relative sky sensitivity

my_image.image Cleaned and restored image (Jy/clean beam)
my_image.mask Clean “boxes”

my_image.model Clean components (Jy/pixel)

my_image.psf Dirty beam

my_image.residual Residual (Jy/dirty beam)

\

Each file is a CASA image



Multi-scale CLEAN

multi-scale “classic” scale
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multiscale = [8, 5, 12, 24, 58] # Deconvolution scales (pixels); [] =
# standard clean

Instead of delta functions (pixels), one can use extended clean
components to better match emission scales

Pick delta function, half the largest emission and a few in between



Imaging spectral lines

e Spectrum

position

S
s

positon

Position-velocity map

(Along one spatial direction)



Imaging spectral lines

mode = 'velocity’ # Spectral gridding type (mfs, channel,

2 velocity, frequency)

nchan B 166 # Number of chanrels (planes) in output
2 image; -1 = all

start = '388km/s " # Velocity of first channel: e.g
#  '0.0km/s'(''=first channel in first
#  SpW of MS)

width = "18km/ s’ 2 Channel width e.g '-1.8km/s’
2 (''swidth of first channel in first
#  SpW of MS)

interpolation = 'linear’ # Spectral interpolation (nearest,
2 linear, cubic).

resmooth = False 2 Re-restore the cube image to a common
2  beam when True

chaniter = False 2 Clean each chamnel to completion
# (True), or all channels each cycle
2 (False)

outframe = 'LSRK " 2 Velocity reference frame of output
£ image; '' =input

veltype = 'radio’ # Velocity definition of output image

|restfreq = '115,271201800GHz" # Rest frequency to assign to image (see help)




Imaging spectral lines: continuum
subtraction

- Generally would like to subtract continuum emission
(need to identify line-free channels first)

- Use uvcontsub to do the subtraction in uv plane.

CASA <11>: inp

--------- > inp()

# uvcontsub :: Continuum fitting and subtraction in the w plane

vis = "'ngc3Zo6_co.ms # Name of input M5, Output goes to vis + ", contsub”

field = " # Select field(s) using id(s) or name(s)

fitspw = "0;207935:717120"  # Spectral windowichannel sslection for fitting the continuum
combine = ! # Data axes to combine for the contiruum estimation (none, or spw and/or scan)
solint = int # Continuum fit timescale (int recommended!)

fitorder = 0 # Polynonial order for the fits

Spw = ' # Spectral window selection for output

want_cont = False # Create vizs + ",cont” to hold the continuum estimate,

async = False # If true the taskname must be started using uvcontsub(...)




Mosaics

Example: SMA 1.3 mm
observations: 5
pointings

Primary beam ~1’
Resolution ~3”

QALMA 1.3mm PB
OALMA 0.85mm PB
v

3.0°

@' Petitpas et
NRAO al.



Imaging mosaics with CLEAN

ilngenlode -

mosweilght =

scaletype =

'mosaic’
False
'SAULT"
1.5

-1
True

g
“
g
“
o
g
“
g
“
g

Options: 'csclean' or 'mosaic', '', uses psfmode

Individually weight the fields of the mosaic

Gridding method for the image

Controls scaling of pixels in the image plane. default='SAULT'; example:
scaletype="PBCOR"' Options: 'PBCOR', 'SAULT'

Controls how often major cycles are done. (e.g. S for frequently)

Cycle threshold doubles in this number of iterations

Controls whether searching for clean components is done in a constant noise
residual image (True) or in an optimal signal-to-noise residucal image
(False)

ftmachine = “mosaic” : add in uv plane and invert
together,

Use csclean for deconvolution.

ftmachine = “ft” : shift and add in image plane

» There’s a tool

(“ia.linearmosaic”) to linear mosaic after

cleaning each pointing and to stitch all pointings
K%® together entirely in the image domain



Combining with single-dish or other

interferometric maps _
’II”I,"/;?E;%;\Q‘\:‘ \‘
If you have only images: VSR
feather (or “casafeather”) ;
If you have an image and an MS: )
use CLEAN with the image <O N+

as “modelimage” Usera Jott/casa/school/S02011/50-Intarl-comby'dutafesthe
and/or feather ol e I e | | O O

If you have multiple MS plus an image:

|

Same as above, input to clean will

be all the MS - -
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Combining with other data: feather

# feather :: Combine two images using their Fourier transforms

imagename = " # Name of output feathered image

highres = a # Name of high resolution (interferometer) image
lowres = ‘ Name of low resolution (single dish) image

async = # If true the taskname must be started using feather(...)

S—antenna ACA
I I I I 1 I

o
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01° o 04'seMsg® 58 iMoo 01° oo 04'seMag®  58°
J2000 Right Asconsion J2000 Aight Ascension
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Combining with other data: modelimage

> inp(clean)
Invert and deconvolve images with selected algorithm

model image = # Name of model image(s) to initialize cleaning

32-antenna ALMA &—antenno ACA AGA = modefmage for 12m
I I I I I I
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.. some CASA images..




Online tutorials:
https://casaguides.nrao.edu/index.php/ALMAguides

ALMAguides
How to use these CASA Tutorlals

Tutorials for CASA beginners
Ou @ w10 CASA, SEAT wih The folowing DAONals. ALMA daN\ e delivenad wih Standard Calation apphied and they aré ready for IMmaging. Thate Quidis Cover thie Dk sheps reguirid 10 imagng and seltcalibvation
o A st look ol imagng » CASA This guide gives o fiest fook ot i and image analysis in CASA

» A NSl hook 1 el FCalReaton in CASA TS guide demindlratis ContRuam seltcal.

w A st Book 3t spactral Loe imaging in CASA This guide shows imagidl of 3 spectral line

o ANt

The DIOWINg ALMA soren: Aave Deen valdated fiv CASA version 4.3 They should 8150 wivk fov CASA verson 4.4, and they will De valitatad v version 4.2 soon
o TWhydraBandT The peotoplanctary sk source TW Mys ot Band 7 (087 men)
o NOCIISAEANTY The galany merger NG J230 o1 Band 3 (3 mv
» AnterraeBandT: Mosax of the galaxy mesger NGC 40084039 (Anteanse) at Band 7 (0 87 mm)
» IBASLEZ0 000 Macaic of the protoctellar clucter IRASIAI0R 2422 at Rand © (0.45 mem)
o Fle BRII02 SV Band) Calibration rotes pdf. Supplemental nctes on the Calibration of SClence WrifiKation Lrget BR1202-072% in CASA 3.3
» ALMAZOLA LBC SVODATA. wagng scrpts and datalls for the 2014 ALMA Leng Baielne Campaign sOnce varfication data for juno. Mra. HL Tu. and SOFRBL.
* M100_Band) Dermomstration of combinng 12m array. Tmearray. and Total Power dats for M100 using CASA 4.3.1
& JC280_Polanzanon: Demaestration of the reduction of ALMA cOMInuum DOLArZaton 10ward he quasss X280

A Guide to CASA Data Weilghts and How to Ensure They are Correct for Data Combination

A Guide to Processing ALMA Data for Cycle 0
Ths page takes you thicugh the iteps of procesting Cycle 0 dats fom the ALMA data archive. The guide descrites some helphl hists for downloading the data, and deicites the process all Bhe way tvoegh inaging and selfcalbaaton, and inage asaly
Wou can oo get 3 losk 3% anamplo dasa calitration sorgts used for Cycle O data 3t the Sllowing Bnis, Thoete wore aetten for CASA vortion 31 4

« TOM (128 chanrelshpw) Rle TOM example ms scnptForCalbaabon py
» FOM (1840 chanesiepw) o FOM oramgio me sorptforC aliteation gy
» M you need to update 3.4 scripts to 4.2, see more information Pece

A Tutorial for Simulating ALMA Data.
Start here to leam about srmdations. The CASA 4 3 umudabon examples i the above titonal should alse work for version 4 4, and they wil be validated for version 4.4 3000 Jump drectly 50 the semulations examples with the fallgming inks

o Svudation Examples in CASA &)
» Examples for glder versions of CASA: 4241 40343)



https://casaguides.nrao.edu/index.php/ALMAguides

For more info:
http://www.almaobservatory.org

The Atacama Large Millimeter/submillimeter Array (ALMA), an international astronomy facility, is a partnership of the
European Organisation for Astronomical Research in the Southern Hemisphere (ESO), the U.S. National Science
Foundation (NSF) and the National Institutes of Natural Sciences (NINS) of Japan in cooperation with the Republic of
Chile. ALMA is funded by ESO on behalf of its Member States, by NSF in cooperation with the National Research
Council of Canada (NRC) and the National Science Council of Taiwan (NSC) and by NINS in cooperation with the
Academia Sinica (AS) in Taiwan and the Korea Astronomy and Space Science Institute (KASI). ALMA construction
and operations are led by ESO on behalf of its Member States; by the National Radio Astronomy Observatory
(NRAO), managed by Associated Universities, Inc. (AUI), on behalf of North America; and by the National
Astronomical Observatory of Japan (NAOJ) on behalf of East Asia. The Joint ALMA Observatory (JAO) provides the
unified leadership and management of the construction, commissioning and operation of ALMA.
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