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ALMA



• ALMA: 

• 12m-array: 50 antennas, 10 possible configurations with baselines <16 km

• 7m array (ACA): 12 antennas

• Total power array: 4 antennas 

ALMA



ALMA bands

40-900 GHz



Why interferometry?
JCMT: single dish (15m)



Why interferometry?
Single dish (15m):

R ∼
λ
D

∼ 14′￼′￼ ≫ disk size

Interferometer:

R ∼
λ
B

∼ 0.4′￼′￼(B = 500 m)

∼ 0.02′￼′￼(B = 10 km)

λ ∼ 1 mm



Interferometry
• 	 Interferometers multiply signals 

from pairs of antennas to obtain 
samples of a complex function 
called the Visibility.  

• 	 The Visibility is a Fourier 
Transform of the sky brightness.  

• 	 The samples measured 
depend on the antenna separation, 
orientation, and observing 
wavelength.  

• 	 Imaging require an inverse 
Fourier Transform of the samples 
and mitigation of sampling 
sparseness (CLEAN lecture) 

Credits to Logan Francis



Two-element interferometer

• 	 Let’s imagine a pair of antennas 
separated by baseline distance b 
observing a source in direction s at 
frequency 𝜈.  

• Each antenna collects and amplifies 
the signal to measure a voltage V 
oscillating at 𝜔 = 2π𝜈.  

• The same signal reaches both 
antennas, one sees a delay 𝜏g.  

•



Two-element interferometer

• The signals are digitized, then 
multiplied and averaged in a 
correlator to produce fringes with 
response Rc.  

• Fringe amplitude ∝ Source 
brightness.  

• Fringe phase is sensitive to source 
position. 


•



Complex correlator



Bandwidth and  
fringe tracking



Primary beam



Coordinates



Fourier transform



Sampling the visibility



Sampling the visibility



Sampling the visibility



Sampling the visibility



Sampling the visibility



Sampling the visibility



Sampling the visibility



Sampling the visibility



Sampling the visibility



Sampling the visibility



Sampling the visibility



Don’t worry! Using data will clarify a lot!



More background
• Interferometry is a deep topic - these will help:


• NRAO Summer School Lectures - perfect for beginners, has recorded 
lectures and slides: 
https://science.nrao.edu/science/meetings/2018/16th-synthesis-
imaging-workshop/16th-synthesis-imaging-workshop-lectures


• Essential Radio Astronomy - beginner textbook  
https://www.cv.nrao.edu/~sransom/web/xxx.html


• Interferometry and Synthesis in Radio Astronomy - extremely technical 
but comprehensive textbook: https://link.springer.com/book/
10.1007/978-3-319-44431-4


• ALMA Documentation - See the proposer’s guide and primer for easy 
introduction, and the technical handbook for detailed inquiries. 
https://almascience.eso.org/documents-and-tools/cycle-9-documents



Fourier transform in 
practice



Fourier transform  
in practice



Fourier transform in 
practice

• At each u,v point you measure  
Real and Imaginary  
(as function of time and frequency)


• The “Real” represents radial variations

• The “Imag” represents azimuthal variations


• Amplitude = sqrt(Real2+Imag2)


• Deprojected baseline = sqrt(u2+v2)



Fourier transform in practice

(uv-dist = sqrt(u2 + v2))

Two major issues when Fourier transforming: 
maximum resolvable scale and incomplete PSF



ALMA interferometry

• Every antenna is connected with every 
antenna (baseline)


• So 3 antennas: 6 baselines, 4 antennas: 
24 baselines, etc.


• Each baseline (interference pattern) 
provides a resolution element or spatial 
scale λ/B (B = baseline length), which 
can be described as point in the u,v-
plane 


• Remember: for observing, you want to 
‘fill the u,v-plane’ as much as possible to 
cover all possible spatial scales and get 
a nice clean beam


• ALMA: 

• 12m-array: 50 antennas, 10 possible 

configurations with baselines <16 km

• 7m array (ACA): 12 antennas

• Total power array: 4 antennas 



ALMA: uv-plane
• The u,v-plane can be considered the Fourier 

transform of the x,y-plane: imaging interferometry 
data means Fourier transforming it


• The u,v-coverage :


• The sampling of the u,v-plane: the better it is 
filled, the more accurate your image will be


• The Fourier transform of the u,v-coverage 
gives you your beam or PSF: perfect coverage 
results in a perfect Gaussian beam, imperfect 
coverage results in a ‘dirty beam’ with 
sidelobes


• Coverage at long baselines means you are 
sensitive to small spatial scales: coverage at 
short baselines means you are sensitive to 
large spatial scales => you usually cannot have 
both at the same time!

Typical uv-coverage ALMA

Typical uv-coverage pre-ALMA



ALMA interferometry

Each configuration has a 
limited number of baseline 

lengths, or a limited 
number of spatial scales 

you are sensitive to 

MRS: maximum 
recoverable scale 

AR: angular resolution 



Dirty beam

Dirty beam Perfect beamVery dirty beam

u,v-coverage 
(example: SMA 
with 8 antennas)

Beam or PSF



Demo uv-coverage
• ALMA simulation in CASA: provide an 

image and the details of the requested 
observations (configuration, 
integration time, declination of source, 
frequency) and compute how your 
image would look like when observed


• Two main differences between 
convolution and ALMA simulation: 
spatial scales + side lobes


• Difference generally gets worse in 
more extended configurations: less 
u,v-coverage at long baselines

u,v-coverage 

5h ALMA observation



Demo uv-coverage

Model image  
(Band9: 672 GHz)

Configurat
ion 5

Configuration 8

Convolved Simulated

AR ~ 0.02” 

MRS ~ 0.2” 

AR ~ 0.
1”

 

MRS ~ 1.
2”

Note that only 2/3 of total 
flux is recovered in C8



Demo uv-coverage



Demo uv-coverage

+

1.5”

40



Max baseline = 2 km

Antenna positions

Resolution = 0.2”
41

Demo uv-coverage



BACKGROUND

Interferometry

Max baseline = 600 mResolution = 0.6”

Antenna positions

42



+

Max baseline = 12 kmResolution = 0.03”

Antenna positions

43

Demo uv-coverage



Interferometry Convolution

Importance spatial scales44

Demo uv-coverage



About spectral windows

In each spectral window

Lower and upper side 
band with multiple 
spectral windows



About spectral windows



About spectral windows
• Basic setup: 4 basebands of 3840 channels each 

around LO frequency 

• Max 4 spectral windows within each baseband

• Compromise: bandwidth (line width, multi-line 

coverage, continuum bandwidth) or spectral 
resolution (velocity resolution)


• Observing frequency: depends on Earth velocity 
at time of observing, so sometimes multiple 
spectral windows when observed multiple times



Calibration
• We measure amplitudes and phases of sources

• Time dependent:

• Weather 

• Atmosphere

• Antenna response

• Instrument response

• Moving antennas

• Etc.


• So we have to calibrate for each antenna all the time

• ALMA calibration is done for you (QA2) so basics only now



Observatory calibrations



Science observation 
calibrations



Data flagging



System temperature



Water vapor



Calibrator source



Flux calibration



Flux calibration



Bandpass calibration



Phase calibration



How do we image  
(‘clean’) visibility data?

Why do we need to clean?



Recall: sampling
Effects of Sampling

● Describe sampling of uv-plane with function S(u,v):

● If we take the Fourier transform of Vobs, we obtain the true sky brightness 
convolved with the Fourier transform of S:

● B is known as the “dirty beam” or “synthesized beam” and is how the 
array sees a point source. I*B is thus called the “dirty image”.



Dirty image



Dirty image



Image units for radio 
astronomy



What is the beam?



Weighting schemes 
visibilities



Examples weighting



Weighting schemes - 
natural



Weighting schemes - 
uniform



Weighting schemes - briggs



Weighting schemes - 
tapering



Examples weighting



The CLEAN algorithm
1. Produce an initial dirty image I D 


2. Find brightest point I 0 in ID 


3. Subtract from the image the dirty beam B 
scaled and shifted to peak at 𝛾I0, where 𝛾<1. 


4. Add a point source of brightness 𝛾I0 to 
“clean” model image. 

5. Repeat Steps 2-4, replacing I D with the 
subtracted map from the last iteration. Stop 
when I0 is comparable to the noise level in 
the map. 

6. Convolve the “clean” model with an

ideal “clean” beam, typically a

Gaussian fit to the main lobe of the

dirty beam.

7. Add dirty image residuals to clean image.




CLEAN in action



CLEAN in action



CLEAN and CASA



CASA basics



CLEAN in CASA



Basic tclean parameters



Basic tclean parameters



Basic tclean parameters



Basic tclean parameters



Example



Example

In logger



Example



Example



Example



Line cleaning



Multiscale



CASA inspection
• Measurement set: folder 

structure which can only 
be read/edited with CASA!


• Usual extension .ms but 
can be anything: 
convenient


• Do NOT change any of 
data or names inside 
folder or it becomes 
unreadable



CASA inspection
• listobs(vis=‘mydata.ms’) => basic observational data in logger



CASA inspection
• plotms(vis=‘mydata.ms’) => plot visibility data 



CASA inspection
• plotms(vis=‘mydata.ms’) => plot visibility data 

Can be slow! Use averaging options  
or small selection

0:10



CASA inspection
• plotms(vis=‘mydata.ms’) => plot visibility data 

Use colorize option (Display) to 
see which data might be flagged



CASA inspection
Columns: 
- data: actual data (after split) => mostly used

- corrected: data after calibration => often set by 

default in CASA tasks: change to ‘data’

- model: model flux calibrator/clean



CASA inspection
• Datasets can be huge: some tips to reduce (before imaging/plotms)


• Split out what you need (field, spectral window, channels)


• Bin in frequency (for continuum)


• Bin in time domain (if no visibility analysis)



Continuum vs line
Example full spectrum

Continuum

Molecular lines



Continuum vs line
Example full spectrum

Continuum

Molecular lines



Continuum vs line
Example in visibility plane



Continuum vs line
• Continuum 

• Thermal dust emission


• Select channels without line 
emission and average them 
using split() command


• Averaging results in much 
higher SNR


• Clean using 
specmode=‘mfs’

• Line 

• Molecular line


• Subtract the continuum in the 
visibility plane using the 
uvcontsub() command, by 
specifying channels without 
line emission


• Clean using specmode=‘cube’


• Velocity mode: set 
outframe=‘LSRK’!


• Set velocity resolution and rest 
frequency



Molecular lines
• Molecular line spectroscopy


• Each molecule emits through a number of transitions, depending 
on local density and temperature


• Each transition has a unique frequency (fingerprint):  
the rest frequency


• Molecular lines are broadened by kinematics:


• Shift by source velocity: few km/s for nearby disks


• Broadened profile by disk rotation


• Velocity resolution ALMA can be very high (10 m/s)! Depends on 
user settings (proposal)


• Rest frequencies and more: https://splatalogue.online//



Continuum vs line
Continuum Cube

(Share screen)



About spectral windows

Practice: output listobs ()



About spectral windows

In practice:  
output plotms ()



Detections and non-detections
Non-detection

Detection point-source

Detection extended source



Detections
Get information about flux, size, etc. either with viewer or using imfit()



Non-detections/noise

Measure noise in emission-free region



Non-detections/noise
Good practice: compare  

with theoretical noise  
using ALMA sensitivity 

calculator

https://asa.alma.cl/SensitivityCalculator/



Import/export

• For operations outside CASA, export your images to a 
fitsfile using exportfits()


• For most operations in CASA and CASA viewer, import 
your images to an image file using importfits() if not yet in 
fits format



Another useful tool: 
CARTAVIS



More information
• ALMA proposer’s guide:  

https://almascience.nrao.edu/proposing/proposers-guide


• ALMA CASA tutorials:  
https://casaguides.nrao.edu/index.php/ALMAguides


• NRAO 17th Synthesis Imaging Workshop 2020: 
http://www.cvent.com/events/virtual-17th-synthesis-
imaging-workshop/
agenda-0d59eb6cd1474978bce811194b2ff961.aspx  
(online lectures)

https://almascience.nrao.edu/proposing/proposers-guide
https://casaguides.nrao.edu/index.php/ALMAguides


ALMA archive
• ALMA data becomes public after 1 year and is provided 

with reduction script and basic reduced fits files!


• ALMA archive: https://almascience.nrao.edu/asax/

Many ways to search…



ALMA archive
• Often many datasets: figure out what you need

Hover mouse on program number: 
Abstract proposal Hover mouse on Frequency: 

Spectral setup

ResolutionSensitivity Release date

Or check directly at 
publications/projects



ALMA archive
• Download:


• Check what you need



ALMA archive
• Select what you need and 

click Download selected


• Script recommended: 
easy to continue


• Keep in mind that datasets are 
huge, 100s of Gb!  
Need storage, also for 
reduction


• Different Cycles: different 
CASA versions to reduce



ALMA archive
• Full dataset: folder structure

• README: 

comments reduction,  
CASA version


• Raw: raw data (ASDM)

• Script: contains main calibration scripts

• QA: quality assessment

• Product: basic reduction: often very large and unnecessary!

• Calibration: calibration tables

• Calibrated: measurement sets (after running script)



ALMA archive
• Trick for quick look at product fits files: NAOJ fits archive! 

https://jvo.nao.ac.jp/portal/top-page.do 

• Fill in program number and browse through fits images

https://jvo.nao.ac.jp/portal/top-page.do


ALMA archive
• ALMA data is quality assessed (checked for noise/beam size 

proposal: QA1 and QA2) and basic reduced (product fits files) 
but often room for improvement


• Possible improvements: additional flagging, combination of 
configurations, self-calibration, imaging (weighting, velocity 
resolution, etc.)


• Recommended to download raw data, run calibration script and 
redo imaging for the purpose of your science.


• Very annoying: many different incompatible CASA versions 
required. Possible solution next year with ARCADE environment.


• Product fits files can be used for initial inspection, but often not 
science ready



Now it’s your turn!

TO REDUCE ALMA DATA



ALMA reduction
• Today: ALMA CASA tutorial TW Hya

• Download and install CASA

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


• Tomorrow: pick your project from an unpublished dataset with 
many resolved protoplanetary disks  
(already calibrated and split out science targets: start directly 
from the measurement set) 
 
=> goal: produce images, analyse them and present on Friday!

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


Dr. Nienke van der Marel 
astro@nienkevandermarel.com 

http://www.nienkevandermarel.com

Questions?

mailto:astro@nienkevandermarel.com

