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 How to image large FOV 
 (mosaicking and  multiple arrays)

 Improving your images 
deconvolution and self-calibration

 Spectral line imaging and analysis



  

https://science.nrao.edu/science/meetings/2014/14th-synthesis-imaging-workshop

http://www.iram-institute.org/EN/content-page-248-7-67-248-0-0.html

Ideas and slides borrowed from
IRAM interferometry school

NRAO interferometry school

LOFAR school

European Radio interferometry (ERIS) school   

https://www.eso.org/sci/meetings/2015/eris2015.html

http://www.astron.nl/lofarschool2014/

Virtual Radio Interferometer 
http://www.narrabri.atnf.csiro.au/astronomy/vri.html

https://casaguides.nrao.edu/index.php?title=M100_Band3

Synthesis Imaging in Radio Astronomy: II – The “White Book”



  

In the interferometer the signals from two antennas are  
cross-correlated  
each baseline measures one visibility (per int, per chan, per pol)

V(u,v) =FT(x,y)



  

2-D Fourier Transform

Narrow features

Wide features

Sharp edges

High spatial 
frequencies

Virtual Radio Interferometer http://www.narrabri.atnf.csiro.au/astronomy/vri.html



  

But we actually sample the Fourier domain at discrete points

 

T D(x , y )=D (x , y)⊗T (x , y)

V
meas

(u,v)=S(u,v )V
ideal

(u,v)   
where S(u,v) is the sampling function
S= 1 at points where visibilities are measured
and   S = 0 elsewhere

Applying the convolution theorem:

The Fourier transform of the sampled visibilities gives the true sky 
brightness convolved with the Fourier transform of the sampling function 
(called dirty beam).

To get an image from interferometric data we need to Fourier transform
sampled visibilities, and deconvolve for the dirty beam →  clean

   

FT(V
meas

)=FT(S)*FT(V
ideal

)



  

The better you sample the uv plane, the better you can recover 
the true brightness of your target 
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Let's recap

No data beyond u
max

, v
max  

           unresolved structure

No data within u
min

, v
min

     limit on largest scale

Holes in the uv coverage
     sidelobes in the image 

T D(x , y )=D (x , y)⊗T (x , y)

θres≈
λ
Bmax

θMRS≈
λ
Bmin

Field of View ∝ λ
D



  

Model of emission 
Larger than the PB

PB sensitivity pattern PB applied
sensitive to center 
emission only 

The primary beam effect

“suppression” of emission far from pointing center 

The primary beam response of the antennas in the array must be corrected for 
during imaging to get accurate intensities for source outside the core  of the 
beam 

Synthesis Imaging in Radio Astronomy: II – The “White Book”



  

If the region of interest is larger than the primary beam 

ALMA PB @ Band3
~ 1'



  

If the region of interest is larger than the primary beam 

need to mosaic many interferometric pointings 



  

Mosaicking in practice

Different ways to lay out field centers on the sky

OTF continual scanning Non-Nyquist 

Nyquist sampling (recommended) 

λ
2D λ

√3D

Rectangular grid
Minimum Nyquist 

Hexagonal grid
Most efficient coverage with 
minimal non-uniformity 

Fast sky coverage
Non uniform



  

Mosaicking in practice

Different ways to lay out field centers on the sky

Pointings are in time sequence
atmospheric variations from a point to another can occur
(the water vapor content can change on small timescales)
 
Better to cover the full mosaic fast but more frequently 
This makes the map and uv-coverage more uniform, but it can 
increase overheads

Telescopes slew time is critical ALMA is super fast! 

Pointing accuracy is more critical than for observations of a
source in the center of the FOV 

Mosaicking is tipically done for extended sources
deconvolution in this case is tricky
 



  

M100 example: 12 m array

ALMA Band 3 observations (FOV~51”)
47 12m pointings are needed 
to cover ~200” square area
ToS ~ 124 min

The mosaic primary beam response 
pattern is the convolution of individual 
HPBW of the different pointings

Moment 0 for 12 m data

The largest structures are not 
recovered because > θMRS≈

λ
Bmin



  

If good measurements on the shortest baselines are available 
mosaicking can recover some missing scales.

Although each baseline measures a single visibility It is actually sensible 
to the angular scales

by scanning the telescope over the sky 
some of the missing information
can be recovered 
      

λ
b−D

<θ< λ
b+D

Mosaicking theory: Ekers & Rots 1979



  

If good measurements on the shortest baselines are available 
mosaicking can recover some missing scales.

Right central hole is smaller

But may not be enough → use arrays with smaller dishes

Mosaicking theory: Ekers & Rots 1979



  

M100 example: ACA

23 7m pointings are needed 
to cover  an area  slightly larger than 
200” square
ToS 188 min 

Moment 0 for  7m data

12m and 7 m data are combined in the uv plane



  

M100 example: 12 + 7 m

12 + 7m data

12m and 7 m data are combined in the uv plane

After the combination of data from different arrays 
relative weigths must be preserved

CASA should preserve the relative antenna weights but it is worth checking!

  12m only

wij∝Aeff
2 Δ νchan t ij
T sys , iT sys , j

∝D 4



  

θLAS=
1
2

λ
Bmin

≤ λ
2DIf the region of interest is much larger than the

need to image with smaller dishes 
to decrease the size of the central hole  

                      



  

θLAS=
1
2

λ
Bmin

≤ λ
2DIf the region of interest is much larger than the

need to image with smaller dishes and add single dish
to recover the total flux (baseline zero)   

There is still a hole between (0,0) and B
min

To maximize flux recovery and image quality, it would be needed 
a single dish of D > 1.5 x B

min
 



  

M100 example: Single dish

2  Total power antennas (12 m)
~ the same field of view ~200” squared covered with on the fly mapping
ToS 172 min

Moment 0 for SD observaton



  

Combination between interferometric and SD data

Recommended procedure: feathering

FT interferometric 



  

Combination between interferometric and SD data

Recommended prcedure: feathering

FT interferometric images 

Clean interpolates 
between measured 
spatial frequencies



  

Combination between interferometric and SD data

Clean interpolates 
between measured 
spatial frequencies

This is an
extrapolation 

Recommended prcedure: feathering

FT interferometric images 



  

Combination between interferometric and SD data

Clean interpolates 
between measured 
spatial frequencies

This is an
extrapolation ?

?

Recommended prcedure: feathering

FT interferometric images 



  

Combination between interferometric and SD data

Recommended prcedure: feathering

FT interferometric and single dish images



  

Combination between interferometric and SD data

Downweight  interferometric data
multiplying by 1-FT(Single dish)

Recommended prcedure: feathering

FT interferometric and single dish images

Downweight interferometric visibilities



  

Combination between interferometric and SD data

The image obtained will have correct total flux 
density (given by SD) and the best estimate of 
all spatial frequencies (given by interferometric 
data)

Recommended prcedure: feathering

FT interferometric and single dish images
Downweight interferometric visibilities
Sum of interferometric (re-weighted) and single dish data. 
and image back



  

M100 example: mom0 comparison

12 + 7m data 12m only

SD + 12 + 7m SD only 

Comparison     

Total flux 

 12+7 m = 1418 Jy km/s

 TP = 2776 Jy km/s

 Feathered image = 
 2776 Jy km/s

The feathering 
preserves the flux

   of the TP data

https://casaguides.nrao.edu/index.php?title=M100_Band3



  

To improve images

Deconvolution 

uses non-linear techniques  to interpolate/extrapolate samples of V(u,v) 
into unsampled regions of the (u,v) plane-

Clean is the dominant deconvolution algorithm
it makes a basic assumption: each source is a collection of points  



  

To improve images

Change weighting

The dirty beam is actually

W modifies the sidelobes of the dirty beam

 Natural weighting
     
          at points with data, and 0 elsewhere

D(x , y )=FT −1(W (u , v)S (u , v ))

W (u , v )=1/σ
2
(u ,v )

Natural 
maximizes point 
source sensitivity

Resolution
0.77x0.62 arcsec

Sensitivity
  1.0



  

To improve images

Change weighting

The dirty beam is actually

W modifies the sidelobes of the dirty beam

 Uniform weighting
     
          inversely proportional to the density of (u,v) points 

D(x , y )=FT −1(W (u , v)S (u , v ))

W (u , v )∝
1
δS

Uniform
gives more weight 
to long baselines
degrades point 
source sensitivity

Resolution
0.39x0.31 arcsec

Sensitivity
  3.7



  

To improve images

Change weighting

The dirty beam is actually

W modifies the sidelobes of the dirty beam

 Briggs weighting

a variant of “uniform” that avoids giving too much weight to cell with low 
natural weight (robust)

D(x , y )=FT −1(W (u , v)S (u , v ))

Briggs 
(robust 0)

Resolution
0.41x0.36 arcsec

Sensitivity
  1.7



  

To improve images

Deconvolution 

Clean is the dominant deconvolution algorithm 
it is scale-free and treats each pixel as an independent degree of freedom
no concept of source size
But, an extended source covering 1000 pixels might be caracterized by few 
parameters instead of 1000

Multi-Scale Clean (MS Clean) 
deconvolution employing fewer degrees of freedom
very efficient and gives good results on extended sources  

https://casaguides.nrao.edu/index.php?title=EVLA_Wide-Band_Wide-Field_Imaging:_G55.7_3.4
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Multi-Scale Clean (MS Clean) 
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very efficient and gives good results on extended sources  



  

To improve images

Multi-Frequency synthesis (MFS)

Wide bandwidths allow higher sensitivity
to continuum emission and larger 
frequency ranges for lines search but also
uv coverage can be improved 

Distance in the uv-plane is proportional to
so observing a large range in wavelengths changes points in the uv-plane 
into lines.  

b/ λ



  

To improve images

Multi-Frequency synthesis (MFS)

Primary beam has substantial frequency-dependent variation across the 
large band,  when the source has flat spectrum this is not a problem
but if the flux  vary significantly across the band need 
a sky model that takes this into account, including spectral index 
and possibly spectral curvature.

The Multi-Scale Multi Frequency Synthesis (MS-MFS) algorithm 
(Rau and Cornwell, 2011)
provides the ability to image and fit for the intrinsic  source spectrum, 
using a polynomial in frequency.

 
  

https://casaguides.nrao.edu/index.php?title=EVLA_Wide-Band_Wide-Field_Imaging:_G55.7_3.4



  

Self-calibration

Calibration using external calibrators in not perfect
interpolated from different time, different sky directions from source

Basic idea of self-calibration: objects with enough S/N can be used 
to calibrate themselves to obtain a more  accurate image.

It works because
at each time the number of baselines is much larger than the number 
of antennas (of complex gains)
source structure can be represented by a small number of parameters

It is dangerous in case of arrays with a small 
number of antennas and complex sources

Rule of thumb: it is worth using it if S/N > 20  (for an array of 25 antennas)
Amplitude self-cal is only effective if >90% of the flux density is in the image
after phase self-cals



  

Self-calibration

Make an image with normally calibrated data

If S/N>20, compute phase gains in a 
solution interval ~ target scan length
using the image as model!

 If the number of bad solutions is >30%
 source is maybe too weak, try averaging

 Image the source after applying the 
 self-cal. If phase errors where larger than 
 30 deg significant improvement

 If the noise il lowered to >50% do another
 phase only selfcal with shorter solution 
 interval.

 When happy with phase cal try amplitude
 Amplitude tends to vary more slowly
 solution intervals are typically longer.
 Apply solutions and image 
 

Peak
95 mJy

rms 
1.5 mJy 

Peak
120 mJy

rms 
0.22 mJy 

Peak
122 mJy

rms 
0.06 mJy 



  

Spectral line observations

The imaging process 
   is the same as for a  continuum map
   but making  an image for 
   each channel (a cube with 
   axes RA, DEC and velocity/frequency)

The rms is larger than for continuum

While imaging it is possible to 
average channels if the full 
resolution is not needed 

   

RA 

D
E

C
 

RA 

D
E

C
 

Freq 
(GHz)

 

RA 

D
E

C
 



  

Spectral line observations

Spectral line data often contains
continuum emission from the target
which can complicate the detection and 
analysis of lines

Model the continuum using 
channels with no lines: low-order
polynomial fit

Subtract this continuum model from 
all the channels

It can be done before imaging
(CASA uvcontsub) or after imaging
(imcontsub)

   



  

Spectral line analysis   

RA 

D
E

C
 

Velocity 

Freq
Chan

Each panel corresponds to a different
Velocity/freq/chan. 
Show how the spatial distribution of the line 
emission changes with freq/velocity

2-D slice along velocity axis: channel map



  

Spectral line analysis   

RA 

D
E

C
 

Velocity 

Freq
Chan

F
lu

x
F

lu
x

Each pixel has a different spectral 
profile, which may show different line
shape, intensity and width. 

1-D slice along velocity axis: spectra



  

Slices along spatial dimension: PV diagrams 

RA offset

V
el

oc
ity

V
el

oc
ity

DEC offset

RA 

D
E

C
 

Velocity 

Freq
Chan

Spectral line analysis   



  

Integration along the velocity axis: Moment maps

Integrated line intensity 
Moment 0

Velocity field 
Moment 1

Velocity dispersion
Moment 2

RA 

D
E

C
 

Velocity

Spectral line analysis   



  

Moment maps

Noise clipping is required to compute the moment maps 

Sum only over planes containing emission
Set a conservative intensity threshold 
 



  

Moment 0

 

Moment 1∫ Sv dv
∫ Sv v dv

∫ Sv dv

Jy/beam * km/s         km/s

Moment 0 : each pixel shows the integrated intensity over the velocity axis 
Moment 1 : each pixel shows the intensity-weighted velocity
                    



  

https://science.nrao.edu/science/meetings/2014/14th-synthesis-imaging-workshop

http://www.iram-institute.org/EN/content-page-248-7-67-248-0-0.html

Concluding remarks

Interferometry samples “partially” the Fourier components of the sky 
brightness, deconvolution attempts to correct for incomplete sampling

 First be sure that all the spatial scales you are interested in are 
 actually sampled (if necessary require multiple arrays and SD)

 Imaging and deconvolution require care and astronomers judgement
 try different parameters (e.g weighting) to get the better results for 
your purposes

 It is difficult but it is worth the trouble!

Many more issues not cover in this talk →  please see 
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