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•  What do we want? 

•  How do we get it? 

•  What do we get? 



What do we want?! 

•  High resolution! 

 
θ ≈

λ
D

Parkes 64m Lovell 76m Efflesburg 100m 

•  High sensitivity! 
 
 
Sν , rms =

2kTsys
Ae τ Δν



NRAO 300ft (91m)... 

NRAO 300ft (91m)... later 

Arecibo 305m 

FAST 500m 



Resolution 

Image we want Hubble resolution: 
D=2.4m, λ=600nm  -> θ=0.05arcsec* 

 
At radio wavelengths, say 4.5cm 
(6.7GHz**):  

D would need to be ~185km! 

*1 arcsec = 1/3600th of a degree 
** radio/real astronomers work 
in frequency ;) 



Sensitivity 

•  Basically, the bigger the better! 

Sν , rms =
2kTsys

Ae τ Δν



How do we get it?  

•  INTERFEROMETRY!! 

θ ≈
λ
bmax

ΔSrms =
2kTsys

Ae N(N −1)τ Δν

ALMA, 54 12m dishes and 12 7m dishes spread over 14km 



What you will probably take 
away... 

Dishes 
Dark Arts 

Pretty pictures 



! 

! 



x(t) = v1 cos2πνt y(t) = v2 cos2νπ (t +τ geo )

Correlator’s function Rx,y (τ geo ) = x⊗ y = X(ν )Y *(ν )
Do the maths 

Rx,y (τ geo ) = v1v2 cos2πτ geo

Receiver outputs 

Correlator output 

The two element interferometer 

Delay between wavefronts 
arriving at x then y: 
 
  
 

τ geo =
b ⋅ s
c

=
bscosρ

c



That’s all well and good but how 
does this 

tell us anything about space? 

Rx,y (τ geo ) = v1v2 cos2πντ geo



Rx,y (τ geo ) = v1v2 cos2πντ geo

... 

v1 and v2, the voltage outputs of x & y are directly related to: 
•  The brightness distribution, I(s), of the astronomical object 
•  as seen over solid angle dΩ 
•  and A(s) the area of the dish we use to observe it. 
 
Leading to ... 
  

Rx,y (τ geo ) = Δν A(s)I(s)cos2πbλ ⋅ s d∫ Ω



Adding in a bit more reality... 
 
•  The vector s is comprise of the addition of s0 and σ (so s=s0 +σ). 
•  We set τgeo  to zero with instrumental delays 
•  Meaning all delays in the data are from the vector σ 

We then define the Complex Visibility as:  

V ≡ V eiφV = A(σ )I(σ ) e∫
−i2πbλ ⋅σdΩ

which is rather nice as V is the Fourier transform of I. 



Relating the visibility equation to 
the correlator output gives 

Rx,y = A0 V Δν cos(2πνbλ ⋅ s0 −φV )

Known!* 

* After proper calibration 



A coordinate system for interferometry  

l

m

We define u and v, as E-W and  
N-S positions w.r.t w axis which  
is parallel to s0. 
 
l and m as direction 
cosines of s we can write the  
visibility  equation as: 

V (u,v) = A(l,m)I(l,m) e∫
−i2π (ul+vm) dldm

1− l2 −m2

Given l and m  are small the small angle approx applies and V(u,v) becomes a 
direct  Fourier transform of I(x,y) 



In its full gory glory the... 
Measurement Equation 

Vij =MijBijGijDij EijPijTijFijSIν (l,m) e∫
−i2π (uijl+vijm) dldm

1− l2 −m2
+Qij

Vij = What we measure 
Iν = What we want 
Qij = additive errors 
S = maps I to polarisation 
i,j = telescope pair 
Mij = Multiplicative baselines errors 
Bij = Bandpass reponse 
Gij = Gerenalised electronic gain 
Dij = polarisation leakage 
Eij = Antenna voltage pattern 
Pij = paralatic angle 
Tij =Tropospheric effects 

Green= vectors 
Blue= Scalars 
Red= Part of the Jones Matrix 

Slide cribbed from A.M.S.Richards 





Filling the uv-plane 
uv-coverage of an 
interferometer set out in a 
logarithmic spiral pattern 
comprised of two, five, ten 
and fifty antennas (top to 
bottom)  
and observing for 10 s, 2, 
4, and 6 h (left to right).  
 



Part II... One quick slide 
We want to fill the uv-plane because the uv-coverage is the FT of the  
synthesised beam: 

6 dishes 
(~15 mins) 

42 dishes 
(~15 mins) 



Ok, that’s great but how does it 
relate to the images we get...? 

 
<demo> 



A bit about calibration... 



All interferometers have the 
following steps in common. 

1)  Apriori steps. Some selection of system specific steps which need 
taking into account before standard calibration. We’ll ignore these 

2)  Bandpass calibration 

3)  Flux calibration 

4)  Gain calibration / Amp & phase calibration 



Bandpass Calibration 
The frequency response of your system will not be constant across 
the band, ie channel to channel variation, 
 
Use a bright point source of known spectral profile (usually a quasar 
with flat(ish) spectral index). 



Flux Calibration 
Use a well modelled source (planet, quasar, moon etc) of known flux density 
to scale amplitudes of data to actual units (Jy). 

setJy      ::::           Field(s): J1427-4206, Flux density=2.590221633 Jy 
fluxscale::::  Found reference field(s): J1427-4206
fluxscale::::  Found transfer field(s):  J1342-2900
fluxscale::::  Flux density for J1342-2900 in SpW=0 (freq=8.83924e+10 Hz) is:�
 0.109622 +/- 0.000776201 (SNR = 141.229, N = 37)



Gain calibration 
To correct from temporal fluctuations in the data, e.g. atmospheric changes 
 
These will introduce phase errors so observing is done with cuts to a phase 
calibrator which is ‘nearby’ in the sky.   
 
The phase cal should be a point source, such that its phases v time should  
be flat. Therefore temporal changes from this can be corrected for and applied to 
the target source. 



Finally... Imaging 
Rx,y = A0 V Δν cos(2πνbλ ⋅ s0 −φV )

V ≡ V eiφV = A(σ )I(σ ) e∫
−i2πbλ ⋅σdΩ

Out of the correlator and 
calibrated. 
 
What we want is I, or the FT 
of the visibilities... Which 
gives us the ‘Dirty Image’ 

Model 

Dirty Beam Dirty image 



CLEAN 
Well trusted and very capable algorithm for making ‘Clean’ images from dirty  
ones.* 
 
•  Find peak in emission,  
•  Subtract dirty beam response,  
•  Log position & flux in model,  
•  Repeat... Until some threshold. 
 
Convolve model with an idealized Gaussian version of the dirty beam 
(no sidelobes) to generate clean image. 
 

CLEAN 



Cheers! 


