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Summary.of Class 1
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Interferometers solve the problem of angular resolution in radio-astronomy

Biggest single-dish “conventional” interferometers VLBI arrays
Highest resolution in
Same resolution as human Same resolution as large astronomy
eye optical telescope (~ 1 milli-arcsecond down
(~one arcminute) (~0.1 arcsecond) to 10 micro-arcsecond)

This is the highest angular resolution
achievable in all of astronomy




Joseph Fourier (1768-1830)

Active during the French Revolution (1789)
Imprisoned during the “Terror”
Appointment at Ecole Normale, and then
Ecole Polytechnique (succeeded Joseph-

Louis Lagrange)

Scientific advisor of Napoleon during
“Egyptian Expedition” (i.e. war)

Perfect of Isere (a French department in the
Alps)

Oh, and in his free time, he also invented
some maths and discovered some physics....



Pictorial principle of interterometry
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(Cassegrain) reflector telescope

Replace with

Combination (to form
the image at the focus) is
done electronically
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Fundamental result from Class 1

dldm This is a function of

V1—=12—m? "

V(I/t, V) — J'[I(l’ m)e—Zﬂi(qum)

This is a function of

I,m) =1 =12 —m? ﬂ V(u, v)e ) dy dy (I, m)

One measurement: corresponds to one baseline : B,
%o, and therefore also to one value of (u;, v;)
7
o,){ /
telescope 1 \ o baseline B ‘y telescope 2 (aCtua”y tWO pOintS: aISO (_I/ll, - Vl)
= R

N 55N s Including both baselines from telescope 1
Vy = Eycosta + ) to telescope 2 and from telescope 2 to
telescope 1)




Part 3: The gory detalls of,mterferometry (dirty

beam CLEAN arg all that...)



One simplification

dldm

Small field of view: [ < 1 and m < 1
V1i-P2-m?~1

This is a function of

V(I/t, V) — I( l, m) e—27ri(ul+vm)

(u,v)

V1—12—m?

This is a function of

I, m) =V 1 = 12— m? || v(u, v)e2ilurm gy gy (L, m)

One measurement:

telescope 1 (' baseline B EA telescope 2
o s

V) = Eycoslo(f + 7,)] V, = E,cos(wi)

Multiplied and
averaged

corresponds to one baseline : B,
and therefore also to one value of (u;, v;)

(actually two points: also (—u;, — v;)
Including both baselines from telescope 1
to telescope 2 and from telescope 2 to
telescope 1)



One simplification

Vu,v) = || I(l, m)e M didm

1L, m) = || V(u, v)e?™ ) dy dy

One measurement:

telescope 1 (' baseline B G telescope 2
= A

V) = Eycoslo(t + 7)) V, = E,cos(wi)

Multiplied and
averaged

This is a function of

(u,v)

This is a function of

(I,m)

corresponds to one baseline : B,
and therefore also to one value of (u;, v;)

(actually two points: also (—u;, — v;)
Including both baselines from telescope 1
to telescope 2 and from telescope 2 to
telescope 1)



Multiple measurements

Measurement 1: baseline By, values (u, v)) True function V(u, v)

Measurement 2 : baseline B,, values (u,, v5)

Measurement k : baseline By, values (i, v;)




Multiple measurements

Measurement 1: baseline By, values (u, v)) True function V(u, v)

Measurement 2 : baseline B,, values (u,, v5)

Measurement k : baseline By, values (i, v;)




Multiple measurements

Measurement 1 : baseline By, values (i, v;) Sampled function V(u,v)
3 -
Measurement 2 : baseline B,, values (u,, v5)
2 =
. (u]’ v])
Measurement k : baseline By, values (i, v;)
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Multiple measurements

Measurement 1 : baseline By, values (i, v;) Sampled function V(u,v)

Measurement 2 : baseline B,, values (u,, v,) (its, v5)
b

(uy,vy)

Measurement k : baseline By, values (i, v;)

(—up, —vy)




The sampling function

What the interferometer measures in not the complex visibility function V(u, v)
but the sampled complex visibility function S(u, v)V(u, v) where S(u, v) is the sampling function.

The sampling function is a sum of Dirac delta functions located at all sampled (u, v) points.

What you would like to get is: ](l, WL) — ﬂ' V(l/t, v)ez”i(l“m")dudv

What you actually get is: ]’(l, Wl) = [[ S(I/t, V) V(l/t, V)€2ﬂi(lu+mv)dl/tdv



The “dirty beam”
I'(l,m) = ﬂ S(u, v)V(u, v)e >+ dy dy

This is the Fourier transform of a product of two functions

The result if the convolution product of the individual Fourier transforms:
I'(l,m) = J] S(u, v)e? P W) iy dy * ﬂ V(u, v)e?™urm) gy dy

Dirty Beam = PSF = B(/, m) True sky brightness (I, m)

I'(l,m) = B(l,m) * I(l, m)

/

“Dirty image”



A simple example: single baseline

B(l,m) = ﬂ S(u, v)e 2 rm) gy dy

S, (u,v) = o(u — uy) * B, (I, m) = ™4 = cos(2ruyl) + i sin(2zul)

S_(u,v) = o(u + uy) * B_(I,m) = e~ %m0l = cos(—2muyl) + i sin(—2zmuyl)

S(u,v) = % (8Cu — ug) + 6(u + up)) * B(l,m) = % (B,(L,m) + B_(I,m)) = cos(2nuyl)



Response for single short baseline

(u,v) plane coverage for a single 50-m baseline
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Response for single long baseline

40000

(u,v) plane coverage for a single 200-m baseline
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Y (m, North-South)

Response for four antennas

Array as seen from above
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Y (m, North-South)

Response for four antennas with Earth rotation

(u,v) coverage
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esponses from actual arrays (VLA
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esponses from actual arrays (ALMA

UV Coverage
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Response to a circular aperture
y

Fourier

Transform

Actual observation of a binary system

Aperture Response



The deconvolution idea

I'(l,m) = ﬂ S(u, v)V(u, v)e ) dy dy
I'(l,m) = H S(u, v)e>™u+m) gy dy * ﬂ V(u, v)e ) dy dy

I'(l,m) = B(l, m) * I[(l, m)

“Dirty image” “Dirty Beam” “True” Image

To recover the true image, we need to deconvolve the dirty image from the dirty beam
Fortunately, the dirty beam is ugly but very well known



The “CLEAN” algorithm

Step one s 0 ] » . <}:| “CLEAN” beam
(u,v) coverage dirty beam Gaussian fit
to central lobe
Step two

Visibilities Dirty Image _
" R lterative
process

Dirty Beam

v




The “CLEAN” algorithm

In Dirty Image, find peak

Clean Table Component

T

From Dirty Image,
remove (10% of) peak

|

In Residual Image, find
peak

In cc table, store
Xp1, Yp1s Spi

|

From Residual Image,
remove (10% of) peak

continue until residual is put noise...

In cc table, store
Xp2, Yp2, Sp2




The “CLEAN” algorithm

Step three

CLEAN
image

Final

Clean

Residual components

C See 1D example )

Clean
Beam




CLEAN before/aftter
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Two last comments

we wrote the dirty beam as:

B(l,m) = J] S(u, v)e 2™+ dy dy

We can modify this definitionas:  B(l,m) = u S(u, v)w(u, v)e>™urm) gy dy
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The effect of different weights

Robust=0 Beam CLEAN image

CLEAN image

Natural Weight Beam
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Two last comments

200 UV Coverage
No data near (u,v) =0
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Quiz 2: how do we fix this?
50+
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we merge interferometric
and single-dish data
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Interterometers+single dish
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