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We do interferometry all the time. ..

Ascending auditory pathways

“Significant number of nerve fibers cross the brain and make
connections with neurons on the side opposite from the side of the
ear in which they begin. This happens very early on in the auditory
system. Inter-aural comparisons are an important source of
information for the auditory system about where a sound came
from."

David Heeger’s lecture from
http://www.cns.nyu.edu/ david/courses/perception/lecturenotes/localization/localization.html



And animals too




Interferometry

e d—

Focal point

Positive (converging) lens

Interferometry is essentially the same thing that happens in an eye
or a camera: the electromagnetic field is Fourier transformed by
the lens to produce an image. Fourier optics: nothing more,
nothing less.

See €.8Z. https://en.wikipedia.org/wiki/Fourier optics#Fourier transforming property.of lenses



A light Introduction
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Focal point

Positive (converging) lens

In interferometry, we discard the lens (or mirror), take samples of
the aperture field and produce the image mathematically. This
works in radio because frequency is low enough. It's that simple.



A light Introduction
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Focal point

Positive (converging) lens

In interferometry, we discard the lens (or mirror), take samples of
the aperture field and produce the image mathematically. This
works in radio because frequency is low enough. It's that simple.
Well, of course there are details. . . these are the topics of the

lectures.



Resolution of an optical device

Any optical device is fundamentally limited by diffraction

Due to diffraction, the image of a point source is not a point image, but a
blurry point-like shape called Point Spread Function (PSF)
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The PSF of an optical device

The PSF of an instrument is equal to the Fourier transform of the
aperture’s autocorrelation (in units of \)

PSF = F(APERTURE x APERTURE)
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The PSF of an optical device

The size of the PSF depends on the wavelength and the aperture size:

A
AY ~ —
D

«40>» «F>» «E>» « > = Q>
I. Marti-Vidal (Onsala Rymdobservatorium) Turku — NERAS (2015 7 /31




The PSF of an optical device

The size of the PSF depends on the wavelength and the aperture size:

A
AO ~ =
o D

AP. AUTOCORR. ] ] OBSERVATION

~ z g
E 5 ]
5 z z
2 " S 00
= 1 8
< a a
> + 4

& &

0.5 0.0 . 1. . 0.0 -0.5
X/ X (Norm) Rel. RA (Norm)

«40O> «F»r « =

I. Marti-Vidal (Onsala Rymdobservatorium) Turku — NERAS (2015 7 /31



The PSF of an optical device

The size of the PSF depends on the wavelength and the aperture size:

A
AO ~ =
o D

AP. AUTOCORR. ] ] OBSERVATION

P E £
£ S S
5 =z =
= o o
= 9 @
= a o
N 5 -

-4 &

0.5 0.0 . 1. . 0.0 -0.5
X/ X (Norm) Rel. RA (Norm)

«40O> «F»r « =

I. Marti-Vidal (Onsala Rymdobservatorium) Turku — NERAS (2015 7 /31



The PSF of an optical device

The size of the PSF depends on the wavelength and the aperture size:

A
AO ~ =
o D

AP. AUTOCORR. ] ] OBSERVATION

~ z g
E 5 ]
5 z z
2 " S 00
= 1 8
< a a
> + 4

& &

0.5 0.0 . 1. . 0.0 -0.5
X/ X (Norm) Rel. RA (Norm)

«40O> «F»r « =

I. Marti-Vidal (Onsala Rymdobservatorium) Turku — NERAS (2015 7 /31



The PSF of an optical device

The size of the PSF depends on the wavelength and the aperture size:

A
AO ~ =
o D

AP. AUTOCORR. ] ] OBSERVATION

P E £
£ S S
5 =z =
= o o
= 9 @
= a o
N 5 -

-4 &

0.5 0.0 . 1. . 0.0 -0.5
X/ X (Norm) Rel. RA (Norm)

«40O> «F»r « =

I. Marti-Vidal (Onsala Rymdobservatorium) Turku — NERAS (2015 7 /31



The PSF of an optical device

The size of the PSF depends on the wavelength and the aperture size:

A
AO ~ =
o D

AP. AUTOCORR. ] ] OBSERVATION

P E £
£ S S
5 =z =
= o o
= 9 @
= a o
N 5 -

-4 &

0.5 0.0 . 1. . 0.0 -0.5
X/ X (Norm) Rel. RA (Norm)

«40O> «F»r « =

I. Marti-Vidal (Onsala Rymdobservatorium) Turku — NERAS (2015 7 /31



The PSF of an optical device

The size of the PSF depends on the wavelength and the aperture size:

A
AO ~ =
o D

AP. AUTOCORR. ] ] OBSERVATION

~ z g
E 5 ]
5 z z
2 " S 00
= 1 8
< a a
> + 4

& &

0.5 0.0 . 1. . 0.0 -0.5
X/ X (Norm) Rel. RA (Norm)

«40O> «F»r « =

I. Marti-Vidal (Onsala Rymdobservatorium) Turku — NERAS (2015 7 /31



The PSF of an optical device

The size of the PSF depends on the wavelength and the aperture size:
YA A
D

AP. AUTOCORR. ] ] OBSERVATION

z
N

Rel. Dec (Norm)
Rel. Dec (Norm)

0.5 0.0 . 1. . 0.0 -0.5
X/ X (Norm) Rel. RA (Norm)

«40O> «F»r « =

I. Marti-Vidal (Onsala Rymdobservatorium) Turku — NERAS (2015 7 /31



The PSF of an optical device
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The two-element interferometer
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Observing with a two-element interferometer

A BASIC OBSERVABLE OF AN INTERFEROMETER IS THE
CROSS-SPECTRUM (a.k.a. COMPLEX VISIBILITY):
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Observing with a two-element interferometer

A BASIC OBSERVABLE OF AN INTERFEROMETER IS THE
CROSS-SPECTRUM (a.k.a. COMPLEX VISIBILITY):

Ei(t) — Si(v) = F (Ei(t))
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Observing with a two-element interferometer

A BASIC OBSERVABLE OF AN INTERFEROMETER IS THE
CROSS-SPECTRUM (a.k.a. COMPLEX VISIBILITY):

Ei(t) = Si(v) = F (Ei(t)) = Vi(v) = Si(v) x S¢(v)
Notice the similarity with the power spectrum used in single dish:

Pi(v) = Si(v) x 5} (v) = |Si(»)
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Cross-spectrum of a monochromatic point source
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Cross-spectrum of a monochromatic point source

Real part of visibility
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Cross-spectrum of a monochromatic point source

Real part of visibility
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Visibilities of extended sources

For extended sources, the overall measured visibility is the integral of the
source structure times the response.

. . BS\ -
V(B, ) = / 1, (S) exp (—27rj/\f> ds
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Visibilities of extended sources

For extended sources, the overall measured visibility is the integral of the
source structure times the response.

e

. S B .
V(B,yo)—/ll,o(S) exp —27Tj/\f ds

For small fields of view, this is just the integral of the source structure

multiplied by a complex fringe. m
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The Full Interferometer Equation

I dx d
V(u, v, w) = / (x,y) e~ 2 J(ux+vy+vvz) axdy
Jx,y z

where z = \/1 — x2 — y2. The term w z can be made zero by adding the right time delay

between the antennae. This equation reduces to a Fourier Transform relationship between
I(x,y) and V/(u,v), for small x and y.

Notice the A dividing in the exponent. If u and v are given in units of A, the exponent becomes
—27j(ux + vy), i.e. the exact definition of Fourier transform.
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The two-element interferometer. Summary

Diffraction limit is one of the main limitations of optical devices. It is
specially important at long wavelengths, where extremely large apertures are
needed for a reasonable angular resolution.

The cross-spectrum between the signals of two telescopes (observing the
same source) is directly related to the Fourier transform of the source
structure, computed at the point of Fourier space given by the baseline
projection of the telescopes into the UV plane (i.e., the plane perpendicular
to the source direction).

This result will allow us to synthesize large apertures through interferometric
observations (see next lecture).
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The UV plane
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Each pair of telescopes is separated by its baseline vector. The measured
visibility is the Fourier transform of the source structure measured at the
points of the UV plane given by the baseline. A multi-element

interferometer is, hence, just a set of many two-element interferometers!
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Each pair of telescopes is separated by its baseline vector. The measured
visibility is the Fourier transform of the source structure measured at the
points of the UV plane given by the baseline. A multi-element

interferometer is, hence, just a set of many two-element interferometers!

BEWARE! The U axis must point to East (like the Right Ascension!)
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Synthesizing aperture.
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The zero-spacing hole
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The zero-spacing hole
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Summary

An interferometer made of many elements (antennas) can be
understood as a set of many two-element interferometers (as many as
antenna pairs can be formed).

The different antenna pairs sample different points of the UV plane.

The Earth rotation changes the baseline projections into the source
plane, hence synthesizing a more complete sampling of the UV plane
(UV coverage).

There are, however, remaining holes in the UV plane with no
observations, and this will limit the quality and fidelity of our images
(dynamic-range limit).

Special care must be taken with the hole at the center of the UV
plane, since it limits our sensitivity to extended structures.
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How it all begun (here and there)

s - ." g o
Sir Martin Ryle (1918 - 1984) Jorma J. Riihimaa
(G3CY) (OH2PX,0H8PX)

(1933 - 2011)



One of the first papers -> shared Nobel prize in physics

1974 for Ryle and Hewish (pulsars)

A new radio interferometer and its application to the
observation of weak radio stars

By M. Ryie

(Communicated by Sir Lawrence Bragg, F.R.S.—Received 19 June 1051—
ERevised 10 October 1951}

A new type of radio interferometer has boen doveloped which has a number of impertant.
advantages aver earlier systoms. Tts ueo enabloe tho radintion from a weals *point’ seurce
such as o mdic ster to bo recorded independonitly of the radistion of much greater intensity
from an extonded souree, It is thorefors posaible 1o use & very much grester reeordor
sansitivity than with earlier methods. It is, in sddition, possible to use pre-amplifiers at the
aeriala, and the reaslving power which may be nsed i thereforn not restricted by attenuation
in the serinl cables,

Besidna improved sensitivity, the new systom has 4 number of sther advantagos,
partivularly for the acourste determination of the posttion of & radio sourcs, Unlike oarlier
eystama the accuracy of position finding is not seriously affected by rupid veriations in tha
intenaity of the radiath It also hes b to the of the
angular dinmeter and polarization of a weal source of radistion

The seer syatom b beon usod on wave-lengths of 1-4, 3-7, 0-7 and 8 m for the detection
and accurats location of radio stavs, and for the investigation of the seintillation of radio stara.
Tt has also beon ueod in a number of special sxperiments on the radintion from the sun, The
rosults which have been obtained in these hive the
prodicted analytically.




K.39., Teekkari J.J. Riihimaa etuvahvistinta virittimisssi.



K. 36, "Jidtepuuantenni",. Toinen kahdesta nel jin kokoaaltodipolin

ryhmistid Viikin koetilan alueella. Taustalla "tytnjohtajan koppi™.
(leintikuu 1957%)
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K.43. Ensimmidinen rekisterdinti Cass A:n ohikulusta
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K.44. XKojeiston parantelua. Oikealla nikyvit
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Interferometry in Finland

» First fringes by Riihimaa in 1953

» 1973 Riihimaa started decametric observations with a
two-LPDA interferometer in Oulu

> 1979 First tests in Metsadhovi with 13.7m telescope at 5 GHz

» 1991 First observations at 22 GHz with Finnish-built
equipment

» 1995 First mm-VLBI at 86 GHz

» 2001 First 2mm (150 GHz) observations

» Fast development of eVLBI (www.metsahovi.fi)



e- VLBI:

connecting remote telesoopes in real-time
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Huib Jan van Langevelde
JBoint Institute for VLBl in Europe
Sterrewacht Leiden
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