











Angular coordinates are natural when the source 1s at a large distance from the
diaphragm (or pupil). This 1s in particular true in astronomy for which objects are

located at quasi infinite distances.
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Spatial frequencies are not so obvious but this notion is not so difficult. A spatial
frequency i1s the reciprocal of a characteristic scale of an object :

fy;x

y Fourier

1 >
Transform -l/P |+1/P

> /i

P

Spatial frequency coordinates have reciprocal dimensions with respect to
coordinates in direct space (m = m™).

Direct coordinates and Fourier space coordinates are conjugated by the Fourier
transform.


















The interferometer as a band-pass filter

Pupil Optical transfer function
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The same image formation theory applies to the interferometer
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What happens for P P

(Visibility)

an extended source ?
Source starts to be resolved
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This is the uv-plane:
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Note: This is the uv-plane for an object at zenith.
In general, the projected baselines have to be used.




(u,v) tracks

(u,v) tracks are ellipses whose center is on the v axis. (u <XI East, v <XI North)

General equation for (u,v) tracks :

™ v—(BZ//])cosé'2 B! +B;
U =2
sind X

B,, B, and B, are the coordinates of the baseline vector projected onto the axes
pointing towards East, North and the meridian, respectively

Particular cases :
- 0=0° : (u,v) tracks are straight lines parallel to the u axis
- 0=90° : (u,v) tracks are circles centered on the origin



Examples of (u,v) coverages at IOTA
(Arizona)

(u,v) traces

Three 45 cm relocatable siderostats

Lattitude = 31.4°

1 : -4h , +4h
Hour angle range , J=0°



Examples of (u,v) coverages at IOTA
(Arizona)

(u,v) traces

Three 45 cm relocatable siderostats

Lattitude = 31.4°

: -4h , +4h
Hour angle range : -4h , 5= 90°



Examples of (u,v) coverages at IOTA
(Arizona)

(u,v) traces

Three 45 cm relocatable siderostats

Lattitude = 31.4°

Hour angle range : -4h , +4h D= +45°






Coherence of light waves
Let E(P,t) be a light wave.

As for random variables, a correlation can be defined between fields at
different times or at different locations.

In the first case, this is called temporal coherence:

<(E(13,t)—<E(13,t)>)(E(13,t+ r)—<E(13,t+ r)>)*> g <E(13,t).E*(13,t+ r)>

Corr(E(f’, t),E(f’,t +7))=

\/<‘E(13, n-(E,0) 2><

In the second case, it is spatial coherence: -
<E(P, £).E" (P +AP,t)>

\/ <‘E(ﬁ, )

2> \/<‘E(ﬁ,t)2><‘E(f’,t 3: r)‘2>

E(P,t+ 1) —<E(13,t + r)>

Corr(E(P,t),E(P +AP,1)) =

We@+ab.n

)



*'-

(N
b
(™
I=:
I
It
[
I




The Michelson interferometer
(polychromatic case)

Fields at different wavelengths are not coherent.

The interferogram measured with the Michelson interferometer is therefore the
sum of mochromatic interferograms in the band:

1. (n)=\1,A0dA=|1, (0 1rdo
% A'[l A0 A'[U S (o = 1/A is the wavenumber)

=271+ 2Re[ j I(J)exp(2im.cr)d0}

Ao

The complex degree of coherence in the polychromatic case is therefore:
(proof: Wiener-Khintchine theorem):

J l(O)exp(2imocTr)do
1) =2

[1(0)do
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The interferogram of the Michelson set-up therefore allows to measure the
spectrum of the source = principle of the Fourier transform spectrometer










The spatial interferometer
(extended source)

The source 1s extended and uncoherent (i.e. the fields emitted by
individual points are not correlated).

The intensity of the field in the focal plane is:
1,B0= | <\E(P,§, f)+ E(P+B,S,t+ r)\2>d2§

source

=2 .' 1(5. ))d>S + 2Re _[ I(S’,/l)ex{z[a)r — 2&%}}0123}

source source

=2 [ 1S, 1a*5+ 2[ | I(S,)I)dzs’]Re (u12 (E)exp(iwr))

source source

Which yields for the complex coherence factor:
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e This result is known as the Zernike-Van Cittert theorem : the complex
coherence factor is equal to the Fourier transform of the spatial intensity
distribution of the source.

* The conjugated coordinates are the angular direction § and the spatial
frequency B/A.

* Measuring a value of the complex coherence factor yields a value of the
spatial spectrum of the source.

* The interferometer is therefore a band-pass filter (as opposed to a single
pupil which is a low-pass filter) giving access to the very high spatial
frequencies of the source.

* Measuring the complex coherence factor at several spatial frequencies allows
to restore the spatial intensity distribution of the source.
-> aperture synthesis technique
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Difference de marche pour une source sur axe
(unite A)

The complex coherence factor is usually called the complex visibility:
* the modulus is the fringe contrast of the interference pattern

» the phase 1s derived from the position of the central fringe with respect
to the zero optical path difference (zero opd or zopd): 275
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>4 Image plane
| Interferometry

Angular resolution : —









Image plane

Interferometry

A

Angular resolution : —

j " fcosx dx=0 when @¢=17



















Modulus

Object 1

Module visibilité
Phase visibilité (*)

o 20 30 40 50 B0 70 80 10 20 30 40 50 &0 70 80
Fréguence spatiale (seconde d'angler-1) Fréguence spatiale (seconde d'angler-1)

Object 2

_‘H‘“r_—‘_m

o 20 30 40 50 B0 70 80 0 40 50 60 70 80
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Object 3

Module visibilité
Phase visibilité (*)
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Atmospheric turbulence

incident wavefront

Temporal and spatial

& C’ C atmosphere
G ()
fluctuations of 7 and

therefore n(7) alter light /\/\\
paths

/T\ distorted wavefront
Spatial scale of correlation
—diameter), a few cm at

visible wavelengths (~A%°)













Differential Phase

Prime indicates corrupted

- V’ N’ + V by atmospheric piston
line continuum emission only

Measured Interpolated

Flux

A :
If you make assumption

about V_continuum (e.g.,
unresolved), then
V_emission can be
determined fully

I Wavelength
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Difterential Phases with VLTI-AMBER:
What might this be?

“? é R0E E
froe /H\ Bry 3 7 woE BO =
= T | I El
L:ITLTIITTTLLLTILILI IIIIIITTTILLTlLi g‘; o TTTTTTTTTTITTT - T fl I TTTTTTT*TTT%
E g @ LRI TETI= T [ I llilluuililiilg
218 2.18 E —10F-
ol TIITITIT [ IIIIT TTIIT IIITIIII IN; 72?1?0 z160 PR 2100
g T i@{ o I :
fuk < g B1 :
] B E E
Zi6 2;13 E, 03IIIJ_Ilj_IJ_IIJ_IIJ_III%/]/N‘{/[IJ-IIIIILIIIIIIIIIE
-ﬂ—li)— —=
: I I T IllwlIIIIITTTTTTITTT 5
I B1 4
3 b B2 E
: 3 o Sl i o sl AL L
FTEEEETETES E B S Sl Bl

21640 A 21645A 21650 A 21655 A 21660 A 21665A 21670 A

1AU

© J.D. Monnier




oo Llinds  Budics
Adarae

*1,

.B‘:,k o E'?ﬂg“!;rd- ﬁé: b jim::‘ i §Tr
; i ORI .

E‘E@E"‘] l} i = @‘i!} u ;‘\{5

2 r";ﬁk 8

-

@%I{%E; = d (1-2)+® (2-3)
(1-2-3) " (31




How Much Phase Information?

Closure Phases are not all independent from each other.

Number of Closure Phases Number of Fourier Phases

MY (N = )N =2) (\) RPN =)
(3) F (3)(2) : 2 2

Number of Independent Closure Phases
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Nounnlier of Number of M of Nunber of Didepeiden Percentage of

Telescopes  Fourler Phames  Olosing Trianeles Closure Phases Phase Informat ion
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Calibrator Sources

Formally, anything can be a calibration source.

However, assessing our measurement accuracies we must account for
uncertainties in our ability to predict the properties of the calibration
source:

2.
Vtrg ( model— cal meas—cal ) meas—trg

trg D(G /Omodel) 0, ..,

model—cal

Traditionally (realistically) this has meant that we choose calibrators
whose properties are as simple as possible — single stars!

190 Choose star diameter as small as
) O possible as then the derivative is 0

trg D (0 model—cal

Based on A. Boden
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Estimating Angular Sizes of Stars (3)

 So estimating apparent size is easy:
all you need is bolometric flux

and effective temperature!

* In this sense effective temperature
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Homework: Recompute for

Apparent K Ma
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