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Telescope Airy disk

detector

diameter (D,)

* The image of a star is like a dot!




Telescope Airy disk

detector

2.44 \/D,

diameter (D,)

* The image of a star is still like a dot!




Need for very large telescopes !!!




e H. Fizeau and E. Stephan (1868-1870):

“In terms of angular resolution, two small apertures distant of
B are equivalent to a single large aperture of diameter B”
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Convolution theorem

u=B,/Av=B,/A




An introduction to optical/IR interferometry

8.2 The convolution theorem

f()=g(x)=(f*2)(x) = [ o) (F-D)g(0)dr

f{x} = Rect.(x/a) g xRt M) F i g {x)
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Convolution product of two 1D rectangle functions. A) f(x), B) g(x), C) g(t) and f(x-t);
the dashed area represents the integral of the product of f(x-t) and g(t) for the given x
offset, D) f(x)*g(x) = (f*g)(x) represents the previous integral as a function of x.









Camera obscura (cf. shoe box)
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An introduction to optical/IR interferometry

1 Introduction

2 Reminders

3 Brief history of stellar diameter measurements
4 Interferometry with two independent telescopes
5 Light coherence (Zernicke-van Cittert theorem)
6 Examples of optical interferometers

/ Results

8 Three important theorems (Fundamental theorem,
Convolution theorem and Wiener-Khintchin
theorem)!
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1 Introduction
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1 Introduction

P =R /z (1.1)
A=2p . 2R
w
F=1/ p2 (1.2)

Te=Flo)!=E/ocpH* 5
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2 Reminders

2.1. Representation of an electromagnetic wave
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An introduction to optical/IR interferometry
2.1. Representation of an electromagnetic wave
E = Re{aexp[i2n(vt -z/N) ]} .5

E = Re{ a exp[-i ¢] exp[i2navi]} .14
where db=2nz/ A @i

E = a expl[-i (l)] exp[i2mvi] (2.1.6)
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2.1. Representation of an electromagnetic wave

E=Aexp[i2nvt]

with A=a exp[—i (I)] (2.1.8)

v ~ 6 104 Hz for A = 5000 A
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2.1. Representation of an electromagnetic wave

<E > = lim — fE dt (2.1.9)

T—» 2T

2 2
<E > —d (2.1.10)

[=AA*=|A|2=a2. @11
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2.2. The Huygens-Fresnel principle

c=244)\/d

(2.2.1)
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2.2. The Huygens-Fresnel principle

= - ofmospheric
Q:ﬁ%g\g 22 52, refractive
=2 % index

: f variation
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2.2. The Huygens-Fresnel principle

I st experiment!
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3 Brief history of stellar diameter measurements

a) Galileo (1632) ¢

A=2p=D/z
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3 Brief history of stellar diameter measurements

b) Newton:
Ve -V =-5log (z /z5), 61
A=2Rg /z

) (3.2)

A~2103""7 (81073 7). (3.3)

¢) Fizeau-type interferometry
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4 Interferometry with two independent telescopes

a) Young’ s double hole experiment (24-11-1803)

DI X

PP,| - [PP,| =nA @D

P, (B/2,0,0) -
s e S

B db=x/z=A/B |

(4.6) |

P, (-B/2,0,0) \L &= I
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4 Interferometry with two independent telescopes

b) Fizeau ... the father
of stellar interferometry

(1868)
IfA=¢2=N/(2B), @

fringe disappearance!

Fringe visibility:

Imax _Imin
VU =
Imax + Imin
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4 Interferometry with two independent telescopes

b) Fizeau ... the father of stellar interferometry (1868)

2nd experiment!
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4 Interferometry with two independent telescopes

b) Fizeau ... the father of stellar interferometry (1868)

Stéphan, 1873
A<<0.16""
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Marselille 80 cm telescope
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An introduction to optical/IR interferometry

4 Interferometry with two independent telescopes
b) Fizeau ... the father of stellar interferometry (1868)

» Michelson, 1890 (satellites
of Jupiter)

e Michelson and Pease (1920)

100-inch
Telescope
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4 Interferometry with two independent telescopes
b) Fizeau ... the father of stellar interferometry (1868)

 Anderson

e Brown and 2 ' e
Twiss (1956) ¢ L L st
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5 Light coherence

5.1 Quasi monochromatic light (waves and wave
groups)

EG274 A+ AN

/ViAV

F(A)

4000 6000 8000 A (A)
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5 Light coherence

5.1 Quasi monochromatic light (waves and wave
groups)

I=(J O @) 10
v+Av

Vi(z,t) = fa v exp(2II(V't =z /ANdY' 5.1
v-Av

exp(-RII(vt-z/N)) exp(12I1(vt-z/\))

V(Z,t) = Az t)eX (5.1.3)
A(z,t f a(V") exp(2II((V'=v)t — z(1/ A'=1/ A)))dv' 14

v—-Av
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5 Light coherence

5.1 Quasi monochromatic light (waves and wave
groups)

memw i

WWJ\W | 5“1 ’
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5 Light coherence

5.1 Quasi monochromatic light (waves and wave
groups)

Ay = 2.2um
Ae [2.07 ; 2.33]um
AN =0.13um

Time [s]
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5 Light coherence
5.2 Fringe visibility

I =V OV, 0) .,

P,

Vq () = V1 (t )+ Vz (t 4 T)(5.2.3)

Vi(®)

Vq(t) =V (¢ _th) +V,(t _t2q)

(5.2.2)

£

+

V,(1)

= th E th (5.2.4)
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5 Light coherence
5.2 Fringe visibility

[,=1+] +2] Relp,®} ¥, @= 0V, 0-0)/]

(5.2.5) (5.2.6)

Y, (0= (4, (z,t) 4,(z,t = 7)) exp(—i2[lvr)/ |

(5.2.7)

If  7{(1/Av y,.@=|y1,(x=0)exp(i B,,~i211vT)

(5.2.8)
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5 Light coherence
5.2 Fringe visibility

I,=1+1 +2] ‘ylz(O)‘cos([)’u—2Hvr) o

Imax _]min
U= (1 AR ) = }/12(0)‘ (5.2.10)

max mim
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Brief summary of some main results:

p=R/z

T = (F/o)4=(f/ o p?)'

E = A(z) exp[i2nvi]

E =A(z, t) exp[i2mvt]

[=AA*= |A|2=a2.



An introduction to optical/IR interferometry

If A=A/ (2B), fringe disappearance!

I,-1+1 +2] lra©leos( B, - 211v7)

y @)= OV, t-0)]

F . ° lb.l.t [maX = ]min
rinee visioity:. uvU = =
= g —

max min

7,
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5 Light coherence

5.3 Spatial light coherence

| V0= 3,0
22 V., (T=0)=(), (O} ,®) /](5.3.1) < 4 (5.3.2)

0= SV .0

S = =dS, V. (t [ 2
fori=1,N Pl 1( ) -
+
& £
dS; T
P21 v,
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5 Light coherence
5.3 Spatial light coherence

Y, = [EG/ 4 >+><> ']

(5.3.3)

{Vﬂ 0 =g, -y, /) Jexpi2iv(t - g / c)}(m)
Vo0 =(q,t=p, /o) po)Jexpy2lvi -y, /)]

2
(rar:s) exp{— 2ITv(p,, = I’il)/c}(s'3'5)

VOV .0 =|a(t-

2
as long as: ‘ril_riZ‘ sc/Av= ) [AL=1 (5.3.6)



An introduction to optical/IR interferometry

5 Light coherence
5.3 Spatial light coherence

2

I(s)ds = |q (11 / C)

(5.3.7)

I(s)
'\

}/12 (O) =j; GXp{— izn(lf‘z B ]/'1)//1 S /] (5.3.8)

"N Theorem of Zernicke-van Cittert !!!
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5 Light coherence
5.3 Spatial light coherence

o/
. + X
Pl (X’ , Y’ : Z’ )
’ P, (0, 0, 0)
r, -1y =|P,P; - PP = (X2 +Y?) /2 Z" +(XT+Y n) (5.3.9)

where C=X /Z and n=Y /Z (5.3.10)



An introduction to optical/IR interferometry

5 Light coherence
5.3 Spatial light coherence

Y., (0,X/A,Y/A)=exp(-i

‘V (5.3.11)
I'{¢,n) \(é' d77 (5.3.12)
Se tlng u= X/k v=Y/\:
727 =exp(—i¢u,v)ﬂ;1 (é’,n)exp{— i2H(u§‘+v77)}d§‘d;7 (5.3.13)

1'Em = [[y,Ouyexpli@d )expi2T(Gu+nv)d(w)d(v) 5314
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5.4 Fourier transform (cf. Léna 1996)
5.4.1 Definitions:

FT _f(s)= f_if(x)e_zmxdx ; (5.4.1)
J(x)= f _o; FT_f(s)e "ds. (542
j: O:o f(_X,') zdx. (5.4.3)
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5.4 Fourier transform (cf. Léna 1996)
5.4.1 Definitions: Generalisation:

FT_f(;) = f_ozof(;)e_zmmd; : (5.4.4)
5.4.2 Some properties:
a) Linearity:
FT (af)=aFT _f, a € R, a being a constant,

(5.4.5)

FT (f+g)=FT f+FT _q. (5.4.6)



An introduction to optical/IR interferometry

5.4 Fourier transform (cf. Léna 1996)
5.4.2 Some properties: b) Symmetry & parity:

f(x) = P(x) + I(x), (54.7)

FT _f(s)=2[ P(x)cos(2mxs)dx - 2i [ "I(x)sinQaxs)dx 49

Re f(s)

[llustration of FT f{(s): f(Xx) 1s
a real fonction. The real and
imaginary parts of FT f(s) are
shown.
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5.4 Fourier transform (cf. Léna 1996)
c) Similarity:

FT (f(x/a))(s) = |a] FT _(f(x))(sa), (5.4.9)
where a € i, is a constant.

d) Translation:
FT_(f(x - a))(s) = &2 FT_(f(x))(s) (5410



An introduction to optical/IR interferometry

5.4 Fourier transform (cf. Léna 1996)

e) Derivation:

FT (df/dx)(s) = 2ins FT_f(s), FT_(d"f/dx")(s) = (2ims)"
FT _f(s). (5:4.11)

5.4.3 Some important cases (one dimension):

a) Door (top-hat) function:

I(x)=1ifx &€ ]-1/2, 1/2], (5.4.12)
=0ifx € J-oo, -1/2] or x € [1/2, oo|.
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5.4 Fourier transform (cf. Léna 1996)

The door function and i |

|
its Fourier transform / \
(cardinal sine) S — | N

FT (I1(x))(s) = sinc(s) = sin(wts) / ms. 5,

FT_ (II(x/a))(s) = |a| sinc(as) = |a| sin(ras) / mas. ¢4
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5.4 Fourier transform (cf. Léna 1996)
b) Dirac distribution:

0

5()(3) =j:oo eZimde. (5.4.15)

its Fourier transform is thus unity (= 1) in the interval ]-co, oof.
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5 Light coherence
5.5 Aperture synthesis

v=ly (O,B/A)‘ _ sin([1Bb/ Az ) 550 ==
12 I1Bb/ AZ' |
[1Bb/ Az'=11 (5553 | | . | \ ‘
A~N/B, fora ;s4 | | | / | \
rectangular source. N AN )
WAV VAV

A~1.22 A/ B, for555
a circular source !
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5 Light coherence
5.5 Aperture synthesis

Exercises (...): point-like source?, double point-
like source with a flux ratio = 1?, gaussian-like
source?, uniform disk source?, ...



Case of a double point-like source with a flux ratio =1

Visibility

__Visibility function (green=imaginary)

] 1 2 3 4 s
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Case of a double point-like source with a flux ratio 0.7/0.3

__Visibility function (green=imaginary)

1.0% ] : . 2 3
0N, i78d resolyqbility (SIZE=1.0)
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Visibility
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Variation of the fringe contrast as a function of the angular
separation between the two stars:




If the source is characterized by a uniform disk light distribution,
the corresponding visibility function is given by

N I_. ‘7/ (O)‘ TF([)_ZJl(JrHUDB/A)
I +] 12 w6, B/ A

»IDL 5 !E

Visibility function , Uniform disk, D=1

Visibility
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VDL'(B) =

SW Virginis

M7.3 I1I semi-regular variable in 1996 & 1997
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For the case of the Sun:
Syp = 1.22A/ B =1.22 0.55/B(n) =30’ x 60”° / 206265
B(un) =206265x 1.22x0.55/(30x 60) =76.9 u

d(u)=720r 144 = o=2.44)/ d=7.8%r3.9°

See the masks!

25-29/9/2017 2017 Evry Schatzman School - Roscoff

78






First
fringes
on the
Sun:

9/4/2010




OVLA PSF

OVLA




OVLA Sun 2




ELSA PSF

ELSA

<«  S0u
14u




ELSA Sun 24




Interferometric observations
on 10/4/2010 of Procyon,
Mars and Saturn, using the
80cm telescope at Haute-
Provence Observatory and
adequate masks (coll. with
Herv¢ le Coroller) ...










Procyon
B=12 mm
d =2 mm







Saturn
B=12 mm

d =2 mm




An introduction to optical/IR interferometry

Brief summary of main results:

V= b/n(o,u,v)‘ - ‘ [J . 1@.mexp{-i2n1(ut +vy)}dg dn‘

1'Gm = [[y ©,uvyexp{i2TT(Eu+nv)}dwd(v)
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= 6 Some exqmrpigles of optical interferometers

96



To Distant Source

Optical
Delay Line
(ODL,)

Image Plane

N

Optical
Delay Line
(ODL,)



First fringes with 12T




ntoine Labeyrie, “Interference fringes obtained on Vega with two
 optical telescopes,” Astrophys. J. 1L71-L75 (1975)
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7 Some results

Star Spectral Luminosity Angular diameter
type class X 103 seconds of arc
x Boo K2 Giant 20
o Tau KS Giant 20
« Sco M1-M2  Super-giant 40
B Peg M2 Giant 21
o Cet Mée Giant 47
a Ori M1-M2 Super-giant 3447
variable :

Table 2.1. Stars measured with Michelson’s interferometer.
From Pease (1931).
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7 Some results

Table 2. Diamétres stelinives mesures & 'IXT

DIAMETRE  MmEsuné e SEMAERHATURE EFFECTIVE | oisrance
NOM SPECTRE Awligm Aw=2ipm RO 1-mm Le=2dum | WRDABECS
o8 s e en ma, d'ws a0 degrks mdﬁrbw {t pc » 3.26 &}
o Cas KOil 54308 K ¥4 47206 1 20 : 4559
P And MOIR 132212 44205 AL L3 300+ 260 b 133 23423
¢ And K33 88248 Wi 4850 £ 250 T 1%
c Par Filb 259204 29 7000 1 800 1286
u Ly i Alln 1¥203 HE 48 200 3 600 500G+ 100
o Ari : KA 7&xt E1 1 £300 3 350 24
B Gem : KGilt 18208 $x2 4900 2 220 )
# Umi 24 $3x1 Nz 4220 2 300 31t
¥y Dra i X581 27408 Wit 455110 4200 + 220 360 £ 2 9952t
5 Den [ et 1 H 38203 %15 45302 220 } AHxb
wGem | sa3EE 8208 M0 P2 | xS
i Tu : X5HE 27204 RIx7 2904 = 34 2123
¢ Boa P K2 8232 b >3 L2400 12
a Aura | Gt 30212 1.743 G400 + 200 P 137408
aAure | &GO 48418 FAE Y BS50 & X0 137306
r i AQV 30x02 . 26202 R R E
: . s T — g
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6 Some examples of optical interferometers

The Auxiliary Telescope Array on top of Paranal

et . -~
Abora 0"_'
1
. Rail Network
S

Auxiliary Telescope

Observing Station lwith its built-in

Transporter

VLT Control Building

http:/Iwww.agos utg. acbe/HARI/
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6 Some examples of optical interferometers
Interferometry to-day is:

Very Large Telescope
Interferometer (VLTI)

4 x8.2m UTs
4 x1.8m ATs
 Max. Base: 200m







Cerro Paranal

Republica de Chile
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= 6 Some examples of optical interferometers
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6 Some examples of optical interferometers

Interferometry to-day is also:

The CHARA
interferometer

*6X1m
telescopes

 Max. Base:
330m




60-inch telescope

Half-million-gallon water
tank in case of fire

Control/Office
Exhibit Building

AN

Site Manager’s
Residence

Six CHARA Array
1-meter telescopes

150-foot solar tower

o

v

Mt. Wilson Observatory
Museum

Light pipes to
central facility
CHARA Beam

Synthesis Facility

CHARA Array of Georgia State University
g CHARA facilities are indicated with a bold outline
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6 Some examples of optical interferometers

Interferometry to-day is also:

Palomar
Testbed
Interferometer
(PTI)

* 3 x40cm
telescopes

* Max. Base:
110m
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6 Some examples of optical interferometers
Interferometry to-day

is also:

Keck
interferometer

«2x10m
telescopes
« Base: 85m
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6 Other examples of interferometers: ALMA
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6 Other examples of interferometers: DARWIN
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8 Three important theorems ... and some applications
8.1 The fundamental theorem

8.2 The convolution theorem

8.3 The Wiener-Khintchin theorem

Réf.: P. Léna; Astrophysique: methodes physiques de
I” observation (Savoirs Actuels / CNRS Editions)
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8.1 The fundamental theorem

a(p,q) = TF_(A(x,y))(p.q),
a(p,q) = f 7 A(x, y) exp| - iZﬂ(p_x +qy )]f{xdy,

A

with
p=x/(\f)
q=y /(\f)

\

A3 &

1

\

3
: 0 \
*
-, . " \ H

* = / /
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8.1 The fundamental theorem

ne distribution of the comp

ex amplitude a(p,q) in
ne Fourier transform of

ne distribution of the comp

T
the focal plane is given by t
t
the entrance puplil plane.

ex amplitude A(x,y) in
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8.1 The fundamental theorem
Application: Point Spread Function determination

ARY) = A Py(x.y), (8.1.1)

., Poxy)=TI(x /a) I(y/a).  (8.1.2)
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8.1 The fundamental theorem

al2 al2

a(p,q) =TF _[A(x, y)lp,q) = f on exp[— i27(px + qy)]dxdy (8.1.3)
-al/2 -al2
al? al?

a(p,q) = A, fexp[— i2ﬂpx]clx f exp[— iZJrqy]dy (8.1.4)
-al?2 -al?2

a(p,q) = Ay a2 [sin(rtpa) / (ntpa)] [sin(rtga) / (wga)l. (8.1.5)

i(p,q) = a(p,q) a'(p,q) = la(p,a)l* = |h(p,q)|* =
= ig @* [sin(wpa) / (mpa)]? [sin(rqa) / (rqa)]?. (8.1.6)
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8.1 The fundamental theorem
Application: Point Spread Function determination

o

Ap = AX" /(M); Aq = Ay’ /(M) = 2/a D Ady = A, = 2Ma (8.1.7)
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8.1 The fundamental theorem
Application: Point Spread Function de

h(p,q) = TF_(P(x,y))(p,q)

A R -

¥ o P 061/ R, (1 R, =0)
i(p") = la(p )P = (Agm)? [Ry? 2J,(Z)) / Z, -R221(Z)/ Z,]?, (8.1.8)
withZ,=2nR,p /(M) andZ, =2n R, p  / (AD). (8.1.9)
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BESSEL FUNCTIONS (REMINDER)

Integral representation of the Bessel functions

! ' =l cos{n?— xsin
Jo @ =—[leodlesin@li ], (0= [eodnd-xsin(@)}ie

Undefined integral Graphs of ths Jo(x) and J,(x) functions

[* J @)= x J (%) "

Series development (x ~ 0):
Jo(X) = 1 - x2/22 + x4/(2242) - x®/(2?4°62) + ...
J1(X) = X/2 - x3/(2%4) + x°/(22426) - x"/(2?4°628) +-1-
J (x) = (2 / (nx))"2 cos(x - nit/2 - w/4) ... and when x is large!




An introduction to optical/IR interferometry

8.1 The fundamental theorem: 2 telescope interferometer

Two coupled optical telescopes: simplified optical scheme (a). Distribution of the
complexcamplitude for the case of two circular«(b)orsquare(c) apertures and
corresnonding imnulse resnonse (d).
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8.1 The fundamental theorem: 2 telescope interferometer
h (2:0)=TF(Px,y)p.g)= [ P (5.9)expl-27(px + gy)fixdy  (8.1.10)

h (p.q)=TF(F(x+D/2)+F(x-D/2))(p,q) =

TE(F(x+D/2)Xp,q)+TF(F,(x-D/2))p,q) =
exp(inD) TF (£, (x))(p, q) + exp(=iaD) TF (5, (x))(p,q) =

' ; 8.1.11
(exp(inD) + exp(-izD)) TF (B, (x))(p,q) = ( )
2 cos(iD) TF (F,(x))(p,q)
For the particular case of two square apertures:
: . . S1 d ' d 8.1.12
i(p.q) = ‘h (p,q)| =4cos (wD)d I a ) iy S ( )
qd pd
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How are those locations related to the uv coverage?

This is the uv-plane:

@ Note: This is the uv-plane for an object at zenith.
In general, the projected baselines have to be used.
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How does the uv plane coverage impact imaging?

4 telescopes, 6 hours 8 telescopes, 6 hours
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8.2 The convolution theorem

e(p,q) = O(p,q) * [h(p,q)l4,

P Do Inip-riom)

| ]//

N
drds

(p.q) = [,.0-5) | h( p=7,q =)
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8.2 The convolution theorem

For the case of a point-like source:

O(p.q) = E 6(p,q), (8.2.1)
[0(X)=0ifx= 0, 8(x) = ifx=0]and (8.2.2)

e(p.q) = O(p,a) * Ih(p,a)I* = E &(p,q) * Ih(p,q)I* = E |h(p,q)l* (8.2.3)
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8.2 The convolution theorem

More generally, since

FT (f*g)=FT_(f) FT (9). (8.2.4)
We find, because

e(¢;n) = O(¢,n) * PSF(C,n) (8.2.5)
that:

FT_(e(¢.n)) = FT_(O(¢.n)) FT_(PSF(¢.n)), (8.2.6)

and, finally,
O(,n) =FT'[FT _(e(C,n))/ FT_PSF({,n)]. (8.2.7)
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8.2 The convolution theorem

O(p,q) = (W2 E / ¢?) M(p A/ ¢) T(q A/ ¢). (8.2.8)
e(p,q) = O(p.,q) * |hy(p,a)l>

e(p) = O(p) * Io(P)2, 2 (8.2.9)
o(p) -2’ (LI9NE f*;fj( Sm(’”d)) cos’ @D)dr (8.2.10)

g rd
sin(zrd) \
( ) ~ Cte sur [p-¢/2\, p+d/22], et (8.2.11)
ard

2

Sln(ﬂ]?d ) fp+¢/2/1
Jq?d p—¢/2A

e(p)=2d2(ﬂ,/¢)\/f( Cosz(JZTD)dI”, (8212)
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8.2 The convolution theorem

2

e(p) = 2d2( sin(zpd) ) [0(19) *COS. (ﬂpD)L (8.2.13)
apd
.( sin(7zpd 2
e(p)=2( ( (ﬂg )) B [0(p)dp +%0<p>*cos<2np0>]
i (8.2.14)
e(p) = AlB+%Re(O(p)*exp(i2jzpD))] : (8.2.15)

2

A=2d2(s1n(@d)) ot B=%j;0(p)dpa (8.2.16)

pd
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8.2 The convolution theorem

e(p) = A[B + %RG(L O(r)expli2(p - )D)dr )} : (8.2.17)
e(p) = A[B " %cos(anD)TF _(O(r))(D)] : (8.2.18)
Y(D) - (emax - emin) / (emax i emin)7 (8219)

¥(D) = TF_(O(r))(D) / (2B) = TF_(O(1))(D) / JO(p) dp. (8.2.20)
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8.3 The Wiener-Khintchin theorem

In our case, this theorem merely states that the Fourier
tranform of the PSF (see Eq. (8.2.7)) is the auto-
correlation function of the distribution of the
complex amplitude in the pupil plane:

2)=ff/f(x,y)A (x+ p,y+q)dxdy

17 (h( p,q)



@

Diagram representing the autocorrelation as a function of the
space frequency, for a 2 telescope interferometer, each having
a diameter a, separated by a baseline b. The autocorrelation of
the pupil give access to high space frequencies.




