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Goals of this talk:
1. Learn to think in terms of wavelets.

2. Learn how to calculate the interference of wavefronts
for any optical system.

3. Learn how to separate astrophysical from instrumental effects.

4. Hear about coronagraphs and speckles.

Note: We discuss optical methods (A <10 um) of wavefront
detection here (homodyne detection).
We do not discuss radio methods (heterodyne detection).




Photons and Waves



Basic photon-wave-photon process

We see individual photons. Here is the life history of each one:
Each photon is emitted by a single atom somewhere on the star.
After emission, the photon acts like a wave.
This wave expands as a sphere, over 4x steradians (Huygens).
A portion of the wavefront enters our telescope pupil(s).
The wave follows all possible paths through our telescope
(Huygens again).
Enroute, its polarization on each path may be changed.
Enroute, its amplitude on each path may be changed,.
Enroute, its phase on each path may be changed.
At each possible detector, the wave “senses” that it has followed
these multiple paths.
At each detector, the electric fields from all possible paths
are added, with their polarizations, amplitudes, and phases.
Each detector has probability = amplitude? to detect the photon.
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At detector, add the waves from all possible paths. :



Fourier optics vs geometric optics

Fourier optics (or physical optics) describes ideal diffraction-
limited optical situations (coronagraphs, interferometers,
gratings, lenses, prisms, radio telescopes, eyes, etc.):

If the all photons start from the same atom, and follow the same
many-fold path to the detectors, with the same amplitudes &
phase shifts & polarizations, then we will see a diffraction-
controlled interference pattern at the detectors.

In other words, waves are needed to describe what you see.

Geometric optics describes the same situations but in the limit
of zero wavelength, so no diffraction phenomena are seen.
In other words, rays are all you need to describe what you see.



Huygens wavelets

Portion of large,

l l l l l spherical wavefront
from distant atom.

Blocking screen,
\ § \ / 7 ] with slit.

p Wavelets add with various
phases here, reducing the
net amplitude, especially

at large angles.

Wavelets align here, and make nearly flat
wavefront, as expected from geometric optics.



Huygens’ wavelets --> Fraunhofer --> Fourier transform
The phase of each wavelet on a surface

Tilted by theta = x/f and focused by the l J I
Lens at position x in the focal plane is e
#(z) = 2mxsin(f)/A
~ 2mxl/ )\ [
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Fourier relations: pupil and image

We see that an ideal lens (or focussing mirror) acts on the
amplitude in the pupil plane, with a Fourier-transform
operation, to generate the amplitude in the image plane.

A second lens, after the image plane, would convert the
Image-plane amplitude, with a second Fourier-transform,
to the plane where the initial pupil is re-imaged.

A third lens after the re-imaged pupil would create a
re-imaged image plane, via a third FT.

At each stage we can modify the amplitude with masks, stops,
polarization shifts, and phase changes. These all go into the

net transmitted amplitude, before the next FT operation.
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Summation of wavelets

Born and Wolf (7th edition, p. 428) define the wavelet summation
Integral as the Fourier-transform relation between amplitude in
the pupil A, (x,y) and amplitude in the focal plane A (u,v).

Image amplitude = Sum of wavelet amplitudes

1 —ik(xu+yv
A (V)= | A, (Y ) ™0 dxdy

where

A(x,y)|" = energy /area = Intensity

Simplify: (1) 2D—1D; (2) coef.=1; (3) u/f = 0 = angle In focal plane.



Derive
single-
telescope
response to
point source

212 2RAL L Dijmenios

A ofwhn: width=D
— X
Tia(0) J
> f
;{g'u!: ot %)
amplitude. qu[a) = ?h“,hﬁ = IE de
oh (2m 10 ?
*'-‘“J;f T 4 dy /IJ.-,@
41mBd i
. i-_:_ﬁ [E. t'a_E i éhr‘h] /IJ
= o (Wdd/Y)
(r6D/3)

M‘mﬁ‘fu. I.h., (e) = I*ﬂhllt = [m—%‘#)}]l-

1‘!‘ ,l'f“:h I‘h'l Eﬂm} =0 Hl'\ﬁ“ B.'.ﬂ"_' h/b

i h . = 1\]-. ('IT'E' b{l}\) T
h;ﬁ‘t- J;i'n:-lt = I"E"{E} [ TeD/ ]

91.,;}: .22 ?l!'])



Single telescope again
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Derive interferometer (2-tel.) response
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Binary star interferograms
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binary star, with well-separated
fringe packets.
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Derive uniform disk response

f{ill.'l"f

Add wp (incoherevt) :Fm"nie paHerns '.qunifsk :

ntowsity, I'us'h ('ﬁ) ) Edts{ijﬂhsﬁho - III.“.[H-E,]'JB, JBJ /J‘“

-

B q.inh
= J Tl ﬂ.‘i + ws 2m(6-0+) Bhl O 46, /9:
- o
in 'Bﬂ W }
2 1,4 (9) 'a". [1“' (‘ 1:h:u;i ) "eod E{E‘
Vu.s'b

V. = sin (7B 8o )
wsD

‘l"ﬁamﬁi 3 scluﬂ J?lk.

ﬁsibi]ii;.

V,, = 250 30uB) | g dik.
TS0 /A

1 gevs.. Vip =0 whew B, =>l223/B , B=122 1/3“

7 kew 1o o
E"ﬁm.t- p\\n: =[G nside  odd \n'hesl h ;} E‘!ﬂ:
T mside  evew lobes i
St Yo b gl gt

:xnnﬂel. et mevl ""'T"‘Pl‘ Fraw .'B".“|u,h(‘_ & T o T

example 2. [ SiM pockel dewonstration cavd .
_ {@) D2=0:.0Tww 30 ﬂm = .12 "‘fn =~ ionn_F = S, vadon .

B@ | 3morsn v u-F =l <,
ol el [@thﬁ in mck!‘l'): LMY B = B, v

16



Measured & theoretical 2-apertere o
vespinse  To Finite dismeter sowrce, =——

Uniform disk:
Interferograms

f It e r
[} A I
I|| || |ﬂ|||| .
[Frfrgne il Y
|'| | || Y il 1-4__”.
i | W I RN U P o
it | I II | A _.l._l__‘||_ \ A5
LAY LT A w
1] - |1| I L . I'ujll' = )
Al [ . Al na u\% r |
I r y s,
- - ; T b 3 e
R | HETTT] T oo 03 T T
Jeral = 0500, By = linal = g2, Ay, =3 [ya] = [
»

within Lsk sidelsbe

i
e, iy
+ *, i A
P J W
b y [ ‘I'-. i F) i %,
i k F
/_.-' L ) £ 0 \\\
\ o
“ . )
- T & = = §=-
M 2 1 e [P d - %0
= &0k . —a
=0




Van Cittert-
Zernike
theorem
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Michelson’s
stellar
Interferometer
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Image-plane interferometer
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Pupil-plane interferometer
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Colors In interferogram
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Nulling
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Theta* nulling
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Multiplexing in the image plane
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Multiplexing in the pupil plane
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Golden rule
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Pupil densification
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iwbousity |

Instrumental effects: 1
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Instrumental effects: 2
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Filter and mterferogram S
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Measuring visibility
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Strehl: 1

Strehl ratio 1s approximately
S = e%? = exp(-¢?)
where ¢ IS the rms phase error across a wavefront.

Observed visibility is the product of 3 terms:
V = S,imoed V

observed atmos*~instrum ¥ object

Instrumental Strehl ratio is the product of many terms:

Sinstrum = SservoSfIatSaIignSdiffractionSfIuxSoverIapSvibrationSWindOWSpoIarization
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Strehl: 2

Atmospheric variance, with tip-tilt removed
by a servo system with bandwidth v/zD, is
¢? = (0.134 + 0.096)(D/ry)>3(Ag/1)?

Wavefront flatness variance from mirror surfaces is
P> = @ ..+ Q2

Mirrors are often specified in terms of surface peak-to-valley
where an empirical relation is
PV =55 RMS
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Polarization and visibility
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Visibility reduction factor
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Single-mode fiber optics
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Injecting
starlight
Into a fiber

¢ Efficiency set by the overlap integral:
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Integrated optics: 1
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Image-plane Coronagraphs:
a Very Quick Introduction

42



Current ground-based coronagraph examples

NIRC LRIS

o 7 0 Ll T
0 0100 150 200 250 0 50 100 150 200 250
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Ref: McCarthy & Zuckerman (2004); Macintosh et al (2003)



J J J Classical Coronagraph

ape rtu re \l.ﬂ'ﬂ __________ .
E T S CAU),
1.00 l L1
v~ T AK) e o=
- 0.50 Total Power: 1005
image R e Mas
mask c) ';i ¥ M ( X) v . Tm{l?:“%:i%r:“m
0.02 Masked Image
d) o0z FﬂMMMWﬂMMMX {;jé'ﬂi’:r”éﬂi ‘:lzmda )
FT
.60 . *x <ecan
Lyot e e, MR resemanne
Stop £} o { :' T I: L (_U) Tmnsrminﬁtnl?'l:lnﬂinn
[ S S S et S 5 u Mix/D,)
ol L L IME Al e
u | e
detector B> { -
0.02 08 % FDH'ET;IEEI:M
L(X)*[M(x)-A(X)]~ L(u):[M(u)*A(u)]~0
44

Ref.: Sivaramakrishnan et al., ApJ, 552, p.397, 2001; Kuchner 2004,
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Image-plane coronagraph simulation

L 4

1st 1st mask, Lyot 2nd

pupil Image  centered pup|I stop, Image,
with on star blocks no star,
Airy Image bright bright
rings edges planet

Ref.: Pascal Borde 2004 46



Perturbation #1:
ripples and speckles
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Phase ripple and speckles

Suppose there is height error h(u) across the pupil, where
h(u) = X, a,cos(2rnu/D) + b, sin(2rnu/D) = ripple

The amplitude across the pupil is then
A(u) = elkh) ~ 1 + iK[Z  a,cos(2nnu/D) + b sin(2rxnu/D)]

In the image plane at angle o the amplitude will be
A(a) = | A(u) ekkav du
=0(0) + (i/2) Z,, [(a,-1b,)d(ka-Kn) + [(a,+ib,)d(ka+Kn)]
where we use K = 2n/D.  The image intensity is then
(o) = 8(0) + (1/4) £, (a,°+b,?) [0(ka-Kn) + 6(ka+Kn)] = speckles
at oo = £nA/D

If we add a deformable mirror (DM), then a,—a +A, and b,—>b +B,

Commanding A,=-a,and B, =-b, forces all speckles to zero.
48



Phase + amplitude ripple and speckles

Suppose the height error h(u) across the pupil is complex, where
h(u) = X, (a,+1a,)cos(Knu) + (b +ib,")sin(Knu) = ripple
l.e., we have both phase and amplitude ripples (= errors).

The image intensity is then
I(er) = 3(0) + (1/4) =, [(a,+b,")? + (b,-2,")2 ] S(kau+Kn)
+ [(a,-b,")? + (b,+a,’)? ] 6(ka-Kn)] = speckles

If we add a deformable mirror (DM), and command
An = '(an'bn’) and Bn = '(bn+an,)
Then we get
(o) =0(0) + 2, [(b,)? + (a,")? ] d(katKn) <« bigger speckles
+ [0+ 0] o(ka-Kn)] <« smaller (zero) speckles

So in half the field of view we get no speckles,
but In the other half we get stronger speckles. 49



Phase ripple and speckles
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So, we discussed these topics:
1. Thinking in terms of wavelets.

2. Calculating the interference of wavefronts
for any optical system.

3. Learning about astrophysical vs instrumental effects.

4. A teaser about coronagraphs and speckiles.
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