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Lecture 04:

Basic properties of electromagnetic wave
and introduction to Fourier optics



Electro-magnetic wave and radiative flux

« Plane wave

* Intensity and Poynting vector

« Interference of light (with cos description)



Electro-magnetic wave and radiative flux

 Plane wave described with the exponential function

« Interference of light (with exp description)



Diffraction pattern
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Diffraction

Spherical wave
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Electric field on the screen
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Fresnel diffraction by an edge
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Fresnel diffraction by a slit
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Fresnel diffraction pattern of a circular aperture

Fresnel diffraction of illumination of a r=Tmm hole (10mm x 1T0mm
simulation) from Om to 10m.
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Intensity 100cm Intensity 300cm Intensity 1000cm




Fresnel diffraction pattern of a circular aperture

« Fresnel diffraction of illumination of a r=Tmm hole (10mm x 10mm
simulation with 3000 x 3000 pixel) from Om to 10m.
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Fresnel diffraction pattern of a square aperture

Fresnel diffraction of illumination of a I=1Tmm hole (10mm x T0mm
simulation) from Om to 10m.

Intensity Ocm Intensity 10cm

Intensity 100cm Intensity 1000cm




Diffraction

« Fresnel diffraction 1 | |
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« Fraunhoffer diffraction
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Fraunhoffer diffraction pattern of slits
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Fraunhoffer diffraction pattern of a circular aperture

e Circular aperture with ¢ = pcost,y = psinf,. X =rcosg.Y =rsino
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Fraunhoffer diffraction pattern of a circular aperture

From “Optics” Hecht
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kasin®  Figure 10.23 (a) The Airy pattern. (b) Electric field created by
Fraunhofer diffraction at a circular aperture. (c) Irradiance resulting

from Fraunhofer diffraction at a circular aperture. (Photos courtesy R. G.
Wilson, lllinois Wesleyan University.)



Fraunhoffer diffraction pattern of a circular aperture

Different aperture size : r=Tmm vs. r=0.3mm

Intensity 1000cm Intensity 1000cm




Rayleigh's criterion

From “SFE DA 1"
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Diffraction pattern of the LBG telescope

« 8™ magnitude star taken with an Extreme AQO system
— From |bto.org




Introduction to Fourier optics
* In case if the phase at the aperture is not constant
Ea(x,y) = Eo(x,y) exp(io(x,y))
E(X.Y) / /54 r, ) explik(Xz + Yy)/R]dedy
fy =kY/R, fo =kX/R

E(fe fy) —]/Ejl x,y)expli( frr + fyy)|drdy

« If you are interested in make your own calculation with a
fast Fourier transform programming library (FFTW etc.),
check a calculation code in a jupyternotebook format.



Fourier transform

Therefore, if the illumination has a shape (aperture), phase is constant,
resulting electric field is determined by Fourier transform of each 2D
function.

E(fe. fy) :\ / / Ea(r,y)expli(fex + fyy)|drdy
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Subaru PSF in NIR
« QOrion nebula trapezium with Subaru + IRCS + AO188
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Zernike polynomials :
orthogonal in circular area with unit radius




Third order Seidel aberration and Zernike polynomial:

phase vs. PSF shape
Phase (1Tmm aperture)
De-focus Coma Astigmatism Trefoil
— 2 T,
- -

Image (far field, 3m distance)

Coma in geometric optics calculation
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Adding phase error (coma
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Adding phase error (spherical
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Adding phase error (phase14
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Aperture vs. PSF properties
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The Airy Function
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Importance of the outskirts of PSFs

« Contrast required to detect Earth-sized planet

Habitable zones within 5 pc (16 ly) Star temperature

- 9,000
LP944-
SRC 1845-6357 A
- . N 1048-3956 i
... Inner working angle Wolf 424A
it Van Maanen's Star
e DX Cnc . Ross 614B (o]

CN Leonis
UV Ceti
BL Cati

)00 N OV B W N -

Ross 248
Gl15
5154 G5B

Barnard's Star Ross 128~ Kapteyn's Sta
Procyon B @™
G725 B

GI725 A
Lalande 2118! GI15 A o B
Lacaille 9352 CIEFICE)']{I
B

Sirius B\ 1

~
4
S
T
e
L")
o
=

Sirius

Guyon 2018

Distance (pc)

Figure 3

Reflected light contrast ratio (vertical axis) between an HZ Earth-sized planet and its host star, shown for all stars within 5 pe (distance
to star on herizental axis). Each circle corresponds to a star; its color and diameter encode the star effective temperature and the angular
size of the HZ, respectively. The planets accessible to direct imaging with ExAQO systems are within boundaries imposed by instrument
performance: contrast floor, contrast performance in flux-limited regime, and coronagraph inner working angle. The locaton of the
boundaries in this figure is arbitrary and only intended for illustratve purpose. Abbreviations: HZ, habitable zone; WFS, wavefront
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Required contrast for various science targets

From Guyon 2018

Binary stars, low-mass
1 companions
Active galactic nuclei/

Protoplanetary QSO0 host galaxies
disks
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. Evolved stars
Young massive planets Debris disks mass loss
(thermal emission)
2 10!
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e
0 e e e e eSS ) e e e = =
E Earth-like planets around
] nearby Sun-like stars
v 10° (thermal emission)
Earth-like planets around
Jupiter-like planets nearby M-type stars
(reflected light) (reflected light)
108
Earth-like planets around
nearby Sun-like stars
(reflected light)
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m~0 m~5 m~10 m~15
WFS star brightness
Figure 2

Selected ExAQ science cases are shown here as a function of guide star brightness (horizontal axis, brightness
decreases from left to right) and contrast ratio (vertical axis). Exoplanet imaging requires the highest
wavefront control performance, up to ~10~!? contrast for reflected light imaging of Earth-like planets
around Sun-like stars. Locaton of boxes is approximate and highly target dependent. Abbreviations: QSO,
quasi-stellar object; WFS, wavefront sensor.



Reduce the outskirts
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