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Abstract

Numerical simulations are carried out to investigate the possibility of observing
extrasolar planet nearby star via optical telescopes. Several techniques are
considered in this study in order to quantitatively assess their quality in suppressing
the wings of the point spread function of optical telescope of a reference star. The
optical telescope with circular Gaussian shape aperture reveals extrasolar planet
even with contrast ratio 107 while the square Gaussian shape aperture reveals the
planet with 10~
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1. Introduction

High contrast imaging at a dynamic range of
10” to 107" of nearby stars has considered to be
one of a valuable methods to detect extrasolar
planets [1]. This is an important challenge of
direct imaging of extresolar planet [2]. The
planet is much fainter than the star and angularly
very close, with a contrast of approximatily10”
and angular separation of nearly 0.5" at about 10
Pc [3]. In the past few years, several techniques
were implemented on moderate telescope such
as (shape of pupil, obstructing aperture,
Gaussian pupil, , ect.) to detect such planets [4].
An important criterion in creating high contrast
imaging of a ground based optical telescope is to
keep scattered light from the star to be as
minimum as possible. Adaptive optics (AO)
have been  applied in  astronomical
instrumentation in order to give much higher
spatial resolution and the high dynamic range
allowing the environments of bright objects to
be studied much closer than before [5].

Many coronograph concepts have been

developed over the last ten years, most of them
derived from Bernard Loyt orginal design (Lyot
1939) [6]. There are number of different
techniques currently used to observe extrasolar
planets, since the first report by Mayor &
Queloz (1995) [7, 8, 9].
In order to observe extrasolar planet with ground
based optical telescope, the apodization
technique have been used to control the shape of
the aperture telescope owing to suppress the
diffraction-limited image of the star or restoring
the diffraction-limited image of the extrsolar
planet by reducing the peak power of the star
relative to the reflected peak power of the planet
[10].
2. Mathematical Formulation and
Simulations

The design of the shaped pupil of optical
telescope is a vital element for direct imaging of
extrasolar planets around nearby stars, because it
control the amount of suppressing the wings of
the point spread function (psf) owing to reveal
the planet that buried beneath the star [11]. The
requirements of optical telescope have to be able
to cancel starlight up to a 10" factor and provide
a good high angular resolution of psf [12].
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The most basic aperture shape of the optical
telescope is a circular aperture that having a
constant transmission inside the pupil and zero
outside the pupil according to the following
equation [13].

1 if p<R

PGy = e

0 otherwise
where R is the radius of the telescope and p is
given by:

p= (G L)+ (y-v)"? 2)

(G, v) is the center of a two-dimensional array.
The intensity of the psf of a diffraction-limited
telescope is just the square absolute value of the
Fourier transform of the pupil function [14]. The
psfis given by:

psf(x, y) = | FT(P (¢, v) | 3)
where FT denotes Fourier transform operator.
figure 1 shows the results after implementing
equations 1 & 3 using an array of size 256 by
256 pixels and R=60 pixels.
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Figure 1- (a) Circle aperture, (b) Logarithmic scale
image of a normalized psf, (c) Central plot
through a normalized psf, and (d) Central
plot through (b).
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The square aperture is given by [15]:

1 if-R<x<+R & -R<y <+R

P (G y) = “4)

0

otherwise
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Figure 2- (a) Square aperture, (b) Logarithmic scale
image of a normalized psf, (c) Central plot
of a normalized psf, and (d) Central plot
through (b).

200 200  25C

The circular or square Gaussian shape aperture
is given by [16]:

Ty L )
P, @.y) :{ exp( = | inside P. or B (5)

0 otherwise
where o is the standard deviation of a Gaussian
function and considered to be an important
parameter that control the width of the Gaussian
function. The results of implementing equation 5
with different values of ¢ using circular aperture
are demonstrated in figure 3.
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Figure 3- Central plot through a normalized circular
Gaussian shape aperture at different values
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of .

The two-dimensional circular Gaussian shape
aperture and the corresponding psf are computed
and displayed in figure 4.
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Figure 4- (a) Circular Gaussian shape aperture at
=30, (b) Logarithmic image of a normalized
psf, (c) Central plot through a normalized
psf, and (d) Central plot through (b).
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The results of implementing equation 5 with
different values of ¢ using square aperture are
demonstrated in figure 5 .



Jallod and Mohammed

-

—(c1=5)

—(c2=10) |
— (63=15)
—— (c4=20) |

©
©
T

o
©
T

Normalized Values
© © o o o o
N w S (&) [=2) ~
: T

o
o

100 150 200 250
Radial Frequency

Figure 5- Central plot through a normalized square

Gaussian shape aperture at different value

of .

50

The two-dimensional square Gaussian shape
aperture and its psf are demonstrated in figure 6.
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Figure 6- (a) Square Gaussian shape aperture at o
=30, (b) Logarithmic scale image of a
normalized psf, (c) Central plot through
a normalized psf, and (d) Central plot
through (b).

It is of interest now to compare the results
that obtained from these apertures. The
logarithmic scales of the normalized psf with
different shape apertures of equal radius are

200  25C

shown in figure 7.
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Figure 7- Central line through logarithmic scale of a
normalized psf using different shape
apertures.
It should be pointed out that the best value of
o for both circular and square Gaussian shape
apertures was found to be 15.
o of circular and square Gaussian shape
apertures is a vital parameter that suppressing
the high frequency components of the wings of
the psf or star and this is a crucial point in
observing extrasolar planet nearby star.
It is of importance to make a tradeoff between
the minimum value of the logarithmic scale of a
normalized psf that computed by a circular and a
square Gaussian shape apertures and the
distance of the psf when the first oscillation start

to build up as we are moving away from the

140 160

center of an array. figures 8 & 9 illustrate these
details.
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Figure 8- The relationship between minimum value
and distance of the logarithmic scale of
the normalized psf for a circular Gaussian
shape aperture as a function of c.
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Figure 9- The relationship between minimum value
and distance of the logarithmic scale of
the normalized psf for a square Gaussian
shape aperture as a function of c.

y1 & y, are the third degree polynomial

equations that fitted the data demonstrated in

above figures.

To assess the quality of these techniques in

observing extrasolar planet by optical telescope,

a binary system is generated as follows:

B(x,y) = A*e —([[a—=¢)

- N Fah
B ] T Tl | ol ) ¥ =
y—wptd) sty |

(0
where A is the brightness of the star while the
reflected brightness of the planet kept constant
at a value of one, so that, the contrast ratio (CR)
is the ratio of the brightness of the planet to the
brightness of the star. This is equivalent to (1/A)
and d is the separation distance between star &
planet. d is taken to be 10 pixels to ensure the
planet lies beneath the wings of the radial
frequency components of the psf of the optical
telescope in use. o; and o, are the standard
deviations of the star and the planet respectively
and taken to be 3.

The image of the binary system that could be
observed by optical telescope is the convolution
between equation. 3 and equation. 6 are given

s
o
2

ye ~(x +yed)

(TR =]

o
kL o

by the following equation [17]:
Clx,y)=

[ B, y)psflx—x"y —y"lax'dy (7
The above equation could also be written as:
C(x.y) = B(x,y) ® psf(x,y) ®)

where ® denotes convolution.
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This equation demonstrates the observation of
star and planet by optical telescope in the
absence of atmospheric turbulence and any
geometrical aberration that contributed from the
optical telescope.

Logarithmic scale is then applied to the results
of equation 8 in order to reduce the dynamic
range of the image that observed by these
techniques as shown in figures 10 to 13.
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Figure 10- Logarthmic image of a binary system
with a circle aperture using different CR,
a-CR=1,b- Centeral plot through (a), c-
CR=107, d- Centeral plot through (c), e-
CR=10", f- Centeral plot through (e), g-
CR=10" , and h- Centeral plot through

().
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Figure 11-Logarthmic image of binary system with a

square aperture using different CR, a-
CR=1,b- Centeral plot through (a), c-
CR=107, d- Centeral plot through (c), e-
CR=10", f- Centeral plot through (e), g-
CR=10", and h- Centeral plot through

().
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Figure 12-Logarthmic image of a binary system with

a circular Gaussian shape aperture using
different CR, a-CR=1, b- Centeral plot
through (a), c-CR=107, d- Centeral plot
through (c), e-CR=107, f- Centeral plot
through (e), g-CR=10", and h- Centeral
plot through (g).



Jallod and Mohammed

150 200 250
(a) (b)
9 (\
8 [
7 ‘\ \‘
N [
5 [
4 [
3 |
2 |
‘ \
1 | \\
50 1(;0 150 200 250
(c) (d)

200 250

50 100 150

(h)

200 250

(2

Figure 13- Logarthmic image of a binary system

with a square Gaussian shape aperture
using different CR, a-CR=1, b- Centeral
plot through (a), c-CR=10", d- Centeral
plot through (c), e-CR=10", f- Centeral
plot through (e), g-CR=10", and h-
Centeral plot through (g).
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The contour plots of figures (12 & 13) reveal the
planet even at CR=1:10" as demonstrated

below.
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Figure 14- Contour plots of figure (12)

a-CR=1, b-CR=10", ¢-CR=10", and
d-CR=10".
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Figure 15- Contour plots of figure 13

a-CR=1, b-CR=10", ¢-CR=107, and
d-CR=10".
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3. Conclusions

The important points that could be drawn
from this study are summarized as follows:

1. The wings of the psf or the star are
responsible for direct imaging of extrasolar
planet. This attributed to the relative
brightness of the star and the planet. The star
makes the extrasolar planet lies beneath the
wings of the psf and makes it impossible to
observe any faint object nearby star.

The circular Gaussian shape aperture makes
the wings of the psf or star to be decline to a
limit that exceed 10?° and this is a very
promising result for direct observation of
extrasolar planet.

The minimum value of the wing of the psf is
proportional to ¢ of a circular and a square
Gaussian shape apertures and obey third
degree polynomial while the distance is
inversely proportional with o (see figures 8
& 9).

Contour plots reveal accurate indication of
the existence of the planet even with CR=10"
using a circular Gaussian shape aperture (see
figure 14) while the square Gaussian shape
aperture indicates the existence of extrasolar
planet at CR=107 (see figure 15).
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