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ABSTRACT
We propose a polarimetry imaging subtraction test system that can be used for the direct imaging of the reflected light
from exoplanets. Such a system will be able to remove the speckle noise scattered by the wave-front error and thus can
enhance the high-contrast imaging. In this system, we use a Wollaston Prism (WP) to divide the incoming light into two
simultaneous images with perpendicular linear polarizations. One of the images is used as the reference image. Then
both the phase and geometric distortion corrections have been performed on the other image. The corrected image is
subtracted with the reference image to remove the speckles. The whole procedure is based on an optimization algorithm
and the target function is to minimize the residual speckles after subtraction. For demonstration purpose, here we only
use a circular pupil in the test without integrating of our apodized-pupil coronagraph. It is shown that best result can be
gained by inducing both phase and distortion corrections. Finally, it has reached an extra contrast gain of 50-times
improvement in average, which is promising to be used for the direct imaging of exoplanets.
Keywords: Exoplanets, high-contrast imaging, polarimetry subtraction algorithm, phase and distortion corrections,
image processing

1. INTRODUCTION
Over 770 exoplanet candidates have been discovered mostly by the indirect detection methods, such as the radial
velocity or transiting approaches. Among them, few exoplanets have been directly imaged. The direct detection of
photons from the exoplanet and the follow-up spectroscopic analysis can help to characterize the exoplanet’s physical
properties, such as the atmosphere conditions and chemical compositions. In recent years, direct imaging of exoplanets is
receiving increasing attention, which will allow the astronomical community eventually to achieve the most critical
scientific goals of astrophysics. Such a direct detection will finally help to determine another Earth and thus can answer
“whether or not there is life on other planets?”, which is one of the most fundamental scientific questions.
However, it is very challenging to direct image an exoplanet. As addressed by Borde and Traub [1], high-contrast imaging
must overcome two major noise sources to successfully detect an exoplanet: photon noise from diffracted starlight, and
speckle noise from starlight scattered by wave-front error. Recently, a series of high-contrast coronagraphs have been
proposed for the direct imaging of an Earth-like exoplanet, which can theoretically provide a contrast of 10-10 at an inner
working angular (IWA) distance of few λ/D [2]. Because of the wave-front error induced speckle noise that originates
from imperfections of the optics, few coronagraphs can reach such a contrast in 10-10, even in the lab. Pupil apodizing
that modifies the light transmission on the pupil is a promising technique for high-contrast imaging. Since 2007, we have
proposed and developed several high contrast coronagraphs based on step-transmission filters, in which only a discrete
number of transmission steps are needed and the transmission in each step is identical. This greatly improves the
precision of the transmission of an apodizing pupil since the coating can be done on one step each time and the
transmission in each step can be measured in the manufacture process until it reaches the required precision [3]. The
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contrast of the previous systems could reach ~10-7 at an IWA of ~4λ/D
limited by the speckle noise scattered by the wave-front error.

[4, 5]

. Further contrast improvement is mainly

Polarimetry is one of the promising techniques to suppress or remove the speckle noises. Since the light from the star is
unpolarized while the starlight reflected from the exoplanet will in generally be polarized [6, 7], the speckle noises from
the starlight can be suppressed through polarimetry subtraction and thus can enhance the contrast for the exoplanet
imaging. In our previous paper [8], we have proposed a plarimetry imaging subtraction system with an expected extra
contrast gain of 100-times improvement. In that system, one commercial WP was introduced to divide the incoming light
into two simultaneous images with perpendicular linear polarizations. In that paper, three different geometric
distortion correction models were discussed and finally an optimal one has been found including radial,
decentering and prism distortions. Then such an optimal distortion correction has been performed on one image and
being subtracted with the other reference image. However, only an extra contrast gain of 10 times improvement has been
achieved. Further contrast should be gained by introducing the wave-front distortion correction or phase correction.
In this paper, we have upgraded both the optics system and the image processing procedure. Firstly, we have replaced the
previously collimator and imaging single lens with doublets, which will further reduce the system’s optical aberrations.
Secondly, we use the relay optics to further enlarge the point spread function (PSF) images to provide sufficient
sampling points for image subtraction. Thirdly, we have manufactured a WP with better performance to replace the
previous commercial one. Fourthly, we have introduced both the phase and geometric distortion corrections on one of
the polarized image. To demonstrate its effectiveness, here we have made a comparison between the final result with or
without phase corrections. It is shown that a moderate contrast can only be achieved along some diagonal directions
when only inducing the geometric distortion corrections. And better result can be gained by simultaneously inducing
both phase and geometric distortion corrections. Finally, we have reached an extra contrast gain of 50 times
improvement in average, which is promising to be used for the current coronagraphs for the direct imaging of exoplanets.

2. POLARIMETRY IMAGING SUBTRACTION TEST SYSTEM
2.1 Configuration of the experimental optics
Figure 1 shows the optical configuration of the polarimetry imaging subtraction test system in
the laboratory. In this system, we have replaced the collimator and imaging single lens with two doublets, which
will further reduce the system’s optical aberrations. The focal ratio for the updated collimator and imaging lens are 27.9
and 61.7, respectively. The clear aperture of the input circular pupil is 30mm. Its PSF image will be firstly formed on the
focal plane where one field stop is inserted to avoid overlaps of the two polarized images. Then the relay optics including
one lens and flat mirror is used to further enlarge the PSF images to provide sufficient sampling points for the following
image subtraction. The WP is inserted between the flat mirror and the CCD camera. The reimaged PSF will be separated
by the WP to create two images with perpendicular linear polarizations and finally taken on the CCD camera. The
distance between the WP and the camera is adjusted according to the practical PSF size on the camera.
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Figure 1. The optical configuration of the polarimetry imaging subtraction test system.

2.2 Manufacture of the Wollaston prism
In the above system, we have manufactured a Wollaston prism by Day Optics Company in China. The WP has a better
performance comparing with the previous commercial one. The material of this WP is Quartz and its separation angle is
1 degree at λ, where λ is the working wavelength of 632.8nm. The distinction ratio is lower than 5x10-6. And the wavefront distortion is controlled in λ/4. The clear aperture for this WP is 20mm x 20mm. Figure 2 shows the manufactured
WP installed in the prism holder.

Figure 2. The photograph showing the manufactured WP in the holder.

2.3 Raw images taken and pre-processing
In the test, we use a combination of the He-Ne laser (632.8nm) and the spatial filter (including one 60x microscope lens
and one 10um pinhole) to create a point light source as the simulation of the starlight. And a 16-bit CCD camera (SXVH9, ordered from Starlight Xpress Ltd.) is used to take the two polarized images divided by the WP. The dynamic range
of the camera is 0 ~ 65,535 and is not sufficient enough to capture the full dynamic range of the PSF in one single
exposure. To overcome this problem, here we have taken three data sets under 3 different exposure times (t1, 100*t1,
1000*t1). Exposure time t1 is corresponding to the PSF image with the peak intensity of ~45,000. In each data set, 250
PSF and associated background images are taken, respectively (written as PSFij and Backij, where i=1~3, j =1~250,
representing the exposure time series and image number in each series).
Then the image pre-processing procedure is carried out in Matlab. The schematic figure for the whole procedure is
shown in Figure 3. Firstly, we read all the PSF images and background images in Matlab and each PSF will subtract its
associated background image to eliminate the influence of both the dark current of the CCD and the
background lights. And we get 250 sub-back images under each exposure time (written as SUBij). Secondly, we
calculate the centroid position of each image that has subtracted the background. In each sub-back image, there will be 2
centroid positions (CLij and CRij) corresponding to the center of the two polarized images. Thirdly, we selected each
image of interested that is to be combined by starting from the centroid position, with the same radial angular distance
Rd. Then we get a series of images with the same center and size. These selected images will be combined and averaged.
Finally, we get 2 processed images (left and right) under each exposure time with totally 6 PSF images. Here they are
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written as img_combined11, img_combined12, img_combined21, img_combined22, img_combined31,
img_combined32, which are shown in Figure 4. For instance, img_combined11 and img_combined12 are representing
the left and right part of the selected and combined images under exposure time t1, respectively.

Figure 3. Schematic figure to preprocess the images.
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Figure 4. Figures showing the pre-processed images: linear scale (left) and log scale (right).

3. IMAGING SUBTRACTION PROCESSING PROCESURES
In this section, we will discuss in detail of the imaging subtraction processing procedure, which is based on the
optimization algorithm proposed in our precious paper [9]. In the above section, we finally get 3 sets of pre-processed
images under different exposure times. In each set, there are two images corresponding to the different polarizations.
And the left images will be as the reference image to be subtracted; well the right images will be induced with both phase
and geometric distortion corrections. In the procedure, we carry out such a correction on the right images in the second
and third image sets (img_combined22 and img_combined32) under longer exposure times, because the images in the
first set (img_combined11 and img_combined12) do not have enough signals for subtraction. The corrected images will
be subtracted with the associated reference ones. The target function of the optimization algorithm is to minimize the
residual intensity after subtraction, where the induced phase and distortion parameters will be as the variables. The
schematic diagram of the whole procedure is shown in Figure 5.

Figure 5. Schematic diagram showing the optimization procedure.

In the procedure, we induced both phase and geometric distortion corrections. We still employed the same geometric
distortion model that includes radial, decentering and prism distortions proposed in our previous paper [8], and we will
not discuss it here. We will mainly focus on the phase correction procedure. The corrected phase has been represented in
a Zernike polynomial and its influence will be added directly on the focal plane PSF image, rather than on the pupil. To
realize that, the convolution function is introduced. The detail is shown as follows.
Since the phase should be induced on the pupil of the imaging system, the electric field in the pupil can be expressed as
A u,v

,

,

(1)

where φ is the induced dynamic phase to be optimized.
Then the electric field on the focal plane can be expressed as

F A u,v

,

F A u,v
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where F represents the Fourier transformation of the associated function, and

is the convolution operator.

The PSF intensity of the starlight is the square of the complex modulus of the electric field on the focal plane. The
intensity of the phase corrected PSF image should be calculated as
x,y
where F A u,v
be corrected.
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,and Icom is the intensity of the combined images (img_combined22 and img_combined32) to

Then the geometric distortion correction will be performed on the phase-corrected image, with totally 7 variables. Finally
the image with both phase and geometric distortion corrections can be represented as:
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where D represents the geometric distortion operator.
Then the target function is to minimize:
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where s1, e1, s2 and e2 are representing the start and end position of the target region where the exoplanet will be
located.
In the procedure of optimization, we provide a random initial phase φ to avoid local minima and dis-convergence, as the
start of the iterative algorithm (the first iteration step). In each iterative step, the induced phase φ will change towards the
direction that makes the residual intensity become smaller. Finally we will gain the optimal phase (representing in a
series of Zernike coefficients) and 7 geometric distortion parameters (radial, decentering and prism distortions).

4. TEST RESULTS AND DISCUSSIONS
After we get the optimal correction parameters, we will introduce them on the right images to be corrected and then
subtract the reference image in the left polarized beam. In that case, the speckle will be suppressed effectively. In our
previous paper, only the distortion correction is induced. And it is found that the contrast improvement is mainly limited
by the wave-front distortion. To testify the effectiveness of inducing the phase correction, here we have made a
comparison with and without inducing the phase corrections in the above optimization procedure. In Figure 6, we show
the processed images with speckles suppressed. It is found that the speckles could not be removed through direct
subtraction of the images in the two polarized beam, due to above system errors. It is obvious that there are still strong
residuals in the right bottom region (shown in a red square) when only performing the geometric distortion corrections.
Well the speckle has been effectively removed in all target region once inducing both phase and distortion corrections.
The associated PSF contrast curve is shown in Figure 7. Finally, we have reached an extra contrast gain of 50 times
improvement in average: contrast curves of the original PSF image in one polarized beam (black dashed line), residual
PSF image with distortion correction only (blue dotted line) and the residual PSF image with both phase and distortion
corrections (red real line).
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Figure 6. The processed images with speckles suppressed: residuals with direct subtraction (left), residuals with only
distortion corrections and residuals with both phase and distortion corrections (right).

Figure 7. The associated PSF contrast curves.

5. CONCLUSIONS AND FUTURE DEVELOPMENTS
We have proposed a polarimetry imaging subtraction test system that can be used for the direct imaging of the reflected
light from exoplanets. Such a system will be able to remove the speckle noise scattered by the wave-front error and thus
can enhance the high-contrast imaging. Here in this paper we have introduced in detail of how to pre-process the raw
images simultaneously taken on the camera and provided the procedure to effectively subtract the speckles. It is found
that both the phase and geometric distortion corrections should be induced to effectively remove the speckles through
subtraction. And finally we have achieved an extra contrast gain of 50 times improvement in average. It is shown that
such a polarimetry imaging subtraction system is promising to be used for the direct imaging of exoplanets. In next step,
we will introduce our developed step-transmission filter based coronagraph in the system. To eliminate the influence of
the high-order wave-front distortions, we will increase the order of the Zernike polynomials in our future works.
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