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Speckles suppression & signal recovery
1. Introduction

Planet detection in the close vicinity of the PSF will likely be limited by static or slowly
evolving speckles produced by small residual phase or amplitude errors. Both science
cameras (MWI and IFU) proposed for this project have as a goal to suppress this speckle
noise by some amount to improve the sensitivity of the instrument. This document looks
at the speckle noise suppression capabilities of the MWI and IFU in the absence of
differential phase or amplitude errors between different wavelengths.

At this stage, this work serves two purposes. First it verifies that simple algorithms can be
used with the data product of the MWI and IFU to suppress speckles by sufficiently large
factors. Second, it verifies that it is possible to suppress speckles without suppressing
(completely) the signal of a companion of arbitrary spectrum.

2. Speckle suppression

Given N simultaneous images of a PSF, each at different but close wavelengths (a PSF
cube), and in the absence of differential aberrations, then the same pattern of speckle is
present in all images although at a different scale (diffraction scale o« A/D). Re-scaling
images to a common scale brings all speckles to the same spatial location in all images
and only a slight variation of the speckle intensity with wavelength remains. This
evolution of the speckle intensity with wavelength is what I will refer to as the PSF
chromatic evolution. The re-scaled images can be used to subtract the speckles using one
of two general techniques.

Throughout this document, the speckle attenuation is defined as the ratio, in one annulus,
of the standard deviation of the residual signal integrated over a disc of one FWHM
divided by the standard deviation of the signal of the original PSF less an azimuthally
averaged profile integrated over the same disc.

2.1. Images differences

Suppose that image n is of interest and that is it desired to suppress speckles in this
image. The simplest operation to perform is to subtract image n+1 from it, this is called a
simple difference (SD):

SD = In - In+1
This will subtract speckles to some level but will leave residuals due to the PSF
chromatic evolution, the speckle attenuation factor obtained with an SD is ~AA/A, where
A 1s the wavelength of image n and AA is the wavelength spacing of the two images.

Smaller residuals are obtained if similar residuals from (/,.; - [,) are subtracted; this
constitutes a double difference (DD):
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DD = 05 X (SDn - SDn—l): (In - 1n+l )/2 - (]n—l - In )/2 = ]n - In—1/2 - In+1/2
The factor 0.5 is needed to normalize the signal properly to the signal in image n. The DD
can attenuate speckles by a factor ~ (AAA)®. In the same fashion, a double double
difference, which can attenuate speckles by ~ (AAA), is defined:
DDD:%(DDn _DDn—l):In _In—l +1n—2/3_1n+1/3
The SD, DD and DDD can be separately applied to all N images, in this case they are
referred to as running SD, running DD and running DDD.

Suppose that a companion has a spectrum that is so sharply peaked over a very narrow
wavelength range that it is present in only one of the N images, say in image n. A cold
methane dwarf approaches this limit in the A band when observed at low resolution. In
this case, the above operations will remove the speckles from image n but will leave the
signal of the companion as it is absent in all other images used to do the subtraction.

If the companion is present in all images, then it will be at a different separation in each
of the re-scaled images: a companion is moved radially by r44/4 when two images are
brought to a common scale, where 7 is the original separation of the companion, A is the
wavelength of one of the two images and 44 is the wavelength spacing between the two
images. If the displacement of the companion between images is greater than ~2A/D
(diameter of first dark ring), then effectively at a given separation in the re-scaled image
the companion is present in a single image and the above considerations apply, namely
speckles can be subtracted and the signal of the companion will be preserved.

If the displacement is less than 2A/D, then at a given separation in the re-scaled images
the companion is present in one image and partially present in a few other images. So the
above procedure will subtract a fraction of the companion signal. Since the displacement
is proportional to separation, companions at smaller separations will be suppressed more.
A remedy for this is to use images more widely separated in wavelengths, when possible,
to make the displacement between images larger.

2.2. Polynomial fit

An alternative way to subtract the speckles is to subtract a fitted spectrum from each
“spectral pixel” of the re-scaled cube rather than subtracting images, this is the approach
of Sparks & Ford 2002. In a re-scaled cube, the intensity of a pixel (or a speckle) varies
smoothly with wavelength (chromatic evolution) and is easily fitted by a low order
polynomial, which can be used to subtract the PSF contribution to that pixel (the
speckle). This technique has to be implemented cautiously however, since a fit will be
biased by the presence of a companion.

If a companion is present in only one of the N images, then the spectrum of a pixel

containing the companion will have a point that will deviate from the smooth trend of the
spectrum. This point will pull the polynomial fit and, as a result, the fit will subtract part
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of the companion signal. The solution is to ignore the point containing the companion
signal when calculating the fit.

If the companion is present in all images and the displacement of the companion between
images is greater than 24/D, then effectively at a given separation in the re-scaled image
the companion is present in a single image and ignoring a single point from the fit as
above does the trick. If the displacement is less than 24/D, then at a given separation in
the re-scaled images the companion is present in one image and partially present in a few
other images. So more than one point can pull on the fit and part of the companion signal
will be subtracted. The solution is to ignore more points for the fit. This idea is illustrated
in figure 1.
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Figure 1: Spectrum of a pixel at a separation of 0.92” in a re-scaled cube of resolution
R=50 including a planet at an original separation of 1, the planet appears at a
separation of 0.92” in channel four in the re-scaled cube. (leff) 2™ degree
polynomial fit on all points (right) 2nd polynomial fit ignoring channels 3-6.

Generally, in a cube of logarithmically spaced spectral samples at a resolving power R,
the companion is present in 2R/r images of the re-scaled cube, where r is the separation
of the companion expressed in units of A/D. This is the optimal number of points to
neglect from the fit to ensure that the fit is not biased by the presence of the companion
and that the companion is not subtracted. This is also twice the spacing between channels
to use for SD, DD or DDD to ensure that the companion is not subtracted.

After the speckles have been subtracted, the residual cube can be scaled back to its
original scale and the companion piles up again at all wavelengths. The “spectral pixel” at
the position of the companion now contains the spectrum of that companion. For
detection, the cube can be collapsed to improve the signal-to-noise.

3. Simulations

To verify the speckles suppression of the above algorithms and the preservation of the
companion signal, a generic PSF cube was constructed. A single phase screen including
80 nm of static aberrations with a PSD o f* was used to generate some level of speckles
(no atmosphere, and no correction). The specific shape and structure of the PSF are not
critical to consider only speckle suppression. The cube was originally generated at a
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resolution of R=1000 from 1.5 to 1.8 um and was then properly binned to produce the
data products of the MWI and IFU. The MWI data cube consists of 4 spectral channels
(1.52 pm, 1.58 pm, 1.64 pm and 1.70 pm), each of bandwidth 2%. The IFU data cube, at
R=50, consists of 9 contiguous spectral channels covering the wavelength range 1.5 to
1.8 um. No source of noise was included in the PSF cube. It was later verified that the
presence of noise (photon noise, flat-field noise, read noise, ...) does not degrade the
attenuation performance above the limit imposed by that noise.

For polynomial fits, it is always necessary to ignore at least one point to calculate the fit,
otherwise the planet (if a planet is present) would be significantly subtracted. It is
important to realize that we have no prior knowledge of the location of a planet (if
present) and therefore we do not know a priori which point to ignore. The subtraction
algorithm has to determine by itself if it should exclude a point, and if so, which one.
This is accomplished iteratively by looking at the residual spectrum of the pixel after
subtraction of a fit on all points. The situation is different for a methanated companion,
essentially present in a single (or a few) channel (~1.58 um); in this case it is fine to
systematically ignore this channel (or a few) when calculating all fits.

Table 1 lists the different algorithms investigated with various options.

Subtraction type Option explanation

SD, DD & DDD spacing=N (default N=1)  Subtraction made with images
separated by N channels

Fit, degree 1 or 2 ignore=cl, c2, ... Ignore systematically channels
cl,c2, .. for fit

Fit, degree 1 or 2 ignore=N Ignores at least one and up to N

channels for fit: iterative
algorithm  that  determines
which channels to ignore

Fit, degree 1 or 2 robust Like ignore=N, but in this case
N=2R/r 1s  function of
separation

Table 1: PSF subtraction algorithms

4. MWI Case
4.1. Speckle suppression

Figure 2 shows the mean attenuation for one image of the MWI data cube and different
subtraction algorithms. These curves corresponds to the maximum attenuation that can be
achieved using the different algorithms and are set by the chromatic evolution of the PSF.
In the presence of noise, the real attenuation will be set by that noise (up to the limiting
curves shown). This figure shows that a DD, a DDD and a polynomial fits of degree 1
and 2 can all provide attenuations below 0.01. For polynomial fits of degree 1 ignoring 2
points and of degree 2 ignoring 1 point, the attenuation is calculated in the channel(s)
ignored, since in the absence of noise the attenuation is infinite in the other channel(s).
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Figure 2: Mean speckles attenuation in one image of the MWI data cube for different
subtraction algorithms.

4.2. Companion recovery efficiency

To determine the fractional signal remaining after the subtraction of the speckles using
different algorithms, virtual planets were implemented in the original data cube and the
subtraction was carried through. The residual cube was then scaled back to its original
scale and collapsed over the spectral dimension to produce a “broadband” image. The
signal recovered for each planet inside an aperture of diameter A/D was compared to that
of the implanted planet. The ratio of these two quantities is the recovery efficiency. The
exercise was repeated for virtual planets having a flat spectrum and for planets having the
spectrum of a T8 dwarf. For planets with a T8 dwarf spectrum, the cube was not
collapsed but only the channel at 1.58 pm was retained, because collapsing the entire
cube results in a lower signal-to-noise.

Figure 3 shows the recovery efficiency for different algorithms, for companions with flat
spectra, and the effective speckle attenuation for each algorithm, defined as the
attenuation divided by the recovery efficiency. All algorithms maintain an effective
attenuation below 0.01 down to ~0.5”, while the 2" degree polynomial fit ignoring 1
point reaches closer in, but provided that noise is at a level of ~10™ at short separations.

Figure 4 shows the corresponding curves for companions with T8 dwarf spectra. The

benefit of such a spectrum is clear as the recovery efficiency remains close to one at all
separations and all algorithms maintain attenuations below 0.01 at all separations.
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Figure 3: (/eft) Companion recovery efficiency for a companion with a flat spectrum
(right) Effective speckle attenuation.
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Figure 4: (left) Companion recovery efficiency for a
spectrum (right) Effective speckle attenuation.

5. IFU Case

5.1. Speckle suppression

Separan'o‘n (arcsec)

companion with a T8 dwarf

Figure 5 shows the mean attenuation for one image of the IFU data cube and different
subtraction algorithms, all of which permit attenuations below 0.01.
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Figure 5: Mean speckles attenuation in one image of the IFU data cube for different
subtraction algorithms.

5.2. Recovery efficiency

The procedure is the same as in section 4.2. Here, for planets with a T8 dwarf spectrum,
the cube was collapsed only over the three channels in which the planet is bright,
collapsing the entire cube results in a lower signal-to-noise.

Figure 6 shows the recovery efficiency for different algorithms, for companions with flat
spectra, and the effective speckle attenuation for each algorithm. The polynomial fit of
degree 2 maintains an effective attenuation below 0.01 down to ~0.2” (~5 A/D), while
most other algorithms maintain attenuations below 0.01 down to ~0.5”.

Figure 7 shows the corresponding curves for companions with T8 dwarf spectra. Again,
all algorithms maintain attenuations below 0.01 at all separations, and polynomial fits
that ignore three channels centered on the peak of emission have good recovery
efficiency. It has also been verified that the “robust” polynomial fits give the same results
as the fits ignoring the three channels centered on the peak of emission.

In a general case, a “robust” polynomial fit of degree two is the most attractive.
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Figure 6: (left) Companion recovery efficiency for a companion with a flat spectrum
(right) Effective speckle attenuation.
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Figure 7: (left) Companion recovery efficiency for a companion with a T8 dwarf
spectrum (right) Effective speckle attenuation.

6. Image examples

Figure 8: (/eft) Collapsed cube including virtual planets with flat spectra, an azimuthally
averaged profile has been subtracted (middle) Residual collapsed cube after
subtraction with polynomial fit of degree 1 including all points, the negative
signal is due to biases in the fit introduced by the presence of the planets
(right) Residual collapsed cube after subtraction with a “robust” polynomial fit
of degree 1, the negative signal has disappeared and the core of the planets are
brighter. Images are 3” on a side. Stretch of image on the left is 10 times that
of the other two images.
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Figure 9: Recovered spectra compared with input spectra for the IFU at various
separation using the polynomial fit of degree 1 (leff) flat spectrum (right) T8

spectrum.

7. Summary

The EXAOC performances will dictate which algorithms to use since they will determine
the level of photon noise (or some other limiting noise) compared to that of speckle noise.
For a real system, it is this limiting noise curve that has to be divided by the recovery
efficiency. Assuming that photon noise will be at about 107 times the speckle noise or
less, then all algorithms are able to reach the photon noise. In this case it is the recovery
efficiency alone that determines the best algorithm to use: this algorithm is the
polynomial fit of degree 1 ignoring two points in the MWI case and its robust
version in the IFU case. The figure below shows the effective attenuations of these
algorithms with the MWI and IFU in a case in which the photon noise is 107 times the
speckle noise, for flat and methanated spectra.
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Figure 10: Effective attenuation in the presence of photon noise at a level of 107 times
the level of speckle noise using a polynomial fit of degree 1 ignoring 2
channels (MWI case, flat spectrum) and ignoring the 1.58 pm channel (MWI
case, T8 spectrum) and a robust polynomial fit of degree 1 (IFU case) (leff)
Flat spectrum (right) T8 spectrum
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It would be interesting to repeat this exercise with PSF that resembles more the PSFs that
will be delivered by the EXAOC to make sure that the algorithms perform as well. It
would also be useful to get an estimate of the level of photon noise compared to that of
speckle noise for a typical one-hour exposure. It would also be worthwhile to repeat the
exercise for an IFU with broader wavelength coverage to see the effect on the recovery
efficiency for flat spectrum planets.
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