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ABSTRACT

A robust post processing technique is mandatory for analysing the coronagraphic high contrast imaging data.
Angular Differential Imaging (ADI) and Principal Component Analysis (PCA) are the most used approaches to
suppress the quasi-static structure presents in the Point Spread Function (PSF) for revealing planets at different
separations from the host star. In this work, we present the comparison between ADI and PCA applied to System
of coronagraphy with High order Adaptive optics from R to K band (SHARK-NIR), which will be implemented at
Large Binocular Telescope (LBT). The comparison has been carried out by using as starting point the simulated
wavefront residuals of the LBT Adaptive Optics (AO) system, in different observing conditions. Accurate tests
for tuning the post processing parameters to obtain the best performance from each technique were performed
in various seeing conditions (0.4” − 1”) for star magnitude ranging from 8 to 12, with particular care in finding
the best compromise between quasi static speckle subtraction and planets detection.

Keywords: SHARK-NIR, Coronagraphy, Exoplanets, ADI, PCA

1. INTRODUCTION

At the moment more than 3400 planets were discovered,1 most of them have to be characterized, some also
still to be confirmed. A coronagraphic imager with a high order adaptive optics correction is one of the most
promising tools to detect, confirm, study and investigate on exoplanets.
A major drawback, when detecting the faint planets is represented by the noise due to the non common path
aberration (NCPA) and the consequent generation of the quasi static speckles (QSS), in fact this noise pattern
is hard to quantify for its space-random behaviour and its time-dependent nature.
An efficient post processing technique is mandatory for analysing the coronagraphic high contrast imaging data.
ADI2 and PCA3 techniques are the most used approaches to suppress the quasi-static structure presents in the
PSF for revealing planets at different separations from the host star. We present some preliminary results of ADI
and PCA techniques applied to SHARK-NIR,4 a coronagraphic camera which will be implemented at LBT.5

The comparison has been carried out by using as starting point the simulated wavefront residuals of the LBT
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AO system,6 in different observing conditions (thanks to the Arcetri AO team).This AO simulated data are
then optical propagated by setting different coronagraphic configuration by an “ad hoc” IDL code explained in
Ref. [7].

2. POST PROCESSING ANALYSIS

Accurate tests for tuning the post processing parameters to obtain the best performance from each technique
were performed with various seeing conditions (0.4” − 1”) for star R magnitude ranging from 8 to 12, with
particular care in finding the best compromise between quasi static speckle subtraction and planets detection.
In order to tune the amount of quasi static speckles, we compared detection limits for a sample of SPHERE8

(the high contrast imager at VLT) data with SHARK simulations (in similar observing conditions) varying the
level of noise, from 15 up to 60nm rms. The curves corresponding to SHARK simulations are placed within
the detection range of SPHERE data. We take into account for the successive simulations 30nm rms because
it is consistent with the numbers suggested via private communication by the Adaptive optics group involved in
LUCI and LBTI alignment.
Different coronagraphic masks are taken into account for analysing the post processing data to estimate the
instrument performance. In this document a selection of the tested masks are presented; a variant of the Classical
Lyot Coronagraph9 with a gaussian transmission focal plane (FP) mask (in the figures defined as GAUSS), a
Gaussian Apodized Lyot Coronagraph10 mask (in the figures defined as APLCG), with a Gaussian apodization
of the first intermediate pupil and a variant of the Shaped Pupil (SP) Coronagraph,11 that is a mask whose
particular transmission pattern generates a high contrast region in the subsequent focal plane (in the figures
defined as SPN4).

2.1 ADI: Angular Differential Imaging

The Angular Differential Imaging is a post processing technique used on direct imaging data to suppress the
quasi-static structure present in the PSF.12 The acquisition of a set of images (usually up to a few hundreds)
is performed with the instrument rotator turned off. In this way the quasi-static PSF is stable during the
observation while a rotation of the Field of View (FoV) with respect to the instrument occurs. Therefore, the
planet (which may be confused with the speckles) rotates. For these simulations a simple version of the ADI
technique is used (see Figure 1).

For the simple ADI version a reference PSF is obtained by taking the median of all images in the sequence
and then subtracted to each image to remove the quasi-static structure. To mimic the real procedure, after the
inclusion of fake planets in the simulated data-cubes, all the image differences are de-rotated to align the FoV and
a final median is performed. A minimum FoV rotation of 30◦ is considered, in order to make sure that even at
small angular separations the signal from the possible companion after the subtraction would be largely preserved.

2.2 PCA: Principal Component Analysis

We evaluated also the implementation of the PCA algorithm, that is based on a statistical representation of
each frame in the data-cube as a linear combination of its principal orthogonal components. These components
are estimated by diagonalizing the covariance matrix associated to the signal. Its application has been reported
to be very effective particularly by manipulation of the number of principal components to maximize the signal
from the planet near its host star.13

The number of modes used for the PCA analysis is associated to the variance of the corresponding principal
component.
For both post processing algorithms the detection limits are calculated using the ratio of simulated planets peak
intensities over the noise in the residual image as a function of the angular separation, to take into account the
self-subtraction of the planet light due to the used post processing technique.
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Figure 1. Graphical scheme of ADI technique (online image)

2.3 Self-subtraction factor

It is very important to stress out how important is to account for the planet self-subtraction factor. In fact,
when the ADI or PCA were performed there is the risk of planet removal if the field rotation is small. This effect
of course depends on the planet separation from the host star, the drop of its light is bigger at small separation
and decreases at large separation. This is due to the fact that the same FoV rotation corresponds to a slower
motion of the planet at small radial separations from the star, with respect to larger separations. This effect
results in a subtraction of both speckles and the planet signal near to the star (Figure 2).

For a preliminary estimate of this effect, we generated a sequence of images containing some planets at dif-
ferent position angles, then we applied a simple ADI and PCA pipeline on it and we calculated the final residual
signal at the known location of the planet. For the calculation, we assumed a 30 images sequence of 1 hour
total duration, we chose two FoV rotation cases (30◦ and 90◦ rotation within 1 hour observation), according
to the LBT object visibility (see Figure 3) and assuming the maximum possible value (at the moment of star
culmination) in the middle of the time observation. In this way we want to emphasize the dependence of the
self-subtraction effect with respect to the amount of the object rotation.

Figure 4 reports signal loss as a function of FoV rotation at different separations from the star for a sample of
30 simulated images. Near the host star (< 400mas) for a small FoV rotation (30◦: black lines in the Figure 4)
the self-subtraction of the planet light is more than 40% if the PCA algorithm is adopted, the ADI technique
results less aggressive on the signal drop, and decreases from 40% to 10% in the small separation range. To
obtain a decrease of the planet light less than 40% on whole separation ranges we need a wider FoV rotation, as
large as 90 degrees (red lines in the Figure 4).
At small separation 90◦ of field rotation is necessary to preserve the highest level of light. According to our
simplified model, to obtain such a rotation in 1 hour we need the target to be closer than 6◦ to the zenith.
For preserving the same amount of the planet light for larger separations (> 400mas) a FoV rotation of 30◦ is
sufficient and corresponds to an observed target farther than 20◦ to the zenith. The observation strategy looks
to be very important, to allow the observation of every target of interest in optimal conditions as in maximum
height on the horizon and for an exposure time such as to maximize the rotation angle of the planet.
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Figure 2. Graphic scheme of the self-subtraction effect depends on the separation from the host star

Figure 3. An example of parallactic angle values for objects at different declinations during an observation of 1 hour at
LBT
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Figure 4. Amount of the planet light that is self-subtracted by the post processing reduction (M1 for simple ADI and P#
for PCA with # of used modes) for APLCG coronagraph in a high Strehl condition. Black lines correspond to a 30◦ FoV
rotation and the red ones to a 90◦ rotation

3. RESULTS

3.1 Faint end magnitude target

Performances in the low Strehl regimes are investigated. We simulated a sequence of 30 images of 1sec integration
time each. The quasi-static speckles noise is 30nm rms, while the applied residual jitter due to uncorrected
vibrations is 3mas rms. The same values have been used in all simulations showed in the following sections,
unless otherwise specified.
The self-subtraction of the planet light as explained in Sec. 2.3 strictly depends on the FoV rotation and separation
and in the following results we take it into account, that is the presented curves are already correct for the self-
subtraction factor on the overall separation range.
Fig. 5, Fig. 6, Fig. 7 and Fig. 8 show raw contrast obtained with a Gaussian Lyot coronagraph for a star of
magnitude R = 10 and R = 12 in different seeing condition. The Gaussian coronagraph has non-zero transmission
inside the Inner Working Angle (IWA), so that it allows a performance estimation even at very small angular
separations (2 λ/D).
It is visible that observing faint objects the performances are not much sensible to the amplitude of the FoV
rotation (the largest difference is of about a half of magnitude near the IWA in the case of an R = 10 star)
independently of the simulated coronagraph and algorithm applied. On the contrary we will show in the next
Section (3.2) a larger effect if we observe bright targets.

3.2 Bright end magnitude target

In Fig. 9, Fig. 10, Fig. 11 and Fig. 12 we show the results obtained with different coronagraphs in the case of a
magnitude R = 8 target and 0.4” seeing value. We also analysed the performance in bad seeing condition (1”)
in Fig. 13, Fig. 14, Fig. 15 and Fig. 16.
The effect of the FoV rotation is stronger with respect to the faint case; in fact we gain more than one magnitude
near the IWA and a half magnitude at 400mas for example with the SP coronagraph configuration in both seeing
cases (0.4” and 1”).
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Figure 5. ADI and PCA performances for 30◦ of FoV rotation for a star of magnitude R = 10 in different seeing condition

Figure 6. ADI and PCA performances for 90◦ of FoV rotation for a star of magnitude R = 10 in different seeing condition

3.3 Impact of number of images in the post processing

We started simulating data sequences as long as 100 images. According to theory,12 higher noise attenuation
occurs increasing the number of acquired images, up to a factor square root of N, where N is the total number
of images. The cases of APLCG coronagraph is reported in Figure 17.
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Figure 7. ADI and PCA performances for 30◦ of FoV rotation for a star of magnitude R = 12 in different seeing condition

Figure 8. ADI and PCA performances for 90◦ of FoV rotation for a star of magnitude R = 12 in different seeing condition

A gain of more than one magnitude at all angular separations is obtained going from 30 to 100 images. As a
comparison, SPHERE in Ref. [14] reaches 14 magnitudes of contrast at 400mas from the extreme bright star
Sirius A. We also reported the results of two different FoV rotation angles to stress the importance of this effect,
particularly at near separations from the host star.
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Figure 9. ADI performances for 30◦ of FoV rotation

Figure 10. ADI performances for 90◦ of FoV rotation

4. CONCLUSIONS AND ON-GOING WORK

We have improved our simulations in many aspects, in particular with the introduction of speckle temporal evo-
lution. As an indication that we are going in the right direction, a reasonable amount of quasi-static aberrations
yields detection limits in good agreement with real on-sky SPHERE observations.
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Figure 11. PCA performances for 30◦ of FoV rotation

Figure 12. PCA performances for 90◦ of FoV rotation

Long ADI sequences are still difficult to generate because of computational time. We are focusing on increasing
the number of images to compare our simulations to the real amount of data taken during an on sky observation
and also because we are confident that the PCA performance will become more and more successful by using
more images.
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Figure 13. ADI performances for 30◦ of FoV rotation

Figure 14. ADI performances for 90◦ of FoV rotation

At this stage of the analysis we noticed that a good observation strategy and the application of a solid reduction
technique affects the instrument performance more of the coronagraph configuration, however some differences
in the performance could be appreciated near the IWA by using the SP mask.
Furthermore a simple ADI algorithm seems to achieve better performance considering the self-subtraction factor,
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Figure 15. PCA performances for 30◦ of FoV rotation

Figure 16. PCA performances for 90◦ of FoV rotation

in this way we are testing on 100 frames data-cubes the application of more than one median for the whole data
set, by subdividing the simulated images in a number of subsets which are chosen by paying specific attention
to preserve the light of the planet at different separations.
We are also investigating the effect of planet self-subtraction more in detail by injecting fake planets directly
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Figure 17. ADI algorithm on 30 and 100 simulated images for 30◦ and 90◦ of FoV rotation

into simulated sequences and by implementing an “ad hoc” code to find them by combining both ADI and PCA
algorithms in synergy.
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