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ABSTRACT

SPHERE is an instrument aimed to the search for low mass companions around young stars in the solar neighborhood.
To achieve this goal light from the host star (and in particular the speckle pattern due to the telescope aberrations) should
be strongly attenuated while avoiding to cancel out the light from the faint companion. Different techniques can be used
to fulfill this aim exploiting the multi-wavelength datacube produced by the Integral Field Spectrograph that is one of the
scientific modules that composes SPHERE. In particular we have tested the application of the Spectral Deconvolution and
of the Principal Components Analysis techniques. Both of them allow us to obtained a contrast better than 10~ with respect
to the central star at separations of the order of 0.4 arcsec. A further improvement of one order of magnitude can be obtained
by combining one of these techniques to the Angular Differential Imaging. To investigate the expected performance of
IFS in characterizing detected objects we injected in laboratory data synthetics planets with different intrinsic fluxes and
projected separations from the host star. We performed a complete astrometric and photometric analysis of these images to
evaluate the expected errors on these measurements, the spectral fidelity and the differences between the reduction methods.
The main issue is to avoid the strong self-cancellation that is inherent to all the reduction methods. We have in particular
tested two possible solutions: the use of a mask during the reduction on the positions of the companions or, alternatively,
using a KLIP procedure for the IFS. This latter seems to give better results in respect to the classical PCA, allowing us to
obtain a good spectral reconstruction for simulated objects down to a contrast of ~ 107>,
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1. INTRODUCTION

Until now just 47 extrasolar planets out of more than 1700 have been discovered exploiting the direct imaging technique.
This is mainly due to the very high luminosity contrast (of the order of ~ 10~® for a young giant planets and of the order
of 1078 — 107 for a old giant or rocky planet shining mostly through reflected light) and the very small separation (of
the order of few tenths of arcsec for planets orbiting at ~10 AU stars at distance up to tens of parsecs from the Sun) from
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their host star. The number of imaged extrasolar planets is however going to greatly increase after that a new generation of
instruments devoted to implement this technique is going to become operative. The most important of these instruments
are the Gemini Planet Imager (GPI') now operating at the Gemini South Telescope and SPHERE (Spectro-Polarimetric
High-contrast Exo-planet REsearch?) that is in this period in its commissioning phase at the ESO Very Large Telescope
(VLT).

SPHERE is composed by four subsystems:

e an Extreme Adaptive Optics (EXAO) system called SAXO? that produces a highly stabilized beam with a Strehl
Ratio (SR) of more than 90%;

e the Common Path and Infrastructure (CPI) that brings the telescope light to the three scientific modules. The CPI
contains the deformable mirror (DM), relay optics such as torric mirrors,* derotator, atmospheric dispersion com-
pensators and coronagraphs;

e the Zurich IMager POLarimeter, ZIMPOL® operating in the visible between 500 and 900 nm and exploiting the
polarization of the light reflected by the atmosphere of the planets to perform differential imaging;

e the Infra-Red Dual-beam Imager and Spectrograph, IRDIS® is an infrared dual-band imager and a spectrograph that
can operate exploiting various observing modes: classical imaging (CI), dual-band imaging (DBI’), polarimetric
imaging (DPI®) or long-slit spectroscopy (LSS”). It works in the near infrared between 0.95 and 2.32 um with a field
of view (FOV) of 12.5x11 arcsec;®

e the Integral Field Spectrograph, IFS'? operating in the near infrared between 0.95 and 1.35 um with a spectral
resolution of 50 when in the YJ-mode and between 0.95 and 1.65 um with a spectral resolution of 30 when in the
YH-mode.

In this paper we will describe the laboratory tests that have been performed on the IFS at the Institute de Planétologie et
d’ Astrophysique de Grenoble (IPAG), the technique that we have developed to subtract the speckle pattern from these data
and the results that we have obtained concerning the contrast that can be obtained with the instrument. Moreover, we will
present the foreseen performance for the instrument regarding astrometry and photometry of the found companion objects
obtained injecting simulated planets into the laboratory data.

2. IFS TEST IN LABORATORY

The data were acquired during the Assembly Integration and Testing (AIT) phase while the instrument were at the IPAG.
During the period of the tests, between the end of 2011 and the end of 2013, a telescope simulator (TSIM) was mounted in
front to the instrument to have a realistic pupil similar to the one of the VLT.

On the same simulator a phase screen was mounted with the aim to simulate atmospheric turbulence to recreate con-
ditions similar of Paranal. The possible values of the seeing that can be simulated are 0.6, 0.8 and 1.2 arcsec and a wind
speed ranging from 2 to 10 m/s.

The data for the SPHERE instrument are taken exploiting the instrument control software (INS). INS is divided in
different components called templates that perform particular tasks that can be performing all the requested calibration or
running the scientific observations.!! All the data taken in this way are then reduced exploiting the Data Reduction and
Handling (DRH) software'? that is composed in different procedures (called recipes) that are aimed to reduce the data
coming from each INS template. The most important calibrations to be performed before of each scientific observation run
is the following:

dark frames,

detector flat,

definition of the position of each spectrum on the detector,

e wavelength calibration for each spectrum,
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Figure 1. Left: Example of scientific image obtained during the IFS tests. Right: Zoom of the central part of the scientific image.

¢ instrument (or IFU) flat that is used to take account of the different response from different lenslets of the IFU array
to a uniform illumination.

The science data can be acquired through three different templates. One of them is used for observations in YJ-mode, the
second one is used for observations in the YH-mode while the third one is used to perform survey at the near infrared
wavelengths. All the IFS observations are performed in parallel with IRDIS that is used for acquisition purposes like
coronagraphic fine centering. SPHERE allows to use different types of coronagraphs as three apodized Lyot coronagraphs
with different mask diameters optimized for observations at different wavelengths, and two four quadrant coronagraphs.
All of them have been tested during the tests but in this work we will present just the results obtained using the apodized
Lyot coronograph with the mask diameter of 185 mm. Moreover, in the following Sections we will present results obtained
simulating a star with J=2.6, with a seeing of 0.8 arcsec and a wind speed of 5 m/s (typical conditions for Paranal). A
typical scientific image obtained during the IFS test is shown in Figure 1 (left) while a zoom of the central part of the same
image is shown in Figure 1 (right) to enlighten the structure of the spectra.

3. DATA REDUCTION

The data reduction is performed exploiting the DRH recipes until to the building of the final science datacube that is
composed by 39 monochromatic images with dimension of 291x291 pixels. On this datacube we have performed data
reduction procedures written in IDL aimed to subtract the speckle pattern. To minimize calibration errors we prepared a
procedure to define precisely the position of the center of the star and to define the rescaling factor to be applied to each
monochromatic image. At this aim we took images with the presence of waffles. The waffles are 4 replies of the central
PSF put in symmetrical positions with respect to the central star. They are introduced by SAXO in closed-loop operations,
modifying in an appropriate way the AO reference slopes. Their symmetric positions with respect to the center of the
star can be exploited to define the position of the star center. Moreover, as these spots, like the speckle pattern, change
their distance from the star center according to the wavelength, their positions in images at different wavelengths can be
exploited to define the rescaling factor for each monochromatic image in the datacube.

On this registered datacube is then possible to apply the speckle pattern subtraction procedures. For our data we have
implemented the Spectral Deconvolution'*'# (SD) and the Principal Components Analysis'> (PCA). Our implementation
of these two methods is described in Section 3.1, 3.2, 3.3. A more detailed description of these method can be found in
Mesa et al. (submitted) and Zurlo et al. (submitted).
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3.1 Spectral Deconvolution

A schematic description of the SD is the following:

e cach monochromatic image is rescaled in such a way that the speckle pattern is very similar for each wavelength
while the companion is in different positions,

e a polynomial fit is performed along the wavelength direction for each pixel of the rescaled datacube,
o the fit is subtracted from the rescaled datacube to reduced the speckle noise,

e cach monochroamtic image is rescaled back to its original position in such a way that the companion position is the
same in each image.

The registering described above allows us to have a very well aligned datacube but we have still to deal with some problems.
One of these problems is the fact that the image is not uniformly illuminated probably because the presence of a ghost
into the telescope simulator optics. To deal with this problem we have subtracted from each monochromatic image a
bi-dimensional fit of the image itself. Moreover, we noted that even after the rescaling, the full width at half maximum
(FWHM) of the waffles has not the same dimensions and this can result in a not perfect subtraction of the speckles pattern.
To solve this problem we have slightly smoothed each monochroamtic images in such a way that the speckles FWHM is the
same for all the wavelengths. Finally, we have performed a normalization of the flux of the images at different wavelengths
dividing them in 8 radial sectors. The normalization factors have been calculated considering the flux of the images at
separations form the star center ranging between 6 and 15 A/D.

After all this preparatory work, we were able to implement our IDL version of the SD. To make the procedure more
effective and avoid the subtraction of the planetary signal, we excluded from the spectrum to be fitted all the pixels around
the maximum of the spectrum if larger than its median plus fifteen times the standard deviation of the remaining part of
the spectrum itself. The number of excluded pixels is calculated accordingly to the fraction of the spectrum that would be
covered by a possible planet at the separation under consideration according to Ref 14.

In Figure 2 we display the 5o contrast plot that we obtain applying the SD to our data. The blue dashed line represents
the contrast that we obtained without taking into account the cancellation effects that are caused on the companion objects
by all the speckle subtraction methods using just one datacube. The blue solid line is the contrast that we obtain after
that the cancellation effects are properly taken into account. The red and orange lines are obtained subtracting each other
datacubes taken in different times with the aim to simulate the Angular Differential Imaging'® (ADI). In this latter case the
final contrast that we obtain is better of one order of magnitude than the contrast obtained without using it.

3.2 Principal Component Analysis

The preparation of the datacube for the application of the PCA procedure is similar to the one described in Section 3.1.
The only difference that we avoid to divide the image in different sectors when calculating the normalization factor. The
following step consists in the subtraction of a stellar profile from each image of the datacube. We then use the central part
of each image composed by 200x200 pixels centered on the center of the star to fill the two-dimensional array that is used
as input of the PCA procedure. The PCA is implemented exploiting the singular value decomposition algorithm which
generates three arrays that, combined in the correct way, lead to the eigenvectors and the eigenvalues used to reconstruct
the original data. The principal components for this reconstruction are given by the matrix product of these two arrays.
A principal components subset is used to generate an image containing the quasi-static noise pattern that can then be
subtracted from the original image. The larger the number of the principal components, the better the noise subtraction,
but, on the other hand, this could produce strong cancellation of a faint companion.

In Figure 3 we display the final So- contrast that we obtain applying the PCA. As for the SD case, the dashed blue line
is obtained applying the PCA to a single datacube without taking into account the cancellation effects, while the solid blue
line is obtained taking them properly into account. The red line is the contrast that we can obtain using a larger number of
datacube and for this reason it is possible to use a larger number of principal components.
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Figure 3. 50 contrast plot obtained applying the PCA method.
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3.3 KLIP

More suitable for the characterization of the companions that will be detected by IFS, we implemented a PCA method
that performs the KLIP (Karhunen—Loeve Image Projection) algorithm, following the model of Ref15 with improvements
dedicated to the spectral extraction from IFS datacubes developed for Project 1640 data (Pueyo et al., submitted).

This method will reduce the cancellation induced by the other reduction method listed so far and for this reason it will
be used especially for the characterization after the detection of a candidate.

KLIP takes advantage of the multiple channels of the IFS to create the reference library for the basis of the Karhunen—
Loeve matrix. The signal of the planet after the spatial rescaling of the IFS datacube is in different positions with respect
to the center of the image while the speckles pattern remains fixed. If we take as a reference a small portion of one
monochromatic image around the position of the planet, it is possible to create a reference library using a characterization
zone that is included in the projection of this portion on all the other channels that contain no signal from the planetary
candidate, or at least or a very small quantity of it.

We used the forward modeling method presented in Ref15 to get our results in KLIP photometry, as we will show in
Sect. 4.1. On-sky observations are expected to produce even better results, as the construction of the PCA library will
exploit also the FoV rotation.

4. SYNTHETIC PLANETS SIMULATIONS

To estimate the errors on the photometry and astrometry of the future candidates, we injected synthetic planets on the set
of data presented in Sec. 3. The latter was taken in parallel with IRDIS subsystem, but in this paper we will present the
analysis concerning IFS and we refer the reader to Zurlo et al. (submitted) for the detailed complete analysis.

The synthetic planets consist of a small portion of the off-axis PSF acquired during the scientific sequence to take
into account the second ring of diffraction and the light diffracted by the spiders. The synthetic companions have been
introduced in the scientific datacube before SD or KLIP analysis.

The flux of the PSF has been rescaled to reproduce L and T-type spectra. The libraries of field brown dwarfs used for
the L-type spectra are taken from Ref 17, while the T-type ones are from Ref 18, Ref 19 and Ref 20.

Five simulated planets were injected simultaneously at five different separations (0.20, 0.35, 0.50, 0.65, 0.80 arcsec)
and position angles with respect to the star. To improve the statistical significance of the results, the procedure was repeated
30 times with position angles shifted by steps of 12 degrees each time. The flux of the planets was scaled for five different
contrast levels (1073, 3x1074, 1074, 3x1073 and 107>) with respect to the host star. The contrast was defined as the ratio
between the integrated flux of the planet over that of the star, over the whole band covered by IFS and IRDIS (0.8—1.8 um).
Overall, the statistic of our results is based on a total of 750 injected planets (5 planets each image, 5 contrasts, 30 different
rotation angles) of the same spectral type.

An example of the simulated planet inserted in the scientific datacube and after SD reduction is also shown in Fig. 4.

Figure 4. Simulated T5-type planets at a contrast of 3 X 107> injected in the IFS pre-reduced datacube (left) and after the SD reduction
(right). In the central part of the image an optimization has been tuned to improve speckles subtraction. The images show the 15th
channel of IFS at 4 = 1.09 um.
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4.1 Results on photometry

To estimate the errors on the photometry measurements with IFS after SD and KLIP reductions we performed PSF-fitting
photometry on the data where we injected planets. The two reductions methods have been analyzed separately. The
positions of the companions are assumed to be known.

We retrieved a model of the off-axis PSF using a Moffat function for each spectral channel and comparing it with the
PSFs of the planets. The contrast is calculated pixel by pixel after alignment of the centers of the PSFs of the star and the
planet. The final result is calculated as the weighted median of all the pixels inside a radius of 1.24/D. The same procedure
was performed using a 2-d Moftat function that reconstructs exactly the off-axis PSF of the star, obtaining the same results.

A special version of the SD routine has been implemented with the purpose of minimize the flux loss. This routine
applies a mask to protect the planet around its position during the reduction. In order to improve KLIP results we used an
implementation of the forward modeling presented in Ref 15. The final errors on photometry for each channel of IFS are
the standard deviation of the residuals of all the planets with the same separation, flux and wavelength.

To evaluate which method is best to use as a function of separation and contrast, we calculated the standard deviation
of the photometry offsets obtained reducing the data with the SD and KLIP techniques. The results of this analysis are
presented in Fig. 5. From this evaluation we determined that in general KLIP works better for brighter objects and that its
results are comparable with the ones of the SD. Nevertheless we expect that KLIP will greatly improve with the addition
of the ADI, that permits to expand the part of the library without signal from the object itself.

Examples of the extracted spectra for T5-type planets at contrasts of 10~* and 10> and different separations are shown
in Fig. 6, with error bars reflecting the dispersion of the results obtained with synthetic planets at different positions within
the image. The two IRDIS photometric measurements are represented, too.

4.2 Results on astrometry

For astrometric measurements we used a Levenberg-Marquardt least squares fit, using the IDL routine mpfi>' to calculate
the position of the simulated planets on the median of all the IFS spectral channels. We implemented a routine which uses
a model of the planets PSFs and tries to cancel the flux of the planet at each iteration, shifting the position of the model
around the position of the companion. This means that the flux of the planets is already known and the fit only performs
the optimization of the position of each PSF. The fit stops when it finds the minimum value of the standard deviation in a
1.54/D aperture around the position of the planet.

We performed astrometric measurements both on SD and KLIP reduced datacubes. The expected error is calculated
taking into account the dependency of the standard deviation of the offsets on the S/N of the candidates. The total numbers
of detected planets (S/N > 5) are 523 and 441 out of 600, respectively for the SD (with mask) and KLIP reductions. Planets
with separation of 0.20 arcsec are not considered in this analysis because of the very low number of detected planets at this
separation. We found that the trend of the standard deviation o~ could be described by the following formulas for the SD
and KLIP methods, respectively:

15.64
O-SD:0-15+WmaS (1)
and
12.25
OKLIP = 0.05 + S/N mas. (2)

We consider that trends reprensent the error on our relative astrometric measurements with IFS. We represent the
astrometric offsets along the two cartesian coordinates for the SD analysis in Fig. 7, and for the KLIP analysis in Fig. 8.
The respective trend curves defined by Eq. 1 and Eq. 2 is also overplotted.

We can then predict that for a faint planet, with a contrast of 10>, the typical relative position error will be of the order
of 2 mas at a separation of 0.35 arcsec from the host star, while for a brighter planet with a contrast of 3x10~* will be of
the order of 0.5 mas at the same separation. As discussed in the next Section, these results are comparable and even better
to those obtained nowadays exploiting the ADI, even if they are obtained with the only use of SDI techniques.
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Figure 5. Plots of the expected photometric errors for different contrasts as a function of separation from the central star. Results obtained
with KLIP (red line) and SD (blue line) are compared. Each point represents the median of the errorbar on the 39 IFS channels. Only
detected planets are considered in this analysis. Very few planets with contrast of 10~ are detected so the corresponding plot is not
shown.
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Figure 6. Spectral extraction of a TS model spectrum (black line) for planets at different separations (from top to bottom) and contrast
from the star (107 on the left, 107> on the right). The blue points represent the IFS photometry for each channel (reduced with the SD
technique), while the red ones represent the flux measurement in the two IRDIS filters H2 and H3. For IRDIS data, the black horizontal
line represent the therotical value of the photometry; each line covers the bandpass of the filters.
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line represents Eq. 2. Different separations from the host star are represented with different symbols.

5. CONCLUSION

In this paper we have presented the results of the laboratory tests performed on the SPHERE IFS instrument. During all
this period we have developed new and more efficient procedures to reduce the speckle pattern in the scientific datacube
obtained applying the DRH software recipes to the IFS raw data. We have shown that the application of our procedures
for the SD or for the PCA to a single datacube can allow to obtain a contrast better than 107>, The combination of more
than one datacube in such a way to simulate the ADI procedure (actually no rotation of the FOV was presented in our data)
allows to reach a contrast better than 1076 that is the scientific goal of the instrument.

To test the capabilities of the instrument in performing photometry and astrometry we have injected in the raw data a
number of simulated planets with different contrasts and separations with respect to the central star. The spectral type of
the synthetic objects simulates L. and T-dwarfs. We found that the photometric error can vary from a value of 0.02 mag
for the brightest objects to a value of 0.6 mag for contrast of the order of 3x107>. The value of the astrometric error can
vary from a value of 0.1 mas for the brightest planets to values of 2.5 mas for the faintest ones. Even considering that in
the evaluation of these errors we have not taken into account the platescale uncertainties these results show a very good
improvement with respect to instruments of the previous generation.
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