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ABSTRACT

Sparse Aperture Masking (SAM) has recently been commissioned on SPHERE, the VLTs new adaptive optics
high resolution imager. SAM extends the capabilities of SPHERE by providing high contrast measurements at
and beyond the traditional diffraction limit. SAM can be used in conjunction with each of the SPHERE modules
(IRDIS, IFS and ZIMPOL), allowing dual band imaging in the visible and near-infrared, near-infrared integral
field spectroscopy, and polarized differential imaging in the visible and near-infrared. In this paper we report
information relevant for observers as well as some commissioning observations.

Keywords: Interferometry, High Resolution Imaging

1. INTRODUCTION

Sparse Aperture Masking (SAM) has established itself as one of the most successful techniques for obtaining high
contrast measurements at small angular separations. By trading the achievable contrast to explore the smallest
possible separations it has found a multitude of uses, such as the study of stellar and substellar multiplicity
in nearby star-forming regions,'® the discovery of low mass companions to young stars,*® the study of stellar
winds of evolved stars,% 7 and the study of active galactic nuclei.®

The goal of SAM is to turn the telescope into a sparse interferometric array, which provides distinct advantages
and disadvantages compared to other high resolution imaging techniques. This is achieved through the use of
an opaque mask that turns the telescope aperture into an array of smaller circular subapertures, which changes
the instrument PSF into an interference pattern.

The primary advantage of observing with SAM is the use of robust observables such as closure phase (and
kernel phase®) that are insensitive to residual wavefront errors, allowing high contrasts to be reached at angular
separations where these errors typically dominate. Being an interferometric method, SAM allows measurements
to be made beyond the Rayleigh diffraction limit, down to separations smaller than 0.5A/D. However, the field
of view of SAM observations is typically limited to ~ 5A/D and the contrasts achieved are not comparable to
those obtained at larger separations through other techniques (such as coronagraphy). For these reasons, it has
found a niche as a useful technique for detecting structures with moderate contrasts at or close to the diffraction
limit.

The combination of SAM with adaptive optics (AO) began has been highly successful with the Keck-NIRC2
and VLT-NACO instruments.'?'! 'While using SAM on older instruments such as Keck-NIRC!? required ex-
tremely short exposure times to freeze the effects of atmospheric turbulence, AO has allowed much longer
exposure times and correspondingly fainter stars to be observed.
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While closure phases are robust to phase errors, they typically suffer from systematics caused by a variety of
factors. The main culprits include wavefront error on spatial scales smaller than the mask holes, time-varying
wavefront error during an exposure, and the wavelength-dependent nature of wavefront error coupled with wide
filter bandpasses. To correct for these systematics, calibrator stars are observed in the same observing sequence
and the measured closure phases are subtracted from those of the target. At present, long SAM observations
aiming to reach the highest possible contrast are typically limited by this subtraction, since the systematics
themselves can change with time and when observing different targets.

With the introduction of Extreme AO systems such as SPHERE!'? and GPI,'* the superior wavefront correc-
tion compared to previous generation AO systems is also advantageous to SAM, reducing both the magnitude
and variation of the systematic errors. In addition, both SPHERE and GPI have integral field spectrographs,
allowing for the combination of SAM with low resolution spectroscopy. Both instruments have aperture masks
installed, and recent results from GPI showed a substantial improvement in obtainable contrast and astrometric
accuracy compared to previous generation instruments.!®

Here we present a summary of observing modes and information relevant for observing using SAM with
SPHERE.

2. SPHERE APERTURE MASKING

The Spectro-Polarimetric High-contrast REsearch (SPHERE) instrument consists of 3 modules: a near-IR imager
and polarimeter (IRDIS), a near-IR integral field spectrograph (IFS) and a visible light imager and polarimeter
(ZIMPOL). All three modules were designed primarily with the purpose of using high contrast imaging to directly
detect exoplanets and improve our understanding of the planet formation process.!?

2.1 Aperture Masks

Three aperture masks are installed in SPHERE. All are of the same basic 7-hole design also deployed on NACO,!*
but are located within the different instrument modules such that SAM can be used with IRDIS, IFS and
ZIMPOL. The general layout of the mask design is shown in Figure 1. The rotation and size of each mask
varies between the instrument modules. The coordinates of each mask hole for each module is listed in Table 1,
expressed with reference to the VLT primary mirror size and projected onto the detector coordinates. However,
we caution that the scaling and rotation were measured from a single epoch in July 2015 and are provided as a
guide only; the hole positions should be updated or checked for each new set of observations.

The design of these masks requires balancing several competing factors. The 7 hole design employed in
SPHERE is optimized for detecting point sources around faint targets. The small number of mask holes trades
a modest Fourier coverage for larger holes which maximize the throughput. However, this does not preclude its
use for other purposes.

Figure 2 shows four on-sky images taken with the different modules of SPHERE in imaging mode, to illustrate
the instrument’s range of capabilities. Even with long (10s) exposures in R band on a moderately bright (R=8)
target, the extreme AO system maintains enough wavefront stability to maintain fringe contrast and allow high
contrast measurements. In comparison, short exposure images at K band show the exquisite wavefront correction
at longer wavelengths that leads to highly stable closure phase and visibility measurements with SPHERE.

2.2 Observing Modes

SAM can be used with any of the imaging modes of SPHERE. These include IRDIS+IF'S simultaneously (called
IRDIFS mode), IRDIS classical imaging mode, IRDIS dual band imaging, IRDIS dual polarization imaging,
ZIMPOL classical imaging, and ZIMPOL polarimetry. IRDIS long slit spectroscopy mode is not supported.
Any of the filters listed in the SPHERE manual can be used. ZIMPOL operates at visible wavelengths between
550nm and 1 pum, while IRDIS operates between 1 and 2.3 um.'? IFS provides 39 wavelength channels between
Y and J band with an average spectral resolving power of 55, but can also be used in extended wavelength mode
between Y and H band with an average spectral resolution of 35.

SAM observing uses pupil tracking mode, which freezes the orientation of the telescope pupil with respect to
the detector while allowing the sky to rotate during an observation. This ensures that the mask holes sample the
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Figure 1. Left: Diagram of the 7 hole aperture mask design used by each of the SPHERE instrument mod-
ules, overlaid on the VLT primary mirror. The SAM mask located in each module is a scaled and rotated
version of this design. This 7 hole design provies a relatively high throughput and modest Fourier coverage.
Middle: A short exposure on-sky K-band image taken with the 7 hole mask with the IRDIS cam-

era. Each pair of holes in the SAM mask produces a set of interference fringes. For the 7 hole
mask, there are 21 pairs (called baselines). The mask design ensures that the vector separating each
pair of holes is unique, and hence each set of fringes has a unique frequency and direction. The final

PSF is a combination of the Airy pattern produced by a single hole modulated by the interference fringes.
Right: Taking the Fourier transform of the previous image separates the image into its component frequencies. The
baselines are well separated, allowing their amplitude and frequency to be measured easily. The phases can be turned
into closure phases by summing the phase from baselines that share the same three mask holes.
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Figure 2. On-sky PSFs taken with the different modules of SPHERE during the commissioning night in July 2015. From
left to right, the PSF's show a 10 second exposure in R band with ZIMPOL on a faint target, an IFS wavelength slice from
between Y and H bands from a 4s integration, a 0.84s image taken with the H2 filter using IRDIS, and a short exposure
0.22s image from IRDIS using the NB_CO filter.

Table 1. SPHERE aperture mask hole positions in July 2015
IFS IRDIS ZIMPOL
X(m) Y(@m)|X(m) Y(m)|X(m) Y (m)
-2.07 2.71 -1.46 2.87 3.06 1.50
0.98 3.27 1.46 2.87 3.02 -1.60
-3.11 -0.20 -2.92 0.34 0.41 3.09
-1.43 -0.81 -1.46 -0.51 -0.51 1.56
-2.79 -1.96 -2.92 -1.35 -1.38 3.12
3.30 -0.85 2.92 -1.35 -1.48 -3.07
0.58 -3.17 0.00 -3.04 -3.22 0.05
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same part of the wavefront during an observing sequence so that instrument systematics are kept as consistent
as possible, and that the mask holes do not cross the telescope spiders.

2.3 Exposure Times

The SAM masks block around 85% of the pupil area. Combining this factor with the shape of the SAM PSF,
this results in a factor 40 reduction in the peak flux compared to the unocculted PSF. The exposure times and
peak fluxes estimated for the non-coronagraphic imaging modes can be converted to SAM exposure times using
this factor.

2.4 PSF Calibration

As an interferometric mode, SAM requires the regular observation of calibrator stars to measure instrument
systematics. This is usually achieved by observing known unresolved point sources with similar visible and
infrared magnitudes at regular intervals during an observing sequence. These targets should also be chosen to
have similar airmass and location in the sky to ensure similar observing conditions and optimal calibration of
systematics.

To further improve the calibration, several visits between target and calibrator are usually made. This
will help to explore the instrument systematics, as well as their temporal evolution during a long sequence of
observations. In addition, such an observing strategy maximises the sky rotation between observations and hence
the Fourier coverage, providing better reconstruction of any detected structures.

3. CONCLUSIONS

The Sparse Aperture Masking mode of SPHERE turns the single-aperture VLT primary mirror into a sparse
interferometric array, giving access to robust observables that allow high contrast measurements to be made at
the diffraction limit. This is achieved primarily through the use of the closure phase observable that is robust
to wavefront errors and non-common path error, factors that typically limit the achievable contrast of other
techniques at close separations.

SAM can be used in conjunction with any of the imaging or polarimetric modes of SPHERE. This allows
imaging at wavelengths ranging from 550 nm to 2.3 pm, polarimetric imaging across the same wavelength range,
and integral field spectroscopy between Y-J or Y-H bands. The 7 hole mask design used with SPHERE is designed
primarily for detecting faint companions at the diffraction limit, trading Fourier-coverage for throughput.

The combination of SAM with SPHERE’s extreme AO system and multitude of observing modes is an exciting
prospect for a range of science cases that benefit from high contrast imaging or polarimetry at the diffraction
limit.
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