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The scientific capabilities of the Evanescent Wave Coronagraph EvWaCo

The Evanescent Wave Coronagraph, EvWaCo, is an in-development prototype coronagraph, designed for use on the 2.4m Thai National Telescope (TNT), in the R and I-band filters. This work examines the astronomical capabilities of EvWaCo using the results from Fourier-analysis simulations. Fourier optics simulations were applied to the EvWaCo prototype to analyse its performance, combining different sources of contrast degradation that will be present in the system. The simulations used for the main analysis assume a good night at the Thai National Observatory (TNO) and include the fitting error, aliasing, measurement noise and lag, providing a radially averaged contrast curve. From the contrast curve, the detection limit, as defined by a minimum signal to noise ratio of 5 for a typical observation time, can be calculated for different primary star magnitudes. The relative fluxes of various binary stars, with a range of spectral classes and separations, were modelled allowing comparison to the EvWaCo detection curves. The photon-noise limited detection curves provide a theoretical baseline for the performance that will be achieved with EvWaCo; they, therefore, give an indication of the types of objects EvWaCo can observe. Along with a broader discussion of observable objects, a number of known binary systems are suggested for observations on the TNT using EvWaCo.

Introduction

High contrast imaging is a vital part of the relatively new and rapidly evolving field of exoplanet detection. Catalogues of exoplanets have been growing, mostly utilising the Doppler and transitory methods of detection [START_REF] Winn | Planet Occurrence: Doppler and Transit Surveys[END_REF]. The characterisation of these exoplanets through direct imaging will be an important objective for the new generation of large telescopes [START_REF] Jensen-Clem | Proc. SPIE[END_REF]. There are three main categories of coronagraphs: interferometric, pupil apodisation and improvements on the Lyot coronagraph design. A 'band limited coronagraph' is a particular type of 'improvement on the Lyot design' coronagraph, where an amplitude mask is placed in the focal plane designed to eliminate, as far as possible, the on-axis light [START_REF] Guyon | [END_REF]. There are some difficulties, particularly the fabrication of the mask, in developing this type of coronagraph. Fabrication errors can lead to a change in the mask transmission profile and induce phase errors which affect the performance [4]. We present the scientific capabilities of an innovative variation on the 'band limited coronagraph'.

The Evanescent Wave Coronagraph, EvWaCo, is an in-development prototype coronagraph designed for use on the 2.4m Thai National Telescope (TNT), at the Thai National Observatory (TNO). The coronagraph has a unique mask construction; it utilises the principle of frustrated total internal reflection by placing a spherical lens in contact with a prism angled at 48 • to the optical axis. On-axis light will be transmitted through the contact point between the prism and the lens and off-axis light will be totally internally reflected within the prism. Therefore, the on-axis light will be suppressed relative to the reflected beam allowing for the detection of faint companions [5]. To ensure enough of the on-axis light is focused onto the mask, in the presence of atmospheric turbulence, an adaptive optics system is required, without which the point spread function (PSF) will extend beyond the mask. The goal of the EvWaCo prototype is to put it on sky at the TNO and conduct a series of observations to test the limitations of the system. Therefore, it is important to estimate the performance limits of the system prior to installation. This study will present how the performance of EvWaCo has been estimated and use these estimations to determine possible targets for testing the prototype.

The simulations

In order to predict the on-sky performances of the EvWaCo instrument, a full end-to-end model (E2E) has been implemented [START_REF] Berdeu | Proc. SPIE[END_REF]. To encompass the full physics of the instrument, the wavefront is coherently propagated through its different components within a Fourier optics framework [START_REF] Schmidt | Numerical Simulation of Optical Wave Propagation with Examples in MATLAB[END_REF]. This E2E model is composed of two stages. The first one models the AO system to simulate the AO loop and generate the AO corrected wavefronts. The second stage simulates the EvWaCo instrument itself to predict the long-exposure on-axis and off-axis PSF.

Simulation of the AO loop

To emulate the atmospheric turbulence in the laboratory, in order to assess the performances of the EvWaCo instrument, we designed a rotating phase plate [START_REF] Berdeu | Proc. SPIE[END_REF]. It can mimic Kolmogorov statistics [START_REF] Roddier | V the effects of atmospheric turbulence[END_REF] corresponding to seeings of 1.4 and 1 (median night and best quartile at TNO). In the following, all the long-exposure PSFs are obtained after one revolution of the phase plate for the 1 seeing statistics. The rotating speed corresponds to a wind speed of 10 m s -1 . In the absence of an AO system to mitigate the atmospheric turbulence, the performances of the instrument are seeing-limited. The turbulent PSF is a rapidly-evolving speckle field that spreads beyond the coronagraph mask. The star light is thus not properly blocked preventing any high contrast measurement, as shown by the left-most image in figure 1.

The role of the AO system is to correct in real time the aberrations induced by the turbulence. It consists of two main components: the wavefront sensor (WFS), in charge of measuring the incident wavefront, and the deformable mirror (DM), in charge of correcting the wavefront. The AO system of EvWaCo is composed of the DM192 from ALPAO 1 and a Shack-Hartmann (SH) WFS [START_REF] Shack | Spring Meeting of the Optical Society of America[END_REF]. The performances of an AO loop are mainly limited by four kinds of errors [START_REF] Rigaut | Proc. SPIE[END_REF], which are all included in our E2E model.

The fitting error is induced by the DM which cannot correct wavefront errors at a scale smaller than its actuator pitch. The contrast performances close to this spatial cut-off frequency further depends on the shape of the DM membrane when an actuator is poked, the so-called actuator influence function. Our E2E model includes the influence functions of our DM, experimentally measured on our AO characterisation bench [START_REF] Berdeu | Proc. SPIE[END_REF]. This error is the ultimate error of a system, only limited by the optical properties of the DM. It leads to the best achievable raw contrast, shown in the left-most image on the right side of figure 1.

The noise error comes from the photon-starved conditions in which the WFS operates, limited to faint targets and running at a high framerate of 1 kHz. The raw data are corrupted by the readout noise and photon noise. These noises impact the centroiding of the SH-WFS spots, producing errors in the optimal command estimation to send to the DM. The EvWaCo WFS camera is a Nüvü 128 AO , an EM-CCD from Nüvü Camēras2 whose readout noise can be assumed negligible. In our E2E model, the photon noise is set to 200 photons per lenslet. The spot centroiding is done via a usual center of gravity, keeping the pixel above a threshold of 10 % of the brightest pixels in each box of the SH-WFS [START_REF] Rigaut | Proc. SPIE[END_REF]. From the slopes measurements, the correction command is computed via the usual least-squares method [START_REF] Rousset | Adaptive Optics in Astronomy[END_REF][START_REF] Thiebaut | [END_REF] in AO, removing 10 modes in the singular value decomposition of the command matrix to avoid noise amplification [START_REF] Boyer | Proc. SPIE[END_REF][START_REF] Tyson | Principles of Adaptive Optics[END_REF]. The impact of the noise in the raw contrast performances can be seen in the bottom row of figure 1.

Finally, the servo-lag error is a consequence of the delay at which the AO loop is running. The exposure time and the time needed to process the data and compute the DM command retards the correction. Some prediction is needed to close the loop. Our E2E model implements a usual leaky integrator [START_REF] Merritt | Beam Control for Laser Systems[END_REF] with a gain of 0.75 and a leak factor of 0.99. This error mainly impacts the contrast performance along the direction along which the wind is blowing. The effects can be seen in the images on the right of figure 1.

Simulation of the EvWaCo long-exposure PSF

The AO corrected wavefronts generated in the previous section for each position of the phase plate are propagated through the EvWaCo model, as described by Alagao et al [5], to compute the instantaneous PSF. The resulting long-exposure PSFs are obtained by temporally averaging these stacks.

The entrance pupil is an unobstructed ellipse [START_REF] Buisset | Proc. SPIE[END_REF]. The shape of the EvWaCo focal plane mask is calibrated from experimental data, as explained by Alagao et al [5]. Finally, the Lyot stop is set to 80 % of the aperture mask.

All the simulated PSFs are monochromatic, for λ = 800 nm at the centre of the working bandwidth of the EvWaCo instrument [START_REF] Buisset | Proc. SPIE[END_REF]. To estimate the contrast performances, two PSFs are needed. The first one is the so-called 'on-axis PSF'. This the coronagraph PSF of the star, blocked by the focal plane mask. The second one is the so-called 'off-axis PSF'. This is the unblocked PSF of the companion, obtained by removing the mask in the simulation.

The elliptical shape of the mask and the aperture produces asymmetric 2D PSF. The curves in figure 2 are obtained by radially averaging the raw contrast normalised by the mask transmittance.

Analysis of contrast 3.1. Contrast equations

The first step towards estimating the on sky performance of EvWaCo is to use the simulations to extract contrast curves. As EvWaCo will will be mounted on the TNT for demonstration purposes and will use only a section of the TNT's primary mirror (an unobstructed pupil of 1.17 × 0.83) [START_REF] Berdeu | Proc. SPIE[END_REF], which is small in the field of high contrast imaging, it will not be able to observe planets. However, the convention of labelling the companion as a planet is kept in this section for clarity. The contrast of a coronagraph can be defined in a number of different ways. We use the definition

C = η s (x p , λ) η p (x p , λ) (1) 
where η s is the fraction of star light that is detected, η p is the fraction of planet light that is detected, x p is the location of the planet, and λ is the wavelength [START_REF] Ruane | Proc. SPIE[END_REF]. η s and η p are given by

η s (x p , λ) = AP (xp) PSF coro (x, 0, λ)dx (2) 
η p (x p , λ) = AP (xp) PSF coro (x, x p , λ)dx (3) 
where PSF coro is the PSF with the coronagraph mask in place and the AO working to suppress the starlight, and AP is the aperture over which the integration is done. The second argument is the position of the source and therefore the centre of its PSF. PSF coro is normalised to the PSF of the system with a perfect wavefront, no mask or Lyot stop and a flat deformable mirror PSF 0 (x, λ). The normalisation is such that

PSF 0 (x)dx = 1. (4) 
To construct the contrast curves we take AP (x p ) to be one pixel. Radially averaging the PSFs in figure 1, by summing across pixel-width annuli, gives η s as a function of distance from the centre of the mask. This can then be divided by η p which includes the transmission of the mask to give the contrast [5]. The contrast curves for the different simulations are displayed in figure 2.

Detection curves

In the photon noise limited case, the signal-to-noise ratio is given by by SNR = S p / √ S s , as it can be assumed that S s >> S p , S p does not appear at the denominator. The signals in photo-electrons of the star and planet, at the location of the planet are given by where Φ is the flux from the planet or star at the primary mirror, A is the light collection area of the telescope, ∆t is the total integration time, q(λ) is the quantum efficiency and T (λ) is the instrument transmission. Equations ( 5) and ( 6) are reduced to

S s (x p ) = ∆λ η s (x p , λ)Φ p (λ)A∆tq(λ)T (λ)dλ (5) S p (x p ) = ∆λ η p (x p , λ)Φ p (λ)A∆tq(λ)T (λ)dλ (6)
S s = η s N * (7) 
S p = η p ϵN * ( 8 
)
when you allow

N * = ∆λ Φ p (λ)A∆tq(λ)T (λ)dλ (9)
to be the total signal from the star in units of photo-electrons and ϵ to be the ratio of fluxes. Therefore, the signal to noise can be written as

SNR = η p ϵN * √ η s N * = ϵ η p N * C . ( 10 
)
Taking the detection limit to be a signal-to-noise ratio of 5 gives

ϵ lim = 5 C η p N * , (11) 
thus providing the flux ratio between planet and star at this limit [START_REF] Ruane | Proc. SPIE[END_REF]. Equation ( 11) is dependent on N * ; therefore, the detection curves are specific to a given primary star magnitude and integration time.

The various contrast curves in figure 2 show the degradation of performance as additional sources of error are added to the simulations. It is worth clarifying that the primary source of contrast degradation, on the current cutting-edge instruments, is speckle noise, which originates from non-perfect optics and non-common path aberrations between the AO system and the scientific instrument [START_REF] Soummer | [END_REF]. This additional noise is not included in these simulations. Therefore, although the servo-lag error can be improved upon by including predictions (a very active area of research in adaptive optics), it is this contrast curve that we use for our analysis of potential targets in order to be conservative.

EvWaCo targets 4.1. Modelling binaries

The first step taken to determine potential targets for EvWaCo using the detection limit curves was to model different binary star systems. There are three key properties that will determine whether the companion of a binary star system can be detected by EvWaCo: the flux ratio ϵ, the separation, and the brightness of the primary at the TNT N * (which will affect the detection limit). Pecaut and Mamajek [20] provide a table with standard colours and absolute V-band magnitudes for spectral classes between O9V and L4V. The complete table can be accessed via PyAstronomy in python3 . Some typical binary star's flux ratios are shown in figure 3 along with the corresponding detection curves for the primary spectral class at a given distance and total exposure time of 1000s. A similar, but more in depth, analysis was conducted by Boccaletti et al [START_REF] Boccaletti | Proc. SPIE[END_REF]. 1λ/D is equal to 0.14. From this analysis it is clear that, with regard to binary systems, EvWaCo will be aiming to observe late type main sequence stars and bright brown dwarfs.

Possible targets

This section briefly points to a few binary stars that could serve as targets for EvWaCo for the purpose of testing its performance on sky. The TNT is operational in the dry season which begins at the start of November and ends towards the end of April. Therefore, the potential binary systems must be visible from the TNO between these months. A preliminary search has yielded 5 objects. Two of the object should be comfortably observed by EvWaCo and are therefore ideal for early tests, one of the objects is right on the detection limit curve and a further two objects are beyond the current performance predictions.

HD 195564 is a G2V star with a M3-4V companion at a separation of 1.1 corresponding to 7.9λ/D [START_REF] Dalba | [END_REF]. This gives an approximate flux ratio range of 1.4 × 10 -2 -5.3 × 10 -3 . It has a primary V-band magnitude of 5.65. These flux ratios should be easily observed by EvWaCo so will be excellent early tests of the mask and AO system. This object is best observed later in the observing season.

HD 68017 is not too dissimilar to HD 195564. The primary is a G3V star with an M5V companion. However, at a separation of 0.6, which is equivalent to 4.3λ/D it is an excellent object to test how the EvWaCo mask and AO system perform close to the inner working angle.

HR 7672 is a promising object to test the limits of EvWaCo EvWaCo to observe. It consists of a G1V primary and and an L4.5±1.5V companion with a separation of 0.79 [23]. This separation in arcseconds corresponds to 5.6λ/D. As the spectral type G1V is similar to our Sun, this object can be approximated using figure 3. It can be seen from the figure that this binary will be right on the limit of EvWaCo's capabilities, but with a long enough integration time could be observable. It has a V-band magnitude of 5.79 and has ICRS coordinates of 20:04:06 +17:04:12, meaning it is best observed later in the observing season.

κ and B consists of a B9IV primary and an early type L-dwarf with a separation of 0.97 [23] corresponding to 6.9λ/D. The I-band absolute magnitude of the B9IV primary is ∼ 0.8, taking the companion I-band magnitude to be 15.5 gives a flux ratio of ∼ 10 -6 . The I-band magnitude of the primary is 4.22, this object will therefore be a significant challenge for EvWaCo to observe. However, with post processing techniques it should be possible.

WDS J06494+4346 is composed of an F5V primary and L4V companion at 1 or 7.1λ/D and V-band magnitude of 6.1. With an I-band flux ratio of 2.8 × 10 -6 it is another challenging object for EvWaCo to try and observe.

Conclusion

The EvWaCo prototype, once mounted on the TNT, will conduct observations as a proof of concept to demonstrate the innovations present. We presented the results of end to end simulations on the EvWaCo coronagraph mask and AO system. From the simulations contrast curves and 5σ noise-limited detection curves were extracted. Although this analysis does not include speckle noise, the primary source of noise in most cutting edge coronagraphs, we have been conservative with our contrast curves to offset this. By plotting typical I-band flux ratios for a bright main sequence star and faint companion we were able to determine the types of companion that EvWaCo should be able to observe. In addition to this, five binary stars are put forward as potential targets to test the workings and limitations of EvWaCo.
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 1 Figure 1. The image on the left shows the seeing limited case with the EvWaCo mask in place. The images on the right of the dashed line show the progressively depreciating contrast as additional sources of error are added to the simulations (the two images for the fitting error are the same as it is not affected by noise).
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 2 Figure 2. The radially averaged contrast curves of the simulations. The simulations without noise are represented with a solid line and those including noise with a dashed line.
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 3 Figure 3. The detection curves of a Solar type and a B9V star with various late type companions overplotted.
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