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ABSTRACT

We compare the quality of interferometric image reconstructions for two different sets of data: square of the
visibility plus closure phase (e.g. AMBER like case) and square of the visibility plus visibility phase (e.g.
PRIMA+AMBER or GRAVITY like cases). We used the Multi-aperture image Reconstruction Algorithm for
reconstructions of test cases under different signal-to-noise ratios and noisy data (squared visibilities and phases).
Our study takes into account noise models based on the statistics of visibility, phase and closure phase. We
incorporate the works developed by Tatulli and Chelly (2005) on the noise of the power-spectrum and closure
phase in the read-out and photon noise regimes,! and by Colavita (1999) on the signal-to-noise ratio of the
visibility phase.? The final images were then compared to the original one by means of positions and fluxes,
computing the astrometry and the photometry. For the astrometry, the precision was typically of tens of
microarcseconds, while for the photometry, it was typically of a few percent. Although both cases are suitable
for image restorations of real interferometric observations, the results indicate a better performance of phase
referencing (V2 + visibility phase) in a low signal-to-noise ratio scenario.

Keywords: Interferometry, PRIMA, power-spectrum, visibility phase, phase referencing, closure phase, imaging,
MiRA

1. INTRODUCTION

Image reconstruction is a key problem in optical interferometry. Data is obtained in a sparse coverage of the
Fourier plane (UV plane), not in the form of an image. By means of visibility and closure phase information and
supported by physical models, modern optical interferometers allow one to yield reconstructed images of real
objects.>* The Phase-Referenced Imaging and Micro-arcsecond Astrometry (PRIMA) dual-feed facility, recently
installed at the Very Large Telescope Interferometer (VLTI), will offer a phase referenced imaging mode, where
data consisting on spectrally dispersed visibilities and phases can be used to generate images.>% The second
generation instrument General Relativity Analysis via VLT InterferometrY (GRAVITY),” to be implemented
in the VLTI during this decade, will use four telescopes simultaneously in order to achieve an accuracy of 10
pas in astrometry on six baselines and to offer phase referencing on faint targets (K > 15).® Therefore, two
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scenarios for interferometric image reconstruction arise from current facilities: power-spectrum + closure phase
data (hereafter referred as closure phase case) and power-spectrum + visibility phase data (hereafter referred as
phase referencing case).

During the last decade, tests have been done to study the behaviour of reconstruction algorithms using
synthetic images and different sets of data.” !> However, the used noise models did not always correspond to
real situations, although efforts were developed in order to produce data as similar to real interferometric data
as possible.? ! Filho et al. (2008) estimated the uncertainties on squared visibilities, phases and closure phases
assuming an interferometer able of multi-axial recombinations with a fringe tracker.'>!3 We used the work
by Colavita (1999) to estimate the uncertainties in the phase? and the models developed by Tatulli and Chelli
(2005)! to estimate the statistics of the power-spectrum and closure phase.

We devised a simple method (described in detail in the following sections) to perform a formal comparison
between images belonging to both cases. A synthetic image of a cluster of eight stars was built. The cluster
was used to create several Optical Interferometry FITS exchange format (OIFITS) files, each corresponding to
a different set of signal-to-noise ratios (SNRs) and noisy data. All files were used as input to the Multi-aperture
image Reconstruction Algorithm (MiRA).!* A set of optimal parameters (initial guess, number of steps and
regularisation) was found and kept for all the restorations, allowing one to compare the resulting images under
the same conditions. Using Starfinder'® and SExtractor,'® the astrometry and the photometry of the images
were measured. We computed the distances and the relative fluxes between each element of the cluster and the
brightest star. These data were used to evaluate the quality of the reconstructions and to compare the images
with the original one.

2. SETUP

The cluster corresponds to eight stars with a Gaussian intensity profile. The amplitudes of the Gaussians decrease
by a factor of 2, having the brightest an unity amplitude and the faintest the value 1/128. The width of the
Gaussian o is 0.5 mas for all the stars. The cluster is approximately 22.4 mas (140 pixels) wide and the field of
view (FOV) of the image corresponds to a square of 80 mas width (500 pixels). The cluster and the plot of the
uv-coverage can be seen in Figure 1.

The image was used to build standard OIFITS files, using the VLTI as a template: 6 Auxiliary Telescopes
(ATs) occupying stations A0-B1-D2-G1-J2-MO, object located at a —60° declination angle, entire transit of 9
hours, uv-integration time of 1 hour and a central wavelength of 2.2 yum. The set-up was chosen in order to
optimize the uv-coverage.

Regarding the SNR, which in our simulations is controlled by the total number of photons N reaching the
array of telescopes, three scenarios were considered: N ~ 107, N ~ 10° and N ~ 102 photons. The errors for the
power-spectrum and closure phase, in photon and detector regimes, were based on the work developed by Tatulli
and Chelli (2005).> For the absolute phase, the errors were calculated according to the model of Colavita (1999).2
For the power-spectrum, the detector noise regime is considered (N < 1), while for the closure phase, both the
photon (N > 1) and detector noise regimes are taken in to account. Some approximations were implemented:
Strehl equal to 1 and Strehl error equal to 0, transmission in the optical fibre equal to 1 and the fraction of light
selected for photometry at the output of the beam splitter was neglected. All errors were randomly added to the
data by means of a uniform distribution. For each group of three realisations corresponding to a specific N, we
computed the mean of the medians of the SNR of the power-spectrum (V?2), phase (¢) and closure phase (¢3) —
see Table 1.

3. IMAGE RESTORATIONS

For each SNR scenario, three OIFITS were generated and used as input to MiRA algorithm, in order to restore an
image. Both for closure phase and phase referencing cases, MiRA was configured under a positivity constraint,
using a quadratic or edge-preserving smoothness regularisation, a normalised image of 500 x 500 pixels (100 x
100 mas) and pixel size equal to 0.20 mas. We used A = 2.2 pym for the simulation. The choice of a smooth
regularisation is justified by the fact that the cluster does not present any high frequency contents due to point-
like sources or sharp edges.'* We selected a FOV big enough (at least three times larger than the object of
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Figure 1. Contour plot of the synthetic cluster of stars used as a model for the reconstructions (a) and uv-coverage with
the VLTI interferometer (b).

Table 1. Mean of the medians of the SNRs of the power-spectrum (V?), phase (¢) and closure phase (¢3).

N~10" N ~10° N ~ 108

A 396.25 39.69 3.93
6 8750 87.7 9
b3 3 1 1

interest) as means to get the cluster concentrated in the centre of the image. This is necessary when using fast
Fourier transforms (FFTs) in MiRA, otherwise the algorithm does not produce reconstructed images with good
quality.” Figures 2, 3 and 4 represent grids with all the reconstructed images.

Using SExtractor!® (and Starfinder'® as a verification), the restored stars were detected and their rela-
tive coordinates and fluxes determined. The thresholds were selected in a way that allowed SExtractor and
Starfinder to find at least all the reconstructed stars of the cluster. The correct stars were then selected by
plotting the found sources over the reconstructed images. For every image, using the astrometry, the distances
between every star and the brightest one were calculated. Using the photometry, the ratio of the fluxes between
each star of the cluster and the brightest one in the corresponding image were also computed. The distances,
fluxes and ratios of the latter were compared with the values in the synthetic reference image and the absolute
errors calculated. The results are compiled in Tables 2 through 13 (see end of document).

4. RESULTS

In the case of the best SNR, all stars were reconstructed and almost any spur structures were created by the
algorithm in both closure phase and phase referencing cases, although the images reconstructed with square of
the amplitude + closure phase data were cleaner than the ones with square of the amplitude + phase data.
Moreover, the shape of the stars in the former case was very close to the circular (true) one, while this was not

*This care is not necessary when using exact Fourier transforms (EFTs).



the case for the latter, specially for the fainter stars — see Figure 2. The distances, fluxes and flux ratios are in
excellent agreement with the reference values in both cases — see Tables 2-5.

For the scenario of intermediate value of SNR, the faintest star was not always restored, specially in the
closure phase case. In the first reconstructed image of this case, several artefacts appeared in the field and the
brightness of some of those structures was of the order of magnitude of the flux of the two faintest stars (the
faintest star was not restored). In the phase referencing case, only in one image the faintest star was missing.
The shape of the objects was approximately circular and all the images were clean of artefacts — see Figure 3.
The distances, fluxes and flux ratios are in good agreement with the reference values in both cases, although the
errors of the flux of the two faintest stars are of the same order of magnitude than the flux itself — see Tables 6-9.

In the last (worst) SNR scenario, the results are quite different for the two cases under study. Closure phase
case presents a plethora of spur features spread in the FOV. Ounly four or five stars were reconstructed and,
except for the brightest one, their shapes were elongated. Although many false structures were also created in
the phase referencing case and the shapes of the stars were similarly elongated, the background noise was smaller
and there were more stars restored (at least six) — see Figure 4. The distances of the reconstructed stars are in
excellent agreement with the reference values, but only in the phase referencing case the fluxes well agree with
the reference values for all the stars — see Tables 10-13.

5. ANALYSIS AND CONCLUSIONS

One of the main problems of image reconstruction is the calibration of the visibilities. In our work, we have been
considering stochastic errors, but calibration errors, which change between observation nights, might dominate
the uncertainties. In that perspective, this simulation is not realistic.

Since the holes in the uwv-plane yield spur and unreal structures during the image reconstruction process,
especially if the SNR is low, we compared the reconstructed images with the synthetic one. In the absence of
the true image, the identification of real sources and artefacts would be possible computing the dynamic range
of the reconstructed image. As it is denoted by the astrometry and photometry of the individual stars, broadly
speaking, MiRA fared well with the image reconstructions of the cluster using both sets of data (power-spectra
+ closure phases and power-spectra + wvisibility phases). Under the imposed conditions, it was able to fairly
reconstruct the first five stars. Their relative positions are correct, their shapes are well reproduced and most of
the flux is restored. The flux ratio between those stars corresponds to a difference of 3 magnitudes. Considering
the phase referencing case, at least six stars were restored, which corresponds to a magnitude difference of nearly
4. Only for the faintest stars, with fluxes less than 4% of the brightest star, the reconstruction is of inferior
quality: in the lower SNR scenarios, their positions and fluxes are not well determined and, sometimes, they
are not even restored at all. Subsequent tests developed by us indicate that better precisions are achieved when
using exact Fourier transforms in MiRA. More profound and individually tuned reconstruction processes could
lead to the restoration of all the stars in the three SNR scenarios, but we decided to keep the same relatively
simple process for all the cases with the purpose of performing unbiased comparisons between them.

The results seem to indicate that when using FFTs in MiRA, the phase referencing case gives better results
than the closure phase case in a low SNR scenario. This is not surprising, as more information about the uv-plane
is available in the first case. Moreover, since typically the closure phase is smaller than the visibility phase and
the noise of the former is larger than the noise of the latter, the SNR on the closure phase is smaller.
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Figure 2. Contour plots of the reconstructed images for the N ~ 107 scenario. Top row:
phase referencing case. The contour levels are at 1, 10, 40 and 90%.
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Figure 3. Contour plots of the reconstructed images for the N ~ 10° scenario. Top row: closure phase case. Bottom row:
phase referencing case. The contour levels are at 1, 10, 40 and 90%.
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Figure 4. Contour plots of the reconstructed images of the N ~ 10% scenario. Top row: closure phase case; bottom row:
phase referencing case. The contour levels are at 1, 10, 40 and 90%.



Table 2. Astrometry of the reference and first set (N ~ 107) of reconstructed images using closure phase information.
The “Reference” column refer to the synthetic image. The distances are in respect to the brightest star.

Star || Reference Distance
No. || Distance (mas)
(mas)

2 7.11 7.12 +£0.02
3 7.81 7.83 £0.02
4 7.57 7.58 +£0.02
5 8.010 8.019 £ 0.009
6 9.34 9.39 £ 0.05
7 10.012 10.007 4 0.006
8 12.166 12.174 £ 0.009

Table 3. Photometry of the reference and first set (N ~ 107) of reconstructed images using closure phase information.
The “Reference” column refer to the synthetic image. The flux ratios are in respect to the brightest star.

Star || Reference Flux Reference Flux
No. Flux (relative) Flux Ratio
(relative) Ratio

1 0.5008 (5.013 4 0.004) x 10~* — —
2 0.250 (2.54 4 0.03) x 1071 0.50000 (5.0616 + 0.0006) x 10~*
3 0.1252 (1.255 £ 0.002) x 1071 0.249989 (2.50270 4 0.00003) x 10~ !
4 0.063 (6.140.1) x 1072 0.12502 (1.2553 4 0.0002) x 10~1
5 0.0313 (3.05 4 0.08) x 10~2 0.06249 (6.087 4 0.002) x 1072
6 0.016 (1.4 + 0.2) x 1072 0.03125 (2.716 +0.004) x 10~2
7 0.008 (6+£2) x 1073 0.01562 (1.113 £ 0.004) x 102
8 0.004 (2+£2)x1073 0.00781 (4.734£0.03) x 1073

Table 4. Astrometry of the reference and first set (N ~ 107) of reconstructed images using visibility phase information.
The “Reference” column refer to the synthetic image. The distances are in respect to the brightest star.

Star || Reference Distance
No. || Distance (mas)
(mas)

2 7.11 7.12+£0.02
3 7.81 7.83 +£0.02
4 7.569 7.574 + 0.005
5 8.010 8.018 £ 0.008
6 9.34 9.39 £ 0.05
7 10.01 10.10 £ 0.09
8 12.2 12.3+0.1

Table 5. Photometry of the reference and first set (N ~ 107) of reconstructed images using visibility phase information.
The “Reference” column refer to the synthetic image. The flux ratios are in respect to the brightest star.

Star || Reference Flux Reference Flux
No. Flux (relative) Flux Ratio
(relative) Ratio

1 0.5008 (5.007 4 0.002) x 10~* — —
2 0.250 (2.56 4 0.06) x 10~ 0.5000 (5.121 40.001) x 10~
3 0.125 (1.27 +0.02) x 1071 0.24999 (2.5430 4+ 0.0004) x 10~1
4 0.063 (6.140.2) x 1072 0.12502 (1.2128 4 0.0004) x 10~1
5 0.031 (3.0 £0.02) x 1072 0.06249 (5.943 4 0.003) x 1072
6 0.016 (1.4 + 0.2) x 1072 0.03125 (2.792 4+ 0.003) x 10~2
7 0.008 (5+3)x 1073 0.0156 (9.77 £ 0.06) x 1073
8 0.004 (2+£2)x1073 0.00781 (3.1240.05) x 1073




Table 6. Astrometry of the reference and second set (N ~ 10°) of reconstructed images using closure phase information.
The “Reference” column refer to the synthetic image. The distances are in respect to the brightest star.

Star || Reference | Distance
No. || Distance (mas)
(mas)

2 7.11 7.13 £0.02
3 7.81 7.83 £0.02
4 7.57 7.59 £+ 0.02
5 8.01 8.00 £ 0.01
6 9.3 9.4+0.1
7 10.0 10.3+0.3
8 12.2 11.6 £ 0.5

Table 7. Photometry of the reference and second set (N ~ 10°) of reconstructed images using closure phase information.
The “Reference” column refer to the synthetic image. The flux ratios are in respect to the brightest star.

Star || Reference Flux Reference Flux
No. Flux (relative) Flux Ratio
(relative) Ratio

1 0.501 (5.04 +0.03) x 101 — -
2 0.250 (2.534+0.03) x 107! 0.50000 (5.0336 £ 0.0003) x 1071
3 0.125 (1.26 £ 0.01) x 1071 0.249989 (2.50713 4 0.00007) x 10~ !
4 0.063 (5.840.4) x 1072 0.12502 (1.1570 + 0.0009) x 101
5 0.031 (2.9+£0.3) x 1072 0.06249 (5.661 & 0.006) x 102
6 0.016 (1.3£0.3) x 1072 0.03125 (2.490 £ 0.006) x 10~2
7 0.008 (24+5)x 1073 0.016 (4.840.1) x 1073
8 0.004 (2+£2)x1073 0.00781 (3.9440.04) x 1073

Table 8. Astrometry of the reference and second set (N ~ 10°) of reconstructed images using visibility phase information.
The “Reference” column refer to the synthetic image. The distances are in respect to the brightest star.

Star || Reference | Distance
No. || Distance (mas)
(mas)

2 7.11 7.13 £0.02
3 7.81 7.82 +0.02
4 7.6 724+04
5 8.01 8.04 £0.03
6 9.3 9.0+0.3
7 10.3 10.3+0.3
8 12 6+3

Table 9. Photometry of the reference and second set (N ~ 10°) of reconstructed images using visibility phase information.
The “Reference” column refer to the synthetic image. The flux ratios are in respect to the brightest star.

Star || Reference Flux Reference Flux
No. Flux (relative) Flux Ratio
(relative) Ratio

1 0.501 (5.0240.01) x 1071 — —
2 0.250 (2.57 4+ 0.07) x 101 0.5000 (5.117 4+ 0.001) x 10~*
3 0.125 (1.2840.02) x 1071 | 0.24999 | (2.5408 £ 0.0004) x 10~*
4 0.06 (54+1) x 1072 0.125 (9.98 +0.02) x 1072
5 0.031 (2.5 +0.7) x 1072 0.0625 (4.914£0.01) x 1072
6 0.016 (1.1£0.5) x 1072 0.0312 (2.11£0.01) x 1072
7 0.008 (3+4)x1073 0.016 (6.74+0.9) x 1073
8 0.004 (24+2) x 1072 0.00781 (4.17£0.03) x 1072




Table 10. Astrometry of the reference and third set (N ~ 10®) of reconstructed images using closure phase information.
The “Reference” column refer to the synthetic image. The distances are in respect to the brightest star. Stars 6, 7, and

8 were not detected.

Star || Reference | Distance
No. Distance (mas)
(mas)
2 7.11 7.16 £ 0.05
3 7.81 7.86 £ 0.06
4 7.57 7.48 +£0.09
5 8.0 8.7+0.8

Table 11. Photometry of the reference and third set (N ~ 10%) of reconstructed images using closure phase information.
The “Reference” column refer to the synthetic image. The flux ratios are in respect to the brightest star. Stars 6, 7, and
8 were not detected.

Star || Reference Flux Reference Flux
No. Flux (relative) Flux Ratio
(relative) Ratio

1 0.501 (5.04 £0.03) x 10~ 1 - —
2 0.250 (2.58 £0.07) x 1071 0.50000 (5.0336 + 0.0003) x 101
3 0.13 (1.14+0.2) x 107! 0.249989 (2.50713 4 0.00007) x 10~ !
4 0.06 (44+2)x 1072 0.12502 (1.1570 £ 0.0009) x 1071
5 0.03 (14+2)x 1072 0.06249 (5.661 4 0.006) x 102

Table 12. Astrometry of the reference and third set (N ~ 10%) of reconstructed images using visibility phase information.
The “Reference” column refer to the synthetic image. The distances are in respect to the brightest star. Stars 7 and 8
were not detected.

Table 13. Photometry of the reference and third set (N ~ 10%) of reconstructed images using visibility phase information.
The “Reference” column refer to the synthetic image. The flux ratios are in respect to the brightest star. Stars 7 and 8

were not detected.

Star || Reference Distance
No. || Distance (mas)
(mas)
2 7.11 7.13 £0.02
3 7.8057 7.8063 + 0.0006
4 7.57 7.60 + 0.03
5 8.0 8.3+0.3
6 9.34 9.33 + 0.02

Star || Reference Flux Reference Flux
No. Flux (relative) Flux Ratio
(relative) Ratio

1 0.501 (4.9240.09) x 1071 — —
2 0.250 (2.54 4 0.04) x 101 0.5000 (5.170 £ 0.002) x 10~*
3 0.125 (1.16 £ 0.09) x 107! 0.2500 (2.354 £ 0.002) x 107!
4 0.063 (5.6 £ 0.6) x 1072 0.1250 (1.142 +£0.001) x 1071
5 0.03 (2+£1) x 1072 0.0625 (4.18 £0.02) x 1072
6 0.016 (1.3+£0.3) x 1072 0.03125 | (2.604 + 0.005) x 1072




