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Observations close to the diffraction limit, with high Strehl ratios from Adaptive Optics (AO)-assisted instruments mounted on ground-based telescopes are a reality and will become even more widespread with the next generation instruments that equip 30 meter-class telescopes. This results in a growing interest in tools and methods to accurately reconstruct the observed Point Spread Function (PSF) of AO systems. We will discuss the performance of the PSF reconstruction (PSF-R) software developed in the context of the MICADO instrument of the Extremely Large Telescope. In particular, we have recently implemented a novel algorithm for reconstructing off-axis PSFs. In every case, the PSF is reconstructed from AO telemetry, without making use of science exposures. We will present the results coming from end-to-end simulations and real AO observations, covering a wide range of observing conditions. Specifically, the spatial variation of the PSF has been studied with different AO-reference star magnitudes. The reconstructed PSFs are observed to match the reference ones with a relative error in Strehl ratio and full-width at half maximum below 10% over a field of view of the order of one arcmin, making the proposed PSF-R method an appealing tool to assist observation analysis, and interpretation.

INTRODUCTION

As the first light instruments of the Extremely Large Telescope (ELT), the Multi-AO Imaging Camera for Deep Observations (MICADO) will rely heavily on adaptive optics (AO) to obtain almost diffraction-limited images.

Still, in the majority of the planned science cases, a detailed knowledge of the point spread function (PSF) is required to match the scientific goals ( [START_REF] Davies | MICADO: first light imager for the E-ELT[END_REF]; [START_REF] Davies | Adaptive Optics for Astronomy[END_REF]). For this reason, the PSF reconstruction (PSF-R) is a deliverable of the MICADO consortium ( [START_REF] Simioni | MICADO PSF-reconstruction work package description[END_REF]; [START_REF] Grazian | Status of the PSF reconstruction work package for MICADO at ELT[END_REF]). However, the PSF of AO-assisted instruments is an entity that is rapidly varying both temporally and spatially in the field of view; making its accurate characterization a challenging task.

The MICADO PSF-R core algorithm has already been presented in Ref. [START_REF] Wagner | Point spread function reconstruction for singleconjugate adaptive optics on extremely large telescopes[END_REF] and tested both on end-to-end simulations ( [START_REF] Wagner | Point spread function reconstruction for singleconjugate adaptive optics on extremely large telescopes[END_REF]) and real data ( [START_REF] Simioni | Point spread function reconstruction for SOUL + LUCI LBT data[END_REF]). The single conjugate AO (SCAO) case has been treated, reconstructing only on-axis PSFs. The method is based on Ref. [START_REF] Veran | Estimation of the adaptive optics long-exposure point-spread function using control loop data[END_REF] and it relies on the computation of optical transfer functions, which in turn, can be described by means of structure functions ( [START_REF] Wagner | Point spread function reconstruction for singleconjugate adaptive optics on extremely large telescopes[END_REF]). We underline that the adopted formalism, under the assumptions of fast frame rate and the use of a least squares reconstructor, allows a further decomposition of the structure functions into independent components that is valid regardless of the considered wavefront sensor (WFS). This makes the MICADO PSF-R algorithm particularly flexible, allowing the reconstruction of the PSF of different SCAO instruments to be performed with minimal tuning. Another distinguishing characteristic of the MICADO PSF-R is that it does not make use of any information from the science frames. The PSF is reconstructed taking advantage of AO telemetry saved simultaneously to the science frames during observations ( [START_REF] Wagner | Point spread function reconstruction for singleconjugate adaptive optics on extremely large telescopes[END_REF]; [START_REF] Simioni | Point spread function reconstruction for SOUL + LUCI LBT data[END_REF]). This strategy is the only viable option when no suitable point sources are present in the science frame to properly derive a PSF estimation, e.g. in the case of observations of a typical extragalactic target ( [START_REF] Simioni | MICADO PSF-reconstruction work package description[END_REF]; [START_REF] Simioni | Point spread function reconstruction for SOUL + LUCI LBT data[END_REF]). Other PSF-R methods that have been developed include Refs. [START_REF] Witzel | The AIROPA software package: milestones for testing general relativity in the strong gravity regime with AO[END_REF]; [START_REF] Ragland | Status of point spread function determination for Keck adaptive optics[END_REF]; [START_REF] Beltramo-Martin | PRIME: PSF Reconstruction and Identification for Multiple-source characterization Enhancement -application to Keck NIRC2 imager[END_REF]; [START_REF] Fusco | Reconstruction of the ground-layer adaptive-optics point spread function for MUSE wide field mode observations[END_REF]; see e.g. [START_REF] Beltramo-Martin | Review of PSF reconstruction methods and application to post-processing[END_REF] for a review on PSF-R flavours.

MICADO will work in SCAO mode at the beginning of its operational life * , this means that the correction by the AO system is optimized along the direction of the AO reference star (on-axis). The AO correction at increasing angular distances from the AO reference source (i.e. off-axis) is less accurate. Starting from off-axis distances of the order of an arcsecond, the PSFs are systematically different, with lower Strehl ratio (SR), higher full-width at half maximum (FWHM) and in general elongated in the direction of the AO reference source. To reconstruct the off-axis PSFs, solutions have been provided that require a model PSF to be constructed extracting information from the science plane, making use of suitable point sources present in the science frame (e.g. [START_REF] Witzel | The AIROPA software package: milestones for testing general relativity in the strong gravity regime with AO[END_REF]; [START_REF] Beltramo-Martin | PRIME: PSF Reconstruction and Identification for Multiple-source characterization Enhancement -application to Keck NIRC2 imager[END_REF]). Still, for MICADO, a pure-telemetry PSF-R is being developed ( [START_REF] Simioni | MICADO PSF-reconstruction work package description[END_REF]; [START_REF] Simioni | Point spread function reconstruction for SOUL + LUCI LBT data[END_REF]). What has been recently implemented in the MICADO PSF-R algorithm, is the use of tomography to infer the residual incoming wavefront for the (off-axis) direction of interest. The method, presented in [START_REF] Wagner | Off-axis point spread function reconstruction for single conjugate adaptive optics[END_REF], relies on the instantaneous reconstruction of the incoming wavefront in order to create a tomographic image of the atmospheric turbulence during the observations. This can be computed from telemetry in a similar fashion of what is done in the on-axis case. Once the instantaneous tomographic images of the incoming wavefront are derived, they can be sampled in the desired (off-axis) direction and time. The off-axis PSF can be then derived as in the on-axis case. The tomography is made possible by inferring the power, height and wind speed and direction of a reference set of (powerful) atmospheric turbulence layers. In this respect, the following results has been obtained sampling an ESO standard atmosphere (9-layer) at 3 different height (0,6 and 10km), as an input for the tomography. It is also worth noting that the tomographic approach is less accurate for off-axis direction perpendicular to the wind direction of the strongest layers. Still, because of the fact that MICADO PSF-R is a post-processing tool, the whole time-line can be used to perform the tomography. This means that both past and future telemetry frames can be used to reconstruct the residual incoming wavefront at a selected time and off-axis direction. This enlarges the spatial coverage of the tomography, enabling also the recovery of some information in these directions. In this respect, it is important to underline that both in our on-axis and off-axis PSF-R methods the frame-rate and completeness of the saved telemetry (simultaneous to science observations) plays a critical role.

In this work, we will summarize the status of the MICADO PSF-R reviewing its performance. The presented results come from tests performed both on simulated and real data that cover a broad range of observing conditions and instrumental set-up. The performance of our PSF-R method has been assessed through the comparison between the observed PSF and the associated reconstructed one, for each dataset. After a proper normalization, SR, FWHM and encirled energy of the core of the PSF (EE CORE ) have been used as a metric to asses the quality of the reconstruction.

DATA

As mentioned in the previous section, the dataset used is diverse and includes both real observations of point sources and simulated ones. The full set is characterized by different WFS, filters and brightness of the AO reference sources. For what concerns the real observations, a list of the used data is presented in Table 1. For each set we list the used instrument, the WFS type, the date of observation, the filter and the radial distance of any off-axis source analysed. In all these cases, the AO reference source used is a bright star. Results presented in Ref. [START_REF] Simioni | Point spread function reconstruction for SOUL + LUCI LBT data[END_REF] have been included. They refer to observations taken with the SOUL+LUCI instrument installed at the Large Binocular Telescope (LBT). In the present work, the two considered sets are labelled Simioni+2022-Daytime and Simioni+2022-Nighttime. We refer to Ref. [START_REF] Simioni | Point spread function reconstruction for SOUL + LUCI LBT data[END_REF] for further details on these data.

Given its similarities with MICADO, SOUL+LUCI@LBT is a particularly interesting instrument to test our PSF-R tool and another exciting opportunity comes from the recent integration of the ERIS ( [START_REF] Davies | The Enhanced Resolution Imager and Spectrograph for the VLT[END_REF]) instrument at the Very Large Telescope (VLT). Two sets have been analysed in this work. The first one (labelled ERIS 20220712) has been taken on July 2022 and refers to observations of the AO reference star itself (an on-axis point source). The source has been observed continuously for 2 min and the associated (simultaneous) AO telemetry has been saved (at 1KHz). The second set (labelled ERIS TTR 20230425) refers to recent observations taken in the context of a technical time request (TTR). In this case, a bright AO reference star has been observed for 3.5 min and the associated AO telemetry has been saved at 1KHz. Specifically, this set is particularly interesting as it offers the opportunity to test our off-axis PSF-R method. In the science frames, in fact, two other point sources are present along with the AO reference star itself. The radial distance between each of these 2 stars and the AO reference one is respectively 7 and 16 arcsec. The PSFs associated to each of the point sources (one on-axis and two off-axis) in the scientific field of view of the ERIS TTR 20230425 dataset are shown in Fig. 1. From left to right, the PSFs are ordered in increasing radial distance, with the leftmost one being the PSF associated to the AO reference star (on-axis). The sharpness of the on-axis PSF and the high number of the associated Airy rings indicate the high quality of the AO correction in this particular dataset. It can also be easily noticed the increasing elongation associated to the off-axis PSFs going towards larger radial distances from the AO reference star. The PSF elongation is oriented radially.

As anticipated before, in this work we make use also of simulated observations. A list of all the simulated PSFs used, along with the AO reference star magnitude and off-axis distance is presented in Tab. 2. We analysed a total of 6 simulated PSFs, 3 on-axis and 3 off-axis, all at a distance of 30 arcsec. Three different brightness regimes of the AO reference source have been simulated, for both on-axis and off-axis cases. This produced a wide variation in the shape of each simulated PSF, in particular the SR varies from about 70% for the MICADO bright on-axis to about 10% for the MICADO faint off-axis. These simulations are a product of the MICADO final design review and have been computed by a distinct MICADO work package ( [START_REF] Simioni | MICADO PSF-reconstruction work package description[END_REF]). 

RESULTS

An observed PSF has been obtained, for each point source in each dataset, after proper normalization of the reduced data. When possible, observations has been mediated toghether in order to enhance the signal to noise ratio of the resulting observed PSF. Each observed PSF has been then compared with the associated reconstructed one. It is worth stressing again that all the reconstructed PSFs have been obtained without using information coming from the science plane. The comparison has thus been performed a posteriori in order to asses the reliability of the PSF-R method, without any adjustment of the resulting reconstructed PSF. On the other hand, we make use of the full AO telemetry stream, simultaneous with the science observations, and saved at the original sampling-rate.

As an example, in the leftmost panels of Fig. 2, we show the observed PSF of 3 representative datasets. The upper panels refers to Simioni+2022-Nighttime, observations of a bright on-axis star. The middle panel refers to MICADO faint off-axis, a simulated observation of a star, 30 arcsec from the AO reference one. Finally, the bottom row refers to the off-axis star in ERIS TTR 20230425 16 arcsec from the AO reference one. It is worth noting that these last two sets are the worst case of all the simulated PSFs and the most challenging one for what concerns the off-axis PSF-R of real data, respectively. In Fig. 2, we report also the residual images for each observed and its associated reconstructed PSF. The radial profiles of all the PSFs are also shown in the rightmost panels. It can be noted that: i) residuals are small especially in the central region, ii) no evident structures are present in the residuals, iii) the radial profiles of observed and reconstructed PSFs overlap in each case.

In order to quantify the performance of the MICADO PSF-R, we use a metric defined by SR, FWHM and EE CORE . All the results are shown in Fig. 3 where, for each set we list the SR values in the upper row, FWHM values (in pixels) in the middle one and EE CORE in the bottom row. The values associated to the observed PSFs are shown in black (dots or circles depending on the effective wavelength of the observations), while red crosses mark the values associated to the reconstructed PSFs. The plot is further subdivided (columns) in order to group on-axis and off-axis PSFs and differentiate, within each group, real and simulated observations. In each case and for each parameter, a precision within 10% is reached; regardless of the type of WFS or the filter considered. While the results obtained for the off-axis PSF-R method are consistent, in general, with what is obtained on-axis, in these last cases the method performs even better.

SUMMARY AND FUTURE DEVELOPMENTS

The MICADO PSF-R algorithm has been recently upgraded by implementing a tomographic method to produce reconstructed PSFs for any off-axis direction for SCAO observation with a field of view of the order of 1 arcmin wide. The method is described in detail in Ref. [START_REF] Wagner | Off-axis point spread function reconstruction for single conjugate adaptive optics[END_REF] and in this work we presented the preliminary result of the reconstruction of off-axis PSFs in the case of real ERIS@VLT SCAO observations. In particular, 2 off-axis stars have been observed with ERIS in the same field of view along with the AO reference one. For both the off-axis sources the reconstruction is encouraging, reaching a precision at the level of 10% in SR, FWHM and EE CORE . To quantify the performance of the MICADO PSF-R, we include these new results in a compilation of both real and simulated observation. In this way the parameter space has been enlarged by including e.g. different WFS types, filters, brightness regimes of the AO reference star and off-axis distances. Our PSF-R algorithm is performing consistently in the whole range of the parameter space covered by the present dataset, demonstrating its reliability and versatility especially in the on-axis case. Moreover, the reconstruction of real observations confirms what results from the simulations.

While ERIS@VLT data are still being analysed, the present results motivate an effort in collecting more data. Especially with respect to the off-axis case and, in perspective, to the multi-conjugate AO case. This will also be fundamental in expanding the parameter space regarding e.g. seeing regimes, different filters, brightness regimes of the AO reference star. We make a final remark noting that the goal of ERIS@VLT technical time request was specifically to collect data useful for testing PSF-R techniques. Furthermore they will be made public, providing the opportunity to test different PSF-R methods consistently.
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 1 Figure 1. Zoom of the science frame of the ERIS TTR 20230425 dataset centered on each one of the three point sources present in the scientific field of view. From left to right, the three PSFs associated to the AO reference star, the off-axis point source at a radial distance of 7 arcsec, and the one at a radial distance of 16 arcsec. The color-scale is logarithmic and is the same for all panels. It can be noted the increasing elongation of the PSFs at larger values of radial distance from the AO reference star. Table 2. Compilation of simulated observations used for testing the MICADO PSF-R algorithm. All the simulated PSFs have been generated by the MICADO consortium for the Final Design Review. For both on-and off-axis cases, three brightness regimes of the AO reference star have been simulated. All the simulated PSFs have an effective wavelength of about 2.2 µm (e.g. a Ks band).

Figure 2 .

 2 Figure 2. Results of the comparison between observed and reconstructed PSFs for 3 different dataset. The upper row refers to Simioni+2022-Nighttime, the middle one to MICADO faint off-axis and the bottom row to the 16 arcsec off-axis star in ERIS TTR 20230425. In each row, the observed PSF is shown on the left (O), then the reconstructed PSF (R) and the absolute residuals between O and R. The color-scale used in these plots is logarithmic and it is the same for all of them. In the leftmost panels, the radial profiles (mean over all angles) of observed (black) and reconstructed (red) PSF are shown. The shaded areas represents one standard deviation.

Figure 3 .

 3 Figure 3. MICADO PSF-R performance. SR (upper row), FWHM (middle row) and EECORE (bottom row) values are shown. Both observed (in black) and reconstructed (in red) values are shown together for each considered dataset. In detail, the leftmost column refers only to real observations of on-axis point sources; the second column refers to simulated observations of on-axis point sources; the measured values for real observations of off-axis point sources are shown in the third column; finally, in the rightmost column we report the values in the case of simulated observations of off-axis point sources.

Table 1 .

 1 Compilation of real observations used for testing the MICADO PSF-R algorithm. For each instrument the information about the WFS has been included, along with the observation date, filter and the angular distance of any off-axis point source, if present.

	DATASET ID	INSTRUMENT	WFS TYPE	DATE OBS. FILTER	OFF-AXIS
					[µm]	[arcsec]
	Simioni+2022-Daytime	SOUL+LUCI@LBT Pyramid	2019/03/29	H (1.65)	NO
	Simioni+2022-Nighttime SOUL+LUCI@LBT Pyramid	2019/11/09	FeII (1.65) NO
	ERIS 20220712	ERIS@VLT	Shack Hartmann 2022/07/12	Br-g (2.2)	NO
	ERIS TTR 20230425	ERIS@VLT	Shack Hartmann 2023/04/25	FeII (1.65) 7; 16
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