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ABSTRACT. Mid-spatial frequency figure errors (MSFEs) occurring on optical surfaces are an
unavoidable issue that may influence the performance of an optical system. In this
paper, we present the results of an analysis dedicated to the impact of MSFE of the
optical surfaces on the relative astrometric error. The method involves an almost
end-to-end simulation, encompassing the calibration of the optical distortions.
Although the analysis described here is primarily focused on the specific case of
the MCAO-Assisted Visible Imager and Spectrograph (MAVIS) instrument, it is
worth noting that the same methodology can be applied to other instruments as well.
To provide context, MAVIS, short for multi-conjugate adaptive optics-assisted visible
imager and spectrograph, represents the next-generation instrument designed for
the Very Large Telescope. The distortions considered in the analysis stem from the
optical components of the adaptive optics module of MAVIS. The results take into
account both field rotation and wavelength dependencies. Relative astrometric
errors are computed across different separations between sources. Furthermore,
we analyze distortions introduced by the atmospheric dispersion corrector, factoring
in the zenith angle dependence. A similar in-depth analysis is conducted for the
imager components. This approach offers a comprehensive understanding of the
intricate interplay between MSFE of optical components and astrometric precision.
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1 Introduction
Recent developments in multi-conjugate adaptive optics (MCAO) techniques allow us to make a
significant breakthrough in the building of the next-generation instrumentation for ground-based
telescopes.1 Instruments that will benefit from the MCAO are, for instance, Multi-AO Imaging
Camera for Deep Observation (MICADO),2 served by MCAO For Extremely Large Telescope
(ELT) Observations (MORFEO)3 on the ELT, Narrow Field InfraRed Adaptive Optics System
(NFIRAOS)4 on the Thirty Meter Telescope (TMT) and MCAO-Assisted Visible Imager and
Spectrograph (MAVIS)5 on the Very Large Telescope (VLT). MAVIS and MICADO complement
each other by addressing similar science cases, enabling a comprehensive multi-wavelength
approach—spanning from visible to infrared—for studying astronomical phenomena.

*Address all correspondence to Oleksandra Rebrysh, oleksandra.rebrysh@inaf.it

J. Astron. Telesc. Instrum. Syst. 018002-1 Jan–Mar 2025 • Vol. 11(1)

https://orcid.org/0009-0003-4546-8301
https://orcid.org/0000-0002-6727-2049
https://orcid.org/0000-0002-3015-9130
https://orcid.org/0000-0001-5700-9565
https://orcid.org/0000-0003-1709-1458
https://orcid.org/0000-0003-3490-7121
https://doi.org/10.1117/1.JATIS.11.1.018002
https://doi.org/10.1117/1.JATIS.11.1.018002
https://doi.org/10.1117/1.JATIS.11.1.018002
https://doi.org/10.1117/1.JATIS.11.1.018002
https://doi.org/10.1117/1.JATIS.11.1.018002
https://doi.org/10.1117/1.JATIS.11.1.018002
mailto:oleksandra.rebrysh@inaf.it
mailto:oleksandra.rebrysh@inaf.it
mailto:oleksandra.rebrysh@inaf.it


A pivotal objective for both of these instruments is achieving high-precision astrometry.6,7

Although the launch of the Global Astrometric Interferometer for Astrophysics (GAIA) space
telescope has yielded impressive results,8 the astrometric study still faces some limitations. One
of these limits is crowded stellar fields within and beyond our galaxy. However, the promising
astrometric precision and the high angular resolution offered by new instrumentation designed
for large telescopes hold the potential to overcome this limitation. Consequently, the primary
scientific focus of MAVIS is linked to addressing challenges posed by crowded stellar environ-
ments, particularly within globular clusters (GCs). More specifically, the main goal is to search
for intermediate-mass black holes in the GC cores.9 To achieve this objective, accurate astrometry
is required. MAVIS has a relative astrometric requirement of 150 μas defined for two isolated
point sources separated by 1 arcsec. This final astrometric error includes contributions from vari-
ous system-related factors, such as the telescope and Natural Guide Stars (NGS) probe move-
ments, as well as from the data extraction process.10 Among these contributors—and the primary
focus of this paper—are distortions caused by the mid-spatial frequency figure errors (MSFEs) of
optical elements.11 This work is part of a broader research focused on the astrometric error budget
requirements for MAVIS. Other sources that can affect the astrometric accuracy of the instru-
ment, including AO-related errors, plate scale variations, temperature variations, or astrometric
retrieval, are under separate studies.12

MSFEs are unavoidable artifacts on an optical surface that occur during sub-aperture grind-
ing or polishing stages.13 These errors can significantly degrade image quality and introduce
distortions that directly impact the precision of astrometric measurements. Consequently, con-
trolling MSFEs becomes imperative.

Generally, surface errors introduced by any manufacturing process can be classified into
three categories:14 (1) low-spatial frequency (traditional figure error), (2) mid-spatial frequency
(ripple), and (3) high-spatial frequency (microroughness). Decomposing the surface errors into
these three regimes simplifies the analysis of their impact on the overall instrument performance.
For instance, low-frequency errors can be represented using standard Zernike polynomials,
whereas microroughness is explored through the application of scattering theory.15

Our research is primarily centered on the examination of the MSFEs in the optics of MAVIS
and its potential implications for the astrometric precision of the instrument. In Sec. 2, we provide
a detailed overview of the methodology employed for simulating the MSFE and generating
distortion maps. Section 3 delves into the current findings of our study, shedding light on the
intricate relationship between the MSFE and astrometric accuracy of MAVIS. Although the real
calibration will be conducted for the entire instrument, we divided the analysis into three parts.
This approach allows us to independently estimate the contributions of the Adaptive Optics
Module (AOM), the Atmospheric Dispersion Corrector (ADC) only, and the imager. Several
factors influence this decision: the AOM and the imager are distinct subsystems, and there is
a preference to keep them separate for subsequent testing during the Assembly, Integration and
Verification (AIV) phase, and the distortions of the ADC may exhibit dependence on the zenith
angle (ZA). Conducting separate analyses facilitates the interpretation of the results. Finally, we
conclude with a comprehensive discussion and conclusions of our research in Sec. 4, drawing
important insights and implications for future work in this field.

2 Method and Simulation Approach
Given that MSFEs are not comprehensively addressed through low-frequency analysis or
scattering studies, bridging the gap between these two regimes involves modeling MSFE as per-
turbations to the optical surface.14 These perturbations can be generated by applying the inverse
Fourier transform of a 2D power spectral density (PSD) function with a random phase.16

Typically, the PSD of polished optical surfaces can be well approximated by a power law of
the form:

EQ-TARGET;temp:intralink-;sec2;114;127PSD ∝

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ðu2 þ v2Þβ
s

;

where u and v are the spatial frequencies in the horizontal and vertical directions, and
β is the slope coefficient of the PSD. The actual value of the slope generally depends on the
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manufacturing process. However, typical values for precision polished optics are in the range
1.5 ≤ β ≤ 2.5.17 In the case of our simulation, the β value was chosen to be equal to 2.4.

Considering it, we generate figure error maps for the optical elements in the AOM of
MAVIS, which we subsequently insert into the optical model to calculate the distortion via
ray-tracing simulations. To model the figure error of each optical surface, we combine a
low-spatial frequency map generated as a random combination of Zernike polynomials and a
medium-frequency map generated using the PSD method. Examples of such maps are presented
in Fig. 1. Optical components, for which the maps are shown, are part of the common path of
the AOM and are located as depicted in the layout in Fig. 2.18 The figure also displays some
components of the NGS and laser guide stars (LGS) channels, along with the Calibration Unit
(CU). Nevertheless, these elements are not considered in the present study.

The sizes of the optical elements and the corresponding footprints are shown in Table 1.
There are two types of apertures for the AOM optical elements, and they are treated slightly

differently. We utilize the first 36 Zernike polynomials, as per Noll numbering, for circular aper-
tures, whereas for elliptical apertures, we apply only 15 polynomials defined by Mahajan and
Dai.19 In total, there are three elements with elliptical apertures in the AOM, collectively forming
the K-mirror used for the field de-rotation. The amplitude of the MSFE equals 9-nm root-mean-
square (RMS) for both types of apertures. This amplitude is in good agreement with the high-end

Fig. 1 Surface figure error maps of the first lens of the collimator (a) and the third K-mirror (b). The
amplitude of the MSFE component is equal to 9-nm RMS, whereas the amplitude of the low-order
Zernike component changes for every optical surface and depends on the tolerance allocated for
the overall surface figure error.

Fig. 2 Layout of the optical design of the AOM of MAVIS.
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finishing specifications provided by manufacturers.20 It is important to mention that, in the
process of map generation, we intentionally omit the first four Zernike terms, which represent
piston, tip, tilt, and defocus. Piston, tip, and tilt are excluded as they are not part of the surface
figure error specifications, whereas defocus is omitted because it primarily affects the average
instrument plate scale without introducing higher-order spatial distortions.

After successfully generating the figure error maps, we integrate them into the optical model
of the instrument using the software Ansys Zemax OpticStudio.21 This software is employed to
perform ray tracing throughout the entire system to calculate the distortion maps. We run the ray
tracing over the entire scientific field of view (FoV), which has a radius of 15″, utilizing a pupil
sampling of 150 × 150 rays and using 40 × 40 field points to accurately capture the mid-spatial
frequency perturbations. The distortion generated by MSF figure errors depends on wavelength
and field rotation. The wavelength dependence arises from the presence of refractive compo-
nents. On the other hand, the dependence on field rotation is linked to sky rotation in an
alt-azimuth-mounted telescope. This rotation causes the beam footprint on all optical elements
upstream of the de-rotator to rotate with the parallactic angle, thereby illuminating different por-
tions of the optical surfaces. These effects need to be properly calibrated as soon as the variation
of the distortion map induced by them exceeds the tolerances. To simulate this aspect, in our
analysis, we account for the field rotation, considering the range of angles from 0 to 30 deg, and
we account for chromaticity by producing distortion maps covering the full wavelength range
from 370 to 1000 nm.

As the last step, we use the obtained distortion maps as an input for MAVISIM. MAVISIM is
the image simulation tool for MAVIS, and it allows us to simulate the distortion calibration pro-
cedure necessary for our analysis. This procedure is based on a differential method aimed at
mitigating the impact of manufacturing errors on distortion retrieval.22 In the real calibration
case, we will have an Astrometric Calibration Module (ACM) placed in front of the Field lens,

Table 1 Characteristics of the optical elements used in the simulations.

Optical element Clear diameter (mm) Footprint size (mm)

Field lens 1 96 20

Field lens 2 96 20

Collimator lens 1 67 55

Collimator lens 2 67 56

Collimator lens 3 67 57

LGS dichroic 84 57

ADC prism 1 85 57

ADC prism 2 85 57

K-mirror 1 100 × 50 (elliptical) 57

K-mirror 2 70 × 61 (elliptical) 57

K-mirror 3 131 × 68 (elliptical) 57

NGS dichroic 180 57

SCI objective lens 1 105 57

SCI objective lens 2 105 57

SCI fold mirror 105 52

Imager filter 1 100 5

Imager filter 2 100 4

SCI Cryo window 100 1
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coincident with the input Nasmyth focal plane. The ACM contains a pinhole mask with 1607
sources that can be shifted in x and y. These offsets allow us to obtain the Jacobian of the dis-
tortion field, which is then fitted using bivariate polynomials as a set of basis functions.23 Despite
being quite beneficial, this calibration method has a drawback. As it is based on first derivatives,
it introduces internal errors due to linearization, along with other potential error sources, resulting
in a noise floor in all the distortion maps obtained.

The calibration for all our distortion maps is done in the end-to-end mode using the dis-
tortion map at a field rotation angle of αrot ¼ 0 deg and λ ¼ 550 nm as the calibration reference.
The residuals of the calibration procedure as a function of the order of the fitting polynomials are
shown in Fig. 3. As it can be seen from the figure, the use of polynomial orders greater than 9
does not bring in much of an improvement, and the residuals are dominated by other noise
sources such as the centroiding noise on the image of the pinhole mask. Despite this, we accepted
the 11th-order polynomial fit in the subsequent simulations. Using higher-order polynomials is
not advisable as they may amplify noise in the calibration procedure. The residuals after the
calibration for the considered cases are presented in Sec. 3.

To achieve the stated aim of this work—the evaluation of the relative astrometric error—we
randomly generate 400 point sources over the full FoV. The astrometric error is then calculated as
a function of the distance between sources, comparing their true separation values with the ones
reconstructed after the calibration procedure.

3 Results

3.1 Post-focal Relay Optics
The first part of the analysis considers all the optics in the post-focal relay (PFR) of MAVIS.
Namely, surface figure error maps were added to the following elements: field lens, collimator,
LGS dichroic, ADC, K-mirror, NGS dichroic, science objective, and science fold mirror (see
Fig. 2).18 Following the procedure described in Sec. 2, we extracted the residual distortion after
the calibration. An example of the obtained residual distortions for the static scenario is presented
in Fig. 4(a). The values of the RMS residuals in this case are slightly higher than 50 μas.

The RMS residual distortion over the full scientific FoV is presented in Fig. 4(b). Although
no significant wavelength dependence is observed, the distortions appear to be more sensitive to
it at smaller field rotation angles. Taking into account the fact that we carry out the calibration at

Fig. 3 RMS residual distortion after calibration for the reference case: 0 deg field rotation at
λ ¼ 550 nm.
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λ ¼ 550 nm, it is expected to get the lowest RMS residual at that wavelength. Despite some
variations in values, the lowest residuals are indeed around the calibration wavelength.
Therefore, the expected residual distortion due to figure errors of the optical elements of the
AOM common path is in the range from 50 to 300 μas RMS depending on field rotation angle
and wavelength. As mentioned in the introduction, the astrometric budget includes contributions
from various parameters, with PSF variability and tip-tilt residuals being among the most sig-
nificant sources of error.7 Therefore, the obtained results highlight the necessity of frequent
calibrations to minimize the contribution of MSF distortions. Although producing a complete
budget for the astrometric error is beyond the scope of this paper, recalibrating distortions every
7 to 10 deg could reduce the astrometric error due to MSF distortions by at least 20%.

The main aim of this work is to estimate the relative astrometric error due to distortions
induced by optics. Figure 5 shows the foreseen astrometric error as a function of the separation
between pairs of stars. We considered a range of the stars’ separations to examine the behavior of
the final astrometric error after the calibration. It is clearly seen from the plots that bigger rotation
angles lead to bigger astrometric errors. Moreover, there is a trend in all of the cases, showing

Fig. 4 (a) Residual distortion maps after calibration with 11th-order polynomial. Here: the field
rotation angle αrot is 0 deg, λ ¼ 550 nm. (b) RMS residual distortion over the full scientific FoV
after calibration with an 11th-order polynomial.

Fig. 5 Astrometric error as a function of star separation after calibration with the 11th-order
polynomial fit to the static distortion map at 550 nm. (a) αrot ¼ 0 deg, λ ¼ 550 nm; (b) αrot ¼ 10 deg,
λ ¼ 550 nm.
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bigger uncertainties in the astrometric measurements for larger separation between sources. Such
behavior is due to the fact that, for larger separations, the points are likely farther from the center,
leading to greater relative displacements caused by field rotation. In addition, the decrease in
values after a certain separation is due to the smaller number of points at the largest distances.

A better understanding of the derived results can be provided by Figs. 6 and 7, which show
the 98th percentile of the astrometric error for different wavelengths and field rotation angles.
The calculation is done for all pairs of stars with a distance smaller than a certain threshold
distance d. Figure 6 demonstrates that the 11th- and 12th-order polynomial fits yield the best
results for the relative astrometric error. However, as we chose to use the 11th-order polynomial
for our fit, Fig. 7 presents the astrometric error for 1 and 15 arcsec separation between sources in
dependence of the field rotation angle and the wavelength for this case. It is explicit that the
dependence on field rotation is stronger, leading to higher astrometric error for bigger angles.
However, sources separated by 1 arcsec exhibit fluctuations in values due to the lower sensitivity
of the distortion to the field rotation angles at such small distances. Talking about wavelength
dependence, it is almost untraceable with an exception for the blue end of the wavelength range.
The errors in UB bands are bigger compared with other wavelengths for the same field rotation
angle. Nevertheless, looking at the results, we see that the astrometric error is in the range 65 to
105 μas for 1 arcsec separation and 80 to 720 μas for 15 arcsec.

Fig. 6 (a) 98th percentile astrometric error as a function of separation between sources for
αrot ¼ 0 deg and λ ¼ 550 nm. (b) Zoomed-in plot for the separation between 0 and 5 arcsec.

Fig. 7 98th percentile relative astrometric error at 1 arcsec (a) and 15 arcsec (b) separation as a
function of wavelength and field rotation angle.
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3.2 Atmospheric Dispersion Corrector Only
As the refractive index of the atmosphere, natm, depends on the wavelength, it could lead to
significant challenges in achieving precise astrometry. Atmospheric dispersion changes the ap-
parent angular distance between observed sources based on their color differences. In addition,
it elongates the shape of the PSF along the zenith,24 reducing the Strehl ratio and causing issues in
the PSF fitting. To overcome these issues, MAVIS uses the ADC composed of two counter-rotat-
ing Amici prisms.25 However, the use of the ADC may also impact the astrometric error because,
due to the rotation of the prisms, this optical element can introduce varying distortion across the
FoV. Therefore, we performed a dedicated analysis using the method described in Sec. 2.

The simulation, based on ray tracing, accounts for the atmospheric dispersion and its cor-
rection by the ADC. We used the Ciddor model for the refractive index of air.26 We calculated
distortion maps for several zenith distances of observation and wavelengths, considering only
monochromatic sources. To only capture the distortion variation produced by the ADC, the field
rotation was not considered in this analysis.

Thus, summarizing the procedure for the ADC:

• Surface figure error perturbations were introduced only to the ADC optical surfaces.
• No field rotation was introduced.
• Calibration is done to different ZA.

We consider a range of ZA from 0 to 65 deg. Figure 8 and Table 2 present the results for the
RMS distortion residuals. Calibration is performed for each ZA, with a comparison to neighbor-
ing angles. The order of the polynomial used for fitting is the same as that used for the PFR
optics.

The obtained results show that, when observing at a specific ZA and calibrating to it, the
residual distortion is minimal, ∼35 to 36 μas. However, as one deviates from the calibration
angle, the expected residuals increase. The distortion residuals are particularly sensitive to small
deviations from the calibration angle, especially as the observation approaches the horizon.
Therefore, in such cases, the difference between the observation and calibration angles should
be significantly smaller than the step considered in this analysis.

The last part regarding the distortion of the ADC is to check if there is some wavelength
dependence present. It was evaluated using 550 nm as the calibration wavelength to be consistent
with the rest of the study. The resulting plot for the cases of ZA = 15, 30, and 45 deg calibrated to
the ZA of 30 deg is shown in Fig. 9. This plot contains information about both chromatic and
achromatic components. The general behavior is similar to the case of PFR optics (e.g., Fig. 7)
with the blue end being the most sensitive to calibration, especially when observing far from the

Fig. 8 Examples of the residual distortion maps at 550 nm for the ZA of 30 deg (a) and 45 deg
(b) with the calibration to the distortion map at ZA = 30 deg.
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zenith. However, the calibration method itself isolates the achromatic component by considering
separate distortion maps for each wavelength. Therefore, the residual at 550 nm represents only
the distortion component. Interestingly, the residuals are smaller in the wavelength range from
370 to 430 nm for ZA = 15 deg compared with ZA = 30 deg, which was used for calibration. This
is likely due to the chromatic error counterbalancing the variation of distortion produced at the
different ZA.

In this section, we presented the impact of the MSFE of the ADC optical surfaces on the
astrometric error due to the rotation of the ADC prisms during observations. This rotation intro-
duces variability in the distortion map on the imager. In addition, the ADC contributes to image
wobble and low-order distortions, such as anamorphic plate scale variations.27 In MAVIS, these
image motions can be detected by the NGS wavefront sensor and are partially corrected by the
AO loop. However, the chromatic dependence of these motions, which is propagated through the
deformable mirrors (DMs) by the low-order AO loop, cannot be fully compensated. This limi-
tation may result in small variations in plate scale and pointing on the imager focal plane. Plate
scale variations can be corrected if at least three astrometric reference stars are available in the

Fig. 9 RMS residual distortion after calibration for ADC only as a function of wavelength. Data for
the cases of 15, 30, and 45 deg ZA calibrated to the ZA = 30 deg and λ ¼ 550 nm.

Table 2 RMS residual distortion after calibration for different ZAs. Units are μas. Diagonal values
are the ones calibrated to the proper ZA.

ZA (deg)

Calibration ZA (deg)

0 15 30 45 51 65

0 35.8 53.5 — — — —

15 60.2 35.2 56.7 — — —

30 — 62.9 35.5 62.4 — —

45 — — 65.6 35.7 44.5 —

51 — — — 44.3 35.6 192.7

65 — — — — 183.0 35.8
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frame. Nevertheless, variations occurring during the exposure time can lead to PSF smearing,
which partially reduces the astrometric accuracy of the instrument. Given the complexity of
ADC-induced distortions and their interaction with the AO loop, a more detailed investigation
has been undertaken as a separate study, which lies beyond the objectives of this paper.

3.3 Imager Filters and the Cryo Window
In the framework of MAVIS, the imager essentially employs a detector at the F/35 image plane
provided by the AOM, without the use of reimaging optics. However, two filters and the cryostat
window are planned to be incorporated.28 Therefore, it is important to assess the impact of
distortions arising from the MSFE of their optical surfaces on the overall astrometric error.
All elements of the imager are positioned after the K-Mirror; thus, the field rotation dependence
should be minimal or absent altogether. Indeed, the results confirm this expectation.

We conducted the analysis by calibrating the distortion maps to a wavelength of 550 nm,
consistent with previous cases. However, due to the imager elements being located very close to
the focal plane, the relationship between distortion residuals and wavelength becomes more com-
plex. For the same reason, the amplitude of distortions stemming from the MSFE of the filters
and the cryo window is also greater. To address this, we found it beneficial to use a higher-order
polynomial for calibration. We opted for a 12th-order polynomial fit, which captures the complex
distortions slightly better than the 11th-order fit. The results for the RMS residual distortions are
presented in Fig. 10, which shows the wavelength dependence. The minimum of the RMS resid-
uals is slightly shifted relative to the calibration wavelength. Although the difference in values is
small, this shift could be explained by numerical uncertainties in the method.

The results for the relative astrometric error as a function of field rotation and wavelength are
presented in Fig. 11. It can be observed that the values remain almost constant across all con-
sidered rotation angles, thus confirming the stabilization of the field by the K-Mirror. The range
of the expected astrometric error is from 76 to 89 μas for sources 1 arcsec away from each other
and from 120 to 200 μas for sources separated by 15 arcsec.

4 Discussion and Conclusion
We have conducted an analysis of the distortions caused by the MSFE of the optics of the AOM
of MAVIS. Being an unavoidable artifact, these errors may have a significant impact on the

Fig. 10 RMS distortion residual as a function of wavelength. Calibration was done to the static
distortion map at 550 nm, using the 12th-order polynomial fit.
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astrometric performance and hence should be accurately controlled and calibrated. The
performed analysis was divided into three parts covering different optical elements of the
AOM and the imager. It was found that the integrated distortions, discussed in Sec. 3.1, are
strongly dependent on the field rotation angle, whereas the wavelength dependence is barely
perceptible except for the UB-bands. The results can be used, based on the required astrometric
accuracy, to place a limit to the maximum acceptable field rotation angle before re-calibration is
needed. Our findings suggest that calibration should occur approximately every 10 deg of field
rotation.

Taking into account the ZA dependence on the performance of the ADC, we carried out a
separate analysis. It was shown that the distortion is bigger for observations closer to the horizon.
Hence, more frequent calibrations may be required in this case.

Including the imager elements in the analysis turns out to be a challenging task. Being close
to the focal plane, the distortions stemming from the imperfections of the imager’s elements are
more pronounced and more strongly affect the astrometric error. We increased the polynomial
order fitting to get reasonable calibration results. Therefore, based on our results, the order of
polynomials used in the real calibration case should be at least 12. However, although higher-
order polynomials are beneficial for capturing the high-frequency distortions produced by the
imager optics, the propagation of noise must also be considered.

The challenges posed by the astrometric requirements for future instrumentation necessitate
precise calibration of instrument distortions. To accurately assess astrometric performance and
the extent to which various distortion sources can be calibrated, employing an end-to-end sim-
ulation approach for deriving and validating instrument requirements is essential. This task is
exceedingly challenging, and to the best of our knowledge, such comprehensive analysis has not
been widely adopted so far. In this paper, we focused on the static and dynamic components of
distortions produced by the MSFE of optical surfaces. Even though the results are not exhaustive,
they provide valuable insights for setting requirements on the MSFE of optical surfaces. They
also help in determining the most appropriate degree of polynomial for accurate distortion map
reconstruction, assessing when re-calibration is necessary, and thereby optimizing the use of
observation time.

The methodology described in this paper can be applied to any optical instrument to estimate
and calibrate distortions present in the system. While addressing the specific astrometric require-
ments of MAVIS, this study also provides a flexible framework for assessing and mitigating
MSFE in other high-precision optical systems. The approach, which integrates figure error maps
into optical models and employs detailed ray tracing to analyze distortion effects, offers a robust
method for ensuring accurate calibration and performance validation. These techniques are
particularly useful for instruments requiring precise astrometric calibration as they provide a
systematic way to quantify and correct existing optical distortions, ensuring accurate scientific
measurements.

Fig. 11 98th percentile astrometric error at 1 arcsec (a) and 15 arcsec (b) separation as a function
of wavelength and field rotation. Calibration was done to the static distortion map at 550 nm.
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