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Automatic real-time fine adjustment of a wide-field
telescope using four defocused stars

Ron Holzléhner, Optics Department, European Southern Observatory (ESO), Garching, Germany

Project goal ‘

Large ground-based telescopes require perma-
nent fine adjustment of mirror position and shape
on the micrometer/microrad accuracy scale. The
goal is to control the VISTA telescope on Cerro
Paranal, Chile, on the time scale of a few
minutes.

Solution

We observe four stars, each defocused by
+1.2 mm. The images are ideally ring-shaped
(“donuts”) and any aberrations yield information
on the telescope misalignment state. Donut shape
fitting is carried out in the Zernike polynomial ba-
sis, e.g. in 25 dimensions. In a second step, we
invert the optical sensitivity matrix and multiply by
the best fit Zernike vector to derive VISTA’s misa-
lignment.

The method is stable, highly accurate in testing
and executes in a few seconds.

Project goal

ESO’s four-meter VISTA telescope is located on
Cerro Paranal, situated in the Atacama desert in
northern Chile at 2,500 meter altitude (Fig. 1). It
can image an area on the sky with a diameter of
about 2.5 degrees, equivalent to five times the
size of the Full Moon. Such wide-field tele-
scopes are employed to survey the sky night by
night, looking for transient objects like comets
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and supernovae, but also to study more obscure
physics like Dark Matter or quickly follow up dis-
coveries by other telescopes.

The existing camera on VISTA will be replaced
in 2023 by the multi-object fiber-fed spectro-
graph 4MOST that uses 2,400 optical fibers,
each one moved by small actuators. The fibers
relay the light of many different stars or galaxies
to large spectrographs on the telescope back-
side that would not fit into the focal plane.

Fig. 1: VISTA telescope in its enclosure

Large telescopes require very precise mechani-
cal alignment that needs to be updated every
few minutes due to varying temperature and
telescope inclination angles. To do so, VISTA
has four “curvature wavefront sensing” cameras
arranged around the rim of the astronomical
focal surface. We image four different stars on
those, but the cameras are slightly defocused by
1.2 mm above or below the focal plane. As a
consequence, the cameras do not just see bright
dots, but little pupil images. More precisely, each
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star is imaged as the annular region of the pri-
mary mirror not obscured by the secondary mir-
ror M2 or its “spider” (four slim steel beams hold-
ing it in place).

It is our goal to maintain good telescope align-
ment by automatic “closed loop active optics”
operation throughout the night. All the telescope
operator has to do is validate that four pre-
selected stars are properly acquired and imaged
during each exposure (which can last up to 20
minutes each).

Solution

If the telescope is well aligned, the donuts look
almost like circular annuli. Any misalignment
manifests as a deformation/contortion that de-
pends in a complicated manner on the camera
location and the type of misalignment (e.g., M2
may be decentered and/or tilted by a very small
amount against the optical axis), as shown in
Fig. 2.

We choose to split the solution into two steps: In
the first step, we fit each donut separately in the
Zernike basis. The Zernike circle polynomials
form an orthonormal basis on the unit disk and
their radial part is readily provided by Mathemat-
ica (we have been asking Wolfram to also add
the azimuthal part). Some of the low-order Zer-
nike modes like defocus, coma or astigmatism
are well known and, for instance, used in oph-
thalmology.

We employ a simplified raytracing scheme in
which the ray landing positions in the donut are
aberrated as controlled by Zernikes (center plot
in Fig. 2). The lateral offsets are proportional to
the Zernike derivatives in the focal plane which
we first calculate analytically in Mathematica and
then evaluate at the ray positions. This way, we
combine Mathematica’s strong analytical capa-
bilities, in our case even in the complex domain,
with numerics.

The objective function to be minimized equals
the squared differences in the image brightness

(right plot in Fig. 2), summed over all pixels. Be-
fore summing, we divide each square by the
variance of the noise in the pixel, consisting
mostly of shot noise that obeys a Poisson distri-
bution. This “chi-squared” objective function is
smooth and well behaved, but unfortunately the
number of Zernikes to be fitted is rather high
such as n =25 or even n = 34. In the old VISTA
instrument, the Nelder-Mead minimization algo-
rithm was used which forms an n+1-dimensional
simplex that converges to a local, and hopefully
the global, function minimum. This method is
robust but slow, limiting us to n=25. In the new
implementation, we employ the Levenberg-
Marquardt (LM) algorithm instead, which is a mix
of steepest descent (proceed in the direction of
the strongest function decrease) and the Newton
methods (quadratic function approximation near
the minimum). We find that the LM method often
converges within 4—6 steps, completing in under
2 seconds on a modern workstation. Moreover,
the four donuts can be processed in parallel
(ParallelTable[]). We are not aware of a single
case in which the algorithm converged to a local
minimum corresponding to an image obviously
different from the simulation result.

In the second step, we have to map the Zernikes
to telescope misalignments. The mathematical
vehicle to represent this mapping is the optical
sensitivity matrix of VISTA, evaluated at the four
donut center positions. This matrix has been
evaluated by the commercial optical simulation
software ZEMAX, driven through a .NET API.
The driver application Sensitizer has been writ-
ten by ESO engineers and essentially disturbs
the telescope prescription in each degree of
freedom in turn by very small amounts while
recording small variations in the Zernike aberra-
tions.

The sensitivity matrix is pre-computed, its ele-
ments are interpolated in azimuth by the first
three Fourier terms and, during telescope opera-
tion, evaluated numerically at each donut posi-
tion. Finally, the four matrices are stacked up to
be joined into a single matrix, inverted and mul-
tiplied by the stacked vector of the best fit Zer-
nikes (e.g., of length 4x25 = 100).



https://en.wikipedia.org/wiki/Zernike_polynomials
https://www.eso.org/sci/facilities/develop/software.html
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Donut from Zemax raytracing

Synthetic donut from Zernikes

Synthetic — Zemax, 1000xdiff: 13.2

Fig. 2: Left: Donut of misaligned telescope simulated by Zemax, center: numerically approximated donut, right: difference
An animation of the alignment cycle can be found here.

The described method works well, but we go
one step further and apply the principle of max-
imum likelihood, in this context specifically
known as Generalized Least Squares. Indeed,
the LM algorithm not only provides an estimate
of where the function minimum is, but also the
fitting uncertainty. Zernike polynomials tend to
steepen as their order grows which reduces their
fitting error. Combined with the fact that the rela-
tive impact of noise decreases with the number
of detected photons in each detector pixel, we
can easily estimate the variance-covariance
matrix of the Zernikes. This matrix is then used
to weight the inversion of the sensitivity matrix.
In mathematical terms, we weight the least-
squares problem, which is an overdetermined
equation system that becomes slightly contradic-
tory due to measurement errors, in order to ac-
count for the shot noise statistics and arrive at
the maximum likelihood perturbation. This
weighting is particularly beneficial if the four
stars have very unequal brightness (dim star =2
larger relative errors). Finally, we also derive the
uncertainty in each telescope perturbation de-
gree of freedom.

There a few more subtleties that we cannot de-
scribe here. One example is the so-called see-
ing, namely the influence of atmospheric turbu-
lence in the air column above the telescope,
which blurs the star images (not shown in Fig. 2
for clarity). The degree of blurring strongly varies
with location, time and observed wavelength, but
often is of the order of 0.7 arcseconds on Cerro
Paranal. We fit the seeing using convolution with
a Moffat function kernel (aided by the Fast Fou-
rier Transform), which adds one scalar degree of
freedom to the LM minimization. Moreover, hav-

ing four donuts located around the focal surface
provides us with the luxury of some redundancy
and we can actually solve the inversion problem
with only three donuts. The latter is very desira-
ble in case one of the images is garbled for
some reason, polluted by a bright background
object, or simply too dim. We have implemented
a heuristic to detect such cases and automati-
cally ignore deficient donuts.

Result

We have developed and implemented the
algorithm in Wolfram Mathematica version 12.2.
The development process is rapid, thanks to the
strong graphical and analytical abilities. We also
benefitted from previous work at ESO such as
Sensitizer. While linearization schemes like the
present one have been employed for many
decades now, the detailed maths and physics of
telescope optics are not trivial and require
copious testing. We chose a step-by-step
approach in which we first tested the optics
basics like the simplified raytracing (actually,
implemented just as a matrix-vector product)
and then grew the complexity by combining
subroutines.  Certain  low-level time-critical
operations like counting rays on a virtual
detector were compiled to the C language using
the Compile[] statement. The LM algorithm is
accessible by an option offered by
Mathematica’s FindMinimum[] command and
flexible enough to allow for strong user
customization of which we widely take
advantage (e.g., we provide a custom numerical
function Jacobian).



https://www.additive-net.de/de/software/produkte/wolfram/anwendungen/anwenderberichte/wellenfront-kruemmungserfassung-bei-teleskopen-mit-donut-anpassung
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As a result, we expect to automatically and ac-
curately control the VISTA alignment throughout
every night of operation. We are looking forward
to the “first light” of VISTA with the new instru-
ment 4MOST in 2023. Stay tuned!




Anwenderbericht

Curvature Wavefront Sensing in Telescopes with Donut Fitting

— ADDITIVE

SOFT- & HARDWARE FUR TECHNIK & WISSENSCHAFT

ADDITIVE Soft- und Hardware
fur Technik und Wissenschaft GmbH

Max-Planck-Str. 22 b
D-61381 Friedrichsdorf/Ts.

Telefon: +49 (0)61 72-59 05-0

Fax: +49 (0)61 72-77 613

E-Mail: info@additive-net.de

Internet: http://www.additive-net.de/software

ADDITIVE - seit Uber 30 Jahren der bewahrte Part-
ner fur professionelle Hard- & Softwarelésungen in
Industrie, Forschung & Wissenschaft. Vom Stan-
dardprodukt bis zu maRgeschneiderten Applikations-
projekten inklusive Servicekonzept. ADDITIVE steht
fur Full-Service-Dienstleistung und nachhaltigen Wis-
senstransfer. Die hochqualifizierten, interdisziplinar
zusammengestellten  Teams  der  ADDITIVE-
Geschaftsbereiche freuen sich darauf, lhre Aufgaben
optimal und effizient umzusetzen.

Intelligente Losungen in 4 Geschiftsbereichen

ADDITIVE-Geschiftsbereich SOFTWARE
» Vertrieb von flhrender Premium-Software fir
Technik & Wissenschaft zur Datenerfassung,
Berechnung, Analyse, Visualisierung & Automa-
tion
» Beratung, Betreuung und Service fir ADDITIVE-
Softwareprodukte

ADDITIVE-Geschiftsbereich MESSTECHNIK &
SENSORIK
+ BeanAir® — kabellose Datenerfassung & Senso-
ren
ADDITIVE-Geschiftsbereich IT-SERVICE
» IT-Services, Cloud-Services, Web-Applikationen
und Datenintegration
ADDITIVE-Geschiftsbereich ACADEMY
» Zertifizierte, praxisorientierte Produkt- und The-
menschulungen, Workshops und Seminare
* Schulungen im ADDITIVE-Trainingszentrum
(oder bei lhnen vor Ort)

European Southern Observatory (ESO)
Karl-Schwarzschild-StralRe 2
85748 Garching bei Minchen

Telefon: +49 (0)2300 6671
E-Mail: rholzloe [at] eso.org
Internet: http://www.eso.org/

ESO, the European Southern Observatory, is the
foremost intergovernmental astronomy organisa-
tion in Europe and the world's most productive
astronomical observatory. ESO provides state-of-
the-art research facilities to astronomers and is
supported by Austria, Belgium, the Czech Repub-
lic, Denmark, Finland, France, Germany, Ireland,
Italy, the Netherlands, Poland, Portugal, Spain,
Sweden, Switzerland and the United Kingdom,
along with the host state of Chile. Several other
countries have expressed an interest in member-
ship.

ESQO's main mission, laid down in the 1962 Con-
vention, is to provide state-of-the-art research facil-
ities to astronomers and astrophysicists, allowing
them to conduct front-line science in the best con-
ditions. The annual Member State contributions to
ESO are approximately 198 million euros and ESO
employs around 700 staff members. By building
and operating a suite of the world's most powerful
ground-based astronomical telescopes enabling
important scientific discoveries, ESO offers nu-
merous possibilities for technology spin-off and
transfer, together with high technology contract
opportunities and is a dramatic showcase for Eu-
ropean industry.

The ESO Headquarters (comprising the scientific,
technical and administrative centre of the organi-
sation) are located in Garching near Munich, Ger-
many. In Chile, ESO operates the Vitacura centre
as well as three unique observing sites: La Silla,
Paranal and Chajnantor.
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