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1 Introduction

The European Extremely Large telescope, a 39 meter optical/near-IR telescope to be built on
the Cerro Armazones mountaintop in the Atacama desert in Chili (ESO, 2011) is designed to
offer unprecedented photometric and astrometric precision and accuracy. The Multi-AO Imaging
Camera for Deep Observations (MICADO) is the near-infrared imager and spectograph that will
be one of the three first-light instruments being built for the E-ELT.
MICADO is designed and built by a consortium led by the Max-Planck-Institute for Extraterres-
trial Physics. NOVA (Netherlands Research School for Astronomy) is also part of this consortium.
MICADO is supposed to be one of three first light instruments for the E-ELT, the others being a
integral field spectograph called HARMONI which is currently in development at the University
of Oxford and METIS, a mid-infrared imager and spectrograph, build by a collaboration of seven
European astronomy organisations.
One of the many challenges in the design of MICADO is the calibration of the geometric distortion
in the detector focal plane. The accurate astrometry is only as good as the calibration used on
it. The optics distort the image projected onto the focal plane and increase the errors of scientific
results significantly. It is therefore important to map these distortions carefully.
Geometric distortions can be divided into a static component and a dynamic component. Dis-
tortions due to thermal changes in the instruments or gravitational flexure are examples of the
dynamic component. In this report I’ll only look at the static component, which is about long
term variations and mostly a result of the manufacturing processes.
There are different representations of these distortions. Geometric distortions can be defined by
analytical methods, where the distortion is modelled using a polynomial, alternatively a lookup
table where every pixel is listed together with it’s true coordinates might be used when a analytical
solution is not sufficient. The lookup table is used often when an analytical model of the distortion
is difficult to obtain. Here I’ll investigate, using an analytical model, how accurately the geometric
distortions can be monitored using a star fields that have been extensively studied and of which
the proper motions are known relatively well. A catalog of a globular cluster situated in the Sagit-
tarius constellation called Terzan 5 will be used for this report. It contains accurate positions of
its stars as measured by the Hubble Space Telescope. If it turns out that the geometric distortions
have not been measured accurately enought to guarantee the desired astrometric performance of
50 μas, then self calibration can be used as well in the form of a dithered observation of a star
field with sufficient density or by use of an internal calibration device.
An overview of the different variables that will be used is given in Appendix A. An overview of
all the different abbreviations that are used is given in Appendix B.

2 Geometric distortions and astrometric goals of MICADO

To be able to reach the required astrometric accuracy of 50 μas over all timescales from 1 hour to
5 years, we need to be able to map all statistical and systematic effects very carefully.
The current goal is that the E-ELT will be able to reach diffraction-limited resolutions of Θ ∼ 10
mas for λ= 2 μm (Stuik et al., 2014). This is not easy to do, but it is possible.
The MICADO detector, consisting of 9 HAWAII-4RG detector plates, will be able to make use of
two different pixel scales (Genzel and Davies, 2009; Trippe et al., 2010). The standard pixel scale
is equal to 4 mas pix−1 (Davies et al., 2016), which gives less notable systematic uncertainties
(≈1 μas) than the special 1.5 mas pix−1 mode, but is more suited for sufficiently isolated targets.
The special mode can be used for crowded fields, where the small pixel scale allows a high level of
astrometric accuracy.
Various statistical and instrumental effects will influence the astrometric performance of MICADO,
such as achromatic and chromatic atmospheric dispersion or the geometric distortion due to the
optics.
Achromatic differential refraction (wavelength independent) appears when multiple sources with
slightly different zenith angles are projected onto the detector. The difference in this zenith angle
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ζcauses a notable distortion. The distortion ∆x between two sources roughly goes as follows:

∆x = (1 + tan2 ζ1)(A+ 3B tan2 ζ1)∆ζ (1)

where ζ1 is the zenith angle of source 1, ∆ζ is the observed zenith separation and A and B are
constants (Trippe et al., 2010).
These distortions can easily be absorbed by coordinate transforms, which are trivial to apply.
However, chromatic differential refraction is wavelength dependent as the refractive index n of
the atmosphere is a function of the wavelength. A coordinate transformation can’t easily be
applied here. This is difficult because all stars in an observed field send out light in many different
wavelenghts and all have slightly different spectral properties, which are not always completely
known.
The difference between the true zenith distance ζt and the apparent zenith distance ζa in radians
is given by Trippe et al. (2009):

ζt − ζa ' R tan ζt =
(n2 − 1

2n

)
tan ζt (2)

where R is the refraction constant. Usually the refractive index is given by

(n− 1)× 106 = 64.328 +
29 498.1× 10−6

146× 10−6 − s2
+

255.4× 10−6

41× 10−6 − s2
(3)

with s = λ−1, λ being the vacuum wavelength in nm.
Based on the zenith angles, angular distances, source colors and other effects this distortion can be
on the order of 1 mas. An atmospheric dispersion corrector (ADC) is being designed to counteract
this effect (Stuik et al., 2014) and is the main contribution by NOVA on the MICADO project.
The current design of the MICADO detector consists of 3×3 4k2 HAWAII-4RG detector plate con-
figuration offering a field of view of almost 49”×49” for the normal 4 mas mode, while a smaller
field of view of about 20”×20” can be achieved for the special 1.5 mas mode (Davies et al., 2016).
The design used to feature 16 detectors in a 4×4 configuration, but this was downsized to a 3×3
configuration due to budget concerns.
Geometric distortions are created by optics and projected onto the detector. Linear terms such as
shifts, rotations or scalings are easily accounted for by first or higher order coordinate transforma-
tions. However, there are also non-linear distortions that are a function of position. The expected
distortion for the E-ELT and MICADO is between 0.3% and 5%.
The geometric distortion can be described in two different ways. The analytical method makes use
of a 2D polynomial up to the fifth order to describe the distortions (see Section 3). A large number
of model parameters must be calculated which can be considered a disadvantage. Sometimes it is
very hard to find an analytical solution, or they are not accurate enough, which might turn out to
be the case for MICADO. Then empiric descriptions can be used instead of or in addition to the
analytical description. These are lookup tables for every area on the detector which stores data
about where the pixel should actually be on the corrected image plane.
Determining the distortion parameters can be done in several ways. One is by carefully observing
well known astronomical targets, e.g. a star cluster, of which the true coordinates are listed. By
comparing these with the measured coordinates one can build a distortion map. However, these
observations are sensitive to changes in the atmosphere, so these have to be corrected for first.
To get around the atmospheric distortion one can use in-lab methods, i.e. shine a well defined
light pattern on the detector and find the differences between the theoretical and observed images.
It could also be possible to use an internal calibration device in the form of a calibration mask.
In this mask are holes of which the relative distances need to be known, but not necessarily fab-
ricated, with accuracies of about 40 nm. A diffuse light projects point sources through the holes
onto the detector, creating an artificial standard star field. This can then be used to calibrate for
geometric distortions.
Currently this seems to be the most promising option and is actively being investigated. A sepa-
rate module could be put into the design. This would contain a foldable mirror, such that artificial
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light could be put in the regular optical path, but that it does not block the sky when observing.
A calibration mask is in between this mirror and a very diffuse light source. The calibration unit
could be placed in front of the wave front sensor, ADC and MICADO as seen in fig. 1 or in front
of MAORY, the adaptive optics module of the E-ELT, see fig. 2.
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Fig. 1: One option would be to put the calibration unit in front of MICADO, the wave front
sensor and some relay optics. (Navarro, 2015)

Fig. 2: Another option is to put the calibration unit before the MAORY adaptive optics module.
Then also the MAORY optics are taken into consideration. (Navarro, 2015)

5



3 Modeling the geometric distortion

In order to get an idea of the expected geometric distortions we will have to account for once the
E-ELT goes online I used Python to model the geometric distortion as a fifth order polynomial.
Due to the optics the light is projected in a distorted way onto the detector. If a point should
ideally be on position (x, y), then in reality it happens to be on position (x + x′, y + y′). The
distortions x′ and y′ are often described by a polynomial of an order between two and five. Due
to the required accuracy of the E-ELT instruments it was decided to pick a fifth order polynomial
to describe the geometric distortion, as seen in equations 4 and 5. A lower order polynomial could
introduce inaccuracies that would be too large for the required accuracy of 50 mas. However, the
code used should make it relatively easy to change to a lower order polynomial if so desired.

x′ = a0 + a1x+ a2y + a3x
2 + a4xy + a5y

2 + a6x
3 + a7x

2y + a8xy
2 + a9y

3 + a10x
4 + a11x

3y

+ a12x
2y2 + a13xy

3 + a14y
4 + a15x

5 + a16x
4y + a17x

3y2 + a18x
2y3 + a19xy

4 + a20y
5

(4)

y′ = b0 + b1x+ b2y + b3x
2 + b4xy + b5y

2 + b6x
3 + b7x

2y + b8xy
2 + b9y

3 + b10x
4 + b11x

3y

+ b12x
2y2 + b13xy

3 + b14y
4 + b15x

5 + b16x
4y + b17x

3y2 + b18x
2y3 + b19xy

4 + b20y
5

(5)

These equations are split into directional components, so one could only look at the x- or y-
component of the distortion. Another possibility would be to use cylindrical coordinates and take
r and φ as the components. It is then easy to combine these components into a total distortion
field.
Generally we expect the distortions to point radially outwards and the center of the detector to
be free from distortion, which we then define as the zeropoint. Note however that the values this
polynomial gives are distortion distances from the center in the x or y direction but do not give
a direction, i.e. a positive x′ does not necessarily mean that the distortion is to the right. In
the coordinate frame with the detector center at (0,0), then the distorted point x has a positive
distortion x′ when x > 0 and a negative distortion x′ when x < 0. Using cylindrical coordinates
would tackle this problem, but make the equations more difficult.
In Trippe et al. (2009) it is mentioned that we could maximally expect distortions on the order
of about 5% for an Offner design camera. For MICADO this would correspond to a displacement
of 614 pixels, or 1.8 arcsec. It is likely that the real distortions will be smaller.
A couple of assumptions are made for this model. We consider the detector as being a single
plate. Another important thing to keep in mind is that x′ and y′ are independent of each other.
They each depend on the detector position of the data point, but can be treated seperately. I’ll
mostly focus on x′ in this report. Generally the results for y′ will be exactly the same, as we
assume spherical distortion. This is a reasonable assumption when you consider that most optics
are spherical in form and thus create spherical distortions.

The basic steps of the program are as follows:

1. Assume a given distortion. I created a distortion that has a distortion similar to the expected
boundary conditions, no distortion at the center and 5% at the corners of the detector plate.

2. Distort data with the distortion polynomial. One should also include measurement uncer-
tainties as the point spread function of stars make it so that stars are not real point sources.
The original data catalogue will also have a certain measurement uncertainty.

3. Try to retrieve the distortion without using prior knowlegde by comparing distorted data
and the original data and finding a best fit.

4. Check if the calculated best fit is precise enough to allow for single frame calibration of the
E-ELT.
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For step 1 I created a set of data points where (0,0) has a distortion of 0, while around it a circle
of 20 points at a radius 8689 pixels have a distortion of 614 pixels. I then fitted eq. 4 to it to find
all 21 coefficients of the polynomial. As can be seen in fig. 3, these points don’t have to be on
the surface of the distortion field, because they define where we want the distortion field to go if
it would be outside the detector dimensions. This was the easiest way to make sure that only the
outer parts of the detector plate were maximally distorted.
The fit is performed using the kmpfit function from the Kapteyn package in Python (Terlouw
and Vogelaar, 2015). This function is an implementation of an older IDL function called MPFIT,
written by Craig Markwardt, and uses a non-linear least squares fitting routine to be able to fit
higher order polynomials.
Given a set of n data points, defined as (xi, yi) with i = 0, 1, 2, ..., n, kmpfit tries to find the
parameters β of a model function f(xi, β) which fit the given data set best. In our case β would
be a vector containing the coefficients a0, a1, ..., a20. Usually xi are called independent variables
and yi are dependent variables. For this case the coordinates are the independent variables and
the distortion coefficients are the dependent variables. Then the least squares method finds an
optimum such that the sum, S, of the squared residuals is at a minimum.

S =

n∑
i=1

r 2
i (6)

where the residual function ri is defined as

ri = yi − f(xi, β) (7)

This only describes the basic premise of least squares fitting. The non-linear part of the least
squares fitting is done with the Levenberg-Marquardt algorithm (LMA), an iterative process re-
quiring a first guess of β. A good guess does decrease the amount of iterations needed, however,
it handles almost all guesses fine. I defined β to be zero.
The Levenberg-Marquardt algorithm will not be described in further detail in this report, but
it is important to mention that LMA finds only local minima, which are not always the global
minimum. Different solutions to the fit are then possible and will be discussed later.
To check if the algorithm worked fine I created data with a given function and tried to retrieve
the function by fitting it using kmpfit. This worked as expected, allowing me to confidently use
it in the rest of the project.

7



Fig. 3: The given distortion in the x-direction is calculated by performing a best fit on 21 points
which define the boundary conditions with the position on the x and y-axis and the distortion on
the z-axis. All units are in terms of pixels. Here a center point at (0,0) with zero distortion and
a ring of 20 points with 614 pixels distortion are used. I chose the ring to have a radius of 8689
pixels, such that the maximum distortion of 5% is in the corners of the detector.

Fig. 4: This quiver plot shows in a more visual way the distortion. As we are only considering
the distortion in the x-direction for now, the arrows are not pointing in the y-direction.
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(a) Terzan 5 on the ACS WFC detector, compared
to MICADO field of view

(b) The transformed HST data in MICADO pixel
coordinates

Fig. 5: To calibrate MICADO using a standard star field it might be possible to use precise
astrometry as measured by HST. The MICADO field of view is shown relative to that of the HST
ACS camera. The data is translated into pixel coordinates on the MICADO CCD assuming zero
spacing between the different CCD plates.

4 Using reference catalogues for calibration

The Hubble Space Telescope is capable of performing high precisions astrometry (Anderson and
King, 2000), in part due to the abscence of an atmosphere, but also because the Point Spread
Function of the instruments are very well known. Astrometry often relies on differences between
pixel values, and therefore the PSF model used is incredibly important. The distortions of its
instruments are well known as they have been very stable over long periods of time, except for
small changes due to breathing (Bellini et al., 2014).
A limited bandwidth and valuable observing time are the main reasons that HST isn’t used very
often for astrometry, but it will be able to provide the catalogs with precise star positions and
proper motions that we will need in order to calibrate MICADO in a single image. The proper
motions are important to know in order to be able to correct over longer periods of time for the
individual movements of the stars in the respective field. For the sensitivity MICADO aims to
attain, this can certainly not be ignored.
Step 2 required us to distort real data using the polynomial we defined in the previous section.
Combining this with the expected measurement uncertainties will allow us to fit the distorted data
and draw conclusions.
I used a catalogue provided by Davide Massari of Terzan 5, a globular cluster located in the bulge
of the Milky Way, with precise star astrometry as measured by HST. All the stars in this catalog
have an apparent magnitude of 25 or lower. The uncertainty in the positions are taken to be
0.015 pixels, which is an uncertainty of 0.1875 pixels in the MICADO coordinate frame. The pixel
coordinates of the stars in this field were converted to sky coordinates relative to the center of the
ACS WFC detector using a pixel scale of 0.05 arcsec/pix for the ACS WFC chip. This was then
translated into pixel coordinates for MICADO using the pixel scale of 4 mas/pix. The FOV of
MICADO is smaller than that of the ACS WFC instrument on the HST, which means that only
a subsample of the field is used. This can be seen in fig. 5a. For the selected field the subsample
was selected using a simple linear translation and contains 13974 objects, which were conciously
picked not to be evenly distributed. The field is not crowded. The star density over the whole
subsample is 9.2×10−5 stars/pix, the most dense region (top left) has a star density of 1.5×10−4

stars/pix, while the least dense region contains about 4.5× 10−5 stars/pix.
To check if it is possible to use a star field catalog like this to calibrate MICADO in a single frame,

the distortions of the star coordinates were calculated with the distortion polynomial from section
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Fig. 6: Standard deviation in μas of distance measurements. The blue boxes show the prediction
for the effect of differential tilt jitter. For a 20 second exposure, roughly equal to a stack of 20
exposures of 1 second, we find a sigma of about 0.5 mas for a separation distance of 3.54 arcseconds.
Image from Stuik et al. (2014).

3. Then the distorted data could be used as input for kmpfit to rediscover the distortion. Two
different fitting procedures are done. For the first the measurement uncertainties are disregarded.
For the second we will add the positional uncertainties due to the PSF, the atmosphere and from
the original catalog. Without an atmosphere a calibration of this kind would not be very difficult.
Plenty of data points would quickly diminish the effect any small uncertainties from the calibration
catalog would have. A good characterisation of the PSF of MICADO could be achieved leaving
only very small positional uncertainties for point sources, let’s say 1% of the FWHM (full width
at half maximum) of the PSF. In Stuik et al. (2014) a FWHM of about 4 pixels is used. This is
slightly less that the diffraction limit, which, as they explain, could be a result of not completely
identifying the wings of the PSF. For our purposes it should be fine.
Differential tilt jitter is the effect caused by light from sources that experiences slightly different
atmospheric turbulence. This creates a random, achromatic, anisotropic fluctuation between two
sources. As an approximation we use the data from fig. 6 in Stuik et al. (2014). The positional
uncertainty due to differential tilt jitter can be approximated as follows.

σ =
0.5× 10−3 arcsec

3.54 arcsec

d√
2

(8)

Here d is the distance between two sources, or the distance to the center of the MICADO detector.
I used it in units of pixels, but angular distance units can be used if so desired. The constant
fraction is a linear constant extracted from Stuik et al. (2014) and is only an approximation. The√

2 is a factor used to split the positional uncertainty into an equal x- and y-component.
Now every star has its own positional uncertainty and weight for the fit. A star positioned at the
center would now have a minimal measurement uncertainty of roughly 0.19 pixels, while a star in
the corner has an uncertainty of roughly 0.88 pixels using addition of uncertainties, see eq. 9.
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Fig. 7: Plotting the RMS of the fit, using the brute force method. Here ∆ is defined to be the
difference between x′ref − x′bf .

σ2 =

N∑
i

σ2
i (9)

For the third step we assume we have no prior knowledge, only the distorted data, and try to
retrieve the original coefficients using kmpfit. A brute force method to implement the positional
uncertainties into the fit was used by randomly changing every data point according to a normal
distribution and using the new points to find the distortion coefficients. This process is done
100 times and then the calculated coefficients are averaged creating a final list of 21 parameters.
The calculated polynomial coefficients can be found in Table 1. aref and anoerror look somewhat
similar compared to abf , but many of the coefficients are not on the same order of magnitude.
It could very well be possible that there are different solutions to get to the desired distortion in
this case. This might be due to the LMA only finding local minima. If we take these coefficient
values and assume spherical distortion symmetry we can calculate the maximum distortion after
calibration with eq. 10.

x′max =
√

2×max(x′bf − x′ref ) (10)

Here x′bf and x′ref are the brute force distortion and the chosen distortion respectively. The
√

2
comes from the fact that for a isosceles triangle with a right angle the long side will be longer by
a factor of

√
2.

This gives a maximum distortion of 1.1 × 107 arcseconds, which is extremely large. If we ignore
the positional uncertainties we get a maximum distortion of 1.1 × 10−3 μas. A fixed uncertainty
of σ = 2.6875 pixels gives a maximum distortion of 5.5 μas, which is reasonable.
It should be investigated if this large value difference is the result of a programming error, or if
the effect of a different weight for every data point is really that severe. To start we can look at
how the fit works for a fixed uncertainty, i.e. every point has the same uncertainty. One would
then expect that a larger measurement uncertainty results in a less accurate fit. In fig. 7 the
RMS of the fit has been plotted as a function of σ. It shows a linear relationship, as we would
expect. There are some fluctuations which will decrease when using a larger number of iterations,
i.e. more than 100.
Another way to check if kmpfit works as expected is by comparing the distribution of x′ref −
x′recovered for all the data points projected onto the detector. If all is well it is expected that we
get a guassian curve with µ ≈ 0 pixels and a small σ. This is done in fig. 8. The distributions are
plotted with and without the positional uncertainty and also with a fixed uncertainty of 2.6875
pixels (i.e. the uncertainty is the same for all sources).
It is clear that the uncertainties play a large role here. Without the fit works just as expected and
it seems likely that a proper fit and even the calibration procedure would be possible. This might
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aref anoerror abf (σ = 2.6875pix) abf (pos.dep.)

a0 −3.71867× 10−26 −1.01892× 10−09 −9.76721× 10−07 45.3815
a1 7.00295× 10−20 2.81208× 10−11 1.26748× 10−09 3.72132× 10−04

a2 −8.58447× 10−20 1.19978× 10−11 1.62644× 10−09 −3.48287× 10−03

a3 3.13592× 10−06 3.13592× 10−06 3.13592× 10−06 4.91727× 10−07

a4 −5.21928× 10−24 −1.30909× 10−15 1.22888× 10−12 6.35801× 10−07

a5 3.29278× 10−06 3.29278× 10−06 3.29278× 10−06 6.94057× 10−07

a6 −1.70364× 10−28 −2.48521× 10−18 −5.00262× 10−17 −1.85369× 10−10

a7 −9.96807× 10−28 2.43469× 10−18 −2.10654× 10−17 −2.43295× 10−10

a8 3.88847× 10−27 −1.5219× 10−18 −2.47579× 10−16 −2.84703× 10−10

a9 −3.92642× 10−27 −2.89297× 10−18 −7.33764× 10−17 −3.21388× 10−10

a10 6.61822× 10−14 6.61822× 10−14 6.61822× 10−14 5.56198× 10−14

a11 3.62559× 10−31 5.22956× 10−23 −3.25268× 10−20 6.6469× 10−14

a12 1.30287× 10−13 1.30287× 10−13 1.30287× 10−13 8.46495× 10−14

a13 −6.89307× 10−31 8.05121× 10−24 −1.8957× 10−20 9.52565× 10−14

a14 6.41045× 10−14 6.41045× 10−14 6.41045× 10−14 1.14773× 10−13

a15 −1.96349× 10−35 5.87786× 10−26 7.09037× 10−25 −2.27481× 10−17

a16 −1.6398× 10−35 −5.33216× 10−26 −2.1246× 10−24 −2.77382× 10−17

a17 2.74008× 10−34 −1.02348× 10−26 2.24257× 10−24 −2.71599× 10−17

a18 4.44978× 10−35 −2.59596× 10−26 2.27181× 10−24 −4.57528× 10−17

a19 −3.10089× 10−35 5.02033× 10−26 5.51528× 10−24 −4.56682× 10−17

a20 −3.78123× 10−35 7.50177× 10−26 2.75611× 10−25 −5.37374× 10−17

Table 1: The polynomial coefficients as calculated by kmpfit for the reference polynomial, one
where the measurement uncertainties are disregarded and one where they are taken into account
by using the brute force method. All coefficients are small values and they don’t show a very close
agreement with each other.

also be the case for reasonable fixed uncertainties. Unfortunately, this does not seem to be the
case when the positional uncertainties are taken into account. The gaussian fit is not centered at
around 0, and it has a large standard deviation of 3.98 × 108 pixels. It looks like the differential
tilt jitter is a dealbreaker for the single frame calibration if no calibration mask is used.

5 Discussion

The kmpfit function is a good tool for fitting fifth order polynomials. It achieves great results given
enough data points and it is relatively quick. Unfortunately, the position dependent measurement
uncertainties caused by differential tilt jitter are a showstopper. The weight of the different data
points is heavily skewed towards the center, making finding good fit very difficult. The results are
clear, it is not possible to calibrate the geometric distortions of MICADO using a single frame of
a standard star field. I do find it somewhat peculiar that a0 is relatively large in this case, as well
as that the distribution from 8 has a mean not close to 0. This might be because there few stars
in the center with small positional uncertainties, while there are many away from the center of
the detector with larger uncertainties. This is something to look into in further research.
In its current form it is not possible to precisely replicate the values of the polynomial coefficients
over multiple runs. This is due to the random variations that persist even over 100 iterations.
These should decrease for a higher amount of iterations, though that does increase the computing
time required significantly and this is the reason why I decided to stay with the current number.
The implementation of the variable positional uncertainty might be implemented in a wrong
manner. A smaller final distortion, after the calibration, could be expected when you consider
that this method of calibration for the geometric distortions is used for other telescopes (Libralato
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Fig. 8: The distribution of the difference between the true and calculated distortions of all the
data points from the Terzan 5 catalogue. For A all positional uncertainties are included, for B a
fixed uncertainty of 2.6875 pixels is used and finally for C only the raw data points are used.
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et al., 2014) and it does give good results there. It would be good to check the effects of the size
of the telescope on the calibration possibilities, thus exploring this further. Differential tilt jitter
is dependent on the telescope diameter, so this could play an important role. The alternative
ways to map the geometric distortions discussed in section 2 should be studied in more detail
to determine how accurate they can possibly be compared to the single frame calibration. It
should also be studied how accurately the distortion can be mapped with a dithering process. The
distortions discussed here are relatively stable over longer periods of time and therefore don’t have
to be performed every observing night, howevery variations may occur over longer time periods,
so it should be done on regular intervals. Mapping the distortions using a dithered observation
of a star field. By using the fixed distances between stars, in the timeframe of the observation,
as a reference it is possible to attribute changes in relative distances between stars as a result of
geometric distortions. This process can very likely be performed far more accurately than a single
snapshot of a standard star field would be able to attain. Also measurement uncertainties due to
the atmosphere could be averaged out over multiple frames. This greatly reduces the effects found
in this report. In Trippe et al. (2009) it is expected that this will also not result in the required
accuracies. The safest option is to design and build a specialized calibration unit, as described in
section 2.

6 Conclusion

MICADO will achieve unprecedented astrometric accuracy if all optical and instrumental distor-
tions can be reduced to a managable level. I have investigated whether it will be possible to
calibrate for the geometric distortions in MICADOs 12k × 12k detector. A fifth order polynomial
was used to model these distortions, using kmpfit in Python as a non-linear least squares fitting
method, following the Levenberg-Marquardt algorithm, for the fitting routines. Globular clusters,
such as Terzan 5, are an excellent choice for for a calibrating catalog, because positions and proper
motions can be measured well by the Hubble Space Telescope.
For the frame that I used, with 13974 stars from Terzan 5, a maximum distortion after calibration
was calculated to be 1.1 × 107 arcseconds. This was calculated by using some approximations
concerning the different sources for positions uncertainties, such as 1% of the FWHM, the un-
certainty in the catalog data and the positional uncertainties as a result of differential tilt jitter.
This is a very unrealistic result, and not something that could be used. If it would be possible to
pinpoint a fixed measurement uncertainty to every data point, i.e. it is not dependent on detector
position, then it could very well be possible to use this single frame calibration method. This is a
result that does not allow the desired 50 μas astrometric accuracy to be reached. Therefore other
calibration methods should be used, with an internal calibration device being the most promising
option.
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Appendices
Appendix A

Symbol Meaning

x Undistorted or original x-position of a data point
y Undistorted or original y-position of a data point
x′ Distortion in the x-direction. The new distorted position is x+ x′.
y′ Distortion in the y-direction. The new distorted position is y + y′.
n Number of data point. Used for the Least Squares Method.
β Vector containing the coefficients the fitting method is trying to find.
aref Coefficients from the given distortion. These should be returned by kmpfit

anoerror Coefficients found by kmpfit using the Terzan 5 data, without taking into account
measurement errors.

abf Coefficients found by kmpfit using the Terzan 5 data, while taking into account
measurement errors.
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Appendix B

Abbreviation Meaning

ACS WFC Advanced Camera for Surveys Wide Field Channel. The most used channel of
a third generation instrument aboard the Hubble Space Telescope. It consists
of two 2k by 4k CCD plates and has a pixel scale of 0.05”.

ADC Atmospheric Dispersion Corrector. An instrument that counteracts the chro-
matic differential diffraction. Such an instrument is being designed by NOVA
for the European Extremely Large Telescope.

E-ELT European Extremely Large Telescope. A planned telescope with a 39 meter
primary mirror, to be build on the Cerro Armazones in Chile. First light is
expected to be in 2024.

FOV Field Of View. Describes how wide of a view the instrument has.
FWHM Full Width at Half Maximum. This is the width of a curve measured between

the points on the y-axis that are half of the maximum amplitude.
HARMONI High Angular Resolution Monolithic Optical and Near-infrared Integral field

spectrograph. An integral field spectograph which is one three first light in-
struments for the European Extremely Large Telescope and is being built by
a consortium led by the University of Oxford.

HAWAII-4RG A type of detector that is used for the MICADO imager, used for near-infrared
imaging.

HST Hubble Space Telescope.
KMPFIT A python implementation in the Kapteyn Package of an older IDL function

called MPFIT. It is used to fit higher order polynomials.
LMA Levenberg-Marquardt Algorithm. An iterative method to solve the non-linear

part of the least squares fitting. It requires a first guess of β and has as
a disadvantage that it only finds local minima, which can result in multiple
solutions to the fit.

METIS Mid-infrared E-ELT Imager and Spectrograph. One of three first light instru-
ments being built for the European Extremely Large Telescope. It is designed
and build by a consortium led by NOVA.

MICADO Multi-AO Imaging Camera for Deep Observations. A near-infrared imager and
spectrograph built to be one of three first light instruments of the European
Extremely Large Telescope.

NOVA Nederlandse Onderzoekschool Voor Astronomie. A dutch research center for
Astronomy.

PSF Point Spread Function. Describes the response of a detector to a point source.
This is rarely a single point and thus if the PSF is well known, more accurate
information can be extracted from the data.

Terzan 5 A globular star cluster in the constellation of Sagittarius, of which a catalog is
used as a reference.
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