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ABSTRACT
The conceptual design of the Giant Magellan Telescope has four wavefront sensors used to maintain the shape and
alignment of the segmented primary and secondary mirrors. In this paper, we show that by reading the sensors
at 200 Hz, we can also compensate for low altitude turbulence. As a result, there is a large improvement in image
quality, even at visible wavelengths, over the entire science field of view of the telescope. A minimum-variance
reconstructor is presented that takes slope measurements from four stars of arbitrary location and magnitude
and produces the optimal adaptive secondary mirror commands. The performance of the adaptive optics system
in this mode is simulated using YAO, an end-to-end simulation tool. We present the results of trade studies
performed to optimize the science return of the telescope.
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1. INTRODUCTION
The Acquisition, Guider Wavefront Sensor (AGWS) system under design for the Giant Magellan Telescope
(GMT) has four wavefront sensors (WFSs) which are required to measure and compensate for distortions in
the optical figure of the primary and secondary mirrors, and to make a coarse measurement of the telescope
segment piston. If those WFSs operate with sufficient temporal and spatial bandwidth, they can also be used to
compensate for the ground layer turbulence. By using the AGWS system in this way, we get a natural guide star
(NGS) ground layer adaptive optics (GLAO) system for free. An important requirement for this GLAO system
is that it must have essentially 100% sky coverage since it will be used during every science observation. In this
paper, we show that this requirement is met. Three factors make it possible to do GLAO with NGSs: the large
diameter of the GMT, low noise sensors which have recently become available to the astronomy community and
advanced wavefront reconstruction techniques. The GLAO system can compensate for the entire science field of
view of the GMT, but it can also be used to optimize a narrow field-of-view, such as a high resolution visible light
spectrograph that traditionally would have no AO correction at all. In this paper, we quantify the performance
of an NGS GLAO system for the GMT, both for on-axis targets and over the entire science field of view.
The conceptual design for the AGWS has four sensors centered at 90◦ intervals. Each sensor can reach
±60◦ from its nominal position (and ±90◦ might also be possible), and no sensor can get closer than 45◦ from its
neighbor. For the purposes of this paper, the position angle of the science field is a free parameter, so the probes
can all be rotated to the most advantageous position. The patrol radius of each sensor is 6’ to 10’.
The WFS in the conceptual design is a 24×24-subaperture Shack-Hartmann WFSs with 1.075-m subapertures.
There are 10 × 10 pixels per subaperture, each of which subtends 0.3”. The camera is an Andor iXon Ultra
897, which contains an e2v CCD97, a 512 × 512 pixel electron multiplying charge coupled device (EMCCD).
The camera can be cooled down to -100◦ C to keep the dark current down to negligible √
levels. EMCCDs have
subelectron read noise (we assume a value of 0.5 e− ), but have an excess noise factor of 2 due to the electron
multiplication process. From a measurement noise perspective, the excess noise factor is equivalent to a reduction
in quantum efficiency (QE) of 50%.
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The traditional approach to wavefront reconstruction for GLAO has been to reconstruct the wavefront from
each WFS separately and average the wavefronts. In this paper, we propose to combine the reconstructed
wavefronts in an optimal manner that takes into account the position of the guide stars, their magnitude and the
science field. This minimum-variance reconstructor is presented in Section 2. The mathematical formalism from
the minimum-variance reconstructor also allows us to estimate the tomographic error for any arbitrary asterism
and science field using the operating conditions and simulation parameters described in Section 3. The results
of the analysis and end-to-end simulations in YAO are presented in 4. The paper concludes with a summary in
Section 5.

2. WAVEFRONT RECONSTRUCTION
The traditional way to reconstruct the wavefront in GLAO is to take the reconstructed wavefront from each
WFS and average them together.1, 2 We call this reconstructor the averaged-wavefront reconstructor. In this
section, we present a minimum-variance reconstruction technique ideally suited to randomly located guide stars
with varying magnitudes and arbitrary science fields. We show in Section 4.2 that this minimum-variance
reconstructor greatly outperforms the averaged-wavefront reconstructor even in the case where the guide stars
are evenly distributed and noiseless.
The wavefront reconstruction problem can be described as follows. We have a number of noisy WFS measurements, s, and we wish to find the actuator commands, a, that minimize the wavefront in one or more directions.
The minimum-variance estimate of a is given by:3
â = hasT ihssT i−1 s,

(1)

and the corresponding wavefront error due to measurement noise and tomographic error is3
σφ2 = haaT i − hasT ihssT i−1 hsaT i.

(2)

The square brackets are used to denote the expected value. Hence, an expression like hssT i represents the
covariance matrix of the noisy centroid measurements, s. Vidal shows how to calculate the covariance matrix
of the centroid measurements analytically.4 Unfortunately, hssT i is not invertible, since there are a number of
modes in the wavefront sensor that do not affect the reconstruction (the so-called “null modes” for classical AO).
A high degree of regularization is needed to invert the matrix. Instead, we can use the covariance matrix for
wavefront estimates, which has approximately half as many rows and columns as the covariance matrix of slope
estimates.
First, we convert the slope measurements into wavefront estimates, x, in the direction of each guide star. If
H is the interaction matrix, such that
s = Hx + n,
(3)
where n is the measurement noise, then any conventional reconstructor, R, can be used to compute the wavefront
in each direction from s:
x̂ = Rs.
(4)
Here, we use the reconstructors that penalize second derivatives in the wavefront, as suggested by Ellerbroek5
and implemented in YAO:6
R = (H T H + αLT L)−1 H T ,
(5)
where α is a regularization parameter and L is a Laplacian penalization matrix.5 Once we have the estimate of
the wavefront in the direction of each wavefront sensor, we obtain the optimal ASM commands:
â = haxT i hxxT i + RhnnT iR
and we define the control matrix, M , to be:

−1

M = haxT i hxxT i + RhnnT iR

Rs,

−1

R.

(6)

(7)

The wavefront error due to a combination of tomographic error and measurement noise error in open-loop is

σφ2 = haaT i + M hxxT i + RhnnT iRT M T − 2M hxaT i.

(8)

σφ2 = haaT i − haxT ihxxT + RhnnT iRT i−1 hxaT i.

(9)

If the reconstructor used is the minimum-variance reconstructor, this simplifies to:

The remaining problem is how to calculate the covariance matrices.
The noise covariance matrix, hnnT i, can be computed from first principles or from simulations. We prefer to
use the latter since this accounts for the precise behavior of the WFS, including non-linearities in the denominator,
spot truncation and pixelation, etc.
The covariance matrix for the wavefront at two different locations, r1 and r2 , and in two arbitrary directions,
θ1 and θ2 , depends on Fried’s parameter, r0 , the outer scale of turbulence, L0 , and the vertical distribution of
turbulence. A finite outer scale is required to avoid infinite values in the covariance matrix. We assume that
there are NL turbulence layers, each with fraction ǫ(l) of turbulence at layer l at height h(l). The covariance is
given by7
NL
X
hφ(r1 , θ1 ), φT (r2 , θ2 )i = c(r0 f0 )−5/3
ǫ(l) (2πf0 δρ (l))5/6 K5/6 (2πf0 δρ (l))
(10)
l=1

where f0 = 1/L0 and K5/6 is the fractional Bessel function of the second kind of order 5/6. We define the
distance between two wavefronts at turbulence layer l, as
δρ (l) = |ρ1 (l) − ρ2 (l)| ,

(11)

ρi (l) = (1 − h(l)/zi )ri + h(l)θi .

(12)

ρi (l) = ri + h(l)θi .

(13)

where
The altitude of the guide star, zi , is infinite for a natural guide star, so Eq. (12) simplifies to

The value of the constant, c, is given by
c=



24
Γ
5

 5/6
Γ(11/6)
6
,
5
25/6 π 8/3

(14)

where the symbol Γ represents the gamma function. In these calculations, the piston of the wavefront has not
been removed and must be projected out of the reconstructor.
Next, we calculate haxT i, the optimal ASM commands given the estimated wavefronts. The covariance matrix
between the wavefront at the WFS locations and 21 representative points in the science field is calculated, and
then averaged over all the points in the science field.
The reconstructor in Eq. (7) is the optimal open-loop reconstructor. However, the GLAO system runs in
closed-loop, since the WFSs see the correction applied by the adaptive secondary mirror. We can operate in
closed-loop with an open-loop reconstructor by using so-called pseudo open-loop control.5 In pseudo open-loop
control, the error at time k, u[k], is found by applying the reconstructor to the centroids that would be measured
if no ASM was present and subtracting the current commands:
u[k] = M (s[k] + Ha[k]) − a[k].

(15)

Eq (15) can be rewritten using the identity matrix, I, as:
u[k] = M s[k] + (HM − I)a[k].

(16)

The actuator commands are updated using a closed-loop control law, such as an integrator with a variable loop
gain, g:
a[k + 1] = a[k] + gu[k].
(17)

3. DESCRIPTION OF CALCULATIONS AND SIMULATIONS
In this section, we describe how we perform the analytical calculations and numerical simulations.

3.1 Photometry, noise and atmospheric conditions
The noise characteristics of the detector and the photometric parameters used in the calculations and simulations
are tabulated in Table 1.
Table 1: Photometric parameters used in the simulations
Central wavelength

0.64 µm

Photometric zero point
Sky background magnitude per arcsec2
Optical throughput
Quantum efficiency
Noise excess factor
Read noise
Dark current

4.0×1012
19.2
60%
90%
√
2
0.5e−
0e−

The atmospheric parameters are derived from the typical-typical profile for January 2008 from Goodwin8
and are reproduced in Table 2 for convenience. This turbulence profile is pessimistic with regards to the fraction
of turbulence located near the ground: most profiles in the literature, including results taken by Goodwin four
months earlier, indicate that there is a higher fraction of turbulence near the ground. The value of r0 is 0.151 m
at a wavelength of 500 nm. An outer scale of 60 m is assumed.
Table 2: Turbulence profile used in the simulations
Elevation (m)

Turbulence fraction

Wind speed (m/s)

Wind direction (◦ )

25
275
425
1250
4000
8000
13000

0.126
0.087
0.067
0.350
0.227
0.068
0.075

5.65
5.80
5.89
6.64
13.29
34.83
29.42

0.78
8.25
12.48
32.50
72.10
93.20
100.05

3.2 Selection of star fields and asterisms
Simulated star fields were generated for the South Galactic pole using the Besançon star model. The South
Galactic Pole was chosen as the “worst case scenario”, since the GLAO system must operate over essentially the
whole sky. Simulations using star fields closer to the Galactic Plane were also performed,9 but the results are
not shown here due to space limitations.
The Besançon web interface, http://model.obs-besancon.fr, was used to generate a simulated catalog of
a 1 square degree region at the South Galactic Pole. This produced a list of stars with the correct distribution
of magnitudes and colors. Then random positions within a one degree square were reassigned to each star in the
input list. Stars within 10’ of the field center were selected for further processing by the GLAO simulation.
For each star field we need to select the best asterism, and doing this in an optimal way is not trivial. Ideally,
we would compare the tomographic error for each possible asterism, but this takes too long. Instead, we follow
this procedure.
First, we create a wavefront error metric that depends on the distance of the star from the center and the
star’s magnitude. The error metric is evaluated for each star with a suitable magnitude (mR < 16.5) within the

allowable search annulus (6′ < r < 10′ ). The stars are then ranked according to the error metric. The best star
is selected as a guide star. All stars with an azimuth within 45◦ of the first star are discarded, and the next best
star is selected. This process is repeated until four stars have been chosen.

3.3 Analytical calculations
The analytical calculations presented in this paper were performed by evaluating Eq. (9) using the covariance
matrices corresponding to the stars in the simulated star fields. The wavefront covariance matrices were calculated
in the Yorick language using the gsl plugin, downloaded from https://github.com/emmt/ygsl, to evaluate the
Bessel functions. The noise covariance matrices were estimated from YAO simulations by running 100 iterations
of a WFS using the appropriate guide star magnitude and calculating the variance of the measurements.

3.4 Description of simulations
End-to-end simulations were run using YAO,6 and end-to-end simulation package written in Yorick that is both
fast and extremely flexible. The WFSs were modeled using physical optics at the central wavelength of the
WFSs. A simple integral controller in pseudo-open loop was used, with a gain of 0.4. The simulations consisted
of 6000 iterations at 200 Hz, for a total of 30 s of simulation time.
The GMT uses an ASM with over 4000 actuators. The actuator geometry was not modeled in this study;
for convenience and speed, the actuators in a regular grid were placed conjugate to the corners of the WFS
subapertures in what is known as the Fried configuration. The conjugation altitude of the ASM, which is 165 m,
was modeled by shifting all the turbulent layers down by 165 m, so that some are even below the ground. This
models the misconjugation between the ASM and the turbulence layers, but does not model the displacement of
the metapupil on the ASM for off-axis guide stars and science targets. The effect of the metapupil displacement
is small but must be included in the on-sky reconstructors.
Two modifications were made to the standard YAO package. The centroid calculation was replaced with
the correlation algorithm,10 and the reconstructors were computed offline, since minimum variance tomographic
reconstructors are not yet available in YAO.

4. RESULTS OF ANALYSIS AND SIMULATIONS
4.1 Correlation algorithm
The correlation algorithm has several advantages over the centroid algorithm when using faint stars. It is
insensitive to a uniform background and it is not biased towards the center, like the centroid is. The correlation
algorithm is also less sensitive to noise, as shown in Figure 1.

Figure 1: K-band 50% encircled energy diameter as a function of guide star magnitude. The plots compare the
performance of the correlation algorithm with the centroid.

4.2 Minimum-variance reconstructor
The difference in performance between the minimum-variance and averaged-wavefront reconstructors is even
more drastic. To demonstrate this, we ran a noiseless case with four regularly spaced guide stars at a distance of
6’ from the optical axis, and a single on-axis science target. Three simulations were run: no GLAO correction, the
averaged-wavefront reconstructor and the minimum-variance reconstructor. The results, tabulated in Table 3 and
plotted in Figure 2, show that the minimum-variance reconstructor is vastly superior to the averaged-wavefront
reconstructor, even in this ideal case.
Table 3: On-axis FWHM and 50% encircled energy diameter (mas) as a function of wavelength and wavefront
reconstruction strategy.
Wavelength (µm)

0.440

0.550

0.640

0.790

1.215

1.654

2.179

573.3
537.3
478.0

552.9
518.9
447.3

533.2
502.8
420.7

510.9
470.9
383.0

451.8
392.8
268.1

403.6
337.0
203.6

374.0
268.8
161.2

666.9
636.8
584.4

652.7
620.2
564.5

640.7
607.1
548.3

622.8
585.8
523.5

578.6
536.4
461.3

542.6
496.1
409.3

514.7
459.6
363.6

FWHM (mas)
No correction
Averaged-wavefronts reconstructor
Minimum-variance reconstructor
50% encircled energy diameter (mas)
No correction
Averaged-wavefronts reconstructor
Minimum-variance reconstructor

50% encircled energy (mas)

650
600
550
500
450

No correction
Averaged WFSs

400
350

Minimum−variance

0.5

1.0

1.5

2.0

Wavelength (microns)

Figure 2: 50% encircled energy diameter as a function of wavelength and wavefront reconstruction strategy.
We note that the minimum-variance reconstructor does not depend sensitively on the assumed atmospheric
parameters. As an example, simulations were performed with the typical atmospheric parameters but using nine
different reconstructors that assume a wide range of atmospheric conditions. There were three sets of ground
layer profiles (poor, typical and good) and the corresponding set of three free atmosphere profiles. The residual
wavefront error for a typical star field, plotted in Figure 3, shows that the performance does not depend on the
assumed turbulence profile.

4.3 Minimum radius of probes
We calculated analytically the sum of the tomographic error and the measurement error noise for 101 random
star fields at the South Galactic Pole. The error as a function of minimum radius of the guide star probes is
plotted in Figure 4. For comparison, the RMS uncorrected error is 2.435 microns. It can be seen that reducing
the inner radius from the baseline value of 6’ is extremely useful, even at the South Galactic Pole. An important
question is whether the analytical formula is consistent with the results from end-to-end simulations in YAO.
Simulations were run for 11 asterisms, one for every decile. The Strehl ratio was evaluated at 10 microns and

Figure 3: RMS wavefront error as a function of vertical distribution of turbulence. The nine turbulence models
represent the cases in Table 7.38 of Goodwin.8
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Figure 4: On-axis RMS wavefront error as a function of field percentile. The different lines represent the minimum
allowable radii of the guide star probes. The diamonds represent the simulation results for the case where the
minimum guide star radius is 3’.
converted to a wavefront error using the Maréchal approximation. The simulation results are compared to the
analytical values in Figure 4, which shows that there is excellent agreement between the two! The simulation
values plotted have a constant value subtracted to make the first point in the plot match; this is because there
are error terms, such as bandwidth and fitting error, that are not included in the analytical calculation.
In the remainder of the report, we assume that only guide stars 6’ or more from the optical axis can be used,
as this limitation is imposed by the current design.

4.4 Wide field results
For many science instruments, we wish to correct the wavefront over a wide field of view. Because there is only
one correcting element (the ASM), we cannot correct perfectly in all directions, even if we know the wavefront
aberrations everywhere in the field. The lower bound for the error due to only having one correcting element
is shown in Table 4. This calculation, which assumes that the wavefront is known over the whole science field,
produces the minimum attainable error independent of guide star number, location and magnitude.
Table 4: Uncorrectable wavefront as a function of science field diameter.
Science field diameter (arcmin)

0

2.5

5

7.5

10

∞

RMS wavefront error (microns)

0

0.612

0.902

1.090

1.224

2.435

Then we calculate the actual wavefront error given the available asterisms at the South Galactic Pole. The
results for 5’ and 10’ diameter fields of view are plotted in Figure 5. As expected, when the science field diameter
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Figure 5: RMS wavefront error over a science field of view diameter of (a) 5’ and (b) 10’ as a function of field
percentile. The different lines represent the minimum allowable radii of the guide star probes.
increases, the wavefront error increases, and the variation in wavefront error with star field decreases. The
interesting thing to note is that the wavefront error for the best star fields with a minimum distance of 180”
are very close to the theoretical minimum. This means that, even for as few as four guide stars, we are mostly
limited by the ability to correct the wavefront, not the ability to measure it.
Simulations were run for the median star field at the South Galactic Pole for the 5’ and 10’ diameter science
fields of view. The results are compared with seeing-limited values in Table 5. There is still a significant
improvement in the image quality even across the 10’ diameter field of view. The correction is quite uniform
across the science field. The asterisms used and analytic wavefront error across the field is displayed in Figures
Table 5: FWHM and 50% encircled energy diameter as a function of spectral filter for a median star field at the
South Galactic Pole. The minimum radius of the guide star probes is 6’.
Wavelength (µm)

0.550

0.790

2.179

557.7
500.5 ± 8.2
487.6 ± 6.4
459.9

518.1
448.1 ± 10.3
429.9 ± 9.4
399.2

374.2
261.3 ± 19.7
232.2 ± 13.9
183.8

657.3
605.7 ± 5.9
595.8 ± 4.5
574.3

627.2
569.8 ± 6.8
558.4 ± 5.1
534.7

520.8
440.4 ± 10.7
421.0 ± 9.2
379.9

FWHM (mas)
No correction
10’ diameter
5’ diameter
On-axis correction
50% encircled energy diameter (mas)
No correction
10’ diameter
5’ diameter
On-axis correction
6 and 7.

4.5 Comparison of EMCCDs with sCMOS
There are two kinds of existing detector technologies that could be used as the wavefront sensor: CCDs with
electron multiplication and scientific sCMOS devices. The main drawback with the EMCCDs is the limited

(a)

(b)

Figure 6: (a) Median star field at the South Galactic Pole for a 5’ diameter science field. The circled stars
represent the optimal asterim. (b) The analytic wavefront error as a function of field position.

(a)

(b)

Figure 7: (a) Median star field at the South Galactic Pole for a 10’ diameter science field. The circled stars
represent the optimal asterim. (b) The analytic wavefront error as a function of field position.
frame rate for pixel arrays greater than 256 × 256. The frame rate for the Andor iXon Ultra 897, is tabulated in
Table 6. Other camera vendors may be able to improve on the frame rates quoted here. Another EMCCD option
Table 6: Maximum frame rate for the Andor iXon Ultra 897.11
Read pixels

Binning

512 × 512
256 × 256
256 × 256

1×1
1×1
2×2

Frame rate
56 Hz
174 Hz
109 Hz

is the OCAM2 camera from First Light Imaging. This camera uses the CCD220 from E2V with 240 × 240 pixels
and the whole array can be read at 1500 Hz. The noise and quantum efficiency characteristics are the similar
to the Andor device, but the cost is higher. There are a number of sCMOS devices on the market that could be
useful. The sCMOS device have smaller pixels, which makes the optical design more challenging. We compare
the characteristics of different cameras in Table 7. Simulations were run with different asterisms at the South
Galactic Pole, to compare the EMCCD with an sCMOS device. The results are almost identical, as can be seen
in Figure 8, which displays the 50% encircled energy diameter at J-band. The results at other wavelengths are
also very comparable.

Table 7: Characteristics of the different cameras. The frame rate is quoted for 240 × 240 pixels and the quantum
efficiency is quoted at 640 nm. The effective quantum efficiency is the true quantum efficiency for sCMOS
devices, and half this value for EMCCDs due to the excess noise factor. The number of pixels is the smallest
number of pixels in any dimension.
Device
Andor iXon Ultra 897
First light OCAM 2
Hamamatsu ORCA 4.0
Andor Zyla 4.2
PCO edge

Technology
EMCCD
EMCCD
sCMOS
sCMOS
sCMOS

Pixels
512
240
2000
2000
2160

Pixel size
16
24
6.5
6.5
6.5

µm
µm
µm
µm
µm

Effective QE

RON

0.46
0.41
0.70
0.71
0.70

−

< 1e
0.1e−
1.3e−
0.9e−
1.3e−

Frame rate
111
1500
>800
>398
> 435

Hz
Hz
Hz
Hz
Hz

Figure 8: J-band (1.215 µm) 50% encircled energy diameter as a function of guide star field percentile. The
results compare an Andor iXon Ultra 897 with an Andor Zyla 4.2 for a 24 × 24 subaperture GLAO system.

4.6 Number of subapertures
In this section, we explore the benefits of using more than 24 × 24 subapertures. As the number of subapertures
increases, higher spatial frequencies are corrected and we expect to see improved performance, especially at short
wavelengths. This, in fact, is what happens, as seen in Figures 9 to 12, that plot the 50% encircled energy as a
function of subapertures. The FWHM has a similar dependency on number of subapertures.

Figure 9: V-band (0.55 µm) 50% encircled energy diameter as a function of guide star field percentile for different
numbers of subapertures.
It is always better to increase the sampling to 36 × 36 subapertures and almost always better to further
increase this to 48 × 48. However, if an EMCCD is used, then an increase in number of subapertures will result
in a lower maximum frame rate. The optimal frame rate depends on the number of subapertures. Regardless
of the asterism, we would never run slower than 100 Hz. However, where bright stars are available, simulations
show that the performance improves with increasing frame rate. For the 24 × 24 case, 200 Hz appears sufficient,

Figure 10: I-band (0.79 µm) 50% encircled energy diameter as a function of guide star field percentile for different
numbers of subapertures.

Figure 11: V-band (1.215 µm) 50% encircled energy diameter as a function of guide star field percentile for
different numbers of subapertures.
whereas for 48 × 48 subapertures, a 400 Hz frame rate is beneficial. An ideal control paradigm would combine
the information from the different WFSs at different frame rates, but this feature is beyond the scope of this
study.

5. CONCLUSION
This paper studies the performance of an NGS-based GLAO system for GMT that uses the AGWS sensors to
measure and correct the ground layer turbulence. It has essentially 100% sky coverage, while still providing a
significant improvement in image quality, even at visible wavelengths.

Figure 12: K-band (2.179 µm) 50% encircled energy diameter as a function of guide star field percentile for
different numbers of subapertures.

We describe a minimum-variance reconstructor that more than doubles the improvement in image quality
that would be obtained using the standard GLAO reconstructor. This reconstructor is very practical because it
does not depend sensitively on the atmospheric turbulence profile and can be computed quickly using standard
hardware. The mathematical formalism of the reconstructor allows us to predict the wavefront error across the
field for any asterism analytically. End-to-end simulations run using YAO produce results that are consistent
with the analytical calculations and confirm the utility of the GLAO system.
The GLAO system is useful over the entire field of view of the telescope, but tomographic reconstructor also
allows us to optimize the correction over a single point in the field. This is particularly useful for a visiblelight, high-resolution spectrograph, especially because there is no reduction of throughput or increased overhead
associated with the GLAo system.
The performance of sCMOS devices is comparable to EMCCDs for this AO system. The major limitation of
EMCCDs is the frame rate if more than 240 × 240 pixels are required. The main concern with sCMOS-based
cameras is that the small pixel size will make the optical design more challenging.
There are two important results from this study that will influence the design of the AGWS. The first is
that the probes should be allowed to move closer to the optical axis, since a large reduction in wavefront error
will be obtained by doing so. Likewise, there are enough bright stars that the number of subapertures could be
increased from 24 × 24 to 36 × 36 while still maintaining full sky coverage, even at the South Galactic Pole.
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