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ABSTRACT

The search for exoplanets is pushing adaptive optics systems on ground-based telescopes to their limits. Currently,
we are limited by two sources of noise: the temporal control error and non-common path aberrations. First, the
temporal control error of the AO system leads to a strong residual halo. This halo can be reduced by applying
predictive control. We will show and described the performance of predictive control with the 2K BMC DM in
MagAO-X. After reducing the temporal control error, we can target non-common path wavefront aberrations.
During the past year, we have developed a new model-free focal-plane wavefront control technique that can
reach deep contrast (<le-7 at 5 A/D) on MagAO-X. We will describe the performance and discuss the on-sky
implementation details and how this will push MagAO-X towards imaging planets in reflected light. The new
data-driven predictive controller and the focal plane wavefront controller will be tested on-sky in April 2022.
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1. INTRODUCTION

One of the primary goals of the upcoming generation of Giant Segmented Mirror Telescopes (GSMT) will be the
direct imaging of Earth-like exoplanets. This requires large apertures, both for their light collecting area and their
resolution. Planets, like Earth, are usually many orders of magnitude fainter than their host star.! This makes
them difficult to detect. Especially when the planets are only separated by several times the diffraction limit.
Furthermore, atmospheric turbulence create large wavefront errors that need to be corrected. High-contrast
imaging instruments tackle both problems by removing the influence of the star with extreme adaptive optics
and coronagraphs.? Earth-like planets around M dwarf stars, which are the primary targets for the upcoming
telescopes, have a contrast that is close to 1078.3
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Current direct imaging instruments routinely reach post-processed contrast levels of 10™* to 107 at angular
separations between 0.1 arcsec and 1.0 arcsec.* This sensitivity is enough to image and characterize massive self-
luminous planets® that emit the majority of their emission in the near-infrared part of the spectrum. And even
though these instruments are sensitive enough to detect Jupiter-like planet, very few are discovered. Analysis
of direct imaging surveys and radial velocity surveys hint that there is a turn over where the occurrence rate of
exoplanets starts to drop.®® This turnover happens between 1 to 10 AU, which is the expected position of the
snow line.

The sensitivity closer in to the star has to be improved for both current exoplanet planet science and future
exoplanet science. The limitation at small angular separations for the upcoming GSMTs can be divided in 3
problems:

e Time lag in the adaptive optics (AO) system.!'2 The correction of the atmosphere is always trying to
catch up because the wavefront that has been measured has also already passed through the system. This
causes a delay that can not be corrected anymore. The servo-lag error creates a so called wind-driven halo
that limits the contrast.

e The optics of the coronagraph are not part of the wavefront sensor. This means that light will travel through
non-common optical paths, which will create internal instrument aberrations that are not visible to the
wavefront sensor. These non-common path aberrations create speckles that leak through the coronagraph.

e The GSMTs will be segmented. The segmentation create differential piston modes, which are difficult to
sense with conventional wavefront sensors. These segment piston modes for the Giant Magellan Telescope or
petal modes for the European Extremely Large Telescope are very low-order modes. And, strong low-order
modes create the most coronagraphic leakage.

In this proceeding we summarize the work that has been done with the MagAO-X instrument to tackle these
problems. MagAO-X is a new high-contrast imaging instrument for the 6.5 Magellan Clay Telescope.!® Section 2
describes our approach to predictive control to reduce the wind-driven halo. A new focal-plane wavefront control
strategy is shown in Section 3. And Section 4 shows a new approach to measuring and controlling differential
piston / petal modes.

2. PREDICTIVE CONTROL

There are multiple approaches to solve the wind-driven halo. The first is to run the AO system at a high enough
speeds that the atmospheric turbulence is frozen. This requires measuring the wavefront at speeds of several
kHz. This approach use at SCeXAO and MagAO-X.'*15 While running faster can reduce the impact of the
wind-driven halo it does not solve it completely. The system is still running behind even at high speeds. Another
approach is to predict how the atmosphere is going to evolve and correct the wavefront errors before they are
measured. Predictive control can lead to significant gains in post-processed contrast for high-contrast imaging.
The post-processed contrast could be improved by a factor 100 to 1000, if predictive control is used and the
temporal evolution of the atmosphere is predictable.'618

We have recently developed the data-driven subspace predictive control (DDSPC) algorithm.!® This al-
gorithm only uses the wavefront measurements and the past DM commands to determine the new optimal
command. The DDSPC algorithm directly uses the closed-loop residuals, without reconstructing the full turbu-
lence. The advantage of this approach is that we side step any reconstruction error due to model errors. This
approach was implemented for the GPU with the Compute Unified Device Architecture (CUDA)?° to create a
real time adaptive controller. The controller runs at 2kHz in double precision and at 4 kHz in single precision
for MagAO-X, which has 1600 controlled modes.

The DDSPC algorithm is called data-driven and model free. This is a slight misnomer, because there is
no controller that is truly model free. If models are called model free then what is meant is that there is no
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underlying parametric model of which the parameters are optimized. The DDSPC algorithm uses an auto-
regressive structure as its backbone. This results in the following model structure for a single DM mode or
actuautor,19

y;} = Ayfa + Buj9 + C’u?c. (1)

Here y} and u; are the future vectors that contains the future N wavefront sensor measurements and DM
commands at time step ¢. And y;; and u; are the vectors that contain the M past wavefront sensor measurements
and DM commands at time step i. This is a model that is completely linear in A, B and C. Therefore, these
matrices can be estimated with a Linear-Least Squares (LLS) approach. The LLS problem is then given by,

yl
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Here ©' is the concatenation of all model matrices, and ¢° is the concatenation of yzi,, u; and u;. We have chosen
to use recursive LLS (RLS) to learn the model because we want to learn the system dynamics online and have
the ability to track changes. The mathematical details of the RLS implementation can be found in.'® With the
models in hand, the controller has to be found. The cost function for the controller is the quadratic sum of all
future measurements and control commands,
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Here J; is the cost at iteration ¢ and A is a regularization parameter that determines how much the DM commands
have to be dampened. After some algebra we find the optimal control signal as,
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Here K is the controller at time step . The derivation that was presented here assumes that all measurements
and commands are for a single actuator or mode. This assumes that there is no cross-coupling between the modes.
This allows us to create a distributed controller. First the wavefront sensor reconstructs the modal coefficients,
generally with an interaction matrix, and the DDSPC filters are applied to each mode independently. This
decoupling makes this algorithm naturally parallel. However, there is no reason why a model with all modal
coupling added back would not work. The same equations will govern this model. The only downside is the
increased computational complexity.

The system is first trained before the algorithm is deployed on realistic disturbance. This is necessary to
make sure the algorithm will not get stuck in Null spaces of the model. A System identification (SI) approach is
used to let the algorithm get familiar with the system it is controlling. Here we excite the system with a known
disturbance by adding noise to the controller commands. For high-order systems, it is important to construct
information-rich signals that are able to persistently excite all relevant frequencies. A popular choice is a random
binary signal (RBS). During the learning sequence, a randomly generated binary signal will be added to the final
computed commands.

2.1 Optical gain tracking

One of the exciting aspects of online optimization of the controller is its ability to track changes in the system.
These changes could be either non-stationary turbulence or changes in the instrument itself. The pyramid
wavefront sensor?! is a non-linear wavefront sensor. One of the associated problems is a reduction of the optical
gain when high-order turbulence is present. The relatively small dynamic range of the PWFS saturates due
to the high-order uncontrolled wavefront aberrations, which reduced the sensitivity of the low-order controlled
modes. The reduction of the optical gain is essentially an aspect of non-linear interaction. There are several
approaches that are currently proposed to measure the optical gain and then modify the gain of the controller.
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Figure 1. The residuals of a single-input-single-output system. The disturbance is a sinusoidal input with a frequency of
20 Hz. The integrator (in blue) had its gain optimized for this particular disturbance. At 0.5 s the relative optical gain of
the sensor is changed to 0.5. And at 1.0 s the gain is set back to 1.0. The predictive controller is able to find the optimal
feedback signal within several tens of ms during the first change. At the second optical gain change, the controller finds
the optimal gain within several iterations.

The measurement processes are complicated or rely on accurate knowledge of turbulence statistics.??23 These
may not always be available. The DDSPC controller can modify its gain during closed-loop operation, and would
be a simple solution for the optical gain problem.

A toy model with a single controlled mode is shown in Figure 1. The optical gain, or the sensor gain, is
abruptly changed at 0.5 s. At 1.0 s the optical gain is set back again to its initial value. The predictive controller
is able to find the optimal feedback signal within several tens of ms during the first change. At the second
optical gain change, the controller finds the optimal gain within several iterations. This shows the power of
online-learning and tracking of the system, changes in the system and the disturbance are pickup smoothly by
the controller.

2.2 Closing the loop on all modes

The controller is now able to run closed-loop on all the DM modes of MagAO-X on the internal source at
high speed. The Power Spectral Density (PSD) before and after control are shown in Figure 2. The predictive
controller reaches the same rms as the optimized controller. This can be explained by the fact that the integrator
already reduces the PSD to a nearly flat PSD, which means that the residuals are pure noise. Changing the
control would lead to no additional gain.
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Figure 2. The power spectral density of the bench turbulence for MagAO-X before and after control. The solid line shows
the median performance across all modes and the shaded area show the 16% and 84% confidence intervals. The predictive
control approach reaches the same performance as the optimized integrator. Both controllers have a nearly flat residual
PSD, indicating that most of the residuals are pure noise.

3. FOCAL PLANE WAVEFRONT CONTROL WITH MAGAO-X

We have implemented a new approach to focal plane wavefront control for MagAO-X. This is based on pair-
wise probing and Electric Field Conjugation (EFC).?* Pair-wise probing with the DM leads to a linear response
between the probed images and the electric field:

AT = 4M [ggﬂ : (5)

This system of equations can be inverted as long as there are enough probed images. The full electric field can
be reconstructed from this. The EFC controller then tries to cancel the reconstructed electric field by injecting
the opposite electric field with the DM. This problem uses the fact that there is also a linear relation between
the DM modes and the electric field that the modes can create,

AE = Ga. (6)

Here G is the transfer matrix that transforms the modal coefficients a into the created electric field AE. These
two systems of linear equation are solved in succession to remove speckles. The main challenge for this approach
is that both the system matrix M and G have to be modelled. That means that any error in the optical model will
fold into a wrong reconstruction and control, which will limit the achieved contrast.?® However, both equations
can also be combined into a single linear problem!

Al =4MTGa = Fa. (7

Proc. of SPIE Vol. 12185 1218581-5



-0.0001

15
N F le-05
Q
3 10
o=
i)
©
3 5 1le-06
Q
(V)]
©
E
= D
[(v]
le-07
-5
—-15 -10 -5 0 5 10 le-08

angular separation (A/D)

Figure 3. A dark hole created with the iEFC method and the PAPLC corongraph on MagAO-X. The dark hole is a
D-shaped dark hole that runs from 3 A/D to 15 A\/D. The median contrast is 5-107%. This was created in the Ha narrow
bandwidth filter.

Here T is the matrix that separates an electric field into its real and imaginary components. We can now do
an empirical calibration because there is a linear response between measurements and the DM. This means we
don’t have to rely on an optical model anymore.

The calibration of the interaction matrix, F, can be done by applying the classic push-and-pull method.
We apply a positive amplitude for a mode that needs to be controlled. Then the pair-wise probed images are
measured. This is then repeated with a negative amplitude mode. The two sets of pair-wise probed images can
be subtracted from each other leading to the double difference images from which the columns of the interaction
matrix are measured,

AAT  Al(+a;) — AI(—«;)

F, =
2047; 20@

(8)

The actual controller is then created by taking the pseudo-inverse of F. We call this approach implicit EFC
(iEFC) because the electric field is not explicitly calculated anymore. Figure 3 shows the deepest dark hole that
we have made on MagAO-X. We have used a Phase Apodized Lyot Coronagraph?® in our He filter to create
the dark hole. The contrast is currently limited by tip/tilt jitter which is most likely created by our telescope
simulator. We are currently exploring ways to remove these vibrations.
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Figure 4. The designed phase pattern of the HDFS is shown on the left. The pattern has a 7 phase shift between the red
and blue colors. The model focal plane is shown in the middle panel and the right panel shows the measured focal plane
of the fabricated HDF'S.

4. CONTROLLING PISTON WITH MAGAO-X

The Holographic Dispersed Fringe Sensor (HDFS) is a new sensor that has been developped to measure differential
piston on the GMT.2” This sensor uses a hologram to combine pairs of segments of the GMT and it creates a
dispersed fringe for each of the pairs. The piston can then be extracted from these dispersed fringes. An example
of the HDFS is shown in Figure4. The HDFS uses different multiplexed gratings on each segment to combine
pairs and dispersed them at the same time. This is based on the concept of Holographic Aperture Masking.?®

The HDFS was tested both in simulation and in the lab with MagAO-X where we reached less than 50 nm
rms on the piston modes.?” 29 It is now the 2nd stage wavefront sensor for the GMT facility AO system.?°

5. OUTLOOK AND CONCLUSION

In this proceeding we describe several different parts of the wavefront control equation that we need to be able
to handle if we want to search for Earth-like planets. We have implemented these approaches independently
from each other in the lab. Each method will now be tested on-sky separately and finally combined at the same
time. Combining both predictive control and focal plane wavefront control should lead to significantly improved
sensitivity. We expect that we will be able to increase the sensitivity by 1 or 2 orders of magnitude after post-
processing. We are planning an upgrade of the MagAO-X system in our next phase where each method will be
implemented. We are also designing a high performance PIAACMC coronagraph that will allow use to do direct
imaging at 1A/D. The combination of advanced wavefront control and a small-inner working angle coronagraph
should help us to target Proxima b.'® The results of these experiments will then be implemented into the design
for GMagAO-X, which is a concept direct imaging instrument for the GMT.31-34
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