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ABSTRACT

MagAO-X is a new “extreme” adaptive optics system for the Magellan Clay 6.5 m telescope which began
commissioning in December, 2019. MagAO-X is based around a 2040 actuator deformable mirror, controlled
by a pyramid wavefront sensor operating at up to 3.6 kHz. When fully optimized, MagAO-X will deliver high
Strehls (> 70%), high resolution (19 mas), and high contrast (< 1 x 10~%) at Ha (656 nm). We present a brief
review of the instrument design and operations, and then report on the results of the first-light run.
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1. INTRODUCTION

MagAO-X! is a visible-to-near-IR “extreme” adaptive optics (ExAQO) system which has begun commissioning
on the Magellan Clay 6.5 m telescope at Las Campanas Observatory (LCO), in Chile. With a 2040 actuator
high order deformable mirror (DM) being controlled at up to 3.6 kHz by a pyramid wavefront sensor (PyWFS),
MagAO-X is optimized for very high Strehl at short wavelengths. This excellent wavefront quality enables narrow-
angle high contrast imaging with coronagraphs. Wavefront quality is further augmented using coronagraphic
low-order and non-common path wavefront sensing and control (WFS&C).

The main science goal of the initial operations of MagAO-X is to conduct a survey of nearby T Tauri and
Herbig Ae/Be stars for newly formed accreting planets in Ha.? Using the simultaneous differential imaging
(SDI) mode of MagAO-X, this survey will explore the population of low-mass outer extrasolar giant planets
(EGPs), revealing where and how such planets form. Additional near-term science cases for MagAO-X include:
circumstellar disk characterization; young EGP characterization in the red-optical/near-IR; spatially resolved
stellar surface imaging at high spectral resolution; characterization of tight binary star systems; Kepler and TESS
followup; and high spatial resolution imaging of asteroid surfaces and asteroid companion searches. The ultimate
goal for MagAO-X is the characterization of nearby temperate exoplanets in reflected light. Achieving the
demanding wavefront control precision required to perform such observations will require continued improvements
and upgrades as MagAO-X commissioning proceeds.

Here we provide a brief overview of the instrument specifications, design, and concept of operations. Following
this we report results from our successful first commissioning period. Finally we discuss future plans for MagAO-
X, including upgrades and use as a laboratory testbed for the Giant Magellan Telescope.
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Figure 1. MagAO-X occupies the Nasmyth platform of the Magellan Clay 6.5 m telescope at Las Campanas Observatory
in Chile.

2. INSTRUMENT OVERVIEW
2.1 Design

Here we provide a very brief overview of the MagAO-X design. See our previous SPIE contributions for more
detailed treatments! 3 2 In addition, the complete preliminary design review (PDR) documentation is available
at https://magao-x.org/docs/handbook/appendices/pdr/, and results of laboratory integration and prepa-
ration for shipment can be bound in the pre-ship review (PSR) documentation: https://magao-x.org/docs/
handbook/appendices/psr/index.html

MagAO-X consists of a two-level floating optical table, used to mitigate vibrations, mounted on the gravity-
invariant Nasmyth platform of the Magellan Clay 6.5 m telescope at Las Campanas Observatory (LCO), in Chile.
See Figures 1 and 2. The top level of MagAO-X contains the de-rotator K-mirror, the atmospheric dispersion
corrector (ADC), the woofer DM (an ALPAO DM-97) and the MEMS 2K tweeter. The lower level contains the
PyWEFS. A beamsplitter sends light to the PyWFS and to the coronagraphic science channel. A selection of
dichroic beamsplitters allows optimization of the wavelength split depending on science goals and star brightness.

The coronagraph can be described as a “generalized Lyot” architecture. The first pupil plane houses various
masks and apodizers, or in the case of the vector Apodizing Phase Plate (vAPP) the coronagraph itself. A
subsequent focal plane holds focal plane masks (FPMs) to block or redirect starlight. These are opaque masks
for simple Lyot coronagraphs, and phase shifting complex masks for more advanced designs such as the phase
induced amplitude apodization complex mask coronagraph (PIAACMC!!), which is part of the baseline design.
The following pupil-plane, usually called the “Lyot plane”, contains pupil masks designed to reject residual or
redirected starlight.

At either of the FPM or Lyot planes light rejected by the coronagraph is sent to a high speed low noise electron
multiplying charge coupled device (EMCCD) camera for low-order and focal-plane wavefront sensing and control
(LO&FP WFES&C). This allows cleanup of non-common path aberrations, including tracking and controlling
temporal evolution, using a third deformable mirror in the coronagraph, which we call the non-common path
corrector (NCPC) DM.

The science channel currently consists of a duallEMCCD simultaneous differential imaging (SDI) system.
This allows simultaneous imaging in different photometric bandpasses. Examples include on/off Ha (used to
detect accretion signatures from proto-planets'® %), and efficient photometric measurements in, say, i’ and z’
simultaneously. A selection of dichroic beamsplitters is used to split light depending on the science goals.

Further author information: (Send correspondence to JRM)
JRM: E-mail: jrmales@email.arizona.edu
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Figure 2. Overview of the MagAO-X opto-mechanical layout. See text for details of the components.

A prototype visible integral field spectrograph (PI: S. Haffert) is currently being tested, and a full version
called VIS-X is under development.

The MagAO-X control computers, including the real-time computer, are commercial off-the-shelf multi-core
workstations with GPUs on PCle bus extenders. MagAO-X uses the compute and control for adaptive optics
(CACAO) software package for real-time AO control.'? This includes the low-latency interface to all three
deformable mirrors via shared memory, as well as the calibration and WFS image processing and reconstruction.
Instrument control software is provided by a custom library (https://github.com/magao-x/MaghOX). Non
time-critical inter-process communication uses the Instrument Neutral Distributed Interface (INDI). In addition
to Qt based GUIs, a javascript browser-based interface is under development.

The instrument user’s manual can be viewed at https://magao-x.org/docs/handbook/.

2.2 Operations

The MagAO-X project is planned with a philosophy of early deployments for commissioning, followed by labora-
tory periods of optimization and upgrades. This is to facilitate responding to lessons learned on-sky, and ensure
that the algorithms developed for advanced wavefront control are tuned for realistic conditions.

In addition, MagAO-X is a testbed for ExAO development, supporting both laboratory and on-sky testing of
new technology. Due to the remote nature of LCO, significant laboratory development and student involvement
would not be practicable on site. A carefully engineered shipping system allows us to return the instrument to
the lab on Arizona between runs (Figure 3), maximizing access for development and testing. One-way shipping
takes approximately two weeks, allowing for efficient transfer between lab and telescope. This enables MagAO-X
to serve a broader purpose, for instance as a testbed for the Giant Magellan Telescope.'®

3. FIRST LIGHT

MagAO-X shipped to LCO in Oct, 2019, and saw first light in Dec, 2019. A total of four nights were allocated
for installation, alignment, calibration, and initial performance characterization. Fig. 4 shows the instrument
on the Clay. Also shown is a z’ (900 nm) PSF, demonstrating 46% Strehl ratio (the ratio of peak-height to that
of a perfect image, also shown for comparison).

Figure 6 shows the long exposure dark-hole raw contrast behind the vAPP coronagraph!'® in SDI mode. This
observation was in a filter set chosen for SDI using the 875 nm CH, feature found in giant planet atmospheres.
The intensity in the 2 channels is very similar, as shown by the difference between them. The speckle pattern was
essentially constant for the entire observation, showing how stable the opto-mechanics and high-order WFS&C
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Figure 3. The MagAO-X shipping system. At left, the MagAO-X table assembly sits on the wire-rope isolator frame which
safely transports the opto-mechanical system. At right: the entire MagAO-X system, including electronics and operator
computer, in the shipping boxes awaiting transport.

Figure 4. Left: design of MagAO-X on the Clay Nasmyth platform. Same as in Figure 1 but with covers installed for
operations. Right: MagAO-X installed at first-light (Dec. 2019).
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Figure 5. A 2z’ PSF measurement taken during commissioning.
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Figure 6. Left: 4 hr average contrast in the 875 nm filter behind the vAPP coronagraph. Middle: same, but for the 923
nm filter. Right: simultaneous differential imaging (SDI) difference image of the two.

system are. Such highly stable aberrations will be efficiently suppressed using active low-order and non-common
path WFS&C systems being implemented

Fig. 7 shows a calibrated contrast curve from the same 4 hr observation in the 923 nm filter. The KLIP
algorithm'” was used for both SDI (using the 875 nm data as a reference basis) and for ADI on the SDI reduced
frames. Throughput was calibrated with simulated planets. The 50 detection contrast was 10~% at 0.1”.

At the conclusion of the 4 night commissioning allocation, MagAO-X was returned to Tucson to implement
fixes for various lessons learned, and for further development and upgrades.

4. OUTLOOK

MagAO-X is currently (December 2020) in the lab at UA. Improvements made or in progress as a result of
lessons learned on-sky include:

e Flexure between the top and bottom levels, likely due to temperature, resulted in a slight misalignment
between the tweeter and PWFS pupils internal to the instrument. This could not be corrected dynamically
with the pupil steering mirror. The PWFS pupil imaging lens has now been actuated to allow dynamic
realignment in closed-loop.
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Figure 7. MagAO-X Reduced contrast: results of SDI and ADI processing using the KLIP algorithm, calibrated with
simulated planet injection. This performance, particularly at wider separation, shows the excellent stability of MagAO-X.
Implementing improvements in both high-order WFS&C and low-order and focal-plane WFS&C will deliver over a factor
of 100x improvement in detection contrasts.

e The internal telescope simulator illumination pattern was poorly matched to the on-telescope pupil, due
to a combination of chromaticity in the simulator optics and beam profile. The result was that high order
WES&C loop calibration using the simulator did not perform optimally on-sky. The telescope simulator
has been upgraded to use a more powerful source, allowing a smaller portion of the fiber output to be used
to flatten the profile as well as permitting a narrower band to be use to limit chromaticity.

e Excess vibrations were present. The air-floated actively leveled table did an excellent job rejecting external
vibrations, but the positive-pressure blower and the liquid cooling system both added vibrations to the
system directly. The blower vibrations are controlled by simply operating at a slower speed during obser-
vations. The cooling system vibrations were mitigated by using less stiff hose to couple the pump to the
on-table loop, which transmits fewer vibrations.

e The tweeter-to-woofer offload system requires tuning. In on-sky turbulence we noted additional dynamic
interaction, which has the effect of increasing apparent servo-lag error. We are implementing a counter-
offload system to counter-act this.

Allocations of telescope time in April, 2020 and December, 2020 have been lost due to the SARS-CoV-2
(COVID-19) pandemic. A commissioning run with science verification is tentatively planned for the 2021A
semester.

5. CONCLUSION

The ExAO system MagAO-X has been integrated and began commissioning at LCO in Dec, 2019. During the
first 4-night commissioning run the loop was successfully closed and the vAPP SDI coronagraph was used to
demonstrate instrument stability. Additionally various items were identified which are currently being worked
in the lab in Tucson to continue progressing towards the aggressive performance goals of the project.

More information about MagAO-X is contained in these proceedings, including: the Ha proto-planet sur-
vey;'® planned spectroscopic upgrades;'® the CACAO software package;?® a novel wavefront control algorithm
being developed;?! the use of MagAO-X for GMT testing;'® and pyramid WFS experiments related to MagAO-
X.22
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