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Abstract

The occurrence rates and population trends of massive substellar companions (giant
planets and brown dwarfs, 2 70 M;,p) at wide separations (50 AU) from their host
star are critical to furthering our understanding of their origins and evolution. However,
these objects are very rare and building up a large sample for population-level studies has
been challenging. Therefore, large surveys are necessary to search for these objects, which
requires technology that can e ciently observe large numbers of stars.

One of the two main components of my dissertation was instrumentation development
on the laser guide star robotic adaptive optics instrument Robo-AQ. | commissioned a new
infrared camera that uses a high-speed low-noise SAPHIRA avalanche photodiode detector,
allowing us to simultaneously image in the visible and near-IR. | also report on performance
optimizations of the instrument.

This made possible the second component of my dissertation work, conducting the
Large Adaptive optics Survey for Substellar Objects (LASSO) at wide separations around
young (. 300 Myrs), nearby (<100 pc), low-mass ( 0.1{0.8 M ) stars. Low-mass stars
are the most common type of stars and o er the most favorable contrasts for detecting
substellar companions. | directly imaged nearly 900 stars, making this survey one of the
largest adaptive optics surveys searching for substellar companions to date. | observed
427 of the stars with Robo-AO successively mounted on the Kitt Peak 2.1-m and the
Maunakea UH 2.2-m telescopes. With the Subaru/IRCS and Keck/NIRC2 adaptive
optics systems, | directly imaged an additional 470 young low-mass stars. The majority

of conrmed and pending candidates are stellar companions, with 5 potentially new
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substellar companions that will require follow-up observations to conrm. | also report
on systems with measured proper motion accelerations from the Hipparcos-Gaia catalog
of accelerations. The signi cance of the acceleration increases with decreasing companion
separation and these young accelerating low-mass stars with companions will eventually
yield dynamical masses and orbital information. | also report the detection of higher-order
stellar multiple systems, which provide important constraints on stellar evolution models.

In order to assess the multiplicity statistics of stars across spectral types and populations
in a volume-limited sample, | analyzed 1157 stars of all spectral types within 25 pc observed
with Robo-AO. | combined Robo-AO detections of close-in companions with a search
for wide co-moving companions using Gaia and corrected for unresolved companions to
calculate multiplicity fractions across SpTs.

These large survey results allow us to better understand the di erent formation pathways

by studying the full spectrum of substellar to stellar companions on a population level.
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Chapter 1

Introduction

Humanity has long sought to answer questions about our place in the Universe and
whether life exists elsewhere. With advancements in technology over the past several
decades and the discovery of planets orbiting other stars, or exoplanets, we can begin
to not only consider this question from a philosophical or theoretical standpoint but from
an observational one. The quest to answer these big questions has pushed us to search and
discover a wide variety of planetary and stellar systems, many of them entirely di erent from
our own Solar System, and to try to understand and explain how such systems originate
and evolve.

In this dissertation, | focus on a population of planets that have no analogs in our
own Solar System, namely very massive planets, several times the mass of Jupiter, at wide
separations from their host stars. In Chapter 2 | discuss the commissioning and performance
optimization of the robotic adaptive optics Robo-AO instrument (Salama et al. 2016) and
near-infrared SAPHIRA detector used to carry out our observations (Salama et al. 2018).
In Chapter 3 | report the rst results from the Large Adaptive optics Survey for Substellar
Objects (LASSO) conducted with Robo-AO (Salama et al. 2021) and in Chapter 4 | report
the results from an additional set of LASSO observations conducted with adaptive optics
instruments on the Subaru and Keck telescopes (Salama et alin prep). Finally, in Chapter
5, | report the results of the large Robo-AO Solar Neighborhood stellar multiplicity survey

(Salama et al., submitted) and | conclude and look to future perspectives in Chapter 6.
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Similar to my dissertation work, the introduction is split into the corresponding main
science and instrumentation components. In the rst part of the introduction, | give an
overview of the main results and implications from observational e orts focused on stellar
(81.2.1) and substellar €1.2.2) multiplicity population statistics. In the second part, | cover
the relevant adaptive optics instrumentation (81.3) and infrared detector technology §1.4)

basic principles that make the observational studies possible.

1.1 Stars, Brown Dwarfs, and Planets

Over the past few decades our understanding of planetary systems has greatly evolved, from
having our Solar System as the only example to now having discovered thousands of planets
orbiting other stars. Discovering an increasing diversity of stellar and planetary systems
continuously challenges our understanding of their formation processes and pushes us to
generate more complex or new models to explain the di erent system architectures.The
range of observed companion masses spans several orders of magnitudes, from the smallest
planets to other stars of nearly equal mass to the primary star. On both ends, several
formation theories explain the presence of such companions, such as binary stars forming
from cloud fragmentation and planets forming from the accretion of debris disk material
orbiting the star. But the mass distribution of companions is continuous from planets
to stars, with brown dwarfs being intermediate-mass objects. They are too massive to be
considered planets, and cannot generally be explained as having formed from disk accretion,
but are also not massive enough to have Hydrogen fusion in their cores and be classi ed as

stars.

Categorizing this continuous spectrum of objects found as companions to stars is
challenging. Are these intermediate-mass objects the high-mass end of the planetary
distribution or the low-mass end of the stellar distribution, or are they instead their own
distinct class of objects with di erent formation mechanisms? Besides the mass of the
object, do other factors, such as the star's mass and stellar environment, a ect how these

companions form, thus altering their categorization? Brown dwarfs are found free oating,
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like stars, but also as companions to stars, like both planets and stars. By discovering and
studying the variety of objects found as companions to stars, we can compare trends in
their statistical properties to gain a better understanding of their formation and evolution

mechanisms.

1.2 Multiplicity and Population Studies

1.2.1 Stellar Multiplicity

Stellar multiples are systems where the companion(s) to the star are also other stars of
equal or lower mass. Studying stellar multiples provides constraints on stellar formation
and evolution models. This is done by identifying and interpreting trends in their statistical
properties, such as the distributions of companion separations, companion to star mass
ratios, orbital eccentricities, stellar properties (e.g. mass, metallicity, stellar rotation),
and disk compositions. Formation and evolution models can be used to create synthetic
populations of systems, with distributions in their properties linked to the theoretical
models. These synthetic population distributions can then be compared to the observed
distributions, to determine which models best reproduce the observations.

Stellar Mass. A strong correlation between stellar mass and companion frequency has
been observed: more massive stars have higher multiplicity frequencies (Bate 2015; Duchéne
& Kraus 2013). Many surveys searching for companions have been conducted focusing
on di erent ranges of primary stars. Raghavan et al. (2010) conducted a volume-limited
survey of FGK stars and calculated a stellar multiplicity frequency of 44 2%. Winters
et al. (2019) conducted a volume-limited survey of M dwarf stars and calculated a stellar
multiplicity fraction of 26 :7 1:4%. Very-low-mass stars € 0:1M ) are estimated to have
lower multiplicity fractions, but it has been more challenging to conduct complete volume-
limited surveys due to the faintness of these stars making it more di cult to detect them and
biasing us towards detecting binaries, which appear brighter. In their review of multiplicity

studies of very-low-mass stars, Burgasser et al. (2007) report a multiplicity range of 1030%.
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Allen (2007) conducted a Bayesian analysis and calculated a multiplicity rate of 20 22%.
On the other hand, multiplicity frequencies for higher-mass A type stars are estimated at
689 7:0% (De Rosa et al. 2014) and even higher& 60 80%) for B and O stars (Duchéne
& Kraus 2013).

Separation. A clear trend has emerged of closer companions with a tighter range of
separations around lower mass stars (Bate 2015; Duchéne & Kraus 2013) for stars spanning
from the very-low-mass stars to solar type stars. However for the very massive stars,
A through O spectral types, companion detections methods do not overlap in separation
ranges, thus there is not a complete coverage over the entire range of separations between
the tightest spectroscopic binaries and the widest visual binaries.

Metallicity. There is also strong evidence that the metallicity of the star impacts stellar
multiplicity. Moe et al. (2019) have found that the close binary (< 10 AU) fraction of solar
type stars decreases signi cantly with increasing metallicity. However, for wider separation
binaries and for close binaries of OB stars, there is no evidence of correlation between binary
fraction and metallicity.

Other parameter distribution trends are observed, such as in the distribution of mass
ratios between the star and companion. More massive stars tend to have steeper mass ratios
while less massive stars tend to have more equal- or nearly equal-mass companions. But
there are still uncertainties due to biases and sensitivity di erences between observations of

di erent types of stars clouding these exact trends.

1.2.2 Substellar Multiplicity

The frequency of close, tight planets is very well studied. With thousands of planets
detected, detailed analyses of the distributions of planet properties can be carried out
(e.g. Berger et al. 2020; Dressing & Charbonneau 2015; Fulton et al. 2017; Howard et al.
2012). The Kepler mission detected thousands of exoplanets in close-in orbits (1 AU)
as they transit their host star. The TESS mission is now continuing this endeavor. The

radial velocity method has also been used to discover hundreds of exoplanets out to slightly
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farther orbits (. 5 AU). Direct imaging is sensitive to a complementary population of
substellar companions (2 75 Mj;yp), namely planets and brown dwarfs, at large projected
separations ( 5 8000 AU). Determining the frequency and distributions of these substellar
companions is more di cult because of the challenges faced in detecting them combined
with their apparently rare existence. This makes it di cult to build up the sample sizes
necessary for statistical population analyses.

Large direct imaging surveys on the order of hundreds of stars have each discovered less
than 5 new substellar companions, bringing the current census te 20 companions in the
planetary-mass regime ( 13 M;yp) and 100 in the brown dwarf regime. This census
shown in Figure 1.1 from Bowler et al. (2020) also denotes the sub-sample with orbital
measurements available. Because these objects are at wide separations and on long orbits,

it takes many years to detect orbital motion and even more to constrain the orbits.

Figure 1.1 Recent census of substellar companions directly imaged. We have begun to
measure orbital motion for a subset of these companions, which will allow us to calculate
their orbital properties and dynamical masses, informing us on their formation histories and
dynamical interactions. Figure from Bowler et al. (2020).

Many of the early direct imaging surveys focused on massive stars (e.g. Janson et al.
2011; Nielsen et al. 2013; Vigan et al. 2012), because of the better adaptive optics (AO)

correction and easier identi cation of young stars, when substellar companions are brighter.
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Because low-mass stars are the most abundant stars in the galaxy (Henry et al. 2006)
and provide more favorable contrasts, other studies have focused on low-mass stars (e.g.
Bowler et al. 2015; Delorme et al. 2012; Lannier et al. 2016). Yet other surveys focused
on stars with debris disks (e.g. Janson et al. 2013a; Rameau et al. 2013; Wahhaj et al.
2013). Meshkat et al. (2017) found evidence of a higher frequency of planet detections
in stars with debris disks. The largest extreme-AO surveys being conducted are the
Gemini Planet Imager (GPI; Macintosh et al. 2008) Exoplanet Survey (GPIES) and the
SpHere INfrared Exoplanets (SHINE) survey with the Spectro-Polarimetric High-contrast
Exoplanet REsearch (SPHERE; Beuzit et al. 2008) instrument, each on the order of 500
stars and yielding a total of three new planet discoveries (Chauvin et al. 2017; Keppler
et al. 2018; Macintosh et al. 2015). Some surveys have focused on speci c populations of
young stars, such as stars in young moving groups (e.g. Biller et al. 2013) or in the Sco-Cen

association (e.g. Janson et al. 2013b)

Figure 1.2 An aggregation of occurrence rates estimated by past direct imaging surveys
from Bowler & Nielsen (2018). Earlier surveys were only able to place limits while more
recent surveys and meta-analyses have begun constraining the occurrence rates to a few
percent.



Figure 1.2 from Bowler & Nielsen (2018) summarizes giant planet occurrence rate
estimates from past surveys and meta-analyses. Bowler (2016)'s meta-analysis of multiple
surveys totaling 384 stars calculated an occurrence rate of:6'%:[% for 5 13 My, planets
over a separation range of 30 300 AU. Galicher et al. (2016) calculated a similar occurrence
rate of 1:05'430% for 0:5 14 My, planets spanning separations of 20 300 AU. In the
meta-analysis by Vigan et al. (2017), they compare their planet frequency results with
synthetic population models, comparing \planet-like" core-accretion models, with \star-
like" gravitational instability models (Figure 1.3). They nd that although gravitational
instability rarely forms giants planets, its predicted mass distribution of wide-orbit substellar
companions more closely matches the observed distribution than the predicted distribution
by the core accretion model. More recent population statistics have been carried out by
Nielsen et al. (2019) for the GPIES survey and Vigan et al. (2021) for the SHINE survey.
Fontanive & Bardalez Gagliu (2021) provide a census of planets in stellar binary systems.
For more massive brown dwarf companions, the occurrence rate estimates are slightly higher,
but still < 5% (Brandt et al. 2014; Lafrenere et al. 2014; Vigan et al. 2017).

Although it remains a challenge to constrain the occurrence rate of such companions, it
is clear that these are rare objects and that large surveys on at least the order of hundreds
of stars are needed to make new discoveries and build up the numbers needed for more

detailed statistical population analyses.

1.2.3 Substellar Companion Formation and Evolution Mechanisms

A variety of mechanisms over various timescales have been proposed to explain the presence
of giant planets and brown dwarfs on wide orbital separations:

Core accretion. Formation via core and pebble accretion must occur before the
dissipation of the protoplanetary disk (1{10 Myr). This places strong constraints on the
formation of giant planets within the required timescales where, at increasing separations
from the star, the timescales in which planetesimal formation must occur decreases by

several orders of magnitudes (Johansen & Lambrechts 2017).
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Figure 1.3 Figure from Vigan et al. (2017) comparing population distribution predictions
from gravitational instability (Gl; \star-like") formation theory and the core accretion
(CA; \planet-like") formation theory. These formation models predict di erent frequencies

of planets formed, which can be compared to the observed populations of substellar
companions.

Disk instability. Instability in a disk caused by density perturbations produces the
outward transport of angular momentum and the inward transfer of mass, allowing spiral
arm structures to grow and fragmentation to occur, which may lead to substellar companion

formation (Kratter & Lodato 2016).

Dynamical scattering. Systems where multiple giant planets formed closer in, can excite
one another through dynamical interactions to stable or unstable orbits at large separations

(Veras et al. 2009).



Gravitational instability.  Stars and brown dwarfs are thought to form via similar
mechanisms, from gravitational collapse within dense molecular clouds or massive
circumstellar disks. Brown dwarfs result from ejected clumps before they were able to

accrete enough mass to form stars (Bate et al. 2002).

These formation and evolution pathways predict correlations between the presence of
a wide-orbit companion and certain environmental characteristics, such as the presence or
absence of other companions, circumstellar disk morphologies, and the eccentricity of the

companion’s orbit, which can be compared to observational studies.

1.3 Adaptive Optics

To detect these faint objects near brighter stars, we need images of high enough detail
to resolve the two objects as well as instruments and detectors that have the sensitivity to
detect the fainter object. Adaptive optics (AO) technology corrects for the blurring e ect of
atmospheric turbulence on astronomical observations from ground-based telescopes. Light
emitted from a distant object, such as a star, arrives as parallel rays, equivalent to a at
wavefront (i.e., the surface of points perpendicular to the direction of the wave that have
the same phase). As the light travels through the Earth's atmosphere it passes through
pockets of air of varying temperature and pressure causing changes in the refraction index.

This causes variations in the optical path lengths, resulting in a distorted wavefront.

Angular resolution is de ned as the smallest separation where two objects can be
distinguished. Because of diraction, when light passes through a circular aperture of
the telescope, the image spot, the point spread function (PSF), formed at the instrument
focal plane produces an Airy pattern: a bright circular disk, or Airy disk, where most of the
light is concentrated, with concentric alternating dark and light rings. The rst dark ring is
at a separation of 122=D from the peak of the PSF (or center of the Airy disk), where
is the wavelength of the light and D is the telescope diameter. Therefore, to de ne the best

achievable resolution, the diraction-limit, we generally adopt the \Rayleigh resolution”
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de ned as when two equally bright objects produce PSFs where each peak coincides with
the other's rst dark Airy ring, i.e. are separated by 1:22=D . However, this assumes a
at wavefront. When light passes through the atmosphere, the limiting resolution becomes
limited by the area over which a wavefront remains at. This is represented by the Fried
parameter, ro (Fried 1965), de ned as the scale-length of the area over which the wavefront
root mean square (rms) does not exceed 1 radian. Even at the best sites such as Maunakea
and under the most stable atmospheric conditions, therg value is on the order of 30 cm,
limiting the resolution to =r o, de ned as the \seeing". This means that even on Maunakea,
an 8- or 10-m telescope will have the same resolution as a 30-cm telescope (though a much
larger collecting area and thus will be able to observe much fainter objects).

Adaptive optics, rst proposed by Babcock (1953), has been an incredible technological
advancement for astronomy, allowing us to observe at a resolution reaching the di raction
limit of a telescope rather than at the seeing limit. The basic concept of AO (shown in
Figure 1.4) is as follows: the wavefront distortion is measured with a wavefront sensor
(WFS), then the wavefront is \ attened" by a deformable mirror (DM). The measurement
of the wavefront and its correction need to occur on a short enough timescale before the

atmospheric turbulence has time to signi cantly change.

1.3.1 Wavefront Measurement

A variety of techniques have been developed to measure the distortions in the wavefront.
The light collected by the telescope is usually split with one range of wavelengths used for
the wavefront sensing and another wavelength range used for the science.

The Shack-Hartmann WFS (SH-WFS; Hartmann 1900; Shack & Platt 1971) is a
common wavefront sensor and used in Robo-AO. The light is passed through a grid of
lenses, a lenslet array, and each lens focuses the light to a point on the detector. If the
wavefront is perfectly at, the points will form a perfectly regular grid on the detector.
However slopes in the wavefront will cause the light to enter the lens at an angle, thus

displacing the point from the center of its grid cell. The slopes of the wavefront can thus be
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Figure 1.4 Basic principles of adaptive optics. Light coming from an astronomical
object gets distorted by atmospheric turbulence. The distortion is measured
by a wavefront sensor and corrected by a deformable mirror. Figure from
http://slittlefair.sta .shef.ac.uk/teaching/phy217/lectures/telescopes/L10/index.html

sampled from the shift of the image spots in the lenslet focal plane. The SH-WFS requires
a light source bright enough to be split across the lenslets and still produce spots of high
enough Signal-to-Noise Ratio (SNR) for accurate measurements. In addition, this needs
to be done such that the measurement-to-correction process occurs before the atmospheric
turbulence has had time to signi cantly change.

If the science target is too dim for this measurement, a nearby bright star can be used
as the light source for the wavefront sensing. However, if no nearby bright star is present,

an arti cial light source needs to be used, i.e. a laser guide star. There are two main
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types of laser guide stars, the Rayleigh beacon and the sodium beacon. Robo-AO uses a
Rayleigh beacon laser guide star. As the laser propagates through the atmosphere, the
light is scattered by the molecules in the air and some of the light scatters \back" to the
telescope. A balance needs to be struck between collecting light from the laser after it has
traveled through enough of the atmosphere but is also limited by the diminishing returns as
progressively more light is scattered away by the time the laser reaches higher altitudes in
the atmosphere. This is determined by the atmosphere e-folding height. Rayleigh lasers are
generally operated with a delayed shutter mechanism, to only sample the layer of atmosphere
where the laser is focused and thus resembles most a point source (see detailed discussion
in Chapter 2).

Another type of WFS is the Pyramid WFS (Ragazzoni 1996), the PSF is focused onto
the tip of a pyramid, which splits the light into four pupils. The relative brightness of each
pupil is related to the slopes in the wavefront, where a perfectly at wavefront would result

in four identical pupils.

The sensitivity of a WFS, and thus its ability to measure the wavefront distortions,
is limited by the photon noise and readout speed of the detector. A detector with low
readout noise, low dark current, and very fast readouts, is needed in order to use as dim
a light source as possible while having high enough SNR to readout the signal, make the
measurements, convert to commands for the DM, and apply the correction, all on the order

of millisecond timescales.

1.4 Infrared Detectors

The SNR can be improved using photon-counting detectors, such as EMCCDs (Electron
Multiplying Charge-Coupled Devices) at visible wavelengths, which makes use of electron
avalanche mechanisms to exponentially multiply the signal without increasing the readnoise.
This type of technology has been more challenging to develop at infrared wavelengths.

However, extending it to the infrared has many bene ts, including being able to perform
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the wavefront sensing in the infrared, hence extending the scope of possible natural guide
stars to objects that are brighter at longer wavelengths (such as low-mass stars or heavily
embedded stars in dusty environments), in addition to allowing science observations in the

infrared, such as the direct imaging of exoplanets and brown dwarfs.

1.4.1 SAPHIRA Detectors

This type of photon-counting technology has recently been extended to the near-infrared
with the development of the Selex Avalanche Photodiode for HgCdTe InfraRed Array
(SAPHIRA) detector (Finger et al. 2014). The SAPHIRA detector, fabricated by Leonardo
(formerly Selex) is 320 256 pixels of 24 m, made of mercury cadmium telluride (HgCdTe),
and is sensitive to wavelengths from 0.8 to 2.5 m. A photon is absorbed by the absorption
layer. The resulting excited electron di uses to the junction layer. Then because of the bias
voltage applied it is accelerated across the gain region, triggering a cascade of other electrons
in linear avalanche mode (i.e., the detector does not need to be reset after each photon event
and the signal is proportional to the incident light ux). The electrons gather at the contact
region made of indium bumps which bond the pixels to the readout electronics, where the
total charge from the accumulated electrons is read. This mechanism is illustrated in Figure

1.5.
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Figure 1.5 The SAPHIRA detector is a linear mode avalanche photodiode (APD) array. The

photon excites an electron in the absorption region, which then di uses across the junction
region and is accelerated by the bias voltage across the multiplication region, triggering
an avalanche of electrons on its path. The holes are have very little mobility, making this

process a nearly noiseless ampli cation of the signal. Finally, the electrons accumulate in
the contact region, where the total charge is readout by the electronics. This gure is

courtesy of Leonardo.
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Chapter 2

Robo-AO Instrument and SAPHIRA Detector

2.1 Robo-AO Kitt Peak: Status of the system and
deployment of a sub-electron readnoise IR camera to

detect low-mass companions

Note: This chapter section originally appeared in SPIE Conference Proceedings as Salama
et al. (2016), with co-authors Christoph Baranec, Rebecca Jensen-Clem, Reed Riddle,

Dmitry A. Duev, Shrinivas Kulkarni, and Nicholas M. Law.

Abstract

We have started an initial three-year deployment of Robo-AO at the 2.1-m telescope at Kitt
Peak, Arizona as of November 2015. We report here on the project status and two new
developments with the Robo-AO KP system: the commissioning of a sub-electron readnoise
SAPHIRA near-infrared camera, which will allow us to widen the scope of possible targets
to low-mass stellar and substellar objects; and, performance analysis and tuning of the
adaptive optics system, which will improve the sensitivity to these objects. Commissioning
of the near-infrared camera and optimizing the AO performance occur in parallel with

ongoing visible-light science programs.
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2.1.1 Introduction

Robo-AO (Baranec et al. 2014; Baranec et al. 2013) is a robotic laser guide star, adaptive
optics (AO) instrument now exclusively deployed on the 2.1-m telescope at the Kitt Peak
National Observatory (KPNO) in Arizona. The system is based on a recon guration of the
Robo-AO prototype that operated on the 1.5-m telescope at the Palomar Observatory in
California, from 2011 to 2015. Robo-AO has the unique ability to observe over 200 targets
in one night at the visible di raction limit, 0:1°° 0:15°° Robo-AO currently observes
in the visible but a SAPHIRA (Atkinson et al. 2014, 2016; Baranec et al. 2015) detector
infrared camera will be added as a visiting instrument to the system in order to widen the
scope of possible targets as well as simultaneously image in the visible and the infrared.
The Robo-AO instrument is introduced in 82.1.2 and its commissioning to Kitt Peak
is described in82.1.3. We describe the tools used to determine observing conditions and
image quality in 82.1.4. In 82.1.5 we describe the optimizations and calibrations performed
since Robo-AO has been deployed to Kitt Peak. The performance of the system is analyzed

in §8.1.6 and the description and status of the infrared camera is explained i$2.1.7.

2.1.2 Robo-AO Instrument

Robo-AO uses a Rayleigh scattering laser guide star with a line of sight focus at 10 km. It
uses a 10 kHz pulsed 10 W ultraviolet ( = 355nm) laser, and is invisible to the eye and thus
safe for pilots. Figure 2.1 shows the Robo-AO Cassegrain instrument at Palomar and Kitt
Peak. The light from the telescope enters the instrument with a fold mirror which re ects
the light to an o -axis parabolic (OAP) mirror, which then images the pupil onto a MEMS
(Micro-Electro-Mechanical) deformable mirror. After re ection, a UV dichroic splits the
ultraviolet light from the laser which then passes through a condenser lens, to a eld stop.
An OAP then collimates the light, which passes through a Pockels cell controlling the range
gate before the pupil is imaged onto an 11 11 lenslet array. A refractive relay then images
the Shack-Hartmann pattern onto a UV optimized E2V CCD39 detector. The visible and

infrared light that passes through the UV dichroic is refocused and sent to a second OAP
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relay which includes an atmospheric dispersion corrector (ADC) and tip-tilt corrector before
being split by a visible dichroic to the visible and infrared cameras. Robo-AO is currently
equipped with a 1024 pixel EMCCD visible camera which formed a 44° 44% eld of view
with a plate scale of Q043%ixel at Palomar and now forms a 36°° 36% eld of view with
a plate scale of 0035 %ixel at Kitt Peak. Although there is a tip-tilt corrector, we are
currently not using tip-tilt correction and instead are processing the images with post-facto

shift and add techniques on data taken at 8.6Hz.

Figure 2.1 Images of the Robo-AO Cassegrain instrument at Palomarléft) and at Kitt
Peak (right). The light from the telescope enters the instrument with a fold mirror and
onto an OAP which images the pupil onto the MEMS deformable mirror (white line path in
the Palomar image on the left). Then a UV dichroic splits the UV light (magenta), which
passes through a condenser lens, onto an OAP, into the Pockels cell, through a lenslet array,
and onto the Shack-Hartmann wavefront sensor while the visible and infrared light (green)
passes through a second OAP relay, which includes the atmospheric dispersion corrector
(ADC) and tip-tilt corrector (currently not in use, see text in 82.1.2). A visible dichroic
then sends the visible light (blue) to the visible CCD camera and infrared light (red) to the
soon-to-be deployed infrared camera. The large black platform at the bottom of the Kitt
Peak image is the mount for the infrared camera.
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2.1.3 Kitt Peak Commissioning

Robo-AO was decommissioned from Palomar in June 2015, then in November 2015, less
than six months later, was commissioned on the 2.1-m telescope in Kitt Peak, Arizona after

having the optics recon gured in the lab in October 2015.

Optics Recon guration

In October 2015, we made several hardware changes to the Robo-AO instrument in
preparation for the move to Kitt Peak, Arizona. In order to speed up the deployment
to Kitt Peak and avoid recon guring the optics in the natural guide star (NGS) arm of the
instrument, the f-number, F/8.6, was purposefully kept the same by installing a circular
aperture mask on the primary mirror, reducing the diameter from 2.1-m to 1.85-m. Due to
the di erent focal length of the Kitt Peak telescope, the 10 km laser beacon comes to a
focus at a di erent location, but since we are using the same pupil size and lenslet array,
the optics in the wavefront sensor (WFS) needed to be realigned and the condenser lens
was changed. For the telescope simulator, a new motorized stage was added to recenter the
the source when doing calibrations of non-common path aberrations. A laser light source,
which has a very narrow bandwidth like the on-sky laser but has resolved speckles which
require a ber scrambler, was used in addition to the LED light previously used at Palomar,
which has a 30 nm bandwidth and thus forms chromatic errors with the condenser lens and

requires a narrowband Iter which made it faint.

Installation at Kitt Peak

The instrument was installed on the 2.1m telescope at Kitt Peak in November 2015 and
several changes were made compared to its installation at Palomar. A new mounting adaptor
was developed, and the instrument was rotated by 23.9so that North points up and East
points right on the EMCCD detector. Periscope mirrors were installed, which allow the laser
beam to be moved closer to the telescope aperture and ensure that it does not get clipped

by the dome opening. We initially placed the beam right next to the telescope aperture but
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we found that very low altitude Rayleigh backscatter was getting through the Pockels cell
shutter while it was o . We then removed the periscope, but plan on re-installing it about
30 cm from the telescope aperture in order to prevent excessive Rayleigh background light
onto the WFS. The electronics packaging was modi ed into several smaller racks to balance
the load on the telescope. The laser mount was changed to a three-point mounting plate to
make alignment simpler and more robust, and several minor changes were made to cooling

lines and cabling layouts.

Figure 2.2 Images of the set-up of the Robo-AO Kitt Peak system on the 2.1-m telescope
in Kitt Peak, Arizona. The instrument is attached on the bottom of the telescope and
surrounded by the electronics. The laser projector is attached to the side of the telescope.

Software

Unlike the robotic Palomar 1.5-m telescope, the 2.1-m is not yet automated, and the current
computer interface is not robust enough to allow full automated control of the system by
the Robo-AO instrument. A manually operated observing system was developed; in this

mode, the Robo-AO intelligent queue (Riddle et al. 2014) determines the next science
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target and presents the information to the operator, who manually points and centers the
telescope, after which Robo-AO completes the rest of the observation automatically. This
has decreased Robo-AO e ciency by about 30%; however, e orts are underway to automate
the 2.1-m Telescope Control System (TCS) so that Robo-AO will again be able to operate
automatically. In spite of this decrease in e ciency and time spent optimizing the system,
Robo-AO has completed over 14,000 science observations in the rst six months of 2016. At
Palomar, Robo-AO operated for a comparable amount of time in total, about 180 nights,
and the total number of science observations was 20,000. We have also implemented software
upgrades to improve the system, most notably the full automation of the laser and queue

system interaction with the Laser Clearing House for satellite avoidance (Riddle et al. 2014).

2.1.4 Diagnostics Tools
Seeing

By measuring atmospheric seeing we can estimate the current observing conditions. During
laser acquisition, and before each target is observed, a ten second exposure time image of
the brightest star in the eld is taken with no AO correction. We measure the seeing by
calculating the Full-Width Half-Maximum (FWHM) of the observed star's Point Spread
Function (PSF) after tting a 2D-Gaussian. We did an experiment and have measured
that the FWHM of a star's PSF increases with increasing exposure. Figure 2.3 shows the
measured seeing corresponding to images of 10, 20, 40, and 60 second exposure times. We
conclude that we are therefore underestimating the e ective seeing of our science images by
about 20%. More tests need to be performed to understand whether the amount by which
we appear to be underestimating the seeing is constant or varies with observing conditions.

The limit of the asymptote seen in Figure 2.3 would be the real seeing.

Strehl Ratios

The Strehl ratio is the ratio between the peak of the observed PSF and the peak of a

perfect PSF and is used as a diagnostics tool to determine image quality. Using the
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Figure 2.3 Seeing measurements corresponding to images of di erent integration times.
The maximum di erence in the measured seeing between the shortest integration time (10
seconds) and the longest (60 seconds) isZB%°

Maechal approximation we can back out the root mean square (RMS) wavefront error
from the Strehl ratio. As the Strehl ratio approaches 100% the image quality increases
and approaches that of a perfect PSF. We used the measured Strehl ratio as metric while
performing the optimizations to determine which settings yielded the highest Strehl ratios
and therefore were the optimal settings. The Strehl ratio calculation is comprised of three
main steps: 1) generating model PSFs for each observing band, 2) calculating the Strehl
factor of the model PSF, and 3) dividing the normalized peak in the observed PSF by the

Strehl factor to measure the Strehl ratio.
Generating a model PSF.

The rst step in generating a model PSF for an observing band is to generate a
monochromatic PSF. This is done by starting with an oversampled image of the pupil
(the primary mirror with the secondary mirror central obstruction), performing a Fourier
Transform, and taking the square of the complex amplitudes to generate the intensity focal
plane image. Figure 2.4 shows the oversampled pupil plane and focal plane images. The
number of pixels constituting the image array (Npix ), as well as the number of pixels across
the pupil (Dpix), are determined from relations between the wavelength (), diameter of

the primary mirror ( D), plate scale, and the desired oversampling factorf(oyersample ). This
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relation is shown in the following equation:

_ 00 i
D pix (m) 206265 Prad) = plate scale ("=pix)

2.1
N pix D (m) f oversample (1)

Figure 2.4 Left: Pupil plane image showing the primary mirror with a central obstruction
due to the secondary mirror. The primary mirror has a diameter of 1.85-m and the secondary
mirror of 0.879-m. Right: Focal plane image showing the Airy diraction pattern. Note
that the rst Airy ring has more intensity due to the central obstruction in the pupil image.

The next step is to combine the monochromatic model PSFs in order to generate a model
PSF for an entire observing band. This is done by normalizing each of the monochromatic
PSFs by the sum of the energy in a $box centered on the peak. The size of the box was
chosen to include 95-99% of the energy for wavelengths corresponding to the 400nm-1000nm
range. Using the measured Quantum E ciency (QE) curves shown in Figure 2.5 (from
Baranec et al. 2014), for each band, the normalized monochromatic PSFs are weighted then
summed. For each observing band, monochromatic PSFs were generated at wavelengths

corresponding to an even sampling in energy space, with increments of 0.025 eV.

The nal step is to shift the center of the summed oversampled model PSF for each
band to 9 grid positions within the size of a Robo-AO pixel, then scale each of these shifted
images to the Robo-AO plate scale. The purpose of generating these sub-Robo-AO pixel
shifted centers is to account for the fact that the peak may not land in the center of a pixel

due to the random location of a star during observations. Next, for each shifted and scaled
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Figure 2.5 QE response curves over the di erent observing bands for Robo-AO (Baranec
et al. 2014). The sampling used to generate the monochromatic model PSFs is also shown
and was generated using stepsizes constant in energy space (0.025 eV). The numbers in
parentheses are the number of samples for each band.

image, the Strehl factor is calculated. This is done by dividing the intensity peak by the
sum of the intensities in the same 8%square box. Finally, the Strehl factor for a given band
is the mean of the Strehl factors for each shifted PSF in order to generate the Strehl factor
for the average of star positions within the pixel. The model PSFs for each of the bands in
the optical, observable with Robo-AO, are shown in Figure 2.6. Each model PSF is scaled

to the Robo-AO plate scale and is a 8°box.

Calculating the Strehl ratio

Finally, to calculate the Strehl ratio of an observed image, the peak intensity is divided
by the sum of the energy in a 3°box, then this normalized peak is divided by the Strehl

factor to yield the Strehl ratio.
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Figure 2.6 Model PSF images for theg®, r© i° z% and Ip600 bands. Each image is a% 3%
box and is scaled to the Robo-AO plate scale. As the wavelengths increase, the size of
the Airy pattern also increases. Note that the Ip600 Iter includes a much larger range of
wavelengths therefore the PSF is more blurred than for the other lters.

Contrast Curves

The Robo-AO data reduction pipeline described in Law et al. (2009, 2014) performs at
eld calibration, dark subtraction, and post-facto shift and add on the individual frames in

a given observation to produce the nal science frame. A new pipeline has been developed
to quickly produce PSF-subtracted frames and contrast curves from these science images
(Jensen-Clem et al. 2016, in prep) and are available the next day. After identifying the
target star in the nal frame, a 2:8°° 2:8%cutout around the star is spatially Itered to
reduce the contribution of the uncorrected stellar halo. This cutout is cross correlated with
cutouts of all previous stars observed with Robo-AO at Kitt Peak. The ve stars with the
highest correlation become the PSF library with which a reference PSF is constructed and
subtracted using the KLIP algorithm. The contrast curves are generated by calculating the
standard deviations of resolution element sized aperture sums at given distances from the
central star. The Vortex Image Processing pipeline (VIP, Gomez Gonzalez et al. 2016, in
prep) is used to implement KLIP and generate contrast curves. Figure 2.7 below shows

representative contrast curves for the rst six months of observations at Kitt Peak.

Nightly Summary Report Website

A nightly summary report website is generated after each night of observing and is available

the next day along with all of the past observing nights. This website contains information

33



Figure 2.7 The curves representing the 50% and 10% best contrast at P%ire plotted.

about the observing conditions and performance of the instrument. The contrast curves,
Strehl Ratios, and seeing measurements are plotted for each night and all observed images
are displayed. Each image can be clicked on so full sized and cropped images are shown
along with the Strehl Ratio, contrast curve, and full header information. Figure 2.8 is a

screenshot of the website and shows its layout.

2.1.5 Optimizations

We performed a series of tests in 2016 May 17-20 in order to optimize the system at Kitt
Peak. After each test was performed, the reduced data was available the next day. The
measured Strehl ratios were used to determine the highest quality images and thus the

optimal settings for the instrument.

Quad-Cell Response Look-Up Tables

The quad-cell response look-up tables are used to convert between the measurement of the
center of mass of the intensity on the Shack-Hartmann wavefront sensor images and the
corresponding physical position on the wavefront sensor in order to apply the appropriate

corrections on the deformable mirror. Due to the di erent plate scale between the Palomar
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Figure 2.8 Screenshot of the nightly summary report website, which shows each night's
observing conditions and performance.

and Kitt Peak systems, the look-up tables needed to be regenerated. The light from the
telescope simulator is circular while the light from the on-sky laser is roughly gaussian, so
the response curves are di erent. Look-up tables were produced for both types of sources

and are shown in Figure 2.9, also comparing the Palomar and Kitt Peak systems.

Laser Range Gate

The laser range gate controls two aspects of the laser guide star: 1) the focus distance

along the line of sight in the atmosphere and 2) depth measurement, the size of the slice
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Figure 2.9 Quad-cell response look-up-tables, for calibrations (circular) and on-sky
observations (gaussian). Matches the PSF position on the wavefront sensor quad-cell with
the center-of-mass algorithm output to linearize the response for di erent sources. This
plot shows the di erent response tables for Palomar and Kitt Peak.

of atmosphere we are collecting the light from. They are respectively controlled by the
delay in opening the laser shutter and the length of time the shutter remains open. The
laser is a pulsed Rayleigh beam, so it backscatters at every altitude in the atmosphere. We
want to collect the backscatter that corresponds to the layer of atmosphere at which the
laser is focused ( 10 km), since the laser is traveling at the speed of light, the round trip
corresponds to a delay of about 66s. For our rst set of optimizations tests (2016 March
11) we set the delay to correspond to focus distances ranging from 10.3 km to 10.75 km
with stepsizes of 0.05 km. While we ran the tests on the focus distance, we kept the depth
constant at 450 m, so this corresponds to the shutter being open for 3. We found a clear
improvement in image quality (measured by a higher Strehl Ratio, explained inx2.1.4) at
an altitude of 10.55 km. We then ran the optimizations again on 2016 May 17, this time
stepping through values around 10.55km by increments of 0.01 km and again con rmed
that the focus distance set at 10.55 km yielded the best image quality. Figure 2.10 shows

the plots of the Strehl Ratios corresponding to di erent laser focus distances.

There are two main considerations to take into account when setting the depth of laser

measurement. A longer range gate will allow us to collect more light but will also cause
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Figure 2.10 Plot of the Strehl ratios corresponding to the laser set to various distances
along the line of sight. During the optimizations test on 2016 March 11 (eft) we used step
sizes of 0.05 km and found a clear peak at 10.55 km. During a later optimizations run, on
2016 May 17 fight), we used smaller step sizes of 0.01 km around 10.55 km. Again there is
a clear peak at 10.55 km, which is now the current altitude setting of the instrument. Note
that although the control image has a lower Strehl ratio at 10.55 km, this image was taken
before stepping through the di erent altitudes and the seeing was worse at that time and
improved as the test went on. Therefore, the Strehl ratio being greater at 10.55 km than
at 10.54 km and 10.56 km is signi cant because the seeing was similar.

image elongations on the wavefront sensor as the light comes from distances farther away
from the focus. During the following test, on 2016 May 19, with the laser now set to an

altitude of 10.55 km, we stepped through a range of depths, from 200 m to 800 m by
increments of 50 m and again found a clear peak in the Strehl ratios at 550 m, as seen in

Figure 2.11. The current laser range gate settings thus correspond to 10.55 km and 550 m.

AO Loop Gain Settings

The AO loop gain setting controls how much of a correction to the distorted wavefront should
be applied with the deformable mirror based on the measured error from the wavefront
sensor. Since the atmosphere is constantly changing, there will always be a delay between
the time the wavefront distortion is measured on the wavefront sensor and the instructions

to correct it are received and applied by the deformable mirror. If the full correction were to

37



Figure 2.11 Plot of the Strehl ratios corresponding to the laser set to various depth
measurements. There is a clear peak at 550 m, which is now the current range gate setting
of the instrument.

be applied, we would risk over-correcting the wavefront and introducing larger distortions
instead, causing the loop to go unstable. The gain setting is a value usually between 0 and 1
and represents the fraction of the correction to be applied. During the nights of 2016 March
11 and 2016 May 18 - 20 we ran several tests while changing the gain settings. The results
were not as clear as with the laser tests. Figure 2.12 shows the results of the gain settings
tests. The original gain setting was 0.36, which is our predicted optimal gain setting for
Kitt Peak. This number was obtained by converting the optimal gain setting from Palomar
using the factor di erence between the plate scales and the new quad-cell response look-up
tables (seex2.1.5). The results of the tests were not conclusive enough to justify changing

it from that value.

Spherical Slope O sets

Due to the addition of an aspheric condenser lens, we wanted to con rm that no signi cant
non-common path spherical aberrations were introduced. We thus performed a spherical
slope o set test by adding slope o sets corresponding to di erent amplitudes of Zernike

spherical aberration. We performed this test on the nights of 2016 May 17-19 and the
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Figure 2.12 Plot of the Strehl ratios corresponding to images corrected with di erent gain
settings. The test was repeated on several nights (2016 March 11 and 2016 May 18 & 19) so
the Strehl ratios are each normalized by the maximum Strehl ratio of each respective night
due to di erent seeing conditions on di erent nights. Also shown are the seeing conditions
during each of the nights. The time is shown in decimal UTC time.

resulting normalized Strehl Ratios are shown in Figure 2.13 along with the seeing conditions
during the times of the tests for each night. Note that the point corresponding to a coe cient
of 400 nm on 2016 May 17 was taken at 3.7AM during an improvement in seeing (1°°
compared to the mean of 139y and its high Strehl ratio is thus not reliable. We concluded
that no signi cant non-common path spherical aberrations had been introduced because
the higher Strehl ratios corresponded to the coe cients of small values surrounding zero.

We are thus currently not adding slope o sets.
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Figure 2.13 Plot of the Strehl ratios corresponding to images corrected with di erent
spherical slope o sets. The test was repeated on several nights (2016 May 17, 18 & 19) so
the Strehl ratios are each normalized by the maximum Strehl ratio of each respective night
due to di erent seeing conditions on di erent nights. Also shown are the seeing conditions
during each of the nights. The time is shown in decimal UTC time.

2.1.6 Performance Analysis and Comparison to Palomar
Seeing Comparison

In order to analyze the performance of Robo-AO at Kitt Peak and compare it to its previous
performance at Palomar, the observing conditions need to be taken into account. The
median seeing for stellar targets observed in the i'-band at Palomar was reported to be:1°°
using 20 second exposure time seeing measurements (Baranec et al. 2014). This value is in
rough agreement with the R-band median seeing of :1%°reported in Cenko et al. (2006).
After running a similar analysis at Kitt Peak, and considering all targets, all observing bands
(most observations are done in the i'-band), and only 10 second exposure measurements

(seex2.1.4), we found the median seeing to be:2%° which is likely to be underestimating
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the true seeing. This is signi cantly higher than the median seeing reported by the 4-m
telescope at Kitt Peak (Code et al. 1998) of @% Figure 2.14 shows the histogram of the
10-sec exposure time seeing measurements at Kitt Peak. We are currently looking into ways
of improving the dome seeing. KPNO sta used a thermal camera to identify heat sources
in the dome and generated a report with several recommendations on how to address these
thermalization problems. Using these recommendations we have created a prioritized list

of tasks to pursue to work on improving the dome seeing.

Figure 2.14 Histogram of the seeing measurements at Kitt Peak from 10-second exposure
time images. This includes all of the observations made in all bands between the dates of
2015 November 14 and 2016 June 11. The mean and standard deviation are also shown.

Strehl Ratio Comparison

After calculating the Strehl ratios for all of the observations done at Palomar and those
done up to 2016 June 11 at Kitt Peak, we can compare the data quality between the two
systems. The observations included in this analysis are those that passed the criteria to
be considered "good' observations. Law et al. (2014) found that core size was the best
indicator of performance and image quality. Images with core sizes smaller than the
di raction limit were instead due to the stacking on a noise spike because of the low signal-
to-noise ratio (SNR). Thus, for this study, we excluded images with core sizes smaller than

0.14°9 Extended sources such as planets, moons, and asteroids were also excluded from the
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calculations as the model PSF assumed point sources. Targets with companions were not
speci cally excluded from the calculation, which could contribute to slightly lower Strehl
values.

The Strehl ratios measured for observations during Palomar operations (2012 May 12
to 2015 June 10) and that passed the selection criteria described above are shown in a
histogram in Figure 2.15. The median Strehl ratio was found to be 5.37% for a total of
8498 observations. Figure 2.16 (left) shows the Strehl ratios for the observations from
Kitt Peak, also using the same selection criteria, and observed between 2015 November 14
and 2016 June 11. The median Strehl ratio was found to be 2.41% for a total of 2692
observations, which is signi cantly lower than at Palomar. As we work on improving the
dome seeing (see previous sectiorg2.1.6), we expect our Strehl ratios to improve. The
optimizations described in 8.1.5 have also helped improve the image quality, as seen in
Figure 2.16 (right) with an increase in median Strehl ratio when comparing observations
from before the optimizations were done (2014 Nov to 2016 May), to after the optimizations
were done (2016 May to 2016 June). The median Strehl ratio increased from 2.35% for
2235 observations to 2.93% for 340 observations. As we continue to optimize the system

and improve dome seeing we also expect the Strehl ratios to increase.

Figure 2.15 Histogram of all of the Strehl ratios from observations included in this analysis
from 2012 May 12 to 2015 June 10 at Palomar. The mean and standard deviation are also
shown.
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Figure 2.16 Left: Histogram of all of the Strehl ratios from observations included in this
analysis from 2015 November to 2016 June at Kitt Peak. The mean and standard deviation
are also shown. Right: Comparison of the distribution of Strehl ratios before and after
Robo-AO was optimized in May 2016.

2.1.7 IR Camera

We are planning the addition of an infrared camera to Robo-AO KP, which will allow us to
widen the scope of possible targets, speci cally to much redder and low-mass objects, and to
conduct the largest ever AO surveys in the infrared. The camera will double as an IR science
detector and as a tip-tilt sensor that takes advantage of signi cant image sharpening in the
infrared. The IR camera uses brand new infrared avalanche photodiode array technology
(SAPHIRA detector Finger et al. 2014), which has so far only been used for fringe tracking
(Eisenhauer et al. 2016), demonstration tests (Atkinson et al. 2016; Goebel et al. 2016), and
with the prototype Robo-AO system (Baranec et al. 2015) on a limited basis in 2014 (see
Figure 2.17). This will be the rst long-term deployment of such a camera on an adaptive
optics system for science applications. The cryostat was delivered to the team in Hilo,
Hawai'i in mid-June 2016 and will be in the lab in Hilo for the duration of summer 2016,
undergoing testing and in order to nalize the electronics and software interface. The IfA
has developed PB1 (\PizzaBox") electronics which can be used in di erent con gurations
for Hawaii-2RG, Hawaii-4RG, and SAPHIRA detectors. In our case, using the single board

con guration for the 320 256 SAPHIRA detector, it will have 34 readout channels and
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is capable of reaching a 3 Mpixel/sec sampling rate per channel. This allows for a 1 kHz
full frame readout rate. The assembled camera is shown in the lab in Hilo in Figure 2.18.
Once the testing is completed, the IR detector and cryostat will then be taken to Kitt Peak,

Arizona to be added to the Robo-AO KP system.

Figure 2.17 Palomar observations inH-band and i“band of M15 with infrared tip-tilt
guiding. These images were simultaneously taken during demonstration tests in 2014 with
the Robo-AO Palomar system (Baranec et al. 2015).

Science Programs

The rst science program to be conducted with Robo-AO Kitt Peak in the infrared will be a
survey of nearby young stars to search for brown dwarfs and wide-orbit exoplanets, this will
be the largest ever adaptive optics survey of its kind. Brown dwarfs are objects that form as
a result of not being massive enough to form stars but are also too massive to be considered
planets (< 13 M,yp) by the current IAU guidelines. They can therefore be seen as a link
between stars and planets. Understanding how they form and evolve will provide insight on
the formation and evolution of stars and planets as well, by understanding the di erences in
the processes. With each new substellar object (brown dwarf or exoplanet) discovered and

characterized, we have the opportunity to gain insight on the diversity of such objects, their
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