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Abstract

High Spatial Resolution Thermal Infrared Integral Field Spectroscopy
by
Zackery Wyatt Briesemeister

I introduce high spatial resolution thermal infrared integral field spectroscopy to
the astronomical community. The 2-5 micron sensitivity enables detection and
characterization of a wide variety of exoplanets, including exoplanets detected
through long-baseline astrometry, radial velocity planets on wide orbits, accreting
protoplanets in nearby star-forming regions, and reflected-light planets around the
nearest stars. I introduce ALES as the first thermal infrared integral field spectro-
graph, operating from 2.8-5 microns in multiple, low-resolution spectral modes. I
used ALES to deliver the first spatially resolved thermal infrared spectra of the HD
130948BC system. I use the success of the ALES/LBTI thermal infrared integral
field spectrograph to motivate the dedicated SCALES/Keck instrument, which
vastly improves upon stability and sensitivity of the nascent technology to pro-
vide 10-m class diffraction limited thermal infrared low-/med-resolution spectra
and imaging. I led the project to develop an end-to-end simulator for SCALES,
and have used it to perform a novel information content analysis approach to
identifying tolerances for SCALES. I identify the exoplanets detected using the

astrometric baseline of Hipparcos, Gaia, and Roman as an age-insensitive sample

X



of "informed" targets to remove the potential risks of non-detections and im-
prove the efficiency of detection and detailed imaging and spectroscopy of giant

exoplanets with SCALES for a broad range of masses, separations, and ages.
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I dedicate this thesis to my future dog,
Eccentric Kozai-Lidov Mechanism "Kozai" Briesemeister.
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Chapter 1

Introduction

Vision has long been an important concept to human beings. Not only in the
ability to think about or plan the future with imagination or wisdom, but in the
capacity to detect electromagnetic waves that we use to interpret the universe
around us. The human eye is truly a marvel of evolutionary biology, comprising
an adjustable aperture (iris) and color-sensitive detector (retina) that nearly all
humans use to collect a tiny fraction of electromagnetic spectrum and form a basis
of architecture for many modern optical imaging systems. With the birth of mod-
ern astronomy with Galileo’s first use of a telescope around 1609, astronomical
observations were no longer limited to the power of the unaided eye. Telescopes
remained extensions of the human eye until the invention of photography in the

19th century, enabling astronomers to store and share objective reproductions of



their observations. The manufacturing of optical glasses of constant quality spread
matured optical systems such as telescopes, microscopes, and photographic ob-
jectives into scientific, medical and consumer applications. Digital detectors have
recently replaced the need for photographic plates, delivering astronomy into the
modern era where advanced post-processing algorithms performed by computers
have dramatically accelerated scientific discovery. Astronomical instrument tech-
nology has expanded narrow wavelength coverage from those visible to the human
eye to the entire electromagnetic spectrum.

It took foresight for astronomers to collectively direct resources towards over-
coming the challenges besetting the field of high-contrast (direct) imaging of ex-
oplanets, which takes vision to the extreme. The angular resolution of the naked
human eye, or the smallest angular separation with which the human eye can
distinguish two point sources from one another, is around an arcminute. Typical
angular resolutions of high-contrast imaging systems are ~50 millarcseconds, or a
factor 1200 smaller. At the same time, stars are typically a million (Jupiter-like)
to a billion (Earth-like) times brighter than the exoplanets that orbit them.

While the premise of direct imaging is straightforward, in practice it is quite
complex. Geometrically, distant planetary systems are fainter and more compact
when viewed from Earth. Astrophysically, the intrisically high-contrast environ-

ments, coupled with the intrinsic rarity of wide-separation companions and the



Figure 1.1: The two directly imaged systems with multiple planets so far, with
Left: HR 8799, Middle: PDS 70, Right: PDS 70. Image credits: C.Marois; Miiller

et al.; S. Haffert.

long-term passive cooling of their atmospheres, conspire to make detection rates
low. Locally, turbulence in Earth’s atmosphere degrades image quality, and the
atmosphere’s bright, highly variable thermal background redward of 2 microns is
also plagued with OH lines in the near infrared. From an engineering standpoint,
stellar light would saturate detectors in the integration time necessary to observe
exoplanetary photons, and the emissive optics and thermal background warrants
cryogenic instruments. Technically, characterization of exoplanet light requires
sophisticated instrumentation and data processing infrastructure.

An uphill challenge reaps rich reward, however few (Figure 1.1). High-contrast
imaging presents major advantages over other techniques for detecting exoplanets

and enables their characterization. Unambiguously separating stellar light from



the light emitted (or reflected) by an exoplanet enables isolation of their thermal
emission (or reflection) spectra with spectrographs, providing constraints on the
chemical compositions, pressure-temperature profiles, and energy transport in
exoplanetary atmospheres (e.g., Konopacky et al., 2013; Macintosh et al., 2015a;
Hu, 2019). Transit detections are limited to compact edge-on orbits, and radial
velocity are most sensitive to massive exoplanets on short, near edge-on orbits.
High-contrast imaging is not geometrically restricted (apart from being limited by
small angular separation from the star) and is most sensitive to massive exoplanets
at wide separation. Fecund transit and radial velocity surveys are biased towards
older systems, as young stars produce a large quantity of pathological astrophysical
noise (star spots, circumstellar material, etc.; Crockett et al., 2012; van Eyken
et al., 2012; Yu et al., 2015). High-contrast imaging is most sensitive to young, self-
luminous gas giants. These rewards, in turn, populate the otherwise underexplored
region of exoplanet parameter space.

NASA’s Kepler mission has shown planets are ubiquitous: 50-100% of Sun-like
stars host some form of planetary system (Winn and Fabrycky, 2015), with 10-20%
expected to host one or more rocky planets (Fressin et al., 2013; Petigura et al.,
2013). Large surveys from Keck and other facilities (e.g., Galicher et al., 2016;
Nielsen et al., 2019) have now indicated that directly observable exoplanets (i.e.,

young gas giants orbiting far from their host star) are rare, with estimates of a few
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Figure 1.2: Probability distributions for the occurrence rate of giant planets for

four populations of host stars. From (Bowler, 2016), Figure 12.

percent of stars host such giant planets (Figure 1.2). This is in agreement with
the gas giant occurrence rate inferred from radial velocity data, which suggests
a peak in the giant planet distribution around the snow line (~2-5 AU around a
young Sun-like star; Mulders et al., 2015) with a decline to a few percent further
out (Fernandes et al., 2019). Adaptive optics-fed direct imaging surveys that have
invested >1000 nights of 8-10-m telescope time to discover ~1-2 dozen exoplanets

(Bowler, 2016).



Nevertheless, understanding the formation and evolution of giant planets is
a fundamental goal of modern astrophysics. New scientific frontiers such as ex-
oplanetology and astrobiology rely on the wealth of information gathered from
the detection and characterization of the entire range of exoplanet formation out-
comes. The tacit goal of exploring terrestrial habitability cannot be understood in
isolation. Jupiter and Saturn likely played an important role for the formation and
evolution of the Solar System, and have predominantly dictated its present-day
architecture (Morbidelli et al., 2007). This migration may provide explanations for
the peculiar axial tilt of Uranus and Venus, the catastrophic impact that may have
been responsible for the formation of the Moon, the Late Heavy Bombardment
and the presence and distribution of planetesimals in the solar system (Thommes
et al., 1999; Gomes et al., 2005; Tsiganis et al., 2005; Levison et al., 2008). Giant
planets accrete large amounts of matter from the protoplanetary disk and can
open gaps in the disk’s radial dust distribution which form barriers for radial dust
drift, limiting the amount of material available for the formation of smaller plan-
ets closer in (Rice et al., 2006). They also gravitationally interact with planets
in the system and the protoplanetary disk itself, causing orbital resonances and
migration (D’Angelo and Marzari, 2012).

This discussion can be broadly expanded to include all substellar compan-

ions, including brown dwarfs (typically confined to the mass regime above the



deuterium burning limit (13M;) and below the hydrogen burning limit (75M);
Oppenheimer et al., 2000). Brown dwarfs are of scientific interest in their own
right, but their usage as analogs for exoplanets due to their similarities in color
space (Figure 1.3) and relative ease of measurement cannot be understated (e.g.,
Cushing et al., 2005; Miles et al., 2018). Substellar objects lack of a sustainable
source of internal energy from nuclear reactions, with more massive objects start-
ing hotter and more luminous then gradually cooling and contracting. As this
occurs, its surface gravity will increase, making log(g) a tracer of age (Martin
et al., 2017). Young, low surface gravity objects are particularly analogous to di-
rectly imaged exoplanets; clouds are a nearly universal feature, with thicker cloud
decks appearing in low gravity objects (Helling and Casewell, 2014).

A class of dedicated high-contrast imaging systems comprising integral field
spectrographs capable of characterizing exoplanet atmospheres amongst other as-
trophysical features have come online in the past two decades. Project 1640 at
Palomar (P1640; Claudi et al., 2008), Gemini Planet Imager (GPI; Macintosh
et al., 2008), Spectro-Polarimetric High-contrast Exoplanet REsearch (Claudi
et al., 2008, SPHERE;), and Coronagraphic High Angular Resolution Imaging
Spectrograph (CHARIS; McElwain et al., 2012) collectively observe blueward of
2.5 microns with the goal of imaging exoplanetary systems at separations below

10 AU. These instruments continue to find fewer giant exoplanets than predicted,
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Figure 1.3: Color-magnitude diagrams for several directly imaged planetary mass
companions in bold circles with amongst field LT-type brown dwarfs and stars.

From Bowler (2016), Figure 7.



suggesting the discrepancy between the planet mass function extrapolated from
radial velocity surveys and the true giant exoplanet mass function remains un-
resolved. Near-infrared spectra alone are also insufficient for precise atmospheric
constraints of substellar atmospheres due to degeneracies between effective tem-
perature, cloud coverage, convection and non-equilibrium carbon chemistry (e.g.,
Stephens et al., 2009; Skemer et al., 2014; Barman et al., 2015).

In the thermal infrared (3-5 pm), the spectral energy distribution (SED) of
gas-giant planets contains a low-opacity atmospheric window that emits a large
fraction of a planet’s flux (Figure 1.4), especially at cool temperatures. Major at-
mospheric absorbers, such as CHy, CO and H,O, have strong absorption features
at ~ 3.3um, ~ 4.7um and ~ 4 — 5um, respectively. Additionally, the thermal
infrared continuum shape is sensitive to cloud thickness and patchiness (Mad-
husudhan et al., 2011; Currie et al., 2011; Skemer et al., 2014). Previous works
have exploited broad wavelength spectrophotometry extending into the thermal
infrared in order to constrain the thermal profiles, compositions, cloud properties
and bolometric luminosities of gas-giant planets (e.g., Currie et al., 2011; Barman
et al., 2011; Madhusudhan et al., 2011; Marley et al., 2012; Skemer et al., 2012,
2014; Ingraham et al., 2014; Morzinski et al., 2015; Rajan et al., 2017).

The rest of the introduction expounds upon these ideas and endeavors to

motivate the development of a new class of high-contrast imaging system capable
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of performing integral field spectroscopy at thermal infrared that will be the topic

of this thesis.

1.1 Overcoming the Challenges to Direct Imaging

At the most abstract level, detection of a companion to a star through high-
contrast imaging is determined by the companion’s brightness and the capacity to
separate the companion light from its hosts’ light. The brightness of the compan-
ion is tied deeply to its formation history, and is discussed in the next subsection.
For the latter point, the point-spread function (PSF), which represents intensity
impulse response of the optical system, has a shape set by the geometry of the
entrance pupil and the wavelength of light (\). The limit of an optical system to
distinguish light from the companion and light from the host is set by the ability
to distinguish their unaberrated point spread functions from one another, known
as the diffraction limit or Rayleigh Criterion (typically 1.22)\/D, where D is the
diameter of the telescope).

While infrared interferometric imaging methods like aperture masking (Tuthill
et al., 2000) and kernel-phase interferometry (Martinache, 2010) can probe within
the typical diffraction limit, conventional imaging is constrained not only by this
limit, but by photon noise due to the bright star near its diffraction core, effectively

widening the minimum distance to distinguish between star and planet. In real

11



high-contrast imaging systems, coronagraphic optics, adaptive optics, and post-
processing set the inner working angle (IWA), defined as the smallest angular
separation at which the total energy throughput of an off-axis source reaches 50%
of the maximum throughput, or where the contrast reaches a threshold value
(Ruane et al., 2018).

Such high-contrast imaging systems comprise the collection of technologies
that provide the spatial resolution required to separate stellar light from exoplanet
light, suppress starlight and remove diffraction structure at the location of the
planet, exploit the physics of light to enable characterization and enhance contrast,
and record and process the information obtained.

In this section, we discuss giant planet formation theory in the context of high-
contrast imaging, and the role of adaptive optics, coronagraphy, and differential

imaging in high-contrast imaging systems.

1.1.1 Giant Planet Formation

With the lack of a sustainable source of internal energy from nuclear reac-
tions, exoplanets are born at their hottest and evolve by gradually cooling and
contracting. One way to a prior: alleviate challenges is to observe younger plan-
ets that are still bright due to not having radiated away most of their primordial

heat of formation. In fact, all of the currently known directly imaged exoplan-
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ets beneath the deuterium burning limit (13 M) orbit young (< 100 Myr) stars
(Bowler, 2016). Consequently, we have unprecedented access to young and form-
ing planetary system, but are less sensitive to mature systems beyond the water
iceline.

Contrast describes the ratio of flux from the companion and the host star,
with the terminology of high- or extreme-contrast referring to contrasts closer
to zero than unity. Characteristic examples of contrasts with respect to a G2V
star as a function of wavelength are shown in Figure 1.5 for two near-infrared
(1-2.5 pm) bands (H and K;) and two thermal infrared (2.5-5.2um) bands (L’
and M’). If the goal of direct imaging is to extend to mature, and typically
cooler, exoplanets to bridge the gaps in parameter space, the optimal method
for direct characterization of these exoplanets is using thermal infrared
integral field spectroscopy. The rest of this subsection is devoted to explaining
why this is the case.

The initial conditions for planet formation are set by the host star formation
and cannot be understood independently. Stars form from large, cold clouds
of molecular gas in the interstellar medium, in which small overdensities create
gravitational instabilities that lead to local collapse into protostellar cores (McKee
and Ostriker, 2007). With some initial angular momentum, the collapsing cloud

will flatten and form a disk with the protostar at its center. The surrounding
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Figure 1.5: Characteristic examples of contrasts as a function of wavelength. The
least contrast is apparent in the mid-infrared (3-5 micron) than in the near-
infrared (1-2 micron), and this trend increases at lower temperatures. From Ske-

mer et al. (2014), Figure 1.
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dust and gas will gather into the circumstellar disk, which is thought to be the
birth place of planets and is therefore also called a protoplanetary disk. There are

several proposed mechanisms of planet formation that fall into three categories:

e Core accretion is a process where planets are formed from the bottom up,
beginning with dust particles that gradually coagulate into a protoplanetary
core (Pollack et al., 1996). If a planetary core reaches critical mass before the
dissipation of the circumstellar disk, a gaseous envelope is runaway accreted
resulting in a giant planet. The process is limited to the life time of the
gaseous component of the protoplanetary disk, set by radiation pressure from
the protostar. Gas-giant planet formation is thought to be most efficient
near the water ice line (~3-5 AU in solar-type systems), where an abrupt
change in the drift speeds of grains with and without icy mantels causes
increased surface density of solids enhancing core growth (Banzatti et al.,

2015; Pinilla et al., 2016).

e Disk fragmentation are scenarios in which massive protoplanetary disks be-
comes unstable and fragments into self-gravitating clumps (Boss, 1997).
However, ALMA observation revealed such massive disks are rare (Andrews
et al., 2013). Magneto-rotational instabilities may also cause disk fragmen-

tation leading to planet formation (Chiang and Youdin, 2010).

e During the collapse of the pre-stellar core the clump of gas and dust can
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break up into seperate clumps, which continue to contract and form planets

(Hennebelle and Chabrier, 2008).

The combined evidence, including planetary orbital distributions (e.g., Cum-
ming et al., 2008), planet frequency correlations with host-star properties such
as metallicity (e.g., Fischer and Valenti, 2005), and to some extent planetary at-
mospheric composition (e.g., Skemer et al., 2016b), and the planet mass-radius
distribution (Thorngren and Fortney, 2016), suggests that planets dominantly
form via core accretion, but it is possible that all three processes play a part
in the formation of planets. High-contrast imaging surveys such as SHINE (Vi-
gan et al., 2021) and GPIES (Nielsen et al., 2019) have found a smaller than
expected number of planets at wide separations (where gravitational instability
is more efficient), indicating that an even higher fraction might have formed via
core accretion than previously expected.

Gravitational instability and core accretion mechanisms predicts distinct post-
formation specific entropies for giant planets (Figure 1.6). Formation via gravi-
tational instability (hot accretion) predicts characteristically high post-formation
specific entropy, which increases with increasing planet mass (Figure 1.6). With
increasing planet mass, an increasing amount of gravitational potential energy is
converted to thermal energy during formation and stored in the planet. Formation

via core accretion (cold accretion) predicts a decrease in post-formation specific
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entropy with increasing planet mass, meaning with increasing planet mass, ther-
mal energy is radiated away in efficient accretion shocks (Marley et al., 2007a).
More realistic dissipative accretion shocks predict an intermediate regime (warm
accretion; Marleau and Cumming, 2014).

Meanwhile, planet-disk interaction can influence the orbital distance of the
planet. The more massive planets carve deep gaps in the disk, as they are able to
sweep up a major part of the disk material in their orbit. The depletion of the dust
and gas in the disk changes the pressure gradient and forces the planet to migrate
(type-1 migration; Kley, 2017; Nelson et al., 2000). Planets of a few Earth masses
follow a type-II migration scenario (Nelson et al., 2000), where only a small shallow
gap is created that is not completely cleared of dust and gas. The consequential
distinction between the two types is the amount of mass accretion that occurs.
Multiple planet systems inevitably complicate the dynamics involved, but the
expected ubiquity of such situations undergoing type-III migration warranted the
development of hydrodynamical simulations and semi-analytical relations between
the migration rate, disk parameters and planet parameters (Dodson-Robinson and
Salyk, 2011; Kley, 2017).

Planet-population synthesis codes attempt to replicate observed exoplanet
populations by placing these semi-analytical relations in a single simulation en-

vironment to test theories of planet formation (Benz et al., 2014; Mulders et al.,
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planets formed via gravitational instability (HS, red line) and core accretion fea-
turing different core masses (other lines) at cold- and warm-start regimes. From

Mordasini (2013), Figure 2.
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2018). The underlying bias is apparent: transit and radial velocity surveys es-
chew young stars with pathological astrophysical noise (star spots, circumstellar
material, etc.) in favor of older, more well-behaved stars (Crockett et al., 2012;
van Eyken et al., 2012; Yu et al., 2015). Presently, theories describing the de-
tails of how planets form are guided almost entirely by indirect constraints from
the appearance and statistics of mature planets. While these simulations have
been fruitful, we lack the verification of most of the physical mechanisms in these
population codes (Morbidelli and Raymond, 2016).

Direct imaging is key to overcoming these observational limitations. By spa-
tially resolving the disk and the embedded planets, we can witness their interac-
tion. Another added benefit is the enhanced intrinsic contrast between the star
and the planets. Reflected light detections are essentially the only option for Solar
System-analogs. The contrast for analog-Earth and analog-Jupiter would be 10~
— 1077, respectively (Traub and Oppenheimer, 2010), far beyond our current ca-
pabilities. But planets emerge from formation at their hottest. This increases the
intrinsic contrast in the near-infrared to 1075 — 10~ making the detection of such
exoplanets orders of magnitude easier, and even more so beyond 3 microns (Figure
1.7); direct imaging is the best technique to observe young planetary systems and
their planet-disk interactions.

Planets formed via core-accretion are born with a distribution of initial en-
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Figure 1.7: Left: The evolution of absolute magnitudes in five infrared bands for
a 4 M planet. Solid lines show the core accretion start model, while dashed lines
show the high initial-entropy start model. From Fortney et al. (2008), Figure 8.
Right: Star-planet contrast for a 1 M star and a 10 M; planet as a function of
wavelength for two different ages and two evolutionary models (blue: Spiegel and
Burrows (2012), cold start; red: Allard (2014), hot start). From Launhardt et al.

(2020), Figure 2.

20



tropies, resulting in a distribution of zero-age luminosities for planets of a given
mass (e.g., Mordasini, 2013). In the near infrared (<2.5 micron), even the most
massive low initial-entropy planets are typically too cool and faint to be detected.
These planets are easier to detect in the thermal infrared (3-5 micron), but they
cool and fade out of reach at mature ages (e.g., Marley et al., 2007b; Skemer et al.,
2014). Therefore, thermal infrared observations of the youngest possible targets
are necessary to directly image planets with the full range of expected initial en-
tropies, and if there is any hope to image mature objects, it would be redward of
3 microns.

Since the youngest stars are typically at distances >100 pc, resolving the stel-
locentric radii where giant planet formation should be most efficient requires very
high spatial resolution. Unambiguously separating stellar light from the light
emitted by an exoplanet enables isolation of their thermal emission spectra, pro-
viding constraints on the chemical compositions, pressure-temperature profiles,
and energy transport in exoplanetary atmospheres (e.g., Konopacky et al., 2013;
Macintosh et al., 2015a; Miles et al., 2020). The instrument most capable of per-
forming such observation would, in turn, be a thermal infrared-sensitive integral

field spectrograph with high spatial resolution.

21



1.1.2 Adaptive Optics

A key obstacle to overcome is optical distortion caused by Earth’s atmo-
sphere. Atmospheric layers have temperature differences and potentially pressure
differences that change the local refractive index of the air, and the difference
in wind speed and direction generates turbulence between these layers. Turbu-
lence changes the optical path and thus arrival times of light across the telescope
pupil, distorting the wavefront temporally and spatially. The point-spread func-
tion (PSF), which represents intensity impulse response of the optical system
becomes aberrated, degrading the spatial resolution of any uncorrected instru-
ment. This phase distortion changes on the order of milliseconds, which results in
long-exposure images appearing as smooth, extended seeing halos that contains
little spatial information

Adaptive optics (AO) seeks to correct this atmospheric wavefront distortion
in real time. AQO systems actively measure the shape of the wavefront with a
wavefront sensor (WFS), typically measures the wavefront by converting wave-
front shape to an intensity modulation, like spot shifts or intensity variations.
The signal from the WFS is converted by a control algorithm to shape a de-
formable mirror (DM), which takes the inverted shape of the wavefront with half
the amplitude and thereby flattening it to approach the theoretical unaberrated

PSF for the optical system. A DM placed before the wavefront sensor enables
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Figure 1.8: The principle components of an adaptive optics (AO) system. From

Zhu et al. (2006), Figure 1.

closed loop activity to keep the wavefront stable (Figure 1.8). Aberrated PSFs
have significant power exterior from their central core, causing both stellar and
exoplanet light to be spread over a wider area. This decreases the localization of
the exoplanet, decreases the number of photons we associate with the planet, and
make already unfavorable contrasts even more untenable. The improvement by
AO is two-fold: the spatial resolution and signal-to-noise is improved as the light
becomes more centrally concentrated to the location of the source.

Temporal delays, atmospheric evolution (primarily wind), and other factors

conspire to cause the DM to imperfectly correct the wavefront. Imperfect correc-
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tion causes the PSF to exhibit modulations of the intensity with a size of A/D that
mimic planet signals called speckles. Speckles are coherent with the diffraction
structure and are generated by many effects, dominated by non-common path
errors between the WFS and science focal plane and temporal lag of updating the
DM. These result in long-lived speckles resembling planets (Martinez et al., 2013),
and wind-driven halos of unocculted stellar light (Cantalloube et al., 2018, 2020),
respectively. Wavefront sensing at the science focal plane and predictive control
by extrapolating wavefronts due to wind may be solutions to these respective
problems (e.g., Marois et al., 2020; van Kooten et al., 2019).

While we focus here on ground-based instrumentation, it is important to note
space-based instruments only escape the effects of Earth’s atmosphere, and the
other challenges remain. Their performance is also limited by wavefront control,

albeit at a very different contrast level (Shi et al., 2017).

1.1.3 Coronography

After AO correction, the diffraction structure still dominates over planetary
light. The fundamental purpose of a coronagraph is to act as an angular filter,
suppressing on-axis light as much as possible with minimal disruption to the off-
axis astrophysical light. Coronagraph are designed to suppress this diffraction

structure at the location where planets are expected to be, and suppress photon
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noise associated with stellar light. As such, coronagraphy significantly enhances
the signal-to-noise ratio of the planet signal.

The archetypal coronagraph was developed by Bernard Lyot to image the so-
lar corona by masking the disk of the sun and blocking the diffracted light in
a consecutive pupil plane (Lyot, 1939). As an example of a focal-plane corona-
graph, the Lyot coronagraph’s suppression properties can be visualized in Figure
1.9, which has an opaque mask in the focal plane that blocks the starlight. An
amplitude mask (or Lyot stop) in the following pupil plane blocks the stellar light
that is diffracted around the opaque focal-plane mask. The Lyot coronagraph is
a focal-plane coronagraph, as the opaque mask that blocks the star is in the focal
plane. The field has expanded to several designs acting in either the focal or pupil
planes (Ruane et al., 2018).

Focal-plane coronagraphs use an opaque focal-plane mask to block out the
starlight in an intermediate image plane, and employ pupil stops upstream and
downstream in order to optimally suppress diffraction effects. As the IWA be-
comes smaller, focal-plane coronagraphs become increasingly sensitive to errors in
instrumental alignment, and any shift to the central star will cause it to move out
of the nulling region and re-appear in the image, significantly degrading contrast.
Pathological vibrations in the telescope conspire to undermine the effectiveness of

high-precision focal-plane coronagraphs (Mawet et al., 2012).
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Pupil-plane coronagraphs use apodising optics in the telescope pupil to modify
the PSF of the telescope, creating regions of destructive interference where the
natural diffraction pattern is suppressed. Since every PSF is modified the same
way regardless of position, vibrations are no longer pathological. The trade-off is
lower image quality, as the modified PSF is less centrally concentrated.

A more precise definition of contrast is the flux ratio with respect to the star
where a point source can be significantly (50) detected (Jensen-Clem et al., 2018).
For a coronagraph design, the contrast is the spatially variant suppression of the
starlight divided by the coronagraphic throughput for a clear telescope aperture,

measured in a circle with a diameter of approximately the diffraction limit.

1.1.4 Differential Imaging

The contrast improved through adaptive optics and coronography can be fur-
ther enhanced through a variety of post-processing techniques. Imaging, spec-
troscopy, and polarimetry enable differential measurements that can be exploited
to suppress residual stellar light and isolate exoplanetary light, including refer-
ence star differential imaging (RDI), angular differential imaging (ADI), spectral
differential imaging (SDI), and polarimatric differential imaging (PDI).

ADI (Figure 1.10) relies on the pupil being stabilized as the sky rotates, fixing

the stellar PSF diffraction structure with respect to the sky rotation (Marois
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Figure 1.9: Schematic of Lyot coronography. The occulting spot, in the focal
plane, occults the core of the target star PSF. In the re-imaged pupil plane, light
from the spatially extended diffraction rings of the PSF' is concentrated near the
perimeter of the pupil. By adding a “Lyot stop” in this pupil plane, the diffraction
rings are attenuated in the final image, thus boosting the overall dynamic range.

From Sivaramakrishnan et al. (2001), Figure 1.



et al., 2006). This method relies on the angular diversity of off-axis object that
rotate with the evolution of parallactic angle. The median image approximately
removes all contribution of off-axis light, and when subsequent images are median-
subtracted, derotated, and stacked, off-axis light is revealed. More advanced
methods of combining the images to create a better reference PSF produce better
results (Lafreniére et al., 2007; Soummer et al., 2012). Small angular diversity
(typically small separation sources) appear more often near the same place in the
mean image, resulting in self-subtraction that influences the interpreted spectrum.

RDI removes the stellar PSF component through subtraction of a PSF of
another star (without companions, at least in the same location as the target),
first used by (Smith and Terrile, 1984) to reveal the circumstellar disk around
B Pictoris. RDI is severely limited by quasi-static speckles due to the time lag
between data and reference image acquisitions.

SDI (Figure 1.11) takes advantage of spectral diversity of exoplanet and stel-
lar light to suppress the stellar PSF component (Sparks et al., 2002). Images
separated in wavelength can be scaled radially to fit and subtract away the PSF.
Small spectral diversity results in radial self-subtraction, typically limiting the
usefulness of narrow-band imaging and low-resolution integral field spectrographs
with this method.

PDI exploits the fact that stellar light is highly unpolarized, while scattered
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Figure 1.10: Schematic of Spectral Differential imaging. The median-subtracted,
derotated, and stack images are then median combined to reveal off-axis light.

The companion is marked as a red dot. From Carolo et al. (2016), Figure 1.
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Figure 1.11: Schematic of Spectral Differential imaging. Images are scaled in-
versely proportional to their wavelength, stellar PSF model is then created using
PCA analysis, stellar PSF model is rescaled for each wavelength channel propor-
tional to its wavelength. The companion is marked as a red dot. From Kiefer

et al. (2021), Figure 1.
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light is linearly polarized. Circumstellar disks present large scattering surfaces
and PDI has been widely used to discover them (de Boer et al., 2016; Avenhaus
et al., 2018). Exoplanets scatter stellar light resulting in a significant degree of
polarization, and thus PDI could be used to enhance the contrast. Moreover, it is
expected that young gas giants also emit partially polarized light in the thermal

infrared, yet the degree of polarization is low (< 1%) (Stolker et al., 2017).

1.2 Integral Field Spectroscopy

Spectrophotometric information from an astrophysical source is inherently
three-dimensional, which two spatial components and one component for the en-
ergy of the photon. The two-dimensional nature of detectors would otherwise
preclude the capability of accessing one of the dimensions, wavelength in the case
of an imager and a spatial dimension in the case of a slit spectrograph. Integral
field spectrographs (IFS) instead reformat the bidimensional field into a pseudoslit
which are then dispersed into spectra and detected at the focal plane. The resolv-
ing power R = ﬁ of a spectrograph describes the spectral scale A\ that can be
resolved in a spectrom at wavelength \.

Lenslet-based IFSs employ a microlens array as a spatial sampler (Figure 1.12).
This enables retrieval of the three-dimensional information on two-dimensional

detector without loss of sensitivity or spatial resolution. For exoplanet imaging,
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Figure 1.12: Schematic of lenslet, slicer and hybrid lenslet-slicer IFS. Image cour-

tesy of R.D. Stelter.

lenslet-based IFSs are preferable to slicer IFSs because the lenslet array samples
the field before any optical aberrations are imparted by downstream spectroscopic
optics. For most IFSs, field-of-view is limited by the availability of large format de-
tectors, rather than optics. For a given detector, lenslet-based IFSs trade between
number of spaxels, spectrum length, and spectrum spacing.

Until this thesis, lenslet-based integral field spectroscopy has not ventured

redward of K-band for high-contrast imaging, and the central theme of this thesis
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is to demonstrate the effectiveness of integral field spectroscopy beyond K-band
to the field of direct imaging and characterization. Specifically, the central focus
of this thesis is in two thermal infrared integral field spectrographs, LBT /ALES

(Skemer et al., 2015) and Keck/SCALES (Skemer et al., 2018c).

ALES

Arizona Lenslets for Exoplanet Spectroscopy (ALES; Skemer et al., 2015) is
the world’s first adaptive optics-fed thermal infrared IFS, and exists as a mode of
LMIRcam (Skrutskie et al., 2010; Leisenring et al., 2012), the 1-5 pm adaptive
optics (AO) imager for the Large Binocular Telescope Interferometer (LBTI; Hinz
et al., 2008a, 2012, 2014).

Figure 1.13 contains schematic of the optical path for ALES after the Uni-
versal Beam Combiner, in which visible light is directed towards the LBTI wave-
front sensors for adaptive optics correction (Bailey et al., 2014) performed with
the deformable secondary mirror (Esposito et al., 2011), and wavefront-corrected,
diffraction-limited, infrared light is directed into the cryogenic universal beam
combiner (UBC) and then into the Nulling and Imaging Camera (NIC; Hinz et al.,
2008b) where LMIRcam (Skrutskie et al., 2010; Leisenring et al., 2012) resides.

For early ALES operations, an 8x Keplerian magnifier, a silicon lenslet array

with a pinhole grid to suppress diffraction, a blocking filter and disperser (direct-
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Figure 1.13: A schematic of the Nulling Infrared Camera (NIC) cryostat, which is
downstream of the Universal Beam Combiner (UBC), as of Spring 2018. ALES is

contained in LMIRcam in the top right. From Spalding et al. (2018a), Figure 3.
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vision prism assembly) are introduced into the light path via LMIRcam filter
wheels. The light incident on the spatial extent of each lenslet is focused through
the diffraction-suppressing pinhole grid. Each lenslet sub-image is then dispersed
by the direct-vision prism assembly. These dispersed sub-images are imaged onto
a 5.2 micron-cutoff Teledyne HAWAII-2RG (H2RG; Beletic et al., 2008) as a grid
of thermal infrared spectra.

In 2018, the ALES design was upgraded to address the lessons learned with
the ALES prototype (Hinz et al., 2018). In particular, the upgrade included
reflective magnifiers, aberration compensation in the lenslet array design, and
higher dispersion prism dispersers.

The thesis work described in Chapter 2 enabled the thesis work in Chapter
3 (Briesemeister et al., 2019), Stone et al. (2020), Doelman et al. (2021), and
Doelman et al. (2022), each including Z. Briesemeister as co-author (Figure 1.14).
Stone et al. (2020) describes the first L-band (2.8-4.1 um) spectroscopy of £ An-
dromedae b, a ~20 M; companion orbiting at 1" projected separation from its
BO-type stellar host. Doelman et al. (2021) tests the novel vortex Apodizing Phase
Plate (vAPP) coronagraph with ALES used to verify the transmissive properties
of the optic. Doelman et al. (2022) presents vAPP coronagraphic integral field

spectroscopy with ALES for HR 8799 cde.
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Figure 1.14: Left: ALES wavelength slice of k Andromedae b. From Stone et al.
(2020), Figure 1. Right: ALES wavelength slice of HR 8799 cde. From Doelman

et al. (2022), Figure 4.
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SCALES

While ALES bridges a technological and scientific gap, the dedicated instru-
ment SCALES (Santa Cruz Array of Lenslets for Exoplanet Spectroscopy; Skemer
et al., 2018c¢) vastly improves upon stability and sensitivity of ALES, providing 10-
m class diffraction-limited thermal infrared low-/med-resolution spectra and imag-
ing for the characterization of exoplanets. SCALES comprises a low-resolution in-
tegral field spectrograph and a medium resolution integral field spectrograph that
share coronagraphic foreoptics transmissive from 2-5 ym, and a 1-5 pm imager.

The low-resolution IFS is lenslet-based, and the medium-resolution uses a
hybrid lenslet-slicer (bottom, Figure 1.12). This hybrid takes advantage of the
lenslet spatially sampling the field before any optical aberrations are imparted by
downstream spectroscopic optics, while also reformatting the slit to enable higher
dispersion. A complete description of the current optomechanics of SCALES is
presented in Stelter et al. (2020), and recurring descriptions appear in Chapters
4 and 5 of this thesis, to avoid repetition here.

Figure 1.15 presents the SCALES optical system, which performs the following

functions:

1. Relaying light from the AO system into the instrument.

2. Passing the optical beam through a cold stop placed at an image of the tele-

scope+AOQ exit pupil to minimize infrared background from the observatory
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Figure 1.15: SCALES includes 3 major optical subsystems: a set of fore-optics
feeding a lenslet array, a low-resolution lenslet-based integral field spectrograph,
and a medium-resolution “slenslit” spectrograph that sends the lenslet light
through an image slicer and back into the main spectrograph as a pseudoslit

of lenslet spots.
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and atmosphere.

. Providing a collimated space for bandpass filters.

. Producing a focal plane suitable for coronagraphic masking, which must not
vignette the larger field of view of the imager upgrade. A linear mechanism
holds several masks as well as a pupil imaging lens used for aligning the cold

stop to the telescope.

. Passing the optical beam through a pupil plane placed at an image of the cold
stop for pupil apodization masking via a rotary mechanism. This mechanism

also carries a fold mirror with which to feed the imaging system.

. Steering the optical beam via a piezo tip-tilt mirror onto either the low-

resolution or mid-resolution subarrays of the silicon lenslet array.

. Reformat the beam for proper spatial sampling at the lenslet array.

. Sampling the field of view with the lenslet array, the pitch of which deter-

mines the spatial sampling.

. Passing the optical beam into the spectrograph, which has two pathways:

(a) the slenslit which re-formats the optical beam from a regular grid of
lenslet pupil images into a pseudoslit; it has three focal plane to focal
plane relays.
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10.

11.

12.

13.

(b) the low-resolution pathway continues on to the spectrograph.

Selecting which portion of the lenslet array to block via a linear stage, which

also carries the slenslit return fold mirror.

Dispersing the light at a pupil plane via selectable prisms (low-resolution

spectroscopy) or gratings (medium-resolution spectroscopy).

Passing the light through order-selecting infrared filters appropriate to the

desired scientific bandpass.

Finally, recording the spectrum (or lenslet images) onto an infrared detector

array.

The thesis work in Chapter 4 comprises a simulation of each of these functions.

These simulations are used in Chapter 5 to measure tolerances of the instrument

set by fiducial science cases (Figure 1.16) using information content theory.

1.3 This Thesis

If astronomers want to fully understand and characterize exoplanets, astro-

nomical observations must overcome extreme contrasts and reliably measure the

intensity over large ranges of the electromagnetic spectrum at high spatial reso-

lution. The work presented in this thesis aims to contribute to this endeavour by

applying and developing new ways to perform and analyse exoplanet observations.
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Target Type SCALES Modes Anticipated Science Outcomes
2.0-5.2 ym (L) 2.9-4.2 ym (L) 4.5-5.2 pm (L) | Measure planet luminosity, pressure-temperature
2.9-42 um (M) | 4.5-5.2 um (M) profile, molecular abundances, metallicity
Protoplanet 2.0-52um(l) | 2.9-42pum(l) | 4.5-5.2 ym (L) | Constrain IR slope, Hydrogen line fluxes,
2.9-4.2 ym (M) | 4.5-5.2 um (M) disentangle disk and protoplanet signals
Constrain complex disk morphology as a function
Lt D ) 8:1-8.5 um {1} of wavelength, map H:0 and PAH grains
Constrain volcano temperatures, measure IR
Solar System 20-52um{) | 2.8-42pm() | 4552umL) | g, 00 extents, and variability of clouds
Supernova Remnants 4.5-5.2 pm (M) Map dust distribution and content
Active Galactic Nuclei 3.1-3.5pm () Trace hot dust and amall grains, mep PAH

Figure 1.16: Table of fiducial science cases with SCALES. Image courtesy of S.

Sallum.

In Chapter 2, we explore the methods needed to treat the data produced by
ALES. Before post-processing techniques can work, it is necessary to extract a
data cube from each spectrograph focal plane. The spectrum produced for each
spatial element is coarsely-sampled, and confined to a tiny fraction of the detector
area, so that even small distortions in the geometric pattern of the focal plane
will corrupt the data extraction unless those effects are accounted for.

In Chapter 3, we present ALES L-band integral field spectroscopy of the brown
dwarf binary HD 130948BC. The HD 130948 system is a hierarchical triple system,
in which the G2V primary is joined by two co-orbiting brown dwarfs.

In Chapter 4, we present end-to-end simulations of SCALES, and place it
in context with detection and characterization of a wide variety of exoplanets,

including exoplanets detected through long-baseline astrometry, radial-velocity
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planets on wide orbits, and accreting protoplanets in nearby star-forming regions.
The simulation goal is to generate high-fidelity mock data to assess the scientific
capabilities of the SCALES instrument at current and future design stages.

In Chapter 5, we quantify optomechanical tolerance and detector electronic
requirements set by the fiducial science cases for SCALES using information con-
tent analysis, and test the consequences of updates to the design of the instrument
on meeting these requirements.

In Chapter 6, we place SCALES in context with the broader direct imaging
field around 2025, discuss the synergy between astrometric detection of exoplanets
and high-contrast imaging, and discuss the infrared interferometric imaging with

SCALES.
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Chapter 2

ALES Data Reduction Pipeline

Adapted from
MFEAD: Data Reduction Pipeline for ALES Integral Field Spectrograph
and LBTI Thermal Infrared Calibration Unit
Z. W. Briesemeister, A. 1. J. Skemer, J. M. Stone, R. D. Stelter, P. Hinz,
J. Leisenring, M. F. Skrutskie, C. E. Woodward, and T. S. Barman
Proceedings of the SPIE, Volume 10702, id. 107022Q 12 pp. (2018)

DOI: 10.1117/12.2312859, (©SPIE. Reproduced with permission
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Abstract

We present the data reduction pipeline, MEAD, for Arizona Lenslets for Ex-
oplanet Spectroscopy (ALES), the first thermal infrared integral field spectro-
graph designed for high-contrast imaging. ALES is an upgrade of LMIRCam, the
1 — 5 pm imaging camera for the Large Binocular Telescope, capable of observing
astronomical objects in the thermal infrared (3 — 5 um) to produce simultaneous
spatial and spectral data cubes. The pipeline is currently designed to perform L-
band (2.8 —4.2 um) data cube reconstruction, relying on methods used extensively
by current near-infrared integral field spectrographs. ALES data cube reconstruc-
tion on each spectra uses an optimal extraction method. The calibration unit
comprises a thermal infrared source, a monochromator and an optical diffuser de-
signed to inject specific wavelengths of light into LBTI to evenly illuminate the
pupil plane and ALES lenslet array with monochromatic light. Not only does
the calibration unit facilitate wavelength calibration for ALES and LBTI, but it
also provides images of monochromatic point spread functions (PSFs). A linear
combination of these monochromatic PSFs can be optimized to fit each spectrum

in the least-square sense via y? fitting.
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2.1 Introduction

Arizona Lenslets for Exoplanet Spectroscopy (ALES; Skemer et al., 2015) is a
project designed to extend the functionality of the Large Binocular Telescope In-
terferometer’s (LBTI; Hinz et al., 2008b,a, 2012, 2014) 1—5 pm imager LMIRCam
(Skrutskie et al., 2010; Leisenring et al., 2012). ALES is the first integral field
spectrograph (IFS) capable of high-contrast imaging in the thermal infrared. A
current scientific goal utilizing ALES on a single aperture of LBT is to deliver low-
resolution LM-band spectra of young, gas giant exoplanets and substellar com-
panions in order to supplement existing near-infrared JH K spectra for a broader
spectroscopic characterization of these bodies. This goal can be accomplished
by exploiting the unique properties of IFS data cubes, which comprise photo-
metrically accurate stacks of simultaneous narrowband images spanning multiple
wavelength channels. The spatial and spectral information within the IF'S cubes
enables unambiguous separation of the light from substellar companions and their
host star.

The success of near-infrared lenslet-based IF'Ss has been due in large part to the
development of robust techniques for automating the construction of wavelength-
calibrated spectral data cubes from the thousands of closely-packed spectra in raw
frames (e.g. GPI, (Macintosh et al., 2008; Perrin et al., 2014); SPHERE, (Claudi

et al., 2008; Pavlov et al., 2008); Project 1640, (Hinkley et al., 2011; Zimmerman
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et al., 2011); CHARIS, (McElwain et al., 2012; Brandt et al., 2017); OSIRIS,
(Larkin et al., 2006)). These pipelines are critical for the homogenization of data
products and the accessibility for other observers.

The Methods for Extracting ALES Data (MEAD) package is the Python-language
data reduction pipeline for ALES that has leveraged the insights gained during
the operations of the near-infrared IFSs in order to orchestrate the construction
of ALES data cubes. After a brief overview of the instrument, this paper be-
gins by presenting MEAD in a linear fashion, following a recipe with which most
observations will be reduced. Then the paper focuses on the thermal infrared
calibration unit for LBTI and how the unit will affect ALES operations. Section
2.4 summarizes basic processing of raw data frames to remove detector artifacts.
Section 2.5 addresses the extent and characterization of flexure in the instrument,
as well as the calibration process. Section 2.6 briefly states how the cubes are
reconstructed. Section 2.7 cover the thermal infrared calibration unit for LBTI.

We finish by discussing the immediate future for ALES and MEAD in Section 2.8.

2.2 Instrument Overview

ALES is a low resolution, thermal infrared, lenslet-based integral field spec-
trograph inside LBTT/LMIRCam. Unlike the near-infrared analogues, LMIRCam

is not solely dedicated to science performed with ALES; the ALES optics are
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set inside filter wheels in order to allow LMIRCam operations to remain undis-
turbed. ALES itself comprises an 8 x Keplerian magnifier, a silicon lenslet array, a
diffraction suppressing pinhole grid, direct-vision prism and blocking filter inside
LBTI/LMIRCam.

LBTTI is situated at the combined bent Gregorian focus of the LBT’s twin
8.4 meter mirrors, each equipped with deformable secondary mirrors (Esposito
et al., 2011), LBTI adaptive optics (AO) systems (Bailey et al., 2014), and flat
tertiaries that redirect wavefront-corrected, diffraction-limited, infrared light into
the cryogenic universal beam combiner (UBC). The initial mode of ALES was
designed to operate behind a single aperture of LBT, so the UBC redirects the
light without any pathlength correction into the science instrument dewar (Nulling
Infrared Camera, NIC) and the cryogenic science camera, LMIRcam.

At the focal plane of each lenslet, an image of the exit sub-pupil will form,
comprising of all the light from the image incident on the spatial extent of the
lenslet. The subpupils are then dispersed without spatial or spectral overlap,
forming images of dispersed subpupils on LMIRCam’s Teledyne HAWAII-2RG
(H2RG; Beletic et al., 2008). Each subpupil becomes a spatial pixel element
(spaxel) with an associated spectrum in the final spectral data cubes. At the

focal plane, the light is dispersed at a fiducial angle of § = tan™'1 ~ 26.56° with

1
2

respect to the detector columns. For its inital mode for which this paper is most
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relevant, ALES observes L-band (2.8 — 4.2 um) spectral data cubes. In detector

coordinates, the L-band spectra are expected extend 35.6 pixels in the spectral

direction and 4-5 pixels FWHM in the spatial direction (Skemer et al., 2015).
ALES first light, design, data processing, operations, and upcoming upgrades

are discussed in the following:

e First Light with ALES: A 2-5 Micron Adaptive Optics Integral Field Spec-
trograph for the LBT (Skemer et al. 2015 (Skemer et al., 2015))

e Design of ALES: a broad wavelength integral field unit for LBTI/LMIRCam
(Hinz et al., 2018)

e MEAD: Data Reduction Pipeline for ALES Integral Field Spectrograph and
LBTI Thermal Infrared Calibration Unit (This work)

e On-sky operations with the ALES integral field spectrograph (Stone et al.,
2018b)

e ALES: Overview and Upgrades (Stone et al., 2018b)

Looking towards the future of ALES observations, we also encourage readers
to consult (Spalding et al., 2018b) and (Leisenring et al., 2014) for a discussion
of Fizeau interferometry using dual aperture mode of LBT with LBTI. This will
allow ALES to observe at the diffraction limit with the entire 23.4m effective

aperture of the LBT.
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2.3 Data Reduction Overview

While ALES has unique science capabilities, ALES science can only be as
good as its data reduction pipeline. As operations have matured, MEAD has been
developed to approach the problem of extracting the science data from raw frames
with the goal of user-friendliness and flexibility. While the main focus of the
pipeline is to produce photometrically accurate and calibrated data cubes for
scientific analysis, we also require quick reductions to guide ALES operations.
This will also include guiding on the occulted point spread function from one of
LMIRCam’s coronagraphs, following its recent alignment with ALES optics.

Ultimately, MEAD will exist as a software package to cover all stages of data
reduction and post-processing for ALES. However, the complete automation and
the integration with LBTI/LMIRCam software remains to be implemented. MEAD
has endured rapid development in order to address the expected updates to ALES
for 2018B (Skemer et al., 2018) and will soon be critical to controlling ALES
operations.

The full science data reduction is organized into five main components as
follows:

Data Parser — The data parsing tool is designed to reconstruct the pro-
gression of an observation run from metadata and organize a data set into their

associated sequences. This can be performed naively with just the FITS header
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information in each science exposure. However, ancillary information regarding
the pointing pattern and well-documented observing logs are necessary to intel-
ligently organize the data and exclude bad frames, respectively. Changes to the
pointing pattern should be updated manually in the configuration files.

Basic Processing — User-discretion methods for bias subtraction, dark sub-
traction, pixel flat-fielding, frame combination, bad pixel identification and re-
moval, linearity correction, and microphonic noise suppression. The merits and
downsides of certain corrections are addressed in Section 2.4.

Focal Plane Geometry Calculation — ALES is a filter wheel instrument, so
the lenslet array, dispersing element (prism) and detector are not absolutely static
with respect to one another; mechanical flexure that distorts the focal plane ge-
ometry manifests with strong field dependence. In order to extract each spectrum
as homogeneously as possible, this stage develops of a piecewise focal plane model,
in which each spectrum is calibrated independently. Every light-sensitive pixel is
then mapped to a weight in a wavelength-calibrated data cube. See Section 2.5
for further explanation.

Cube Construction — MEAD orchestrates the construction of data cubes. For
optimal or aperture extraction methods, the focal plane solution is used to map
every light-sensitive pixel to a weight in a data cube, and the flux extraction

method defines the magnitude of these weights. See Section 2.6 for further expla-
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nation. For the x? extraction method described in Section 2.8.1, cubes can be built
from the linear combination of position- and wavelength-dependent monochro-
matic point spread functions that fit each spectrum.

Post-Processing — For high-contrast imaging, PSF subtraction using Angular
Differential Imaging (KLIP (Soummer et al., 2012)) is currently implemented.
We will expand to other PSF subtraction methods when relevant. ALES-specific
wrappers for the Vortex Image Processing (VIP (Gonzalez et al., 2017)) package
implementation of other post-processing methods are also available.

Quicklook reductions require far less robust calculation, especially because the
coronagraph can effectively be guided with any individual wavelength channel
image or even the wavelength-collapsed cube. The relative aggressiveness of re-
duction can be controlled manually, but are also associated with longer runtime.
The optimization of realtime reduction and post-processing remains an open in-

vestigation.

2.4 Basic Processing

The science detector for ALES is the 2048 x2048 pixel H2RG of LMIRCam.
Early observations were performed with FORCAST (Leisenring et al., 2010) read-
out electronics, which limited the detector readout to a 1024 x 1024 pixel sub-array.

This sub-array has 50x50 spatial pixel elements (spaxels) with a field of view of
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1.3"x1.3". The readout electronics have since been replaced with Teledyne SIDE-
CAR ASIC (Loose et al., 2005) electronics to read out the entire detector. This
section will give an overview of corrections for detector artifacts performed during

a standard reduction.

2.4.1 Detector Artifacts

2.4.1.1 Residual Channel Bias

Each of the 64-pixel-wide channels has its own analog-to-digital converter set
an unique bias levels. This poses a problem for spaxels that overlap two readout
channels, particularly because the offset would propagate to the reduced cube as
a striping pattern that affects different spaxels at different wavelengths.

The residual channel bias offsets are corrected using the median of each chan-
nel’s reference pixels, which are then subtracted off from their respective chan-
nels. Residual channel bias is not observed to be constant or repeatable in suc-
cessive frames, so this correction must occur after dark- or thermal background-

subtraction.

2.4.1.2 Flatfielding

Integral field spectrographs have two types of flatfielding: pixel and lenslet

flatfields. The traditional pixel flatfielding adjusts for variable detector gain, while
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lenslet flats are a characterization of variable lenslet throughput as a function of
wavelength. Pixel flatfields are a correction in detector coordinates, while lenslet
flatfields are a correction in spaxel coordinates. Lenslet flatfields will be discussed
in Section 2.6.

Without intervention, the pipeline defaults to building and using a pixel flat-
field if the data parser flags such data to exist. This functionality can be toggled
in the configuration file. The thermal background (thermal telescope and sky
emission) is imaged without ALES optics on LMIRCam, which are then dark-
subtracted, median-combined, and divided by the mode to create a master flat.
Pixels with a correction greater than 1.5 or less than .5 are flagged to be bad

pixels.

2.4.1.3 Dark Subtraction

Median dark frames are subtracted from thermal background frames for cube
reconstruction of the lenslet flatfield (See Section 2.6). Narrowband calibration
data must also be dark-subtracted in order to remove detector artifacts. In both

of these cases, the residual channel bias correction is necessary.

2.4.1.4 Bad Pixel Correction

MEAD comes with a reference bad pixel mask, which can be updated, remade, or

completely disregarded. The reference bad pixel mask was made from LMIRCam
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data from 2016 with the same method in which the pipeline would remake the
mask upon request. We calculated the standard deviation of a stack of dedicated
dark frames. Since the distribution was asymmetric, we chose to flag the top
2% and bottom 1% as bad pixels. If pixels were flagged during pixel flatfield
creation, they are also flagged here. Bad pixels are corrected by replacing them
with the average of the nearest four good neighboring pixels. Cosmic rays are
not a significant noise source, as the H2RG is substrate-removed. Existing cosmic

rays are nominally removed when median combining frames.

2.4.1.5 Linearity

MEAD also comes with reference linearity correction, which can be used, remade
or ignored. Ten dark-subtracted flatfield frames are imaged at each exposure time
possible between .03 and 2.33 seconds. For a uniform correction across the entire
array, a linear fit to the linear part of the medians of the ten frames for each
exposure time is used to define the linearity correction. For the field-dependent
correction, a linear fit to every pixel in the time-series frames defines the linearity
correction. The correction is set to only apply near where the fit begins to diverge

1% from the observed linearity data.
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2.4.1.6 Microphonic Noise Suppression

Microphonic noise induced by vibrations from an undetermined source mani-
fest as horizontal sinusoidal patterns on the detector. Although microphonic noise
is only observed for short exposure times, the thermal background limits going to
longer exposure times. We remove the microphonics artifact in a similar fashion to
GPI by diminishing the intensity of frequencies corresponding to the noise in the
image proportionately to the dot product of the image with a noise model built

from short exposure time dark frames (Maire et al., 2010; Perrin et al., 2014).

2.5 Focal Plane Geometry

The initial mode of ALES is designed to deliver to the focal plane 2,500 equally-
spaced 2.8 — 4.2 um spectra, each spanning 35.6 pixels in the dispersion direction

1

at an angle § = tan™"5 =~ 26.56°. Mechanical flexure distorts the geometry

%
of the spectrograph focal plane, changing the position and dispersion angle of
science spectra with respect to calibration spectra. The deviation from the fiducial
dispersion angle, the shift along the dispersion axis and the shift perpendicular to
the dispersion axis are the three parameters necessary to describe and calibrate the
distortion from flexure. These three parameters for each spectrum also have field

dependence (Figure 2.2). This requires a joint characterization of these deviations

in order to have calibrate the spectra in the cube.
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The focal plane geometry differed on a night-to-night basis by almost 3 pixels
because the alignment of the ALES optics within filter wheels is not perfectly
reproduced on this timescale (Figure 2.1). Instead of favoring some smooth dis-
tortion to calibration data, we prefer to simply take a complete set of calibration

data for every night.

26 March 2016 to 27 March 2016 27 March 2016 to 28 March 2016 26 March 2016 to 28 March 2016
— 3 pixels > 3 pixels — 3 pixels
R T T S U N N e SIS AL AL
X %X %X %X X X XN N || e > > //////xtt
X w X R R R R N s | e e e o e > e > il A T A e

Figure 2.1: The evolution of the spectrograph focal plane geometry over a three
night period. Each arrow represents the median deviation between the spaxel
position of two nights in a 5x5 spaxel region. The spaxel position is defined by

the position of the 3.950 pm narrowband filter spot associated with the spaxel.

2.5.1 Crosstalk

ALES is designed such that the separation of the spectra is maximized, which
minimizes the crosstalk between adjacent spaxels. However, astigmatism induced

by the second biconic mirror inside LMIRCam manifest in ALES raw data as a
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decay in the sharpness of spatial profiles near the edge of the detector, and these
spectra have nontrivial crosstalk with one another. As part of ALES upgrades
in 2018, the lenslet array is being replaced with a lenslet array that reverses the
astigmatism induced by the mirror and should successfully suppress the crosstalk
effect near the edges. Apart from using more appropriate weights in the optimal
extraction (Section 2.6), we will wait for the new lenslet array upgrade prior to
developing a more robust correction.

The y? extraction method described in Section 2.8.1 is ideal for addressing
crosstalk, as the monochromatic PSFs would also experience the same optical
distortions that cause the spatial and spectral resolution to decay across the field.
The spectra are first fit naively, and the resulting model 2D spectra are subtracted
from the data. The individual model spectra overlap with neighboring spectra,
resulting in negative residuals. An iterative approach to minimizing the magnitude

of the negative residuals is then applied to remove the effects of crosstalk.

2.5.2 Isolating the Spectra

ALES has access to four narrowband filters with central wavelengths 2.925,
3.375, 3.555, 3.950 pm for L-band calibrations. ALES observes the thermal back-
ground with the narrowband filters. Since the thermal background is almost two

orders of magnitude brighter in the red end of L-band compared to the blue end,
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the 3.950 um is the brightest narrowband filter imaged with ALES. Each spec-
trum is coarsely located using the pixel location of the peak of the associated
3.950 pm narrowband filter data. A 60 x 40 pixel rectangular slice is defined
around each spectrum, with enough room such than the extraction region for the
spectrum would remain populated with data given shifts parallel and perpendicu-
lar to the dispersion axis. The small rectangular slice reduces computational cost
of interpolation.

The 3.950 pm narrowband filter data peak is located by centroiding, which
would, in principle, give an origin with which to rotate the extraction region.
However, for calibration data taken at a different gravity vector than the target
pointings, the narrowband filter data might not be coincident with the science

data.

2.5.3 Solution for Offsets

We have since adjusted the observing pattern for ALES to include calibrations
taken without slewing the telescope away from the science target. Under the same
gravity vector, the perpendicular and parallel shifts with respect to the dispersion
axis are minimized to subpixel magnitudes. However, calculating deviations from
the fiducial dispersion angle is still required for the rectification process.

The deviation from the fiducial dispersion angle, along with perpendicular and
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parallel shifts along the dispersion axis from the calibration data become three
offset parameters for every spectrum. The flexure between target pointings and
sky pointings were empirically determined to be negligible under normal observ-
ing conditions, so the even illumination of the thermal background during sky
pointings is ideal for calibration.

The sky spectrum in L-band, modulated by filter transmission, has features
that can be used to calculate parallel shifts. Cross-correlation between the ALES
sky spectral cubes with an ALES-resolution model spectra of the thermal back-
ground allows for wavelength shifts to be calibrated. Perpendicular shifts are
derived by differencing the centroids of the spatial profiles of the sky spectra and
all narrowband filter data.

The deviation from the dispersion angle is calculated using a Radon transform,
performed via a grid search of rotation angles to populate a sinogram with the
spatial profiles of rotated, mean-subtracted 2D spectra. The dispersion angle can
be identified using one of two methods: the angle that minimizes the root-mean-
square of the mean-subtracted average spatial profile or the angle that minimizes
the absolute magnitude of the slope of the line of best fit of the centroids of
the spatial profiles. The resulting field dependent deviations are then Gaussian
smoothed with FWHM of one spaxel (Figure 2.2).

The wavelength solution is built from fitting an empirical dispersion relation
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Figure 2.2: Left: The field dependent deviation of the dispersion angle from

The average angle excess on 27 March 2016 is 0.55°. Right: The

N |—=

0 = tan
field dependent perpendicular shift from the dispersion axis. The average spatial
offset of calibration data from science data on 27 March 2016 was -0.17 pixels.
Not shown: the field dependent parallel shift along the dispersion axis of the
calibration data from the science data. The magnitude was determined to be

consistent with no shift.

to the peaks of the narrowband filter data. By default, the pipeline chooses the
wavelength solution of the central spaxel to be the wavelength solution for the
final data cube. The solver works by updating the coordinates for an affine trans-
formation; after all the calibration, only one interpolation per spectrum will be
necessary for both flux extraction and wavelength calibrate on a common wave-
length grid such that the data cube can be easily visualized and manipulated. The
single interpolation minimizes distortion of the data and homogenizes the cube

construction across all spectra.
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The pipeline can build as many calibration data files as there are thermal
background realizations. However, there is not significant flexure between point-
ing patterns, and it is enough to calibrate on one or two thermal background

observations for a whole night.

2.6 Cube Construction

With the data products from the focal plane geometry calculation, MEAD con-
structs the data cubes from the raw frames using the same coordinate transfor-
mations derived during the calibration step. This cube construction, as well as
the calibration step, act on subsections of the entire frame completely indepen-
dent from one another. This makes these steps ideal for parallelization, and they
have been implemented as such. The user can also toggle the parallelization and
number of processors in the configuration file.

The current preferred method for performing spectral extraction for cube con-
struction is optimal extraction (Horne, 1986). This method combines empirical
information about the spatial profiles and errors to provide informed weights for a
weighted-average. The field dependent astigmatism causes spatial profiles to vary
across an ALES field that would otherwise be ignored under a unity-weighted
scheme, and optimal extraction is not computationally more expensive. The opti-

mal extraction method uses the empirical spatial profiles derived from the thermal
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background frames.

2.6.1 Data Products

The analyzable data products include science target data cubes, spectrophoto-
metric calibration data cubes, astrometric calibration data cubes, lenslet flatfields
and the wavelength solution for the data cubes. All data cubes are also accompa-
nied by their variance data cube, which have been propagated from the variance
image of raw frames. Slices of an example science target data cube can be seen in
Figure 2.3.

The lenslet flatfield is built from constructing cubes from dark-subtracted ther-
mal background frames that are then normalized at each wavelength channel by
the median of the slice. The lenslet flatfield is then a data cube with each wave-
length channel being the field dependent throughput of each lenslet. Typical
values in the lenslet flatfield are between .95 and 1.05, with extrema at .90 and
1.10.

For high-contrast imaging datasets, these data products are prepared for post-
processing. MEAD contains limited post-processing tools in its current state, namely
Karhunen-Loeve Image Projection (KLIP (Soummer et al., 2012)) for Angular Dif-
ferential Imaging. The science goals of ALES are currently guiding the implemen-

tation of more post-processing tools. MEAD also contains ALES-specific wrappers
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Figure 2.3: An example of an ALES data cube, with 15 representative wavelength
slices of the data cube for HD 130948 BC, a L4+L4 benchmark brown dwarf
binary orbiting as Sun-like primary star in a hierarchical system. The pair of

brown dwarfs are separated by .104", and are resolved in L-band with ALES.
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for the Vortex Image Processing (VIP (Gonzalez et al., 2017)) package imple-
mentation of Locally optimized Combination of Images (LOCI (Lafreniére et al.,
2007)) and LLSG (Gomez Gonzalez et al., 2016), but has not been extensively

tested with all of the available functionality of the package.

2.7 Thermal Infrared Calibration Unit

Robust calibration in the thermal infrared is tricky because the highly-variable
and bright thermal background. Internally, LMIRCam contains the four narrow-
band filters, which are used to image narrowband flats using their transmission
of the thermal background. This is sufficient for constraining the wavelength
solution for the optimal extraction method, but the four narrowband filters do
not provide a full coverage of monochromatic PSFs necessary to perform the y?
extraction. External calibration sources would need to produce monochromatic
flats that are both bright and stable with respect to the thermal background.
The calibration unit also needs to be tunable in order to image the position- and
wavelength-dependent monochromatic PSFs.

A new calibration method has been designed for LMIRCam/ALES with the
goal to select wavelengths from a blackbody continuum to image monochromatic
light on the detector. The calibration unit (Figure 2.4) comprises a thermal in-

frared source (a), a Czerny-Turner monochromator (b) and an optical diffuser (e).
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Figure 2.4: Schematic and Lab image of the thermal infrared calibration unit for
LBTI. The unit comprises the thermal infrared source (a), shutters and baffling
(b; not depicted in image), a Czerny-Turner monochromator (cd) and the optical

diffuser (e). An integrating sphere (fg) substitutes for LBTI in the lab.

The light from the thermal infrared source is focused onto the entrance slit of
the monochromator, which has an rotatable grating (d) that disperses the light
onto an exit slit. A specific wavelength of light is selected by rotating the grat-
ing, which translates the spectrum across the exit slit. This monochromatic light
passes through an optical diffuser in order to evenly illuminate the pupil plane of
ALES (fg).

The design of the thermal infrared calibration unit (Figure 2.4) is distinct from
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near-infrared implementations for imaging monochromatic PSFs because common
optical materials are opaque at these wavelengths and thermal infrared photons
increase the temperature of elements in the unit. Optics closer to the thermal
infrared source are more likely to be heated and contribute to the background,
requiring calibrations to be taken at steady state. This steady state may not be
reachable in the time allotted for calibrations, requiring background frames to be
taken more often.

The monochromator has two gratings designed for 400-1500 nm and 1500-6000
nm, respectively. A HeNe laser (632.8 nm) was used to confirm the wavelength cal-
ibration and design specifications of the first grating. However, there remains no
independent confirmation of the wavelength calibration of the relevant 1500-6000
nm grating, but manufacturer supplied data suggests good conformity. Thermal
infrared sources do not stop emitting thermal infrared photons when they are
turned off for obtaining background frames in between calibrations frames; a sys-
tem of shutters is necessary to block the light from entering LBTT as well as block
the heat from previous shutters that will begin to glow from the incident radia-
tion. Baffling and the shutter system (b) is not accurately represented in the lab
setup in Figure 2.4 in order to show the rest of the unit.

It would be particularly difficult to illuminate the dome or a screen with

monochromatic thermal photons in order to fill the primary with monochromatic
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light, so this calibration light will not be experiencing aberration from the three
warm optics associated with each aperture. Instead, the calibration unit light will
be incident on the entrance window of LBTI/NIC, and will still experience the
astigmatism caused by the biconic mirror inside LMIRCam. It is key to determine
the frequency of which a full coverage of monochromatic PSF data would need to

be taken.

2.8 Future Work

The data reduction pipeline is also accommodating the multitude of upgrades
to the instrument coming in 2018B. Apart from the thermal infrared calibration

unit, the extent of these upgrades are described in (Skemer et al., 2018a).

2.8.1 Chi Square Extraction

The least-square inversion flux (x?) extraction method Brandt et al. (2017);
Draper et al. (2014) performs spectral deconvolution by proposing a linear combi-
nation of empirical monochromatic PSFs to fit each spectrum in the least-square
sense. This method would be particularly powerful to implement for ALES be-
cause the field dependent astigmatism distorts the monochromatic PSFs in the
same way it distorts the spectra.

The method is advantageous because it circumvents artifacts associated with
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the optimal extraction method: it performs no interpolations that would induce
spectral correlation and it uncouples the spectrum from systematic noise. It triv-
ially fits the undispersed background, and avoids final interpolation onto a com-
mon wavelength grid, which is a source of spectral correlation induced by current
methods of flux extraction.

The thermal calibration unit facilitates imaging a full coverage of the position-
and wavelength-dependent monochromatic point spread functions that would make
the x? extraction method possible for ALES. The implementation currently ex-
ists using singular value decomposition in MEAD and has been tested on simulated
data, but extensive testing with real data from the calibration unit will be required

before ALES operations use this method of extraction.

2.8.2 Coronagraph Alignment and Guiding

ALES operations have as of yet not included the use of a coronagraph, which
will eventually become key to probing higher contrasts. ALES is aligned with
LBTI's L/ annular groove phase mask coronagraph Defrére et al. (2014) inside
LMIRCam’s filter wheel, but guiding on an obstructed PSF from raw integral
field spectrograph frames presents an obstacle that will need to be overcome for
2018B. The extent at which the full data reduction procedure can be pared down

in favor of expediency and accuracy for guiding the coronagraph will need to be
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tested, largely dependent on the magnitude of flexure. This quick-look version of
data reduction would forgo rigorous calibration, and simply takes in narrowband
filter data or uses an old focal plane model. This remains to be integrated with

LBTI/LMIRCam software.
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Abstract

We present 2.9-4.1 um integral field spectroscopy of the L4+L4 brown dwarf
binary HD 130948BC, obtained with the Arizona Lenslets for Exoplanet Spec-
troscopy (ALES) mode of the Large Binocular Telescope Interferometer (LBTT).
The HD 130948 system is a hierarchical triple system, in which the G2V primary is
joined by two co-orbiting brown dwarfs. By combining the age of the system with
the dynamical masses and luminosities of the substellar companions, we can test
evolutionary models of cool brown dwarfs and extra-solar giant planets. Previous
near-infrared studies suggest a disagreement between HD 130948BC luminosities
and those derived from evolutionary models. We obtained spatially-resolved, low-
resolution (R~20) L-band spectra of HD 130948B and C to extend the wavelength
coverage into the thermal infrared. Jointly using JH K photometry and ALES
L-band spectra for HD 130948BC, we derive atmospheric parameters that are
consistent with parameters derived from evolutionary models. We leverage the
consistency of these atmospheric quantities to favor a younger age (0.50 & 0.07
Gyr) of the system compared to the older age (0.79707 Gyr) determined with

gyrochronology in order to address the luminosity discrepancy.
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3.1 Introduction

Near-infrared (1-2.5 um) adaptive optics-fed integral field spectrographs (OSIRIS,
(Larkin et al., 2006); GPI, (Macintosh et al., 2008); SPHERE, (Claudi et al., 2008);
Project 1640, (Hinkley et al., 2011); CHARIS, (McElwain et al., 2012)) have
been detecting and characterizing exoplanets in high-contrast regimes for nearly
a decade (e.g., (Bowler et al., 2010; Barman et al., 2011)). Since each wavelength
slice of a data cube from an integral field spectrograph (IFS) can be analyzed us-
ing techniques for high-contrast image processing, integral field spectrographs are
uniquely suited for high-contrast spectroscopy. Furthermore, planet-star spectral
diversity can be harnessed to deliver better high-contrast imaging performance
and sensitivity to planets compared to more traditional imagers (e.g., Zurlo et al.,
2014).

While IFSs are uniquely capable for obtaining spatially-resolved spectra of
exoplanets, adaptive optics-fed IFSs have been confined to the optical and near-
infrared (< 3um). Near-infrared spectra alone are insufficient for precise atmo-
spheric constraints of brown dwarfs and exoplanets due to degeneracies between ef-
fective temperature, cloud coverage, convection and non-equilibrium carbon chem-
istry (e.g., Stephens et al., 2009; Skemer et al., 2014; Barman et al., 2015). Previ-
ous works have exploited broad wavelength spectrophotometry extending into the

thermal infrared in order to constrain the thermal profiles, compositions, cloud
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properties and bolometric luminosities of gas-giant planets (e.g., Currie et al.,
2011; Barman et al., 2011; Madhusudhan et al., 2011; Marley et al., 2012; Skemer
et al., 2012, 2014; Ingraham et al., 2014; Morzinski et al., 2015; Rajan et al., 2017).
In the thermal infrared (3-5 pm), the spectral energy distribution (SED) of
gas-giant planets contains a low-opacity atmospheric window that emits a large
fraction of a planet’s flux (Low and Davidson, 1969; Bjoraker et al., 1986b; Bur-
rows et al., 1997), especially at cool temperatures (see Figure 3.1). Major atmo-
spheric absorbers, such as CHy, CO and H,O, have strong absorption features
at ~ 3.3um, ~ 4.7um and ~4-5 pm, respectively (Morley et al., 2014). Addi-
tionally, the thermal infrared continuum shape is sensitive to cloud thickness and
patchiness (Madhusudhan et al., 2011; Currie et al., 2011; Skemer et al., 2014).
We built the Arizona Lenslets for Exoplanet Spectroscopy (ALES; Skemer
et al., 2015) to extend the spectroscopic wavelength coverage available for directly
imaged planets in order to better understand their atmospheric processes. ALES
is the world’s first adaptive optics-fed thermal infrared integral field spectrograph
(IFS), and exists as a mode of LMIRcam (Skrutskie et al., 2010; Leisenring et al.,
2012) — the 1-5 pum adaptive optics (AO) imager for the Large Binocular Tele-
scope Interferometer (LBTI; Hinz et al., 2008a, 2012, 2014). With ALES, we
can exploit these tools developed for high-contrast imaging to probe longer wave-

lengths and cooler effective temperatures (Figure 3.1).
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In this work, we present a commissioning data set for ALES: the HD 130948
hierarchical triple system comprised of an 1.4+1L4 brown dwarf binary — separated
by < 110 mas — on a wide orbit (~ 2.”6) around a sun-like primary star (G2V,
[M/H| = 0.0, (Potter et al., 2002)). The HD 130948 system offers a rare laboratory
to test substellar evolutionary models due to the independent measurements of age
(from gyrochronology and chromospheric activity of the primary star), luminosity
(from photometry and spectroscopy of the brown dwarfs themselves), and total
mass of the brown dwarf pair (from orbital motion) (Dupuy et al., 2009). While
HD 130948B and C are distinct from exoplanets, tests of substellar evolutionary
models are key to calibrating models and improving our ability to understand
exoplanet observations. Previous comparisons with evolutionary models suggest
HD 130948B and HD 130948C are 2 to 3 times more luminous than predicted
(Dupuy et al., 2009, 2014; Dupuy and Liu, 2017). In this work, we extend the
spatially resolved flux constraints to longer wavelengths, providing a 2.9 to 4.1 ym
spectrum of each component.

In Sections 3.2 and 3.3, we present our ALES observations of HD 130948 along
with our reductions. We extract and calibrate spatially resolved spectra in Section
3.4. We fit custom model atmospheres to our spectra, and perform evolutionary
model fitting with the derived bolometric luminosities and dynamical mass con-

straints to determine their individual masses in Section 3.5. In Section 3.6, we
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flux is negligible for the coldest objects. Models from (Morley et al., 2012, 2014).

discuss the implications of our results. We derive bolometric luminosities for each

brown dwarf using a combination of near-infrared photometry and ALES L-band

spectroscopy. The measured bolometric luminosity for each source is brighter than

predicted by evolutionary models given the gyro-age of the primary star. We also

check the consistency of the evolutionary models with the atmosphere parameters

derived in the spectral fitting. We summarize our conclusions in Section 3.7.
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3.2 Observations

We observed HD 130948 on 2016 March 26-28 UT as part of early commis-
sioning activities with ALES. We used the left (SX) primary mirror of the two
8.4 meter primary mirrors of the LBT during photometric conditions and sub-
arcsecond seeing. Visible light is directed towards the LBTI wavefront sensors
for adaptive optics correction (Bailey et al., 2014) performed with the deformable
secondary mirror (Esposito et al., 2011). Wavefront-corrected, diffraction-limited,
infrared light is directed into the cryogenic universal beam combiner (UBC) and
then into the Nulling and Imaging Camera (NIC; Hinz et al., 2008b) where LMIR-
cam (Skrutskie et al., 2010; Leisenring et al., 2012) resides.

For ALES operations, an 8x Keplerian magnifier, a silicon lenslet array with
a pinhole grid to suppress diffraction, a blocking filter and disperser (direct-vision
prism assembly) are introduced into the light path via LMIRcam filter wheels.
The light incident on the spatial extent of each lenslet is focused through the
diffraction-suppressing pinhole grid. Each lenslet sub-image is then dispersed by
the direct-vision prism assembly. These dispersed sub-images are imaged onto a
5.2 micron-cutoff Teledyne HAWAII-2RG (H2RG, (Beletic et al., 2008)) as a grid
of thermal infrared spectra.

At the time of observation, the FORCAST readout electronics (Leisenring

et al., 2010) limited the detector readout to 1024x1024 pixels, instead of the
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complete 2048 x2048 pixels of the H2RG. This subarray contains 50x50 L-band
spectra with spectral resolution R~20, covering a field of view of 1.” x 1.”3. (Ske-
mer et al., 2015) present a description of the design of the version of ALES used

in this paper. Subsequent upgrades to ALES, available for current and future use,

are described by (Hinz et al., 2018) and (Skemer et al., 2018a).

Table 3.1: HD 130948 Observations for 2016 March 28

; 1
Observation Npointings Nframes Ncoadds DIT

HD 130948A 24 5 2 1s
HD 130948BC 24 30 2 1s
Sky 24 30 2 1s
Darks 24 9 1 1s

For this dataset, we took natural guide star AO observations of the hierarchical
triple system, HD 130948, using HD 130948A as the reference star. The spatial
scale of the HD 130948 system is larger than the field of view of ALES (the binary is
separated by 2.”6 from the primary). Therefore, the data were obtained in a three
point pattern consisting of HD 130948A, sky, and HD 130948BC. Dark frames were
obtained between each nod position while the telescope was in motion. A detailed
description of this strategy can be found in (Stone et al., 2018a). Overall, we
obtained the data described in Table 3.1. Four of the 24 pointings were discarded:
two had the binary positioned close to the edge of the lenslet array and two had
poor AO correction.

Wavelength calibration of the low-resolution spectra is performed using dome
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Figure 3.2: ALES data cube of HD 130948BC, where each image is a slice of the
cube at the wavelengths specified in the upper right. These are a representative

15 wavelength slices of the 35 wavelength slices in each data cube.

flats at four spectrally unresolved narrowband (R~100) filters spanning 2.9-3.9 um
(Stone et al., 2018a). An empirical dispersion relation is used to propagate the

wavelength solution between the four data points for each spectrum.

3.3 Reduction

A raw ALES L-band frame consists of a grid of 2,500 spectra, each spanning

~ 37 x T pixels, dispersed in a grid at a fiducial angle 6 = tan_l(%) with respect
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to detector rows and columns. Raw ALES data were reduced using the ALES
Python pipeline (MEAD, (Briesemeister et al., 2018)), with the steps performed as
follows.

The first step performed by the pipeline is removal of detector artifacts, includ-
ing the removal of residual detector channel bias, pixel flatfielding, background
subtraction, and bad pixel correction.

For non-linearity correction, we constructed fluence-to-count curves for each
pixel by taking sky flats of varying integration times without ALES optics in the
light path. The sky flats were bias-subtracted and flatfielded. Outlier pixels were
flagged as bad pixels. The linearity correction was applied to all frames. Frames
of HD 130948BC had flux corrections < 0.01%, sky frames had flux corrections of
< 0.5% and frames of HD 130948A had flux corrections of ~ 2%.

The 3.9 pm narrowband filter calibration data are used to coarsely locate
the spectra on the detector. However, the calibration data for observations of
HD 130948 on 2016 March 28 were taken at the end of the night; the telescope
was set to zenith and the telescope experienced a different gravity vector. The
irreproducibility of the multiple filter wheel positions, flexure, and the use of a
distinct pupil stop for the calibration data resulted in a field dependent (< 1
pixel) shift between the calibration data and the science data. The deviations

of the calibration data from science data, as well as the deviation of dispersion
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direction from the fiducial angle, are calculated for each spaxel to parameterize
a mapping of every light-sensitive pixel to a wavelength calibrated (), y, x) data
cube. In order to turn the raw data into wavelength calibrated data cubes, we
apply optimal extraction (Horne, 1986) to each spectrum, which becomes the
associated spaxel in the data cube.

In a lenslet-based IF'S, each lenslet has a slightly different throughput as a
function of wavelength. To address this effect, a lenslet flat field is constructed
from the normalized, dark-subtracted sky data cube. This is necessary because,
by design, LBTI runs in pupil tracking mode only and does not rotate with the
sky; astrophysical light of a binary system is incident on different lenslets over the
course of observation due to sky rotation.

The cubes containing HD 130948BC and the cubes containing HD 130948A
were derotated by the median parallactic angle during each HD 130948BC point-
ing. Each wavelength slice of every cube was registered with respect to the ap-
propriate wavelength slice of the highest signal-to-noise data cube using the sin-
gle step Discrete Fourier Transform (DFT) approach outlined in (Guizar-Sicairos
et al., 2008). This registration technique calculates pixel-accuracy translations
using DFT phase correlation and then upsamples the cross correlation by a factor
of 1000 in a 1.5 x1.5 pixel neighborhood of the estimated pixel shift for subpixel-

accuracy translation.
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Once the translations of the derotated cubes are determined, the registered,
derotated cubes are made with a final interpolation of the original cubes that
performs the derotation and registration simultaneously in order to avoid multi-
ple interpolations. The sum of the science and sky variance images undergo the
same optimal extraction process to be turned into data cubes, and the respective
registration and derotation in a single step. The average of the group of data
cubes, weighted by their respective inverse variance cubes, are the final (}, y, x)
data cubes of HD 130948BC and HD 130948A. The final (), y, x) variance cubes
are the mean of all the propagated variance cubes. These final cubes and asso-
ciated propagated variance cubes are then used for point-spread function (PSF)
photometry.

The final cube for HD 130948BC is shown in Figure 3.2, in which the binary is
centered in each wavelength frame denoted by their respective wavelengths. The
~ 110 mas binary is resolved in L-band by ALES. Each image is 50 x 50 pixels,
with one pixel corresponding to 26.1 mas. The binary appears brightest in the
middle of the band because the sky transmission of L-band peaks at ~ 3.6um.
The noise appears worse near the edges of each frame because fewer data cubes

overlap in these regions.
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3.4 PSF Photometry

We used PSF fitting to measure the flux from each component at each wave-
length slice, explicitly allowing for spatial covariance in the images (See Appendix
3.7 for more details). We took a two-step approach, first fitting for binary sepa-
ration and position angle, and then extracting flux with the respective priors of
those two parameters. A two-step process is required because the position angle
0 and separation p of the two brown dwarfs are expected to be constant across all
wavelengths, while the position of the binary in the data cube can shift as a func-
tion of wavelength due to chromatic optics and atmospheric dispersion. The first
step performs PSF subtraction at each wavelength slice completely independently.
The second step repeats PSF fitting at each wavelength slice, including Gaussian
priors for position angle 6 and separation p, with hyperparameters derived from
the first step.

Due to the adaptive optics correction, the HD 130948BC pair is far enough
away from the primary star such that high-contrast post-processing algorithms
for PSF subtraction are not used, so PSF subtraction does not dominate the cor-
relation of noise in our data. However, interpolation and diffraction still induce
spatial and spectral correlations for the HD 130948BC dataset. We extended the
Bayesian framework used in (Wang et al., 2016), which coupled Bayesian parame-

ter estimation for astrometry with a Gaussian process, to apply to a binary system
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Figure 3.3: The first image in each row is a representative data cube slice of

HD 130948BC at the wavelength denoted in the upper right corner of the row.
The middle image in each row is the best fit model of two scaled PSFs that fit
the binary. The right image depicts their residuals. Each wavelength of the cube

produced quantitatively similar results. The color stretch is linear.
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in order to account for the spatial noise covariance caused by interpolation during
data reduction and forming data cubes. Since the squared exponential covariance
function would produce improbably smooth noise realizations, we parameterized

the spatial noise covariance by the Matérn (v = 3/2) covariance function

Crij = 0,0; (1 + \/irij)exp(_ g?)n-j) (3.1)

where ¢ is the spatial correlation length of noise, r;; is the Euclidean distance

between 17, 7 spaxels, and o; is the standard deviation associated with spaxel .
The spatial correlation length ¢ represents the strength of correlation between
two spaxels averaged across the entire wavelength slice.

We remain agnostic to spectral correlation when each wavelength slice is
treated independently from one another. However, imposing Gaussian priors on
f and p during the second step does introduce correlation between all wavelength
slices. Interpolation and finite spectral resolution also contribute to spectral cor-
relation. The characterization and treatment of spectral correlation is discussed
in Section 3.5.1.

The details of the PSF fitting procedure are available in Appendix 3.7. We
evaluated convergence with acceptance rates and the Gelman-Rubin convergence
diagnostic (Gelman and Rubin, 1992; Brooks and Gelman, 1998). The best fit
model at each wavelength was identified as the median of the marginalized pos-

teriors, with 68%-credible regions of the marginalized posteriors as their uncer-
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tainty. Representative best fit models and residuals at the 3.03, 3.47, and 3.87 um
wavelength slices of the data cube are shown in Figure 3.3, and the marginalized
posteriors following the second PSF fitting step for the 3.47 um wavelength slice
is shown in Figure 3.4. The medians of the marginalized posterior distributions
from the second step remained within the corresponding 68%-—credible regions of
the marginalized posteriors from the first step, with the exception of the far red
end (>4 pm) of the band, where the PSF is larger and the binary is less resolved.

The spatial correlation lengths ¢(\) were determined empirically to trend lin-
carly with wavelength with the form £(A) = (0.115£0.008-25) A+ (0.236+0.006 px).
The amplitude of the spatial correlation is not consistent with the diffraction limit
of the telescope (~4 px), suggesting interpolation from data cube construction
and PSF fitting is contributing to small scale correlation, the ALES data cubes
of HD 130948BC are not speckle limited, and the mean photon noise is back-
ground dominated. The PSF fitting procedure was repeated for data cubes and
registration performed by strictly linear, cubic and quintic interpolation, and per-
mutations thereof, and the spatial correlation lengths remained between 0.5 px
and 0.9 px. The Bayesian parameter estimation of the other model parameters
were unchanged with the different interpolation schemes.

The contrast spectrum for each brown dwarf is derived with respect to the

primary star HD 130948, a G2V star with solar metallicity (Valenti and Fischer,
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Figure 3.4: Posterior distributions for the position of HD 130948B and flux ra-
tios of HD 130948BC with respect to HD 130948A in the representative 3.47um
wavelength slice. The posteriors are calculated at each wavelength, and the flux
ratios are used to derive the spectrum of HD 130948BC by multiplying with the

spectrum of HD 130948A. The contour levels are set to intervals of 0.5-c.
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2005). A model G2V spectrum (Hauschildt et al., 1999) was smoothed to the
spectral resolution of ALES, and scaled by the WISE W1 (3.3526 pum; (Wright
et al., 2010)) photometry data point of HD 130948A of 5.17 + 0.40 Jy (Eiroa et al.,
2013). HD 130948BC do not contribute significantly to the WISE W1 photometry
of HD 130948A, as they are 7 magnitudes dimmer. The spatially-resolved contrast
spectra of HD 130948B and C were then multiplied by the scaled model to get the

absolute flux calibrated spectra for HD 130948 BC with uncertainties propagated.

3.5 Analysis

3.5.1 Physical Parameters from Atmospheric Models

With the goal of providing a consistent description of the atmospheres of
HD 130948BC using JH K photometry and L-band spectra, we will explore atmo-
spheric model fitting of solely L-band spectra, solely NIR photometry, and joint
NIR photometry plus L-band spectra.

The PHOENIX atmospheric code outlined in (Barman et al., 2011) was used
to calculate the synthetic model spectra for this analysis. We chose to interpolate
over a pre-synthesized library of model spectra calculated between 1500K and
2500K and log g = 4.5 and log g = 5.5, with resolutions of AT.g = 100K, Alogg =

0.5 dex. The grid of spectra were log-linear interpolated at the native resolution of
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Figure 3.5: Posterior distributions for the near-infrared photometry fits in blue,
L-band spectral fits in red and near-infrared photometry -+ L-band spectral fits
in black for the atmosphere model derived quantities of HD 130948B and C. The
contour levels are set to intervals of 0.5-0. The medians and credible regions of
these quantities are available in Tables 3.2 and 3.3, respectively. Note that these
quantities are heavily correlated; the position of the joint marginalized posteri-
ors not being intermediate between the individual marginalized posteriors is a
projection effect, and a result of JH K photometry having limited sensitivity to
surface gravity, while L-band spectra have limited sensitivity to temperature for

hot substellar atmospheres.
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the spectra to obtain flux density for arbitrary k = [T.g, log g]. More sophisticated
methods of spectral interpolation, such as Starfish ((Czekala et al., 2015)), were
not used because the spectral resolution of ALES cubes requires convolution and

downsampling that washes out the noding phenomenon described therein.

3.5.1.1 Modelling of ALES L-band spectra

Most integral field spectograph datasets are prone to spectral and spatial cor-
relation. The ALES HD 130948 dataset is no different. In Section 3.4, we showed
there is a non-negligible spatial correlation on subpixel scale. In (Greco and
Brandt, 2016), a procedure for modelling spectral correlation is outlined, in which
a three component model is proposed to characterize contributions of speckle
noise, correlation induced by interpolation during reduction, and uncorrelated
noise. With the formalism from Greco & Brandt, we estimated the correlation
1;; between pixel values at wavelengths \; and \; within a annulus of width 1.5
A¢/D in the binary data with the binary masked out (A, = 3.50um). The correla-
tion was fit with a three-component model, comprising an uncorrelated term with
amplitude Ag, spatially-independent Gaussian term with amplitude A, and cor-
relation length oy, and a spatially-dependent Gaussian term with amplitude A,
and correlation length o,. The respective amplitudes were fit such that As; = 0.55,
Ay =0.27, and A, = 0.18. The noise components were characterized by correla-

tion lengths o, = 0.81 and o = 0.015. The spectra are correlated to ~ 2 channels,
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supporting our assumption we have N, /2 resolution elements for critical Nyquist
sampling in Appendix 3.7. This method is not sensitive to the subpixel spatial
correlation measured in Section 3.4 because there are no appropriate annuli to
measure these lengths.

Bayes’ Theorem is used to write the posterior probability for k = [Teg, log(g)]
given observed spectrum f as, P(k|f) o< L(f|k)P(k). To quantify the proba-
bility of the data conditioned on the model, £(f|k), we adopted the following

multivariate Gaussian likelihood function (ignoring constants).

—2InL(f|k)=(f — aF )" S (f — aFy) (3.2)

where [}, is the synthetic spectrum for model k, X;; = 0,0;1;; for flux errors o,
and a = (R/D)? for brown dwarf radius R and distance D to the system.

The prior on surface gravity and temperature are defined by the domain limits:
P(log(g)[cgs]) = U[4.5,5.5], P(Te[K]) = U[1500, 2500]. Realistic priors from evo-
lutionary models could be applicable here. However, (Dupuy et al., 2010) discuss
the existence of a systematic discrepancy between atmosphere and evolutionary
model-derived quantities and evolutionary model-predicted quantities from data.
It is for this reason that we avoid using the evolutionary models as realistic priors
in the atmospheric model fitting suggested in (Greco and Brandt, 2016).

Gaia DR2 provides revised parallax measurements of HD 130948A of © =

54.91 4+ .07 mas (Gaia; Gaia Collaboration et al., 2016, 2018). The presence
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of the brown dwarf companions will cause deviations from parallactic trajectory
with linear proper motion due to stellar reflex motion, but the lower bound on the
orbital period is 155 yr (Ginski et al., 2013); only a fraction of the orbit is traversed
during the Gaia baseline, suppressing the reflex motion signal. Moreover, HD
130948 is a bright star (G = 5.715) in the Gaia catalog, in which stars with
G < 6 have weaker positional accuracy due to saturation of the detector, placing
reflex motion signal below the noise floor associated with the parallax uncertainty.
We proposed Gaussian priors for parallax 7 to estimate the prior on distance as
follows, P(D[pc]) = |2%| - N'[m; 7, 02] = D-2N[1/D; 7, 02]. The prior for brown
dwarf radius was set to P(R[R,]|) = LU[0.5, 1.5], with physically motivated limits
from evolutionary models and a lack of high insolation.

We used the (Goodman and Weare, 2010) affine-invariant MCMC sampler im-
plemented in the emcee Python package (Foreman-Mackey et al., 2013) to sample
the posterior distribution of [Teg, logg, R, D] for HD 130948B and HD 130948C
independently. We initialized 50 walkers with a guess k vector plus Gaussian noise
at an amplitude of k¥ x 10~*. Each MCMC sampler was run for 400 steps after 400
burn-in steps. We evaluated convergence of the chains with the Gelman-Rubin
convergence diagnostic. The resulting marginalized posteriors can be seen in red
in Figure 3.5. Median and credible regions of these posteriors are reported in

Tables 3.2 and 3.3. The best fit L-band spectra of HD 130948B and HD 130948C
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have x4 = 13.7 and x% = 21.1. For 31 spectral bins and free parameters of
k = [T.q, log g, R|, these appear to be anomalously low x? values. However, the
spectral correlation length of ~ 2 channels reduces the effective number of degrees

of freedom by roughly half.

3.5.1.2 Modelling of Near-infrared Photometry

(Dupuy et al., 2009) measured the MKO JH K photometry of HD 130948BC,
which was updated with progressively homogenized analyses in (Dupuy et al.,
2014) and (Dupuy and Liu, 2017). (Crossfield, 2014) presents 2MASS JH K
photometry that is consistent with the MKO photometry for both brown dwarfs.
We chose to use the MKO photometry due to the smaller uncertainty in the
photometry. We did not include any covariance in the JH K photometry.

We approach atmospheric modelling of near-infrared photometry using -
fitting. Synthetic photometry Fj was calculated for each model k£ using MKO
filter curves (Tokunaga et al., 2002). We used identical priors from Section 3.5.1.1,
with the same motivations. To quantify the probability of the data conditioned on
the model, we used Equation 3.2 in the regime where ¥ is diagonal. We sampled
the posterior distribution of [Teg, log g, R, D] for HD 130948B and HD 130948C
independently with emcee under the same conditions as Section 3.5.1.1, satisfying
the same convergence testing, and the resulting marginalized posteriors can be

seen in blue in Figure 3.5. Median and credible regions of these posteriors are
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reported in Tables 3.2 and 3.3. The best fit JH K photometry of HD 130948B

and HD 130948C have x% = 6.4 and x% = 10.6.
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Figure 3.6: Spectra of HD 130948BC with best fit models from (Barman et al.,
2011) using the near-infrared plus L-band fit. The residuals for each fit are plotted

below with the color corresponding to the same object in the spectrum.

3.5.1.3 Modelling of Photometry and Spectra

Combining photometry and spectroscopy to back out meaningful atmospheric
properties can unintentionally be driven by weighting schemes. The goodness-
of-fit statistic Gy from (Cushing et al., 2008) is a commonly used statistic with
weights proportional to the wavelength interval associated with the data points.
While the G, allows for heteroskedasticity, it implicitly assumes no correlation

between spectral channels.
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We approached this problem with two methods: apply no objective weighting
scheme and use the covariance measured in L-band or apply objective weights
according to (Cushing et al., 2008) and ignore the covariance in L-band. We
chose to avoid extending the definition of the goodness-of-fit statistic Gy to include
covariance because it is not obvious whether the weighting scheme applies to off-
diagonal covariance terms when correlation 1;; is measured in this manner.

We determined empirically that the posterior derived when applying no objec-
tive weights and using the covariance matrix completely contained the posterior
when applying objective weights and ignoring the covariance. Therefore, we chose
to ignore weights and favor including the covariance matrix. In principle, this
means that near-infrared photometry are contributing less to the likelihood func-
tion.

We used identical priors from Section 3.5.1.1, with the same motivations. We
also used the same functional form of the likelihood (Equation 3.2), with t);.; =
0 for the three photometry points. We sampled the posterior distribution of
[Ter, log g, R, D] for HD 130948B and HD 130948C independently with emcee
under the same conditions as Section 3.5.1.1, satisfying the same convergence
testing, and the resulting marginalized posteriors can be seen in black in Figure
3.5. Median and credible regions of these posteriors are reported in Tables 3.2

and 3.3. The best fit JHK photometry and L-band spectra of HD 130948B and
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HD 130948C have x% = 20.1 and x% = 31.8.

Composite spectral energy distributions (SED) of B and C were built using
JH K photometry data over their respective bandpasses, the L-band spectra of B
and C, and filling in the rest of the SED with the best fit model spectra for each
suite of fitting procedures (e.g., Morzinski et al., 2015). The bolometric luminosi-
ties were calculated by integrating these composite spectra. The uncertainty in
the bolometric luminosities is derived using a Monte Carlo simulation, taking com-
posite spectra drawn from both a multivariate Gaussian with the mean set to the
spectrophotometry and covariance set to > and model spectra from the respective
posteriors, and estimating the standard deviation of their bolometric luminosities.
We also performed a Monte Carlo simulation with spectral energy distributions
associated with the best fit model spectra of B and C, excluding JH K L data. The
median remained unchanged, and the composite spectra method resulted in larger
uncertainty. We report the composite SED bolometric luminosity uncertainty in
Tables 3.2 and 3.3.

Figure 3.6 contains the ALES L-band spectra of HD 130948B and C, along
with the model fits with parameters set to the medians of the marginalized poste-
riors from spectral fits for JH K + L spectrophotometry. All following analysis is
performed using these median and credible regions, reported in column JHK + L

in Tables 3.2 and 3.3.
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Table 3.2: Atmosphere Model Inferred Properties of HD 130948B

Property JHK L JHK+L
Teg [K] 2060 + 60 2260715 1950 + 30
Radius |R,] 0.87 £ 0.04 0.9270:05 1.00 £ 0.01
log(g) [em 572 45107 47503 5.240.3
10g(Lyot) [Lo) —3.884+0.02 —3.874+0.02 —3.87+0.01

Table 3.3: Atmosphere Model Inferred Properties of HD 130948C

Property JHK L JHK-+L
Ter [K] 2000 + 60 22001150 1870 + 30
Radius [R,] 0.83 4 0.04 0.870:08 0.98 4 0.02
log(g) |em s72] 4.4797 43102 5.1+0.3
log(Leer) [Lo] —3.97+£0.02 —3.97+0.02 —3.9640.01

3.5.2 Individual Masses of HD 130948B and C

Benchmark systems like HD 130948BC provide the rare laboratory necessary
to obtain individual masses of brown dwarfs, a measurement that is crucial to
tests of evolutionary models. For most directly imaged planets, we must rely on
evolutionary models to convert luminosity to mass given an age estimate (and
potentially information on formation and initial entropy), so putting such models
to the test is essential. In order to do this test, we need to isolate the mass
of each object using the total mass constraint from orbital monitoring and our
measurements of bolometric luminosity.

Substellar objects will tend to radiatively cool with time (Stevenson, 1991;

Burrows and Liebert, 1993); evolutionary models of substellar objects propose
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Table 3.4: Evolutionary Model Inferred Properties of HD 130948BC

Property HD 130948B HD 130948C
Input Observed Properties
Mass [M] 116.2703
log(Lyor) Lo —3.87+£0.01 —3.96+0.01
(Saumon and Marley, 2008) Hybrid Models

Mass [M,] 508 £ 0.6 56.4 % 0.6

log(Lyor) Lo —3.874+0.01 —3.96 +0.01

q [Mc/Msg) 0.94 4 0.01

Age |Gyr] 0.45 £+ 0.01

T.e [K] 1900 £20 1800 + 20

Radius |R,] 1.037 £.002  1.037 £ .002

log(g) [em s~2| 5144001  5.11+0.01
(Baraffe et al., 2015) Models

Mass [M,] 508+ 0.6  56.3+05

log(Lvot) |Lo) —3.86+£0.01 —3.97 £ 0.01

q [Mc /Mg 0.94 + 0.01

Age |Gyr] 0.517005

T [K] 1960 £20 1840 + 20

Radius [R,] 0.9917999%  0.990799%

log(g) [em s72] 5.184£0.01  5.16+0.01

a luminosity-age-mass relationship, owing to a lack of a sustainable source of
internal energy from nuclear reactions, with more massive objects starting hotter
and more luminous. We exploit this relationship with evolutionary models from
(Baraffe et al., 2015) and (Saumon and Marley, 2008) to isolate the masses and
age of HD 130948BC. Since the measured luminosities are nearly equal, extreme
mass ratios can be ruled out. Therefore, breaking the mass degeneracy is primarily
driven by the tight dynamical mass and bolometric luminosity constraints instead

of the evolutionary models themselves.
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For individual ages between 1 Myr and 1 Gyr, we calculate two masses with
the prior that their sum is distributed according to the dynamical mass posterior.
With revised parallax from Gaia DR2, the total dynamical mass of HD 130948BC
derived from astrometric analysis reported in (Dupuy and Liu, 2017) of My, =
115.475% M is updated to My, = 116.270% M;. The model bolometric luminos-
ity is calculated by log-linearly interpolating the evolutionary model grids. The
log-likelihood is calculated from the residuals of model luminosities and measured
luminosities of HD 130948BC and their respective errors. Uniform bounded priors
were used for the age of the system. The posterior distribution of masses of each
component and the age of the system was sampled using emcee. The credible
regions from the resulting marginalized posteriors are reported for both sets of
models in Table 3.4. The apparent bolometric fluxes from HD 130948B and C at
best fit are (1.31+£0.03) x 10~ ergs™' em™2 and (1.0740.03) x 10~ Hergs™ cm ™2,

respectively.

3.6 Discussion

Independent validation of atmospheric and evolutionary models is critical for
characterizing the atmospheres of directly imaged extrasolar planets and brown
dwarfs. The masses of directly imaged exoplanets and brown dwarfs are generally

poorly constrained owing to the difficulty in independently measuring masses, and
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Figure 3.7: Isomass lines in solid black and isochrones in dashed black lines from

(Baraffe et al., 2015).

ogy constraint from the primary star.

The light gray region corresponds to the gyrochronol-

The dark gray region corresponds to

the 68%-credible regions of age derived from the evolutionary model fitting

of HD 130948BC according to Section 3.5.2.

The orange regions correspond

to the credible regions of mass derived from the evolutionary model fitting of

HD 130948BC. The red and blue regions correspond to the credible regions of

temperature derived from the atmospheric model fitting of HD 130948BC.
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inferences being extremely model-dependent. Yet mass is fundamentally impor-
tant to test models of giant planet formation and empirically calibrate substellar
evolutionary models. HD 130948B and C are some of the only brown dwarfs with
independently measured mass, age, and luminosity to probe these models (Dupuy

et al., 2009; Konopacky et al., 2010; Dupuy et al., 2014; Dupuy and Liu, 2017).

3.6.1 Evolutionary and Atmospheric Models

The atmosphere model fitting is independent of the evolutionary models (apart
from physically motivated bounds on the radius prior). The evolutionary model
fits are only informed by the modeled bolometric luminosities of HD 130948B and
C, which is driven by the data, and independent dynamical mass measurements.
The different models are not strictly expected to derive consistent atmosphere
quantities. Specifically, near-infrared spectroscopy has been shown to produce
atmospheric model fits that are discrepant by 250K from evolutionary model fits
to the same data set (Dupuy et al., 2010).

Our fits to L-band spectra have similarly derived temperatures ~ 250 K
warmer than the other two methods (Tables 3.2 and 3.3). The coarse sampling
of atmospheric parameters for the atmospheric model grid also limits what can
be determined from the surface gravity measurement. At ALES spectral resolu-

tion and this temperature regime, L-band does not vary significantly with surface
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gravity, and there are no prominent features that are highly gravity dependent.
While L-band is not particularly diagnostic of atmospheric parameters for hotter
objects, L-band becomes critical at lower temperatures (e.g., Skemer et al., 2014;
Barman et al., 2015).

However, atmospheric model fitting to the combination of JH K photometry
and L-band spectra for HD 130948B and C has resulted in posteriors that are
completely consistent with evolutionary model-derived quantities, illustrating the
importance of extended wavelength coverage for substellar objects. Figure 3.7
depicts isomass lines and isochrones in effective temperature-surface gravity space
with evolutionary models from (Baraffe et al., 2015). The red and blue regions
denote the credible regions of effective temperature (and surface gravity) from
atmosphere model fitting, including the grid spacing errors set to half the grid
spacings (o7, = B0K, 0jp5y = 0.25 dex). The publicly available evolutionary

models did not continue past 1 Gyr in this mass regime.

3.6.2 Age of HD 130948

We assume coevolution of the binary brown dwarfs with the primary star for
the following discussion. With the method described in Section 3.5.2, the Baraffe
et al. 2015 (BHACI15) and hybrid Saumon & Marley 2008 (SMO8) evolution-

ary models were used to derive an age of 0.51700; Gyr and 0.45 4 0.01 Gyr for
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HD 130948BC, respectively. Both evolutionary model-derived ages are consistent
with the age of HD 130948A as traced by the Ca Il HK emission of 0.5+ 0.3 Gyr
(Dupuy et al., 2009), the previous evolutionary model-derived age of 0.44 + 0.04
(Dupuy and Liu, 2017), and the (Barnes, 2007) relationship for gyrochronological
age of 0.6570 15 Gyr.

The gyrochronology relation from (Mamajek and Hillenbrand, 2008) results in
an age of 0.7919-?2 Gyr does remain an outstanding topic of discussion, due to its
adoption as the age of the system in (Dupuy et al., 2009).

One factor in this adoption is the observation that the B—V color of HD 130948A
suggests an age marginally consistent with, if not older than, the Hyades cluster.
The Hyades cluster was believed to have a tight age constraint of 625 + 50 Myr
(Perryman et al., 1998). However, (Brandt and Huang, 2015b,a) have fit rotating
stellar models to main-sequence turnoff Hyads to measure the age of the Hyades
cluster to be older and with wider spread (750 + 100 Myr). If the Hyades are
systematically older, gyrochronology relations would need to be re-calibrated to
ameliorate the updated age (Douglas et al., 2016). It should also be noted that
(Gossage et al., 2018) used a different prescription of rotating stellar models and
derived an age ~ 680 Myr, which is roughly consistent with the canonical age of

the cluster. For HD 130948A to be strictly older than the Hyades, the bolometric

luminosities of HD 130948B and C would be considerably overluminous compared
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to the predictions from evolutionary models.

Several possible explanations exist for the age discrepancy, including (1) the
treatment of clouds, metallicities, atmospheric opacities plays a major role evo-
lutionary models (Burrows et al., 2011), (2) evolutionary models systematically
overpredict cooling rates of substellar objects (Dupuy et al., 2011), (3) very strong,
interior magnetic fields inhibit the onset of convection in HD 130948BC (Mullan
and MacDonald, 2010), (4) the efficiency of convection that decreases for fast-
rotating, highly magnetic low-mass stars extends to substellar evolution (Chabrier
et al., 2007), (5) atypical stellar rotation can be induced from formation via gravi-
tational instability in a long-lived, massive circumstellar disk (Dupuy et al., 2014),
and (6) systematic offsets in gyrochronology relations for field G stars (Mamajek
and Hillenbrand, 2008). Probing these explanations is beyond the scope of this
paper, but will become critical to investigate cooler objects with any precision.

Luminosity evolution for the HD 130948B and C are depicted in Figure 3.8.
The individual lines and linewidth correspond to the median and 68%-credible
regions of mass of best-fit as derived in Section 3.5.2, propagated from 100 Myr
to 1 Gyr using the two evolutionary models. This plot is qualitatively identical
to Figure 10. of (Dupuy et al., 2009).

The consistency of atmospheric quantities derived from evolutionary model

fitting and atmospheric model fitting for HD 130948BC provides complementary
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evidence to support the age derived from the evolutionary model fits. We chose to
focus on BHAC15 evolutionary models. A Monte Carlo simulation was performed
using draws of the atmosphere model-derived (JHK + L) effective temperature
posteriors and the individual mass posteriors derived in the evolutionary model
fitting, and propagated through the evolutionary model grid to obtain an average
age for each draw of an effective temperature and mass for B and C. The age
derived using BHAC15 models was 0.50 £ 0.07 Gyr, which is consistent with the
age traced by Ca II HK emission and the (Barnes, 2007) gyrochronology age.

The derived age of HD 130948BC is younger than age estimates of the Hyades,
while the B — V' color and rotational period of HD 130948A lie in parameter
space beyond the 625 Myr isochrone of the Hyades (Perryman et al., 1997; Gaidos
et al., 2000; Mamajek and Hillenbrand, 2008). Leveraging the consistency of
atmospheric and evolutionary models for HD 130948BC and assuming the binary
and primary are coeval, we invoke anomalous stellar angular momentum loss as
an explanation of the systematically older age estimates from gyrochronology
relationships (Barnes, 2007; Mamajek and Hillenbrand, 2008) from evolutionary
model-derived ages for HD 130948.

This explanation, however, is not sufficient to describe the behavior of other
over-luminous substellar objects, such as Gl 417BC. The Gl 417 system is a hi-

erarchical triple system similar to HD 130948, with the Gl 417BC brown dwarf

104



binary separated 90 arcseconds from their primary star Gl 417A, and therefore

ineffective at driving anomalous stellar angular momentum loss (Dupuy et al.,

2014).
1073
HD 130948B HD 130948C
=
=
=
10—4,
Baraffe et al. 2015 mmm  Gyrochronology 0.79+0:22 Gyr
[ Saumon & Marley 2008 hybrid Ca Il HK Emission 0.50 4= 0.30 Gyr

108 109 108 109
Age (yr) Age (yr)

Figure 3.8: Isomass lines from (Baraffe et al., 2015) and (Saumon and Marley,
2008) evolutionary models for the best fit masses of HD 130948BC with the thick-
ness of the line corresponding to the 68%—credible region in mass. The two blue
boxes correspond to the two age constraints derived in (Dupuy et al., 2009) for
the age of the primary HD 130948A through gyrochronology and chromospheric

activity.
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Figure 3.9: Color magnitude diagram for field M, L. and T brown dwarfs with HD
130498 BC. The data for the field brown dwarfs and the JH K magnitudes of HD
130948BC are from the Database of Ultracool Parallaxes (Dupuy and Liu, 2012;

Dupuy and Kraus, 2013; Liu et al., 2016) and (Dupuy and Liu, 2017), respectively.

3.6.3 Spectrophotometric Characterization of HD 130948 BC

Section 3.5.1 presents fitting the spectral energy density with three distinct
methods, each of which produce broadly consistent atmosphere parameters for
two L4 brown dwarfs. Around 1800-2000K brown dwarfs, the spectral features
in L-band are dominated by the HoO pseudo-continuum (Barman et al., 2015).
At ALES resolution, cooler temperature brown dwarfs (<1800K) begin to ex-
hibit CH4 PQR-branch absorption that suppress the water pseudo-continuum near
3.3 pm. No significant methane absorption is evident in the L-band spectra of
HD 130948BC, placing the pair earlier than L5 spectral type. Due to the lack of
spectroscopic standards in L-band, we defer to the spectral type determination of
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L4 £+ 1 from the literature (Goto et al., 2002).

The color magnitude diagram with field brown dwarfs and HD 130948BC is
plotted in Figure 3.9. Synthetic L'/W1 photometry was calculated by using the
MKO-L'/WISE-W1 filter curve and the ALES spectra of HD 130948BC. Synthetic
L' magnitudes of HD 130948BC are 11.308 + 0.034 mag and 11.461 + 0.039 mag,
respectively. The delta L' magnitude between HD 130948B and HD 130948C is
0.153+£0.034. The calculated K — L' for HD 130948BC are 1.040+£0.042 mag and
1.080 £ 0.042 mag, respectively. The synthetic W1 magnitudes of HD 130948BC
are 11.727 + 0.036 mag and 11.856 + 0.043 mag, respectively. The delta W1
magnitude between HD 130948B and HD 130948C is 0.129 4+ 0.037. The calcu-
lated K — W1 for HD 130948BC are 0.622 £ 0.042 mag and 0.689 + 0.042 mag,
respectively.

Near-infrared spectra of HD 130948BC exist, but the observation suffered from
differential slit loss (Goto et al., 2002). The continuum contains the temperature
and gravity information, so we chose not to include this dataset for spectral fitting.
However, Goto et al. did identify 2MASSW J00361617+1821104 (L4) as being the
best-matched template spectrum for both the observed HD 130948BC medium
resolution H K spectra. Photometry of the 2MASSW J00361617+1821104 was
used to calculated K — L’ of 0.96 + 0.058 (Leggett et al., 2002; Knapp et al.,

2004). Comparing the three L4 brown dwarfs, both HD 130948BC are slightly
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redder, perhaps due to adolescence.

There also exists resolved optical photometry of the binary from HST/ACS-
HRC (Dupuy et al., 2009). These data comprise flux ratios of HD 130948BC in
four red-optical bandpasses. In order to simultaneously fit red-optical photome-
try, NIR photometry and L-band spectroscopy, our model grid would need to be
expanded considerably to cover a much broader range of parameters (e.g., abun-
dances, cloud properties, non-equilibrium chemistry). An extensive parameter
search is beyond the intended scope of this paper. The synthetic flux ratios calcu-
lated for the J H K + L best fit for F850LP, F RI14M (8626 A), FRI14M (9402 A),
and FR914M (10248 A) are 0.10 4 0.03, 0.31 4 0.03, 0.40 & 0.03, and 0.44 4 0.02

mag, respectively.

3.7 Conclusion

We obtained 2.9-4.1 micron spectra of HD 130948BC with the ALES inte-
gral field spectrograph. This is the first time an adaptive optics-fed integral field
spectrograph has been used at these wavelengths. We demonstrated that atmo-
spheric models are able to reproduce the spectral energy distributions of these
benchmark brown dwarfs. The JHK photometry and L-band spectra become
potent constraints when used in tandem, recovering parameters consistent with

the evolutionary model fits. Our results suggest low-resolution L-band spectra
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can ameliorate the discrepancy of atmosphere fits and evolutionary model fits for
objects with only JH K photometry, making ALES a powerful tool in aiding our
understanding of evolutionary and atmosphere models.

Our determination that the ALES spectra can aid near-infrared measurements
in characterizing the atmospheres of HD 130498BC has been the culmination of
the development of a versatile pipeline and observation strategy that sets ALES
as a new instrument capable of characterizing the thermal spectral properties of
directly imaged planets and brown dwarfs. When JWST launches, there will be
enormous scientific opportunity for studying exoplanets in the thermal infrared.
ALES will be complementary to JWST. While ALES is less sensitive, it probes
smaller inner working angles, especially in the context of spectroscopy. Both
JWST and ALES will increase the wavelength range over which we study directly-
imaged planets, which will be especially important as we begin to study colder

exoplanets.
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Appendix A: Bayesian Parameter Estimation for

PSF Fitting

In the following procedure, the subscript A will be dropped for clarity; the
procedure implicitly applies to each wavelength slice in the data cube. For each
wavelength slice of the PSF and binary, there are six parameters ¢ defining a
model of the two brown dwarfs with two shifted PSFs: the position (yp, z5)
of HD 130948B, the position angle # and the projected separation of the brown

dwarfs p, the contrast ratios ap and ac of HD 130948BC with respect to the
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PSF, HD 130948A, and a hyperparameter ¢ corresponding to a spatial correlation
length. An additive factor to quantify sky background offsets was determined
empirically to be consistent with zero, and therefore not included.

The binary D is modeled by shifting and scaling the PSF, A, to each object.
The unscaled model for HD 130948B is A (¢) = Alyp, x5] and the unscaled model
for HD 130948C is Ac(¢) = Alyp + psinb, xp + pcosb], where |-, -] denotes the
translation function of an image. The binary was coarsely centered in a 17 x 17
pixel fitting region that defines the reference origin. The PSF was centered in a
square fitting region of area that was ten pixels larger on all sides to ensure that
any plausible shift of the PSF would populate the entire fitting region with data.
The residuals between the data and the model is R = D — apAg(¢) — acAc(9).

The variance images of Ap, Ac, and D are propagated similarly, and are
denoted 0%, o2, and 0%. The uncorrelated uncertainty vector is o%(¢) = o2 +
ap0%+azod, which is converted into the covariance matrix Cy using Equation 3.1.
In principle, variance is not linear and therefore 6% and o2 cannot be interpolated
simply by this translation function. However, the contribution of the PSF variance
scaled by the square of the flux ratio already acts as a small perturbation of the
variance image of the binary data. At the measured spatial correlation lengths,
¢, the contribution of the covariance terms is even higher order and therefore

neglected. That being said, Cj is still highly nonlinear in ¢ and therefore this
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problem is not ideal for generalized least square estimators.
Bayes’ Theorem is used to write the posterior probability for ¢ and ¢ given D as,
P(¢,¢|D) x L(D|p,L)P(¢, ). To quantify the probability of the data conditioned

on the model, we adopted a multivariate Gaussian likelihood function.
— 2 L(D|¢,¢) = R* C;' R+ In|Cy| + NyiIn 27 (3.3)

We employ a uniform, bounded priors P(¢, ). The bounds exclude PSF shifts
off the fitting region, negative separations p of the PSFs or 6§ + 7 (corresponding
to yp, rp instead describing the position of HD 130948C), and extremely large or
small g and a¢. Spatial correlation lengths are positive-definite and bounded
above by the size of the fitting region.

We used emcee to sample the posterior distribution for each wavelength slice
independently. We initialized 100 walkers with a guess ¢ vector plus Gaussian
noise at an amplitude of ¢ x 107*. The MCMC sampler was run for 1000 steps after
1000 burn-in steps for each wavelength. The matrix inversion, multiplication and
determinant of the Hermitian, positive-definite covariance matrix was calculated
using the Cholesky decomposition to take advantage of numerical stability.

The resulting posterior distributions at each wavelength were marginalized
over position, contrast and spatial correlation length terms, and combined jointly
to calculate the median values for position angle and separation across all wave-

lengths, denoted 6* and p*. The plate scale error of 0.1 mas/spaxel was prop-
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agated with Monte Carlo when converting the separation in spaxels to angular
separation in mas. The standard deviations oy« and o, were calculated from the
joint distribution assuming critical Nyquist sampling. This assumption is sup-
ported in Section 3.5.1.1. The values adopted for position angle and separation
are 0" = 137.0 £ 0.2° and p* = 107.8 + 0.3 mas, respectively.

The second step uses the same uniform, bounded priors P(¢) from the first
step, except for position angle and separation. The prior for position angle and
separation are updated to be P(0) = N[0; 6%, 05.] and P(p) = Np; p*, 05.]. The
posterior distribution was sampled again for each wavelength under the same
conditions stated before.

The correlations evident in Figure 3.4 manifest as a weak degeneracy between
position of the brown dwarfs and flux ratios with respect to the PSF: the model
binary built from two shifted PSFs will "exchange" flux when they are mislocated.
A precision astrometric solution or L-band flux ratios of the brown dwarfs would
be necessary to break this degeneracy (with more assumptions). Without such

information, we do not probe this degeneracy further.
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Chapter 4

End-to-end Simulation of SCALES

Adapted from
End-to-end Simulation of the SCALES Integral Field Spectrograph
7. W. Briesemeister, S. Sallum, A. I. J. Skemer, R. D. Stelter, P. Hinz,
and T. D. Brandt
Proceedings of the SPIE, Volume 11447, id. 1144747 13 pp. (2020)

DOI: 10.1117/12.2562143, (©SPIE. Reproduced with permission
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Abstract

We present end-to-end simulations of SCALES, the third generation thermal-
infrared diffraction limited imager and low/med-resolution integral field spectro-
graph (IFS) being designed for Keck. The 2-5 micron sensitivity of SCALES
enables detection and characterization of a wide variety of exoplanets, including
exoplanets detected through long-baseline astrometry, radial-velocity planets on
wide orbits, accreting protoplanets in nearby star-forming regions, and reflected-
light planets around the nearest stars. The simulation goal is to generate high-
fidelity mock data to assess the scientific capabilities of the SCALES instrument
at current and future design stages. The simulation processes arbitrary-resolution
input intensity fields with a proposed observation pattern into an entire mock
dataset of raw detector read-out lenslet-based IFS frames with calibrations and
metadata, which are then reduced by the IF'S data reduction pipeline to be ana-

lyzed by the user.

4.1 Introduction

The current generation of high-contrast coronagraph-assisted imagers and (in-
tegral field) spectrometers have succeeded in identifying and characterizing a pop-

ulation of massive, wide-period exoplanets by bulk, chemical, and atmospheric
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properties in exceptional detail. While this limited population has been an ex-
cellent probe of this specific region of parameter space, an extended exploration
would access the outcomes of various planet formation and migration scenarios.
The goal of accessing a larger region of parameter space of possible exoplanets
motivates the development of new instruments that improve on previous designs.
This includes use of advanced adaptive optics combined with coronagraphic inte-
gral field spectroscopy mounted on large/extremely-large telescopes that extends
to longer wavelengths (2-5 pm), where self-luminous exoplanets have greatest
contrast with their host star. These longer wavelengths have been otherwise inac-
cessible given the high background radiation, detector sensitivity and instrument
design.

The precursor instrument Arizona Lenslets for Exoplanet Spectroscopy (Ske-
mer et al., 2015) (ALES) in the Large Binocular Telescope Interferometer (LBTI)
(Hinz et al., 2008a, 2012, 2014) has provided the first spatially-resolved thermal-
infrared spectral characterization of substellar companions (Briesemeister et al.,
2019; Stone et al., 2020), and Santa Cruz Array of Lenslets for Exoplanet Spec-
troscopy (SCALES) will improve on ALES in optomechanical design and sensitiv-
ity. While ALES bridges this technological (Hinz et al., 2018; Stone et al., 2018b;
Skemer et al., 2018b) and scientific gap, the dedicated instrument SCALES vastly

improves upon stability and sensitivity of the nascent technology in order to pro-
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vide 10-m class diffraction-limited thermal infrared low-/med-resolution spectra
and imaging. This paper describes the end-to-end simulation of SCALES, accom-
panied by the implementation of the data reduction and analysis tools repurposed
and improved upon from the ALES data reduction pipeline (Briesemeister et al.,

2018).

4.2 SCALES at a Glance

SCALES comprises a low-resolution integral field spectrograph and a medium
resolution integral field spectrograph that share coronagraphic foreoptics trans-
missive from 2-5 um, and a 1-5 ym imager. A complete description of the current
optomechanics of SCALES is presented in these proceedings by Stelter et al. in
paper #11447-110. Figure 4.1 depicts the schematic of the SCALES optical layout
for the three modes.

For the low-resolution mode, f/15 light from Keck AO enters the cryogenic
dewar through a CaFl entrance window and is relayed through a fixed cold-stop
followed by a linear slide containing focal plane vector-vortex coronagraphs opti-
mized for K, L, and M bands. The light is magnified by 22.8 by an off-axis-ellipse
with an intermediate pupil plane that contains Lyot stops, pupil apodizers and
non-redundant pupil masks. The light is relayed to the 108 x108 square lenslet

array, where the 341 micron, f/8 square lenslets sample the 2.15” x 2.15" field
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with a lenslet pitch of 0.02” x 0.02” to Nyquist sample at 2.0 ym. A two-element
collimator produces a pupil plane at the disperser wheel, which contains reflective
double-pass LiF prism with gold coating on the second surface for each band-
pass. A two-element camera images the spectra onto the Teledyne HAWAII-2RG
(Beletic et al., 2008) detector.

For the med-resolution mode, a piezo-controlled tip-tilt stage directs the astro-
physical scene to a subarray of 18 x 18 spaxels on the side of the lenslet array at the
same magnification (0.36” x 0.36” field of view with a lenslet pitch of 0.02” x 0.02").
The slicer system rearranges the lenslet pupil images back into the spectrograph
as a single pseudo-slit where a pupil forms at gratings designed to disperse the
spectra without order overlap, and imaged onto the detector similarly.

The imager will pick light off from the Lyot stop wheel towards a dedicated
camera and detector system with a field of view of 20" x 20" at a plate scale of

0.01” x 0.01”. The imager has NIRC2-like filters.

4.3 Simulation Architecture

SCALES is currently in the preliminary design stage. The simulation tool
is tailored towards investigating the impact of optomechanical design choices on
the fiducial science cases for SCALES, enumerated in paper #11447-110. Simu-

lation of the outputs from instruments is necessary to predict their performance.
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SCALES Spectral Summary
Wavelengths Band Resolution
2.0-3.7 pm water ice ~ 60
Low- 2.0-2.4 pm K Band ~ 200
Resolution 2.0-5.0 pm SEDs ~ 35
Spectroscopy 2.9-4.15 pm L band ~ 80
3.1-3.5 pm CH; + PAH ~ 250
4.5-5.2 pm M band ~ 140
Medium- 2.0-2.4 pm K band ~ 5000
Resolution 2.9-4.15 pm L band ~ 3500
Spectroscopy 4.5-5.2 pm M band ~ 7000

Table 4.1: Wavelength bands with filters in SCALES for the low-resolution and

medium-resolution integral field spectrographs.

The fidelity of such simulations is limited by the reproduction of the physics and
astrophysics of the observation process, optomechanical design, and reduction
prescription that can be interpreted in finite computation time.

For these SCALES simulations, astrophysical fields are provided by the user
in the form of a spatiospectral data cube in mJy/px/A at higher spatial and
spectral resolution than the instrument, along with metadata, including sampling
rate, position, date/time of observation, duration, and atmospheric conditions.
The simulation will generate a mock dataset from an entire low-/med-resolution
[FU observation in detector readout units and/or file facsimiles. The simulations
for the imager are not currently included. This tool was written in Python. In

this section, we describe the models used to reproduce the physical processes of
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Figure 4.1: Schematic of the SCALES optical layout. Keck AO delivers f/15 light
through the entrance window. For the imager, light is relayed to a dedicated
detector. For the spectrograph, the light passes through the focal plane corona-
graph and Lyot stop, forming an image at the lenslet array. The low-resolution
mode comprises the lenslet array, collimator, disperser and camera. The med-
resolution mode selects a 18 x 18 spaxel region from the lenslet array and relays
the light through an image slicer that reorients the spectra in a pseudoslit that
is then dispersed and imaged on the detector. The calibration unit is described

here (Briesemeister et al., 2018).

imaging spectroscopy in SCALES. Figure 4.2 depicts how the optomechanics from

Figure 4.1 are translated into software.

4.3.1 Adaptive Optics Simulation

While the point-spread function of the instrument is an important component
to reproduce with fidelity, the nature of the point-spread function at the focal

planes of the imager and lenslet-array remains a point of active development.
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The large wavelength sensitivity merits having three focal plane coronagraphs
optimized to K, L, and M bands, respectively, which are also being developed
and are not implemented in the simulation yet.

Any astrophysical intensity field observed from the ground is modulated by the
Earth’s atmosphere and can be partially spatiotemporally corrected by an adap-
tive optics system. Simulating one long exposure sampling thousands of correlated
phase screens is computationally prohibitive. Our approach is to use a simple
analytical model to express images of finite exposure times, eschewing the time-
correlation of phase screens in favor of faster computation. Given a user-chosen
(default von-Kéarman, Ly = 8 m) structure function of residual phase, Dy(p), a
point spread function averaged over exposure-time 7" for turbulence lifetime 7 will

have intensity (I)r = E(I) + o, such that var(c) = Z(E(I*) — E(I)?). The inten-

T
sity term [ is expressed in terms of the associated optical transfer function (OTF),
W/ \) = ha(g/N)hr(F/)), for atmosphere OTF hp(7/\) = exp(—3Dy(p)), tele-
scope OTF hp(g/)\) o« [[ P(F)P(F + p)dF, and P entrance pupil transmission
function. Individual point spread functions are drawn from this model for each
frame.

The final PSF is obtained by multiplying the OTF due to high order effects
with ideal correction on low order modes, from low order wavefront errors, and due

to uncertainties from the optical system and instrument set by design requirements
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of SCALES. The final OTF is tuned such that the Strehl ratio at 3.7 pm is 0.85
to reproduce Keck AO-like optical quality.

Given the extended wavelength coverage of SCALES, departure from zenith
will result in atmospheric deflection of the position of a point-source as a function
of wavelength. This uncorrected deflection is simulated by affine transformation
along the direction perpendicular to the horizon with magnitude associated with a
given temperature, pressure, relative humidity and airmass (Mathar, 2007). While
the effect of relative astrometry is suppressed by the integral field spectrograph,
the offset has important implications on the hardware and observation modes we

employ.

4.3.2 Transmission and Background

The column of atmosphere in the direction of the source region will modulate
the transmission of astrophysical photons from the source, modeled by the theo-
retical sky background available from the Gemini observatory calculated with the
atmospheric model ATRAN (Lord, 1992).

We use the theoretical sky background available from the Gemini Observatory,
which includes the sky transmission calculated from with the atmospheric model
ATRAN (Lord, 1992), a 273 K continuum to simulate the sky. The telescope

background and AO system background are modeled as blackbodies at 273 K and
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their emissivity in the thermal infrared is currently roughly estimated at ~ 35%.

Each gold-coated mirror and transmissive optic is modelled using emissivities
and transmission profiles from the manufacturer, respectively. The lenslet array is
photolithography-etched silicon with imperfections on the sub-micrometer scale,

which is ignored. The transmission of the lenslet array is estimated at 98%.

4.3.3 Simulating the Spectrographs

At the focal plane of each lenslet, an image of the exit lenslet pupil will form,
comprising of all the light from the image incident to the spatial extent of the
lenslet. In the optical design we place a pinhole grid of circles at a distance opti-
mized by Zemax Physical Optics from the lens to suppress the square diffraction
effects of each lenslet (Figure 4.3). We determined with Zemax that the pinhole
grid is preferred over not having one due to the dispersion direction and spec-
tral resolution. The lenslet/pinhole PSF is calculated at each wavelength, and is
scaled in amplitude by the input intensity.

In the case of the low-resolution spectrograph, the lenslet pupil images are then
dispersed without spatial and spectral overlap, which forms images of dispersed
lenslet pupils. For the med-resolution spectrograph, an 18 x 18 subset of lenslets
are picked off and the lenslet pupil images are reordered by offset flat mirrors to

the reflective disperser and relayed onto the detector.
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Figure 4.3: Left: An image of the 5.0 micron lenslet pupil caused by diffraction
comprising the flux incident on f/8 lenslet of the lenslet array. The purple box
denotes the direction of dispersion for low-resolution mode. Right: An image of
the 5.0 micron lenslet pupil caused by diffraction of the square f/8 lenslet and
the pinhole placed at the geometric focus of the lens. The pinhole throughput is

~ 83% at 5 microns.
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Figure 4.4: Left: A cartoon for a star/exoplanet scene incident on SCALES at
the low-resolution integral field spectrograph mode. The region of lenslets relayed
to the disperser and detector are white in this image and decimated at a rate of
5 pixels. Right: A piezo-controlled mirror translates the star/exoplanet system
in the med-resolution integral field spectograph mode, such that the exoplanet
is incident on the active spaxels and the star is obstructed. The active spaxels
are dispersed following the slicer pseudoslit to the detector in an array of 18 x 18

spectra containing spatiospectral information.
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The mechanical distinction of the med-resolution mode compared to the low-
resolution mode is depicted in Figure 4.4. In low-resolution mode, the deviations
of the grid of lenslet pupil images from rectilinear are characterized in the optome-
chanical design, and are applied as a 2D-polynomial shift that the data reduction
pipeline is agnostic to. In med-resolution mode, predetermined shifts, set by the
optomechanical design of the slicer, are applied to each spectrum.

Dispersion for low-resolution mode is performed by reflective double-pass LiF
prism with gold-coated back and anti-reflection coated front tuned for each band
pass. These prisms haven’t been designed yet, so a linear dispersion profile is
used to calculate the position at which monochromatic PSFs are imaged onto
the detector. The final science image without noise comprises contributions of
propagated monochromatic light at each wavelength, summed and binned at the
detector pixel rate.

Dispersion for med-resolution mode is performed by gratings tuned for K, L,
and M bands. The position of monochromatic light is determined by the image
slicer and a linear dispersion profile of the grating (as the gratings also have not
been designed yet). The final science image without noise is then the contributions
of propagated monochromatic light at each wavelength, summed and binned at

the detector pixel rate.
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4.3.4 Detector Noise

The detector for SCALES is a 2048 x 2048 pixel Teledyne HAWAII-2RG de-
tector tuned to 5.3 micron cutoff. Generating high-fidelity realizations of detector
noise requires complex modelling of correlated stationary and non-stationary noise
components caused by solid-state physics. In order to approach fidelity, we modi-
fied the noise generator from (Rausher 2015) (Rauscher, 2015) to apply to various
readout methods and digitization processes. These modifications have been tested
to reproduce the LBT /LMIRCam (Skrutskie et al., 2010; Leisenring et al., 2012)
H2RG detector noise.

For both modes, realizations of detector noise are added to the science frames.
Calibration frames are also propagated through the same process. Apart from flux
calibration, the calibration frames are necessary for the actual extraction step for

the least-squares and sparse matrix extraction methods.

4.3.5 Data Reduction Pipeline

In order to convert the simulated data in low-resolution mode to data cubes,
the simulation uses MEAD (Briesemeister et al., 2018) to facilitate the translation
of raw detector readout frames and metadata into data cubes containing spatial
and spectral information. This simulation tool has been extensively used to test

the implementations of aperture, optimal (Horne, 1986), least-squares (Brandt
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et al., 2017; Draper et al., 2014), sparse matrix extraction of the spectra into data
cubes, and we are exploring the efficiency of other data structures to optimize
this extraction. Figure 4.5 depicts raw simulated data, the recovered images and
injected /recovered spectra for a short integration of an A0 star at 10pc in L band.

The med-resolution mode required development of a new module for MEAD,
as the slicer pseudoslit reformats the dispersed 18 x 18 lenslet pupil images in a
fundamentally different way than the lenslet array alone. The selected order of
324 spectra are separated by ~ 6 pixels and have the dynamic range limited by the
detector layout of 2048 pixels, slicer design, and disperser profiles. These spectra
are extracted with any of the four extraction methods previously implemented
for the low-resolution mode for these longer spectra. This early data reduction
pipeline for the med-resolution modes will drive investigation towards a more

robust pipeline in the future.

4.4 Simulation and Design

The simultaneous development of instrument and instrument simulation has
many engineering and design benefits. The simulation has been used to quantify
requirements set by the fiducial science cases and to test the consequences of
update to the design of the instrument on meeting these requirements.

Background radiation sets unique limitations on the science capabilities of
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Figure 4.5: Left: A zoomed-in single sky-subtracted data frame produce in low-
resolution simulation of an A0 star at 10pc with the 2-5um filter mode. The color
stretch is square root in order to depict more spaxels. Right/Top: The extracted
point spread function for the image at 2.5um, 3.8um, and 4.6um, respectively. The
color stretch is linear. Right/Bottom: The input and extracted spectrum with
errors from 4 seconds on target and 4 seconds on sky performed with aperture
extraction. The grey shading denote regions of high telluric absorption. Devia-
tions in K band are driven by red-leaks, warranting use of an informed extraction

(least-squares) over aperture extraction.
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SCALES. The issue manifests most notably in the 2-5 um filter in low-resolution
mode, where the thermal background at the red end of the filter is orders of
magnitude brighter than the thermal background at the blue end. For the desired
fill factor of the detector, the spectra are limited in their separation, and the
bright red ends of spectra neighbor the blue ends of other spectra. These red
leaks are an inherent source of noise that would limit the usefulness of broad
filters without appropriate filter design. This requirement has been investigated
with the simulation and used to set the requirements on the transmission of light
at the red end of this filter.

An incomplete list of the other uses of the simulation include the consequences
of deviation from polynomial dispersion, deviation from rectilinear grid of lenslet
pupil images at the focal plane, stability/reproducibility requirements of the dis-
perser elements and other wheels, material transmission, drift, optical quality, etc.
on target sources that we have identified as fiducial science cases for SCALES.

Designing appropriate observation patterns is also relevant to maximize astro-
physical photons while mitigating the thermal background at these wavelengths.
The small field of view of the med-resolution mode when observing high-contrast
targets necessitates an informed observation pattern to obtain calibrations, sky
frames, dark frames and on target frames in a sky-rotating-frame, all of which we

are using this tool to model and investigate.
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4.5 Astrophysics with SCALES

The unique capabilities of SCALES opens an otherwise inaccessible parameter
space of spatiospectral heterogeneity in astrophysics explored at small angular
separation. SCALES is particularly capable of accessing unexplored regions of
parameter space in which many detectable exoplanets are expected to exist. This
is facilitated by combining thermal infrared (2-5 pm) sensitivity in the region
of greatest exoplanet-star contrast (Skemer et al., 2014) and integral field spec-
troscopy for distinguishing exoplanets from residual diffracted starlight.

The synergy of astrometric detection with Gaia and WFIRST-WFT and direct
detection of exoplanets with SCALES has been identified with this simulation
(Brandt et al., 2019a). Gaia’s extended 9-year survey is expected to yield a
catalog of 70,000 exoplanets (Perryman et al., 2014). We predict 9 exoplanets (<
13M;,,) and 67 brown dwarfs (> 13M;,,,) will be accessible to direct imaging with
thermal emission by SCALES when initially detected through astrometry with
Gaia (Brandt et al., 2019a). With a single position measure by WFIRST-WFT in
2030, this expands to 19 exoplanets and 144 brown dwarfs. These complementary
measurements are sensitive to stellar mass estimates (Nielsen et al., 2014) down to
~ 300K, where water clouds manifest in M-band spectra (Skemer et al., 2016a).
For previously-discovered directly-imaged planetary-mass or near-planetary-mass

companions (Bowler, 2016), SCALES will complement near-infrared spectroscopy
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with thermal infrared spectroscopy to improve estimation of important quantities
for exoplanets, like luminosities, masses, molecular abundances (e.g. CO, COa,
H,O, CH,), temperatures, and cloud coverage.

For practical reasons, exoplanet imaging surveys have focused on young exo-
planetary systems, where stellar emission is set by core mean molecular weight
near pure hydrogen and exoplanets passively radiate residual heat of formation (Biller
et al., 2007; Vigan et al., 2012). However, accretion shocks are efficient at radiat-
ing away energy in planets formed via core accretion, resulting in a population of
exoplanets with relatively cold initial conditions (< 600K). Near-infrared integral
field spectrographs are not sensitive to such "cold-start" planets (Stone et al.,
2018c), which have only imaged planets as cold as ~ 600 — 750K (Macintosh
et al., 2015b). SCALES is sensitive to the thermal emission of this hypothetical
population, probing the old and cold exoplanets.

In protoplanetary systems, it is possible to estimate mass accretion and M, M,
when young planets are embedded in natal discs (Sallum et al., 2016; Currie
et al., 2019). Thermal infrared integral field spectroscopy would be particularly
useful for distinguishing scattered light of circumstellar disks and regions of bright
hydrogen-gas shocks consistent with protoplanets, as measured by the Br-v line.
SCALES also uniquely opens the capacity to map circumstellar disks in water ice

(Podio et al., 2013) and PAH emission. The simulation package is deployed with
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the previous examples included.

SCALES integral field spectroscopy also opens a unique parameter space in so-
lar system, galactic and extragalactic astronomy. The contribution of background
emission is diminished by dispersion, providing uniquely sensitive measurements of
extended sources of thermal /redshifted emission. For example, volcanic eruptions
and the extent of their lava fields can be investigated on Io (See Section 5.2), and
carbon-based weather can be mapped on Titan. SCALES is sensitive to Brackett-,
Pfund-, and CO-line mapping in bright young supernovae. The carbonaceous dust
in unshocked ejecta of nearby remnants is sensitive to dust formation/destruction
(Kotak et al., 2005). SCALES can also explore spatially-resolved nuclear/star-
forming regions in nearby bright galaxies for characterization from PAH emission

in dusty AGN tori (Marco and Brooks, 2003) and hot dust emission.

4.5.1 HR 8799-like System

Lenslet-based integral field spectrographs are uniquely adept at imaging spec-
troscopy of exoplanetary systems because the optical distortion is not amplified
when subsampling the focal plane with the lenslet array. The design of having
the image slicer component downstream of the lenslet array also mitigates this
problem that it would otherwise have, enabling high-spatial resolution thermal

infrared integral field spectroscopy at low- and med- spectral resolutions.
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Point sources were arrayed in the input field to be reminiscent of the HR
8799 system to represent an AQ star accompanied by three companions at 1000K,
1400K and 900K, each with radius 1 Ry, log(g) = 4.0, and distance = 40.9 pc. The
PHOENIX atmospheric code was used to calculate the model spectra (Barman
et al., 2011). The b component of the real system has no analog here, as is not
contained within the field of view of the low-resolution integral field spectrograph
when the other exoplanets are required to be in every image.

Two hours of integration were simulated with positions and sky rotation set
by starting when HR 8799 was nearest zenith. We used a constant phase screen
and no coronagraph for internal testing purposes, and angular differential imaging
was used to remove the point spread function of the primary. These observations
are background limited for NIRC2 (with the possible exception of HR 8799 e) so
this is a reasonable assumption until we implement the coronagraph in the code.
Three representative slices of the data cube and the input/output spectra of this
simulation are shown in Figure 4.6.

For the med-resolution simulation, we look at a point source with an SED
representative of HR 8799c. The small field of view of this mode requires an
observation pattern that nods between the target, blank sky, and a PSF calibrator
(usually the primary star). Two hours of total integration time following this

pattern were simulated with positions and sky rotation set by starting when HR
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Figure 4.6: Top: Simulations of the 3.0, 3.4 and 3.9 micron images of a 2-hr
integration of a HR 8799-like system at L band, processed with a naive, non-
aggressive application of full-frame Angular Differential Imaging. Bottom: The
input and recovered spectra of the HR 8799cde-like exoplanets from the same

simulation at L band
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Figure 4.7: The recovered spectrum of the analog of HR 8799c with error bars
using the med-resolution mode in L band for a 2-hr integration. The region
near 3.3 microns has lower SNR due to both low telluric transmission and low
astrophysical emission. Given the size of spectral resolution elements and linear

dispersion model, there are 600 wavelength bins depicted here.

8799 was nearest zenith (irrespective of whether that is consistent with daytime
for the real HR 8799). The PSF was assumed not to translate due to pointing

errors. The resulting recovered spectrum is depicted in Figure 4.7.

4.5.2 To Volcanoes

SCALES will monitor the locations, temperature, and extents of volcanoes on
lo. For large eruptions, SCALES can map the extent of thermally active fields
extending across the disc of lo while they cool. We assess SCALES’s ability to
recover the temperature of volcanoes on the surface of Io with a simple model
for its surface. This model includes a uniform disk emitting isotropically with

volcanoes as extended sources emitting at various temperatures enumerated in (de

137



Kleer et al., 2017) to replicate lava fields as some volcanoes would be marginally
resolved at the blue end of the 2-5 um band. A more sophisticated model including
Io’s rotation as a uniform sphere emitting isotropically could be done in the future.

We demonstrate the use of the 2-5 um filter: simultaneous coverage of a sig-
nificant portion of the spectral energy distribution from thermal emission of a
volcano lava field. With one filter, we can determine the temperature of volcanoes

(Figure 4.8).

4.6 Summary

We presented the end-to-end simulation of the low-/med-resolution integral
field spectrographs for SCALES, the dedicated high contrast IFU operating from
2-5 pm at R~ 100 — 10000. Simultaneous development of the data reduction
pipeline, simulation and the instrument itself enables exploration of consequences
of design decisions and the capabilities of the instrument for delivering unique

integral field spectrograph data.
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Abstract

The advantage of having a high-fidelity instrument simulation tool developed
in tandem with novel instrumentation is having the ability to investigate, in iso-
lation and in combination, the wide parameter space set by the instrument de-
sign. SCALES, the third generation thermal-infrared diffraction limited imager
and low /med-resolution integral field spectrograph being designed for Keck, is an
instrument unique in design in order to optimize for its driving science case of
direct detection and characterization of thermal emission from cold exoplanets.
This warranted an end-to-end simulation tool that systematically produces re-
alistic mock data from SCALES to probe the recovery of injected signals under
changes in instrument design parameters. In this paper, we quantify optomechan-
ical tolerance and detector electronic requirements set by the fiducial science cases
using information content analysis, and test the consequences of updates to the

design of the instrument on meeting these requirements.

5.1 Introduction

The Santa Cruz Array of Lenslets for Exoplanet Spectroscopy (SCALES) in-
strument will deliver 10-m class diffraction-limited thermal infrared low-/med-

resolution spectra and imaging of low mass companions, cold brown dwarfs, cir-
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cumstellar discs, and more. During the proposal stage, we identified the high-level
requirements and overall specifications that lead all the design stages for instru-
ment subsystems (Stelter et al., 2020). These fiducial science targets drive the
optomechanical and electrical design decisions for each subsystem, defining re-
quirements, modes of operation, relative position, orientation, quality, and general
tolerances. Tolerances have a critical role in the manufacturing of instruments.
Ultimately, the manufacturing accuracy of the instrument sets the limits of ob-
servability, and more importantly, characterizability of exoplanet atmospheres.
This motivates our current study, in which we investigate how deviations in the
optomechanics and electronics of the SCALES instrument will affect our ability
to accurately characterize the atmospheres of exoplanets.

SCALES is equipped with low- and medium-resolution spectroscopic modes
across six different wavelength ranges and nine different spectral resolving powers
that can all be used for spectroscopy of exoplanets. In this paper, we seek to iden-
tify what the limits of these modes will be, in terms of exoplanet characterization,
if the instrument were to deviate from the ideal design of SCALES. The most
rigorous way of accomplishing this is through atmospheric retrieval, which links
atmospheric models to the data in a Bayesian framework (Madhusudhan, 2018;
Barstow and Heng, 2020). While robust in its ability to derive non-Gaussian pos-

terior distributions on atmospheric parameters of interest, it is computationally

143



intractable given the diverse instrument phase space of SCALES and the possible
atmospheric parameter space of known exoplanets. Instead, we treat this as an
information content theory problem (Shannon and Weaver, 1949), where one (or
multiple) elements in an atmosphere and instrument model is perturbed. This
allows determination of SCALES’ ability to constrain physical atmospheric pa-
rameters (e.g. [M/H|, C/O) as a function of various observational setups using
"information loss", measured in bits, as a quantitative metric. We will model the
effects of these perturbations with the SCALES simulation tool (Briesemeister
et al., 2020).

One might expect that if you perturb an optical element enough, the spectro-
graph simply will not work. So in between working and not working there is an
extreme perturbation, such that no amount of exposure time would be sufficient
to increase the information about model parameters with respect to priors. There
is also a less extreme perturbation, such that you are limited by the amount of
exposure time you can allocate to your target to gain sufficient information to sat-
isfy fiducial science goals. This concept brings us to information content analysis,
and restructures our investigation of tolerances in a way to answer the question:
"Is the rate of information content per observation sufficient to satisfy the fiducial

science case requirement for a given exposure time?"
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5.2 Information Content

The methodology we used for assessing information content of atmospheric
observables from the modes of SCALES is based on optimal estimation theory
(Rodgers, 2000). This theory has been used recently in two studies for optimizing
JWST observations (Batalha and Line, 2017; Howe et al., 2017), and in a broad
range of Earth and Solar System studies. We direct readers to (Rodgers 2000) for
an in-depth description of information content analysis, as well as the notation
used here. A brief summary of salient features of the information content analysis
is included here for completeness.

Information content H is broadly defined as the change in entropy S on mak-
ing a measurement. In terms of probability distribution functions (PDFs) and
Bayesian methods, it can be understood as the difference in entropy of PDF P(x)
and PDF P(x|y), where the state vector x describes the state of the atmosphere
and the quantities which will be measured in order to retrieve x are represented
by the measurement vector y. In the case of SCALES, y is the spectrum mea-
sured. For our initial analysis, we simplify the state vector to be x = [T(P),
[M/H], C/O, g|, which neglects clouds. Here, T'(P) is the pressure-dependent
temperature profile, [M/H] is metallicity, C'/O is the carbon-to-oxygen ratio, and
g is the gravity. The information content H = S[P(x)] — S[P(x|y)] measured in

bits describes the decrease in entropy of the probability that a certain state exists
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following a measurement.

The relationship between the measurement and the atmospheric state y =
F(x) is highly non-linear and depends on the instrument and spectral extraction
methods used. However, a Taylor expansion of the model around some reference
state is adequate for appropriately small deviations. This linearization sets the
Jacobian matrix K;; = 0F;(x)/0x; as the appropriate operator, describing how
sensitive the model is to slight perturbations in each state vector parameter.

Under the assumption of Gaussian distributions, as done in (Rodgers 2000),
L ant
H = —§1n|S Sa (5.1)

and

S=(KTS;'K +8;1)! (5.2)

where S, Se and S, are the posterior error, data error and prior covariance of the
state parameters, respectively. The quantification of information content relies
on the construction of accurate Jacobian K, and accurate estimation of prior and
data error covariance. The parameter uncertainties are quantified in the diagonal

elements of the posterior covariance matrix S.
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5.3 Modeling & Retrieval Approach

5.3.1 Emission Spectra Models

We use the PICASO code that enables computation of reflected light, thermal
and transmission spectroscopy for exoplanets and Brown Dwarfs (Batalha et al.,
2019). For the analysis in this paper, we used self-consistent pressure-temperature
profile from the Sonora 2018 model series for non-irradiated, substellar mass object
(Marley et al., 2021). Given the temperature-pressure profile of the atmosphere
and the elemental abundances parameterized with metallicity, [M/H], and C/O,
the model first computes the thermochemical equilibrium molecular mixing ratios
(and mean molecular weight) using the publicly available Chemical Equilibrium
with Applications code (CEA') (McBride and Gordon, 1996). The thermochem-
ically derived opacity relevant mixing ratio profiles (H,O, CHy, CO, CO,, NHj,
H,S, CoH,, HCN, TiO, VO, Na, K, FeH, Hy, He), temperature profile, and planet

bulk parameters are then fed into a emission spectrum model.

5.3.2 SCALES Noise Models

Sufficient reproduction of the processes involved in astrophysical detection is
necessary to calculate K and S.. To be explicit in our modelling, we enumerate

these processes here.

thttps:/ /www.grc.nasa.gov/WWW /CEAWeb /
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In the detector model, the sensor can be treated as an array of pixels that take
an input (a number of photons) and transforms these values to an output (a dig-
ital value in analog-to-digital units, or ADU). In performing this transformation,
various sources of noise are added to the signal so that, given a camera’s output
in ADU, we can only make probabilistic inferences about the actual number of
photons impinging on it. The simplest model would depend on five free parame-
ters: the quantum efficiency n(A) [e” /7], the read noise magnitude o, le,,,,|, the
dark current u(T) [e~/s|, the sensitivity (amplification of the voltage in the pixel
from the photoelectrons) K [ADU/ e~], and the bit-depth of the camera k.

The noise generator of HxRG detectors from (Rauscher, 2015) identifies and
implements non-white sources of noise, which are added to our detector model.
A model of the linearity of LMIRCam was used as the model for linearity in the
simulation. The electric field from the AO simulations are converted it into units of
photons from the irradiance of the field using the magnitude of the time-averaged
Poynting vector of a linearly-polarized electromagnetic wave in free space. Photon
shot noise from the source and background are added. ADU are treated as discrete
integer units. Finally, the effects of readout direction, manifesting as crosstalk,
are applied (George et al., 2018).

The raw detector frames constructed by the simulation are then reduced into

sky-subtracted data cubes D with the associated spectral covariance cubes X using

148



the data reduction pipeline (Briesemeister et al., 2018). A telluric calibrator star

M is also simulated in a similar fashion.

5.3.3 Covariance propagation

The proper approach to treating the PSF fitting as a weighted least squares
problem becomes intractable due to the large covariance matrices that would need
to be inverted. For context, integral field spectrograph data products are data
cubes with (ny, n,, n,) dimensions. In principle, every point (A, z,y) in this cube
is correlated to every other point, so the appropriate covariance matrix would be
(nangny Xnyngn,) matrix, or for SCALES low-resolution L-band, (~ 10°x ~ 10°).
Windowing in the spatial coordinates to select a region of interest would reduce
this number significantly, but still greatly limits efficiency.

Along with windowing to a 17 x 17 spaxel region around our target point
spread function, we chose to make all spatial covariance components zeros so the
matrix becomes sparse and a far more tractable problem (Briesemeister et al.,
2019). We propose the data D at spatial coordinate (j, k) to be drawn from a
multivariate normal distribution with mean M/ and covariance X, for contrast
B with respect to the calibrator M. We then minimize the square Mahalanobis

length to optimize the contrast spectrum.
B =argmin(D — MB)"S(D - Mg) = MTE='M)"'M”Z'D (5.3)
B
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cov(B) = (MTZ M)~ (5.4)

These quantities are still contrasts with respect to the calibrator flux. Assum-
ing the calibrator has the same exposure time and has not reached saturation,
the contrast and covariance can be multiplied by the expected spectrum of the
calibrator and its square, respectively, to represent the best-fit spectra f and data

error covariance matrix Se.

5.3.4 The Jacobian

The derivatives of the Jacobian K = 0F;/0x; are calculated by centered finite-
differencing scheme for each state vector parameter. We consider two different
models for F' in our approach. The first assumes F is only affected by the atmo-
spheric physical model, the second assumes F is affected by both the atmospheric
and the instrument model. The first scenario describes the case in which all
instrument systematics can be removed during the data reduction process, and
you are left with the raw atmospheric flux and the associated measurement errors.
The latter considers the scenario that instrument systematics affect the ultimately
flux measurements. Both models are depicted in Figure 5.1, where the pale blue
Jacobians represent the first model and the K-, L- and M-band lines represent
the second model. The instrument systematics do reduce the sensitivity at each

band to elements of the state vector, and in a non-linear way.
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Figure 5.1: The centered finite-difference scheme-derived Jacobians for C'/O and
[M/H] at K-, L-, and M-bands for a 1500K, log(g) = 4, [M/H] = 1, C/O = .55.
The deviations were +.001 in metallicity and C'/O, and the Jacobians are scaled
by 10”. The Jacobian in pale blue was calculated without passing the spectra
through the SCALES simulator, binned at resolution of 100. The SCALES model
is notably less sensitive at nearly all spectral bins to the hypothetical instrument

capable of perfect recovery of the Jacobian.
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5.4 Information Content Analysis

The following analysis explores information content for the two composition
parameters, [M/H] and C'/O, that are used to parameterize elemental abundances
that define the mixing ratios &. Other quantities [T, g] are of interest, but we
wanted to be specific for our investigation. We set a naive prior S, of +6 dex
in both quantities, expressing essentially no prior knowledge of the atmosphere
composition.

SCALES has nine separate spectroscopic modes, each of which are sensitive
to complementary and supplementary information content for various astrophys-
ical signals. Naturally, one may expect there exist situations where observing in
multiple modes would be advantageous from an information content context. The
discussion in Batalha and Line (2017) presents arguments for why this may not
necessarily be the case due to saturation of information. An in-depth exploration
of using such multiple mode observations remains as work for future papers. In
what follows we use information content to specifically focus on the 2-5.2 micron
mode of SCALES, as it represents one of the more pathological observation modes
due to the exceptionally bright sky background in M-band encroaching on bluer

ends of neighbor spectra (Figure 5.2).
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Figure 5.2: The raw detector readout of a bright star in the 2-5 micron mode near
the peak of the point spread function at three dispersion angles, set to tan=!(1/3)
and tan~'(1/3)42°. The color scale is logarithmic. Detector systematics were
removed for clarity. The anatomy of a single trace is distinguished in the middle
panel, with a bright M-band lobe in the upper left, followed by a gap due to
telluric water absorption marked in the blue arrow, a longer L-band lobe, another
gap due to telluric water absorption marked in the blue arrow, followed by K-
band light. The red arrows point out regions where the bright, variable thermal
background in M-band lobes contribute to not only to flux, but also noise, in

neighboring K- and L-band spectra, modifying the Jacobian K.
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5.4.1 Case study: Misaligned Disperser

This IC approach can be used to tolerance optomechanical design of SCALES.
In this case study, we perturb the ideal model of SCALES, such that the angle
of dispersion deviates from the fiducial value of tan=!(1/3). This manifests as
a deflection from the ideal angle of the micropupils on the detector. This ideal
angle was designed such that it maximizes the length and spectral resolution of
the spectra as well as detector usage without the spectra overlapping. This case
study will test how much the dispersion angle can be perturbed until the gain of
information content is insufficient to satisfy the the fiducial science case within
the exposure time.

In previous papers, we have used the simulation as an exposure time calculator
to translate the fiducial science case requirements in terms of exposure time. In
this case study, we set the requirement that we observe the signal-to-noise ratio
of C/O and [M/H] to be greater than 5 in a 1500K brown dwarf at 100pc within
two hours total integration time. The diagonal element of the posterior covariance
matrix S corresponding to C/O and [M/H] uncertainty is used to define the
amount of information content necessary to meet this requirement. We then
perturbed the model of SCALES by changing the angle of dispersion (Figure 2),
and extracting the spectra assuming this new dispersion angle is known. Once

the spectra begin to overlap, the overwhelming number of background photons
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Figure 5.3: The centered finite-difference scheme-derived Jacobians for C'/O and
[M/H| at K-, L-, and M-bands for a 1500K, log(g) = 4, [M/H] = 1, C/O =
.55. The deviations were £+.001 in metallicity and C'/O, and the Jacobians are
scaled by 107. These Jacobians are accompanied by the same measurements taken
when the disperser is shifted by +2°. The K- and L-band Jacobians are strongly

diminished by impinging M-band light from neighboring spaxels.

155



in neighboring spaxels will begin to inflate the values of flux in the blue end of
individual spaxels. This inflation rapidly deviates the extracted spectrum from the
expected spectrum to the point where there is very little increase in information,
relative to the prior (Figure 3).

According to our translation of this fiducial science requirement, and with all
other degrees of freedom fixed, a realistic SCALES can deviate in dispersion angle
from the ideal SCALES for all angles with information contents above 20.1 for
[M/H] and 20.4 bits for C'/O (Figure 4.). At angles more extreme than 6 €
(18.2°, 18.7°), SCALES would not be capable of observing a source satisfying this

requirement within the alloted exposure time.

5.5 Summary

Using an emission spectra model, we computed how sensitive the SCALES
instrument is to detecting changes in the state vector that define the models.
These sensitivities make up the Jacobian, which allowed us to compute the in-
formation content of each spectrum. The information content, measured in bits,
describes how the state of knowledge (relative to the prior) has increased by mak-
ing a measurement. We applied this analysis to the case study of a particular
optic that is perturbed in such a way to displace the intense thermal background

at the red ends of these spectra onto neighboring, dimmer blue ends of spectra.
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case described in the text at several dispersion angles. The vertical line denotes
tan~1(1/3), and the respective horizontal lines corresponds to information content

necessary to satisfy the fiducial science goal.

157



The effect on information content was quantified in order to set a scientifically
motivated tolerance of the angle of the dispersing element for SCALES. In doing
so, we established a recipe to systematically follow to obtain tolerances other free
parameters in the SCALES model.

SCALES is expected to be deployed in 2025. After commissioning we will have
a much better idea of what the inherent systematics are for each of the exoplanet
spectroscopy modes. Until our knowledge of instruments improve, we can use
these promising IC analyses to design optimized observing strategies for future

proposals.
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Chapter 6

Conclusion

6.1 Comparison to Existing and Upcoming Instru-

ments

Most IFSs with goals of direct imaging exoplanets operate at low-spectral
resolutions (R<200), in part because the lenslet array preserves optical quality as
it samples the field before any optical aberrations are imparted by downstream
spectroscopic optics. This can make it difficult to distinguish between continuum
effects (such as clouds and temperature-pressure profiles) and broad molecular
band-heads (such as CHy and CO). In addition to a low-resolution mode (R~100),
SCALES features a medium-resolution mode (R~2000), which is unique to high-

contrast coronagraphic integral field spectrographs. This will allow line-by-line

159



identification of major and minor gaseous constituents (Figure 6.1). There is no
other instrument capable of doing this today.

The James Webb Space Telescope (JWST) has an integral field spectrograph,
but it is not coronagraphic and is generally not usable for studying close-in exo-
planets. Keck’s OSIRIS instrument (Larkin et al., 2006) is certainly complemen-
tary, providing R~4000 spectra of exoplanets from 1-2 um, but it does not have
a coronagraph and is not optimized for high-contrast imaging. GPI 2.0 (Chilcote
et al., 2020) and SPHERE+ (Boccaletti et al., 2020) will also provide complemen-
tary spectra in the near-infrared at lower resolutions. Keck’s KPIC instrument
is also complementary, providing R~35,000 spectroscopy of exoplanets. However,
KPIC is generally used for detecting the presence of molecules, exoplanet spins
and exoplanet RVs via the cross-correlation method (e.g., Wang et al., 2021),
while SCALES is more optimal for obtaining flux densities at high signal-to-noise.
Decades of studying free-floating brown dwarfs, which are analogs to gas-giant ex-
oplanets, shows the incredible scientific power of medium resolution spectroscopy
(Cushing et al., 2005).

In general, SCALES integral field spectroscopy will provide an improvement
over imaging for most thermal-infrared science cases that don’t require a large
field-of-view. SCALES will continue the scientific legacy of NIRC2, while also

providing a venue for studying JWST discoveries at higher spatial resolution.
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Figure 6.1: Simulation from Chapter 4, K-band (top), L-band (middle), and M-
band (bottom) medium resolution mode SCALES observations of a 500 K planet
at a distance of 15 pc. The assumed integration time is 10 hours, and the extracted
spectrum is shown in blue with error bars overlaid in grey. SCALES’ wavelength
coverage will lead to constraints on molecules such as H,O, CO, CHy, NH; (see

horizontal bars), which can be used to calculate properties such as metallicities

and C/O ratios.
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And while SCALES’s driving science case is exoplanet spectroscopy, the result-
ing design cover a unique parameter space that will make SCALES an exciting

instrument for many subfields of astronomy and planetary science.

6.2 Synergy of Direct Imaging and Astrometric

Detection

In the past decade, substantial effort has been put in to find young gas giants
around nearby moving group stars. Thousands of hours of 8- to 10-m class tele-
scope time were devoted to performing high-contrast imaging surveys of hundreds
of young stars, but the overall detection rate turned out to be low. Moving to
30-m class telescopes is not expected to help; wide separation gas giants are just
intrinsically rare. Clearly, the strategies of the past will not yield the sample we
need to test models of gas giant formation and evolution.

In order to circumvent the "blind" nature of previous direct imaging surveys
with prohibitively low detection rates, we identified full-sky absolute astrome-
try as a powerful complement to direct imaging surveys of exoplanets (Brandt
et al., 2019a). Facilitated by space-based astrometric missions providing an age-
insensitive population of tens of thousands of substellar and planetary-mass com-

panions detected through the astrometric reflex motion of their host, the most
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sensitive upcoming space- and ground-based direct imaging/spectroscopy surveys
will characterize the atmospheres and system architectures of hundreds of exoplan-
etary systems. This population would be transformative to the field of exoplanets;
we could robustly test models of exoplanet atmospheres, reliably extract physical
parameters using spectral signature retrieval, determine planetary system archi-
tectures, and could provide answers to open questions in planet formation and
migration on both individual and population levels.

The synergy between full-sky absolute astrometry and direct imaging of exo-
planets is being addressed from both sides: (1) the Wide-Field Instrument on the
NASA space mission, Nancy Grace Roman Space Telescope (hereafter, Roman), is
capable of detecting the astrometric reflex motion of a planet-hosting star, and will
improve the astrometric precision, baseline, and dynamical mass constraints estab-
lished by ESA space missions Hipparcos and Gaia; and (2) current and upcoming
near- and thermal-infrared space- and ground-based instruments are deploying
in the near term on Roman—CGI (Coronagraph Instrument), James Webb Space
Telescope (JWST), SCALES, GPI 2.0 (Chilcote et al., 2020), SPHERE+ (Boc-
caletti et al., 2020), and comprise the most sensitive arsenal we have to directly
characterize the atmospheres of exoplanets.

Widest-period planets are the easiest ones to follow up with high-contrast

instruments and test model atmospheres and planet formation scenarios, but the
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hardest ones to find both with current astrometry and RV measurements due to
their small signals. How will we confirm the astrometric detections, and how will
we push the sensitivity further?

Earlier probes of full-sky absolute astrometry, namely the ESA space missions
Hipparcos and Gaia extend the astrometric baseline back 230 years. Hipparcos
epoch astrometry was used to fit planet orbits, but the precision was shown to
be insufficient, and more recent work suggests that the re-reduction of Hipparcos
overfit bright stars (Anderson and Francis, 2012). Guaia has both internal and
(unknown) external uncertainties which are generically underestimated, and the
form of error inflation that is needed depends on magnitude, color, and position
of the star; these can only be calibrated with the aid of a comparison sample
where the solution is known. Quasars can provide this reference sample at faint
magnitudes, but for bright stars, we need independent astrometry. Hipparcos
serves this purpose today, but only up to ~11 mag. This leaves out a great number
of low-mass stars as close as ~10 pc — there is no way to independently verify their
astrometry. When measuring the significance of astrometric accelerations and
thus the companion masses, it is essential to have well-calibrated uncertainties
(Brandt, 2018). From the perspective of high-contrast imaging, Gaia has two
glaring shortcomings: (1) Limited independent verification of precision; and (2)

A lack of sensitivity to orbital periods significantly longer than 10 years.
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The answer to both is sporadic, continued astrometric monitoring. While Ro-
man alone will be unable to measure exoplanet orbits longer than 10 years, it will
be sensitive to measuring stellar accelerations because the positional departure
from linear motion for short orbital arcs scales as t2. Gaia is currently measuring
full-sky absolute astrometry to exceptional precision with its 9-year extended mis-
sion, and is expected to discover thousands of new exoplanets (Perryman et al.,
2014). This astrometry can already constrain the masses of nearby massive exo-
planets and brown dwarfs in combination with RV measurements (Brandt et al.,
2019b).

Roman will effectively extend this baseline to 40 years. This will enable an
independent calibration of Gaia’s astrometry, particularly of its uncertainties,
and provide sensitivity to longer orbital periods. The Hipparcos—Gaia—Roman
baseline has precisions in mean proper motion that are generally much higher
than that of any individual baseline, and will be capable of probing even lower
accelerations, and ever-longer orbital periods. This even improves prospects of
imaging exoplanets with SCALES (Figure 6.3) and CGI (Figure 6.4).

The convergence between the commissioning of SCALES (first light 2025)
and the launch of Roman is serendipitous: the subpopulation of directly ob-
servable exoplanets newly detected through space-based astrometry provides a

unique, unbiased, and underexplored parameter space to bridge the census of
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Figure 6.3: Properties of simulated companions in Hipparcos—Gaia—Roman base-
line for SCALES with three adaptive optics state and astrometric data releases:
the current Keck AO system with Gaia EDR3, a proposed high-order deformable
mirror HAKA with Gaia DR4, and HAKA plus an adaptive secondary mirror
+ predictive control and the first epoch of Roman astrometry. A companion is
determined to be astrometrically detected if fitting a full orbital model improves
the astrometric residuals by Ax? > 30 over a fit assuming constant proper motion

(Perryman et al., 2014), with orbital elements propagated to 2025.

167



10

Mass [M;]

SCALES Kernel-phase IWA

Hipparcos-Gaiq EDR3
25 hr CGl: 13 planets

CGl Band 3 Spectroscopy IWA

CGI Band 4 Imaging OWA

CGl

CGl Band 3 Spectroscopy IWA

SCALES Kernel-phase IWA

Hipparcos-Gaia-Roman
25 hr CGl: 118 planets

CaGl

1 10

100

1000

Separation [mas]

1 10

100

1000

Separation [mas|

2000

_|
900 2
o
[¢)
o
£
I
400 =
200

Figure 6.4: Properties of simulated planetary-mass companions detected by

Roman—CGI in thermal emission in the Hipparcos—Gaia EDR3 and Hipparcos—

Gaia—Roman baselines. Determining the capabilities of reflected light detections

will also be considered in the proposed survey. These simulations combined con-

trast curves for 25hr integrations at Band 3 (B3; 730 nm) spectroscopy and Band

4 (B4; 825 nm) imaging, and assumed the color relationships Grp — B3 = 0 and

Grp — B4 =0.
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well-characterized gas giant planets (Brandt et al., 2019a). Direct characteriza-

tion of this trove has the capacity to vastly improve our understanding of the

outcomes of planetary formation, migration, cooling, chemistry and circulation.
As a NASA Postdoctoral Fellow at Goddard, I will to expand upon the pre-

liminary investigations into WFI astrometric capabilities in several key ways:

1. Investigate detector systematics, determine the domain of recoverability

from saturation, and determine their limitations for astrometric surveys

2. Investigate how telescope dynamics modify the point spread function to

improve or degrade the ability to determine the center of a star

3. Design an early "snapshot" WEFI astrometric survey to select targets for

characterization with Roman Coronographic Instrument (CGI)

4. Fine tune other WFI surveys at no scientific cost to them in order to "piggy-

back" them to increase the epochs for astrometric detection of exoplanets

These activities will place new, direct constraints on WFI astrometric detection
of exoplanets, adjust yield estimates of direct imaging missions in the immediate
term (SCI-06), and provide the most promising targets for space- and ground-
based characterization. As there are no future NASA missions planned capable
of astrometric detection of exoplanets, enabling and maximizing this science now

is critical to expanding the outcomes of Roman.
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Project 1 entails investigating the nonlinearity, persistence, and saturation of
the 10-micron pitch Teledyne HAWAII-4RG (H4RG-10; Mosby et al., 2020) de-
tectors to explore their impact on astrometry with WFI. The Goddard Detector
Characterization Lab (DCL) has selected the flight detectors for Roman. The
flight spares exist to provide meaningful characterization of the H4RG-10s, with
the flexibility to continually test them. Over the next few years, the Roman
Project Science team and DCL will be planning and executing a range of experi-
ments with flight spare detectors that are relevant to WFI astrometric precision.
At Goddard, I will be able to directly collaborate with these teams to propose
new configurations of measurements of the detector characteristics, prototype al-
gorithms for recovering information in saturated point spread functions with ac-
tual H4RG-10 detector data, and simulate the contributions of error enumerated
by Melchior et al. (2018).

For Project 2, I plan to investigate how the realistic point spread functions
caused by the structural-thermal observatory environment will impact the ability
to determine photocenters. [ will take advantage of the continuing integrated
modeling of Roman based on JWST (Johnston et al., 2004) to use simulations of
point spread functions calculated through time-series wavefront errors due to the
telescope in order to determine the magnitude of deviation of the point spread

functions across the WFI field in high fidelity for the first time. I will explore
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how we might take advantage of point spread function aberration knowledge to
improve photocenter determinations.

Both projects are space-based equivalents to my ground-based studies of the
SCALES detector and instrument using my end-to-end simulator (Chapters 4
and 5). These two projects will provide direct constraints on the astrometric
capabilities of WFI, and will also enable the weak lensing and microlensing teams
to make assessments of WFI’s capabilities for their respective science goals. The
end product will provide realistic simulations containing all pertinent effects and
conditions from the observational process specific to the Roman mission that may
affect the quality of photocenter determination from real WFI images. These
simulations provide a foundation to characterize the relative impact of undesired
effects and to validate the astrometric detections themselves.

Projects 3 will define a single epoch of high-precision astrometry with WFI
to provide exceptional value to exoplanet science in general and to high-contrast
imaging in particular. A shallow, full-sky WFI astrometric survey will help dis-
cover hundreds of exoplanets accessible to direct imaging from the ground and
space, including CGI (Figure 6.4). The sample has a well-defined selection crite-
ria, making it ideally suited to detailed comparisons to planet formation models.

This survey would:

1. Measure and correct any systematics in Gaia astrometry
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2. Identify hundreds of long-period planets around nearby stars, which can

then be imaged by space- and ground-based telescopes

3. Enable dynamical mass measurements of hundreds of planets, and place
models of planet and brown dwarf evolution on a firm observational footing
The early nature of the survey is motivated by the concerted effort it takes to vet
these systems with adaptive optics or speckle interferometers to exclude systems
pathological to high-contrast imaging (e.g. Bowler et al., 2021), and measure RV
trends to resolve dynamical mass degeneracies. While this proposal focuses on the
exoplanet science case, such a survey could also search for accelerations caused by
dark matter halos, and might discover black holes and neutron stars that are not
accreting. The proposed survey would also perform full-sky infrared photometry,
which enables its own array of science, including full-sky reference images for tran-
sient astronomy, and a detailed comparison map for the Vera Rubin Observatory
enabling further cross-calibration.

Project 4 builds upon the use case of Project 3 by enabling simultaneous
measurements of astrometric epochs observed within other WFI surveys; nearly
every image taken with WFI is expected to contain a large number of exoplanet-
hosting stars and quasar anchors for determination of the inertial reference frame.
By "piggy-backing" on other WFI surveys, Project 4 maximizes WFT exoplanet

science. Project 4 will utilize the requirements derived from Projects 1 and 2 to
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determine what, if any, requirements we can place on other WFI surveys, such
that their science objectives are unaffected while enabling ancillary astrometric
epochs in support of this project. These projects maximize astrometric capabilities
of WFI, and fine-tune other surveys at no scientific cost. The end product will
direct early CGI science, as we will detect a broad range of directly observable
exoplanets that can be characterized with CGI, and we will improve upon CGI’s
scientific yield compared to just using the Hipparcos—Gaia baseline (Figures 6.3
and 6.4).

With a sample of exoplanets discovered astrometrically with precise dynamical
masses, we can move away from assuming stellar ages and planet cooling curves
and fitting to observed luminosities. This sample will test, rather than assume,
models of planet formation and evolution, and comprise a much larger and diverse
sample than what we currently have.

With our current sample (~dozens), we can correlate exoplanet radii and
masses with orbital and stellar properties to compare to predictions of planet for-
mation theory (Winn and Fabrycky, 2015). WFI astrometry promises a sample
of hundreds of directly observable exoplanets. Spectra from integral field spectro-
graphs will be used to correlate exoplanets’ elemental abundances and atmospheric
chemistry with their orbits and masses, and study the dependence of planet prop-

erties on stellar properties at individual and population levels.
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Astrometry is almost free of selection biases: its sensitivity depends only on
stellar brightness and distance from Earth. WFI and CGI will open up the coldest
planets (~200K) for spectroscopy, where models have not yet been tested. With a
large, nearly unbiased initial selection, we can resolve the theoretical uncertainties
over initial entropy and study the evolution of planetary systems over billions of

years.

6.3 Infrared Interferometric Imaging with SCALES

Enabling the direct detection and characterization of these exoplanets is ap-
proached in two ways: (1) observing at wavelengths with the least planet-star
contrast; and (2) pushing the limits of current instrumentation and observational
methods to be capable of distinguishing a planet from a star at angular separations
of ten(s) of milliarcseconds. Cool (Tog < 1000K) exoplanets have the most favor-
able contrasts with respect to their host star in thermal infrared (2-5pm) bands
(Chapter 3). A really rewarding path to follow would be to enable a combination
of thermal infrared integral field spectroscopy and kernel-phase interferometry to
characterize emission spectra of exoplanets beyond previous differential photo-
metric methods. This cutting edge science will push the technological limits of
SCALES, maximizing its potential for exoplanet characterization and providing

the technical basis for future kernel-phase interferometric integral field spectro-
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graph instruments on extremely large telescopes.

Interferometric imaging techniques that simulate a partial or whole aperture
as an interferometric array have been developed to provide the method by which
companion light can be distinguished from their host star light at an angular sep-
aration inside the Rayleigh Criterion limit. Infrared interferometric techniques
involve simulating the pupil as an interferometric array, either by physically mod-
ifying the pupil with a pupil plane mask (NRM; Tuthill et al., 2000) or decompos-
ing the entire pupil into a grid of subapertures in post-processing (kernel-phase;
Figure 6.5; Martinache, 2010). In the high-adaptive optics correction limit, the
observable quantities (closure-phases for NRM, kernel-phases for kernel-phase in-
terferometry) are immune to the phase-noise that corrupt image quality in a con-
ventional filled-aperture image, resulting in a better constrained PSF than con-
ventional imaging would offer. However, NRM is severely flux-limited because the
mask discards ~95% of the gathered light.

Kernel-phase analysis applies similar interferometric techniques to an unob-
scured diffraction limited image, simulating the full telescope aperture as an in-
terferometer composed of a grid of subapertures, and has been demonstrated on
Hubble Space Telescope archival data (Martinache, 2010). Kernel-phase interfer-
ometry can detect companions at contrasts of ~1:100 for separations even within

the diffraction limit with much greater efficiency than NRM. This technique re-
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Figure 6.5: From left to right: (1) a narrow-band image is Fourier transformed
to reveal a power spectrum (2) with redundancy of baseline indicated by color
and a grid indicating the regions of the uv—plane sampled for kernel-phase calcu-
lation (the Fourier transform is symmetric, so the other side would provide the
same samples). (3) The histogram of kernel-phases of the calibrator and a binary
(GJ164), where the calibrator kernel-phases are zero within uncertainty and the
binary has a greater diversity of kernel-phases as they system is inherently asym-
metric. (4) The comparison of GJ164 measured kernel-phases and kernel-phases
derived from a model fit with copies of the calibrator as binary components. From

Martinache (2010).
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quires image fidelity that has otherwise been unachievable from the ground ex-
cept at =>bum. However, when coupled with an integral field spectrograph, the
measured PSF encodes a hologram of the input wavefront (Martinache, 2016).
This ends up relaxing the assumption of small aberrations, such that the capture
range is no longer limited by the wavelength of operation but by the coherence
length that is directly proportional to the spectral resolution of the data. While
narrow-band filters typically have a spectral resolution of <10, SCALES offer six
low-resolution integral field spectrograph modes with resolutions between 35 and
200.

The synergy of combining thermal infrared integral field spectroscopy and
kernel-phase interferometry addresses the following key science factors that will

enable the characterization of close-in exoplanets:

Cool exoplanets have the most favorable contrasts (easiest to detect) with

respect to their host star

Sensitivity to a broad region of the spectral energy distribution with the

most flux for cool exoplanets

Sensitivity to 230 mas separation from the ground

Reduced dependence of extreme adaptive optics correction

100x greater observing efficiency than NRM
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e Direct characterizing of a population of companions with measured dynam-

ical masses from Gaia

e Spatially resolved thermal infrared spectra with complete stellar light rejec-

tion

As such, enabling this science with SCALES will be paramount to maximiz-
ing the science outcomes of the instrument, a goal that has guided my entire
thesis. The subpopulation of directly observable exoplanets detected through
space-based astrometry provides a unique, unbiased, and otherwise unexplored

parameter space to bridge the census of well-characterized exoplanets.

Wayvefront Metrology

Wavefront metrology is a natural consequence of dispersed kernel-phase inter-
ferometry, as the PSF as a function of wavelength encodes a hologram of the input
wavefront. Excluding index of refraction changes, we can exploit the chromatic
characteristics of instrumental phase in the same way it has been used for fringe
tracking in long-baseline interferometry for decades (e.g., Pope et al., 2014). The
concept for this is described in Martinache (2016).

When the monochromatic kernel-phases in an integral field spectrograph data
cube are treated independently, attributing piston values to the baselines is a

degenerate problem as in narrow-band kernel-phase. However, when treated in
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concert, the PSFs as a function of wavelength provide unique sampling of the
piston values for each baseline, and the degeneracy is lifted. This means perform-
ing kernel-phase interferometry with integral field spectrographs is simultaneously
measuring the astrophysical data and wavefront metrology.

Reference Differential Imaging (RDI) for broadband kernel-phase has been
necessary to provide a PSF calibrator for kernel-phase calibration of the datasets.
Using calibrator PSFs on stars with different spectra or different instrumental
wavefronts will result in imperfect calibration of the final kernel-phases and has
been the key obstacle that has limited broadband kernel-phase. Standard narrow-
band calibration strategies explicitly remove sensitivity to the continuum signal.
This needs to be addressed for kernel-phase interferometry with integral field
spectrographs. The continuum contains critical information about the state vector
of the atmosphere, notably temperature, surface gravity, C/O ratio, metallicity.
Without advancements in calibration techniques, this will relegate the kernel-
phase interferometric integral field spectrograph data to be strictly a detection
tool rather than the atmospheric characterization instrument we need.

With an integral field spectrograph, the added wavefront metrology and dis-
persal of the PSF calibrator can be used to form a reference library that correlates
strongly in wavefront metrology with the target dataset with no new observational

cost. The spectrum of the star will no longer matter when scaled at each wave-
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length appropriately. Combining with the adaptive optics telemetry from Keck,
the imperfect calibration problem that has plagued the kernel-phase field is re-
moved.

In principle, implementation only requires non-invasive software development
and observation planning. This would make an excellent first year graduate stu-
dent project, and should certainly be completed prior to SCALES first light in

2025.

6.4 Summary

In Chapter 1, I motivated the need for thermal infrared integral field spec-
troscopy for probing both young and mature exoplanets at wide separations from
their host star to populate the underexplored parameter space. I introduced the
challenges faced by high-contrast observers, and the technological development
that went into overcoming these challenges. I introduced ALES and SCALES in
preparation for the rest of the thesis.

In Chapter 2, I explored the ALES Data Reduction Pipeline and data pro-
cessing tools developed by 2018 with a reprint of Briesemeister et al. (2018). The
ALES Data Reduction Pipeline has been adapted to use for reducing the raw sim-
ulated data from Chapter 4. The work in this Chapter directly enabled (Briese-

meister et al., 2019), Stone et al. (2020), Doelman et al. (2021), and Doelman
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et al. (2022), each including Z. Briesemeister as co-author.

In Chapter 3, I report on the commissioning science data set for ALES, com-
prising L-band spectroscopy of HD 130948BC with a reprint of Briesemeister
et al. (2019). Jointly using JHK photometry and ALES L-band spectra for
HD 130948BC, we derive atmospheric parameters that are consistent with pa-
rameters derived from evolutionary models. We leverage the consistency of these
atmospheric quantities to favor a younger age of the system compared to the older
age determined with gyrochronology in order to address a luminosity discrepancy.

In Chapter 4, I described end-to-end simulations of the lenslet-based low-
resolution integral field spectroscopy and the lenslet-slicer medium-resolution in-
tegral field spectroscopy of SCALES with a reprint of Briesemeister et al. (2020).
The simulation processes arbitrary-resolution input intensity fields with a pro-
posed observation pattern into an entire mock dataset of raw detector read-out
lenslet-based IF'S frames with calibrations and metadata, which are then reduced
by the IFS data reduction pipeline to be analyzed by the user.

In Chapter 5, I describe an information content approach to tolerancing the
SCALES instrument with simulations in a reprint of Briesemeister et al. (2021).
We specifically focus on how deviations of the dispersion angle precluded the
ability to observe atmospheric states within a set exposure time. This paradigm

has been applied to other features in the simulation.
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In Chapter 6, I concluded by placing SCALES in context of contemporary
direct imaging instruments. Next, I described the synergy between direct imag-
ing and astrometric detection of exoplanets from long-baseline all-sky astrometry,
along with reporting on the activities I will be completing during my NPP Fel-
lowship at Goddard. Finally, I discussed the extremely intriguing infrared inter-

ferometric capabilities of SCALES, and left this as future work.
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