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Abstract

Detection and Characterization of Exoplanet and Binary Star Systems

Through Direct Imaging and Spectroscopy
by

Isabel Alexandra Lipartito

High contrast imaging and high-resolution spectroscopy are powerful techniques to char-
acterize multi-component astronomical systems, examples of which range from stars
with planetary companions to similar-mass stellar binaries. The first part of this thesis
concerns the instrumentation and science behind detecting substellar companions. We
present the development of single photon-counting detectors known as Microwave Kinetic
Inductance Detectors (MKIDs) for exoplanet direct imaging. Optical /Near-IR MKIDs
are low noise detectors which can resolve both the energy and arrival time of individual
photons, returning microsecond-accurate time-tagged photon lists. These lists allow for
image processing techniques that take advantage of photon spectral and arrival time in-
formation to model and subtract the stellar background, leaving behind signal from the
faint planetary companion.

We discuss the commissioning and characterization of the MKID Exoplanet Camera
(MEC), a 20,440 pixel MKID infrared camera that interfaces with the The Subaru Coro-

nagraphic Extreme Adaptive Optics (SCExAQ) planet finding instrument on the Subaru
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Telescope at Mauna Kea. MEC is the first permanently deployed near-infrared MKID
instrument and is designed to operate both as an IFU, and as a focal plane wavefront
sensor in a multi-kHz feedback loop with SCExAQO. We present the development and
construction of a second generation digital readout system for MEC. Our readout system
is capable of identifying, analyzing, and recording photon detection events in real time
with a time resolution of order a few microseconds.

The second part of this thesis addresses the characterization of the orbital properties
and stellar components of multiple star systems through high-resolution spectroscopy.
We analyze stellar binaries observed with the Michigan/Magellan Fiber System (M2F'S),
a fiber-fed double spectrograph that was used to complete a several year-long survey of
the core half-degree of open clusters NGC 2516 and NGC 2422. This survey targeted all
stars identified as solar-analog photometric members. We present orbits for 24 binaries in
the field of NGC 2516 (300 Myr) and 13 binaries in the field of NGC 2422 (130 Myr). Six
of these systems are double-lined spectroscopic binaries (SB2s). We fit these RV variable
systems with orvara, a MCMC-based fitting program that models Keplerian orbits. We
use precise stellar parallaxes and proper motions from Gaia EDR3 to determine cluster
membership. We impose a barycentric radial velocity prior on all cluster members; this
significantly improves our orbital constraints.

Two of our systems have periods between 5 and 15 days, the critical window in which
tides efficiently damp orbital eccentricity. These binaries should be included in future

analyses of circularization across similarly-aged clusters. We also find a relatively flat
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distribution of binary mass ratios, consistent with previous work. We identify a field star
whose secondary has a mass in the brown dwarf range, as well as two cluster members
whose RVs suggest the presence of an additional companion. Our orbital fits will help
constrain the binary fraction and binary properties across stellar age and across stellar
environment

This thesis explores the detection and characterization of stellar companions at oppo-
site ends of the companion mass range: planetary and stellar. We present technological
advances ranging across the fields of instrumentation, image processing (both real-time

and post-processing), and stellar system characterization.
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Chapter 1

Introduction to High-Contrast

Imaging

Until recently, exoplanet detection was indirect, mostly through either the transit method
or radial velocity (RV) method. The transit method scans stellar lightcurves for periodic
dimming indicative of a planetary transit. The RV method searches for periodic shifts
in stellar spectral lines caused by a companion wobbling the star’s orbit. Both of these
methods are sensitive to massive, close-in planets. They also require a specific system
alignment: in order to observe a transit, the exoplanet needs to pass between the star
and earth. In order to observe spectral line shifts, the orbital plane of the planet needs to
line up to some degree with the line-of-sight of the observer. The transit method yields
the exoplanet’s radius and the RV method yields M sini, the planet’s minimum mass.

High-contrast imaging (HCI), sensitive to large distant planets orbiting around nearby
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Figure 1.1 Period-mass plot for all ~ 4300 confirmed exoplanets circa January 2021
from https://exoplanetarchive.ipac.caltech.edu. The majority of planets have been found
through the radial velocity and transit methods which are sensitive to high-mass planets

orbiting close to their host stars. The few planets that have been directly imaged are
Jovian in size and far from their host star.

stars, is simultaneously a direct method of exoplanet detection and exoplanet characteri-
zation. Direct imaging reveals the planet-star separation. Observing the planet in differ-
ent wavelengths of light (photometry) yields a rough spectrum, which can be compared
to planetary formation models to determine the planet’s size and age (e.g. Currie et al.,
2011, for the benchmark directly-imaged system HR8799). Provided the instrument is

equipped with a spectrograph, a full spectrum can be made to determine the planet’s



atmospheric composition (e.g. Konopacky et al., 2013; Barman et al., 2015, again for
HR8799). Notable achievements in addition to the direct imaging of four massive plan-
ets around star HR8799 (Marois et al., 2008) include the discovery of a giant planet in a
young star’s disk (Lagrange et al., 2010), and the further discovery and characterization
of Jovian planets (Kuzuhara et al., 2013; Macintosh et al., 2015a). For a complete review

of the direct imaging of giant planets over the past few decades, see Bowler (2016).

Jason Wang
2009-07-31 . Christian Marois

Figure 1.2 HR8799 and its four companions. Image is a still from a movie made by
Jason Wang (Caltech) and Christian Marois (NRC Herzberg) compiled from seven years
of observations taken with the Keck Telescope.
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1.1 HCI Instrumentation and Challenges

The discovery and characterization of exoplanets via direct imaging is particularly chal-
lenging due to the extreme contrasts (<10~* for ground based targets) and small angular
separations (<S1”) between the planetary companion and its host star. Sophisticated
ground-based high-contrast instruments have been, or are being, built including: the
Gemini Planet Imager (GPI, Macintosh et al., 2008, 2014), SPHERE at VLT (Carbillet
et al., 2011; Beuzit et al., 2019), SCExAO at Subaru (Jovanovic et al., 2015), P1640
(Crepp et al., 2011; Lewis & Oppenheimer, 2017) and the Stellar Double Coronagraph
(SDC, Mawet et al., 2014a) at Palomar, the Keck Planet Imager and Characterizer
(KPIC) at Keck (Mawet et al., 2016; Jovanovic et al., 2019), and MagAO-X at the Mag-
ellan Clay Telescope (Males et al., 2018).

In addition to the planet-star contrast, there’s the additional challenge of removing
bright quasistatic speckles in our images which can be indistinguishable from substellar
companions in their average intensity. In the absence of atmospheric effects, an incoming
wavefront can be approximated as a perfect plane at the entrance pupil of the telescope.
The telescope aperture performs a Fourier transform on this plane multiplied by the
pupil shape. It forms an Airy point-spread function (PSF) in the image plane. However,
any small-amplitude sinusoidal ripples in phase imposed on this plane (resulting from
atmospheric distortions), will modify this perfect PSF by creating Fourier components in
the image plane that appear to be fainter copies of the primary Airy PSF. These will be

displaced from the primary PSF by an angle related to inverse of the sinusoidal wave’s



frequency across the pupil of the telescope.

An arbitrarily complicated wavefront will generate thousands of these symmetric sets
of faint spots, known as speckles, each pair with a different intensity. Their positions are
a function of the wavefront perturbations and the wavelength of light observed (speckles
are chromatic). They will move around with even a minor change in the incoming
wavefront. The result is a highly variable background of correlated noise. Because
speckles are correlated, traditional methods to increase signal-to-noise (i.e. increasing
exposure times) will not work as the speckles will not average into a smooth background,
rather the PSF noise will converge to a quasi-static noise pattern.

High-contrast instruments are equipped with adaptive optics (AO) systems designed
to correct the incoming wavefront. An AO system consists of a wavefront sensor and
a deformable mirror operating in a control loop to continuously improve the incoming
wavefront and to account for the constantly changing atmosphere. Atmospheric speck-
les still appear in images corrected with AO due to residual wavefront errors resulting
from time lag in the AO correction, speed of the AO control loop, non-common path
errors, telescope vibrations, and chromaticity between the wavefront and science cam-
eras (Guyon, 2005; Lozi et al., 2018). These speckles evolve on timescales of seconds to
minutes (quasistatic speckles). The result is a residual speckle noise background (the
speckle barrier) that limits the planet-star detection contrast ratio to ~ 1075, In the

following sections we discuss techniques to overcome the speckle barrier.
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Figure 1.3 The basic feedback loop of an AO system. An aberrated wavefront enters the
telescope, bounces off a deformable mirror, and is then split by a beamsplitter. Some of
the light is sent to a wavefront sensor that measures the phase distortion of the wavefront
and subsequently sends that information to the deformable mirror, commanding it to
take a shape such that the wavefront aberrations will cancel out. Cartoon schematic
from ucolick.org, courtesy of Lawrence Livermore National Laboratory and NSF Center
for Adaptive Optics.

1.1.1 PSF Subtraction

PSF subtraction reduces the stellar quasistatic noise by factors approaching 100 (Marois
et al., 2006a). The following techniques for PSF subtraction differ in how they approach
the modeling of the stellar PSF. These three techniques exploit properties of quasistatic
speckle behavior to generate a reference PSF to subtract off the quasistatic speckle back-

ground, leaving behind the substellar companion.
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Figure 1.4 Reference Differential Imaging: The model PSF comes from a reference star.
Cartoon representation made by I. Lipartito

Reference Differential Imaging (RDI, Lafreniere et al., 2009; Soummer et al.,
2011; Ruane et al., 2019) uses a reference star PSF as a model. In addition to imaging
the high-contrast target, one takes a separate image of a nearby reference star. This
reference star’s PSF can be directly subtracted from the high-contrast target’s stellar
PSF, leaving behind just the substellar companion.

Spectral Differential Imaging (SDI, Racine et al., 1999; Marois et al., 2000; Sparks
& Ford, 2002) is a technique which exploits the chromatic behavior of speckles: unlike
stars and planets, speckles move radially outwards with increasing wavelength. SDI is
performed on a spectral cube made of N wavelength slices. Each wavelength slice image
is scaled to align the quasistatic speckles and combined to create a synthetic PSF which
is then subtracted from each scaled image. The images are descaled and combined into

a final image which only contains the companion.
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Figure 1.5 Spectral Differential Imaging:

(1) Take a stellar image made using a broadband filter and break it up into a series of
images with different wavelengths. Scale each image to have the same stretch so the
speckles align and then median-combine them. Now we have a reference PSF without
the planet in it.

(2) Subtract the reference PSF from each color image and de-scale. Median-combine
them, only the planet should be left over. Cartoon representation made by I. Lipartito

Angular Differential Imaging (ADI, Marois et al., 2006b) exploits the rotational
invariance of speckles. A series of observations is made using an Alt-Az telescope with
its derotator switched off. The Field of View (night sky) will rotate around the stellar
PSF due to the rotation of the Earth while speckles will remain ‘fixed’ in position. ADI
is performed on the resulting temporal cube made up of time slices. A synthetic PSF
will be made from aligning each image in the temporal cube to a common frame. That
reference PSF is then subtracted from each image. Images are derotated and combined
into a final image which only contains the companion.

Since the initial development of ADI and SDI, a variety of post-processing algorithms
have refined their approaches to push for higher achievable contrasts (e.g. Lafreniere

et al., 2007; Soummer et al., 2012; Marois et al., 2014; Gomez Gonzalez, C. A. et al.,



2016). The time variability and chromaticity of quasistatic speckles, however, limit the
performance of ADI and SDI which are the best performing current techniques (Gerard
et al., 2019). Both of these techniques also suffer at the small angular separations where
exoplanets are more likely to be found. The speckle spectral dispersion used by SDI and
the arclength traced by the companion’s sky rotation used by ADI are both proportional
to the planet’s separation. Furthermore, the precision of the background estimate for
PSF subtraction is limited by low counting statistics at small separations (Mawet et al.,
2014b). Even without these issues, the variability induced by speckle fluctuations can

dominate over the shot noise expected from the total number of photons.
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Figure 1.6 Angular Differential Imaging:

(1) Take a series of stellar images made over time, where the planet is rotating around
the star and appears in different positions in each image. Median-combine the series of
images to obtain a reference PSF without the planet in it.

(2) Subtract the reference PSF from each image in the time series. Derotate and median-
combine the images, only the planet should be left over. Cartoon representation made
by I. Lipartito



1.1.2 Speckle Nulling

In order to push to higher contrasts (giant planets around M-dwarf stars have a contrast
ratio lower than ~ 1077), AO systems need to be supplemented with real-time speckle
removal techniques, an example of which is focal plane speckle nulling. This is an iterative
technique to sense and null non-common path error speckles in the focal plane using
images from the science camera. A quasistatic speckle can be deleted by determining
the sinusoidal ripple in the wavefront that caused it and imposing the opposite ripple
on the deformable mirror. Bottom et al. (2016a) demonstrated speckle nulling on-sky at
low speeds (< 10 Hz, able to remove static and quasistatic speckles) using the Stellar
Double Coronagraph (SDC) (Bottom et al., 2016) and the PALM-3000 AO system (P3K)
(Dekany et al., 2006; Bouchez et al., 2010), finding factors of 3-6 improvement in contrast.
See Jovanovic et al. (2015) (Figure 1.7) for an example of speckle nulling using the
SCExAO system at Subaru. Faster control bandwidths (at least 100 Hz) and higher

camera frame rates (~ kHz) are needed in order to remove fast atmospheric speckles.

1.1.3 Speckle Statistical Analysis

A recent development in speckle removal is through speckle arrival timing statistics (Aime
& Soummer, 2004; Fitzgerald & Graham, 2006; Soummer et al., 2007; Gladysz & Chris-
tou, 2008). The underlying PDF, or probability density function, from which a speckle’s
intensity is drawn is a Modified Rician (MR). MR distributions are characterized by

their static PSF contribution (/.) and random speckle intensities (Is). Speckles can be

10



Figure 1.7 From Jovanovic et al. (2015) Top: RX Boo with no speckle nulling applied.
Bottom: RX Boo with speckle nulling performed on the region enclosed by the white
dashed line using SCExAO.

identified by their skewed MR profiles (lower I./I ratios) as compared to the Gaussian
profile of a potential substellar companion.

The statistics of the wave amplitude in the focal plane of an instrument are described
in detail in Aime & Soummer (2004). In short, a wave arriving at the entrance pupil of
a telescope consists of a deterministic component representing the perfect plane wave A

plus a random term representing the uncorrected part of the wavefront a(z, y), multiplied

11



Figure 1.8 Left: Coherent Diffraction Pattern (I.), Right: Seeing Disk Image (I5). Im-
ages simulated by I. Lipartito from a Coronagraphic High Angular Resolution Imaging
Spectrograph (CHARIS) dataset provided by Dr. T. Brandt, private communication

by a telescope aperture transmission function P(z,y). The wavefront amplitude in the

pupil plane is therefore:

The wavefront amplitude in the focal plane is given by a scaled Fourier Transform (F'T")

of the pupil plane amplitude:

Uiz, y) = A- FT[P(z,y)] + FT|a(z, y) P(z,y)] (1.2)

We call A- FT[P(x,y)] the deterministic term C(xz,y) (proportional to the perfect wave

amplitude of the Airy pattern). We call FT[a(z,y)P(x,y)] the random term S(zx,y),

12



representing the varying speckle pattern. The square of the wavefront amplitude gives

us the instantaneous intensity in the focal plane:

\Illl<x7y)2 = C(I,y)2 + S('Tv y>2 + 2R6[C*(LL’, y)S(J}, y)] (13>

The average intensity in the focal plane is given by:

(Trr(z,9)%) = |C(2,9)*] + {|S(z,)]) (1.4)

I.is |C(z,y)?|, the intensity of the coherent part of the wavefront, and I, is (|S(z, y)?|),
the intensity of the speckle part of the wavefront. The variance of the intensity has a
contribution from both of these components of the wavefront: o2 = (2,1, + I..) and o2

= (Ig + 15)5

o = (2LI.+ )+ (I + I,) (1.5)

The mean intensity is given by the sum of the mean coherent and speckle components of

the wavefront:

,uI:[c_‘_[s (16)

Finally, the probability density function (PDF) of the intensity takes the form of a
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modified Rician (MR) distribution:

pur(l) = leXp (—[ - [C) I (@) (1.7)

Speckles have a MR-distribution PDF whereas an astronomical source (planet or faint
stellar companion) will obey Poisson statistics, giving it a characteristic shape closer
to that of a Gaussian curve. Statistical Speckle Distribution (SSD) is the practice of
characterizing these distributions to separate a planet from speckles. By looking at the
intensity histograms of different astronomical phenomena, we can determine if they come
from planets or speckles. Meeker et al. (2018) demonstrated SSD on-sky for star system

32 Peg using the DARKNESS instrument at Palomar (Figure 1.9).

1.2 MKIDs for High-Contrast Imaging

A significant improvement over existing systems can be achieved by using read-noise free
time domain information on short enough timescales to sample and control, or remove in
post-processing, the fast speckle fluctuations from imperfections in the AO system and
non-common path aberrations. The Mazin group develops exoplanet cameras such as the
MKID Exoplanet Camera (MEC) for this purpose - to serve as both a photon counting,
energy resolving science camera, and as a focal plane wavefront sensor to correct for
chromatic wavefront errors not accounted for by the upstream AO system. To achieve

this, a high-speed, noise-free detector is required, for example, a Microwave Kinetic
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Figure 1.9 From Meeker et al. (2018). Left: Median 1-second J-band image of 32 Peg Ab
(at location A) and satellite speckles (locations B, C). Star system 32 Peg imaged by the
DARKNESS MKID-based high-contrast instrument in conjunction with the PALM-3000
Adaptive Optics Instrument. The satellite speckles are generated by placing two sine
wave shapes on the deformable mirror. Right: Intensity histograms from two-thousand
20 ms exposures for 32 Peg Ab (top panel) and a satellite speckle (bottom panels).
Intensity units are photon counts in each aperture per 20 ms frame. The satellite speckle
and stellar companion have different intensity histograms.

Inductance Detector Array.
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1.2.1 Optical and Infrared (OIR) MKID Arrays

The ‘pixels’ of the Mazin Lab cameras are Microwave Kinetic Inductance Detectors, or
MKIDs, which are low temperature superconducting resonant LC circuits. MKIDs work
on the principle that incident photons change the surface impedance of a superconduc-
tor through the kinetic inductance effect. The kinetic inductance effect occurs because
energy can be stored in the supercurrent (the flow of Cooper Pairs) of a superconduc-
tor. Reversing the direction of the supercurrent requires extracting the kinetic energy
stored in it, which yields an extra inductance term in addition to the familiar geometric
inductance. The magnitude of the change in surface impedance depends on the number
of Cooper Pairs broken by incident photons, and is proportional to the amount of energy
deposited in the superconductor. This change can be accurately measured by placing
a superconducting inductor in a lithographed resonator. A microwave probe signal is
tuned to the resonant frequency of the resonator and any photons which are absorbed in
the inductor will imprint their signature as changes in the phase and amplitude of this
probe signal.

Since the quality factor, Q, of the resonators is high, and their transmission off res-
onance is nearly perfect, multiplexing can be accomplished by tuning each pixel to a
different resonant frequency with lithography during device fabrication. A comb of probe
signals is sent into the device and room temperature electronics recover the changes in
amplitude and phase. This makes a device capable of measuring the arrival time (to a

microsecond) and energy (to 5-10%) of each arriving photon without read noise or dark
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Figure 1.10 The basic operation of an MKID, from Day et al. (2003). (a) Photons with
energy hv are absorbed in a superconducting film producing a number of excitations
called quasiparticles. (b) To sensitively measure these quasiparticles the film is placed in
a high frequency planar resonant circuit. The amplitude (c¢) and phase (d) of a microwave
excitation signal sent through the resonator. The change in the surface impedance of the
film following a photon absorption event pushes the resonance to lower frequency and
changes its amplitude. If the detector (resonator) is excited with a constant on-resonance
microwave signal, the energy of the absorbed photon can be determined by measuring
the degree of phase and amplitude shift.
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current; an optical /near-IR analog of an X-ray microcalorimeter. More details on MKIDs
can be found in Mazin et al. (2012, 2013a) and in Figure 1.10.

MKID pixels are ‘read out’ continuously while exposing, there is no loss of active ex-
posure time to readout. These detectors are well-suited to track atmospheric aberrations

which evolve on too rapid a timescale to be removed with PSF subtraction.

1.2.2 MKID Instruments

Figure 1.11 Two MKID Cameras: (Left) DARKNESS in its shell. Picture courtesy of
Dr. Seth Meeker (Right) MEC outside its shell with Dr. Alex Walter. Picture taken by
I. Lipartito

The Mazin group has built and commissioned three MKID-based cameras: AR-

CONS (the Array Camera for Optical to Near-IR Spectrophotometry), DARKNESS
18



(the DARK-speckle Near-infrared Energy-resolving Superconducting Spectrophotome-
ter), and MEC (the MKID Exoplanet Camera). Previous studies using ARCONS in-
clude a search for optical pulsations in the millisecond pulsar J0337+1715 (Strader et al.,
2016), and light-curve analysis of AM CVn stars (Szypryt et al., 2014). DARKNESS was
commissioned in July 2016 and has been deployed in conjunction with the Stellar Double
Coronograph and PALM-3000 Adaptive Optics system at Palomar Observatory to ob-
serve binary star systems, and stars with known substellar or exoplanet companions (i.e.
HRR&799, Delta And). I brought DARKNESS back and forth to Palomar Observatory and
installed it along with its electronics for nights of observations, spending weeks before-
hand testing the readout and also integrating DARKNESS with the in-house adaptive
optics system, P3K.

Part of developing instrumentation for astronomy means managing both the front end
of instrumentation (instrument testing, building electronics, calibration) with the back
end (software and pipeline development, characterizing the ability of the instrument,
data reduction). In the next two chapters, we present the instrumentation of and science
enabled by MKID-based instruments.

In the first chapter, we present The MKID Exoplanet Camera (MEC), which I helped
build and commission. MEC is permanently installed at the Subaru Telescope on the
summit of Mauna Kea in Hawaii. This instrument has a 0.8-1.4 micron infrared observ-
ing band and works in conjunction with the Subaru Coronagraphic Extreme Adaptive

Optics instrument (SCExAQO). We discuss MEC’s cryostat, optics, and integration with
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SCExAQO. We also present a second generation digital readout system for photon counting
microwave kinetic inductance detector (MKID) arrays operating in the optical and near-
IR wavelength bands. This readout system, which I assembled and tested, is currently
used by MEC.

In the second chapter we discuss the current performance and contrast limits of
MEC+SCExAQ, as well as the data reduction pipeline for MEC data. I was part of the
team developing the MKID Data Reduction Pipeline, writing the flat calibration section
and the hot pixel-masking section. I identified which algorithms were computation-heavy
and could be optimized. We adapted traditional high-contrast imaging techniques (An-
gular Differential Imaging, Spectral Differential Imaging) to work with MKID data. In
2016, we started imaging already known planets like Kappa And B and HR 8799 using
DARKNESS, and in 2019 we started imaging these planet and debris disks using MEC.
I spent hundreds of hours trying to coax a planet or debris disk out of our data for
both DARKNESS and MEC observations, but as of 2019, our cameras did not have the
contrast levels required to image high-contrast targets. I explain the characterization of
the contrast limits of the MKID Exoplanet Camera.

MEC+SCExAO have the capability for imaging starlight reflected off exoplanets,
opening up a wider parameter space of imageable planets than that allowed by thermal

imaging. We conclude by discussing future plans and science goals for this system.
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Chapter 2

MEC: The MKID Exoplanet

Camera for Subaru SCExAQO

In this chapter we discuss the instrument details of the MKID Exoplanet Camera (MEC),
a z through J band (800-1400 nm) integral field spectrograph located behind The Subaru
Coronagraphic Extreme Adaptive Optics (SCExAQ) instrument at the Subaru Telescope
on Maunakea that utilizes Microwave Kinetic Inductance Detectors (MKIDs) as the en-
abling technology for high-contrast imaging. This work was published in Walter et al.
(2020) and Fruitwala et al. (2020).

MEC is the first permanently deployed near-infrared MKID instrument and is de-
signed to operate both as an IFU, and as a focal plane wavefront sensor in a multi-kHz
feedback loop with SCExAQ. The read-noise free, fast time domain information attain-

able by MKIDs allows for the direct probing of fast speckle fluctuations that currently
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limit the performance of most high-contrast imaging systems on the ground and will
help MEC achieve its ultimate goal of reaching contrasts of 1077 at 2 \/D. MEC was
commissioned at Subaru Observatory in 2018. MEC’s requirements were based on the
delivered optical beam from SCExAQ, the available space to mount MEC to SCExAOQ,
the performance of the MKIDs, and the available budget. This resulted in a design with

the instrument parameters that are summarized in Table 2.1.

Parameters Values
Device Materials PtSi on Sapphire w/ Nb g.p.
Device Format 140x146 pixels (10 feedlines)
Pixel Pitch 150 pm
Plate Scale 10.4 mas/pixel
Field of View 1.47 x 1.57
Wavelength Band 800-1400 nm (z - J)
Spectral Resolution (A/AN) 5-7
Max Count Rate 5000 cts/pix/second
Pixel Dead Time 10 ps
Readout Frame Rate >2 kHz
Operating Temp. 90 mK
4 K Stage Base Temp. 3.1 K
60 K Stage Base Temp. o7 K
90 mK Hold Time >17 hours

Table 2.1 MEC Instrument Summary

The MEC MKID array has 10 coplanar waveguide (CPW) transmission lines, or
feedlines, that each probe 14 x 146 pixels for a total of 20440 pixels in the array. This
makes it the largest superconducting detector in the world. It uses the PtSi MKIDs
described in Szypryt et al. (2017), which are optimized for 800-1400 nm light with a
spectral resolution of about A\/AX = 6. The pixels are on a 150 pm pitch, see Figure 2.1.
The device currently in MEC has 7/10 feed lines with good transmission and on those

there is about an 80% pixel yield.
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Figure 2.1 Microscope image of a small section of a 20 kpix MKID array similar to the
engineering array in the MEC instrument. Left: A coplanar waveguide (CPW) feedline
with crossovers connects to a grid of MKID pixels. Gold thermal pads are shown at the
bottom. Right: Zoomed-in picture showing the large interdigitated capacitor, meandered
inductor, and the feedline coupling bar (bottom right corner).

2.1 Cryostat

MEC’s cryostat is a pulse tube cooled Adiabatic Demagnetization Refrigerator (ADR)
capable of reaching temperatures below 50 mK. The outer vacuum shell 300 K enclosure
measures roughly 22 cm wide x 33 cm deep x 96 cm tall. It contains RF gaskets to
reduce radio frequency interference, a 7.5 kW pulse tube, and all the vacuum and wiring
connections to accommodate a 20 kpix MKID array. The open MEC cryostat can be
seen in Figures 1.11 and 2.2.

The 60 K shell is cooled by the first stage of the pulse tube. It contains heat sinks

to cool the wiring to reduce heat load on the 4 K stage. The 4 K stage is cooled by the
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Figure 2.2 Image of the 4 K stage of MEC with the radiation shields removed to show
the readout wiring and the black magnetic shield. The pulse tube and heat switch are
hidden by the wiring attachment plate.
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Figure 2.3 Image of a 20440 pixel PtSi MKID device designed for MEC. This is the
highest pixel count superconducting detector array at any wavelength. Image credit:
Clinton Bockstiegel

second stage of the pulse tube, and has 0.75 W of cooling power at 4 K.
Attached to the 4 K plate (shown in Figure 2.2) are: the ADR unit with the mechan-
ical heat-switch, the ten cryogenic high-electron-mobility transistor (HEMT) amplifiers,

and the detector package. The detector package is mounted to the 4 K plate and is
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enclosed in a 4 K magnetic shield. This design places the MKID array far from the
magnetic shield opening where field leakage will be strongest and also allows us to install
a 1 K, 9 cm long black baffle to further reduce off-axis scattered light and 4 K black body
radiation. The MKID array is mounted in a microwave package 5 cm x 5 cm x 0.5 cm in
size, as shown in Figure 2.3. This box is attached to a gold-plated copper rod that sticks
out of the base of the magnetic shield and connects to the ADR unit by a copper strap.

The ADR acts as a single-shot magnetic cooler which brings the MKID array down
to 90 mK where the temperature is stabilized with a feedback loop to the ADR magnet
power supply. We achieve a 90 mK hold time of >17 hours on the telescope, more than

sufficient for the 13-14 hours required for a night of calibration and on-sky observations.

2.2 Optics

2.2.1 Specifications of Incoming Beam

The SCExAO exit beam is located 293+1 mm from the top of the top mounting rail.
The beam comes off the bench at about 58 mm from the left edge of the bench. The
SCExAOQ exit beam is collimated. The pupil position is 54420 mm from the back of the
bench. The pupil size is 8.6740.15 mm. The beam is expected to exhibit <10 nm of

chromatic RMS optical wavefront error over the 0.8-1.4 ym bandwidth.
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Table 2.2 MEC Optics

Optic

Description

05 © oo ootk w o =3k

100 mm FL lens

9 mm FL lens

2.54 mm gold mirror
5.08 mm gold mirror
300 mm FL lens

2 in ND Filter wheel
Front Window

60 K IR filter

4 K IR filter
Microlens Array

Thorlabs AC254-100-c
Edmunds 45-783

Mnt. on CONEX-AG-M100D
Fixed mount

Thorlabs AC508-300-c

See Table 2.3

Edmund 48-130

10 mm thick N-BK7

20 mm thick N-BK7

aus APO-GT-P150-R0.8

2.2.2 MEC Fore-Optics

The MEC optics box has a two inch hole for the incoming SCExAO beam (Figure 2.4).
A set of three lenses creates a telecentric beam designed to reimage the focus onto the
MKID array as simulated in Zemax. The beam leaves the optics box with an f-number
f/377.7, travels through the neutral density (ND) filter wheel (Table 2.3), and enters the
cryostat through the front vacuum window. Two IR bandpass filters at the 60 K and 4 K
shield block black body radiation and finally a microlens array focuses the beam onto

the light sensitive part of the MKID pixels. The MEC optics are listed in Table 2.2.

Table 2.3 MEC Neutral Density Filter Wheel

Slot Filter Part #
1 OPEN
2 0.5 OD Edmund 62-673
3 1.0 OD  Edmund 62-676
4 2.5 0D Edmund 62-680
5 CLOSED
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Figure 2.4 The MEC foreoptics box reimages the beam from SCExAO (arrow from left)
onto the MKID device. Two gold mirrors (3 and 4) and three lenses (1, 2 and 5) steer
and focus the input collimated beam onto the MKID array with an f-number of {/377.7.
The specific optics components can be found with their corresponding numbers in Table
2.2.

2.3 Integration with SCExAQO

As of March 19, 2018, MEC is mounted on the Nasmyth platform behind SCExAQO in the
place of the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO; Hodapp
et al., 2008). The electronics rack (discussed in Section 2.4) is stationed next to MEC
on the Nasmyth floor. A He compressor is located in the IR compressor room on the

observation floor and a linux server is in the server room on the first floor of the control
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Figure 2.5 MEC is mounted behind the SCExAO bench and AO188 facility adaptive
optics systems on the IR Nasmyth port at Subaru Telescope.

building. Figure 2.6 diagrams how MEC is situated on the Nasmyth floor. Figure 2.5 is

an image of MEC mounted at the telescope.

2.4 Readout

One of the primary advantages of MKIDs over other superconducting detector technolo-
gies is the intrinsic frequency domain multiplexibility; each MKID pixel is a microwave
frequency resonator with a resonant frequency that can be easily tuned in fabrication.

This allows large numbers of resonators, each tuned to a different frequency, to be placed
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Figure 2.6 A diagram showing the MEC floor plan and interconnects at the Subaru
Telescope. Here, red lines denote power connections, blue lines/arrows denote cooling
lines, green lines denote electrical cabling and purple lines denote network connections.

in parallel on a single microwave channel. This greatly simplifies the cryogenic wiring
and electronics, shifting the complexity to the room temperature readout system (Mazin
et al., 2002, 2013b; Meeker et al., 2018; Walter et al., 2018). The readout system is re-
sponsible for generating the RF frequency comb to drive the resonators, and for digitizing
and processing the resulting MKID array output to determine the arrival time energy of
any incident photons.

A first generation readout for optical MKIDs was developed in 2011 for the ARCONS
instrument. This system is capable of reading out 256 channels in a 512 MHz band on
each readout board (McHugh et al., 2012). Eight boards were used simultaneously to

30



readout the 2048 pixel ARCONS instrument. In order to feasibly scale up to the kilopixel
arrays used by the second generation of optical MKID instruments, we have developed
a new readout system capable of reading out up to 1024 channels per unit over 2 GHz
of bandwidth. This system largely retains the signal processing algorithm chain found
in the first generation readout, albeit with major changes to the hardware and firmware
to accommodate the higher bandwidth. As in the first generation readout, our system
is capable of identifying, analyzing, and recording photon detection events in real time
with a time resolution of order a few microseconds. Here we discuss the this readout

system and how it fits in with the MEC+SCExAO system architecture.

2.4.1 System Overview

The full readout system consists of several readout units, each of which can read out up
to 1024 resonator channels in a 2 GHz band. Two such units can be placed in parallel
to read out a full 4 GHz feedline. Each readout unit has three major components: 1)
a CASPER (Collaboration for Astronomy Signal Processing and Electronics Research)
ROACH-2 (Reconfigurable Open Architecture Computing Hardware) board with a Xilinx
Virtex-6 FPGA for channelization and pulse detection, 2) an Analog to Digital/Digital
to Analog Converter (ADC/DAC) board with dual 2 GSPS Analog Devices AD9625
ADCs and AD9136 DACs and Xilinx Virtex-7 FPGA for control, and 3) a Radio Fre-
quency /Intermediate Frequency (RF/IF) board for IQ modulation. The ADC/DAC and

RF/IF boards are developed by Fermilab specifically for UCSB MKID arrays.
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2.4.2 Electronics Rack

The electronics rack (E-rack) holding the readout system is situated on the Nasmyth
platform next to the MEC instrument (Figure 2.7). It requires 3.5 kW max of power
supplied to the power distribution unit with a 30 A, 208 V 3-phase power cord. Cooling
water/glycol is supplied to the E-rack by Subaru. There should be unobstructed air flow
to two readout crates in the electronics rack. The front (facing SCExAO) draws air in,
and the back expels air through a heat exchanger into the Nasmyth room.

The MEC readout employs twenty second generation CASPER ROACH-2 boards.
Each of these ROACH-2 boards are connected to an ADC/DAC board and a RF/IF
board (See Figure 2.9 for one board set, also known as a readout unit). Every ROACH-2
houses a Xilinx Virtex6 Field Programmable Gate Array (FPGA), which processes and
channelizes the signal from the ADC using a scaled-up version of the ARCONS firmware.
The ADC/DAC board houses a Virtex7 FPGA. An external 10 MHz reference signal is
used to synchronize all clocks required by the ADCs, DACs, and FPGAs on both the
ROACH-2 and ADC/DAC boards.

The ROACH-2 boards are connected to the ADC/DAC boards by two Z-DOK connec-
tors which are responsible for sending the ADC output and clock signals to the ROACH-2,
and for implementing an SPI communications interface between the Virtex-6 and Virtex-7
FPGAs. The RF/IF boards are mounted on the ADC/DAC boards using SMP blind-
mate connectors for signals and GPIO pins for programming. Fach set of boards reads

out 1024 pixels in 2 GHz of bandwidth.
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Figure 2.7 CAD drawing of MEC electronics rack (E-rack) and list of components.
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Each ROACH-2 board boots up with an operating system and file system stored
in Flash memory and runs a TCP BORPH server (provided by CASPER) to decipher
commands. The firmware for the ADC/DAC board is initially loaded by a USB to JTAG
interface and is stored on flash memory. The next time the board is booted it loads the
firmware from memory automatically.

The ROACH-2 boards are on a private local-area network (LAN) as moderated by the
network switch. We run all readout control software on the MEC data server, however,
any computer (with the required Python libraries) that is connected to the LAN can
perform this task. We use a PPS (pulse per second) signal generator to sync the clocks
for each set of readout boards. The PPS signal is synchronized to an external PTP/NTP
server to ensure accurate absolute timing as well as synchronization with the data server

clock (See Figure 2.8).

| Local Oscillator (4-8 GHz) Q| |

All Clocks Referenced
to a 10 MHz Rubidium Network Switch Control PC
Frequency Standard 10 GbE
RF/IF Board 1 GbE (fiber)
__________ ADC/DAC Board CASPER ROACH2
Cryostat : ZEERS | {Xilinx Virtex6
I 12-bit A/D ' 1 GbE
Xilinx 1024 Channel Channelizer (FPGA)
: . Virtex 7 Optimal Filtering
| 2 GSPS Triggering | 1GbE
| Q 12-bit A/D = Calibration and Packetization (PPC)

Clock Gen

Figure 2.8 System block diagram showing a single 2 GHz, 1024 channel readout unit.
Reproduced with permission from Publ. Astron. Soc. Pac 130, 988 (2018). Copyright
2018 The Astronomical Society of the Pacific.

DDR RAM
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2.4.3 Readout Procedure

The initial setup defines the frequency comb that probes the resonators. This is deter-
mined by doing frequency sweeps of every feedline at a grid of powers and then using
a machine learning code to both find the resonators and determine their optimal probe
powers. Our python software then computes a lookup table (LUT) containing the time-
domain sum of the optimum resonator probe tones. The lookup table is stored in DDR3
RAM onboard the ADC/DAC board, and is played to the DAC in a loop while the
system runs. The DAC output is passed through the RF/IF board where an 1Q) mixer
upconverts the signal to the right frequency range (4 to 6 GHz or 6 to 8 GHz) using
a local oscillator. After traveling through the cryostat, MKID array, and HEMTSs, the
RF/IF board mixes down the returning signal to baseband where it is digitized by the
ADCs. Then the Virtex7 on the ADC/DAC board streams the raw ADC output to the
ROACH-2 over the Z-DOK connectors. The ROACH-2 firmware processes ADC data

stream, performing the following actions:

1. Separate the comb of frequencies into individual pixel frequencies using an FFT
(Fast Fourier Transform) and digital down conversion (DDC).

2. Sample the phase of each resonator’s signal every microsecond.

3. Run a pixel-wise unique optimal filter over each pixel’s phase signal.

4. Trigger on photon events and store photon packets in buffer.

5. Send buffer to disk every 0.5 millisecond (or faster if full) over 1-Gbit Ethernet via

UDP.
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Each single photon packet is a 64 bit word with the following breakdown: 10 bit
x-coordinate, 10 bit y-coordinate, 9 bit timestamp, 18 bit wavelength, 17 bit baseline
phase. A C program on the data server receives the UDP frames containing photon
packets sent from the ROACH-2 boards and writes them to disk as observation files.

Additionally, it histograms the photons into images for real time display.

2.4.4 Assembling the MEC Readout

The twenty readout units are divided across two readout crates which supply power, 1
PPS, and 10 MHz signals. Each readout crate consists of five cartridges each holding
two readout units, one on either side of the cartridge blade. Each cartridge has three
cooling fans for its readout units. I assembled all ten of these cartridges in preparation
for MEC’s 2018 shipment to Subaru Observatory. This project consisted of mounting the
readout units to the blades of the cartridge with standoffs, and connecting the readout
units to the ethernet, 10 MHz signal, 1 PPS, and power supply with wires and coaxial
cables. Several of the cables were a custom design that I made in-house.

I wired around 20 separate connections, some of which stretched across the entire
cartridge as seen in Fig. 2.9. These connections must remain in place considering that
the cartridges need to be able to be taken in and out of the slots in the readout crate
during the testing process. The openings of the readout crates are flush with the upper
rim of the cartridge baseplates (the ones holding the cooling fans in Fig. 2.9). I had

to find a balance between making the wiring robust, and preserving easy access to the
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Figure 2.9 Cartridge containing an assembled readout unit. The ROACH-2 board is
connected to the ADC/DAC board by two Z-DOK connectors. The RF/IF board is
mounted on the ADC/DAC board using SMP blind-mate connectors for signals and
GPIO pins for programming. Another readout unit is mounted to the underside of this
cartridge. Figure and Caption reproduced with permission from Paschal Strader, " Digital
Readout for Microwave Kinetic Inductance Detectors and Applications in High Time

Resolution Astronomy”, Ph.D. dissertation (University of California at Santa Barbara,
2016).

boards. Thicker wires are more durable and provide more surface area for soldering
contacts, but these are bulkier and more likely to snag on some of the delicate electronics
on the individual readout boards. I used thin 24 AWG wires as much as possible, and
I installed additional standoffs on the readout boards to lock down the bulky ethernet
cables and thicker wires snaking across the readout units.

One of the the 10 MHz connections required a custom wiring: one end needed to be a

female coaxial cable and the other end needed to splinter into two male pin connectors.
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To make this connection, I split a standard male-female coaxial cable in half, saving the
female end. I stripped the wire coating to reveal the inner conductor surrounded by a
concentric conducting shield. I braided the concentric wire into a single wire strand and
used heat shrink rubber to electrically isolate the inner conductor from the braid that
used to be the concentric wire. I then soldered these two wire strands into two separate
male pin connections to connect the 10 MHz to the power supply.

The next part of the project involved preparing the readout electronics to work with
MEC. Each cartridge needed to successfully power on and demonstrate that it could carry
out the entire readout process described in Section 2.4.3. I booted up each ROACH-2
board, updating each one with its own IP address, and loaded the firmware onto the
ADC/DAC boards. One of the Z-Dok pins allows the ADC/DAC firmware to communi-
cates with the ROACH-2 firmware with SPI (Serial Peripheral Interface). The ADC/DAC
firmware employs a Xilinx MicroBlaze soft microprocessor core to run a C program which
accepts and executes commands from the ROACH-2. Both of these needed to work in
order for the boards to communicate with one another. Throughout the testing pro-
cess, I would find electronic failures including but not limited to: a blown MOSFET
on a ROACH-2, an unbootable ROACH-2, and a ROACH-2 and ADC/DAC pair that
wouldn’t communicate. When I found one of these failures, I would remove the cartridge
in question (hence the engineering constraint for a smooth cartridge removal despite the
many wired connections) and replace the offending electronic. I sent ROACH-2s and

ADC/DACs back to the CASPER or Fermilab groups for repairs during this time. By
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the time MEC was ready to ship, we had a full set of working readout cartridges and a few
emergency replacements to go along. Figure 2.10 denotes some additional engineering

challenges I faced in the process of getting MEC ready for shipment.

Figure 2.10 Snapshots of some of the notable engineering challenges I faced in getting
MEC ready to ship (all pictures taken by I. Lipartito). Top left: a quick picture I took
holding my camera up to the microscope as I removed faulty R2 resistors (upon orders
from Fermilab) from our RF/IF boards and replaced them with copper wire connections.
Top right: MEC E-rack during the cartridge testing process. I used masking tape stickers
to make notes of the status of each cartridge and remember which have faulty electronics.
Bottom left: A valve got mangled while MEC was being crated for shipping in Spring
2018. Bottom right: I had UCSB Machine Shop repair that valve within a few days. I
am leak checking it in this image before shipping it off to join the rest of MEC.
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Chapter 3

MEC: On-Sky Performance and

Data Processing

In this chapter we discuss the format of data returned by the MKID Exoplanet Camera,
along with our data reduction pipeline to process this data. We also discuss MEC’s ca-
pabilities and current contrast limits, presenting a few systems directly imaged by MEC.
We conclude with the performance of the combined MEC and SCExAO system for high
contrast imaging of exoplanets and disks, and document the significant new technology
developed for MEC. The work was published in Walter et al. (2020) and presented in part

by I. Lipartito at the Extreme Solar Systems Conference in 2019 (Reykjavik, Iceland).
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Figure 3.1 Block Diagram of The MKID Pipeline. Calibration steps are shown in green,
references and configurations are shown in orange, data products are shown in blue, and
calibration data products (CDP) are shown in yellow.

3.1 Data Processing/Calibration

Data calibration is an essential part of observational astrophysics. CCDs (charge-coupled
devices) and CMOS (complementary metal oxide semiconductors) are the most common
types of cameras used in astronomy and there are well-established methods for calibrating
their data products. Like MKIDs, CCD/CMOS detectors suffer from misbehaving pixels
and require calibrations to normalize pixel response and register it to some astronomical
standard. Due to the unique nature of MKID data, however, we need to develop our
own methods of calibrating our data. Our basic astronomical data reduction involves
wavelength calibration, flat-fielding, hot pixel masking, and image registration and com-
bination. These methods need to be straightforward to implement and robust to edge

cases and outliers.
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3.1.1 MKID Data Products

The Mazin Lab develops a data reduction pipeline for each instrument. Our data is taken
continuously throughout the night, we only pause data collection when the telescope is
moving to a new target. We get one binary file for each second of data which contain
the photon’s arrival timestamp (to the precision of one microsecond), its x and y spatial
position, and a number known as the phase, the response of the camera to the photon
(this will translate to energy). There are four dimensions in which we have information:
two spatial dimensions, one time dimension, and one energy dimension. Wrapped in all
this information are the speckles, ambient light, and, most importantly, the astrophysical
targets.

We can arrange the data into three dimensional cubes or two dimensional arrays

depending on the scientific case:

1. Collapsing the data along the time dimension makes a spectral cube, a common
output of traditional Integral Field Spectrographs (IFS). MKID cameras are special
in that they are simultaneously low-resolution spectrographs and imagers. We can

do Spectral Differential Imaging (SDI) on spectral cubes.

2. Collapsing the data along both the temporal and spectral dimension, making an
image in a specified band of light. We can do Reference Differential Imaging (RDI)

and photometry on these images.

3. Collapsing the data along the spectral dimension makes a temporal cube. We can
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look at the timestreams of light in the pixels of this cube and analyze whether they
correspond to a Gaussian or Modified Rician probability distribution (Stochastic
Speckle Discrimination, SSD). We can also do Angular Differential Imaging (ADI)

on the temporal cube.

3.1.2 MKID Pipeline

To analyze MEC data we use The MKID Pipeline available on Github: https://github.
com/MazinLab/MKIDPipeline. The MKID Pipeline begins by transforming the raw bi-
nary data into calibrated photon lists in a fast access database. This process is outlined
in Figure 3.1. Many of the steps were implemented for the ARCONS pipeline (van Eyken

et al., 2015) and were copied or slightly modified for MEC.

1. Processing Binary Data into a HDF5 Database

The raw binary observation files, consisting of header and photon data sent
over ethernet, are interpreted and saved into a HDF5 (Hierarchical Data For-
mat) table format. The table has one entry for each photon with the following
fields: pixel ID, arrival time, phase height (or wavelength), and two addi-
tional weight fields to be set in later calibration steps (spectral weight and
noise weight). The photon list is rearranged so that it is first ordered by pixel

location and then by time.

2. Cosmic Ray Rejection
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Cosmic rays incident on an MKID detector have the effect of illuminating
most of the array with false high energy photon counts. This calibration step
removes time chunks from further analysis that are identified as containing
a cosmic ray. The advantage of MKID’s timing resolution is that these time
chunks can be precisely selected to remove an average of only 0.01% of a given

observation. This retains as much of the original exposure time as possible.

3. Wavelength Calibration

The wavelength calibration is essential to utilize MKID’s energy resolving
capabilities. Several monochromatic laser exposures are used to determine a
quadratic, a?¢ + be + ¢ = he/), that converts phase, ¢, into wavelength, \
for each pixel. To save space, the phase height float column is overwritten
with the calibrated wavelength for each photon that has a valid wavelength

solution.

4. Bad Pixel Masking

Hot pixels are defective pixels registering an abnormally high response to a
given amount of light. Another type of defective pixel is a ‘dead’ pixel, a pixel
incorrectly registering zero counts. These badly behaving pixels are prevalent
in our data since we try to include as many pixels as possible from the readout
step. Dead pixels are straightforward to locate as they register zero counts.
Hot pixels are more difficult to pinpoint as they might be as bright as the

maximum count rate (2500 CPS) or they might only be marginally brighter
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than the surrounding pixels. We need a sensitive algorithm that takes into
account the local behavior of pixels to identify which (if any) are behaving

unexpectedly.

I started by adapting the ARCONS hot pixel removal algorithm (van Eyken
et al., 2015) for MEC data. This algorithm, the Gaussian Moving-Box Algo-
rithm, flags any pixel whose flux exceeds a theoretical maximum defined as
No above some maximum ratio which is calculated from a theoretical Gaus-
sian PSF. This algorithm is effective, although computationally expensive, as
the entire kilopixel array needs to be passed over by a Gaussian moving-box.
Moreover, the ARCONS data did not have stable hot pixels, rather, a large
number of pixels across the array might flash ‘hot’ on the order of seconds
randomly throughout the observation sequence. This meant the algorithm
needed to be applied over many small time bins. The MEC array is an order
of magnitude larger than the ARCONS array. Moreover, our high-contrast
imaging datasets are up to several hours long, making this calibration step a

significant bottleneck in the pipeline.

In my process of speeding up the hot pixel code, I tried less expensive algo-
rithms, for example, a Median Moving-Box Algorithm which cuts out any pixel
registering a count rate higher than No above the median of a box of pixels
around it. I also tried an adaptation of the L.A.Cosmic code (van Dokkum,

2001) designed for catching cosmic rays in CCD data by convolving the images
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with a Laplacian kernel to identify the sharp edges of a cosmic ray. Although
I was looking to identify a different physical phenomenon, I thought the same

mathematics could be applied to identify the sharp edges of a hot pixel.

Both of these algorithms succeeded at detecting lone hot pixels surrounded
by faint pixels, but also flagged the core of the stellar PSF. Moreover, these
algorithms only caught hot pixels close to the maximum count rate, they failed
to find hot pixels that were not quite saturated. Given the yield of the MKID
array (see Sec. 3.2.1), we could not afford to lose any well-behaved pixels. And
given the scientific demands of high-contrast imaging, we absolutely could not
allow hot pixels to slip into our final data products. My tests found the Gaus-
sian Moving-Box was superior since it assumes the shape of the stellar PSF.

This algorithm consistently flagged anomalies to the PSF without flagging

speckles or the stellar core.

Figure 3.2 Image of the Trapezium Cluster before hot pixel masking.
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Extensive testing on MEC data obtained in early 2019 (among other systems,
the observations of Kappa And and 51 Eri) revealed that the new generation
of Platinum Silicide MKID arrays Szypryt et al. (2017) do not exhibit the
‘flashing’” hot pixels of the ARCONS arrays. Hot pixels remain consistently
hot, meaning that the hot pixel algorithm needs to be applied only once over
a single observing position. The solution to the hot pixel algorithm bottleneck
was solved through engineering; the MEC Gaussian Moving-Box algorithm is
robust and is currently the default hot pixel algorithm used in the pipeline.
The default No is 40 (found empirically through this testing process), although
the user can adjust this threshold along with the moving-box size, the back-
ground flux count, and the FWHM of the test PSF. The hot-pixel corrected
image is presented for the user to inspect while running the pipeline. Maps of
dead and hot pixels are saved as metadata and these pixels are removed from

the final data product.

5. Linearity Correction

This calibration accounts for missing photons due to the detector dead time.
This dead time (10 us for MEC) is introduced in the firmware to avoid photon
pile-up and limit the total count rate, but results in a non-linear detector
response at high count rates. To account for this effect, a correction factor is
applied to the spectral weight column for each photon depending on the local
count rate.
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6. Flat Field Calibration

The goal of flat-fielding is to normalize each pixel’s response to light across the
array. The quantum efficiency (QE), or pixel response to light, for the most
part remains constant with count rate, but varies slightly from pixel to pixel
due to physical differences stemming from optical alignment or from slight
fabrication inconsistencies. This calibration is done as a function of wavelength
(wavelength spacing corresponding to the energy resolution determined from

the wavelength calibration).
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Figure 3.3 Flatcal solution summary plot made using a white light source. Left: Mean
flat weight across the array; Right: Mean flat weight versus wavelength. Blank spaces
are from failed pixels (see Section 3.2.1)

I adapted the original flat calibration algorithm written for the ARCONS

pipeline (van Eyken et al., 2015) for the MEC instrument to be made from
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either a white light source or the the monochromatic calibration data used for
the wavelength calibration. On-sky time is precious and due to the complex
MEC+SCExAO system, it is not always feasible to switch to a white light
source in order to get a flat calibration each night (particularly if MEC is
observing in conjunction with another Subaru instrument). I realized we could
use the monchromatic wavelength data as a low-order approximation of a
white light source. The energy resolution of MEC results in about 10 separate
wavelength bins for a whitelight source, making the 5-6 monochromatic lasers

used in the wavelength calibration a reasonable approximation.

The flat weight per pixel per wavelength slice are found by by dividing each
wavelength slice by the mean intensity of that slice. The flat weights are
roughly smooth in wavelength (Figure 3.3) and are fit with a low-order poly-
nomial so we can interpolate between wavelength slices (a spline is not used
as splines run the risk of smoothing the data and misrepresenting the errors in
the data). The resulting flat weight multiplies into the spectral weight column

of the HDF5 table to merge with the linearity weight for each photon.
7. Astrometric Calibration
This is an implementation of a standard astrometric calibration to relate (x,y)

pixel coordinates on the MKID array to sky coordinates using a linear mapping

with rotation.

8. Spectral Calibration
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Figure 3.4 The resulting flatfield structure of a Y-band flat-calibrated image of star Kappa
And divided by its raw image. Blank spaces are from failed pixels (see Section 3.2.1)

This calibration accounts for the total QE of the detector and system as a

function of wavelength. A spectrum is taken of a spectral standard with MEC

and is compared to a calibrated spectrum of the same object. The resulting

correction multiplies into the spectral weight column of the HDF5 table to

merge with the flat weight and linearity weight for each photon.

9. Output Generation

There are a variety of output file formats that the MKID Pipeline can gener-

ate. In addition to FITS files which are compatible with more standard post-
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processing techniques, photon lists can be output directly to perform more

specialized techniques that utilize the photon-counting ability of MKIDs.

Image Registration

Not all pixels in an MKID array are usable (see Section 3.2.1 for a discussion of the current
MEC array’s pixel yield). Pixels are subject to failure due to fabrication imperfections
and electronic issues. If we held a target on a single part of the array for the entire
exposure, it would appear ‘patchy’ due to the unresponsive pixels it is inevitably going
to rest on. To counteract this, we ‘dither’ the target around on the array using a mirror
mounted on a CONEX-AG-M100D piezo stage (this is build into the instrument’s optical
system, see Section 2.2). The target’s position on sky does not change, rather it optically
lands on a different part of the array with each dither. We typically set up a grid of 5
by 5 dither positions (25 total), each position held for about 30 seconds. This maximizes
the chance that the target gets filled in by functioning pixels. This meant that we needed
a calibration to map the CONEX mirror optical offsets to the actual physical position
of the target on the array. I made this calibration using an unocculted dither on star 51
Eri taken on 1/12/2019 (zconex and ycongx are saved in a file automatically for each
dither). T used the photutils package from Astropy' (Astropy Collaboration et al., 2013,
2018) to fit a centroid to the star’s PSF for each dither position, obtaining xpixe and Ypixel-

This process is shown in Figure 3.5. I fit a 2D geometric transform using scikit-image?

thttp://www.astropy.org
Zhttps://scikit-image.org
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Figure 3.5 Tracking the 51 Eri PSF across a dither taken on 1/12/2019. From this dither,
I obtained a CONEX-to-pixel mapping that could be applied to register all future dithers.
This set of images also showcases our array yield circa 2019-2020 and hence the need for
dithering.

(van der Walt et al., 2014) to obtain a functional form the CONEX-to-pixel mapping,

which can be applied to return the pixel positions of all future dithers. Knowing the

pixel positions of the target in each dither enables us to align and stack images.
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3.1.3 Analysis of Calibrated Data

After the photon lists have been calibrated we can begin the analysis of astrophysical
data produced by MEC. The easiest to understand procedure is to bin the photon list
in time and wavelength to create images after which classical astronomy post-processing
techniques can be used.

Figure 3.6 shows the five star system Theta! Orionis B taken in y-band by MEC
at Subaru Telescope on Jan. 12, 2019. B1, behind the coronagraph, is a spectroscopic
eclipsing binary with nominal magnitude of V=7.96. B2 and B3 are resolved by Subaru
Telescope’s 8.2 m mirror in conjunction with the AO correction provided by SCExAO
(Jovanovic et al., 2015). The four astrogrid speckles artificially created by the DM are
present in a square centered about Bl, behind the coronagraph. These speckles are
about 5.5 magnitudes fainter than B1. B4 is 4.98 magnitudes fainter than B1 in H-band
(Close et al., 2013). It is important to note that this observation was taken before the
re-coating of the secondary mirror at Subaru which occurred on November 7th, 2019.
The throughput hit taken before the mirror re-coating, coupled with the already dim
guide star, B1, leads to a worse AO correction than is possible either now on the same
system, or on a similar system with a brighter guide star.

The image uses data from 25 different 30 s observations located at different posi-
tions on-sky collected in a dither. These individual observations underwent wavelength
calibration, flat-fielding using the monochromatic laser data taken for the wavelength

calibration, and hot/dead pixel masking. We use a drizzling code to place the list of
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observed photons in a virtual pixel grid that correctly takes into account the translation
from the dither position as well as sky rotation as observed from the Nasmyth port. This
helps to account for the lack of full array coverage due to dead feedlines and pixels to
generate a complete image.

This was our first star system image from MEC and it provided an example of MEC’s
contrast: B4, a star about 5 magnitudes fainter than B1, is clearly visible. It also
demonstrated MEC’s resolution: B2 and B3, separated by about 0.12” per Close et al.
(2013), are discernible as separate stars in our image. This image also served as a
testament to the ability of our data reduction pipeline to flat-field, remove misbehaving
pixels from, and wavelength-calibrate our data to make a clean Y-Band image.

It is also possible to use the data directly without any binning in the calibrated
photon list for more complex analysis, like the stochastic speckle discrimination technique

outlined in Walter et al. (2019).

3.2 MEC On-Sky Performance

MEC underwent a major upgrade in late 2019 where we replaced internal microwave
wiring that was degrading resonator performance due to crosstalk and excess noise (Smith
et al., 2020). The results below reflect the performance after the upgrade, with the
exception of the contrast which was measured with data from the January 2019 run. Due
to fabrication problems we have also not yet been able to improve on the engineering
grade MKID array in MEC, although we hope to install a science grade MKID array
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Figure 3.6 Y-Band image of Theta! Orionis B taken by MEC at the Subaru Telescope
on Jan. 12, 2019. A dither sequence of 25 30 s images are stacked and then smoothed
by a Gaussian filter. These individual observations underwent wavelength calibration,
flat-fielding using the monochromatic laser data taken for the wavelength calibration, and
hot /dead pixel masking. The black circle indicates the location of the coronagraph on B1.
The four astrogrid speckles artificially created by the DM are present in a square centered
about, and about 5.5 magnitudes fainter than, B1. B4 is 4.98 magnitudes fainter in H
band than B1. The four artificial speckles are for astrometric and photometric calibration.

with all feedlines functional and higher yield in 2021. Luckily, most of the exoplanets of
interest fit within the smaller field of view of the engineering grade array, although the

full array will feature a 1.4” x 1.5” field of view to improve observations of disks.
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3.2.1 Yield

Yield, or the number of functioning pixels compared to the total number of possible pix-
els, can be complex in an MKID array as every pixel is unique and can be compromised in
a number of ways. For example, a speck of dust landing on a pixel during fabrication can
short out a resonator, or merely move it to an unpredictable frequency. Non-uniformities
in film thickness or composition can move resonators around in frequency, causing fre-
quency overlaps that can render at least one of the pixels unable to be read out. Even
worse, fabrication problems such as shorts due to photoresist bubbles can knock out
entire feedlines, as seen in feedlines 2-4 in the MEC engineering array.

The engineering MEC array pixel map is shown in Figure 3.7. For the fully working
feedlines (6-10), 75% of pixels are photosensitive with 61.4% having a good wavelength
calibration solution. When only looking at the best part of the detector (the “sweet
spot”), between 20 and 60 in the y direction, these numbers increase to 82.1% and 74.3%,
respectively. The bad section in the center, between 60 and 80 in the y direction, is likely
performing poorly as the device surface impedance was slightly higher than desired, so
these resonators are lower frequency than designed (starting at 3.5 vs 3.9 GHz), causing
some issues with resonator coupling to the feedline and HEMT gain.

Simulations with the MEDIS package (Dodkins et al., 2020) have been performed
to estimate the impact of dead pixels on the raw contrast (before post processing with
ADI/SDI/SSD/etc.) for exoplanet direct imaging. These simulations show that the raw

contrast will be roughly two times worse with observed yield in the sweet spot compared
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Figure 3.7 Wavelength calibration results for the engineering array in MEC. Fully wave-
length calibrated pixels are shown in white, pixels calibrated using a subset of the avail-
able wavelengths are shown in blue, and pixels that had no wavelength calibration solution
are shown in black.

with perfect yield, as shown in Figure 3.8.
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Figure 3.8 Simulation with the MEDIS package performed to evaluate the impact of dead
pixels on the raw contrast of MEC. The four different lines represent the effect of varying
pixel yield on the 50 contrast.

3.2.2 Spectral Resolution

The spectral resolution of an MKID is a complex tradeoff between material, pixel ge-
ometry, and readout technique. The spectral resolution of the MKIDs used in MEC are
explored in great detail in Zobrist et al. (2019). However, this data was taken under ideal
circumstances in a dilution refrigerator in our lab, not in an ADR at the top of a moun-
tain on an electrically noisy Naysmth platform. Figure 3.9 shows the actual measured
spectral resolution histograms of all the pixels in MEC, while Figure 3.10 shows a map

of spectral resolution at a single wavelength.
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A hand selected MKID pixel on a MEC-style PtSi array measured with a HEMT in
the lab has a spectral resolution of around R=7.5 at 980 nm, while in MEC the median
pixel in the good region of the array has R=5 at 980 nm. This degradation is likely

related to several factors, including:

e Excess noise in the readout caused primarily by loss of signal in the high density
microwave cables (Smith et al., 2020) that bring the signals to the HEMT.

e Intermodulation products causing unwanted tones that interfere with the pulse
readout.

e Many pixels are not ideal due to fabrication errors, such as frequency overlaps.

The readout itself does not appear to introduce noticeable degradation aside from
the intermodulation products, which can be reduced through an optimization algo-

rithm (Fruitwala et al., 2020).

3.2.3 Throughput

Throughput was calculated by comparing a spectrum of the GO type star BD +172803
attained by MEC with a calibrated spectrum of the same target. This calibrated spec-
trum was generated by taking a GO type stellar spectrum from the PHOENIX library
and normalizing it to match the reported J and H band flux for this object (Husser et al.,
2013; Cutri et al., 2003). In order to compare the two spectra, both were binned in 0.05
eV bins which over samples the median MKID energy resolution by a factor of ~A4.

Dividing this binned MEC spectrum by the binned calibrated spectrum should yield
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Figure 3.10 Map of energy resolution for MEC’s engineering array at 1.1 um

the total system throughput as a function of wavelength, but there are some additional
factors that must first be taken into consideration. During this observation, a 90/10
beamsplitter upstream of the MEC optics in SCExAO was used which directed only 10%
of the total available light to MEC. A dichroic was in place which reflected all light shorter
than 950 nm, so we didn’t expect flux at wavelengths below that for this observation.
Additionally, since this target has a J band magnitude of 6.6 and an H band magnitude

of 6.4, MEC’s 2.5 OD filter had to be used so as to not saturate the array. This filter
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Figure 3.11 MEC throughput, from the top of the atmosphere to registered photons in
the MKID detector, as a function of wavelength

has not been measured as a function of wavelength for MEC and so represents a source
of uncertainty in this calculation. Finally, the measured Strehl during this observation
was found using the C-RED 2 IR camera in SCExAO to be 78% in H band which must
also be accounted for since a tight aperture was used so as to only encompass the core
of the PSF. Since the Strehl is expected to be worse at shorter wavelengths, using this
measured H band Strehl of 78% represents a lower limit on the J band throughput.
Taking all of these factors into consideration, the resulting average J band throughput

of the total optical system is 3.340.1%, see Figure 3.11. This is roughly consistent
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with what we expect if the total throughput of the atmosphere, telescope, AO188, and
SCExAOQ are roughly 20%. It is possible slight misalignment of the microlens is reducing
detector quantum efficiency, so careful measurements of the science grade array QE will be
performed before installation to allow modelling of the full system thoughput to compare

with on-sky measurements.

3.2.4 Contrast

Different ratio performance metrics are sometimes interchangeably referred to as contrast.

In this section, I will be using the concept of contrast as defined in Martinez et al. (2013):

The contrast refers to the ratio of intensity in the raw coronagraphic image,
averaged azimuthally at a given angular separation, to the peak intensity of

the direct flux.

Contrast is distinct from detectability, which is also defined by Martinez et al. (2013):

When studying a differential image, implying the subtraction of a reference
image, the average contrast is no longer suited. The detectability is used

then, which stands for the azimuthal standard deviation measured in a ring

of width A/D

I used our January 2019 observations of 51 Eri to determine MEC’s on-sky contrast,
as that was one of the few targets for which we had an unocculted (coronagraph out) and

occulted (coronagraph in) dither. 51 Eri is a high-proper motion (V Mag = 5.22) star with
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a young Jovian planetary companion (51 Eri b Macintosh et al., 2015b). We suspected at
this stage in MEC’s career, we weren’t going to detect the planetary companion (~ 14.5
magnitude contrast between planet and star), but the host star itself would be useful for
the calculation of MEC’s contrast limit.

I wavelength-calibrated, flat-fielded, and bad pixel-masked our 51 Eri observations,
aligning the individual positions of each Y-Band dither and median-combining them for
optimal array coverage (I also normalized them by exposure time). I used photutils to fit
a PSF to the unocculted image of 51 Eri in order to obtain a value for the unocculted PSF
flux. The FWHM of the central star is ~2.5 pixels (A/D for Y-Band using the Subaru
Telescope’s 8.2 m mirror). In order to generate the PSF profiles for both the unocculted
and coronagraphic images, I generated a series of annuli of non-overlapping apertures
at each \/D. An example of these for a few annuli is shown in Figure 3.12 for Kappa
And. Again using photutils aperture photometry, I calculated the flux of each aperture,
taking the azimuthal average for each annulus (masking out the annuli that contained the
satellite speckles). The mean flux in each annulus divided by the unocculted PSF flux is
the contrast. The standard deviation of the flux in each aperture is the detectability.

Figure 3.13 depicts the raw Y-Band contrast as measured with 51 Eri. The top left
image is a Y-band image of the unocculted PSF, processed through the MKIDPipeline
as described in Section 3.1.2. The bottom left image is a Y-band image of the occulted
PSF also processed through the MKIDPipeline. The graph on the right depicts different

performance metrics. The blue curve is the unocculted contrast curve and the orange
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Figure 3.12 A sample of annuli for the coronagraphic Y-Band Kappa And image. Left to
right: 1 A/D, 5 A\/D, and 15 A\/D. Some of the annuli have little gaps because there was
not enough space in the annulus to squeeze in another aperture that wouldn’t overlap

with the other apertures.
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Figure 3.13 Raw Y-Band contrast as measured with 51 Eri. Top Left: Unocculted PSF;
Bottom Left: Coronagraphic PSF; Right: Contrast curves for unocculted (blue) and
occulted (orange) images; detectability curve (green)
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curve is the coronagraphic contrast curve. The green dashed curve is the azimuthal
standard deviation versus separation (the detectability). As of now, our MEC on-sky
contrast is around ~ 1072 at 2 A\/D and detectability is around ~ 107* at 2 \/D. We
have some ways to go before we can push into the high-contrast regime. Our hardware

and software upgrades should get us there over the next few years.

3.3 Future Plans

3.3.1 Upgrades to MEC

Future hardware upgrades include a new anti-reflection coated science grade array which
will roughly double the quantum efficiency and include fabrication process improvements
that should greatly improve pixel yield. The MKID Pipeline will also be undergoing
continual improvements which will allow us to more accurately determine the energy of
each incident photon and to better remove false counts. For additional details on how

future array improvements will affect the performance of MEC, see Dodkins et al. (2020).

3.3.2 Wavefront Sensing and Control

MEC has already done on-sky speckle nulling using a code derived from Bottom et al.
(2016b) and demonstrated significant suppression of the quasistatic speckle halo which
will be published in a future paper. This is the first step towards making MEC both a

science camera and an effective focal plane wavefront sensor. Development is proceeding
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to speed speckle nulling up to allow suppression of not just quasi-static speckles, but
fast atmospheric speckles, with expected full probing and cancellation cycles occurring at
frequencies of at least 200 Hz. The implementation of more advanced coherent differential
imaging (CDI) probing techniques (Matthews et al., 2017) are also being developed for
use both in post-processing and in real time.

In the long term, a fully optimized real time control package using the Frazin al-
gorithm (Frazin, 2016, 2018) or similar predictive control (Males & Guyon, 2018) and
sensor fusion approaches could help MEC use all available information simultaneously to
approach fundamental photon noise limits and enable detection and characterization of
smaller planets closer to their parent star. This technology will allow the next genera-
tion of instruments on 30-m class telescopes to potentially detect and characterize rocky

planets in the habitable zones of nearby M-dwarfs.

3.3.3 Science Goals

MEC was designed with the goal of enabling imaging of exoplanets in reflected light.
Figure 3.14 shows all currently known planets with their separation plotted against the
expected contrast ratio. With MEC we hope to reach final contrasts of at 10=7 at 2 \/D
after post-processing, enabling the imaging of at least GJ 876 b. This contrast limit is
theoretically achievable by MEC given the inner working angle of the instrument and
assuming we are photon noise dominated. Future papers, as mentioned above, will detail

the use of both high speed realtime and post-processing techniques to reach this noise
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Figure 3.14 Angular separation vs. contrast for known exoplanets viewable with
MEC/SCExAOQO and it’s companion instrument DARKNESS (Meeker et al., 2018) on
MagAO-X. The size of the point represents the radius of the planet, and the color of
the point represents the T of the host star. The horizontal line at 2x107® and the
vertical line at 30 mas are meant to guide the eye to the most promising targets, which
are labelled with their common names. Of these targets, GJ 876 b is by far the most
promising.

limit and ultimately enhance the discovery reach of SCExAO.

In addition to reflected light planets, MEC is also a powerful tool for the discovery and
characterization of young giant planets still glowing from the heat of their formation. The
shorter wavelengths MEC probes allows for superior angular resolution, and the high final
contrast at small inner working angles, due to focal plane wavefront sensing and novel

post-processing, should allow us to probe new parameter space.
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Chapter 4

Binaries in Open Clusters

4.1 Introduction

Stellar multiplicity is ubiquitous: nearly all high-mass stars live in binaries (Duchéne &
Kraus, 2013) and around half of nearby Solar-mass field stars are binaries (Raghavan
et al., 2010). It is also a function of environment: binaries in dense environments are
especially subject to dynamical evolution with interactions changing or disrupting their
orbits (Binney & Tremaine, 2008). Indeed, binaries (and higher order systems) are rarer
in dense globular clusters, where frequent, strong dynamical encounters serve to disrupt
wide binaries and harden tight binaries (Vesperini et al., 2011; Vesperini et al., 2013;
Lucatello et al., 2015). Such encounters are rarer in the less dense environments of open
clusters (Portegies Zwart et al., 2010). Yet open clusters show observed binary fractions
ranging from 13% to 70% for solar-type stars (Duchéne & Kraus, 2013), while NGC 2516

could have a total binary fraction as high as 85% (Jeffries et al., 2001). The binary
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fraction does not appear to show a clear dependence on the cluster’s age, density, or
chemical composition (Portegies Zwart et al., 2010; Duchéne & Kraus, 2013).

Open clusters are co-natal, co-eval environments through which we can explore stellar
multiplicity as a universal outcome of star formation (Goodwin, 2010). The properties of
stellar binaries in open clusters may be used to probe a cluster’s initial conditions. For
example, Griffiths et al. (2018) discussed how the presence of massive binaries on wide
orbits gives insight to the cluster’s initial density and structure.

Astrophysical parameters, luminosity functions, and stellar orbital properties have
also been studied across clusters (e.g. Kharchenko et al., 2005, 2009, 2013; Griffin, 2012).
The period distribution for binaries with solar-type primary stars in open clusters appears
to be broad and unimodal over the range of 1 day to 10* years (Duchéne & Kraus, 2013).
Wider binaries are much rarer: only two to three percent of stars with masses between
0.5 Mg, and 1.5 Mg have binary companions on orbits between 300 and 3000 AU (Deacon
& Kraus, 2020). The mass ratio distribution for solar-type stars is approximately flat
for both spectroscopic and visual binaries, and substellar companions appear to be rare
(Duchéne & Kraus, 2013).

Clusters are prime candidates for spectroscopic surveys due to the close grouping of
the targets. Precision spectroscopic measurements enable characterization of the clus-
ter chemical environment by determining elemental abundances (e.g. Bailey et al., 2018;
Donor et al., 2020; Poovelil et al., 2020). Characterization of a cluster’s chemical envi-

ronment further informs simulations of the cluster’s natal environment (e.g. Geller et al.,

70



2012; Geller, 2013; Geller et al., 2015). Precise stellar radial velocities (RVs) obtained
through modeling spectral lines enable identification of binaries in open clusters (e.g.
Sales Silva et al., 2014; Badenes et al., 2018; Martinez et al., 2020) and constraints on
a cluster’s multiplicity fraction (e.g. Guerrero et al., 2015; Kounkel et al., 2016; Nine
et al., 2020). Meanwhile, absolute astrometry from Gaia has enabled a far more detailed
picture of Galactic open clusters, with distances and proper motions, photometry, and
astrometric membership determinations (Gaia Collaboration et al., 2016; Cantat-Gaudin
et al., 2018; Gaia Collaboration et al., 2018). Gaia’s Early Third Data Release (EDR3
Gaia Collaboration et al., 2020; Lindegren et al., 2020) offers a factor of ~2-4 improve-
ment in astrometric precision over DR2, promising even better results. With snapshots
of diverse systems at different ages in well-characterized environments, we can assemble
a more complete picture of stellar multiplicity.

In this paper, we build upon previous work completed by Bailey et al. (2016, hereafter
B16) and Bailey et al. (2018, hereafter B18) exploring multiplicity in the open clusters
NGC 2516 and NGC 2422. B16 obtained multi-epoch spectroscopy for all stars with
colors consistent with F5-K5 in a half-degree field centered on each of these clusters,
identifying 40 and 22 RV binaries in the fields of NGC 2516 and NGC 2422, respectively
(B18). Here, we extend this work with orbital fits for the majority of these binaries.

In Section 4.2 we review relevant details from B16 and B18, present a new epoch for
a subset of the sample, and describe an extension of the B16 modeling process to double-

lined systems. We report cluster ages and distances as measured by Gaia Data Release
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2, review membership in light of parallaxes and proper motions provided by Gaia Early
Data Release 3, and give the details of our orbital fitting process. Section 4.3 describes
the results of the orbital fits and Section 4.4 discusses orbital parameter trends. We

conclude with Section 4.5.

4.2 QObservations and Data Analysis

In the following subsections, we discuss the observations, data reduction, and orbital
fitting for the 62 binaries in the fields of NGC 2516 and NGC 2422. Table 4.1 summarizes
the cluster properties determined in B16 and B18, with updates from Gaia DR2 and

EDRS3 where relevant.

4.2.1 Observations

B16 obtained multi-epoch spectroscopy in 2013 and 2014 for all photometric F5V-K5V
members (N~125 each) in the core half-degree of the open clusters NGC 2516 and NGC
2422. They obtained ~12 epochs (~2 hr exposures) in NGC 2516 and ~10 epochs (~2.5
hr exposures) in NGC 2422, providing a temporal baseline of ~1.1 years. B16 used Michi-
gan/Magellan Fiber System (M2FS, Mateo et al., 2012), a multiplexed high-resolution
optical fiber-fed spectrograph — deployed at the Magellan/Clay 6.5 meter telescope at Las
Campanas Observatory — in its cross-dispersed echelle mode for order 49 (7160-7290 A)
to obtain a total of ~2700 spectra. B16 selected order 49 for its combination of stellar

and telluric absorption lines to provide a simultaneous RV and wavelength reference.
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Observations had a median resolution R ~ 50,000 and a mean per-pixel signal-to-noise
ratio (S/N) of 55. This configuration has a limiting RV precision of 25 m/s, with a
median per-epoch precision of 80 m/s.

Here we incorporate an additional epoch for 36 stars in NGC 2516 obtained from
a 3 hr exposure taken in February 2016 with a median S/N of ~107, extending 33 of
our targets to a baseline of ~3.25 years. This epoch benefits from a newer M2FS filter
tailored to the measured optical blaze, significantly improving throughput albeit with a
slightly different wavelength coverage of 7180-7360 A. We reduce these spectra following
B16.

B16 targeted NGC 2516, a 120-150 Myr cluster (Meynet et al., 1993; Kharchenko
et al., 2005; Sung et al., 2002; Fritzewski et al., 2020) at 415 pc (Gaia Collaboration
et al., 2018) and NGC 2422, a 74 - 130 Myr cluster (Loktin et al., 2001; Kharchenko
et al., 2005) at 487 pc (Gaia Collaboration et al., 2018) for a balance of astrophysical and
instrumental reasons described therein. Gaia Collaboration et al. (2018) used Gaia DR2
photometry to derive cluster ages by fitting color-magnitude diagrams (CMDs). While
this gave an age consistent with prior works for NGC 2422 (130 Myr), it gave NGC 2516
an age of 300 Myr, far above the age range found previously. The new Gaia analysis
confirms that several luminous, mid B-type stars are indeed members of NGC 2516.
Recent work by Fritzewski et al. (2020) indicates that NGC 2516 is comparable to the
Pleiades in terms of rotation period distribution and age; we therefore take 150 Myr as

an appropriate upper age limit for this cluster.

73



4.2.2 Data Reduction and Cluster Properties

B18 fit model stellar spectra to the data in order to simultaneously extract each target’s
Test, [Fe/H]|, [a/Fe], v, sini (stellar rotational velocity), and line of sight RV. They used
the relation of Torres et al. (2010) to compute stellar masses, which we adopt herein,
albeit updated with new SB2 spectral fits.

To obtain RVs for double-lined systems, we employed the reduction package from B16
in binary mode where the model is constructed using a pair of stellar spectra. In this
mode, the model gains a second set of stellar parameters and a flux fraction parameter
that sets the normalized flux ratio between the component stellar spectra. We first
performed an initial round of fits where we held one T, fixed to that in B18, the other
with that as a starting guess. We used the [Fe/H] and [«/Fe] values from B18 for both
components throughout. The veiling and v, sini parameters were fixed to unity and
zero for both stars. This first round was carefully supervised to determine initial RV
guesses within ~ 20 km/s (~10 pixels) for all components. The spectra were then refit
for stellar parameters, allowing 7. ;s (and the coupled log(g)), v, sini, and flux fraction
to float while still holding veiling fixed (these parameters are presented in Table 4.2).
We ensured component spectra remained associated with the same spectral source by
checking stellar parameters (e.g. whether stellar temperatures flipped) and by refitting
each spectrum with the adopted stellar properties intentionally flipped to check for an
improved chi-square. We also separately validated this by fitting Keplerian orbits (Section

4.2.4) to the absolute value of the RV difference, |[RV; — RVy|. This approach obtained
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the correct orbital parameters even if the several spectra were assigned to the wrong
source; we could then straightforwardly check the source identification. We adopted
stellar parameters and flux fraction as described in B16 but excluding fits with RVs
closer than 1.5 resolution elements. We then performed a final round of fits to determine
RVs with the adopted stellar parameters and flux fraction constant, but allowing veiling
to float for each component.

We got successful two component fits for targets 146-012622, 147-012265, 147-012499,
377-035049, 378-036176, and 378-036252, all of which were identified as SB2s in B18, as
well as 379-035982 and 147-012164, two SB2s that were missed in B18. We were not able
to get reliable orbits for these last two SB2s, as they appear to be higher order systems
whose details we will discuss in Section 4.3. Stellar and fit properties of these stars are
reported in Table 4.2.

Two stars reported as SB2 in B18, 147-012424 and 379-035886, proved impossible to
fit for a second stellar component. Both were identified as non-members by Gaia (see
next section) and on further review of their spectra we now believe these to be off main-
sequence, possibly chemically peculiar stars with a significant number of unfit lines. We
treated them as SB1s in our analysis, and ultimately excluded 379-035886 for poor data

quality.

75



Table 4.1. Cluster Properties

System NGC 2516 NGC 2422
Age (Myr) 120-150 74-130
Distance (pc) 415 487
NMem 2518 907
Reore (PC) 0.970%3 1.58 +0.75
Cluster RV (km/s)  24.5 £0.12 35.97 £ 0.09
ory (m/s) 734+ 104 750 £ 65
Stellar Jitter (m/s) 74 +£9 138 £+ 2
[Fe/H] (dex) 20.08 £ 0.01 -0.05 =+ 0.02
[a/Fe] (dex) 0.03 £ 0.01 0.02 + 0.01
Binary Fraction (%) 1007, 62 + 16

Note. — Age as described §4.2.1, distance and
membership per Gaia Collaboration et al. (2018).
Core radii derived from King profile modelling for
0.87 - 1.48 M, stars for NGC 2516 (Jeffries et al.,
2001) and 0.7 - 1.0 M, stars for NGC 2422 (Prisin-
zano et al., 2003). Everything else per B18. ogy is
the cluster velocity dispersion.

Table 4.2. Stellar Properties for SB2 Targets

Target ID Tepp 1 Tepy 2 log(g) 1 log(g) 2 [Fe/H)] [a/Fe] vprsini 1 vpsing 2 Flux 1
(K) (K) (dex) (dex) (km/s) (km/s) (%)
146-012622 5602 +22 5473 4+ 21 4.54 4.55 -0.57 0.10 7.54+0.2 6.5+ 0.1 53+1
147-012265 6273 £29 5538 £ 88 4.43 4.54 -0.25 0.04 1644+0.1 13.8+06 80+1
147-012499 52424+ 16 4904 + 29 4.58 4.62 -0.36 0.06 4.94+0.2 10.14+£0.2 6140
377-035049 4881 £ 30 4756 + 23 4.61 4.63 -0.24 0.06 2.74+0.5 2.84+0.6 54+1
378-036176 6151 +£46 5982 4+ 19 4.46 4.48 -0.44 0.06 6.6 £0.1 5.6 £0.1 57+1
378-036252 6281 £24 4879+ 78 4.43 4.63 -0.14 0.02 9.1+0.1 6.0+ 0.5 89+0
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4.2.3 Gaia EDR3 Membership

Figures 4.1 and 4.2 show all Gaia stars and M2FS targets in 1°5 x 1°5 fields centered on
NGC 2516 and NGC 2422, respectively. We use red to indicate Gaia astrometric members
as determined using EDR3 (for M2FS targets studied in this paper) or DR2 (all else,
Gaia Collaboration et al., 2018), with larger symbols indicating M2FS targets and crosses
indicating those that are RV-variable. The solid black line marks the half-degree M2FS
field of view (FOV).

While B18 used the mean stellar RV to determine membership, we are now able to
rely exclusively on the precise astrometry of Gaia EDR3. A target was considered a
cluster member if its parallax and proper motions from Gaia EDR3 (Gaia Collaboration
et al., 2020) were within 50 and 2 mas/yr respectively of the cluster parallaxes and proper
motions from Gaia Collaboration et al. (2018). All of the astrometric member singles
have mean stellar RVs within 5 km/s of the cluster RV. The updates to membership
in light of Gata DR3 precision astrometry do not change the binary fraction within the

margins of error reported by B18.

4.2.4 Orbital Fitting

We fit Keplerian orbits to our radial velocity measurements using a custom adaptation
of orvaral!, a package for fitting stellar and exoplanet orbits using Markov Chain Monte

Carlo (MCMC) through the package ptemcee (Foreman-Mackey et al., 2013; Vousden

https://github.com/t-brandt/orbit3d
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Figure 4.1 The NGC 2516 Field. The solid black circle marks the half-degree M2FS field
of view. Red and grey points indicate membership and non-membership, respectively,
based on EDR3 astrometry (for M2FS targets studied in this paper) or DR2 (all else,
Gaia Collaboration et al., 2018). Larger symbols indicate M2FS targets and crosses
indicate those that are RV-variable.
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Figure 4.2 The NGC 2422 Field. The solid black circle marks the half-degree M2FS field
of view. Red and grey points indicate membership and non-membership, respectively,
based on EDR3 astrometry (for M2FS targets studied in this paper) or DR2 (all else,
Gaia Collaboration et al., 2018). Larger symbols indicate M2FS targets and crosses
indicate those that are RV-variable.
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et al., 2016). We ran our fits using 20 temperatures and 200 walkers with 1 million steps
each; we fit for the orbital period P, eccentricity e, mean anomaly at a reference epoch
Aref, argument of periastron w, RV semi-amplitude K, and barycenter radial velocity RV.
Our adaptation of orvara differs from the published version in its ability to analytically
marginalize over K and w, depending on the choice of prior for K. The fits that we
present here adopt a uniform prior on all parameters. With this choice, K and RV, enter
the likelihood linearly (Wright & Howard, 2009) and may be analytically marginalized
out. The resulting chain stores the maximum likelihood values of K and RV at the fixed
values of the other parameters.

We fit the SB2 targets with a double-component fit with an additional parameter for
the ratio of the radial velocity semi-amplitudes of the primary and secondary components,

equivalent to their mass ratio:

RV, Ky M,
Kraioz_ = 0 = T . 4.1
* RV, K, M, (4.1)

We calculated a per-star multiplicative factor, o,, which would inflate the B18 RV
errors o; sufficiently to yield a reduced 2 of 1, equivalent to a x? of the number of degrees
of freedom (DOF). The inflation factor o, is simply the square root of the computed
reduced y?, and is reported in Tables 4.3 and 4.4 in Section 4.3. This ad-hoc factor
accounts for sources of RV uncertainty not previously addressed. For example, a poor
estimate of the photon-weighted exposure midpoint could introduce uncertainty due to

stellar acceleration throughout the exposure. We fold all of these effects into o, apply it
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to o;, and rerun our chains a second time in order to derive the parameters and confidence

intervals we report.

4.2.5 Secondary Mass Distributions

We obtain a secondary mass distribution for SB2s directly from the mass ratio parameter
distribution. We obtain a secondary mass distribution for the remaining systems by
computing a random mass for each step in the MCMC chain. First, we obtain a random
inclination from a geometric prior by drawing cos(i) uniformly between 0 and 1. We then

use the equation for radial velocity semi-amplitude

[ 2nG 5 M, sin(7)
K—( P) ST (4.2)

to obtain a secondary mass, solving directly for the case of one real root. Values for M,
were already found in B16, as described in Section 4.2. Figures 4.6-4.8 show secondary

mass distributions for systems which returned a usable fit (see Section 4.3).

4.3 Results

Due to varying spectral quality and survey limitations, data sets for some RV variable
stars lead to higher quality fits than for others. Our RV data are sparse, consisting
of groups of 2-3 data points taken over a few days, with month or year-long gaps in

between. For a minority of our targets this leads to aliasing and multimodal results,

81



which we discuss on a case-by-case basis in Sections 4.3.2-4.3.4.

Twenty-five systems did not return satisfactory orbital solutions. Some returned
orbits with one-day periods equivalent to the window function, or orbits which placed
the companion inside the primary at closest approach. Eighteen of these systems had low-
signal-to-noise (0ops/Tmeas < 5) RV data sets; we did not consider their data quality high
enough for further exploration. Five more systems had signal-to-noise ratios above this
threshold, but we could not get reliable fits from the data at hand; we need either more
epochs or a longer observational baseline. Some of these may simply be very active young
stars. The final two systems, 147-012164 and 379-035982, stand out as systems worth
further exploration because their component RVs suggest the presence of an additional
companion. We discuss the status of these potentially higher-order systems in Section
4.3.

Tables 4.3 and 4.4 report the median values and 68% confidence intervals of the
parameters for the remaining 37 systems with usable fits. These tables report target
ID, Member/ Non-Member, line-of-sight stellar rotational velocity (v,sini), and the
binary properties as obtained in 4.2.4. We also report the system’s primary mass (M;)
and median mass ratio (¢ = M;/M,, see §4.2.5). SB2s have a superscript ‘D’ next to
their target ID and multimodal targets have an asterisk next to their periods. The final
column, o,, gives the multiplicative constant applied to RV measurement errors to get
a reduced x? of ~ 1. Out of these 37 systems, 11 had orbital solutions consistent with

periods exceeding their observational baselines: their period posteriors lacked an upper
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bound. We only report the 90% lower limits of the period and mass ratio distributions
for these systems, as all their other orbital parameters (with the exception of the RVy)

are poorly constrained.

4.3.1 Orbital Plots

146-012601
Periodograms: TESS (upper), M2FS (lower) Tess LC
7 - i
i
5 R 1 3
20 4 z S 2 T # M
~ H
2 28 - :
£ 104 = 53 i
2 2 =
w0 S 8w
IS i g°
> 21 S
& -10- . “
. “3’ S
£
20 Z 2
¢4
=301, : : : = pa T y y
0 100 200 300 400 © e 1400 1600 1800 2000
Period (days) =
2 20 1 )
= —
< P: 1.87 days
':_; 0 e: 0.01 E g -
(\Il K: 30.34 km/s i) -
hel
> 5]
N .
% 50 53 -
é "
S
Z 3

O-E (km/s)
(=]
(=]
—————
0.6

0.5

-0.5 0.0 0.5 1.0 1.5 0.0 0.2 0.4 0.6 0.8 1.0
Phase Phase

Figure 4.3 146-012601 (V=13.9) is a member of NGC 2516. The primary has a Teyy
of 5116 + 19 K and a v, sin(i) of 16.1 + 0.2 km/s. This system has a period of 1.87 +
0.00 days (e=0.01"005) and a semi-amplitude of 30.371)33 km/s. The systemic RV is
25.1075:08 km/s, —6.06 4 6.20 km/s from the RV reported in B18. The primary mass is
0.82M, and the system’s mass ratio is 0.2570 3. The phase-folded TESS lightcurve is
suggestive of tidal ellipsoidal distortion.

Plots of the 37 systems for which we obtained a usable fit may be found in Appendix
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147-012265

Periodograms: TESS (upper), M2FS (lower) Tess LC
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Figure 4.4 147-012265 (V=12.1) is a member of NGC 2516. The stars have a T.ss of
6482 +29 K and 5419429 K and v, sin(7) of 16.4+0.1 and 13.8£0.1 km/s. This double-
lined system has a period of 13.48 £+ 0.00 days (e=0.61 £ 0.00) and a semi-amplitude

of 61.187327 km/s. The systemic RV is 23.42 4 0.04 km/s, —14.25 4 11.53 km/s from

the RV reported in B18. The primary mass is 1.12M, and the system’s mass ratio is
0.73 + 0.00. This is the shortest-period eccentric binary in our sample.

A. Three examples, Figures 4.3-4.5, are included here as they highlight target peculiarities
that will be discussed in the following sections. The left column displays the RV time
series (top) and the phase-folded RV with the maximum-likelihood fit (bottom). The
very bottom plot displays the RV residuals from the fit. The black error bars are the
original RV errors from B18. The red error margins show the extra error inflation from

the per-star multiplicative factor, o,.
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378-036252
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Figure 4.5 378-036252 (V=12.5) is a member of NGC 2422. The stars have a T.ss of
6495 £+ 24 K and 4755 4+ 24 K and v, sin(i) of 9.1 £0.1 and 6.0 0.1 km/s. This double-
lined system has a period of 7.29 4+ 0.00 days (e=0.01 + 0.00) and a semi-amplitude of
54.39 £ 0.11 km/s. The systemic RV is 34.51 4+ 0.02 km/s, —13.42 £ 11.97 km/s from
the RV reported in B18. The primary mass is 1.15M, and the system’s mass ratio
is 0.64 £ 0.00. Primary and secondary eclipses are evident in the phase-folded TESS
lightcurve.

We used eleanor (Feinstein et al., 2019) to download the Transiting Exoplanet Survey
Satellite (TESS, Ricker et al., 2015) light curves for all available targets. We used these
light curves to check for photometric periods of our binary systems and to examine
individual systems more closely, particularly those that might demonstrate eclipses or

tidal ellipsoidal distortion. The right column displays these TESS lightcurves, with the
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bottom plot showing the lightcurve phase-folded over the period.

We compute a Lomb-Scargle periodogram for each of the targets, using a maximum
period of twice our observational baseline and a minimum period of half a day. We
caution that periodogram peaks at or below ~1.1 day are likely due to aliasing from our
observational cadence. The center column shows Lomb-Scargle periodograms of TESS
(top) and M2FS data (bottom). The dotted and dashed lines denote 95% and 99%
significance, respectively and the arrow points to the maximum-likelihood period. The
faint blue lines represent their respective window functions. The bottom center plot
shows a random selection of orbits from the MCMC chains with the maximum-likelihood
orbit in red.

The following three subsections discuss targets of note, including those with mul-
timodal posteriors. Corner plots for all targets with reliable orbits can be found in

Appendix A.

4.3.2 NGC 2516

e 146-012455 (Fig. A15) has a bimodal posterior distribution, with two orbital

modes of different eccentricities but each with a ~110 day period.

e 146-012601 (Fig. A24) has a phase-folded TESS lightcurve which shows that the

primary star may exhibit tidal ellipsoidal distortion.

e 147-012164 is an SB2 for which we could not get a reliable binary fit; its stellar

parameters are not stable. This is because it is a higher-order system: we see
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clear evidence for a third star in its spectra. The data could support a full orbital

characterization with substantial extra work.

e 147-012175 (Fig. A25), 147-012270 (Fig. A30), and 148-012906 (Fig. A13)
have broad, multimodal posterior distributions. Their best-fit orbits are accom-
panied by many long-period, high-eccentricity orbits. We recommend examining

their corner plots in Appendix A to fully appreciate their posterior distributions.

e 147-012308 (Fig. Al4) has a bimodal posterior distribution. The posterior has
peaks at periods of ~55 days and ~210 days. The longer period orbits are more

eccentric.

4.3.3 NGC 2422

e 378-036252 (Fig. A3) has a phase-folded TESS lightcurve which clearly shows
the primary and secondary eclipses caused by the two stars in the system orbiting

about one another.

e 378-036328 (Fig. A16) has a bimodal posterior distribution. The posterior has
peaks at periods of ~43 days and ~28 days. The longer period orbits are more

eccentric.

e 378-036814 (Fig. A32) has a broad, multimodal posterior distribution, spanning

many possible orbits. We recommend examining its corner plot in Appendix A.
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Figure 4.6 Secondary mass distributions for NGC 2516 members.
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e 379-035982 is an SB2 for which we could not get a reliable binary fit. While there

is no visual evidence for a third star in its spectra, this system’s stellar properties

and component RVs do not make sense without an additional companion. Further
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Figure 4.7 Secondary mass distributions for NGC 2422 members.

observations are needed in order to fully characterize this system.

4.3.4 Non-Members

e 146-012557 (Fig. A7) has a bimodal posterior distribution. The posterior has

peaks at periods of ~600 days and ~150 days. The longer period orbits are more

eccentric.

e 379-036194 (Fig. AS8) has a trimodal posterior distribution. The posterior has

peaks at periods of ~130 days, ~65, and ~250 days. The longer period orbits are
more eccentric.

e 379-036197 (Fig. A9) has a broad, multimodal posterior distribution, spanning

many possible orbits. We recommend examining its corner plot in Appendix A.
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Figure 4.8 Secondary mass distributions for cluster non-members.

4.4 Discussion

Our Keplerian orbital fits provide a dynamical picture of binarity in NGC 2516 and

NGC 2422. Figure 4.10 shows the astrophysically significant parameters: period, mass
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Figure 4.9 The period and eccentricity posteriors for NGC 2516 cluster member 147-
012265 fit without (left) and with (right) a barycentric prior. The fits with the barycentric
prior are well-constrained and unimodal.

ratio, and eccentricity. Our systems span periods of two days to several years. All
of the <10 day systems are nearly circular, while the wider binaries show a range of
eccentricities. In this section we discuss the significance of these results for binary star

formation and evolution.

4.4.1 Orbital Parameter Distributions: Cluster vs Field

We find that our mass ratio distributions of binaries in the clusters as well as the field
(see Figure 4.10) are relatively flat, consistent with previous works (e.g. Raghavan et al.,
2010; Duchéne & Kraus, 2013). Recently, other works have noted an excess of equal-mass
(q 2 0.95) twins at close separations (e.g. Pinsonneault & Stanek, 2006; Simon & Obbie,
2009; Kounkel et al., 2019) on top of a uniform distribution for systems with q < 0.95.
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While we do not have a large enough sample among either cluster or field binaries to
probe for a twin excess, we do note the equal-mass binaries we found in the hopes that
this data might be incorporated into a future study of twin binaries. Two of our NGC
2516 SB2s, 146-012622 and 147-012499, have mass ratios of 0.97 and 0.93 respectively.
Two field SB2s 377-035049 and 378-036176, are close-in binaries with mass ratios of 0.99
and 0.94 respectively.

We note an excess of short-period (P<100 days) binaries along the cluster members.
Moreover, a statistically significant excess of the systems with periods greatly exceeding
their observational baselines (some of which have periods over 1000 days) are cluster non-
members. The physical explanation for this effect is likely that these stars, which have
a magnitude consistent with an FGK star at ~ 450 pc despite being distant background

stars, are giants which cannot physically support short-period companions.

4.4.2 Gara EDR3 and RV Binary Characterization

We use the high-precision parallaxes and proper motions from Gaia EDR3 to definitively
establish cluster membership. This enables us to impose a prior on the radial velocity of
a system’s barycenter when fitting the orbit of an astrometric member. As a result, we
obtain excellent fits for nearly all cluster members, collapsing the multimodality present
in the posteriors of several targets into well-constrained and unimodal posteriors. Figure
4.9 shows an example of this effect for NGC 2516 member 147-012265. The application

of a prior effected reliable, unimodal fits for some of our notable systems, examples
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being 146-012601, a tight circular binary (P~ 2 days), and 146-012622, an equal-mass
SB2. 147-012265, an eccentric SB2, had over five visible orbital modes originally, but
the application of the prior identified the dominant mode. As we discuss in the following
section, 147-012265 is the shortest-period eccentric binary in our sample.

Future spectroscopic binary surveys over clusters will benefit from the use of Gaia
EDRS3 precision astrometry to not only exclusively target cluster members (losing less
observational time to background stars mistaken as photometric members), but also to
impose barycentric priors using Gaia cluster RVs and velocity dispersions in the fitting
process. This will result in well-constrained orbital solutions for each cluster member,
generating cluster-wide distributions of periods, eccentricities, and mass ratios. Charac-
terizing the binaries within open clusters will give insight into the dynamical evolution
of the cluster and enable the mapping of orbital properties across different populations

of binaries.

4.4.3 Tidal Circularization

Binary stars exert tidal forces on each other, causing them to circularize over time,
i.e. approach a state where stellar rotation is synchronous with binary orbital motion
and the stellar rotation axis is aligned with the normal to the orbital plane of motion
(Mazeh, 2008). Eccentricity damps due to the mismatch between the orbital frequency,
which varies with orbital phase if € > 0, and the rotational frequency of either star.

Orbital characterization of binary star systems in open clusters enables us to de-
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termine the transition period separating circular from eccentric binaries. For example,
Mathieu et al. (2004) determined the tidal circularization cutoff period for NGC 188 (~
6 Gyr) to be around 15 days using spectroscopic binaries. Meibom & Mathieu (2005)’s
sample of transition periods for 8 coeval systems shows a tendency for longer transition
periods in older clusters. Geller et al. (2021) recently found a tidal circularization cutoff
period of 117} days for open cluster M67 (~4 Gyr), in agreement with the value of
12.171? days found by Meibom & Mathieu (2005). All the clusters in the sample in the
age range of NGC 2516 and NGC 2422 have cutoff periods within the 5-15 day window.

We find two binaries within this period window: 147-012265, a SB2 in NGC 2516
(e~0.61, P~13.48 days), and 378-036252, a circular binary in NGC 2422 (P~7.29 days).
Both of these systems are consistent with previous work. Meibom & Mathieu (2005) find
a tidal circularization cutoff period for M35, a cluster around the same age as NGC 2516
and NGC 2422, of 10.2 days. Notably, all stars in their M35 sample with periods under
20 days are less eccentric than 147-012265. The discovery of other systems in NGC 2516
and NGC 2422 within this period window, particularly short-period eccentric binaries,
would help constrain the transition period for these clusters. 147-012265 and 378-036252,

however, could contribute to a meta-analysis looking at binaries within this crucial period

window along with other systems from clusters of similar ages.
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4.4.4 Substellar Companions

The dearth of stars with a companion mass in the brown dwarf range (5-80 My,p) is
known as the ‘brown dwarf desert’ (Marcy & Butler, 2000). Less than 1% of Sun-like
stars have brown dwarf companions according to Grether & Lineweaver (2006).
Consistent with the brown dwarf desert, almost all of our well-constrained binaries
have stellar companions. Only one field star, 379-036194, has a secondary with a median
derived mass of 0.036 solar masses, which is below the hydrogen-burning limit. Recent
work by Fontanive et al. (2019) found that a significant fraction of brown dwarf desert
inhabitants are themselves members of higher-order systems. This provides additional
motivation for the full characterization of the higher-order systems we introduced in
Section 4.3, 147-012164 and 379-035982, to determine if either of these might have a

substellar companion.

4.5 Conclusion

In this paper we derive the Keplerian orbital parameters of 37 binary stars in the young
open clusters NGC 2516 and NGC 2422. The systems span periods of two days to
several years, mass ratios from ~0.1 to unity, and eccentricities up to ~0.9. One of
these systems, 147-012265, has an unusually high eccentricity of 0.62 given its 13.48
day orbital period. Another, 378-036252, is an eclipsing binary; TESS will enable a
more complete characterization. One non-member system, 379-036194, has a companion

with a secondary mass in the brown dwarf range. We are not able to reliably fit two
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Figure 4.10 Scatter plots of the physically meaningful binary parameters for members of
NGC 2516 and NGC 2422 (top and middle rows) and non-members (bottom row). The
markers are colored according to the temperature of the primary star. The panels from
left to right display in turn the system’s primary mass, median mass ratio (My/M;), and
median eccentricity plotted against the median period, with 10 errors. We represent
the 11 systems with weakly constrained orbital solutions with an arrow placed at the
90% quantile lower limit in the mass-period and mass ratio-period plots only.
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systems, 147-012164 and 379-035982, as binaries. Their RVs indicate they are higher-
order systems and require either substantial more work or spectroscopic observations for
complete characterization.

We use precise stellar parallaxes and proper motions from Gaia EDR3 to definitively
determine target membership status. Thanks to the Gaia EDR3 astrometric membership,
we impose an extra barycentric prior on all cluster members in the fitting process. This
transformed the multimodal posteriors seen in several systems before the application of
the prior into well-constrained and unimodal solutions. We urge future cluster surveys
to incorporate Gaia EDR3 astrometry to set an informative prior on the barycenter RV
of cluster members.

We find that the mass ratio distribution for binaries across the clusters and the field
is relatively flat, consistent with previous works. We identify four nearly equal-mass
binaries (two in NGC 2516 and two in the field). We also find an overabundance of long-
period systems in the field relative to the clusters. This is likely a selection effect: many
of these field stars are background giants which are physically unable to have short-period
companions.

Finally, we find two systems with periods between 5-15 days, which is the critical
window from Meibom & Mathieu (2005) in which the tidal circularization cutoff period
separating circular from eccentric binaries was found for clusters of a similar age to our
own. One of them, 378-036252, is a circular binary in NGC 2422 with a period around

7 days. The other, the ~13.5-day NGC 2516 SB2 147-012265, is more eccentric than all
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similar-period systems found by Meibom & Mathieu (2005) in M35 (a cluster of a similar
age to NGC 2516). These binaries should be included in future analyses of circularization
across similarly-aged clusters.

In conclusion, we present orbital parameters for 37 stars in open clusters NGC 2516
and NGC 2422. Our results describe the types of binaries within these clusters, and have
the potential to provide insight into the evolution of these clusters. They will also help

constrain stellar multiplicity and binary properties across different stellar populations.
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Appendix A

Orbital Plots and Corner Plots

We present the orbital plots for the 37 systems for which we obtained a usable fit. The left
column displays the RV time series (top) and the phase-folded RV with the maximum-
likelihood fit (bottom). The very bottom plot displays the RV residuals from the fit. The
black error bars are the original RV errors from B18. The red error margins show the
extra error inflation from the per-star multiplicative factor, o,,.

The center column displays TESS Lomb-Scargle periodogram (top) and M2FS LS
periodograms (bottom). The dotted and dashed lines denote 95% and 99% significance,
respectively. Each peridogram has an arrow hovering over the maximum likelihood pe-
riod. The faint blue lines represent the window functions of the TESS and M2FS obser-
vations. The bottom plot in the center column shows a selection of orbits explored in
the MCMC fitting process, with the maximum likelihood orbit in red. The right column

displays the TESS lightcurves made using eleanor, with the bottom plot showing the
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Figure A1 147-012499 (V=13.5) is a member of NGC 2516. The stars have a T.;s of
5119416 K and 4780 £ 16 K and v, sin(z) of 4.9+£0.2 and 10.1+0.2 km/s. This double-
lined system has a period of 66.31 £ 0.05 days (e=0.42 £+ 0.01) and a semi-amplitude of
30.77102% km/s. The systemic RV is 24.96 + 0.08 km/s, 6.61 £ 4.09 km/s from the RV
reported in B18. The primary mass is 0.81M and the system’s mass ratio is 0.94 +0.01.
The TESS lightcurves show a periodic modulation of the primary star’s flux.

Phase

lightcurve phase-folded over the period.

The text descriptions under the plots summarize the results of the fit, quoting each
parameter’s median value from the MCMC fit with errors representing +1o values, as-
suming normalcy. The text descriptions also include updated membership status and
some important notes about each target originally reported in B18, such as primary star

temperature and rotational velocity.
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Figure A2 377-035049 (V=15.9) is a non-member in the field of NGC 2422, in contrast
to B18. The stars have a T, ¢s of 4881430 K and 4756 £30 K and v, sin(z) of 2.7£0.5 and
2.84+0.5 km/s. This double-lined system has a period of 18.92+0.00 days (e=0.06+£0.01)
and a semi-amplitude of 46.06 &+ 0.38 km/s. The systemic RV is 21.04 + 0.13 km/s,
—16.30 + 7.39 km/s from the RV reported in B18. The primary mass is 0.77Mg, and the
system’s mass ratio is 0.99 4 0.01.
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Figure A3 378-036252 (V=12.5) is a member of NGC 2422. The stars have a T.; of
6495 £+ 24 K and 4755 4+ 24 K and v, sin(i) of 9.1 £0.1 and 6.0 0.1 km/s. This double-
lined system has a period of 7.29 + 0.00 days (e=0.01 4+ 0.00) and a semi-amplitude of
54.39 + 0.11 km/s. The systemic RV is 34.51 £+ 0.02 km/s, —13.42 £+ 11.97 km/s from
the RV reported in B18. The primary mass is 1.15M; and the system’s mass ratio
is 0.64 £ 0.00. Primary and secondary eclipses are evident in the phase-folded TESS
lightcurve.
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Figure A4 378-036176 (V=12.5) is a non-member in the field of NGC 2422. The stars
have a T,¢ of 6151 +46 K and 5982 £+ 46 K and v, sin(i) of 6.6 +0.1 and 5.6 £0.1 km/s.
This double-lined system has a period of 8.64 £ 0.00 days (e=0.00 & 0.00) and a semi-
amplitude of 46.40£0.06 km/s. The systemic RV is 41.92+0.00 km/s, 37.58 £4.97 km//s
from the RV reported in B18. The primary mass is 1.03M, and the system’s mass ratio
is 0.94 + 0.00.
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Figure A5 147-012265 (V=12.1) is a member of NGC 2516. The stars have a T.; of
6482429 K and 5419+ 29 K and v, sin(7) of 16.4+0.1 and 13.8 £0.1 km/s. This double-
lined system has a period of 13.48 £+ 0.00 days (e=0.61 + 0.00) and a semi-amplitude
of 61.1875:37 km/s. The systemic RV is 23.42 4+ 0.04 km/s, —14.25 4 11.53 km/s from
the RV reported in B18. The primary mass is 1.12M, and the system’s mass ratio is
0.73 £ 0.00.
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Figure A6 146-012622 (V=12.4) is a member of NGC 2516, in contrast to B18. The stars
have a T, of 5485+ 22 K and 5352 £ 22 K and v, sin(i) of 7.5+ 0.2 and 6.5 +0.2 km/s.
This double-lined system has a period of 32.12 + 0.00 days (e=0.19 + 0.00) and a semi-
amplitude of 42.54+0.08 km/s. The systemic RV is 24.074+0.00 km/s, 26.03+4.02 km/s
from the RV reported in B18. The primary mass is 0.83M, and the system’s mass ratio
is 0.97 = 0.00.
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Figure A7 146-012557 (V=13.0) is a non-member in the field of NGC 2516. The primary
has a T.ss of 5731 £ 34 K and a v, sin(7) of 4.9 £ 0.2 km/s. This system has a period of
601.3273297 days (e=0.73%55}) and a semi-amplitude of 10.3540.05 km/s. The systemic
RV is —26.87752% km/s, 2.907239 km /s from the RV reported in B18. The primary mass
is 0.89M, and the system’s mass ratio is 0.4070 2. This system is notable for its highly

elliptical orbit (~ 0.73) and well-constrained long-period without additional priors.
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Figure A8 379-036194 (V=15.8) is a non-member in the field of NGC 2422. The primary
has a T, sy of 5425 + 29 K and a v, sin(i) of 4.1 £ 0.2 km/s. This system has a period of
133.397 24798 days (e=0.747519) and a semi-amplitude of 1.854-0.10 km/s. The systemic
RV is 105.73%032 km/s, —0.82%52) km/s from the RV reported in B18. The primary
mass is 0.90M,, and the system’s mass ratio is 0.047007. It is notable that the secondary

has a mgsin(z) of 0.03 - 0.05 solar masses, indicating a possible brown dwarf.
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Figure A9 379-036197 (V=12.3) is a non-member in the field of NGC 2422. The primary
has a T,;; of 6299735 K and a v, sin(i) of 6.6 &= 0.2 km/s. This system has a period of
325.957%3% days (e=0.72701) and a semi-amplitude of 67.497}5%5% km/s. The systemic
RV is 26.8675783 km /s, 15.4837-91 km /s from the RV reported in B18. The primary mass

is 1.17My, and the system’s mass ratio is 0.67"033.
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Figure A10 147-012424 (V=13.7) is a non-member in the field of NGC 2516, in contrast
to B18. The primary has a T, of 6175733 K and a v, sin(i) of 6.44-0.2 km/s. This system
has a period of 23.1540.00 days (e=0.46+0.01) and a semi-amplitude of 46.1770% km//s.
The systemic RV is 17.79 4+ 0.27 km/s, 2.34 + 7.01 km/s from the RV reported in B18.
The primary mass is 1.07M and the system’s mass ratio is 0.837007. B18 reported this
system as an SB2 but we were unable obtain a second spectral fit and here consider it
an SB1. This system is notable for its approximately equal-mass ratio (~0.79 - 0.92).
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Figure A11 378-036136 (V=14.9) is a non-member in the field of NGC 2422, in contrast
to B18. The primary has a T.;; of 5469 £+ 41 K and a v, sin(i) of 9.0 £ 0.2 km/s.
We determine a 90% lower limit of 591.51 days for this system. The systemic RV is
35.4711 5 km/s, —0.167152 km/s from the RV reported in B18. The primary mass is
0.92M;, and the system’s mass ratio is > 0.20.
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Figure A12 378-036137 (V=13.3) is a non-member in the field of NGC 2422. The primary
has a 7.7y of 5503+£24 K and a v, sin(¢) of 3.0£0.2 km/s. We determine a 90% lower limit
of 663.45 days for this system. The systemic RV is 119.96732; km/s, —0.03%532 km/s
from the RV reported in B18. The primary mass is 0.80M, and the system’s mass ratio
is > 0.07.
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Figure A13 148-012906 (V=12.6) is a member of NGC 2516. The primary has a
T.;s of 5516725 K and a wv,sin(i) of 15.3 £ 1.0 km/s. This system has a period of
747.2015991 days (e=0.22702%) and a semi-amplitude of 8.9273:0% km/s. The systemic
RV is 24.47101 km /s, —2.64717 km/s from the RV reported in B18. The primary mass

is 0.92M, and the system’s mass ratio is 0.5570 3.
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Figure A14 147-012308 (V=12.3) is a member of NGC 2516. The primary has a
T.;p of 6658752 K and a v,sin(i) of 37.8 £ 0.3 km/s. This system has a period of
55.77T 05 days (e=0.667577) and a semi-amplitude of 11.9373%2% km/s. The systemic
RV is 25.08707S km/s, 0.197225 km/s from the RV reported in B18. The primary mass

is 1.24 M, and the system’s mass ratio is 0.2370 5.
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Figure A15 146-012455 (V=13.9) is a member of NGC 2516. The primary has a
T.pp of 530817 K and a v,sin(i) of 7.6 & 0.1 km/s. This system has a period of
109.17198 days (e=0.25T00f) and a semi-amplitude of 15.0510%0 km/s. The systemic
RV is 25.207042 km/s, —0.0773 78 km/s from the RV reported in B18. The primary mass

is 0.89M, and the system’s mass ratio is 0.4970 2.
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Figure A16 378-036328 (V=12.7) is a member of NGC 2422. The primary has a
T.pp of 6222735 K and a v,sin(i) of 7.9 & 0.2 km/s. This system has a period of
43.541992, days (e=0.321002) and a semi-amplitude of 6.987572 km/s. The systemic
RV is 36.087023 km/s, —0.85712% km/s from the RV reported in B18. The primary mass
is 1.10M, and the system’s mass ratio is 0.137093. The TESS lightcurves show a periodic

modulation of the primary star’s flux.
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Figure A17 147-012231 (V=15.0) is a non-member in the field of NGC 2516. The primary
has a T, of 5250735 K and a v, sin(i) of 4.5 £+ 0.4 km/s. We determine a 90% lower
limit of 1243.58 days for this system. The systemic RV is 21.02759] km/s, 0.95755 km /s
from the RV reported in B18. The primary mass is 0.92M, and the system’s mass ratio
is > 0.38.
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Figure A18 147-012290 (V=14.2) is a non-member in the field of NGC 2516. The primary
has a T.¢; of 5160715 K and a v, sin(i) of 3.4+0.2 km/s. We determine a 90% lower limit
of 617.62 days for this system. The systemic RV is 11.527128 km/s, —0.05712% km/s
from the RV reported in B18. The primary mass is 0.88M, and the system’s mass ratio
is > 0.19.
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Figure A19 147-012205 (V=13.3) is a non-member in the field of NGC 2516. The primary
has a Tys; of 563177% K and a v, sin(i) of 4.0 + 0.1 km/s. We determine a 90% lower
limit of 128.70 days for this system. The systemic RV is 21.26753 km/s, 4.7372-3% km/s
from the RV reported in B18. The primary mass is 1.01M, and the system’s mass ratio
is > 0.25.
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Figure A20 147-012433 (V=15.1) is a non-member in the field of NGC 2516, in contrast
to B18. The primary has a T.;; of 5002 £ 23 K and a wv,sin(i) of 4.1 £ 0.3 km/s.
We determine a 90% lower limit of 256.90 days for this system. The systemic RV is
26.511923 km/s, 0.4770¢} km/s from the RV reported in B18. The primary mass is

0.85M and the system’s mass ratio is > 0.06. It is notable that the secondary has a
masin(i) of 0.06 - 0.15 solar masses, indicating a possible brown dwarf.
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Figure A21 147-012432 (V=14.8) is a member of NGC 2516. The primary has a T,y
of 4898 + 19 K and a v, sin(7) of 5.9 £ 0.2 km/s. We determine a 90% lower limit of
576.26 days for this system. The systemic RV is 24.3675%2 km/s, —1.82724% km/s from
the RV reported in B18. The primary mass is 0.79M and the system’s mass ratio is
> 0.50. This system is notable for its near equal-mass ratio (~0.51 - 0.84).
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Figure A22 379-035884 (V=12.5) is a non-member in the field of NGC 2422. The primary
has a T,;; of 6846792 K and a v, sin(i) of 19.0 + 0.3 km/s. We determine a 90% lower
limit of 574.15 days for this system. The systemic RV is 59.097582 km /s, —0.58 25 km /s
from the RV reported in B18. The primary mass is 1.30M, and the system’s mass ratio
is > 0.22.
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Figure A23 146-012500 (V=14.8) is a member of NGC 2516. The primary has a T,y
of 4877 + 30 K and a v, sin(i) of 8.8 0.2 km/s. This system has a period of 3.66 £
0.00 days (e=0.01 £ 0.01) and a semi-amplitude of 24.1575:5 km/s. The systemic RV is
24.311032 km /s, 11.00 + 4.34 km/s from the RV reported in B18. The primary mass is
0.80M and the system’s mass ratio is 0.257573.
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Figure A24 146-012601 (V=13.9) is a member of NGC 2516. The primary has a T,y
of 5116 £ 19 K and a v, sin(z) of 16.1 + 0.2 km/s. This system has a period of 1.87 £
0.00 days (e=0.017095) and a semi-amplitude of 30.377032 km/s. The systemic RV is
25.10700% km /s, —6.06 £ 6.20 km/s from the RV reported in B18. The primary mass is
0.82Mg, and the system’s mass ratio is 0.257033. The phase-folded TESS lightcurve is
suggestive of tidal ellipsoidal distortion.
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Figure A25 147-012175 (V=14.9) is a member of NGC 2516. The primary has a
T.;p of 4752717 K and a wv,sin(i) of 10.8 + 0.2 km/s. This system has a period of
1032.937321 11 days (e=0.427037) and a semi-amplitude of 5.197¢9% km/s. The systemic

RV is 24.3270% km/s, —0.03711% km/s from the RV reported in B18. The primary mass

is 0.78 M, and the system’s mass ratio is 0.357075.
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Figure A26 148-012940 (V=12.0) is a non-member in the field of NGC 2516, in contrast
to B18. The primary has a T, of 606472 K and a v, sin(i) of 6.04-0.1 km/s. This system
has a period of 10.76+0.00 days (e=0.00+0.00) and a semi-amplitude of 15.09+0.05 km/s.
The systemic RV is 32.52 4+ 0.02 km/s, 0.43 + 2.44 km/s from the RV reported in B18.

The primary mass is 1.13M, and the system’s mass ratio is 0.1970 3.
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Figure A27 378-036277 (V=14.4) is a non-member in the field of NGC 2422. The primary
has a T, s; of 5382135 K and a v, sin(i) of 3.44-0.1 km/s. We determine a 90% lower limit
of 537.19 days for this system. The systemic RV is 27.337028) km/s, —0.4970¢2 km/s
from the RV reported in B18. The primary mass is 0.92M, and the system’s mass ratio
is > 0.06. The TESS lightcurves show a periodic modulation of the primary star’s flux.
It is notable that the secondary has a mgsin(i) of 0.06 - 0.21 solar masses, indicating a
possible brown dwarf.
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Figure A28 147-012262 (V=14.8) is a member of NGC 2516. The primary has a T¢ss of
4821419 K and a v, sin(i) of 4.6 £0.3 km/s. This system has a period of 27.651)0% days
(e=0.627035) and a semi-amplitude of 19.667;50" km/s. The systemic RV is 24.49 +
0.71 km/s, 4.76 + 2.86 km/s from the RV reported in B18. The primary mass is 0.76 M,

and the system’s mass ratio is 0.367517.
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Figure A29 146-012358 (V=15.1) is a non-member in the field of NGC 2516. The primary

has a T, sy of 4833 £+ 18 K and a v, sin(¢) of 4.5 £ 0.2 km/s. This system has a period of

14.07 £0.00 days (e=0.01+0.01) and a semi-amplitude of 11.677329 km/s. The systemic

RV is 69.46 £+ 0.09 km /s, —1.88 +2.92 km/s from the RV reported in B18. The primary

mass is 0.81 M, and the system’s mass ratio is 0.181 ;.
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Figure A30 147-012270 (V=14.0) is a member of NGC 2516, in contrast to B18. The
primary has a T.s; of 5117 £ 60 K and a v, sin(i) of 7.5 + 0.6 km/s. This system has
a period of 333.2677,79% days (e=0.43702%) and a semi-amplitude of 11.407335 km/s.
The systemic RV is 24.507072 km/s, 4.35%3%0 km/s from the RV reported in B18. The

primary mass is 0.81 M, and the system’s mass ratio is 0.5770%.

P (day) = 586.1652 17320

j \ Ece. = 0.8650 020
146-012365 & Y
°© 1 [
. 5 dow) Tesic N i
' =1¢ ) ' © I
io ¢ H & &

g N
: NIk &
3 i 5
ST e e 23] K
=111 o
N

!

A
Ll K (kmis) = 161814247

RV (kmvs) = 23593103

Figure A31 146-012365 (V=13.4) is a member of NGC 2516. The primary has a
T.pp of 577477 K and a v,sin(i) of 6.3 & 0.1 km/s. This system has a period of

586.171 5055 days (e=0.871002) and a semi-amplitude of 16.18772 km/s. The systemic

RV is 23.597023 km/s, 1.847135 km/s from the RV reported in B18. The primary mass

is 1.04M, and the system’s mass ratio is 0.4770 1.
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Figure A32 378-036814 (V=14.5) is a member of NGC 2422. The primary has a
T.;p of 5098112 K and a wv,sin(i) of 6.9 & 0.2 km/s. This system has a period of
234.547255% days (e=0.537023) and a semi-amplitude of 3.11%332 km/s. The systemic
RV is 36.107035 km/s, —0.2270%2 km /s from the RV reported in B18. The primary mass

is 0.86M, and the system’s mass ratio is 0.11707.
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Figure A33 379-035545 (V=15.9) is a non-member in the field of NGC 2422. The primary
has a T,z; of 49801} K and a v, sin(i) of 4.34-0.2 km/s. We determine a 90% lower limit
of 208.73 days for this system. The systemic RV is 114.9373 57 km/s, —0.407535 km/s
from the RV reported in B18. The primary mass is 0.81M, and the system’s mass ratio
is > 0.02.
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Figure A34 379-035649 (V=13.7) is a member of NGC 2422. The primary has a T¢s; of
5533133 K and a v, sin(i) of 4.440.1 km/s. This system has a period of 15.40+0.00 days
(e=0.26 £ 0.01) and a semi-amplitude of 11.83 + 0.08 km/s. The systemic RV is 35.92 +
0.04 km/s, —2.74+£2.69 km/s from the RV reported in B18. The primary mass is 0.97M,

and the system’s mass ratio is 0.1770 5.
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Figure A35 147-012487 (V=12.4) is a member of NGC 2516, in contrast to B18. The
primary has a T,;; of 6408752 K and a v,sin(i) of 10.4707 km/s. This system has a
period of 16.32 + 0.00 days (e=0.03 & 0.01) and a semi-amplitude of 18.27153% km/s.
The systemic RV is 23.771033 km/s, 5.14 4 3.57 km/s from the RV reported in B18. The

primary mass is 1.18 M, and the system’s mass ratio is 0.281)-35.
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Figure A36 147-012249 (V=14.0) is a member of NGC 2516. The primary has a T¢yy
of 5250711 K and a v, sin(i) of 6.7 £ 0.1 km/s. This system has a period of 23.28 &
0.00 days (e=0.14 £ 0.01) and a semi-amplitude of 26.07 £ 0.22 km/s. The systemic RV
is 23.90700% km/s, —3.63 £ 4.24 km/s from the RV reported in B18. The primary mass

~0.04
is 0.89M, and the system’s mass ratio is 0.5270 2.
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Figure A37 147-012474 (V=14.4) is a non-member in the field of NGC 2516. The primary
has a T,7¢ of 5111420 K and a v, sin(i) of 3.7+0.1 km/s. We determine a 90% lower limit
of 844.99 days for this system. The systemic RV is —1.611%2, km/s, —0.03%30 km/s
from the RV reported in B18. The primary mass is 0.86M, and the system’s mass ratio
is > 0.41. This system is notable for its approximately equal-mass ratio (0.46 - 0.90).
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