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ABSTRACT

Brown dwarfs are substellar objects with masses between those of planets and stars. While
brown dwarfs are most often found as free- oating single objects, there are valuable,
but rarer instances where a brown dwarf can be found as a companion to a star or
another brown dwarf. This survey of brown dwarf companions used two direct imaging
techniques to discover them in di erent environments. The rst part of the project used
high resolution imaging to search for brown dwarf companions to B and A type stars. An
analysis of one night of Keck observations (2014 June 4) using a custom data reduction
pipeline and pyKLIP allowed us to estimate the separation, magnitude, mass and age of
all candidate companions. Using an analysis of contrast curves, the median sensitivity of
this survey is K =12.6 at <1" and K = 15.1 at 3.6". Using the data in this initial
survey we were able to propose follow up observations to determine if the candidates
found are true companions and establish whether or not they are substellar in nature.
The second part of the project employs wide eld imaging to look for brown dwarf-
brown dwarf binaries. Brown dwarf{brown dwarf pairs are typically di cult to resolve
because they often have very small separations. Using brown dwarfs discovered with data
from the Wide- eld Infrared Survey Explorer (WISE) via the Backyard Worlds: Planet

9 citizen science project, | inspected other higher resolution sky surveys for previously
unidenti ed co-moving cold companions. During this process, the binary system CWISE
J0146-0508AB composed of two substellar objects was discovered. Using follow-up near-
infrared spectroscopy with Keck/NIRES, we determined component spectral types of L4
and L8. At an estimated distance of 40 pc, CWISE J0146-0508AB has a projected
separation of 129 AU, making it the widest separation double brown dwarf pair found
to date. Such a wide separation for this remarkable system may imply formation in a

low-density star-forming region.
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Chapter 1

Introduction

1.1 Background on Brown Dwarfs

1.1.1 What is a Brown Dwarf?

Brown dwarfs are substellar objects that occupy the gap between massive planets and
low mass stars. In the simplest terms, brown dwarfs are objects that did not reach the
requisite mass to begin hydrogen fusion in their core [1] [2]. These objects are very cool,
and without a stable energy source they will decrease in luminosity and temperature over
time [3]. In order for an object to be considered a brown dwarf, the mass must fall
between approximately 13M;,, to 75 My,,. A schematic comparison of stars, brown
dwarfs and planets can be seen in Figure 1.1. The lower limit is set because deuterium
burning begins at 13 My, and this threshold is one de nition for the dividing line
between brown dwarfs and planets. Based on theoretical calculations, objects above that
mass are no longer considered planets. Hydrogen burning begins a5 M, and any
objects with mass higher than that are thought to be stellar in nature [4]. The 7¥
limit is widely accepted however the lower limit of 13V, is a little more ambiguous.
There are solitary substellar objects found that have masses less than Mi3,, that do

not have a host star and formed in isolation [5], these are considered to be more like

brown dwarfs than planets. While the formation mechanism may be the most direct way



to di erentiate brown dwarfs from planets, determining the formation history is typically

infeasible. Therefore, the 134,,, boundary, while imperfect, is commonly adopted.

Figure 1.1: A depiction comparing brown dwarf with planets an low mass stars. Note that
brown dwarfs generally sit in between a large planet and a low mass star. NASA/JPL-
Caltech/UCB, put full website address



Brown dwarfs are broken into roughly three spectral types: L, T and Y. As the objects
age and cool they will migrate through these types. The spectral types are determined
by the most prominent emission and absorption features seen in the object's spectra,
such as in Figure 1.2, and they can be broken down into subgroups by variations as they
transition from one to the next. The temperatures provided are speci ¢ to a brown dwarf
at 1 Gyr, note the temperature ranges will be hotter when a brown dwarf is younger
and cooler when older. L dwarfs have e ective temperatures between 1300 and 2100K.
Within the subgroups of the L spectral type (LO-L9) we see the temperature distribution
of 2000/2100 K (type LO) decreasing to 1300/1400K for L9 dwarfs. It should be
noted that LO-L3 are commonly classi ed as stars due to their larger mass and higher
temperature. T dwarfs span a wide range of temperatures from700K to 1200K [6]. Y
dwarfs temperatures continue to decline with a smaller range of700K to 400K, with
very few reported cases of brown dwarfs less than 400K [7]. Because of their low e ective
temperatures, brown dwarfs appear very dim in the visual spectrum. A demonstration of
this steady decrease in luminosity can be seen in Figure 1.3. Considering Planck's law for
peak wavelength : pea =2:898 10 3=T, which tells us that as the e ective temperature
of an object decreases, the peak wavelength increases. Because of the low temperature
range of brown dwarfs, their calculated peak wavelength would be in the infrared regime.
This is why these objects are brightest in the infrared and more easily detectable with

J,H,and K band observations.



Figure 1.2: A sequence of spectral models from M1 to YO, which are over plotted with
blackbody curves at the same temperature as those models. Note that the 3500 K black-
body curve reproduces the overall shape of the 3500 K model. As temperature decreases
though, the blackbody curves are less and less representative of the spectra due to di er-
ent molecular absorbers condense as temperates decrease, which causes the ux to emerge
through various opacity holes, and the resulting mountain-esque spectra. So while the
peak ux does get redder and redder as temperature decreases, the spectra become dis-
tinctly non-Planckian (courtesy of Adam Schneider).



Figure 1.3: Evolution of luminosity for stars, brown dwarfs and planets. Notice that
stellar (blue) luminosity levels out and will remain constant due to stable fusion. On
the other hand, Brown dwarfs(purple) dim quickly as they age. Planets(orange) are
cooling consistently from the moment of birth. Adapted from Burrows(1997)[3], courtesy

of Michael Cushing.



1.1.2 Formation

There are three primary ways in which a substellar object can form: disk fragmentation,
independent collapse of a cloud, and ejection/capture, as depicted in Figure 1.4. Itis com-
monly accepted that these formation methods work in tandem resulting in the variation

of mass and position of the brown dwarfs.

Figure 1.4: lllustration of the various formation methods. The grey is the debris clouds
and disk, the yellow circle is the host star and the small red stars symbolize the brown
dwarfs.

1.1.2.1 Disk fragmentation

Disk fragmentation is when a portion of a star or protostar's protoplanetary disk becomes
dense enough to pinch in, breaking away from the disk and begin to collapse into its own
dense cloud. Disk fragmentation can account for the formation of low and intermediate
mass brown dwarf companions in the 13 to 43 My, range but it appears that the
protostellar disks are not massive enough to form higher mass companions using this
method. Generally, companions form at orbital distances 150- -450 AU from their primary.
Objects at smaller distances are destroyed or incorporated into the star. This method
can explain the formation of wide orbiting companions; however, it does not account for

the extremely wide orbits of>500AU because protostellar disks are rarely that large [8].



1.1.2.2 Independent Collapse of Cloud

Brown dwarfs form from the collapse of dense clouds that sit along the boundary of
the substellar mass limit and gravitational fragmentation limit. That is to say, they
form from a cloud that is not dense enough to form a main sequence star but contains
enough gravitational force to collapse and form an object instead of dispersing into space.
This method can also account for the presence of brown dwarf{brown dwarf pairs, each
forming in di erent sections of the same massive cloud. Brown dwarf companions found at
a distance of>500AU from their primary likely formed from an early cloud core collapse

or were gravitationally captured later in their lifetime[8].

1.1.2.3 Ejection/Capture

There are also instances where the brown dwarf is found outside its birth environment,
whether they were ejected or gravitationally captured by another system. These methods
are statistically unlikely, but can explain the existence of brown dwarfs found isolated in

space [9].

1.1.3 Brown Dwarf Desert

There is an obvious dearth of brown dwarfs when we look at the frequency of the less
massive planets and more massive stars as companions. As depicted in Figure 1.5, brown
dwarfs are rarely found around solar type stars in radial velocity surveys [10]. This de cit

is what sparked the empirical result of a 'brown dwarf desert'. It is now more commonly
thought that instead of a clear lack of these substellar objects that it is an observational
bias. New surveys are now looking further from the primary stars as well as looking
for companions around the more massive spectral type stars (OBA). When looking for
these objects to Il in the desert we generally nd them at an intermediate distance, from

their companion. This means there is a lack of data on those objects that have short



orbital periods. This gap begins with brown dwarfs with an orbital period of 10 years
and the detections decrease as the period gets shorter [11]; [10]. Additionally there are
also few found at extreme distances from their companions (eg. SR12CL083AU [12]:
HIP77900B, 3200AU [13]: and HIP 70849B, 9000AU [14]). We nd that there isn't
only a bias against the orbital distance of the brown dwarf companion but also the mass.
A trend is observed that substellar companions are not found at close distances to more
massive primary stars. Results from several surveys show the lower bound of the brown
dwarf desert are within a period of 100days and a mass constraint between 30 - 60 Jupiter
masses [15]. Both surveys discussed in this thesis aim to detect brown dwarfs on the end
of this orbital separation spectrum with the goal of lling the gap of information. The

rst survey is a high angular resolution companion search, employing adaptive optics to
search for brown dwarf companions around massive early type stars. The second survey
is a wide eld companion search, using wide eld imaging to search for brown dwarf {

brown dwarf binaries from a cache of known and newly identi ed brown dwarfs.



Figure 1.5: Detected companions as a function of orbital period. Notice the distinct
lack of brown dwarf mass objects found as companions, this is the brown dwarf dessert.
Grether and Lineweaver (2006)



1.1.4 Frequency

Brown dwarfs are most commonly found alone in space, however it is not uncommon to
nd them as companions to other stars or even in binary pairs. The stellar multiplicity
fraction is well measured to the bottom of the main sequence. Multiplicity fraction varies
signi cantly with the mass of the primary, from 69% for A-type stars [16] to 25-30% for
M-type stars [17]. The frequency of binaries with a brown dwarf secondary is less well

characterized.

1.1.4.1 Brown Dwarf Binary Fraction

This decreasing binary fraction continues across the stellar/substellar boundary, with
measured brown dwarf- brown dwarf binary fractions typically between 10-20 % (e.g.
[18], [19]). Further, the semimajor axis distribution decreases signi cantly for substellar
pairs, with separations typically of a few AU. Binaries with a brown dwarf primary are
predominantly found with close proximity to each other €20 AU) showing very few
widely separated pairs ¥ 100 AU)[20]. Because of the small mass of the primary, there is
not enough gravitational binding energy for the pair to survive too far from each other.
From the brown dwarf binary census gathered in Faherty(2020), the probability that L
and T dwarf pairs are separated by> 2 AU is 22.2%, dropping to 2.9% probability for
separations> 100 AU. From this pattern, widely separated brown dwarf binary systems

are exceptionally rare.

1.2 High Resolution Imaging: Background

This rst part of this project aims to detect candidate sub-stellar companions at large
separations from B and A stars using high resolution imaging. This project was initi-
ated by Dr. Eric Nielsen at New Mexico State University. For this survey we obtained

observations of potential host stars from the KECK NIRC2 instrument and put the raw
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images through a data reduction pipeline based on pyKLIP [21] with adjustments for the
KECK data developed by masters student Jasmine Garani; [22]. Once the images were
processed we searched for potential candidate companions and calculated their separation,

magnitudes, mass and age.

1.2.1 Direct Imaging/ Adaptive Optics

Adaptive optics (AO) is a direct imaging technique that corrects for optical anomalies from
the e ects of the atmosphere in the image as it is taken. It was developed as a method
of correcting the blurring from atmospheric interference on ground based telescopes [23].
AO corrects for optical disturbances by removing the wavefront distortion, caused by the
atmosphere. For an unperturbed wavefront, all points on the wave are in the same phase.
The atmosphere can deform change the shape of the wave, causing it to be out of phase.
Correcting this distortion is done by measuring the incoming wavefront using a wavefront
sensor, calculating a counter distortion and applying it with the use of deformable mirrors.
This system runs hundreds of times a second in order to consistently have the clearest
image [24].

When looking for faint companions such as brown dwarfs, AO is particularly helpful.
If we are looking for a dim companion around a bright star, we want the point spread
function, which can be described as the spread or blurring e ect that you see when imaging
a focus point, to be as narrow as possible while still maintaining a Strehl Ratio of as close
to 1 as possible. The Strehl ratio is a measure of quality in an optical image on a scale of
0-1 where one is a perfect image with no abnormalities or interference. AO decreases the
PSF size, which in turn will increase the contrast allowing for fainter objects to appear
more easily. Additionally, if the AO system has a high enough spatial frequency response
the brightness surrounding the star will decrease, further allowing faint companions to
stand out against the background[25]. An example of the adaptive optics key components

can be seen in Figure 1.6.
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Figure 1.6: Adaptive optic representation. The diagram shows the incoming wavefront
and detection of it, then the deformable mirror that adjusts for the deformation and then
the nal image. The red boxes highlight the before and after wavefronts. Illustration

originally from Davies and Kasper 2012 [24]
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1.2.2 Importance of B & A Class Stars

The hottest, brightest part of the main sequence contains O, B, and A class stars, see
Figure 1.7. For the purposes of our survey, we are searching for companions around
B and A class stars. B stars are typically 2-15 times the mass of the Sun and range
between temperatures of 10,000K - 30,000K. A stars are smaller;1.5 - 2 times more
massive than the sun and have temperatures between 7,000K - 10,000K. Brown dwarfs
and planets cool over time which makes their ages di cult to determine. However, by
using properties of the primary star we can get a better picture of a companion brown
dwarf's mass and subsequent age. For later-type stars we use rotation rates, lithium
abundance and chromospheric activity as age indicators, but for young, massive B and A
stars we are able to rely on their locations on the color- magnitude diagram as an accurate
estimate for age. Early-type stars like that of B and A classi cation will evolve quickly,
only remaining on the main sequence for a short period of time[26] . Because of this
rapid evolution their color-magnitude position is a better indicator for age than that of
solar-type stars which will remain on the main sequence much longer[26]. Using the stars
CMD location and models developed in Nielsen(2014) [27] we were able to determine an

age for all host stars included in this survey.
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Figure 1.7: Hertzsprung- Russell Diagram highlighting the hottest, brightest part of the
main sequence contains O, B, and A class stars that form the sample for the AO imaging
project.
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1.2.3 Previous Surveys

There have been previous direct imaging surveys which have begun to Il in the 'desert'.
Some surveys such as NICI:[28] and GPIES:[29] were intended for the discovery of exo-
planets and found brown dwarfs. While surveys such as VAST:[16] were looking for stellar
companions around speci ¢ types of stars, allowing for important information on higher

mass companions to these early type stars that we focus on in this survey.

1.2.3.1 VAST & NICI

The Volume Limited A-STar (VAST) survey was an analysis of 440 A- type stars. This
survey resulted in the detection of 137 stellar companions but was not sensitive enough
to detect any substellar objects [16].

The Near-Infrared Coronagraphic Imager (NICI) survey observed 70 young, nearby B
and A type stars. As part of the Gemini/NICI Planet-Finding Campaign, the goal was to
detect planets; it was unsuccessful in the search for planets, but did image a known brown
dwarf companion: HIP 79797B which was previously discovered by Hwelamo(2010)[28],
[30], using the Very Large Telescope (VLT) and Nasmyth Adaptive Optics System {
Near-Infrared Imager and Spectrograph (NACO) instrument. Upon further inspection,
HIP 79797 turned out to be a very close brown dwarf binary. Using a Monte Carlo
analysis, the group was able to conclude that fewer than 20 of B and A stars host giant
planets more massive than 4 My, with separations between 59 and 460 AU from

the primary star [28].

1.2.3.2 GPIES

Because of the limited number of observation targets in NICI, a statistical analysis of the
rst 300 stars observed by the Gemini Planet Imager Exoplanet Survey was conducted

for the Nielsen(2019) paper [29]. Because higher mass stars are brighter than later type
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stars, faint objects such as planets are di cult to detect. However, recent studies suggest
that the more massive planets with wider separations are more common around massive
A type stars. This same reasoning would suggest that it would be entirely possible to
nd brown dwarf companions at these locations as well. In addition to the few planets
discovered using this survey, three brown dwarfs were also found: PZ Tel B [29], HD
984 B [31], and HR 2562 B[32]. While the rst two were known objects, HR 2562 B
was discovered by the GPIES. The spectral types for the host stars are: G for PZ Tel,
F for HD 984 and HR 2562. This survey provided an occurrence rate for brown dwarf
companions around all types of stars, showing that only 0.8% of stars host a brown dwarf
between 13{80M,,, and 10{100 AU, this is a much lower occurrence rate than that of

giant planets [29].

1.3 Wide Field Imaging: Background

This second part of this project was initiated by the Backyard Worlds Planet 9: Citizen

Science Project [33]. Led by Dr.Adam Schneider, the goal of this project was to search
known and newly identi ed brown dwarfs and develop a comprehensive census of all
widely separated binary systems comprised of two brown dwarfs using wide eld imaging,
detailing the pairs; spectral type, distance, separation, mass, and age. Starting in Fall
of 2020, | worked with Dr. Schneider to compare images from the Wide- eld Infrared

Survey Explorer (WISE) of new brown dwarf discoveries with images form other surveys

to look for signs of binarity.

1.3.1 Brown Dwarf Binary Background

The rst brown dwarf discoveries of L-type (GD 165B [34]) and T-type (Gl 229 B [35]) were
companions to stars in binary systems. High resolution imaging (e.g.[36]) was essential to

discover the rst substellar binary, and subsequent brown dwarf searches have applied a
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range of spectroscopic and imaging techniques to search for both isolated and companion
brown dwarfs. The statistics of binary systems, both stellar and substellar, represent
important constraints on formation theories [37]. A survey conducted by Gemini Planet
Imager Exoplanets Survey (GPIES) was done in order to determine if there is a break
between brown dwarf and giant planet formation. The results point to brown dwarfs
forming as the low mass tail of star formation. However their ndings were only based
on three brown dwarfs detected over the course of the survey [29]. Expanding the sample
of brown dwarf companions, speci cally those that are widely separated, is crucial to

characterizing and understanding star formation at the lowest masses.

1.3.2 Previous Surveys

The vast majority of the current list of known brown dwarfs were discovered with wide- eld
infrared surveys such as 2MASS or WISE. In the meantime, new, higher resolution surveys
have been produced, such as the Vista Hemisphere Survey (VHS;[38]), the UKIRT Hemi-
sphere Survey (UHS;[39]), Pan-STARRS; [40] and the Dark Energy Survey (DES;[41]). It
is possible to examine these new surveys for companions that had previously been missed
at the time of the brown dwarfs discovery, as well as use this method on new discoveries
in order to ensure no binaries are overlooked. An example of how the comparison of these

surveys can reveal new insights can be seen below in Figure 1.8.

17



Figure 1.8: Here is an example of 2MASS, WISE, and VHS images of a wide-separation
brown dwarf binary. It is dicult to discern the binary in 2MASS or WISE images,
however in the VHS image the pair is clearly separated.
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Chapter 2

High Angular Resolution Companion

Search: Observations & Analysis

2.1 Observations & Sample

Observations were made at the Keck facility on Mauna Kea in Hawaii, using the NIRC2
instrument on Keck Il which is a narrow angle adaptive optics camera with a eld of view
of 10x10 arcsec and a pixel scale of 0.009942 (+/=0.000005) arcsec/pixel. In order to
observe potential companions, a 600 miliarcsecond (mas) coronagraphic mask was used
to cover the bright center of the star. The coronagraph is not completely opague and the
mask allows transmissions in K-band at a rate of approximately 0.22% (NIRC-2 Observers
Manual)!. NIRC2 had infrared K and Ks(K-short) band Iters applied. According to the
NIRC2 Manual, the cuto wavelength is 2.028-2.364 m for K band and 1.991- 2.302
m for Ks band(NIRC-2 Observers Manual). These lters allow for the best observing
of brown dwarfs because of their low e ective temperatures they appear brightest in
the infrared band of the spectrum. The lters used were dependent on the atmospheric

conditions of the observing nights.

Ihttps://www?2.keck.hawaii.edu/inst/nirc2/ObserversManual.htmlSection1.4
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The instrument was in vertical angle rotator tracking mode which maintained the
position of the telescope while letting the sky move around it. Because this series of
exposures are all under a minute or less, the sky does not measurably move. This was
done so that the diraction spikes, the lines radiating outward form the bright center,
that will appear on the images for each star are in the same location.

We had a sample size of 210 stars observed over the course of four nights (2013 August
23, 2013 December 7, 2014 April 10, 2014 June 4). A series of 30 and 60 second exposures
were taken per star with about 5-10 images per star. Shorter exposures were taken at 1, 3,
10 seconds in order to not saturate the image so that the deeper exposures could be more
ux calibrated. Because of the timescale required to complete the thesis, there was not
enough time to fully analyze all nights of observations. Table 2.1 lists all stars observed
in one night of observations (2014 June 4) and their properties. The ages of each star
were calculated using the methods described in Nielsen(2014). All other star properties
were gathered using the SIMBAD Astronomical Database [42]. SIMBAD provided us
with coordinate and proper motion values from the Gaia 2020 Extended Data Release 3
(EDRB3) [43], with the exception of a few noted in table, and ux values from the 2-Meter

All-Sky Survey (2MASS 2003) [44].
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2.2 Methods

When the image is rst taken, itis called the raw image. For the purpose of our experiment
the raw images do not provide us with the best view of potential companions. Before we
could manipulate or work with any of the data, the raw image was put through a data
reduction pipeline involving: i. subtraction of darks and division of ats ii. distortion
correction iii. centering and smoothing. Once the data has been reduced we use pyKLIP
to stack all the images for each object and subtract the starlight. This will allow for any

companions to show up more easily.

2.2.1 Pixel Corrections

The raw image includes sources of noise and artifacts. Within the image there is back-
ground noise generated by dark of bad pixels, and high brightness of the primary star.
Subtraction is used to correct for dark current caused by thermal noise in the detector.
We start by subtracting a dark image taken with no incident light from the raw image. A
dark is an image without a target, commonly taken with the “lid' on, that will highlight
any imperfections in the pixels. You can see in the gure that the dark has little spots
of light, that are noise and must be removed from the science image. Then we divide
the dark subtracted image by the at image, depicted in Figure 2.1. A at image is
taken with a uniformly illuminated screen that will show sensitivity level errors in pixels.
Once we have subtracted the dark and divided out the at to account for current noise
in the image, we can begin to adjust for bad pixels. Sometimes there are pixel errors or
inconsistencies that cause some pixels not to read at the correct level or respond at all.
If a pixel is 0 by three standard deviations of the average around it, then that pixel is

replaced with the average value of the neighboring pixels.
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Figure 2.1: Visual representation of the pixel correction process. First we subtract the
dark image from the science image then divide the result by the at image, in this case
the the at includes the coronagraph imposed on the raw image.
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Figure 2.2: Example of the types of distortion that can be seen from telescopes. Bar-
rel(left) and Pincushion(right)

2.2.2 Distortion

Image distortion due to the observing instrument itself is very common. There are two
types of common distortion, Barrel distortion and Pincushion distortion, see Figure 2.2.
Barrel distortion is when light appears to be bending vertically outward as you get farther
removed from the center of the image. It is helpful to think of the lines on a basketball to
depict the distortion pattern. The second, Pincushion distortion, is when light appears
to be bending inwards the farther from the center as you go. Imagine the depiction of
worm hole tubes, where the vertical lines bend in to make a cylindrical shape. The UCLA
Galactic Center Group developed a distortion map for the NIRC2 instrument on Keck Il
[46]. They did this by comparing benchmark observations of stars from many di erent
locations. The object should appear in the same spot on the image no matter which
instrument is used, so the UCLA team created an adjustment layover that will align all
the images so that the benchmark is in the same place. We are then able to use these

maps to correct the distortion on our own images.
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2.2.3 Centering & Smoothing

It is important that all images of the same object be uniformly centered. In order to
center an image we use an integral transform called the Radon transform. This uses the
radial di raction pattern that we see develop in the images and takes line integrals along
each diraction spike. The centering algorithm then calculate where these line integrals
intersect, and that will be the center of the star and image. The center is found for each
image taken; we choose the rst center calculated as the baseline for the objects. By
subtracting the other center locations from that of the baseline we can then determine by
how much each needs to be shifted so that it can match the rst. Once this is done, the
images are stacked. Smoothing is used at the end of this process to minimize any excess
noise left in our science images. This is done using a median lIter that replaces each pixel
value with the median value of the pixels within a de ned box size centered on the pixel.
This will smooth the image, allowing for a more uniform set of images that can then be

stacked using the pyKLIP application.

2.2.4 pyKLIP

The last step in the process of preparing our images is the use of pyKLIP [21]. The KLIP
in pyKLIP stands for Karhunen-Laeve Image Projection, which is an algorithm that is
used to optimize point spread function subtraction (PSF). PSF can be described as the
spread or blurring e ect that you see when imaging a focus point. The algorithm works
by following these 5 steps. (1) Separate the target T(n) and reference Rk(n) images
in groups of search areas S, and subtract their average values from each other so that
there is a net zero mean over each area. (2) Compute the Karhunen-Leeve transform of
the set of reference PSF's. (3) Choose a number of modes to keep in the estimate (4)
Compute the best estimate of the actual PSF from the projection of the science target on

the Karhunen-Loeve basis. (5) Calculate the nal image [21]. Within the pyKLIP code,
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there are various parameters that can be changed that will a ect the nal image. For
the purposes of our experiment, we wanted the best contrast sensitivity around the star.
In order to nd the optimal parameters, we tested the number of annuli and subsections
used for the calculation. Annuli are bands of concentric circles that propagate out from
the center of the image, see Figure 2.3. We tested di erent numbers of annuli, which in
turn changes the width of each, and whether the annuli were spaced linearly or on a log
scale meaning higher density of rings moving away or toward the center. The subsections
are like slices of pie going around the image, the more subsections the smaller the slice.
Through some testing, we found that the larger number of annuli and subsections allowed
for a better processed image because the KLIP calculation is repeated multiple times over

smaller areas making the results more accurate overall.
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Figure 2.3: How pyKLIP parcels out the image. The blue circle is the star, the image is
then divided into subsections(red) and annuli(circles). The Karhunen-Loeve transform is
done for each area (grey).
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Chapter 3

High Angular Resolution Companion

Search: Results

Once all the images had been run through pyKLIP we began going through the les
individually and searching for candidate companions by visual inspection. This was done
using the application SAO Imager DS9 [47], adjusting the contrast in order to best see
any candidates. A list of each star's candidate companions and their properties is givin
in Table 3.1. Figure 3.1 shows the companions detected through visual inspection in DS9
for a example group of stars. Once the candidates have been identi ed, a series of python
codes are used to determine the projected distance, magnitude and infer the mass of each

potential companion.

3.0.1 Projected Distance

Once each candidate was marked, the DS9 coordinates for its center, as determined by the
Radon Transform, were entered into a code which would calculate the projected distance
between the star and the candidate, rst in pixels and then converted to AU. This was
done for each candidate. The code utilizes the small angle formula to determine the

projected separation of the candidate from the host star.

dav = Dpc arcsec (3.1)
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Figure 3.1: Examples of companion candidates from this survey. These are post KLIP
images of HIP90806, HIP 87813, HIP95951, HIP98146 and the candidate companions
found around each of them.
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The center of the candidates are rst estimated by eye then the code then uses a Mo at
prole t, a continuous probability distribution used in place of a Gaussian to more
accurately t point spread functions, to determine the peak number of pixel counts and
nd the true center of the candidate. Using this center for the candidate and the known
center of the primary star, we can get their separation in pixels and convert it into
arcseconds using the conversion 0.009942 (+/=0.000005) arcsec/pixel provided in the
NIRC2 manual. The parallax angle to the star from Earth is provided by SIMBAD in
milli-arcseconds and converted to a distance in parsecs. The distance (D) and separation

angle () are combined in the small angle formula to get the projected separation in AU.

3.0.2 Magnitude & Mass

The counts provided by DS9 are representative of the ux from the objects in the images.
Because the images needed extended exposures in order to see any candidates, these
images become saturated, meaning the pixels reach their count limit and stop counting.
In order to get an accurate count from the primary star we need to use unsaturated
images, in which the exposures are on the order of 10 seconds. These saturated and
unsaturated counts need to be scaled so that they can be combined in Equation 3.2. To
scale the saturated ux, the unsaturated count level is multiplied by the ratio of the
saturated exposure time:unsaturated exposure time all divided by the .22% transmission
of the coronagraph provided in the NIRC2 catalog. Using the ux of the primary and
candidate and apparent K-band magnitude of the primary, provided in SIMBAD, we can
solve for the apparent magnitude of the candidate with the following equation. Where

Mg IS apparent magnitude of the star, andn. is apparent magnitude of the companion.

Ms mM¢= 2:5Iog(:§—§) (3.2
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We can then use these apparent magnitudes to calculate the absolute magnitudg) of
the individual candidate companions using the equation provided below, where D is the
distance to the system.

D
Mc.= mg 5Iog(E) (3.3)

We can assume that any potential companions form around the same time as the rest of
the system and the primary star. This allows us to assume that the age of any candidates
would be the same as that of the host star. Now that we have the absolute magnitudes
for each candidate and estimated ages, we can use the Cond3 Bara e evolutionary models
[48] to nd the mass. The Bara e models provide a list of masses for speci c ages and
corresponding magnitudes for each mass. Using a python interpolation program, we can
demonstrate a relationship between age and absolute magnitude for a speci c mass, see
Figure 3.2 and 3.3. Once we have done that for each mass listed in the model we can
then plot a similar relationship of mass and absolute magnitude for a speci c mass, see
Figure 3.4. Because we have the ages and magnitudes we can use these age specic
plots to determine the mass of companions. The masses provide in the table below are

approximated to the signi cant gures used to calculate the mass.
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Figure 3.2: Plot of all magnitudes and ages provided in the Bara e Model [48] for a
speci ¢ mass, this is an example of a 42;,, object
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Figure 3.3: Example of multiple mass curves plotted. The blue lines allow us to nd all
the associated masses and magnitude for a xed mass, in this example 400Myr
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Figure 3.4: A nal plot for a xed age allows us to nd the mass of the companion. Using
the plot for the candidates known age and the absolute magnitudes of the candidates, we
can nd the mass(see blue line). This example is the plot HIP90762 which is 290Myrs
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Chapter 4

High Angular Resolution Companion

Search: Discussion

4.0.1 Contrast Curves

Contrast curves are depictions of the contrast in an image as a function of separation
from the primary star. They are used to determine sensitivity to detect companions. The
plots are made using the contrast and separation values provided in the post-KLIP data,
given in terms of contrast units (where the brightness at each separation in the image
is normalized by the brightness of the host star).In order to measure the most accurate
contrast, all candidates should be masked and it is assumed that everything left in the
image is noise. A measurement of contrast, or the ux/brightness compared to that of the
host star, at every separation from the primary star can then be made. The line created
for each star is for a 5 detection. 5 is a term used to describe the probability of 3x10-
7, or about 1 in 3.5 million. 3-5 is considered to be a statistically signi cant detection.
Everything above that curve should be detected by our methods, meaning if a candidate is
above the line, that candidate is more statistically likely to be an astrophysical object [49].
But if something is real and exists under that curve, then we wouldn't be able to detect
it. Meaning any detections of objects below the line, that candidate is a false positive

and likely noise. These plots are helpful for showing the limits of our observations.
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Using the same example stars as seen in Figure (3.1), Figures(4.1- 4.4) illustrates
the contrast curves for each primary star. The HIP90806 contrast curve shows that out
of the eleven candidate companions all of them were found to be statistically likely, a
false positive rate of 0/11. For the remaining example stars, we see a false positive
rate of HIP87813: 0/10 , HIP95951: 0/8 , HIP98146: 0/2. The spikes seen in the
curve are a result of the brighter companions in the image, note that the largest spikes
are located at the same separation to the candidate companions that have the lowest
di erence in magnitude, meaning the magnitude di erence between star and companion
is small, implying a bright companion. In addition to the 4 example curves Figures 4.5
and 4.6 illustrates the curves for every star observed during one night with all candidate
companions plotted against the curves. The curves for those stars that were found to not
have any companions are a good reference of what the contrast curves would look like
without the interference of the candidates. Using the median curve seen in Figure 4.6
and 4.7, we nd the median sensitivity of our survey to be K=12.6 at >1"and K =
15.1 at 3.6". Because of the time constraints of the thesis | was unable to fully reduce the
data develop a code that would mask the candidates. We will continue to work on the
contrast curves to further re ne and smooth them by masking any candidate companions

in the eld outside the con nes of the thesis.
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Figure 4.1: Contrast Curves of HIP 90806, with it's corresponding candidate companions
plotted in red. The curve is not smooth because of the companions, note how the largest
spike corresponds to the the candidate with the lowest Mag
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Figure 4.2: Contrast Curves of HIP 87813, with it's corresponding candidate companions
plotted in red. The curve is not smooth because of the companions, note how the largest
spike corresponds to the the candidate with the lowest Mag
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Figure 4.3: Contrast Curves of HIP 95951, with it's corresponding candidate companions
plotted in red. The curve is not smooth because of the companions, note how the largest
spike corresponds to the the candidate with the lowest Mag
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Figure 4.4: Contrast Curves of HIP 98146, with it's corresponding candidate companions
plotted in red. The curve is not smooth because of the companions, note how the largest
spike corresponds to the the candidate with the lowest Mag
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Figure 4.5: This gure illustrates the curves for all stars found with candidates( grey
lines) with all companions plotted against the curves(red dots). Two stars (HIP84880
and HIP92041) and their corresponding companions were removed from this data set
because their reported Magnitudes were too large, surpassing the physically observable
limit set by the NIRC2 instrument, a plot with those stars included can be seen in the
Appendix. Because of the spikes the plot is very busy, a second plot of smoother baseline
curves is in Figure 4.6.
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Figure 4.6: This gure illustrates the curves for all stars found without candidates (grey
lines) with all companions plotted against the curves (red dots). Those curves without
candidate interference serve as a good baseline, similar to those lines which would be
seen if | had masked to companion in the gure above. The median curve is the darker
line, created by the overlapping of the contrast curves and serves as a reference for the
plotted candidates. Six stars (HIP107517, HIP87341, HIP85391, HIP75953, HIP68756,
HIP66200) were removed from this data set, because there were unexplained spikes that
appeared in their curves, a plot with those stars included can be seen in the Appendix. The
companions for (HIP84880 and HIP92041) were also removed from the list of companions
plotted as they're Magnitudes where too large and nor reliable data.
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