Exoplanetary Candidates Around HD100546 in Archival ACS Data

Elisabeth Frischknecht

A senior thesis submitted to the faculty of
Brigham Young University
in partial fulfillment of the requirements for the degree of

Bachelor of Science

Denise Stephens, Advisor

Department of Physics and Astronomy

Brigham Young University

Copyright © 2019 Elisabeth Frischknecht

All Rights Reserved



ABSTRACT
Exoplanetary Candidates Around HD100546 in Archival ACS Data

Elisabeth Frischknecht
Department of Physics and Astronomy, BYU
Bachelor of Science

Herbig Ae/Be (HAeBe) stars are classified as 2-10 solar mass pre-main sequence stars with
protoplanetary disks. As a result, they are excellent candidates for observing exoplanets in the
formative stages of their evolution. By constructing and then subtracting a model Point Spread
Function from object frames, an image of the protoplanetary disk and any planets located within it
is obtained. This technique was used to analyze archival Hubble Space Telescope images of HAeBe
object HD100546, which is known to host at least one planet (HD100546b) that has been detected
at near-infrared wavelengths by other telescopes. The supposed detection of HD100546b is likely a
false positive, but it is possible that the planet is still located within the data and may be detectable
upon further research.

Keywords: Protoplanetary Disks, PSF Subtraction, HD100546, Exoplanets, PynPoint, Principle
Component Analysis
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Chapter 1

Introduction

1.1 Solar System Formation and Protoplanetary Disks

Planet formation around massive stars is not well understood, so we are probing early stages of
planet and star formation to better understand planet formation timescales around these objects.

The prevailing theory of solar system formation begins with a large cloud comprised of hydrogen,
helium, and some heavier metals. These clouds are stable with the inward force of gravity being
balanced by outward gas pressure. However, if a shock wave disturbs the stability of the cloud it
will freely collapse under the force of gravity. Even the smallest amount of angular momentum
present before the collapse will cause the entire cloud to rotate and eventually flatten into a disk.
Conservation of energy converts the gravitational potential energy into the kinetic energy of the
particles, causing them to heat up as they fall toward the center of the collapse. At the center of the
disk, material will begin to condense into a star while the outer regions will become what is called a
protoplanetary disk.

The protoplanetary disk is the home of planet formation. In the early stages of solar system

formation, individual particles will combine to make larger dust grains. These dust grains will



1.1 Solar System Formation and Protoplanetary Disks 2

continue to collide and coalesce until they become large enough to be called planetesimals. As the
planetesimals accrete material, they leave empty trails in the protoplanetary disk, known as formation
tracks. The dark ring-like structures seen in Fig.1.1 show the presence of several formation tracks
within the protoplanetary disk of a single star. The presence of each track is thought to indicate a
future planet that will reside within the exoplanetary system. For the region of the protoplanetary
disk that lies close to the star, the force of gravity must compete with the solar wind, a continuous
flow of particles emanating from the sun. This radially propagating force pushes lighter elements
away, so that the planets will be comprised primarily of heavier elements. These objects will become
terrestrial planets, like the earth. Farther away from the star, the solar wind has a lesser effect so the
lighter elements, such as gasses, will accrete onto the rocky planetesimal bodies. This results in
large gas giants, called Jovian planets, such as Jupiter.

In our solar system, the progression of terrestrial to Jovian planets follows a simple trend, with
rockier planets residing close to the host star and Jovian planets being further away. This holds with
the current theories on solar system formation. However, the Kepler! mission revealed that this
trend isn’t necessarily true for extrasolar systems. Many systems have been discovered that contain
what are called "Hot Jupiters". These planets are gas giants on the same size scale as Jupiter but
which orbit incredibly close to the host star. It is unlikely that the Hot Jupiters formed in these tight
orbits, so we are left to wonder at how they arrived in their current positions. The prevailing theory
is that a third body, most likely a planet, causes a gravitational interaction forcing the Hot Jupiter to
migrate inward. Barring the presence of another planet, the protoplanetary disk could potentially
act as the third body providing the interaction. Observing planets, particularly gas giants, in their
formation period would provide invaluable constraints on the details of this process.

The search for exoplanets has historically been constrained to solar-type stars, but Herbig

Ae/Be (HAe/Be) stars offer promising results. HAe/Be stars are classified as 2-10 solar mass (M)

Thttps://www.nasa.gov/mission_pages/kepler/overview/index.html
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1.1 Solar System Formation and Protoplanetary Disks

Figure 1.1 The image of a protoplanetary disk from the Atacama Large Millimeter Array
(ALMA). The formation tracks of planets can be clearly seen within the image. Image
Credit: ALMA (ESO/NAOJ/NRAO) - http://www.eso.org/public/images/eso1436a/
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pre-main sequence stars with protoplanetary disks. The disks of HAe/Be stars are much brighter
and larger than those found around solar-type stars. Additionally, they are easier to observe over
a wide range of wavelengths (Quanz 2015), which makes it possible to detect more disk features.
These properties make HAe/Be stars excellent candidates for observing forming planets. However,
the disks of HAe/Be have been studied relatively little compared to other star types with planetary
disks, such as T-Tauri stars. For these reasons, we decided to investigate the disks of HAe/Be stars

and search for any planets that may be located within them.

1.2 Point Spread Functions and Coronagraphic Images

The direct imaging of planets within protoplanetary disks is easier said than done. After the planets
and the host star are essentially formed, the protoplanetary disk enters the debris disk phase. The
debris disk contains a lot of extraneous dust, gas, and debris that will one day become asteroids or
similar objects. Although there is still a lot of material contained within the protoplanetary disk, the
planets that have formed are now theoretically detectable within the formation tracks. However,
compared to the luminosity of the star, planets are very dim. At visible wavelengths a star can be a
billion times brighter than the planet around the star, and a million times brighter in the near-infrared.
Additionally, the dust grains within the disk glow brightly in similar wavelengths to the planets,
so it can be difficult to detect the planets amidst the noise of the disk. Only cameras with high
resolution power are capable of detecting these objects due to the small size of the planets. As a
result, only a handful of attempts to directly image exoplanets in protoplanetary disks have been
successful (Espaillat 2019).

Coronagraphs are a special telescope attachment that aide in the imaging of protoplanetary disks.
As starlight enters the telescope during an observation, the natural spreading of starlight as it passes

through the optics washes out any faint emission being given off by the disk around the star or any
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(@) PSF without corona- (b) PSF with coronagraphic
graphic mask. mask.

Figure 1.2 Two images of the same object with and without the coronagraphic mask

light emitted by a forming planet in the disk . This spread of light is called a Point Spread Function,
or PSF. To see planets and disks around the star, we place a coronagraph in front of the star to
block its light. While the coronagraph blocks a large fraction of the host star's light, it introduces an
irregular diffraction pattern that contributes to the PSF of the image. Fig 1.2a (Safsten Brigham
Young University, Provo, U.T., 2017) shows the PSF of a star observed without a coronagraphic
mask, while Fig 1.2b shows a PSF of a star with the coronagraph in place. The PSF in Fig 1.2b is
clearly much noisier due to the diffraction of the light.

Coronagraphic PSFs are predictable and can be modeled using various techniques. Typically,
observations taken of standard stars can be used to generate the model PSF. Stars of similar type
and class will generate light in similar ways. If enough images are used, they will form a basis set
that can be stacked and averaged to create a model PSF. This model PSF can then be compared
to the object's PSF to remove the effects of the complex PSF from the residual images. Speckle

patterns and noise will still remain that may hide the presence of a planet or create a false positive
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identi cation. PSF subtraction will be further discussed in section 2.2.

1.3 Previous Work

The rst, and only, con rmation of a planet in the disk of a HAe/Be star was found around
HD100546. Fig 1.4 shows an image of the protoplanetary disk and highlights the location of the
planet. HD100546 is a relatively yourgdM’ star (van den Ancker et al. 1997) with a predicted

age range of ~5-10 Myr (Guimaraes et al. 2006) anti0 Myr by van den Ancker et al. (1997).

The disk of HD100546 is quite large, with a radius of over 300 Astronomical Units (AU), where

an AU is the average distance between the earth and the sun. There are two prominent gaps, one
located at ~14AU (Currie et al. 2014) and another at ~50AU (Quanz 2015). Quanz et al. (2015)
was able to recover a planet (HD100546b) within the gap at 50AU. The original discovery paper of
HD100546b (Quanz et al. 2013) was unable to con rm the planet because the data was based upon
single-wavelength observations. A con rmation paper (Quanz et al. 2015) was later released with
data taken in multiple lters. HD100546b is calculated to be ~3Vf)piter and around 1Myr old
(Quanz et al. 2015). The residual images of the disk can be seen in Fig. 1.3, where the planet can be
clearly seen as the dark red spot in the upper portion of the disk. The second red feature on the left
of the M band is likely a spiral arm feature of the disk and is not a planet.

The HD100546 system is of particular interest to us because there may potentially be a undis-
covered planet located within the protoplanetary disk (HD100546c¢). Currie et al. (2014) detected a
gap in the disk around HD100546 at 14AU that may indicate the presence of a second planet in
the system. However, Currie et al. (2014) were unable to detect a planet within the gap at 14AU,
though they were also able to recover HD100546b as well as the disk feature seen in Fig 1.3. If
HD100546c¢ (which is projected to be a large Jovian planet) is detected, it would allow us to observe

the formation of multiple Jovian planets at both near and far separations from the host star. In
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