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ABSTRACT

Exoplanets are planets that orbit a star other than our Sun. The
purpose of this research was to analyze the light curves of exoplan-
ets WASP-33b, WASP-3b, CoRoT-8b, and HAT-P-32b produced
by their transits comparatively with existing information. Origi-
nal data was provided by Dr. Michael Zeilnhofer, who conducted
observations at the Westside Observatory at Western Connecticut
State University over multiple years and dates. Julian date vs delta
magnitude graphs were created to analyze transit start times and
geometries. Phase vs. flux graphs were input into Binary Maker 3.0
to determine additional parameters that best fit the program-gen-
erated light curve to existing data. Phase vs. flux graphs were ana-
lyzed for each date of the WASP-33 and HAT-P-32 systems by al-
tering the parameters of Binary Maker 3.0 to match the generated
light curve with the light curve based on original observations. The
alteration of parameters in Binary Maker 3.0 indicated there was a
star spot on WASP-33, the star that exoplanet WASP-33b orbits, on
November 7th, 2011, and December 7th, 2012. This observation
implies the existence of previously uncharacterized stellar phe-
nomena. In addition, a change in the transit geometry and tran-
sit timing of the light curve of WASP-33b implies the existence
of multi-star system. Differences in transit geometry in the light
curves of WASP-3b and HAT-P-32b indicate gravitational pulls.
Further studies with space-based telescopes rather than ground-
based telescopes should be performed to ensure more accurate
observations and measurements, and to support or refute the exis-
tence of gravitational pulls on these systems.
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Un analisis de los exoplanetas WASP-33b, WASP-3b,

RESUMEN

Los exoplanetas son planetas que orbitan una estrella distinta a
nuestro Sol. El propdsito de esta investigacion fue analizar las cur-
vas de luz de los exoplanetas WASP-33b, WASP-3b, CoRoT-8b y
HAT-P-32b producidas por sus transitos, comparandolas con la
informacion existente. Los datos originales fueron proporcionados
por el Dr. Michael Zeilnhofer, quien realiz6 observaciones en el
Observatorio Westside de la Universidad Estatal de Western Con-
necticut durante varios afios y fechas. Se crearon graficos de fecha
juliana frente a magnitud delta para analizar las horas de inicio y
las geometrias de los transitos. Los graficos de fase frente a flujo
se introdujeron en Binary Maker 3.0 para determinar parametros
adicionales que mejor ajustaran la curva de luz generada por el
programa a los datos existentes. Se analizaron los gréaficos de fase
frente a flujo para cada fecha de los sistemas WASP-33 y HAT-P-32
modificando los pardmetros de Binary Maker 3.0 para que coinci-
dieran con la curva de luz generada en las observaciones origina-
les. La alteracion de los parametros en Binary Maker 3.0 indic¢ la
presencia de una mancha estelar en WASP-33, la estrella que orbita
el exoplaneta WASP-33b, el 7 de noviembre de 2011 y el 7 de di-
ciembre de 2012. Esta observacién implica la existencia de fenome-
nos estelares no caracterizados previamente. Ademas, un cambio
en la geometria y la sincronizacion de los trdnsitos de la curva de
luz de WASP-33b implica la existencia de un sistema multiestelar.
Las diferencias en la geometria de los transitos en las curvas de
luz de WASP-3b y HAT-P-32b indican atraccién gravitatoria. Se
recomienda realizar estudios adicionales con telescopios espaciales
en lugar de terrestres para garantizar observaciones y mediciones
mas precisas, y para confirmar o refutar la existencia de atraccién
gravitatoria en estos sistemas.
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Introduction

xoplanetology is a field of plane-
Etary science that allows research-

ers to expand on overarching
knowledge of our universe, form con-
clusions about exosolar system forma-
tion, and further understand our own
solar system. The discovery of “Hot Ju-
piters,” large gaseous planets that orbit
their stars extremely closely, became
the base for an entire remodeling of so-
lar system formation. The discovery of
“Hot Jupiters” provided researchers the
necessary knowledge to form the two
most widely accepted theories of so-
lar system formation today—the Nice
model (Gomes et al.,, 2005) and the
Grand Tack model (Morbidelli & Cri-
da, 2007).

One method to discover and
study exoplanets is to observe their
transit. Every exoplanet observed in this
study was discovered through the tran-
sit method (Schneider, 2022). An exo-
planet transit is defined as the instance
of an exoplanet’s passing in front of the
star it orbits from Earth’s perspective.
This decreases the visual magnitude, or
brightness, of the star from Earth’s per-
spective, as the planet blocks some of
the light emitted from the star (Street,
n.d.). When formatted as a graph de-
tailing brightness vs time, a dip in the
graph can be observed during the exo-
planet’s transit (Figure 1). This graph is
known as a light curve.

The exoplanets observed in this

study are WASP-33b, WASP-3b, CoRoT-
8b, and HAT-P-32b. All observed ex-
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Fig. 1. Exoplanet Transit. Image showin
the resulting light curve. This image was

oplanets are the only known planets
within their respective solar systems.
Each system is only known to contain
one star, and none of the observed ex-
oplanets have confirmed moons. This
means that any observed evidence of a
gravitational pull would be indicative of
an undiscovered object’s effect on the
system. Evidence of a gravitational pull
on an exoplanet system can be discov-
ered through the transit method.

One way to depict the transit of
exoplanets is to create a light curve (Fig-
ure 1) using delta magnitude and Julian
Date. Delta magnitude is the magnitude
of a comparison star subtracted from
the magnitude of the observed star. The
comparison star is a nearby star with a
similar magnitude. Julian date is sim-
ply the time with reference to the Julian
calendar. All Julian dates used in this
project are heliocentric, meaning with
reference to the Sun. Julian date can be
converted to regular date and vice versa.

Flux and phase are also import-
ant measurements for magnitude and

g a model of an exoplanet transit and
taken from (Street, n.d.).

time, similarly to delta magnitude and
Julian Date. Phase is a measurement
of time and can be determined for ev-
ery exoplanet. It is derived using the
Julian date, epoch (the time in Julian
Date when the exoplanet was first dis-
covered), and period (the time in Julian
Date that an exoplanet takes to fully
orbit its star). Flux is a measurement of
magnitude and can only be determined
for some exoplanets. It is derived using
the delta magnitude and the flux of the
comparison star. Flux and phase are ac-
cepted by Binary Maker 3.0 (Bradstreet
& Steelman, 2002), while Julian date
and delta magnitude are not. This is im-
portant for comparing light curves gen-
erated by the program to light curves
produced with collected data. Binary
Maker 3.0 generates a theoretical light
curve with an x-axis of phase and a
y-axis of flux based on inputted param-
eters. The application creates a plot that
overlays this generated light curve with
the observational light curve.
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Methods

from Dr. Michael Zeilnhofer. These

observations were conducted at the
Westside Observatory at Western Con-
necticut State University during two
separate periods of time. The first was
September 2011 - December 2011, and
the second was September 2012 - De-
cember 2012. The telescope used was
an f/8.1 20-inch Ritchey Chréiten tele-
scope with an SBIG ST-7e CCD camera
and a Kron-Cousins filter (Zeilnhofer
2013).

The delta magnitude was derived
by subtracting the magnitude of the
comparison star from the magnitude of
the observed star for each frame. This
information was used to create a Julian
date vs. delta magnitude light curve for
each date of each observed exoplanet
using Excel.

Initial observations were acquired

Each light curve was analyzed
both qualitatively and quantitatively.
Transit geometry is a visual method of
qualitatively analyzing the shape of a
light curve. Individually analyzed tran-
sit geometries, or transit geometries an-
alyzed bylooking at a specificlight curve
for one date, can indicate a gravitational
pull on the system. If the transit dip is
steeper on one side of the light curve,
this may indicate a gravitational pull on
the system. Transit geometry may also
be analyzed over the course of multi-
ple dates to determine a change in the
shape of the transit. For example, if the
transit dip of a specific planet appears
steeper in one year compared to an-
other, there may be a gravitational pull

causing this difference. Transit timing
is a quantitative method of analyzing
the start time of the transit dip. Transit
timing may only be analyzed over the
course of multiple dates to discern a
difference between the start time of the
transit over time. Since Julian date can
easily be converted back to regular date,
it is simple to determine the difference
between transit start times in under-
standable terms. A greater difference
in transit start time indicates a stronger
gravitational pull on the system. For
example, a difference of a few seconds
would indicate a moon or other small
object’s gravitational pull on the system,
a difference of a few minutes or hours
would indicate a planet or other medi-
um sized object’s gravitational pull on
the system, and a difference of many
hours or days would indicate a star or
other large object’s gravitational pull on
the system.

Flux and phase were also calcu-
lated using publicly available data re-
garding each exoplanet system. Duetoa
lack of certain data, flux and phase were
only able to be calculated for exoplan-
ets WASP-33b and HAT-P-32b. Flux vs.
phase diagrams were created in Excel.

These diagrams were analyzed
using Binary Maker 3.0. Known, pub-
licly available parameters for each sys-
tem were input into the application.
Then, observational flux vs. phase data
was input into the system. The pro-
gram generated a light curve based on
the known parameters and overlayed
this light curve with the observational
light curve. Unknown parameters were
tweaked until the generated light curve
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best fit the observational light curve,
allowing for inferences regarding these
unknown parameters.

When creating both Julian date
vs. delta magnitude and phase vs. flux
light curves, observation error was mit-
igated by excluding any blank original
values. These values may have been
caused by the blocking of the lens of the
telescope and therefore could not be in-
cluded in the finalized data.

Results and Conclusions

g I exoplanets were analyzed
qualitatively through transit ge-
ometry using the Julian date vs.
delta magnitude diagrams. WASP-33b
was analyzed quantitatively through
transit timing using its Julian date vs.
delta magnitude diagrams. WASP-33b
and HAT-P-32b were analyzed through
Binary Maker 3.0 using their flux vs.
phase diagrams.
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Fig. 2. Light Curve JD/DM CoRoT-8b. This light curve plots the transit of
CoRoT-8b on September 12%, 2012. This graph depicts Julian Date vs delta

magnitude. Created using Excel.

The light curve created for
CoRoT-8b (Figure 2) is extremely scat-
tered and inconclusive. This is consis-
tent with many other publicly available
light curves for the system. The data
for this system is inconclusive, and it
is not possible to determine evidence
of a gravitational pull on the system
through this diagram.

There was an observable transit
for three out of four days during which

this system was observed. Due to the
relatively flat shape of the 09/13/2012
diagram, this data was not counted as
an observable transit. In analyzing the
Julian Date vs. delta magnitude graphs
(Figure 3), there are potential gravita-
tional pulls due to transit geometry. On
09/05/2011, the left side of the transit
curve was much steeper than the left side
of the curve, indicating a gravitational
pull. In addition, on 09/24/2012, the
right side of the transit curve was steep-
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Fig. 3. Light Curves JD/DM WASP-3b. These light curves plot the transit of
WASP-3b on September 5%, 2011, September 13", 2012, September 14, 2012,
and September 24", 2012. These graphs depict Julian Date vs delta magnitude.
Created using Excel.
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Fig. 4. Light Curve JD/DM and Flux/Phase HAT-P-32b. This light curve plots
the transit of HAT-P-32b on November 18", 2011. These graphs depict Julian
Date vs delta magnitude and flux vs. phase with the Binary Maker 3.0 generated
light curve shown as blue squares in the right diagram. Created using Excel and
Binary Maker 3.0.
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Fig. 5. Light Curves JD/DM and Flux/Phase WASP-33b. These light curves
plot the transit of WASP-33b on November 7%, 2011, and December 7%, 2012.
These graphs depict Julian Date vs. delta magnitude and flux vs. phase with the
Binary Maker 3.0 generated light curve shown as blue squares in the right dia-
gram. Created using Excel and Binary Maker 3.0.

er than the left side, indicating a gravi-
tational pull. However, on 09/14/2012,
the transit curve appears to be even and
symmetrical. The change in transit ge-
ometry over multiple dates is an addi-
tional indicator of a gravitational pull
on the system. In addition, the quanti-
tative analysis of transit timing further
refines the nature of this system. On
09/05/2011 and 09/14/2012, the tran-
sits begin at approximately 0.5 Julian
date, while on 09/24/2012, the transit
begins at approximately 0.6 Julian date.
This is a difference of approximately
two hours, suggesting the existence of a
medium-sized gravitational pull on the
system, such as another planet.

There was a clear, observable
transit for one out of three days which
this system was observed. The right side
of the transit curve on 11/18/2011 (Fig-
ure 4) is much steeper than the left side,
indicating a potential gravitational pull
on the system. When placed into Bina-
ry Maker 3.0, the adjusted parameters
showed no abnormalities. However, the
parameters could not be adjusted to ac-
count for the steepness on the right side
of the graph.

There is a clear, observable tran-
sit for both days this system was ob-
served (Figure 5). Unknown parame-
ters were tweaked in Binary Maker 3.0
to best align the generated light curves
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with the observational light curves. This
process revealed a potential star spot
on WASP-33, the star that WASP-33b
orbits, that increased in radius from 8
kilometers in 2011 to 24 kilometers in
2012. In addition, there may be anoth-
er star in the WASP-33 system. Both
transit timing and transit geometry are
indicative of a gravitational pull on the
system. With comparative observation
of the transit geometries of WASP-33b
on 12/07/2012 and 11/07/2011, the
transits appear to be shaped very differ-
ently. The light curve of WASP-33b on
11/07/2011 is much flatter than the light
curve of WASP-33b on 12/07/2012. In
addition, the transits start at different
times. The transit for 11/07/2011 starts
at approximately 0.44 Julian date, while
the transit for 12/07/2012 starts at ap-
proximately 0.64 Julian date. In analyz-
ing the transit timing, it was found that
there was a difference of approximately
19 hours between the transit start time
in 2011 and 2012. This large difference
in transit timing is indicative of a large
gravitational pull on the system, such as
another star. These findings are similar
to recent discoveries which showcased
evidence of WASP-33 being a trinary
system, a system with three central stars
rather than one (Von Essen et al., 2020).
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