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Abstract

The first planet orbiting a main-sequence star was discovered in 1995. Since then more than
4000 additional exoplanets have been discovered. This is a rapidly evolving field in astrophysics.
One of the most common ways to detect an exoplanet is through transit, as the brightness of
the host star decreases. The transit method is suitable for surveying a large number of stars at
the same time and most of the exoplanets discovered so far are from this particular method. In
this study, it was investigated if it would be feasible to detect transiting exoplanets in globular
clusters. So far globular clusters have been surveyed but no exoplanets have been detected in
these environments. The possibility of finding exoplanets in globular clusters was investigated by
simulating an observation of a globular cluster once every half an hour for the span of five days
with a simulated telescope and detector. Light curves were measured from the stars with simulated
photon noise and read-out noise. The box least squares method was then used to detect transiting
exoplanets from extracted light curves. The efficiency for finding exoplanets was 31% in a cluster
with 20 000 stars, 17% in a cluster with 50 000 stars, 1.5 % in a globular cluster with 100 000
stars, and 0% in a globular cluster with 150 000 stars. This leads to the conclusion that surveys
for exoplanets are limited by how close the stars are to each other as they can not be resolved and
this diminishes the efficiency. However, in clusters with a smaller number of stars exoplanets can
be detected as it is less crowded.
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Popular science summary

I v̊art universum finns det ett nästan ändlöst antal extra-solära planeter, s̊a kallade exoplaneter.
Den första planeten utanför v̊art solsystem upptäcktes 1995 och antalet har ökat drastiskt sedan
dess. Ett av de vanligaste sätten att upptäcka exoplaneter är genom att använda transitmetoden.
När en planet är i omloppsbana runt en stjärna s̊a kan det hända att planeten blockerar en del ljus
som stjärnan str̊alar ut fr̊an v̊arat perspektiv vilket vi kan observera. Men det finns miljöer i rym-
den som har väldigt m̊anga stjärnor i ett litet omr̊ade, och i dessa miljöer är det sv̊art att upptäcka
exoplaneter genom transitmetoden. Ett exempel p̊a en s̊adan miljö är klotformiga stjärnhopar. En
klotformig stjärnhopp är en stor samling stjärnor med mer och mer stjärnor ju närmare centrum
man är och det finns hundratals s̊adana i v̊ar galax.

Det finns ett intresse att hitta exoplaneter i dessa miljöer. Astronomer vill kunna hitta exoplaneter
i s̊a m̊anga olika miljöer som möjligt för att kunna n̊a en bättre först̊aelse till hur planeter skapas
och utvecklas. Om planeter kan upptäckas i dessa miljöer skulle det ge nya insikter till processerna
bakom hur planeter formas och utvecklas.

Det finns ocks̊a anledningar till varför just transitmetoden ska användas i detta arbetet. Det finns
ett flertal olika metoder för att upptäcka exoplaneter och de har alla olika fördelar och nackdelar.
En av fördelarna med transitmetoden är att det är det enda sättet att veta radien av en exoplanet.
Transitmetoden kan även användas när ett stort antal stjärnor observeras samtidigt, för m̊anga
andra metoder kan bara en stjärna i taget observeras. Detta är speciellt användbart när miljöer s̊a
som klotformiga stjärnhopar observeras eftersom det är s̊a m̊anga stjärnor där. Eftersom alla olika
metoder har olika fördelar och nackdelar s̊a är det ideellt att använda ett flertal olika metoder för
att undersöka egenskaperna av exoplaneter.

I detta projektet undersöktes det om transitmetoden kunde användas för att upptäcka exoplaneter
i miljöer med mycket stjärnor genom en datorsimulering eftersom en upptäckt av en exoplanet i en
s̊adan miljö skulle kunnna vidga först̊aelsen av exoplaneter och hur dem formas
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1 Introduction

The transit method is one of the most important ways of detecting exoplanets. Of extra interest
are the Hot Jupiter type planets, planets as large as Jupiter but significantly closer to their host
stars. These planets are ideal for using the transit method, as they are larger and block out more
light. They also have shorter orbital periods, so it takes a shorter observation time to be able to
observe several transits and be more certain that one is in fact observing a transiting exoplanet. Hot
Jupiters are a very surprising type of planet. Generally it is thought that giant planets are formed
early in the life of a star in the cooler regions farther away from the star where planet-forming
materials are in ice-form. Therefore giant planets would be expected to be farther away from the
star. This begs the question of how these hot Jupiter planets are formed. To better understand
the different processes that influence how these planets are formed one would ideally like to search
for them in as many environments as possible, for example searching for exoplanets in crowded
environments (Haswell, C.A 2010). It would be of interest to find transiting exoplanets in crowded
fields since the environment where an exoplanet is formed has influence over the formation process,
for example dynamical processes can influence the formation of planets. However, there is no con-
clusive evidence for dynamical effects influencing the early stages of planetary formation, though
this might just be because of how short-lived those stages are (de Juan Ovelar, M. et al 2018). In
the interest of better understanding how these dynamical effects influence planetary formation, one
would like to find exoplanets there. However, in crowded environments it can be difficult to find
any exoplanets and one needs to observe a large number of stars for enough time to observe several
transits, which takes a lot of time and data.

One example of such an environment is globular clusters. Globular clusters are spherical compact
gravitationally bound collections of stars with a sharp increase of brightness towards the center.
They are thought to be formed alongside galaxies and are as such many billions of years old (P.,
Sookmee 2020). Globular clusters are often metal-poor environments and it is possible that this
lack of metal prohibits the formation of gas giants. (Gratton, R. et al 2019). However, to better
understand the processes behind how Hot Jupiters are formed and if the metallicity has an influence
on this one would like to search for Hot Jupiters in globular clusters. These environments are
particularly challenging when using the transit method. This is caused by the fact that the stars in
the center are difficult to resolve and also that the transit method has a high likelihood of finding
false positives when detecting exoplanets. These false positives are mostly from fluctuating flux
from other nearby stars, for example eclipsing binaries (Santerne, A. 2013). It is then important
to develop strategies to mitigate contamination by closely separated stars. Contamination limits
the stars that can be surveyed for exoplanets. When there is a limited amount of stars one can
observe and the fraction of stars hosting a transiting exoplanet is small it then raises the question
if it is at all possible to find exoplanets in crowded environments by using the transit method. To
explore this problem in-depth, in this project we will model a globular cluster with a population of
transiting hot Jupiters.
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2 Theory

2.1 Transiting exoplanets

When an exoplanet is transiting the apparent brightness of the host star decreases. This is illus-
trated in figure 1. The decrease in brightness is proportional to the area of the planet. This is the
only way to measure the size of an exoplanet, which is important for then deriving the density and
constraining the composition of a planet. More specifically the formula

∆F

F
=

R2
p

R2
s

, (1)

can be used, where ∆F is the change in flux, F is the flux measured from the star, Rp is the radius
of the planet, and Rs is the radius of the star.

Figure 1: An illustration of a transiting exoplanet, taken from NASA Ames.

There are several parameters that prescribe the orbit of an exoplanet. The semi-major axis can be
described using Kepler’s third law.

a ≈

(
GMs

(
P

2π

)2
)1/3

, (2)

where G is the gravitational constant, Ms is the mass of the star, and P is the orbital period.
Then the probability that the exoplanet is transiting from the perspective of the observer can be
calculated as

GTP =
Rs +Rp

a
. (3)
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If the planet actually does transit there are several parameters that can be derived from the earlier
mentioned parameters. Based on the inclination i of the planet, the impact parameter can be
calculated as

b =
a · cos(i)

Rs
. (4)

The orbital geometry of a transiting exoplanet can be seen in figure 2.

Figure 2: An illustration of the geometry of a transiting exoplanet, were between the points A and
B in its orbit it is in transit, taken from Haswell, C.A 2010.

The impact parameter is defined as the distance between the center of the planet and the center
of the star at mid-transit and is a unitless number between 1 and 0. This can be seen in figure 3.
The distance the planet travels across the star can be calculated using the impact parameter and
the formula

l =
√

(Rp +Rs)2 − a2 cos(i)2 (5)

The angle αmax can be defined as

arcsin(
l

a
) (6)

and if the planet has an angle less than αmax or larger than 1 − αmax in its orbit then it is in
transit (Haswell, C.A 2010).

To fully understand the properties of the transiting exoplanets one also needs to understand some
of the properties of the stars they orbit, so let us discuss those more in-depth.

10



Figure 3: The impact parameter of a transiting exoplanet is how far away it travels from the center
of the star during the transit. Taken from Wilson, P.A 2016.

2.2 Stars

In a globular cluster the surface density of stars as a function of the projected circular radius can
be described using the formula (King, I.R 1966)

f(r) =
f(0)

1 + ( r
rc
)2
. (7)

In this formula rc is the characteristic core radius while f(0) is the brightness in the center of the
globular cluster. The number of stars in a Globular cluster can range from 105 in smaller clusters
to 106 in the largest ones (Cintio, P.D 1996).

It is assumed that the target stars are main-sequence stars. For main sequence stars the luminosity
can be approximated as (Rolfs, C.E 1988)

L ∝ M3.5, (8)

where L is the luminosity in solar luminosity and M is the mass in solar masses. This relationship
is illustrated in figure 4.

These relationships allow us to prescribe the properties of the stars by randomly drawing masses
from the following distribution (Chandar, R. et al 2016)

dN

dM
= M−2, (9)
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Figure 4: A diagram of the relationship between mass and luminosity for main-sequence stars.
Taken from Rolfs, C.E 1988.

where N is the number of stars and M is the mass of the stars. The masses of main-sequence stars
were chosen to be limited between 0.3 and 100.
Then the radii of the stars could be approximated using the formula (Kitchin, C.R 1987)

Rstar = Rsol · (
Mstar

Msol
)0.9 (10)

Here Rsol is the radius of the sun, Msun is the mass of the sun, and Mstar is the mass of the star.

The effective temperature of a star can be described using the equation (Tayler, R.J. 1994)

Teff = (
L

4πσRstar
)1/4, (11)

where L is the stellar luminosity, Rstar is the stellar radius, and σ is the Stefan-Boltzmann constant.
The specific intensity that each star then radiates can theoretically be calculated using Planck’s
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law, which can be written as (Rolfs, C.E 1988)

Bν =
2hν3

c2
1

exp(hν/kT )− 1
. (12)

In this formula ν is the frequency, c is the velocity of light, T is the temperature, h is Planck’s
constant, and k is the Boltzmann constant. Choosing one specific wavelength, and therefore fre-
quency, to observe the stars, gives a value for the specific intensity through Planck’s law, while the
detector itself measures a flux with the same value. The flux that is measured from the star will
vary as a function of time and repeated observations with a simulated telescope and detector will
yield light curves in which we can search for transit events. To fully understand the limitations of
finding transiting exoplanets in crowded environments and how to create synthetic light curves we
must look a bit more into how the optical systems work.

2.3 Optical Systems

Diffraction is a phenomenon that occurs when a light beam is partially blocked by an object and
then the light is scattered around the object. This creates light and dark bands at the edge of
the shadow (Heavens, O.S 1991). In any optical system diffraction will occur which leads to the
light being spread out and effectively blurred. If an optical system only has degradation caused by
diffraction it is diffraction limited. For a diffraction-limited telescope the first minimum occurs at
(Meyers, R.A 2001)

θ ≈ 1.22
λ

D
, (13)

were λ is the wavelength the telescope is observing and D is the diameter of the telescope and θ
is in radians. The spread can be described by using the Point Spread Function (PSF). The PSF
for a diffraction-limited telescope is an Airy pattern that can be approximated as a 2D Gaussian
(Schowengerdt, R.A. 2007). The 2D Gaussian function that was used was

f(x, y) = A · exp( (x− x0)2

2σ2
x

− (y − y0)2

2σ2
y

), (14)

were x0 and y0 were the position of the stars, A was the amplitude of the function chosen such that
that the integral of f is normalized, σ sets the angular width of the PSF effectively limiting the
resolving power of the instrument. This blurring then needs to be considered to create a realistic
simulation of the stars being observed.

For a realistic simulation one also needs to consider noise. Noise can be defined as the purely random
fluctuations that depend on time that exists for many different physical variables (Lindsay, B.R
1966). This is a phenomenon that also occurs for photons. Photons are measured as a counting of
discrete events, in this case the event is a photon arriving, which means that the statistical behavior
of the photon can be determined by Poisson statistics. This means that the statistical fluctuations
for photons can be described as

√
N , where N is the number of photons detected (Haswell, C.A

2010). This noise creates more difficulty in finding transiting exoplanets as well as creating potential
false positives.
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3 Methods

First, a globular cluster was simulated by creating a certain amount of stars and then giving them
randomly chosen positions and masses following equations (7) and (9). Then the radii and flux of
the stars would be calculated from formulas (10) and (12). Then these stars would be assigned
planets, some of which would be transiting from the perspective of the observer. Then a detector
was simulated to observe these transits. Apertures were created, which are just the pixels that were
chosen to extract the light curve from the stars. There would be certain criteria for apertures to
avoid observing contaminated stars. Lastly, a box least squares algorithm was implemented to try
and detect any transiting exoplanets that might be orbiting these stars. Now we will look more
in-depth at what every step entails.

3.1 Properties of Stars

First, the stars needed to be given positions. To calculate the positions of the stars formula (7) was
used. The radius for the globular cluster was chosen to be 49 parsec, since globular clusters can
have radii up to a few ten parsecs, it is a large globular cluster (Gratton, R et al 2019). First the
positions of the stars were calculated in polar coordinates. In polar coordinates r is the distance
from the center and θ is the polar angle, which is the angle around the x-axis and it can vary from
0 to 360 degrees. The globular cluster was split into fifteen different circle segments which are
illustrated in figure 5. The number fifteen was chosen as the segments then become quite small and
that gives a smooth distribution of the position. A smaller number would not give as good of a
distribution of the positions while a larger number would not necessarily give much better results
and take a longer time to compute. The normalized integral for formula (7) was used to determine
the number of stars in every segment. The upper limit was the radius of the larger circle enclosing
the segment while the lower limit was the radius of the smaller circle enclosed by the segment. The
lower limit for the first segment is therefore zero. The value of this integral was then multiplied by
the total number of stars to calculate the number of stars in that segment. Every star was then
given a random r value within the circle segment as well as a random θ value. Then from the r
value and θ, the x and y coordinates could be calculated using the formulas (Griffiths, D.J 2012)

x = r · cos(θ)

y = r · sin(θ).

An example of an image with 150 000 stars can be seen in figure 6, where the density of the globular
cluster as a function of the radial distance can be seen in figure 7.
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Figure 5: The radial bins the cluster is divided into for the purpose of generating the stellar positions

After this the properties of the stars were calculated. First the masses for the stars were calculated,
which was done using formula (9). The range of masses for the stars was chosen to be between 0.3
and 100 solar masses. These were then divided into 2000 sections. The value of the normalized
integral for formula (9) was calculated for each of these sections. Every star would be at random
put into one of these sections, with the probability of the star being put into any particular section
corresponding to the normalized integral. The stars would then be given random masses within the
section. An example of the mass distribution can be seen in figure 8.

The radius and luminosity for all the stars were calculated using formulas (10) and (8) respectively.
Then the effective temperature could be calculated using formula (11) and the flux was calculated
from formula (12) .
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Figure 6: The simulated globular cluster with 150 000 stars.
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Figure 7: The density of the globular cluster as a function of the radial
distance r.
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Figure 8: The mass distribution for a globular cluster with 100 000 stars. As can be seen most
stars were lower-mass.

3.2 Planet Distribution and Transits

After the stars were defined they were randomly assigned exoplanets. For the planet distribution,
the occurrence rate used was taken from Petigura E.A 2018, figure 9. In that study spectroscopy
from the California-Kepler Survey, which is a large-scale spectroscopic survey of 1305 Kepler ob-
jects of interest, was used to examine the connection between planet occurrence and metallicity.
The populations used in this project were the exoplanets with a radius 8 times larger than the
earth or more, and an orbital period between 1 and 10 days. As mentioned in the introduction
these Hot-Jupiter type planets are ideal when using the transit method with their large radii and
short orbital periods, as well as being of scientific interest as their formation and evolution are still
shrouded in mystery.

The selected radius-orbit bins used are highlighted in figure 9. For each box, planets would be
drawn with random radii and orbital periods within the boxes. The semi-major axis for the planet
was calculated using formula (2) and formula (3) would then be used to find the Geometric transit
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Figure 9: Data for the prevalence of different kinds of exoplanet among stars, were the number on
each square signifies the amount of planets among 100 stars, the used boxes are highlighted. Image
is taken from Petigura E.A 2018

probability. For each planet that did transit, it was given a random impact parameter b between
one and zero. The light blocked by the planets was calculated using formula (1), the inclination of
the planets using the formula (4), the distance the planet traveled across the star using formula (5),
and the alpha max angle using formula (6). Every planet would be given a random starting value
K for its orbital phase between 0 and 1 and its orbital phase could be calculated at any moment
using the formula

α =
t

P
−K, (15)

where P is the orbital period. For values of α < αmax or α > 1 − αmax, the planet is in transit,
making the apparent flux of the star decrease.
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3.3 Detector and Noise

To then be able to observe these transits a detector was simulated. A pixel image with 1000x1000
pixels was assumed to be used to observe the stars. The globular cluster was assumed to be 10 000
light years away and have a radius of 160 light years. The Angular size of the cluster can then be
calculated as 1.8 degrees. The field of view was chosen to be two degrees, or 7200 arcseconds, so
the entire cluster could be observed. This means that every pixel is equivalent to 7.2 arcseconds or
0.002 degrees. The dimensions of the detector are illustrated in figure 10. The simulated telescope
observed the cluster at a wavelength of 625 nanometers. The full width half maximum was chosen
to be 1.2 pixels which is 8.6 arcseconds. This value was chosen as the pixel scale becomes in between
typical values for exoplanet transit survey instruments. Using formula (13) the diameter D for the
telescope can then be calculated to be 1.8 centimeters which is quite a small telescope.

Figure 10: Dimensions of the simulated CCD detector.

The flux of every star at the pixels surrounding them was calculated using formula (14), where
A=1. The amplitude A was chosen to be one because all of the fluxes of the stars would be re-
normalized later so what was of significance was the difference between fluxes and not the flux itself.

Noise also needed to be added to the detector. The signal-to-noise ratio for photon noise is given by
the square root of the number of events. Therefore the flux earlier calculated in erg / (cm2 Hz s sr)
had to be converted into photon count. This was done by dividing the flux of all the pixels in the
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image by the flux of one of the stars in the 90th percentile in erg / (cm2 Hz s sr), and multiplying
that by 50 000, which is a typical value of over-saturation for a CCD detector. A star in the 90th
percentile was chosen so most of the stars would be well exposed with only the brightest stars being
over-saturated. Any pixel that had a photon count value calculated to be over 50 000 would then
instead be set to 50 000. this can be seen in figure 11. The photon shot noise for any particular

pixel would then be
√

fluxpixel

flux90
· 50000. It was assumed that the observation of the stars went on

until the top 10% of the stars were saturated.
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Figure 11: The flux measured increases linearly with time until it reaches 50 000 photon counts,
at that point it has become over-saturated. In this illustration the exposure time is assumed to be
one minute.

We also assumed that a constant bias level at 100 photon counts with a standard deviation of 2
added to simulate read out noise. Any pixel dimmer than 200 photon counts would not be analyzed
as there was too much uncertainty.
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3.4 Observation of Stars

When the detector has been simulated the simulated observation of the stars then needs to be
established. To create observations of the stars a three-by-three pixels custom aperture was created
for every star that fulfilled certain criteria. This was done to counter contamination by nearby
stars, which could make the data useless. The closer the nearby stars were the brighter the star
had to be to be considered uncontaminated. For every star there was a selection process. First, any
star that was used had to have a maximum value under 50 000 counts over the nine pixels to avoid
over-saturation. The sum of the flux value over the nine pixels also had to be over 2000 counts
since below this the signal to noise ratio would not be high enough. If the star had any other stars
less than 2σ pixels away these close-by stars had to be 10 times dimmer than the star for it to be
selected, as it would otherwise be considered too contaminated by these other stars. Stars that had
other stars somewhere between 3σ and 2σ pixels away would be considered if it was more than 5
times brighter than the stars in this region. If the star had other stars between 5 σ and 3 σ pixels
away from it then it could be used if it was twice as bright as any of the stars in that region. If
the star had a distance greater than 5 σ pixels away from the closest star it would be used. This is
represented in figure 12. An example of an aperture can be seen in figure 13.
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Figure 12: A schematic representation of the selection process. If there were any stars in region D
the star would be selected if it was 10 times brighter than those stars. If there were any stars in
region C the star would only be selected if it was 5 times brighter then any of those stars.If there
were any stars in region D the star would only be selected if it was 2 times brighter then any of
those stars. If the closest star was in region A the star in the center would be selected.

Figure 13: An aperture on a relatively bright star with a few bright stars nearby but none close
enough to contaminate the target star. The red to black scale is the number of photon counts while
the green pixels is the aperture
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A time-series light curve was created from the measured flux of these apertures varying the flux
of the stars if a planet was transiting. The uncertainty for every measurement was calculated as√∑

(RD +
√
flux)2, where RD was the standard deviation for the read-out noise, which was set

to two. The sum is the total for all the measured pixels in the aperture, as can be seen in figure
15.Two of these light curves, one with noise and one without, can be seen in figures 14 and 15.
This planet had a radius twice that of Jupiter, an impact parameter of 0.46, and an orbital period
of 1.84 days while the star had a radius of 1.00 solar radii.
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Figure 14: An example of a light curve for a star with a transiting exoplanet.

Figure 15: The same star but now with the flux re-normalized to counts, noise
added, and the light curve extracted using an aperture. The typical uncertainty
for the measurements is also illustrated in the figure.
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3.5 Box least Squares

To detect transits in the extracted light curves the Box least squares method was used. The Box
least squares method is an algorithm that is used to detect transiting exoplanets in time series
photometric data. The BLS method utilizes four different parameters to create a step function,
these parameters are duration, depth, period, and reference time. A step function is created with
two different flux levels, one for when the planet is transiting and one for when the planet is not
transiting. The Box least squares method then tries to find different parameters for the step func-
tion that best fits the extracted light curve (Kovacs, G. 2002). The reference time was chosen to
be the mid-point of the first assumed observed transit of the data points. The four parameters
can be seen in figure 16. For this study, the duration of every transit was assumed to be 0.2 days
since that was the mean transit duration for transiting planets in the cluster with 20 000 stars, the
transit duration for the planets can be seen in Figure 17.

Figure 16: The four parameters used to make a Box least squares model .Image taken from the
astropy developers.
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Figure 17: The transit duration for all of the transiting planets in a globular cluster with 20 000
stars.

A periodogram that took a time series observation with brightness measurements y and uncertainties
dy at times t as input was used to determine the orbital period. For every possible orbital period
put into the program, it returns a value of the log-likelihood of that certain orbital period being the
transiting planet’s actual orbital period. This is shown in figure 18 and 19. The maximum value
would then be the assumed orbital period for the transiting planet.
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Figure 18: The log likelihood plotted against the potential orbital
period from the lightcurve seen in figure 15.
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Figure 19: The log likelihood plotted against the potential orbital
period from the same star but now for an observation period of 10
days.
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Any model with a maximum value for the likeliest orbital period higher than no · 0.05 was taken as
a detected exoplanet, while any between n0 · 0.05 and no · 0.04 was taken as a potential exoplanet.
In these formulas, no refers to the number of observations. This was done since the maximum value
depends on how long the observation was done, so a higher number of observations give a higher
maximum value, as can be seen in figure 19. The number 0.05 was chosen to be able to detect
the more clear cases of transits in light curves. While a lower number would have been able to
detect more exoplanets it would also have given more false positives. A number much higher would
however be unlikely to detect many exoplanets.

Phase folding can then be used to make it clear if there is an orbiting exoplanet or not. When
phase folding, one takes the most likely period derived from BLS for the transiting planet and then
splits the data into these periods and put them on top of each other, as can be seen in figure 20.
The determined orbital period would sometimes be slightly off from the actual period which could
sometimes lead to the phase folding being off, for example in figure ??, there are brighter flux
measurements over the transit caused by the fact that the orbital period determined by the box
least squares algorithm is not the exact same as the actual orbital period.

Figure 20: The phase folding of the transiting exoplanet from earlier figures, this was created from
the light curve in figure 15.
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4 Results and Discussion

First, a globular cluster with 20 000 stars was simulated, with simulated observations every half an
hour for 5 days. A total of 10861 apertures could be created that satisfied the selection criteria. The
created apertures can be seen in figure 21. In the cluster there was a total of 13 transiting exoplan-
ets, of which six had apertures and four were detected. The parameters for the transiting planets
and the corresponding stars can be seen in table 1. The light curves, periodograms, and phase fold-
ing for the four detected planets can be seen in figures 22-25. As can be seen in the phase folding of
figure 22 the calculated orbital time was not always entirely correct leading to the phase folding be-
ing a bit off. This is however not a problem for detecting the planets as the transit is still noticeable.
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ture(pho
ton
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(Jupiter
radii)

Orbital
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riod
planet
(days)

BLS
Pe-
riod
(days)

Detected

127.8 0.50 14199 1.1 1.30 1.2625 Yes

25.2 1.50 235618 1.3 1.68 1.6749 Yes

62.5 0.8 44951 1.3 2.58 2.5 Yes

81.8 1.7 131703 1.4 2.65 2.6875 Yes

34.9 1.4 101724 1.5 5.9 N/A No

120.5 1.6 164884 1.9 5.7 N/A No

Table 1: Parameters for the systems with transiting planets for the cluster with 20 000 stars.

More than half of the planets could not be detected as the target stars did not meet the necessary
criteria for the aperture. The other two undetected planets had too long orbital periods, planet 5
only transited once during the observations while planet 6 did not transit at all, so neither of them
could be detected. The efficiency for finding transiting exoplanets in the cluster was therefore 31%.
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Figure 21: The apertures created for a globular cluster with 20 000 stars. Here the stars are red and
the selected apertures are green. Stars without an aperture were disregarded due to our selection
criteria. Not all stars selected are visible in the imagine, but if they are the aperture and star
overlap to create a yellow colour instead.
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Figure 22: The lightcurve, periodogram, and phasefolding for star and planet 1

Figure 23: The lightcurve, periodogram, and phasefolding for star and planet 2

Figure 24: The lightcurve, periodogram, and phasefolding for star and planet 3

Figure 25: The lightcurve, periodogram, and phasefolding for star and planet 4
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For a globular cluster with 50 000 stars, there were 29 transiting exoplanets, a total of 21356 aper-
tures selected, the apertures selected can be seen in figure 27. The parameters for the transiting
exoplanets that had stars with selected apertures can be seen in table 2. The fourth, seventh,
eighth, ninth, and eleventh planets on table 2 were not detected as they only transited once during
the observation. The fifth planet was not detected as the data was unclear. This could be since the
planet was small and the star was rather large so it did not block out a significant portion of the
star’s light. The efficiency for finding transiting exoplanets in this cluster was therefore 17%.
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(Jupiter
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BLS
Pe-
riod
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Detected

67.2 0.37 50405 1.4 1.9 1.9 Yes

135 0.65 35427 1.3 3.0 2.9875 Yes

69.8 0.94 174968 1.3 2.6 2.6125 Yes

155.5 0.66 127258 1.1 5.3 N/A No

68.8 1.7 191943 1.1 3.1 N/A No

84.1 1.0 850205 1.4 3.1 3.175 Yes

91.2 0.90 54244 1.2 7.2 N/A No

85.1 1.0 321646 1.1 5.1 N/A No

61.8 2.4 268555 0.9 3.8 N/A No

152.5 0.37 14744 1.7 3.3 3.3625 Yes

48.9 1.0 264466 2.0 4.6 N/A No

Table 2: Parameters for the systems with transiting planets for the cluster with 50 000 stars.

The lightcurve, periodogram and phase folding for the second planet on table 2 can be seen in
figures 28-30

Next, a globular cluster with 100 000 stars and 66 transiting planets was observed. This globular
cluster was observed for a span of 5 days once every half an hour. The selected apertures can be
seen in figure 31 and there was a total of 431 of them. Only one planet was inside the aperture
and with an orbital period of 3.7 days, two transits during the observation time, and a radius 15
times larger than that of the earth it was clearly detected. The efficiency of finding exoplanets for
these observations was 1.5 %. Considering both the small number of apertures and planets it was
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Figure 26: The apertures created for a globular cluster with 50 000 stars. Here the stars are red
and the apertures are green.

possibly a lucky coincidence that one of them had a transiting exoplanet. So once again the most
limiting factor for the efficiency was the low amount of apertures.
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Figure 27: The periodogram for the fifth planet on table 2.

Figure 28: The light curve for the second planet on table 2.

Finally, a globular cluster with 150 000 stars and 90 transiting planets was simulated. 192 apertures
were selected, they can be seen in Figure 32.

This globular cluster was observed in two different ways. First, it was observed during a span of 5
days with 30 minutes between every observation. The second time it was observed a total of five
times, but after a day of observations, there would be one day without observations before observa-
tions would once again continue. In both of these cases, no exoplanets were found since none of the
apertures had transiting exoplanets. Things are made difficult by the limited amount of apertures
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Figure 29: The periodogram for the second planet on table 2.

Figure 30: The phase folding for the second planet on table 2.

created which significantly decreases the likelihood of finding any transiting exoplanets. However,
having more lenient criteria would give more false detection as stars close by each other would
influence each other’s flux, which would lead to false positives in the case of eclipsing binaries. This
severely limits the possibilities of finding exoplanets in globular clusters. The relationship between
the number of stars and apertures can be seen in figure 33

The efficiency could have been improved by putting the selection criteria on every pixel of the
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Figure 31: The apertures created for a globular cluster with 100 000 stars and a radius of 160 light
years.

aperture instead of the entire aperture. For example, some pixels in the aperture might have been
too close to a bright star while others were slightly further away and could have been used. Using a
finer selection process would result in more apertures existing and therefore more exoplanets could
have been detected. This procedure could then have been used to increase the efficiency. However,
even with such a procedure the ability to find exoplanets would likely be limited due to crowding.
Most of the stars were located in the center of the cluster where the detector was over-saturated and
nothing could be observed. Since the planets were randomly distributed among the stars most of
the planets would also have been at the center of the cluster. It is therefore uncertain how much the
efficiency would have improved with these more specific criteria, it would most likely help increase
the efficiency but only to an extent.

It would also be of interest to further investigate different parameters for the globular clusters to
see how the efficiency is affected. Investigating several more globular clusters with different radii
and amount of stars for example. This would give greater insight into what exactly the limits are
for finding exoplanets in crowded environments. At around 20 000 stars the efficiency was relatively
high as many apertures were created.

These results show it to be quite unlikely to find exoplanets in real globular clusters as there is
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Figure 32: The apertures created for a globular cluster with 150 000 stars. Here the stars are red
and the apertures are green.

usually somewhere between 105 and 106 stars. However, there are some assumptions underlying
the simulations, which may influence the results.

The simulation created only dealt with main-sequence stars. This is of course unrealistic as there
will also be stars outside of the main sequence in these environments. Stars with masses around 0.3
to 8 solar masses will evolve into red giants later in their life span (Laughlin, G. et al 1997). Some
of the stars in this mass range might of instead have instead been red giants had the simulation
been more realistic. Stars with masses 8-12 times that of the sun are so called Super-AGB stars
(Eldridge, J.J. and Tout, C.A. 2004 ). Stars with higher masses than this are also expected to
become giant stars. Therefore all of the stars in the simulation would be expected to eventually
become giants yet none appear in the simulation. Adding giant stars would most likely make it even
more difficult to find exoplanets. They have very large radii and any exoplanet transiting such stars
would be very difficult to detect. Furthermore, such stars would be bright and contaminate other
stars. To truly understand if it is feasible to find exoplanets in crowded environments they need to
be simulated accurately, which means that more than main-sequence stars need to be included.

There is also the detector itself to consider. If the detector had been larger, for example 4000x4000
pixels, the stars would have been resolved better. If the stars had not been as smeared out they
would have overlapped less and this could greatly help increase the efficiency. It would therefore be
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Figure 33: The apertures created compared to the number of stars.

worth investigating with a bigger detector and a smaller pixel scale. If one used a larger telescope
it would also give rise to the stars being less smeared out as the Full width half maximum would
be smaller and the stars would be easier to resolve.
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5 Conclusion

In summary, this project investigated the possibilities of finding transiting exoplanets in crowded
environments by simulating a globular cluster and orbiting exoplanets and then simulating obser-
vations of the cluster. While in smaller clusters it seems possible to find exoplanets in globular
clusters with hundreds of thousands or even millions of stars it very quickly becomes extremely
difficult to find any transiting exoplanets due to crowding. This implies that it does not necessarily
mean that planets do not exist in these environments if they are not discovered but rather that
they are just extremely difficult to detect. There were however some restrictions on the simulation
that warrant further investigation, such as the fact that only main-sequence stars were used. The
apertures could have also had less stringent criteria, or criteria applied to one pixel at the time
instead of all of the pixels of the aperture. This could lead to more apertures existing in the globular
clusters with more stars, which could have possibly increased the efficiency significantly as the small
number of apertures was the main limiting factor for finding exoplanets in the globular clusters with
more stars. There were also only 4 different globular clusters investigated, further investigation for
clusters between 50 000 and 100 000 stars would be of interest to see where exactly the efficiency
drops off. The results do however seem to indicate that finding transiting exoplanets in globular
clusters is challenging but further investigation is warranted.
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Appendix

Code

1 from PyAstronomy.pyasl import foldAt

2 from astropy.timeseries import BoxLeastSquares

3 import lightkurve as lk

4 import numpy as np

5 import matplotlib.pyplot as plt

6 from numpy import random

7 from matplotlib import cm

8 from astropy.modeling.models import BlackBody

9 from astropy import units as u

10 import astropy.io.fits as fits

11 import cv2 as cv

12 import scipy.integrate as integrate

13 #Amount of stars

14 np.random.seed (5)

15

16 n=80000 #amount of stars

17

18 #calculating the positions of the star
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19

20 # the density distribution for a globular cluster

21 def distribution(r):

22 rc=160

23 f0=1

24 return f0 /(1+(r/rc)**2)

25

26

27

28 Rc=150 #radius of the globular cluster

29 RP=15 #segments

30

31 Area=np.zeros ((RP))

32 result=np.zeros((RP ,2))

33 result2=np.zeros((RP))

34 Positionr =[]

35 Positionx =[]

36 Positiony =[]

37 regions=np.linspace (0 ,160 ,15)

38

39 #the integral for every segment

40 for i in range(0,len(regions) -1):

41 result[i]= integrate.quad(distribution ,regions[i],regions[i+1])

42 #normalizing the value for every segment

43 for i in range(0,len(regions) -1):

44 result2[i]= result[i][0]*1/ np.sum(result)

45

46

47

48

49

50 indices = np.arange(0,len(regions))

51 chosen_bins = np.random.choice(indices ,p=result2 ,size=n)

52 # giving stars positions

53 for i in range(n):

54 Positionr.append(np.random.uniform(regions[chosen_bins[i]],regions[chosen_bins[i

]+1]))

55 Positionr2 = np.array(Positionr) #making it into an array

56 theta=np.random.uniform (0,360,size=n) #giving the stars a random theta angle

57 for i in range(0,n):

58 Positionx.append(Positionr2[i]*np.cos(theta[i])) #x positions

59 Positiony.append(Positionr2[i]*np.sin(theta[i])) #y positions

60

61

62 PositionxFinal=np.array(Positionx) #making it into arrays

63 PositionyFinal=np.array(Positiony)

64 del result

65 del result2

66 del Positionr

67 del Positionr2

68 del theta

69 del Positionx

70 del Positiony

71 del chosen_bins

72 del indices

73

74 #masses for stars

75
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76 masses=np.linspace (0.3 ,100 ,2000) #the regions for the masses for every star

77 result=np.zeros((len(masses) ,2))

78 result2=np.zeros((len(masses)))

79 starmasses =[]

80 m=1.9891*10**30

81 b2=-2

82 #dN/dM=M**b

83 def k(x):

84 return x**b2

85 for i in range(0,len(masses) -1):

86 result[i]= integrate.quad(k,masses[i],masses[i+1]) #integrals for every region

87 for i in range(0,len(masses) -1):

88 result2[i]= result[i][0]*(1/ np.sum(result))#These are relative probabilities for

each of the mass bins.

89 indices = np.arange(0,len(masses))

90 chosen_massbins = np.random.choice(indices ,p=result2 ,size=n)

91 for i in range(n):

92 starmasses.append(m*np.random.uniform(masses[chosen_massbins[i]],masses[

chosen_massbins[i]+1])) #giving stars masses within the regions

93 M = np.array(starmasses) #making it into an array

94 #Luminosity , approximation in main sequence

95 L=3.916*10**26*(M/m)**3.5

96

97 r=696340*10**3 #radius of sun

98

99 del result

100 del result2

101 del masses

102 del starmasses

103

104 #calculating radius for every star , approximation in main -sequence

105 R=np.zeros(n)

106 for i in range(0,n):

107 R[i]=r*(M[i]/m)**0.9

108

109

110 #effective temperature

111

112 sigma =5.67*10** -8

113

114

115 T_eff=np.sqrt(np.sqrt(L/(4*np.pi*R**2* sigma)))

116

117

118

119

120

121 R2 =3.086*10**16*3*10**3 #distance to cluster in meters

122

123

124

125 unit="erg / (cm2 Hz s sr)"

126

127 #Calculating flux for the stars

128 #flux for red

129 bb = BlackBody(temperature=T_eff*u.K) #the black body model for every star at its

effective temperature

130 wav = 6250 * u.AA #the wavelength the instrument observes at in ngstrm
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131 flux = (bb(wav)/unit).decompose ().value #the flux value for every star

132

133 del T_eff

134 del bb

135 del L

136

137

138 #Exoplanets

139

140 earthradius =6371*10**3 #earth radius in meters

141

142 #Planet distributions

143 #Radius 12-16 earth radius

144 Planets1number=int((n/100) *0.02) #1-2 days orbital period

145 Planets2number=int((n/100) *0.08) #2-3 days orbital period

146 Planets3number=int((n/100) *0.21) #3-6 days orbital period

147 Planets4number=int((n/100) *0.08) #6-10 day orbital period

148 #Radius 8-12 earth radius

149 Planets5number=int((n/100) *0.05) #3-6 days orbital period

150 #16 -24 earth radius

151 Planets6number=int((n/100) *0.08)#orbitalPeriod 3-6 days

152

153 NS=np.sum(Planets1number+Planets2number+Planets3number+Planets4number+Planets5number

+Planets6number) #number of planets

154 #this is the number of exoplanets

155

156 NP=[i for i in range(0,NS)] #the indexes for stars with exoplanets

157

158

159

160 #Orbital period for the planets

161 OrbitalPeriod1=np.random.uniform(1,2,size=( Planets1number))

162 OrbitalPeriod2=np.random.uniform(2,3,size=( Planets2number))

163 OrbitalPeriod3=np.random.uniform(3,6,size=( Planets3number))

164 OrbitalPeriod4=np.random.uniform (6,10,size=( Planets4number))

165 OrbitalPeriod5=np.random.uniform(3,6,size=( Planets5number))

166 OrbitalPeriod6=np.random.uniform(3,6,size=( Planets6number))

167 OrbitalPeriod7=np.random.uniform(-1,0,size=(n-NS))

168 OrbitalPeriod=np.concatenate (( OrbitalPeriod1 ,OrbitalPeriod2 ,OrbitalPeriod3 ,

OrbitalPeriod4 ,OrbitalPeriod5 ,OrbitalPeriod6 ,OrbitalPeriod7),axis =0)

169

170 #The radii for the planets

171 Radius1=np.random.uniform (12,16,size=Planets1number)*earthradius

172 Radius2=np.random.uniform (12,16,size=Planets2number)*earthradius

173 Radius3=np.random.uniform (12,16,size=Planets3number)*earthradius

174 Radius4=np.random.uniform (12,16,size=Planets4number)*earthradius

175 Radius5=np.random.uniform (8,12,size=Planets5number)*earthradius

176 Radius6=np.random.uniform (16,24,size=Planets6number)*earthradius

177 Radius7=np.random.uniform(-1,0,size=n-NS)*earthradius

178 RE=np.concatenate ((Radius1 ,Radius2 ,Radius3 ,Radius4 ,Radius5 ,Radius6 ,Radius7),axis =0)

179

180 b=np.random.random(n) #impact parameter

181

182 G=6.67408*10** -11 #gravitational constant

183

184 #Calculations for exoplanets

185 LB=[]

186 SMA=np.zeros ((n))
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187 Tr=[]

188 Inclination =[]

189 L=[]

190 alpha =[]

191 alpha3 =[]

192

193

194 G=6.67408*10** -11

195

196

197 for i in range(0,n):

198 if i in NP:

199 LB.append ((RE[i]**2)/(R[i]**2)) #light blocked by planet

200 SMA[i]=((G*M[i]*(( OrbitalPeriod[i]*60*60*24) /(np.pi*2))**2) **(1/3)) #semi major

axis in meters

201 else:

202 LB.append (0)

203 SMA[i]=0

204

205 del M

206 #Geometric transit probability

207

208 GTP=np.zeros ((n))

209

210 for i in range(0,n):

211 if i in NP:

212 GTP[i]=(R[i]+RE[i])/SMA[i]

213 else:

214 GTP[i]=0

215

216

217 NPP =[] #the indexes for the planets transiting from our perspective

218

219 for i in range(0,n):

220 if random.random ()> (1-GTP[i]):

221 NPP.append(i)

222

223

224

225

226 for i in range(0,n):

227 if i in NPP:

228 Inclination.append(np.arccos ((R[i]*b[i])/SMA[i])) #inclination for planets in

radians ,

229 L.append ((((RE[i]+R[i])**2-(( SMA[i]*np.cos(Inclination[i]))**2))**(1/2)))#

distance travelled by the planets in meter

230 alpha.append ((np.arcsin(L[i]/SMA[i]))) #Alpha max angle radians

231 alpha3.append(alpha[i]/(2*np.pi))#Alpha max angle orbital phase

232 else:

233 Inclination.append (0)

234 L.append (0)

235 alpha.append (0)

236 alpha3.append (0)

237

238

239

240

241
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242

243

244 T=np.linspace (0,5,241) #Time axis in days

245 K=np.random.uniform(0,1,size=n) #orbital phase starting value for exoplanets

246

247 alpha2=np.zeros((n,len(T)))

248

249

250 for i in range(0,n):

251 alpha2[i]=(((T/OrbitalPeriod[i])-K[i])%1) #calculating the orbital phase for the

planet at every observation

252

253

254 del K

255 #Calculating were transits occur

256 lightcurves=np.ones((n,len(T)))

257 for i in range(n):

258 lightcurves[i]=flux[i]

259 if i in NPP:

260 lightcurves[i][( alpha2[i]<alpha3[i])+( alpha2[i]>1-alpha3[i])]*=(1-LB[i])

261

262

263 del alpha2

264 del alpha3

265

266

267

268

269

270 #Creating detector

271

272

273 w0=1.2 #The sigma value for the 2D Gaussian

274

275

276 N2 =1000# Amount of pixels

277 AngularSize=np.arctan ((300*9.46*10**15)/R2)*206264.806# this is angle in arcsecondss

278 FOV =2*3600 #Assumed field of view in arcseconds

279

280

281 ArcsecPerPixel=FOV/(N2) #The number of arcseconds per pixel

282

283

284 U4=AngularSize /300 # One Arcsecond is U4 light years

285

286

287 #Making the positions into pixel positions

288 xm=( PositionxFinal*U4)/ArcsecPerPixel

289 ym=( PositionyFinal*U4)/ArcsecPerPixel

290

291 del PositionxFinal

292 del PositionyFinal

293 del LB

294 del SMA

295 del Inclination

296 del Tr

297 del L

298
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299

300 #Creating image

301

302 Xaxis = np.arange((-N2/2),N2/2)

303 Yaxis = np.arange((-N2/2),N2/2)

304 X, Y = np.meshgrid(Xaxis , Yaxis)

305

306 xi=np.arange(len(Xaxis))

307 yi=np.arange(len(Yaxis))

308

309

310

311

312 #creating data array image series

313

314

315

316

317 def f_gaussblur(x,y,x0,y0,z0 ,sigma):

318 #This identifies the four pixels around where the star is located , linearly

divides the flux

319 #over these pixels , adds those to an empty image , and then performs gaussian

blur to make them

320 #into stars.

321 x0_g = x0 -np.min(x)#These are the x and y positions on the X,Y grid.

322 y0_g = y0 -np.min(y)

323 x_left = np.floor(x0_g).astype(int)#These are the indices of the pixels

surrounding the star.

324 x_right = np.ceil(x0_g).astype(int)

325 y_below = np.floor(y0_g).astype(int)

326 y_above = np.ceil(y0_g).astype(int)

327 x_right[x_left == x_right ]+=1

328 y_above[y_above == y_below ]+=1

329 tx = (x0_g - x_left)/(x_right -x_left)

330 ty = (y0_g - y_below)/(y_above -y_below) #This denominator is 1.0 per definition.

331 z0_bottom = z0*(1-ty)

332 z0_top = z0-z0_bottom

333 #Fill in the four pixels surrounding the star:

334 z_00 = z0_bottom *(1-tx)

335 z_01 = z0_bottom -z_00

336 z_10 = z0_top *(1-tx)

337 z_11 = z0_top -z_10

338 out = np.zeros(np.shape(x))

339 for i in range(len(x0)):

340 out[y_below[i],x_left[i]] += z_00[i]

341 out[y_below[i],x_right[i]] += z_01[i]

342 out[y_above[i],x_left[i]] += z_10[i]

343 out[y_above[i],x_right[i]] += z_11[i]

344 return cv.GaussianBlur(out ,(25 ,25),sigma)

345

346

347

348 Z007=np.zeros ((len(T),N2,N2),dtype=float)

349 for t in range(len(T)):

350 Z007[t] = f_gaussblur(X,Y,xm ,ym,lightcurves [:,t],w0)*9 #creating the images for

every measurment , multiplying it by 9

351 #as the data is normalized and becomes smaller

352
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353

354

355 #creating images

356

357 SR=2 #the standard deviation for the read out noise

358

359

360 counts =(( Z007 [:])/np.percentile(flux ,90))*50000 #the flux of the stars in the image

in photon counts

361 del Z007

362 noise=np.random.normal (100,SR ,size=(len(T),N2,N2))+np.sqrt(abs(counts [:]))*np.random

.normal(0,1,size=(len(T),N2 ,N2)) #the noise

363 error=SR+np.sqrt(abs(counts)) #the error of the measurment

364 data=counts+noise #the data measured

365 del counts

366

367 data[data >50000]=50000

368

369

370 del noise

371 #custom aperture

372

373 Z6=np.zeros((int(n),len(T)))

374

375 Z7=np.zeros((int(n),len(T)))

376 #Z7=[]

377 dy=1

378 dx=1

379

380 d=np.zeros((int(n),n))

381

382

383

384

385

386

387

388 cleancase=np.zeros((n,n))

389 contaminatedcase=np.zeros((n,n))

390

391

392

393 #calculating the distance between all the stars

394

395 for i in range(0,int(n)):

396 d[i]=np.sqrt((xm-xm[i])**2+(ym-ym[i])**2)

397 d[i][i]=d[i][i]+35

398

399 d_case1 = d<2.4 #all the times cases were there is less than 2.4 pixels between

stars

400 d_case2 = (d >2.4)&(d<3.6) #all the cases stars are between 2.4 and 3.6 pixels

between each other

401 d_case3= (d>3.6) &(d<6)#all the cases stars are between 3.6 and 6 pixels between each

other

402

403 #calculating the indexes of the stars for all of these cases

404 index1 = []

405 index2 =[]
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406 index3 =[]

407

408 for i in range(n):

409 index1.append(np.arange(n)[d_case1[i]])

410 index2.append(np.arange(n)[d_case2[i]])

411 index3.append(np.arange(n)[d_case3[i]])

412

413

414

415 #creating the custom apertures

416

417

418 for i in range(0,n):

419 print(i)

420 yp=yi[Yaxis==int(ym[i])]

421 xp=xi[Xaxis==int(xm[i])]

422 #any star too bright or too dim will be rejected

423 if np.amax(data [0][ int(yp-dy):int(yp+dy+1),int(xp-dx):int(xp+dx+1)]) <50000 and

np.sum(data [0][ int(yp -dy):int(yp+dy+1),int(xp-dx):int(xp+dx+1)]) >2000:

424 if min(d[i]) >6: #if there are no other stars nearby it is accepted

425 Z6[i]=np.sum(data[:,int(yp-dy):int(yp+dy+1),int(xp-dx):int(xp+dx+1)],axis

=(1 ,2)) #

426 Z7[i]=np.sqrt(np.sum(error[:,int(yp -dy):int(yp+dy+1),int(xp-dx):int(xp+dx

+1)]**2, axis =(1,2)))

427

428 else:

429

430 if len(index1[i]>0): #the first case

431 for k in index1[i]:

432 if flux[i]>10* flux[k]: #the star is accepted if it is significantly

brighter than nearby stars

433 cleancase[i][k]=20

434

435 elif len(index2[i]) >0: #the second case

436 for k in index2[i]:

437 if flux[i]>5*flux[k]: #the star is accepted if it quite a bit

brighter

438 cleancase[i][k]=20

439

440 else:

441 contaminatedcase[i][k]=20

442

443 elif len(index3[i]) >0: #the third case

444 for k in index2[i]:

445 if flux[i]>flux[k]*2: #the star is accepted if it is somewhat

brighter.

446 cleancase[i][k]=20

447

448 else:

449 contaminatedcase[i][k]=20

450

451

452 if max(contaminatedcase[i]) >0:

453 Z6[i]=0

454 Z7[i]=0

455

456 else:

457 Z6[i]=np.sum(data[:,int(yp-dy):int(yp+dy+1),int(xp-dx):int(xp+dx+1)],axis
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=(1 ,2)) #

458 Z7[i]=np.sqrt(np.sum(error[:,int(yp -dy):int(yp+dy+1),int(xp-dx):int(xp+dx

+1)]**2, axis =(1,2)))

459

460 del d

461 d=np.zeros ((int(n),n))

462

463

464

465

466 #Box least squares

467

468

469 things=np.zeros((n))

470

471 period=np.zeros((n))

472 transit_time=np.zeros((n))

473 duration=np.zeros((n))

474 #things2=np.zeros((n))

475 #depth=np.zeros((n))

476 nottransits =[]

477 transits =[]

478 fluxy=np.zeros((n,len(T)))

479 phases=np.zeros((n,len(T)))

480

481 theIndex =[]

482

483 theIndexCandidate =[]

484 periodcandidate=np.zeros((n))

485 transittimecandidate=np.zeros((n))

486 durationcandidate=np.zeros((n))

487 phasescandidate=np.zeros((n,len(T)))

488 fluxycandidates=np.zeros((n,len(T)))

489 nottransitscandidate =[]

490 transitscandidate =[]

491

492

493

494

495

496 # Creating a box least square model for every star with an aperture

497 # and then saving the data

498

499

500 for i in range (213 ,214):

501 if abs(max(Z6[i])) >0:

502 periods = np.linspace(1, 10, len(T)) * u.day

503 model=BoxLeastSquares(T*u.day ,Z6[i],dy=Z7[i])

504 periodogram = model.power(periods ,0.2)

505

506 max_power = np.argmax(periodogram.power)

507

508 things[i]=( periodogram.power[max_power ])#*1/ sum(Z6[i])

509

510

511 if things[i] >0.05* len(T):

512 theIndex.append(i)

513 period[i]=( periodogram.period[max_power ])/u.day

50



514 transit_time[i]=( periodogram.transit_time[max_power ])/u.day

515 duration[i]=( periodogram.duration[max_power ])/u.day

516 phases[i]= foldAt(T,periodogram.period[max_power ],0)

517 sortIndi = np.argsort(phases[i])

518 phases[i] = (phases[i][ sortIndi ])#. decompose ().value

519 fluxy[i]= Z6[i][ sortIndi]

520 if i not in NPP:

521 nottransits.append(i)

522 if i in NPP:

523 transits.append(i)

524 if 0.04* len(T)<things[i] <0.05* len(T):

525 theIndexCandidate.append(i)

526 periodcandidate[i]=( periodogram.period[max_power ])/u.day

527 transittimecandidate[i]=( periodogram.transit_time[max_power ])/u.day

528 durationcandidate[i]=( periodogram.duration[max_power ])/u.day

529 phasescandidate[i]= foldAt(T,periodogram.period[max_power ],0)

530 sortIndi = np.argsort(phasescandidate[i])

531 phasescandidate[i] = (phasescandidate[i][ sortIndi ])#. decompose ().value

532 fluxycandidates[i]= Z6[i][ sortIndi]

533 if i not in NPP:

534 nottransitscandidate.append(i)

535 if i in NPP:

536 transitscandidate.append(i)

537 del model

538 del periodogram

539 del max_power

540

541

542 efficiency =(len(transits))/len(NPP) #the efficiency of finding transiting exoplanets

51


