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Abstract
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Looking at the Sun, finding other Earths: Identification of Solar regions

by José LINO

This thesis targets to develop a code for analyzing Sun images, identifying regions
such as sunspots and faculae. The code complements with the PoET telescope and ESPRESSO
spectrograph, collectively observing the Sun and capturing spectra from specific solar
disk areas. Utilizing images from the Solar Dynamics Observatory, and converting them
to TIFF files, our code can distinguish diverse solar regions, using thresholds. After the
identification, a clustering method is used to count sunspots and determine their cen-
troids. These centers go through a conversion between Cartesian to Celestial coordinates
and obtains pointing coordinates for the telescope, such as altitude and azimuth. Also,
a separation of umbra and penumbra is achieved. After all these identifications, area
calculations were made, which validate sunspot areas, matching the combined area of
umbrae and penumbrae. Finally, solar rotation velocity is determined, showing around
2 km/s near the Equator and decreasing toward 0 km/s near the Solar Poles. Compre-
hending more about these solar regions is crucial for understanding their impact on the

Sun’s spectrum and their role in exoplanet detection.

Keywords: Sun, Sunspots, Umbra, Penumbra, Facula, PoET Telescope, ESPRESSO Spec-
tograph, Celestial Coordinates.
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Resumo
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Observar o Sol, a procura de novas Terras: Identificacdo de Regides Solares

por José LINO

Esta tese tem como objetivo desenvolver um cédigo para analisar imagens do Sol,
identificando regides como manchas solares e faculas. O cdédigo complementa com o
telescépio PoET e o espectrografo ESPRESSO, observando coletivamente o Sol e captu-
rando espectros de areas especificas do disco solar. Utilizando imagens do Observatério
Solar Dinamico e convertendo-as em arquivos TIFF, o nosso cédigo pode distinguir di-
versas regides solares, usando limites de intensidade especificos. Apds a identificagdo,
um método de clustering é utilizado para contar manchas solares e determinar os seus
centroides. Esses centros passam por uma conversao de coordenadas cartesianas para ce-
lestiais, obtendo coordenadas como altitude e azimute, para o telescépio apontar. Além
disso, é feita uma separagdo entre a umbra e a penumbra. Apds todas essas identificagdes,
sdo feitos cédlculos de drea, validando as dreas de manchas solares, correspondendo a drea
combinada de umbra e penumbra. Por fim, a velocidade de rotagdo do Sol é determi-
nada, obtendo-se cerca de 2 km/s perto do Equador e tendendo para 0 km/s perto dos
Pélos Solares. Compreender mais sobre estas regides solares é crucial para entender o seu

impacto no espectro solar e o seu papel na detecdo de exoplanetas.

Palavras-Chave: Sol, Manchas Solares, Umbra, Penumbra, Facula, Telescépio PoET, Es-

pectrégrafo ESPRESSO, Coordenadas Celestes.
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Chapter 1

Introduction

The universe has always been something fascinating for human beings from Ancient
Greece to modern times. We have been watching the sky for centuries always wonder-
ing and asking questions such as “How did the Universe begin and how will it end?”,
“How did the known structures in the Universe evolve?”, “Is the Universe finite?”, “Are
we alone in the universe?” (Allen and Lidstrom, 2016). Nowadays a lot of these questions
are being worked on or theorized, but that led to even more questions that we are yet to
understand. One of the most intriguing questions is that last one, as the immensity of
the Universe makes it very likely that there is life on other worlds. So lately, to reply to
this important question, we are looking at the sky, searching for planets where life may

be present.

1.1 Exoplanets and effects of stellar activity

1.1.1 Exoplanets

An exoplanet (extrasolar planet) is a planet that is outside of the Solar System that orbits
another star (or binary star) that is not the Sun. The first exoplanet that was detected
orbiting a star similar to the sun happened in 1995 (Mayor and Queloz, 1995). There
was an exoplanet that was found in 1988, but only confirmed in 2003 (Schneider et al.,
2011). As of this date, there are around 5404 confirmed exoplanets in 3979 planetary
systems with 859 with more than one planet'. The JWST (James Webb Space Telescope)

was created to observe the first stars and the formation of the first galaxies. It also is

INumbers found on this diagram http://exoplanet.eu/diagrams/ and represented as well on the
graph from figure 1.1


http://exoplanet.eu/diagrams/
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characterizing the atmosphere of other planets and their environmental conditions, to
search for potential of life in such planets (Kasting, 2021). Potential of life in a planet that

is similar to Earth means that he checks the following characteristics:

1. Distance to the star and surface gravity of the planet are such that water can exist in

the liquid form;
2. Stable environment to have a stable climate;

3. Suitable atmosphere with necessary gases like nitrogen, oxygen, and carbon diox-

ide;
4. Magnetic field to protect from solar radiation and cosmic rays.

These planets are called Earth-like planets and one of the best candidates is Kepler-
452b - quoted to be Earth’s Cousin (Jenkins et al., 2015). It was the first near-Earth-size
planet (its mass is around 5 times bigger than Earth’s, so it is also called Super-Earth)
that was found within the habitable zone of a star that is similar to our Sun. In this case,
that star is a sun-like star named Kepler-452 that is located in the constellation Cygnus, at

around 1,800 light-years! from Earth and represented in figure 1.12.

FIGURE 1.1: Artistic representation of the planet Kepler-452b and its host-star.

There are a lot of ways to look for and detect exoplanets, such as the Transit Photome-
try and the Doppler Spectroscopy, also known as the Radial-Velocity method, but there is

also Direct Imaging and Gravitational Microlensing for example. Concerning the number

1Value obtained from The Habitable Exoplanets Catalog in https://phl.upr.edu/projects/
habitable-exoplanets-catalog (Sudrez Mascarefio et al., 2022), with Kepler-452b being the first planet
on the table Optimistic Sample of Potentially Habitable Exoplanets.

’Image credit: NASA Ames/JPL-Caltech/T. Pyle, taken on the 10th of June 2023.


https://phl.upr.edu/projects/habitable-exoplanets-catalog
https://phl.upr.edu/projects/habitable-exoplanets-catalog
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of detections, the Transit and Radial-Velocity methods are the ones that have found the

most planets, with the other two methods having smaller numbers, as we can see from

figure 1.21.
w . .
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FIGURE 1.2: Number of exoplanets discoveries across the years.

The Radial-Velocity and the Transit Photometry methods, per the NASA numbers 2 as

of today, have found 1036 and 4073 exoplanets, respectively.

1.1.2 Methods to find exoplanets — Radial-Velocity

The Radial-Velocity method consists of an indirect method based on the principles of the
Doppler effect and gravitational interaction between the star and its orbiting planet (San-
tos et al., 2020). Although the star is more massive than the planet, there is a gravitational

interaction between the two. This is represented by the gravitational force equation:

G(mlmz)

F = R2

(1.1)

Where G is the gravitation constant, G = 6.674 x 10711m3 - kg=! - s72. The star has a

greater gravitational pull, so the planet orbits around it, but the star also orbits around a

1Irnage taken from https://exoplanetarchive.ipac.caltech.edu/exoplanetplots/exo_dischist.
png, on the 29th of June 2023.

2The number of planets found by these methods are presented in https://exoplanets.nasa.gov/
alien-worlds/ways-to-find-a-planet/#.


https://exoplanetarchive.ipac.caltech.edu/exoplanetplots/exo_dischist.png
https://exoplanetarchive.ipac.caltech.edu/exoplanetplots/exo_dischist.png
https://exoplanets.nasa.gov/alien-worlds/ways-to-find-a-planet/#
https://exoplanets.nasa.gov/alien-worlds/ways-to-find-a-planet/#
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small orbit in the center of mass of this system, also known as barycenter, as we can see

in figure 1.312,

FIGURE 1.3: Wobble of a star caused by the gravitational pull of its orbiting planet.

This representation is exaggerated but if we observe the system along our line of sight,
we will notice a wobble in the star, as it either appears to be moving in our direction, or
away from us. By measuring this wobble, we can understand if a star has one or more
planets and how big and close to the star they are. The radial velocity created by this

wobble is given by the following equation:

Vradial (F) = 0o + 0 - sin(i) - cos(Qxt + ¢o) (1.2)

This equation considers that the orbit of the planet has an inclination i with respect to
the line of sight and, for a circular motion, the semi-major axis of a planet around a star is
a. vg is the radial velocity of the planetary system with respect to the observer and v, is
the orbital velocity of the star around the barycenter, with vk being the Kepler velocity of

the planet.

1Image taken from https://exoplanets.nasa.gov/alien-worlds/ways-to-find-a-planet/#/1, on
the 11th of June 2023

2This explanation and figure where found in this NASA page https://exoplanets.nasa.gov/alien-
worlds/ways-to-find-a-planet/#/1.


https://exoplanets.nasa.gov/alien-worlds/ways-to-find-a-planet/##/1
https://exoplanets.nasa.gov/alien-worlds/ways-to-find-a-planet/#/1
https://exoplanets.nasa.gov/alien-worlds/ways-to-find-a-planet/#/1
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M,

Oy = M* +Mva

(1.3)

Still regarding equation 1.2, the constant phase is represented by ¢y and Qx is the

Kepler frequency, described by:

G(M,+ M

The time is represented in equation 1.2 by t, with the orbital period being:

2

p— <t
Ok

(1.5)

For the same star, i.e., M, is constant, a more massive planet (larger Mp) will have
a bigger Kepler frequency and, consequently, will induce a greater radial velocity in its
star. Considering this, planets such as Jupiter or Saturn, will have a wobble effect much
stronger than Earth or Venus for example, as Mjypiter > MEg,- This wobble will vary
the star’s velocity, as seen in equation 1.2, impacting the frequency of light that reaches
us. This impact is given by equation 1.6, explaining numerically the Doppler effect. The
Doppler effect is an apparent variation in a wave’s frequency in relation to an observer
moving relative to the wave source (Giordano, 2012). This motion of the star causes its
observed wavelength to shift the spectral lines in the spectrum of the star, according to
the Doppler’s equation:
AL D
T o (1.6)
Where AA is the observed wavelength shift and Ag is the reference wavelength, related
to the radial velocity of the star, v and speed of light, c. If we measure the wavelength shift
in the star’s spectral lines, we can determine the radial velocity of the star. This change
in wavelength can be detected as a color shift in the spectrum, changing to blue or red
depending on if the body moves closer or far away from us, and the wave stretches or
squishes, respectively and represented in figure 1.4'.
To summarize, the radial velocity method utilizes a physics concept - the Doppler
effect, measuring the variation in the radial velocity of a star. This variations happen

because of the gravitation interactions between the star and the exoplanet, changing the

1Image taken from https://upload.wikimedia.org/wikipedia/commons/e/e4/Redshift_blueshift.
svg, on the 11th of June 2023


https://upload.wikimedia.org/wikipedia/commons/e/e4/Redshift_blueshift.svg
https://upload.wikimedia.org/wikipedia/commons/e/e4/Redshift_blueshift.svg
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NN

FIGURE 1.4: Wave of visible light difference coming from a star that is moving away from
(red light) or towards (blue light) a viewer.

position of the star’s spectral lines. This change is also named Doppler shift and it allows
to infer the presence of any orbiting companions and also its characteristics.

exoplanet.eu, 2023-07-05 8
.

o
I
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le+!
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FIGURE 1.5: Diagram of the exoplanets’ mass detected, with the Jupiter’s mass as a ref-
erence.

For curiosity, a Jupiter-like planet measured radial-velocity induced in a star would
be around 13 m/s. On the other hand, a Earth-like planet would only have about 9 cm/s
of shift in the stellar spectrum (Santos et al., 2020). This is why there are much more
exoplanets detected with a mass closer to Jupiter’s mass, as we can see from figure 1.5'.
Measuring this small change is a challenge that is being tackled in order to detect more

exoplanets, as discussed further ahead.

1Plot obtained using the database from (Schneider et al., 2011), on the 7th of July 2023



1. INTRODUCTION 7

1.1.3 Methods to find exoplanets — Transit

This transit method consists of observing the star’s emitted light and watching it dim by
a measurable amount when a body, in this case a planet, passes directly between the star
and the viewer (Charbonneau et al., 1999). This event can be compared to an eclipse, when
the Moon passes in front of the Sun, blocking its light, or even when Venus or Mercury
pass in front of the Sun. To observe this, the star’s light is measured and if a dim happens,
that could mean that the star is being orbited by a planet, in this case an exoplanet. This
dim can be measured in brightness over time, comprising the so-called light curve, as

presented in figure 1.6'.

light curve

wv
n
(]
o=
e}
<
()}
=
Ko

FIGURE 1.6: Time evolution of the brightness with a drop in brightness caused by a planet
passing in front of its host-star.

The drop in brightness and time that it takes during that drop provide us with a lot of
information about the transiting planet. This allows us to estimate the radius of a planet,
given that we know the one of the star. We can also determine the period of rotation of
the planet, i.e., the time it takes the planet to orbit its host star. These two values are im-
portant to compare this planet to Earth in order to find Earth-like exoplanets. However,
the light-curve does not always present a clear dip in brightness, as it can change over
time, with stellar activity also appearing in the curve. This stellar effects will be mod-
eled, by adjusting the planet and star’s signals, in order to analyse the light curve and
consequently measure radial velocities (Baluev, 2015; Damasso and Del Sordo, 2017).

During the transit event, the amount of light blocked by a planet is related to the ratio
between the radius of the planet and star. This relation can be described by the following

equation:

R 2
% = <R’7> (1.7)

1Credit: NASA Ames, taken on the 11th of June 2023
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Where the radius R, and Rs correspond to the planet and the star, respectively. AL is the
change in brightness of the star during transit and the total luminosity of the star is repre-
sented by L. This radius and brightness relation provides valuable insights about the size
of an exoplanet. For example, considering a Jupiter-like planet orbiting a Sun-like star, the
ratio between the radius is around 10%. Using the equation, we can see the ratio of radius
is the square of the ratio of brightness, so the brightness would vary about 1%. We can
also calculate the change a Earth-like planet would induce on brightness. The expected
photometric variation would be around 100 parts per million (Santos et al., 2020). Measur-
ing such small signals is a challenge that new instrumentation can also tackle, however
this method is particularly difficult to long-period planets. A shorter orbital period is
more likely to transit in front of its host star from our line of sight. Contrarily to that, a
longer period planet, for example located at around 1 AU from its star, such as the Earth,
is harder to find with this method, as it would require a large number of observations to
cover its orbit.

In summary, the transit method detects exoplanets utilizing the principles of light and
its interaction with celestial bodies. A periodic change in the brightness of a star is mea-
sured during the transit event and allows to determine size, period and other character-
istics of an exoplanet. This is the method that has discovered the most exoplanets so far!.
However, this changes in brightness may mean other things other than a planet orbiting
the star, like for example stellar noise such as sunspots or eruptions (Czesla et al., 2009;

Forgan, 2013; Aigrain et al., 2004).

1.1.4 Effects and Impacts from stellar activity
1.1.4.1 Stellar activity

There are a lot of phenomena and processes that happen on the atmosphere and sur-
face of the stars. These events can affect and impact not only the star itself, but also its
surroundings and consequently bodies that may be orbiting it. We want to study these
activities and what consequences they may cause, for example, to an exoplanet nearby
or even check if what we think is an exoplanet is a signal produced by stellar physics
processes. Let’s start by an event that will be more talked about on the next chapters, the

sunspots. These darker and cooler regions on the photosphere are caused by magnetic

IThe number of planets found by this method is shown in https://exoplanets.nasa.gov/alien-
worlds/ways-to-find-a-planet/#.


https://exoplanets.nasa.gov/alien-worlds/ways-to-find-a-planet/#
https://exoplanets.nasa.gov/alien-worlds/ways-to-find-a-planet/#
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activity (Bray and Loughhead, 1964). These regions may change a star’s brightness and
also contribute to CME (Coronal Mass Ejections) and stellar flares (solar flares, regarding
the Sun), events that eject enormous amounts of energy creating geomagnetic storms that
can affect an exoplanet. In the case of our planet, the Earth, it can disrupt satellites opera-
tions and also radio communications (Muller, 2014). Another event that can happen on a
star is the Coronal Mass Ejections, that are a large-scale of eruptions that release magnetic
fields and plasma from the star’s corona (Webb and Howard, 2012). In case of the Earth,
these CMEs can cause geomagnetic storms that might create the northern and southern
lights, or auroras, as we know and can see in figure 1.71. In the matter of stellar flares,
these are intense and sudden releases of energy in the form of electromagnetic radiation.
On Earth, these can affect our upper atmosphere, triggering ionization (Mitra, 1974) and

disturbances or also create risks to spacecrafts and astronauts.

FIGURE 1.7: Aurora borealis created by Coronal Mass Ejections happening on the Sun.

Other events that we can observe in stars are stellar winds. Firstly, Stellar winds are
streams of charged particles that are emitted by the stars. If a planet is particularly close to
its host star, these winds may cause their atmosphere to strip away and potentially affect
the ability to sustain life (Airapetian et al., 2020). In the case of the Earth, our magnetic
field protects us from Solar winds as we can see in figure 1.8%. Secondly, Stellar outbursts
are periodic events that happen to stars known as nova or supernova events.

There is also effects of granulation and plages, for example, that can affect different
timescales in evolution of stellar activities. In the case of granulation, it is a convective
phenomenon that occurs on the surface of Sun-like stars. This process leads to the for-

mation of small convective cells - granules. On the other hand, we have plages, that are

1Irnage taken from https://upload.wikimedia.org/wikipedia/commons/f/fa/Church_of light.jpg,
on the 11th of June 2023

2Image taken from https://www.vectorstock.com/royalty-free-vector/solar-wind-diagram-
vector-21409409, on the 11th of June 2023


https://upload.wikimedia.org/wikipedia/commons/f/fa/Church_of_light.jpg
https://www.vectorstock.com/royalty-free-vector/solar-wind-diagram-vector-21409409
https://www.vectorstock.com/royalty-free-vector/solar-wind-diagram-vector-21409409
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Solar Wind
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FIGURE 1.8: Representation of Solar Wind being repelled by Earth’s magnetic field.

areas of increased brightness and temperature on the surface of a star and are created by
magnetic activity.

All these events can be different depending on the star’s size, age, temperature and
other factors, but understanding them will help understanding stars and even our Sun
better and in consequence understand exoplanets and what effects they can create on

them.

1.1.4.2 Impact on exoplanet detection

Although these noises can affect stars and their exoplanets, they can also affect the de-
tection of exoplanets. For instance, the characterization and detection of exoplanets are
significantly influenced by the presence of stellar activity. These factors present adversi-
ties to two of the most used methods to find and characterize exoplanets: Radial Velocity
and Transit Methods.

In the case of the Radial Velocity, the method relies on measuring the Doppler shift,
caused by the gravitational pull coming from an orbiting planet, in the spectrum of a star.
As we saw before, stars can have star spots and stellar flare, and these produce some
variations on the position of the lines in the spectrum of the star. This variation makes
it challenging to distinguish stellar noise from a signal created by an exoplanet (Serrano
et al., 2018; Andersen and Korhonen, 2015; Vanderburg et al., 2016). Consequently, this
leads to false detection and even show the presence of smaller planets that in reality might

not exist. In the case of granules, they can cause variations in the radial velocity of a
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star, affecting the precision of measurements in radial velocity, used to detect exoplanets.
Granulation can induce variations in radial velocity from 10 to 400 cm/s depending on
the star type and evolutionary stage (Dumusque et al., 2011; Schrijver and Zwaan, 2008),
making it difficult to get precise measurements. To mitigate the impact of granulation,
long exposure times can help, but low-frequency noise still remains on the spectrum. On
the other hand, plages can also induce noise in radial velocity measurements because
plages disrupt the flux balance between different parts of the star, causing an apparent
Doppler shift that can be similar to radial velocity varying due to the orbit of an exoplanet.
This is challenging, because we want to differentiate an actual planetary signal to effects
of plages, so there are not any false detections. The presence of plages and convection
in active regions contribute to variations of up to 40 cm/s during high activity phases
(Dumusque et al., 2011; Meunier et al., 2010). Understanding and accounting the effects
of granulation and plages can be crucial when measuring radial velocity data to detect
exoplanets. Still regarding the Radial Velocity Method, the appearance and disappearance
of sunspots on stars can produce radial velocity (RV) signals that are similar to the ones
expected from exoplanets (Santos et al., 2014). The amplitudes of the RV signals imposed
by stellar activity are often of the same order of magnitude as the expected signals of a
low mass planet. Simulations show that the maximum RV signal induced by sunspots
occurs when the spots are approximately close to disk center (around 45° degrees from
the “meridian”) (Santos et al., 2014). When the spot is at the “meridian”, the value of the
RV signal will decrease to zero. Therefore, the presence of sunspots can make it difficult
to distinguish between RV signals caused by planets and those caused by stellar activity.

Regarding the Transit Method, as referred in 1.1.3, it consists on detecting exoplanets
by measuring a slight dim on the brightness of a star when a planet passes in front of it.
Stellar noise in the form of starspots and faculae, that are dark and bright regions, can
imitate or hide, respectively, a signal from an exoplanet’s transit. In addition, it can also
make it harder to precisely obtain the planet’s orbital period, size and other properties
that are key to characterizing exoplanets.

The stellar noise that happens in stars can also cause false positives, where signals
wrongly suggest the presence of an exoplanet. It can also produce false negatives, where
stellar activity induces a missed presence of an exoplanet. These errors can lead to biases

in our understanding of properties of exoplanets and impact their statistical analysis.
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1.2 Our Star — The Sun

Since the start of this Section, we have been discussing the search and characterize ex-
oplanets. Also, we have seen that the Stars themselves constitute a significant barrier
on our ability to detect and study them. Thus, understanding the stars is critical to ad-
vance our analysis of exoplanets. However, it is simpler to study the closest star to Earth
- our star, the Sun and by simpler we mean: On one hand, the impact of Radial Veloc-
ity that each planet induces in the Sun’s spectrum is already known; On the other hand,
we can also resolve the effect that small regions produce in the spectrum’s lines - one of
the objectives of PoET. Although there are a lot of types of stars, with various sizes and
temperatures, we can study the Sun to obtain more knowledge on the physics behind the
processes occurring on it. Afterwards, we can apply it to Sun-like stars, helping the study
of exoplanets.

With this in mind, the Sun is the star at the center of the Solar System that the Earth
orbits around, represented in figure 1.9'. It is the most important source of energy that
allows life at Earth because it radiates that energy mostly as light, infrared and ultraviolet
radiation. It is a nearly perfect ball of hot plasma (Fivian et al., 2008) and has nuclear fu-
sion reactions happening in its core that heats to incandescence. The Sun has a radius that
is 109 times bigger than Earth’s (approximately 695,000 kilometers) and has a mass that
is 330,000 times higher, holding about 99.86% of the Solar System’s total mass (Woolfson,
2000). This mass consists of 73% of Hydrogen and 25% of Helium and the rest consists
of oxygen, carbon, neon, and iron (Basu and Antia, 2008). It is located at an average dis-
tance of 1 astronomical unit from the Earth (1.496x108 kilometers) (Pitjeva and Standish,
2009) and was formed around 4.6 billion years ago from a gravitational collapse of mat-
ter that came from a large molecular cloud (Bonanno, A. et al., 2002). All of this matter
was gathered around in the center of the sphere (the Sun) and the rest flattened into an
orbiting disk, creating the Solar System planets, and subsequently other bodies including
our planet — the Earth. The Solar System’s center became so dense and hot that ultimately
it started nuclear fusion in its core, and that is the main process that forms almost all the
stars composing the universe (Stahler and Palla, 2008).

The Sun is a yellow dwarf, also known as a G-type main-sequence star (luminosity

class V), as we can see in figure 1.102. It has an effective temperature, i.e., the temperature

Mlustration by NASA/JPL, taken on the 12th of June 2023
2Hertzsprung-Russell Diagram, Credit: ESO, taken on the 12th of June 2023
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FIGURE 1.9: Representation (not on scale) of the Solar System.

of a black body emitting the same total amount of electromagnetic radiation (Roy and
Clarke, 2003) of around 5780 K (Lide, 2004). It fuses in its core around 600 million tons
of hydrogen into helium every second (Miramonti et al., 2010), converting in this process
almost 4 million tons of matter into energy. This energy is the source of Sun’s heat and
light, but eventually the hydrogen fusion will be reduced to the point where the Sun is
no longer in hydrostatic equilibrium (Wilkinson, 2012). When this happens, the Sun’s
core will increase in temperature and density, expanding its outer layers, and eventually
transforming into a red giant (Laughlin et al., 1997) - as shown in figure 1.11%. It's been
calculated that when this happens, in approximately 5 billion years, the Sun will absorb
the orbits of Mercury and Venus, and the Earth will be inhabitable (Reinders, 2021). After
this expansion, its outer layers will get dropped and the Sun will become a white dwarf -a
dense type of cooling star, and no longer fuse to produce energy (Mestel, 1952). However
it still will give heat and glow to any bodies nearby. Since prehistory that the Sun has a
huge influence on Earth, as we can see by the calendars that used based on rotation of
the Earth around the Sun and the Sun’s observations movements (the days and nights)
(Lattis, 2010).

Despite all these stars having different endings to its life’s, almost all of them were
created by a dust cloud of hydrogen, and that hydrogen fuses into helium in his core as
said before. This core is part of the star’s structure, and in the case of the Sun, the core
also incorporates the likes of the photosphere and the chromosphere as we can observe in

figure 1.122. The part of the structure that interest us the most is the photosphere, where

Tmage taken from Encyclopeedia Britannica, Inc., on the 12th of June 2023
2Credit: PMF IAS, Physical Geography. Image taken on the 12th of June 2023
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FIGURE 1.10: Intrinsic brightness vs surface temperature of the different types of stars,
containing the Main Sequence where the Sun is part of.

FIGURE 1.11: Evolution of a Sun-like star.

we can find the regions that this project wants to focus on.

The Sun’s photosphere is the deepest layer of the star that we can still observe directly
and is an outer shell from where the light is radiated. It is in this layer that we can find
the sunspots, that can be divided in penumbra and umbra, and faculae — both regions
that we want to study. As we can see in the smaller scheme on the top left corner and in
figure 1.13!, the penumbra is the lighter part of the sunspot, and the umbra is darker and

usually is inside the penumbra.

Tmage taken from my own python code
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FIGURE 1.12: Representation of the Sun’s structure.
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FIGURE 1.13: Sun’s photosphere where the Umbra and Penumbra are represented.
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These sunspots are regions that are caused by concentrations of magnetic flux inhib-
ited by convection and have a reduced surface temperature. They usually appear in pairs
of opposite magnetic polarity, within active regions and they vary according to a 11-year
cycle (Labitzke and Van Loon, 1997), as we can see in figure 1.141.

x 10%°

T T T T T T T T T T

[
7k Observed sunspots cycle flux i i
Simulated/ predicted sunspot cycle flux !

Magnetic flux (maxwells)

Time (years)

FIGURE 1.14: Cycle of the sunspots with a prediction of the near future.

At this date, we are moving towards a peak of solar activity, so it is a great time with a
lot of data and information available to study and understand more about these regions,

and subsequently learn more about the Sun and other stars.

1.3 PoET & ESPRESSO

As discussed before, observing and detecting exoplanets can be challenging because of
stellar noise, like sunspots and faculae that can affect the lines in the stellar spectrum.
So, in order to find and study Earth-like exoplanets, firstly we must study Sun-like stars,
observing their spectrum. To do that in a easier way, we can observe the closest star to us
- the Sun. With this in mind, there will be in the near future a telescope called PoET that

is going to be linked with ESPRESSO to look at the Sun and study its spectrum lines.

1.3.1 ESPRESSO

To work along with PoET, there is a spectrograph called ESPRESSO — Echelle SPectro-

graph for Rocky Exoplanet and Stable Spectroscopic Observations, which is a high-resolution

1Image taken from (Bhomwik and Nandy, 2018), on the 13th of June 2023
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spectrograph that is used in astronomical research in order to find and study other planets
outside the solar system — exoplanets. It is a third-generational fiber fed, cross-dispersed
spectrograph with echelle grating and is located in Chile, in the Very Large Telescope Eu-
ropean Southern Observatory (Pepe et al., 2021). It was designed to study exoplanets and
stellar physics and optimized to detect and characterize Earth-like exoplanets. Addition-
ally, it can precise measurements of stellar parameters, such as radial-velocity variations
that are important to understand if a star has an exoplanet.

ESPRESSO has some key feature such as precise measurements of Radial Velocity and
also a high spectral resolution that is achieved using its Spectrograph that is extremely
stable. The Precision Radial Velocity Measurements is very important to detect exoplanets
because it can detect minute variations in motion of a star (Pepe et al., 2014) caused by the
gravitational pull that an exoplanet creates when it orbits his host-star, allowing to find
such planets and study its characteristics. This precision can be achieved using the feature
Extremely Stable Spectrograph, because it ensures that the performance of the instrument
is consistent during long periods of observations. One of the main scientific objectives of
ESPRESSO is to achieve a high level of precision in radial velocity measurements around
10 cm/s. This ambitious goal is connected to another one - finding exoplanets using the
radial-velocity method, studying stellar activity and characterize the atmospheres and
properties of said exoplanets. It represents a big advancement in the field of finding other
life on the Universe and also finding more about stellar characteristics. With this in mind,
it is important to pair the ESPRESSO with PoET, also because ESPRESSO has a really
high resolution, with the instrument covering the optical wavelength band. With this
connection, we can look at the Sun to understand more about it (solar physics) and use

that knowledge on other stars.

1.3.2 PoET

As mentioned before, exoplanets” research is a field that is rapidly expanding with the
goal to find and characterize planets outside the solar system. This has opened up brand
new horizons for the comprehension of the formation and evolution of planetary sys-
tems. However, such a task is a demanding job that requires sophisticated equipment,
instruments, and data analysis techniques. With this in mind, a telescope is being built

- PoET (Paranal solar ESPRESSO telescope) which is a project that is going to be linked
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with ESPRESSO spectograph in the VLT. The ESPRESSO spectrograph is located in Chile,
in the European Southern Observatory of the Very Large Telescope.

When this link is done, POET will be observing and studying the Sun with the objective
to obtain the spectrum of small regions on the solar disk. These regions can be from the
quite photosphere, sunspots or faculae, such as referred before. Then, this data will be
applied to comprehend how those regions affect lines in the spectrum, alongside used
for the determination of the lines that are more sensitive to stellar activity. Following
this understanding, we also have the opportunity to learn more about solar physics. The
detection and characterization of exoplanets requires precision, due to the tiny wobbles
induced in the motion of the stars as seen in 1.1.2. Adding to this precision, the project
already achieved spectral resolutions of around R 220,000. This would help to obtain
detailed analysis of the spectrum of stars, allowing to understand more the effects of

stellar noise on the detection of exoplanets.

1.4 Thesis Motivation

As seen before, POET will be a great instrument to observe the Sun, working with ESPRESSO.
However, it is not efficient to keep the telescope pointing in general at the Sun all times,
because it does not interest us to always have observations of the Sun-as-a-star, i.e. inte-
grated light. So, we want to point at specific regions, also to study them and the different
kinds of activities happening locally. With this in mind, this project was created with the
main objective being using images from the Sun to identify sunspots and faculae, and
then point PoET at them. This project will rely on a code to facilitate the use of the tele-
scope, with a software that finds specific parts of the Sun’s disk, like sunspots or faculae
that are interesting to study. Then it calculates parameters like the Area of that region, its
position in the sky or even where that sunspot will be in a few days or where it was in
the past. With this parameters, an observer can choose one of these regions and ask the
telescope to point at it. This code will receive Sun images from SDO! and uses that im-
age to identify where any specific regions are on the solar disk, like sunspots (divided in
umbrae and penumbrae) and faculae. The code created to identify this regions was firstly
created by researchers from the University of Coimbra (Carvalho et al., 2020) and, after-

wards, it was modified in the context of this thesis. The code contained parameters that

I This images are taken from https://sdo.gsfc.nasa.gov/data/ and the filter that interests the most
for sunspots is the HMI Intensitygram. This website is courtesy of NASA /SDO and the AIA, EVE, and HMI
science teams.


https://sdo.gsfc.nasa.gov/data/

1. INTRODUCTION 19

can be changed to identify only the umbra or the umbra + penumbra. However, to iden-
tify just the penumbra, it is needed a subtraction of images, i.e. the image containing the
sunspots is subtracted with the image only containing the penumbra. These regions can
also be identified using thresholds. After those identifications, the program can indicate
where a sunspot is in real-time on the sky, returning coordinates that can be imported to a
telescope to then point it at the selected feature. It can also calculate how many sunspots
the Sun has on a determinate day and hour and estimate their area.

In Chapter 2, it will be discussed the methods used in this project and the processing
of the images taken from SDO.

In chapter 3, we are going to discuss about the identification of the solar regions, in-
cluding faculae and sunspots (umbrae + penumbrae).

In Chapter 4, we will talk about the coordinates transformation to correct the azimuth
and altitude where we want to point the telescope.

In chapter 5, there is going to be the results of this project.

And finally, in chapter 6, a brief conclusion of the thesis.






Chapter 2

Methods

As discussed earlier, the main goal of this work is to develop a code to identify active
regions of the Sun, such as sunspots (umbrae and penumbrae) and faculae in images
of the Sun. However, PoET telescope is still under construction, making it so that we
must use images from other instruments before its release, but even after that we can
still use this images to get an image of the Sun before the telescope is pointed. To do so,
we are going to use images from SDO telescope, which are publicly available at https:
//sdo.gsfc.nasa.gov/data/. The filter that interest us to use is the HMI Intensitygram,
as we can see in figure 2.11.

HMI means Helioseismic and Magnetic Imager and is a SDO instrument that focuses on
movement and magnetic properties of the sun’s surface. This is the filter of best interest
to us because it allows to study the dynamics of convection zones and the origin and
evolution of active regions and sunspots (Scherrer et al., 2012). Using the code created by
the researchers from Coimbra (Carvalho et al., 2020) and these images, we can identify
regions in the Sun, such as sunspots and faculae. These regions will help us study the Sun

and its physics, that will be crucial for exploitation of PoET data.

1Image taken from https://sdo.gsfc.nasa.gov/assets/img/latest/latest_4096_HMII. jpg, on the
20th of August 2023
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FIGURE 2.1: Image of the Sun with the HMI Intensitygram filter.

2.1 Code structure

As mentioned before, this project was done by the use of a python code originally created
by researchers from Coimbra and then adapted to fit the objective of knowing where the
regions of the Sun are, additionally to identifying them. To do this, we will follow the
fluxogram of the codes shown in figure 2.2.

As we can see, the first part requires to download images. After the download of the
image, we need to convert it to a FITS, as the code was made to read those format files.

That image can go into two different codes, the sunspots.ipynb that is going to be ref-
erenced through this work as the main code, or go into a code named facula.ipynb. This
second code will only identify faculae, one of the regions present on the Sun, as it returns
an image with the faculae identified.

The main part of the project was to identify sunspots and separate them into umbra
and penumbra, so we are now going to focus on the center of the fluxogram where the
main code is used. That code requires parameters that will help in the processing of

the image to get a good identification of regions. After choosing those parameters and
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Code to convert image Download image
from FITS to TIFF from the SDO

Auxiliar code that identifies faculae Main code that identifies sunspots Input Parameters
facula.ipynb sunspots.ipynb sel, t1, se2, t2, se3
Returns image with Returns image with
faculae identified regions identified

K-means method
Code to separate each region with a Automatic calculation of
clustering method - sunspots.ipynb number of sunspots

(can be input manually)

Returns clusters as sunsposts Returns x and y coordinates of
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FIGURE 2.2: Fluxogram of the codes used.

inputting them in the code, it will return an image with regions identified. The region will
depend on the values of the parameters, but the main focus is to get firstly the sunspots.

After that we have a k-means method that separates each sunspot as a cluster, which
is a set of points that are close to each other, that represent a given sunspot. This is made
to calculate the centroid of the clusters and to know how many clusters there are. That
count can also be done manually, as the automatic calculation is not that well optimized.
The calculation of the centroids of the clusters allows to obtain x and y coordinates of the
sunspots’ centers.

These values of the centers then go into another code called coordinates.ipynb that re-
ceive them as an input and returns the right ascension and declination of the position of
a given sunspot. This is important because we want to get the position of these regions in
the sky to point the telescope at them.

Lastly, as we can see on the left side of the fluxogram, the separating of regions into
clusters can also help to obtain the umbra and penumbra. Another part of the main code
will use the clusters as an input to separate the sunspots into umbra and penumbra and

finally return values of interest, such as their area.
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2.1.1 Download of the images from SDO

After understanding the structure of the code, we can now start from the top of the fluxo-
gram by downloading images from the SDO and converting them into a FITS format file.
These images are available to download from SDO data present in these three different

websites:
1. Asa GIF-http://jsoc.stanford.edu/data/hmi/images/latest/
2. AsaJPEG - https://sdo.gsfc.nasa.gov/data/
3. As a FITS file - http://jsoc.stanford.edu/ajax/exportdata.html

The GIF format is available in the resolutions 1024x1024 or 4096x4096. The website
mentioned before allows to download different filters from the latest HMI images, as we

can see in figure 2.3!.
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FIGURE 2.3: Different available filters of HMI.

We can see that there is also FITS and JPEG formats available, but using these method
to download the image, it is better to choose the GIF format, as it is the Intensitygram.
Clicking on the links below the image will open the GIF image in the selected resolution
and then right click to save the image on the computer, to use in Python with the code.
This process is manual, so it is non sustainable on the long run, especially considering
that PoET is projected to have a fully autonomous mode.

The JPEG format is available in the resolutions 4096x4096, 2048x2048, 1024x1024 and

512x512, as shown in figure 242,

mage taken from http://jsoc.stanford.edu/data/hmi/images/latest/, on the 29th of August 2023
2Image taken from http://jsoc.stanford.edu/data/hmi/images/latest/, on the 24th of August 2023


http://jsoc.stanford.edu/data/hmi/images/latest/
https://sdo.gsfc.nasa.gov/data/
http://jsoc.stanford.edu/ajax/exportdata.html
http://jsoc.stanford.edu/data/hmi/images/latest/
http://jsoc.stanford.edu/data/hmi/images/latest/
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HMI Intensitygram

Data Links ~

FIGURE 2.4: Different available resolutions of HMI Intensitygram filter in JPEG format.

Clicking those numbers will open the image in the corresponding resolution, after
which we can repeat the download to have the input image to our code.

To get the FITS format, the download can be done by providing the information that is
requested, as specified in figure 2.5!. These parameters also allow access to JPEG format,
but that does not interest us for the code used.

To download the image in the FITS format, the parameter named “RecordSet” has to
be completed with the following text: “hmi.Ic_45s[2023.05.23_TAI/1d@24h]”. The "hmi”
represents filter we want, in this case the HMI Intensitygram and the rest before the brack-
ets are series and protocols that the filter has. For example, the one that worked better for

the identification of the sunspots was the 45s, which is a series of images taken every 45

Tmage taken from http://jsoc.stanford.edu/ajax/exportdata.html, on the 25th of August 2023


http://jsoc.stanford.edu/ajax/exportdata.html

26 LOOKING AT THE SUN, FINDING OTHER EARTHS

JSOC Data Export resetpage | [ Tum Help Off | 0 Active HTTP Requests

JSOC Data Export Request Generation
The fip server used for exportdata.html has failed, please use the URL method. Contact JSOC if this creates a problem for your access of HMI, AI4, or MDI data. We are considering not replacing the ftp server. (February 14, 2023).

When downloading exports, please do not use P2P file-sharing or any other method that provides many simultaneous connections; we allow downloads from one host over a single connection. Increase the size of the export payload to avoid making many small requests.
The headers of exported FITS files now conform to the FITS Standard (as of February 19, 2021). See FITS_metadata_Change.pdf for details.

TUse the "M=1" (-M) argument to jsoc_info and show_info calls to obtain full floating-point precision keyword values.
The change of calculation of CRLN_OBS and HGLN_OBS took place on December 3, 2020 - see Coordinates Change.pdf

Help with Error Messages Release Notes

If the Method is changed from "url_quick” or "url_direct” you will have additional options to specify. "url-direct” is temporarily disabled.
After the request is submitted for Methods of "url”, "url-tar” you will recieve ON THIS PAGE a "Request_ID" that will be used to access the data when it is ready.
If you enter an email address you will be notified when the data is ready. If you do not provide an email address you must leave this page open or save the Request_ID in order to access the data.

RecordSet from file ] (] Check box to allow upload of RecordSet list file, file will be requested after Submit button click.

RecordSet | B [Lookdata]

Record Limit none Optional manual limit to number of records to export.

Record Count [Recount | Limit for AIA to abou 15,000 and for HMI about 30,000 in each request.

Method url v Choose method, url_guick or url for now. url_quick implies protocol of "as-is"

Filename Format B iseriesname} {recnum %d} {segment) File name template.

Processing B ) Enable Processing

Protocol BFETs v Choose protocol, "FITS", "JPEG", "MPG", "MP4", or "as-is". Note uncompressed FITS not an option
Notify B ] Provide your email address to identify yourself as an export user and to receive notifications.

Requestor B Provide an optional user identifier.
Please enter an email
2 Click on "check parameters” first

B [ check to show export params.

in the Notify text box.

FIGURE 2.5: Parameters needed to download data in the FITS format.

seconds, so we chose that one. After that it is the date of image wanted and the "1d@24h”
will get an image from that day. Choosing it to 6h for example will get 4 images from that
day, one image every 6 hours. After this the website will calculate how many images that
day has, i.e. for example choosing 24h will only get 1 image to download. From there on,
choose the protocol FITS, then on the “Notify” box write an email to register the images
and finally activate it following the instructions on the mail received. With this, all the
parameters will be complete and click on “Check parameters” to then submit the export
request by clicking on the ”Submit” green box. An ID will appear on the bottom of the

screen, as shown in figure 2.61.

mage taken from http://jsoc.stanford.edu/ajax/exportdata.html, on the 15th of September 2023
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RecordSet from file E Check box to allow upload of RecordSet list file. file will be requested after Submit button click

RecordSet E hmi.lc_45s[2023.05.23_TAlI1d@24h] 7] [ Lookdata |

Record Limit E none Optional manual limit to number of records to export.

Record Count E 1 Lirmnit for AIA to about 13,000 and for HMI about 30,000 1n each request

Method E Choose method. url_guick or url for now. url_guick implies protocol of "as-15"

Filename Format Bl hmilc_455{T_REC-ALICAMERA}{segment} | File name template

Processing E Enable Processing

Protocol E Choose protocol. "FITS". "JPEG". "MPG". "MP4". or "as-is". Note uncompressed FITS not an option
Notify E @) mzil.com REGISTERED Provide your email address to identify yourself as an export user and to receive notifications
Requestor E Provide an optional identifier.

2

E An export request is pending; click to cancel, or wait for completion
E [ check to show export params.

RequestID  JSOC_20230918_880 This 1s your request ID; enter it below and click on "request status” to obtain the link to the data.
Status Processing, size estimate = 14 MB
Data Location

JSOC Data Export Status and Retrieval

RequestID This 1s the ID tag for your export request.
Export request waiting for processing
Clear old status RequestID
Status

Data Location

FIGURE 2.6: FITS format file requested for import, with all the parameters completed.

Then just click on “Submit Status Request” and the file for download will appear on
the bottom as a blue link, as illustrated in figure 2.7!. Clicking on the link will auto-
matically download the file into the computer and then just move it into the folder that

contains the Python code.

JSOC Data Export Status and Retrieval

RequestID |JSOC_20230918_880 | This is the ID tag for vour export request. Success
Please only click once for status request.
m cl 1d R D List formats are index html. index json, and index txt
e Dl s TE T export script file is JSOC_20230918_880.drmsrun
Status Data Ready. size=15MB
Data Location http://jsocl stanford. edu/SUMI4/D1674541745/S00000
File”Record ”Filma.me ||

1 |[hmilc_45s[2023.05.23_00:00:00_TAT][2]|hmilc_455.20230523_000000_TAI2 continuum fits)|

FIGURE 2.7: FITS format file requested for import, with all the parameters completed.

Alternatively, this process can be automated through the drms library, using the fol-
lowing code: (Note that the drms library has to be downloaded with the instructions
from https://docs.sunpy.org/projects/drms/en/latest/intro.html#installation
(Glogowski et al., 2019).

import astropy.io.fits as fits
from PIL import Image
import drms

client = drms.Client ()

Tmage taken from http://jsoc.stanford.edu/ajax/exportdata.html, on the 15th of September 2023
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keys, segments = client.query(’hmi.Ic_45s[2023.05.23_TAI/1d4024h]’,

key=">T_REC, DATAMEAN, OBS_VR’, seg=’continuum’)

url ’http://jsoc.stanford.edu’ + segments.continuum[0]

sol = fits.getdata(url)
fits.writeto(’image.fits’, sol, overwrite=True)

# Open the FITS file

hdulist = fits.open(’image.fits’)

# Extract the data from the first extension as a NumPy array

data = hdulist[0].data

# Close the FITS file

hdulist.close ()

Running this code will allow to download the image in a FITS format, directly into the
computer, which can then be converted into a TIFF file to use in the identifying part of the
program.

On one hand, the JPEG and GIF formats are better to download if we want to do a
quick test on the code, because those formats only allow to get the latest image taken
from SDO. However, the FITS format allows to choose any date that we want to get an
image from. The FITS format is a data file, that consists on a matrix of zeros and ones,
i.e. it is a binary image with black and white tones. This data can be converted in a TIFF
file, that will be further processed to detect the regions of interest. The JPEG and GIF
formats can also be changed for to a TIFF file and work on the code. The only difference
between them is that you can choose the date on the FITS file, but only use the latest

images available in JPEG or GIF formats.

2.2 Image conversion

Although the images can be downloaded in three different formats, the code only can
read images in the TIFF format. This happens because, as mentioned before, the TIFF
format is a binary image represented in white and black tones, ranging from 0 to 255. To
identify the regions present in the Sun, this range is important because we can make a

threshold to eliminate its brighter regions. Then, we can obtain the darker regions that
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are the sunspots, more precisely the umbra and penumbra. With the threshold we can
also separate these two regions, as shown in figure 2.8. The values used for this threshold

are going to be explained later in Chapter 3.
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FIGURE 2.8: Comparison of regions identified, umbra+penumbra on the left and umbra
on the right.

This separation allows to study the effect just the umbra or the penumbra produce on
the spectrum of the Sun. The conversion of the JPEG, GIF or FITS formats into the TIFF
format is done by the following code:

# JPEG or GIF to TIFF

img = PIL.Image.open("aia_latest_1700.jpg") #name of image downloaded
gray_img = img.convert("L")

gray_img.save(’aia.tiff’) #name of image saved

#note that this will keep the resolution of the image the same as the 1image

downloaded

# FITS to TIFF

image = Image.fromarray(data) #data from the code above

image = image.resize ((4096,4096), Image.ANTIALIAS) #choose the resolution
of your image

image.save(’image.tiff’) #name of the image saved

Running this code will save a TIFF file on the same folder as the one that contains the
other format file. With this format, we can finally use this data to create a binary mask
that separates features from the quiet Sun and then identify the regions present in the Sun.

As we can see in the end of the code, the data is going to be recorded as a matrix of 4096
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rows and 4096 columns, but the resolution in each axis can be decreased to 1024 or 2048.
For clarification, the 1024 should be used to make the code run faster, as the matrix that
contains the image of the sun is smaller. To get a better resolution, the matrix should be

4096x4096, but the code will run slowly, as we can see in the table 2.1.

Test number Resolution Resolution
4096x4096 1024x1024

1 76.4616 8.49077

2 77.2458 8.40563

3 75.6722 8.66671

4 73.7041 8.46258

5 75.7904 8.38855

6 75.0423 9.03601

7 74.5157 8.34422

8 75.6456 8.72535

9 75.8841 8.54298

10 78.0913 8.52286

TABLE 2.1: Time taken, in seconds, for the code to process images in the different reso-
lutions.

So, we can observe that the 1024x1024 resolution runs almost 10 times faster than
the 4096x4096. Each was tested 10 times to remove any variability for the way that the

operative system runs and processes the code.



Chapter 3

Identification of Sun regions

After downloading and converting the images from the SDO into a TIFF file, we now
can identify the regions of interest in the Sun, in this case the sunspots and faculae. As
we know, the images can have a resolution of 4096x4096, that is useful to get a better
resolution of sunspots and other regions, or 1024x1024, that is better for faster tests, such

as experimenting with the parameters. There are 5 parameters on this project:

1. sel: This parameter is a pre-processing that filters the white text present in the im-
age, using a structuring element disk of size, sel. This process will matter when
downloading the images as JPEG or GIF, as text will be on the image, but down-
loading it as a FITS, will not. However, the value of 1 will eliminate any text that

appears, no matter the resolution of image;

2. t1: First threshold of the image used to obtain a binary mask of the Sun. This value
also should be 1 no matter the resolution and will eliminate any pixel that is higher
than one, making it white and the rest of the image remains black. This allows to

get a mask of the disk of the Sun;

3. se2: Does a black top hat transformation, that is an operation that highlights small
and dark structures or details within an image by computing the difference between
the original image and its closing operation using a specified structuring element, in
this case se2. This operator dilates the image and then erodes it using the structuring
element that is a shape, to differentiate objects from other parts, getting the sunspots.
This value will change depending on the resolution, as the higher the resolution,
the higher this value needs to be, and will highlight parts of the image with higher

intensity, in this case the sunspots;

31
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4. t2: Second threshold value, in this case of the black top hat, that allows to obtain a
binarization of the sunspots. This value will also change with resolution. It allows
to remove the lower intensity parts that do not contain sunspots, and then make the

image black (0) and the sunspots white (255);

5. se3: The final parameter is a filter of open-reconstruction that is a mathematical
process where images are smoothed. This removes small objects that are unlikely to
be sunspots. This value has to be higher, for higher resolutions, as it removes small
dots that can be confused with sunspots. As the resolution gets higher, more details

in sunspots will appear on the binary image from before, so it need to be corrected.

After understanding the parameters and observing the values of the pixels in the im-
age, it was concluded that the parameters that optimize the identification are the ones

shown in table 3.1.

Parameters Resolution Resolution
4096x4096 1024x1024

sel 1 1

t1 1 1

se2 200 100

t2 15000 10000

se3 5 3.5

TABLE 3.1: Parameters chosen for the two resolutions used on the images.

The first two parameters do not change in resolution as they are for removing text that
appears on the image and to mask the disk of the Sun. Regarding the other parameters,
after many tests, the one that can be changed is the t2, because it adjusts the threshold of
intensities in the image, meaning it can identify different regions on the Sun, depending
on its value. The se3 is also important, because it removes noise from the identifica-
tion. This happens when sometimes there are small dots that are identified, but are not
sunspots and increasing se3 removes those dots. This parameters will go inside the code
represented here: (note that the ‘imagel” part is the name of the TIFF file that is saved
with the image of the Sun)

# FITS to TIFF

image = Image.fromarray(data) #data from the code above

image = image.resize ((4096,4096), Image.ANTIALIAS) #choose the resolution
of your image

image.save (’imagel.tiff’) #name of the image saved
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# Open image

img_in = ’imagel’ #name of the image saved
img = dip.ImageReadTIFF (img_in)

img.Show ()

sel = 1 #parameter

ope = dip.0Opening(img,sel)

ope.Show ()

tl = 1 #parameter

bin = dip.FixedThreshold (ope,tl)

bin.Show ()

bin = dip.FillHoles (bin)

bin.Show ()

contSun = dip.MorphologicalGradientMagnitude (bin)
img_ovr_sun = dip.0Overlay(img, contSun)
img_ovr_sun.Show ()

se2 = 100 #parameter

BTH = dip.Closing(ope,se2) - ope

BTH. Show ()

t2 = 10000 #parameter

BTHbin = dip.FixedThreshold (BTH,t2)
BTHbin . Show ()

se3 = 3.5 #parameter

fBTHbin = dip.OpeningByReconstruction(BTHbin, se3)
£BTHbin . Show ()

contSPOTS = dip.Dilation (fBTHbin) - fBTHbin
img_ovr_SPOTS = dip.0Overlay(img, contSPOTS)
plt.rcParams["figure.figsize"] = (24,20)
fig, ax = plt.subplots(1,2)

ax[0] .imshow(img_ovr_SPOTS, cmap=’gray’);
ax[1] .imshow (img, cmap=’gray’);

plt.rcParams["figure.figsize"] = (12,10)

This code will identify the sunspots present in the image of the Sun and then, apply a
cluster separation code - in this case the k-means clustering method. This method consists
in separating a dataset into K groups of points, where the K corresponds to the number of
clusters the algorithm should create, where, in this case, each of the clusters will represent
a different sunspot. This code is written bellow and will find how many clusters there
are in the image and then separate them, also obtaining the centroid of the sunspots. The
part of the code that founds out the number of clusters present in the image is not well

optimized for when finding the number of clusters there is on the image. So if the count
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of sunspots seem to be very off, after executing the code, the number of clusters can be

chosen manually, instead of automatically.

points = []
resolution = 4096 #change resolution
for i in range(resolution):
for j in range(resolution):
if fBTHbin[i,j] == [Truel: #checking point by point if the binary
image is a part of a sunspot and save
it

points.append([i,resolution-j])

sil = []

kmax = 20 #change this number if clustering is not working well

# dissimilarity would not be defined for a single cluster, thus, minimum
number of clusters should be 2

for k in range (2, kmax+1):

kmeans = KMeans(n_clusters = k).fit(points)

labels = kmeans.labels_

sil.append([silhouette_score (points, labels, metric = ’hamming’) ,k])
score = [row[0] for row in sil]
k = [row[1l] for row in sil]
n_clusters = k[score.index(np.max(score))] #change this number to get from

automatic counting, to manual!

points_x [row[0] for row in points]

points_y = [row[1] for row in points]

kmeans = KMeans(n_clusters=n_clusters, random_state=0).fit(points)
center_x = [row[0] for row in kmeans.cluster_centers_]

center_y = [row[1l] for row in kmeans.cluster_centers_]

#hmatplotlib
plt.scatter(points_x,points_y)
plt.scatter (kmeans.cluster_centers_[:,0], kmeans.cluster_centers_[:,1])

for i, j in zip(kmeans.cluster_centers_[:,0], kmeans.cluster_centers_[:,1])

plt.text(i+2, j+2, ’({})’.format(center_x.index(i)), size = 20)
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3.1 Sunspots

In the case of the sunspots, the parameters will need change if the resolution is changed
between 1024x1024 and 4096x4096. These parameters were found by trial and error and
the main one is the t2, because, as previously mentioned, it is the value of intensity that
thresholds what parts of the image are going to be identified. The 4096x4096 resolution is
better to get high quality images of each of the sunspots identified, but for faster tests, the
other resolution is preferable.

As we saw before on the table, when the resolution changes from 1024x1024 to 4096x4096
the se3 increased from 3.5 to 5, as it is a higher resolution so it identifies more noise that
are not sunspots. The value of t2 was also increased, as more quality on the image makes
the sunspots better shaped and the values of color intensity change. If the identification
has any mistakes, it is recommended to do a trial and error on the last 3 values to get a
better final image. The parameter se2 can be changed by 100, the t2 by 1000 and se3 by
1, and goes up or down depending, respectively if it identified too much or not on the
image. Note that this value of t2 identifies the entire spot, with a need for a change if we
are only interested in the umbra. needing a change to get only the umbra, for example.

Although the main code is ideal, there is another way to identify the sunspots by us-
ing the threshold code from the openCYV library, with a get contours mask function. It will
also rely on threshold values, but the image is normalized, so the values of intensities goes
from 0 to 255. It is similar to the t2 parameter, i.e. changing the value will identify dif-
ferent regions of the Sun. This adjacent code was used because it is easier to identify just
the penumbra and the umbra, and use those identifications to calculate important char-
acteristics such as the area of the regions and their position on the Sun. It is represented
here:

plt.rcParams["figure.figsize"] = (12,10)
import cv2

from astropy.visualization import simple_norm

def get_contours_mask (matrix):
b = matrix.copy ()
blnp.isnan(b)] = 0

info = np.finfo(b.dtype)

b = b.astype(np.float64) / b.max()
b = b*255
b = 255-b
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img = b.astype(np.uint8)
ret ,thresh = cv2.threshold(img,150,255,0)

contours ,hierarchy = cv2.findContours (thresh, 1, 2)

cnt = contours[0]
M = cv2.moments (cnt)

return contours,thresh

img_ = imagem.transpose ()

matrix = data

a = matrix.copy()

contours = get_contours_mask(a) [0]

coint = cv2.drawContours(a, contours, -1, (0,255,0), 1)
norm = simple_norm(img_, ’log’)

plt.show ()

umbra = get_contours_mask(a) [1]

plt.imshow (umbra, origin = ’lower’, cmap = ’bone’)

As we can see, there is a variable named thresh that uses the openCV library with
the cv2 import. Inside the function cv2.threshold there is an image and then two values,
in this case, x and 255. The firsts value is the lower threshold of color intensities and
everything above until the second value is going to be identified. This allows to get the
darker regions as a contour or as a mask and, consequently, obtain the identification of
said region. Regarding the values, 0 corresponds to white and 255 to black, so to get the
darker regions, the lower threshold needs to be closer to 255. Again with trial and error,
so if some identification has some mistakes, shifting the value up or down may help to
get a better final image. This will help to get only the umbra and then the penumbra as

we are going to see now.

3.1.1 Umbrae

The umbra is the darker region of the sunspot and is inside the penumbra. So, to identify
it, it is necessary to increase the values of the thresholds used from before, as the umbra

is darker than the penumbra. To do that, the only thing that needs to change is the value
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of t2, on the main code, and, on the alternative code, change the x between 0 and 255 as
talked about above.

As seen before, using t2 = 15000 on the main code will identify the sunspot (umbra
+ penumbra), so rising that value to around 2 = 30000 works to identify just the umbra.
Note that this value can be tweaked up or down, with trial and error again, to get a better
identification of the umbra. Regarding the alternative code, the value that identifies just
the umbra is around x = 150 and this value can be tweaked as well. Comparing the two
codes, although the main one can have a better processed image, both of them will get
a final image with the same resolution - 4096x4096. Additionally, the alternative code is

much faster than the main one, as we can see from the table 3.2.

Tests Resolution Resolution
4096x4096 1024x1024
1 76.4616 3.47913
2 77.2458 3.31365
3 75.6722 3.84769
4 73.7041 3.03712
5 75.7904 3.61424
6 75.0423 3.50072
7 74.5157 3.53145
8 75.6456 3.98569
9 75.8841 3.70426
10 78.0913 3.37699

TABLE 3.2: Table comparing how many seconds it takes for both codes to execute.

Using the alternative code will get the same results as the other one, with less time,
so it is recommended to use it. This part is also important for the identification of the
penumbra, because the penumbra will be a subtraction of the umbra inside the sunspot.
So if only the penumbra wants to be identified, it is easier to use the alternative code
to get a faster identification of the umbra to remove it from the sunspot. The sunspot
will always have to be identified with the main code, because lowering the value of the

threshold from 150, will get too much noise to work with, as we are going to see now.

3.1.2 Penumbrae

The penumbra is the brighter region of the sunspot, involving all the umbra inside its
area. As it is brighter than the umbra, lowering the threshold values would identify the

penumbra, but it is almost similar to the rest of the disk’s color. This will create a lot
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of noise when trying to identify the penumbra, as shown in figure 3.1. Also, the umbra

should not be identified, but as we can see it appears in the image.
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FIGURE 3.1: Image of the attempt to identify the penumbra, with a lot of noise and the
umbra mistakenly identified as well.

This image was obtained using the alternative code from before, with values of 100
and 255 on the lower and higher thresholds, respectively. Decreasing the lower threshold
will get the brighter regions identified, however the higher threshold value will always
be capped at 255, and changing the number will not affect the darker regions. So using
the alternative code is not the best option, as it will identify the penumbra + umbra, as
the umbra is darker and the higher threshold can not be capped at 150 for example. The
noise also does not help to identify the penumbra, as we can see on figure 3.1 with the

circumference of the Sun being imperfectly defined.
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To fix this problem, we then used the main code that identifies the sunspots and the
alternative code that identifies the umbra and subtract the two images. As we know, the
penumbira is outside of the umbra and the sunspot is umbra + penumbra, so subtracting
the umbra to the sunspot will get the penumbra. Obviously the images have to be of the
same resolution, otherwise it will not subtract correctly. The code made for this part was

the following:

for j in range (4096):
for i in range (4096):
if (1-2048)**x2 + (j-2048)*x2 >= 1845#*%2
umbrali,j] = 0
##other part of the code to separate umbra and penumbra
image_1 = Image.fromarray(data)
image_1.save(’image_another.tiff’)
# Open image
img_in_1 = ’image_another’
img_1 = dip.ImageReadTIFF (img_in_1)

print (’Done!’)

ope_1 = dip.0Opening(img_1,1)

print (’Done!’)

bin_1 = dip.FixedThreshold (ope_1,1)

print (’Done!’)

bin_1 = dip.FillHoles(bin_1)

print (’Done!’)

contSun_1 = dip.MorphologicalGradientMagnitude(bin_1)
img_ovr_sun_1 = dip.0Overlay(img_1,contSun_1)

print (’Done! )

BTH_1 = dip.Closing(ope_1,200) - ope_1

print (’Done!’)

BTHbin_1 = dip.FixedThreshold (BTH_1,15000)

print (’Done! )

fBTHbin_1 = dip.0OpeningByReconstruction (BTHbin_1,5)

print (’Done!’)

#get the penumbra
penumbra = np.zeros ([4096,4096])
spots = np.zeros ([4096,4096])
for i in range (4096):
for j in range (4096):
if £fBTHbin_1[i,j] == [True]:

spots [4096-j,i] = 255
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penumbra[4096-j,i] = 255 - umbralj,i]l #subtraction of sunspot -
umbra
plt.imshow (penumbra, origin = ’lower’, cmap = ’bone’)

As we can see, inside the for cycle there is a switch in coordinates because the two
images are rotated 90 degrees. The x has to change to y and vice-versa in one of the
images so the subtraction of them works. After this, there was also used the code to find
the clusters of just the penumbra to see it they match the same position as the sunspots
and umbra. As we can see in figure 3.2, the empty spots inside the penumbra match with
the umbra, so the subtraction worked well. Note that this figure has the pixels reduced as

it is a zoom in only the regions identified, the rest is just the quiet Sun.
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FIGURE 3.2: Clustering method to find the positions of the penumbra, with the umbra
represented in green and the penumbra in blue.

After these regions are identified, we can know obtain the location of the regions’
centers and convert the corresponding coordinates to determine the position at which the

telescope must be pointed to.



3. IDENTIFICATION OF SUN REGIONS 41

3.2 Faculae

The facula is a brighter and hotter region of the Sun that forms on the valleys between
granules, created by concentrations of magnetic field lines. As the region is brighter, the
value of thresholds is changed again, but the alternative code that was used for this re-
mains the same. The only thing that changes is the way to get the image from SDO, as
another filter is needed to get the faculae. The filter needed is the AIA, which means At-
mospheric Imaging Assembly and contains images of the solar atmosphere in diverse wave-
lengths to link surface to interior changes. The wavelength that interest us for the faculae
is 1700 A, represented in figure 3.3, on the left, and the image can again have different
resolutions.

In this case, the code is relatively fast, because it is the alternative code from before,
so the resolution used was 4096x4096, but the 1024x1024 resolution can be used again for
faster tests. The only problem was to download an image from a specific hour and day, so
it was decided to use the latest image available and work with it. The value found for the
threshold was 140, but it can tweaked just as before. Note as well that the part of the code
that contains the equation b = 255 — b was removed to invert the colors of the image, as
we only want the brighter regions to be identified. The final identification of the faculae

is represented in figure 3.3, on the right.
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FIGURE 3.3: Sun with the filter AIA (wavelength of 1700 Aon the left and the Faculae
identified on the right.

The final identification could be better, as there are some faculae on the edges of the
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disk that have different intensities and will not be identified by the threshold of 140. Addi-
tionally to this, the area of the faculae could be calculated. However, as the identification

is not optimal, this was left for future work.



Chapter 4

Coordinates transformation

Additionally to the main code of identifying the sunspots, there are coordinates transfor-
mations that are crucial to the functionality of the telescope. As referred in Chapter 1,
PoET will be installed in Chile and SDO images are coming from a satellite that is orbit-
ing Earth. This difference in position has to be corrected, so when the telescope points at
the Sun, it finds the right spot containing the region in interest. Adding to this, it is also
needed to convert Cartesian coordinates represented on the images into celestial coordi-
nates in the celestial sky. This is important because the center of the regions on the Sun
will have a given x and y on the image, but in the sky we need to get the right ascension
« and declination ¢ (and, ultimately, azimuth and altitude) to point the telescope at them.
Furthermore, we are going to see that the images have the Sun’s equator on an horizontal

line, but on the sky that line rotates a certain angle.

4.1 Converting Cartesian coordinates into celestial coordinates

As mentioned before, the images obtained from SDO have sunspots in the Cartesian co-
ordinates, i.e. x and y. However, when we look at the sky and want to point a telescope,
the bodies have celestial coordinates called right ascension « and declination J. Right
ascension is the angular distance measured along the celestial equator, beginning on the
position of the Sun at the March equinox and going eastward to a particular point. Dec-
lination is the angle measured perpendicular to the celestial equator from the horizon to
north until the point in question. Combining these two coordinates, allows to get a spe-
cific location of a point on the celestial sphere. As our main goal is to be able to point POET

to the detected features, we need their coordinates into the celestial system. The Cartesian
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coordinates are provided in pixels that can go from 0 to 4096 (the best resolution possible
was used for the conversion to avoid errors in calculations). Adding to that conversion,
it is also needed to consider that the equator of the Sun is horizontal on SDO images.
But, when we look at the sky, the equator may be rotated an angle. The inclination of the
Sun can be obtained from a sunpy module, using a code in python and depends on the
location and the time of observation.

After the desired features were identified, we can then proceed to select the number
of a sunspot that we are interested in, for example if 6 sunspots were detected, our choice
was restricted to the [0, 5] closed interval. In this case, the k-means clustering method
found 6 sunspots, so we can choose a number from 0 to 5. The sunspot chosen was the
one marked with the number 0 and using the variables center, and center,, the Cartesian
coordinates of the center of sunspots can be obtained. As the 1024x1024 grid was used
to speed up the codes, the coordinates must be multiplied by 4 to transform them to the
position in the original grid - 4096x4096.

Now, with the obtained values of x and y it is needed to convert the size of a pixel
to a value of right ascension, &, and declination, §. To do this, we need to calculate the
angular size of the diameter of the Sun on the sky, and that can be obtained according to

the scheme on figure 4.1.

FIGURE 4.1: Scheme used to calculated the Sun’s radius angle on the sky, not on scale.

The 6 is the angle that the radius of the Sun appears on the sky. Usually it is around
30 minutes of arc or 0.5 degrees, depending on the distance between the Sun and the
Earth. This value is around 1 U.A. or ~ 1.49 x 108 km, , changing as Earth moves closer
to the aphelion (January) and the perihelion (July). The distance can be obtained using
the sunpy module, with the following code: (note that you can change the day wanted by

replacing 'now” with another date)
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distance, vazio = re.split(’ ’, str(sunpy.coordinates.sun.earth_distance(
time=’now’)))

distance = float(distance)*1.495978707e8

After that, using the triangle from figure 4.1 and equation 4.1, we can calculate § and

double it to get the angle of the diameter of the Sun’s disk on the sky.

0 — tan~! (Ril””> (4.1)

Where 4 is the distance between the Earth and the Sun according to the day in question
and Rg,, = 696340 km is the radius of the Sun. Following this, even though the images
are 4096x4096 pixels, the diameter of the Sun is not equal to 4096, but rather to 3746 (175 of
pixels from both sides do not correspond to the Sun). Then, 26 corresponds to 3746 pixels
and, consequently, 1 pixel can be converted into an angle in degrees. With this in mind,
we can convert x and y into angles through the equation 4.2, where x can be replaced by

y to get the declination instead of the right ascension.

20
3746

The way that the images are obtained from the SDO, the Sun is always centred at the

Right ascension = (x — 2048) x (4.2)

(2048,2048) point, but it is easier if it was centred at (0,0). So the values of x and y were
subtracted by 2048, before being converted to angles. As we know the location of the
center of the Sun in the sky at a given time and place, the subtraction allows to obtain a
difference of value, such as a Ax and A that will be added to the values of the center of
the Sun, with the center of the sunspot being a translation from it. It is easier to under-
stand values of altitude and azimuth for the position of the Sun and, declination and right
ascension can be converted into them. The altitude corresponds to the declination and the
altitude to the right ascension. So, the values of the center of the Sun were obtained in

azimuth and altitude, using this code:

location = astropy.coordinates.EarthLocation(lat = 41.17749, lon = -8.59466
)

time = Time(datetime (2023, 4, 13, hour=19, minute=13, second=0))

sun = astropy.coordinates.get_sun(time)

sun_coordinates = astropy.coordinates.AltAz(location = location, obstime =

time)
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sun_altitude = str(sun.transform_to(sun_coordinates).alt)

sun_azimuth = str(sun.transform_to(sun_coordinates) .az)

deg, minutes, secs, vazio = re.split(’[a-z]’, sun_altitude)

if math.copysign(l, float(deg)) == -1:

sun_alt = float(deg)-float(minutes)/60-float(secs)/3600
else:

sun_alt = float(deg)+float(minutes)/60+float(secs)/3600

deg, minutes, secs, vazio = re.split(’[a-z]’, sun_azimuth)
if math.copysign(l, float(deg)) == -1:

sun_azi = float(deg)-float(minutes)/60-float(secs)/3600
else:

sun_azi = float(deg)+float(minutes)/60+float(secs)/3600

print (sun_alt, sun_azi)

This code can also be changed to account for a specific Earth location and date and
there were tests done to ensure that those values are realistic, as further discussed in
Chapter 5.

Lastly, we still have to consider the rotation of the equator of the Sun, depending on
the Earth position. For instance, the image from SDO has the equator horizontally, but
on the sky it is rotated an angle (as Chile is in the South Hemisphere, the Sun appears to
be upside down). This angle can be obtained from a sunpy module using the following
code:

#sun diameter on the sky

distance, vazio = re.split(’ ’, str(sunpy.coordinates.sun.earth_distance(
time=’now’)))

distance = float(distance)*1.495978707e8

angle = 2+*math.degrees(np.arctan(1392700/(2*distance)))

#rotation code

location = astropy.coordinates.EarthLocation(lat = lat_Chile, lon =

lon_Chile)

time = datetime (2023, 3, 20, hour=12, minute=0, second=0)

orientation = sunpy.coordinates.sun.orientation(location, time)
orientation = str(orientation)

deg, minutes, secs, vazio = re.split(’[a-z]’, orientation)

if math.copysign(l, float(deg)) == -1:

orient = float(deg)-float(minutes)/60-float (secs)/3600
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else:

orient = float(deg)+float(minutes)/60+float(secs)/3600
print (orient)

The location and time can be changed for any place or date of interest, but it is impor-
tant to have them set to those from the place and time of observation. Running that code
will return the orientation angle for the Sun from a specified Earth location and time. This
is the angle between the meridian that passes through local zenith and solar north, mea-
sured eastward from local zenith, as shown on the scheme from figure 4.2. In this case the
angle is always going to be higher than 90°, because Chile is in the South Hemisphere, so
the Sun is inverted (North Pole on the bottom) compared to how it is in Porto.

Zenith;Line Zenith;Line

"N .

Sun'sf North Pole

'Orientation
; x Angle
E . g

Sun's equator

Sun's equator

FIGURE 4.2: Scheme of the orientation angle, with the Sun on the images on the left and
the Sun on the sky on the right.

Therefore, we can using this angle to rotate the right ascension and declination of the

center of the sunspot, as provided in equation 4.3:

[ARA, ADEC]| = [x cos(8) — ysin(0), x sin(6) + y cos(0)] (4.3)

Where x and y is the right ascension and declination of the center of the sunspot,
respectively and 6 is the orientation angle of the Sun’s equator calculated before. Finally,
adding these 2 values to the right ascension and declination of the center of the Sun, we

can point the telescope at the sunspot in interest.
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4.2 Parallax correction

After all this, we still need to consider the fact that SDO and PoET are in different lo-
cations. This correction will be minor, as the distance between the Earth and the Sun is
much larger than the distance between SDO orbit and Chile. However, it is still impor-
tant, consequence of the small FOV (Field of View) of the telescope, where a small error
in coordinates values can make the telescope point at the wrong direction.

As we can see in figure 4.3' PoET will be located where the VLT is and SDO has a
projected orbit shaped like a figure-8 form. This happens because SDO is in an inclined
geosynchronous orbit around Earth, i.e. its orbital period is equal to the Earth’s rotation

(23 hours and 56 minutes) (Pesnell et al., 2012).

i "‘évlawaii

FIGURE 4.3: Localization of SDO projected orbit, near the VLT observatory.

From the figure we can also get the Latitude and Longitude of the projection of SDO
on the Earth’s surface, such as the coordinates of the location where PoET is going to
be. The main calculation to do consists in the most and least distance between the two
objects, so we are going to consider the top and bottom of the 8-shaped form. With this in
mind, the Longitude of SDO is then 102 °W and the Latitudes are 27 °N and °S. In case of
PoET, as we know, it is located in the Atacama Desert on the coordinates 24.63 °S and 70.4

°W. Using these coordinates, we can calculate the straight line difference between the two

mage adapted from https://sdo.gsfc.nasa.gov/gallery/main/item/68, on the 30th of August 2023
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locations and, with that, the angle difference of where the Sun is in the sky at the same
time. This calculation is going to be made for the maximum and minimum difference
in distance between SDO and the VLT location, using equation 4.4 that comes from the

scheme in figure 4.4.

Earth R‘Earth

FIGURE 4.4: Angle difference created between different of points of view coming from
SDO and PoET.

We want to find the value of x and the angle « that corresponds to the latitude or lon-
gitude, depends on which calculation is made using equation 4.4. This equation was done

with the cosine law and finds the straight line distance for both latitude and longitude.
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x> = R+ R?> - 2R?cosu

x = Ry/2(1 — cosa)

Then, to find the straight line distance between SDO and PoET, the Pythagorean theo-

(4.4)

rem is used in equation 4.5. The cathetus are the straight line distances in the latitude and
longitude (the x from 4.4) and the distance and the distance between the two locations in

kilometers is the hypotenuse.

Straight line distance® = %140 + Ytitude (4.5)

With this straight line difference, the difference of angle between the two points of

view and that is done by using the scheme in figure 4.5.

1UA. sbo

Straight
line
distance

PoET

FIGURE 4.5: Angle difference created between different of points of view coming from
SDO and PoET.

This figure allows to calculate the angle 6 using equation 4.6.

(4.6)

0 — 2tan—" (Straight line distance/ 2)

1U.A.
The values obtained for this where maximum distance = 6543.616km and minimum distance =

3478.966km. Therefore, the difference of angles obtained where maximum angle = 9.02231

arc-seconds and minimum angle = 4.79678 arc-seconds, with a difference between them

of difference angle = 4.22552 arc-seconds. One effect that was not explored in this work,

and left for future analysis, is the impact of the aberration of the atmosphere, which can
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affect the quality of observations, due to distortions in apparent position of celestial ob-
jects.

After these transformations, we can now finish the project with verification of calcula-
tions such as graphics of the changes of azimuth and altitude over one or two years and
also determination of the velocity of the rotation of the Sun, to check if the sunspots are

well identified on a period of 5-10 days.






Chapter 5

Results

After doing all the research, this part consists in presenting the results of the code and con-
firming what was obtained earlier, such as the identification of the Sun regions and also
calculating the velocity of rotation of the Sun. Also, when transforming the coordinates,
there were values of azimuth, altitude and orientation angle that were obtained from a
python module. We need to check if these values are correct, otherwise all the transfor-

mations made will be miscalculated and lead to a wrong pointing of the telescope.

5.1 Identification of Sun regions

As seen before, the main objective of this project was to identify regions in the Sun, re-
gions such as sunspots and faculae. Sunspots consist of umbrae and penumbrae, and that
separation was also made possible with the introduction of thresholds that would change
considering what we wanted to identify. Sunspots per se were identified using the main
code of the project, with the changing of parameters from the code that came from another
project - (Carvalho et al., 2020). This identification was made for the resolution 1024x1024,
that was used for faster tests, and 4096x4096, that was used to get the better quality in the
images, as we can see in figure 5.1.

As we can see, there are not many differences between the images. The resolution
1024x1024 seems to have more defined contours but that just happens because the image
has lower resolution, so the contour is thicker than the ones on the resolution 4096x4096.
This shows that for a quick run to just test the parameters or see where the sunspots
are on a specific day, the resolution 1024x1024 is better, because the result is almost the

same, but it is much faster as seen on Chapter 2. On the other hand, if we want a better
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FIGURE 5.1: Identification of sunspots obtained for resolutions 1024x1024 and 4096x4096,
up and bottom, respectively.

resolution, the 4096x4096 image would be better to choose, as there is a part of the code
where a sunspot can be picked to get a closer image of what it looks like. The data from
the FITS file is in a matrix of 4096x4096, so to cut the image where a sunspot was identified
only works using that resolution. In figure 5.2 is shown each individual sunspot that was
identified in figure 5.1.

As we can see, the sunspots are well identified, but now we can separate the umbra
and penumbra and just identify each one. This was done by changing the thresholds as
referred in Chapter 3 and the results obtained where the ones shown in figure 5.3.

If we zoom in on the first sunspot, the identification seems correct, with the smaller
part being identified for the umbra, and the outside part being identified for the penum-

bra. As seen before, the penumbra is the sunspot with the umbra subtracted, so it makes
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FIGURE 5.2: Each of the 6 individual sunspots that were identified using the image from
23rd of May 2023.
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FIGURE 5.3: Identification of the Umbra on the left and Penumbra on the right.
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sense that the inside part of the sunspot is not identified. In figure 5.4 we can check this
zoom, with the umbra identified on the left and the penumbra on the right, and on the
bottom the real image from the TIFF file.
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FIGURE 5.4: Zoom in on an individual sunspot identifying the umbra on the left and the
penumbra on the right.

As we can see the left part corresponds to the darker region on the sunspot, and the
brighter region to the right part. This means that the identification was a success, although
it could have been even better. The umbra should fit inside the penumbra, but that is not
the case. This could have happened because of a wrong value of threshold and, even
tho the better resolution we can get is 4096x4096, if it was higher it could help with the
identification. Also, there are pixels that are really close in the value that separates the

umbra from the penumbra, so some of them can be lost to one image and some to another.
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Despite of that, the identification still worked well and now we can calculate the area in
pixels of each of the sunspot. These values are all shown in table 5.1. The index of each of

the sunspot corresponds to the numbers shown in figure 5.2.

Index || Coordinate | Coordinate | Area of the | Area of | Area of the | Area of the
of the || x of the|y of the | Spot Umbra + | Umbra Penumbra
Spot || Center Center Penumbra

0 2286.37 1443.03 10498 10498 2754 7744

1 2838.16 2732.07 2211 2211 750 1461

2 2389.4 2591.26 1616 1616 406 1210

3 2641.03 2670 2304 2308 435 1873

4 3089.11 2806.05 1627 1627 574 1053

5 2930.01 1255.55 120 120 32 88

TABLE 5.1: Table with the characteristics of the sunspots such as x and y coordinates in
the Sun and area in pixels.

As expected, the areas obtained for each sunspot is equal to the area obtained for the
umbra + penumbra, except one of them. This happens because the identification can have
some errors in some of the pixels detected, so the areas do not add up to be the same, but

the errors are relatively small, in this case it failed for 4 pixels.

5.2 Verification of the coordinates transformation

After the identification of the sunspots were done, we then wanted to automate the point-
ing of the telescope at them. This was done by getting the location of the center of a
sunspot in pixels from 0 to 4096 and converting that to right ascension and declination. It
is easier for the telescope to point at an object knowing its altitude and azimuth. There is
a module on astropy named SkyCoord that converts right ascension and declination into
azimuth and altitude. After this conversion of the position of the sunspots, we can then
obtain the values of azimuth and altitude of the Sun using another module of astropy, as
previously explained. It is also more intuitive to check if these values are correct, as we
know how the altitude and position relative to North of the Sun evolves during a day.
To do that, a graph was made for the evolution of these angles in a day’s time, in three
different locations - Porto (coordinates of CAUP), the North Pole (coordinates (90°,0°),
and Chile (coordinates of the VLT). The days chosen were the Equinox of March (20th
of March of 2023) and both of the Solstices, as the altitude of the Sun will change from
higher on the Summer Solstice (21st of June of 2023) to lower on the Winter Solstice (21st
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of December of 2022), considering the North Hemisphere. The Solstices change around,
to Winter in June and Summer in December, when considering the location at Chile. All
of the graphics obtained are represented in figures 5.5, 5.6 and 5.7, corresponding respec-
tively to Porto, North Pole and Chile, and with the order Winter Solstice, March Equinox
and Summer Solstice from left to right. The September Equinox was excluded from here,

because it is the same as the March Equinox in terms of altitude and azimuth.

v, I T ,

FIGURE 5.5: Graphics of Azimuth and Altitude evolution in a day in Porto, with the red
line on the higher altitude of the Sun and the blue line in the Azimuth equal to 180°.
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FIGURE 5.6: Graphics of Azimuth and Altitude evolution in a day in North Pole, with
the red line on the higher altitude of the Sun and the blue line in the Azimuth equal to
180°.

FIGURE 5.7: Graphics of Azimuth and altitude evolution in a day in Chile, with the red
line on the higher altitude of the Sun and the blue line in the Azimuth equal to 180°.

Note that the dotted red and blue lines do not appear in the Winter Solstice and March

Equinox at the North Pole. This happens because the maximum altitude during those
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days do not interest us, as the Sun is below the horizon on the first case and at the horizon
on the second case. It appears on the third image as it is the Summer Solstice, so the Sun
has a maximum altitude at the solar noon, even though its altitude is almost constant.

About the graphs in general, the x axis starts starts counting the minutes from mid-
night on the said day and ends at 23h59. This means that the middle of the day is around
the 700 minutes mark. Just note that Chile is 4 or 5 hours behind Portugal’s time, so the
solar noon there happens at around 1000 minute mark, considering GMTO0. As we can see
in the graphics that correspond to the location of CAUP in Porto, the maximum height of
the Sun (marked with the red line) happens around those values and the maximum cor-
responds to the solar noon. Comparing each of the graphs, we can see that the height of
the Sun also changes from winter to summer, as expected. There is also a horizontal blue
line that marks the Azimuth position as 180°. As the Azimuth angle is measured starting
North, this value being 180° indicates where the South is on the sky (when we look at the
North, South is in the back of our heads). So, as we can see, when the height is maximum,
the Azimuth is equal to 180°. In the case of the North Pole, even though the Sun’s height
does not change, it still is at the maximum height at Solar Noon and when Azimuth is 180°
in the Summer Solstice. We can also see that the Summer Solstice has a positive height,
as the Sun is in the sky for the entire day and, on the other hand, the Sun has a negative
height during the Winter Solstice, as it is night during a few months. In case of Chile, as
it is on the Southern Hemisphere, the Sun gets higher from June to December, because
the Summer Solstice in there happens in December. The rest of the graphs look more or
less the same, even with the change in location. All of this confirms that these values are
obtained correctly from the astropy module, so we can use them for our calculations in
the coordinates transformation.

There is also another angle that was considered in the transformation of coordinates,
that was the orientation angle, as explained in Chapter 4. To check if this angle was
correct, it was done an evolution of this value in a year (2022), in the same three locations,
as represented in figure 5.8.

As we can see, in the North Pole the Sun rotates around the values of -23,6° and +23,6°,
during the year. This happens because the tilt of the Earth’s axis is around this value and
note that they are obtained during the Summer and Winter Solstices. On the Equinoxes,
this value reaches zero because during those days, the Earth’s axis is aligned with the Sun,

so the equator of the Sun is aligned with Earth’s horizon. In the case of Porto and Chile,
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FIGURE 5.8: Graphics of the orientation angle in a year in Porto, North Pole and Chile,
from left to right.

the value still changes from -23,6° to +23,6°, but with a translation for both cases. As we
saw before, Chile is in the Southern Hemisphere, so sky is viewed from another perspec-
tive, almost as if it was upside down when compared to how we see it in Porto. With
that in mind, we can check that the orientation angle calculated for Chile is more than
90 degrees, which is consistent with the position of the Sun’s North Pole when observing
it from Chile. With all these graphs it is safe to conclude that the values obtained from

python modules are correct, so the coordinates transformations are well-made as well.

5.3 Sun’s rotation velocity

The identification of sunspots allows to get images from any given day and, with that
knowledge, calculate where a sunspot will be in the next few days. This was done with
the calculation of the velocity of the Sun’s rotation, using sunspots identification from 5
consecutive days. The dates chosen where when the Sun had a good solar activity and
were from 13th to 17th of December 2013. These 5 days were made just to understand the
evolution of the sunspots as we can see in figure 5.9.

To make the calculations, there were used other 3 sets of 5 dates that were 15th to
19th of August 2022, 15th to 19th of January 2023 and 11th to 15th of February 2023.
These dates were chosen because they allowed to get sunspots in different latitudes of the
Sun, as the velocity of rotation of the Sun changes with latitude according to equation 5.1

(Snodgrass and Ulrich, 1990).

w = A+ Bsin?(¢) + Csin*(¢) (5.1)

Where w is the angular velocity in degrees per day and ¢ is the latitude in the Sun. A

is the equator’s angular velocity, B and C are constants controlling the decrease in velocity
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FIGURE 5.9: Evolution of sunspots from 13th to 17th of December 2013.

with increasing latitude, as the velocity of rotation of the Sun on the poles (£ 90°) is zero.
The values of A, B and C can change depending on the measurements techniques used
and period of time studied (Beck, 2000). A set of values accepted as of now is (Snodgrass

and Ulrich, 1990):
1. A=14.713°/day;
2. B=-2.396 °/day;

3. C=-1.787°/day.

After this we can calculate the velocity of the rotation of the Sun in kilometers per
second, instead of degrees per day. To do that, we need to convert a day into seconds and

the degrees to kilometers using equation 5.2.

_ w7t Rgyn cos(g)

Y= 18024 x 60 x 60 (5-2)
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Where w and ¢ are the same as equation 5.1 and Rg,,, = 696340 km. The 24 x 60 x 60
converts a day into a second and we want to get the velocity of a section with a given
latitude, so that is done by multiplying its cosine with the radius of the Sun. With this we
have the velocity of rotation of the Sun in kilometers per second which is around 2 km/s
in the equator and approaches to 0 km/s near the solar Poles.

Using the three dates mentioned above, we calculated the velocity of the Sun’s rota-
tion, by calculating the distance between consecutive sunspots and dividing by the time
between them which is 24 hours. This calculations were made for different sets of lati-

tudes and compared with the expected curve, as we can observe in figure 5.10.

21 1 —— Theoretical Sun rotation velocity
o Calculated Sun rotation velocities
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FIGURE 5.10: Velocity of rotation of the Sun calculated and compared with the theoretical
curve.

As we can note, the velocities for latitudes between -15° and +15° do not follow the
expected curve that well. This may happen because of the way the distance between
sunspots is calculated. When the sunspots are closer to the equator, they will change

more in position each day, as the velocity of the rotation of the Sun is higher when getting
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far away from the Poles. However, the distances are more difficult to measure when the

sunspot is closer to the equator, so the value obtain does not reflect on the curve.






Chapter 6

Conclusion

In conclusion, the main goal of this project was accomplished, as receiving an image of the
Sun allows to obtain its regions, such as sunspots (umbra + penumbra) and faculae. This
identification is crucial for the work of the PoET telescope that is under construction and
requires the position of said regions to be able to study them and understand more about
the Sun. This study is very important for the future work in astronomy, as we want to
know more about other Earths, looking at the Sun as a basis to understand stellar physics
and separate phenomena that happen on its atmosphere and surface from the finding of
exoplanets. For example the effect of a sunspot on the Sun’s spectrum may be confused
with a discovery of a exoplanet, so this work will allow us to understand more of those
effects on planet detection.

Firstly, we needed a way to get images from the Sun to start this research. We were
able to use images from the SDO, an instrument that is studying solar activity and takes
images from the Sun. Using the filter HMI and a code initially created by researchers from
Coimbra, we were able to obtain a successful identification of regions present in the Sun.
In this case we managed to obtain identifications for sunspots, separate them into umbra
and penumbra, identifying each of them and also identify faculae, a brighter and hotter
region of the Sun. However, the identification of the faculae still needs further research, as
the code is not well optimized and we could not use images from previous days as done
for the sunspots.

After finding out where these regions are in an image, we used a clustering method
that still needs to be optimized in order to count how many sunspots identified. How-
ever, that number can be input manually to ease the clustering method and then identify

where is the centroid of each sunspot. After those centroids coordinates where obtained,
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there was made a conversion from the Cartesian to the celestial, as we want to point the
telescope at the sunspots. That conversion was done by trigonometry and allowed to ob-
tain the declination and right ascension of the sunspot. Those two coordinates are very
helpful to know where an object is in the sky at a given time and location. However, it is
easier for a telescope to point using altitude and azimuth, that correspond respectively to
the declination and right ascension. We did this conversion and then finding out where
the Sun is located, we can add the values of the sunspot as a translation from the center
of the Sun. With this we were able to conclude where a sunspot is on the sky and, when
PoET is built, point him at the regions of interest to study. These values of altitude and az-
imuth are well calculated, as they check out with the expected, i.e. the altitude of the Sun
is higher on the Summer Solstice and lower on the Winter Solstice, considering the North
Hemisphere. We also did that calculation in the North Pole, obtaining the Sun above the
horizon for the full day during the Summer, and bellow the horizon (night) during the
Winter. In the case of the azimuth, we can conclude that it was also right, as the Sun was
at to 180° during the Solar Noon, as the Sun is located South in the North Hemisphere,
and the azimuth is the angle between the North and the position of the object.

To finalize, after separating the sunspot into umbra and penumbra, we made a calcu-
lation of their area. The areas checked out with the umbra+penumbra being equal to the
area of the corresponding sunspot. Also, using the identification of the sunspots part, we
can predict where a sunspot is going to be in a few days. To check if this part works, there
was made an evolution of five consecutive days and the calculation of the Sun’s rotation
velocity. The velocity obtained followed the expected, near the equator it is the maximum,
at around 2 km/s and near the poles it approaches to 0 km/s. With this values, knowing
the velocity of the Sun in a given latitude and the position of a sunspot, we can calculate

where it is going to be evolving to in the next days, easing the study of the Sun’s physics.



Appendix A

Appendix containing the codes used

Access to the full codes used during this project: https://gitfront.io/r/SilvalLino201/

vjVGeS239h38/Tese-Mestrado/
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