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Zusammenfassung

Die Sonnenhelligkeit variiert auf Zeitskalen von Minuten bis Jahrzehnten. Insbesondere
kann die beobachtete photometrische Variabilitat direkt mit der Rotationsperiode zusam-
menhangen. Unser Verstandnis dieses Zusammenhangs ermdglicht Extrapolationen von
der Sonne auf andere Sterne. Selbst nach erfolgreichen Sternuntersuchungen, die aus
Missionen vorKepleroderTESSstammen, fehlen in photometrischen Aufzeichnungen von
Rotationsperioden fur sonnendhnliche Sterne immer noch Informationen. Nichtperiodische
Lichtkurvenpro le, eine niedrige Modulationsamplitude (die durch zufalliges Auftreten
magnetischer Merkmale und eine kurze Lebensdauer im Vergleich zur Rotationszeitskala
erzeugt wird) sind die Hauptgruinde fur die unzuverlassige Bestimmung der Rotationsperio-
dizitat in der Sonne und ihrer nahere Analoga. Dies weist darauf hin, dass Sterne mit einem
ahnlichen Sonnenhelligkeitspro | méglicherweise auch ein Problem mit der Erkennbarkeit
der Rotationsperiode haben. Dies impliziert, dass nur ein Bruchteil der solarahnlichen
Systeme ordnungsgemanalysiert wurde.

Ich schlage in dieser Arbeit vor, dass ein klares und verbessertes Signal aus der
Rotationsperiode zuverlassig aus dem Pro | der Gradientenleistungsspektren (GPS, fur
das Akronym in Englisch) von Helligkeitszeitreihen bestimmt werden kann. GPS ist ein
neuartiges Verfahren zur Bestimmung von Rotationsperioden fiir Sterne wie die Sonne (d.H.
Mit einem ahnlichen Helligkeits- variabilitatspro ). Dartber hinaus gibt uns die neuartige
Methode Einschrankungen hinsichtlich des Verhaltnisses von Faculae zu Spot-Treiber, die
uns folglich bei der Interpretation der Sternober ache helfen konnten.

Diese Arbeit basiert auf der Analyse hochwertiger photometrischer Zeitreihen, die mit
demKepler Teleskop erfasst wurden, hochstabilen und hochgenauen Messungen durch die
SOHQVIRGO Mission und detaillierten Modellen von Variationen der Sonnenhelligkeit.
Die GPS Methode wird in dieser Arbeit vorgeschlagen, entwickelt und erfolgreich getestet.






Abstract

Solar brightness varies on timescales from minutes to decades. In particular, the observed
photometric variability can directly relate to the rotation period. Our understanding of this
link allows extrapolations from the Sun to other stars. Even after successful stellar surveys
achieved byKepleror TESSnissions, there is still a lack of information in photometric
records of rotation periods for Sun-like stars. Non-periodic light-curve pro les, low
modulation amplitude (those generated by the random emergence of magnetic features and
short lifetime evolution, in comparison to the rotation time-scale) are the main reasons
of unreliable determination of rotation periodicity in the Sun and its closer analogs. This
indicates that stars with a similar solar brightness pro le might also face a rotation period
detectability problem. Implying, that just a fraction of solar-like systems have been
properly analyzed.

| propose in this Thesis that a clear and enhanced signal from the rotation period can
be reliably determined from the pro le of the gradient power spectra (GPS) of brightness
time-series. GPS, is a novel method aimed to determine rotation periods for stars as the Sun
(i.e., with similar brightness variability pro le). Furthermore, the novel method gives us
constraints on the faculae to spot driver ratio, that, consequently could help us to interpret
the stellar surface. This work is based on the analysis of high-quality photometric time-
series acquired by theeplertelescope, high-stability and high-accuracy measurements
by the SOH@VIRGO mission and, detailed models of solar brightness variations. GPS
method, is proposed, developed and successfully tested in this Thesis.



Abstract

La fuerza del Sol es la que nos mueve...

- Gravity
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1 Introduction

1.1 Stellar rotation period

Understanding the physics behind magnetic activity in stars is a challenging task, even
when such stars are analogs to the most studied star, our Sun. There are many variables
and degeneracies working simultaneously in the attempt to recover magnetic properties of
stars. But, there is a key parameter for characterising the physics behind magnetic activity,
this parameter is the rotational period. Accurate surveys of rotational periods are crucial
for the understanding of stellar dynamo theory. As well, important for a better tracing of
stellar evolution and age calibration (Ulrich 1986; Barnes 2003).

The importance of rotation period information goes beyond the understanding of
fundamental properties. That information bring us close to the understanding of phenomena
such as, stellar structure, mixing and interior processes, light elements evolution (Be, Li),
the star accretidformation and diskplanets interaction, angular and mass loss rates, stellar
ages, historffuture of activity, magnetic eld generation, etc. All in all, precise rotation
periods are needed for recovering stellar information to properly characterise stars.

1.1.1 Rotation evolution — Age connection

Stars are born after the gravitational collapse of a molecular cloud leading to a hot ball of
plasma with an initial angular momentum. This is then when the stellar rotation evolution
begins. Multiple processes present in the stars are drasticabted by the stellar rotation
evolution, as activity and the dynamic magnetism (see Bouvier 2013; Gallet and Bouvier
2013; Gallet et al. 2019).

The rotation evolution strongly depends on the stellar initial conditions. During the
proto-stellar stage (0.1 - 5 Myr, depending on the initial mass) the amount of dust in the
proto-stellar cloud, the accretion rate and, the initial angular momentum play an important
role in the evolution path that the rotation of the star will follow.

During the pre-main sequence (PMS, about 5 - 40 Myr) stars gain mass accreting from
the remaining molecular cloud. Stars will spin up and increase their angular momentum.
After this process the accretion slows-down and a disk of dust is generated around the star.
Then, a strong interaction between the stellar magnetic eld and the disk of material will
diminish the stellar angular momentum. The star will spin-down, and this will mark the the
beginning of the main-sequence stage (40 - 10.000 Myr, for Sun-like stars, see Fig.1.1).

The reconstruction of the rotation period evolution give us important keys and direct
information for the tracing of stellar ages.

11



1 Introduction

Figure 1.1: Rotatiofangular momentum evolution model for Sun-like stars. The gure
illustrates di erent angular velocities distributions of solar-like stars observed in open
clusters from 1 to 1000 Myr. The model shows the rotation of the radiative core and
convective envelope (dash and solid lines respectively). The Skumanish law is drawn with
a dashed black line. The Sun is represented with an open circle (see Gallet and Bouvier
2013).

1.1.2 Skumanich law and deviations

In 1972 Skumanich measured rotation periods, the amount of emission in Ca Il H and K
lines and, the lithium abundances in a number of stars from the Pleiades, Hyades and, Ursa
major clusters. He found that the amount of emission in Ca Il H and K lines drops with
the age. Furthermore, he found that lithium abundance follows the same trend as Ca Il H
and K emission, see Fig.1.2. He concluded that the angular velocity of a star is inversely
proportional to the square root of stellar age, i.e/, t 2. Since then this is known as

the Skumanich law, which builds a foundation of gyrochronology, i.e. determination of
stellar age from rotation period (see, e.g. Soderblom and Mayor 1993; Krishnamurthi et al.
1997; Barnes 2007).

Even though Skumanich law works quite well for many stars, some other targets from
the analysed stellar clusters appear to rotate faster than expected from their age, see Fig.1.3.
The observed bi-modality of fast and slow rotators in the same cluster suggests that there
may be two possible mechanisms for the stars to spin down. In Sun-like stars the principal
mechanisms of angular momentum loss and spin down is the interaction between the stellar
magnetic eld and the ionised material carried in the stellar wind. A second possible
mechanism is showed in Garrma et al. (2018), where they proposed that surface magnetic

12



1.1 Stellar rotation period

eld morphology has a strong in uence on wind-driven angular momentum loss and, the
bi-modal distribution of rotation periods observed in young open clusters (OCs) could
be explained by their models. Their predictive model show how aréint magnetic
complexity con guration can account for a dérent stellar spin-down path. They attribute
the rotation period bifurcation to derent stellar magnetic eld con gurations and its
relative interactions with the stellar wind.

There are still many open
guestions on the way to under-
stand the relation between stellar
age and rotation period. Some of
them might be caused by inabil-
ity to properly measure stellar ro-
tation periods. Therefore, accu-
rate surveys of rotation periods
can open new windows to clarify-
ing the current picture and solving
problems.

1.1.3 Stellar Activity &
Rotation Period

Across the Hertzsprung-Russell
diagram (henceforth HRD) stars
are known to manifest their ac-
tivity through di erent observable
phenomena over the entire ele&igure 1.2: Calcium emission, rotation period, and
tromagnetic spectrum. Evidencéthium abundance versus stellar age (taken from
of magnetic activity can be tracedskumanich 1972).
from X-rays to radio waves. From
fast stellar winds in hot stars gen-
erating strong shock-heating R-
rays emissions to radio outburst
generated by ares and CME's in the Sun (see Gopalswamy et al. 2005) and cool dwarfs
(F- to M-Type stars). Stellar behaviour has been studied and described in detail over the
entire HRD (see, e.qg., right panel of Fig. 1.4 for stellar characterisation by radio luminosi-
ties). For the scope of the thesis we will concentrate on activity behaviour of stars in the
cool tail of the HRD, more speci cally on F- to K- late type main sequence stars.

Concentrations of strong localised magnetic elds emerge in the stellar surface leading
to the formation of photospheric magnetic features, such as bright faculae and dark spots
(Solanki et al. 2006). The transits of these co-rotating inhomogeneities over the visible
disk as the star rotates imprints particular patterns into the observed light-curve. Those
characteristics are well associated to stellar activity and provide a way for tracing stellar
rotational period.

Rotation period information is essential for determining the action of stellar dynamo,
transport of the magnetic ux through the convective zone, and its emergence over the
stellar surface, (see for a general review of dynamo theory Charbonneau 2010). The

13



1 Introduction

Figure 1.3: Stellar rotation period versus the (B-V) magnitude observed @retit open
clusters from 120 to 1000 Myr are shown in red. Modelled density distribution of predicted
rotation evolution by (see Garra et al. 2018) are shown in blue.

14



1.1 Stellar rotation period

Figure 1.4: Left: Stellar rotation-activity relationship for partially and fully convective stars.
X-ray to bolometric luminosity ratio plotted against the Rossby number. Fully convective
stars (large red points), and stars in the sample of Wright et al. (2011) (medium, light red
points). Remaining partly convective stars from that sample (grey empty circles), nd entire
description in Wright et al. (2018). Right: Radio luminosities in the Hertzsprung-Russell
diagram, taken from Maria Massi lectures.

stellar activity in convective stars can be traced in X-rays, that accounts for the coronal
behaviour. In slow rotating stars, with a Rossby number about 0.5 and higher — also called
on unsaturated regime — the X-rays luminosities are correlated with the rotation period of
the star. On unsaturated regime the magnetic activity of the chromosphere (as indicated
by the Call K line-core emission) and the corona (as indicated by the X-ray emission)
monotonically increase with the stellar rotation rate (see Pizzolato et al. 2003; Wright et al.
2011; Reiners 2012; Reiners et al. 2014). Still, X-rays and high energy observations are
non-trivial and are very scarce on starsetient than the Sun. Consequently, the rotation
period appears to be not just a good raconteur of stellar activity but easier to retrieve
tracer of magnetic activity, see the activity rotation diagram at left diagram in Fig. 1.4.
Surprisingly, the relationship of rotation period with coronal and chromospheric activity
works also for slowly-rotating fully convective stars, (see Wright and Drake 2016; Newton
et al. 2017; Wright et al. 2018).

While the modulation of the brightness amplitude is periodic in most of the stars with
high and moderate activity levels, patterns on light-curves from magnetic structures of slow
rotators as the Sun are quasi-periodic and irregular. Low variability amplitude, short life-
time magnetic features evolution (in comparison to the rotation time-scale), that generates
irregular modulation on the light-curves, are the main cause of unreliable determination of
rotational periodicity in the Sun and its closer analogs. The indinstinguibility of magnetic
features latitudinal location, clumping or nesting of featuresedkntial rotation and stellar
inclination, are additional degeneracies to concern when we want to describe in a simple
model the physics under the non-periodic brightness variability (seetial. 2018). The
work in this Thesis is focused on the analysis of stellar brightness variations for recovering
rotation periods.

1 httpsiiwww3.mpifr-bonn.mpg.distafmmassi
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1 Introduction

Figure 1.5: TOP: Intensitigram of a spot transiting the solar disk (Left) and magnetogram
showing the a faculae transiting (right) by the Michelson Doppler Imager (MDI) instrument.
Bottom: Simultaneous to up-images VIRGO TSI variations. Taken from Fligge et al.
(2000a)

1.2 Solar and stellar brightness variability

The Sun is by far the star with the most recorded and analysed data. Direct images,
spectroscopy, polarimetry, photometry in drent bands of the electromagnetic spectrum

are available to describe its behaviour. The understanding of physical processes on the
Sun is the benchmark and main guide in order to characterise similar phenomena in other
analog stars. Performing a one to one comparison between the Sun and other stars is,
however, challenging. The derences are mostly set by observational constrains; the Sun
observed from Earth is a resolved object, which is mostly not the case for other Sun-like
stars. Also the cadence of the solar and stellar measurements is prettgrdi For a

long time solar data have been degraded to the cadence of stellar observations (see, e.g.
Lockwood et al. (1997)). On the contrary, now we are in a unique situation that stellar
photometric data have often better cadence than the solar ones.

Solar brightness variability has been associated with stellar surface processes on
di erent time-scales, from granulation to the formation of magnetic features. Those
processes, help us to determine the activity cycles, passing through rotational modulation.

The variability of solar brightness is one of the most intriguing manifestations of
its magnetic activity. Magnetic eld emerges on the solar surface in the form of ux
concentrations and leads to the formation of bright facular and dark spot magnetic features.
In Chapman et al. (1997) determined that bright structures contributes to the irradiance
excess, associated for example with facular regions, by outweighs about 50% the irradiance
de cit associated with sunspots. These features imprint vergrint pattern into the solar
light curve (see, Fig. 1.5).

Imprints from spot ankbr facular components on light-curves bring a handle tool to
describe stellar surface and to interpret rotation (see, Reinhold and Reiners 2013; Shapiro
etal. 2016, 2017). The latter is a key parameter to de ne the stellar dynamo mechanism,
the transport of magnetic ux through the convective zone, and its emergence on the stellar
surface, among other phenomena (see, Charbonneau 2010; Reiners et al. 2014; Fabbian
et al. 2017).

16



1.3 Initial solar and stellar photometric records.

1.3 Initial solar and stellar photometric records.

Figure 1.6 Drawings of sunspots by
Galileo Galilei reported by Giacomo
Mascardi in History and Demonstrations
Concerning Sunspots and their
Properties Mascardi (1613): Istoria

e dimostrazioni intorno alle macchie solari
e loro accidenti comprese in tre lettere
scritte all'illustrissimo signor Marco
Velseri linceo ... dal signor Galileo Galilei
linceo ... Siaggiungono nel ne le lettere, e
disquisizioni del nto Apell& “1am at last
convinced that the spots are objects close to
the surface of the solar globe ... also that
they are carried the Sun by its rotation’...

Galileo.

The rotation period of the Sun could by traced by observing the transit of magnetic fea-
tures. Already in 1612 following of solar surface performed the rst observations and draw-
ings of sunspots (published in Mascardi 1613, see Fig. 1.6). In 1863 Richard Christopher
Carrington published his bookdbservations of the Spots on the S(inarrington 1863),
where he de ned the solar rotation rate by watching the low-latitude sunspots. He also
de ned a solar reference system rotating with a period of 25.38 days. The rst Carrington
Rotation was described in November 9Th of 1853, when Carrington began his Greenwich
photoheliographic series.

In stars the story is dierent given that the surfaces are not resolved. One of the
most frequently used method for determining rotation period is, thus, measurements of
stellar brightness variability. Interestingly, measurements of stellar brightness is one of the
oldest tools of stellar astronomy. For example, already about 2nd century BC Hipparchus
classi ed stars by their magnitude. As well the extensive compilation of glass plates
collected by Henry Draper and his wife Anna Palmer Draper that given birth to the HD
stellar identi cation catalog. As well, those photometric measurements gave a strong
input that help opening the sky for the ladies of Harvard Observatory and their remarkable
measurements of the stars during the late 1800's.

1.4 Space born photometry

1.4.1 Total Solar Irradiance

The integrated over all wavelengths total radiative ux from the Sun measured at one
astronomical unit is called Total Solar Irradiance (TSI). Currently the established TSI value
is 1361 W mZ2. Even though the TSI have been for a long time known as the solar constant

17



1 Introduction

Figure 1.7: 41-years-long TSI dataset compilation byedent instruments. Image taken
from: https//spot.colorado.edkoppgTSl/.

its value is not constant. The variations of the TSI have been reliable observed by precise
radiometers during more than the 11-years of the solar activity cycle, and is about 0.1% or
1.3 W m 2. Over a solar rotation time scale the variation caused but large sunspots can be
as high as 0.5% (see, Frohlich 2013).

Driven by the interest from the climate community TSI has been measured almost
without interruption for 41-year period by various satellite-based radiometers (such as,
ACRIM, ERBS, VIRGO and TIM, see Fig. 1.7). Furthermore, it has been reconstructed
for longer periods of time by many derent models, e.g. SATIRE and NRLTSI, (see for a
review, Ermolli et al. 2013; Solanki et al. 2013; Ball et al. 2014; Dasi-Espuig et al. 2016;
Yeo et al. 2014; |k et al. 2018).

Among all available total solar irradiance records, the time series obtained by the
Variability of solar IRradiance and Gravity Oscillations (VIRGO) experiment on the
ESA/NASA SOlar and Heliospheric Observatory (SoHO) Mission and by the Total
Irradiance Monitor (TIM) on board the Solar Radiation and Climate Experiment (SORCE,
Dec. 2016 — 25 Feb. 2020) are the most accurate. They have also the longest time coverage,
with 24- and 17- year-long data acquisition respectively (see e.g, the review by Kopp 2014).
In this thesis | use these two TSI time series.

The rst dataset used in this work was obtained by VIRSGHO Mission, see Frohlich
et al. (1997). VIRGO provides more than 24 years of continuous high-precision, high-
stability, and high-accuracy TSI measurements. Our analysis is based on the rst 21
years of recorded data, and last update available at the beginning of this work, version
6.4 6 005 1705 level 2.0 VIRGOGPMOGV observations from January 1996 until June

18



1.4 Space born photometry

2017 with a cadence of 1 data-point per héufhe data are available at the ftp server

The second data-set used in this work was acquired by SRRCE instrument (see,
Kopp and Lawrence 2005; Kopp et al. 2005a,b). Regular TIM data used comes from
version 17, level 3.0, with daily or 6-hourly cadence data. For our work we used data
corresponding to: Feb 25th 2003 - Jan 25th 2018Nhile TIM data are available for
a shorter time interval than VIRGO, they have lower noise level (Kopp 2014) which is
particularly important for our analysis of TSI variations during the minimum of solar
activity. Here we use an average version of TSI with a cadence of 1 data-point per 1.6
hours based on the regular data

1.4.2 Stellar photometric data

The arrival of photometric planet-hunting missions, sucRaRoT(Borde et al. 2003a),
Kepler(Borucki et al. 2010), anESYRicker et al. 2015), placed the studies of stellar
magnetic activity to a completely new level. Continuously observations with high ca-
dence are required to determine rotation period from stellar brightness variability. The
missions mentioned have provided photometric time series with unprecedented precision
and cadence. As a result, now it is possible to estimate rotation periods for thousands of
stars. Stellar light-curves observed Kgplerhave been employed in numerous studies
aimed at determining rotation periods and stellar surface shear (for a complete description
of di erent rotation period analysis methods frequently used see comparative study by
Aigrain et al. 2015).

1.4.2.1 Keplermission

The Kepler mission ran from 2009 to 2013Kepler was designed with the scienti c
objective to explore the transits of the multiple possible Sun-like planetary systems in
a region of the galaxy with a high density of solar-analogs expected, a region between
the Cygnus and Lyra constellations (see, Borucki et al. 2010, and Fig.1.8). Even though
the primary goal oKeplerwas planet-hunting, that made possible to revolutionise our
understanding of stellar activity. Thé&plerobservations were in a band-pass covering
from 420 to 880 nm. The instrument obtained aneied di erent data-products including,
full-frame-images (FFIs), co-trending basis vectors, pixel response function, long and short
cadence target light curves and pixel les, among others.

The data-product utilised in this work employed long cadence light curves (LCs) with
a integrated 29.45 min cadence. The calibrated LCs and data-products are available at
the MAST archive’. Those LCs were acquired on 17 segments called quarters(8®
days), Q—Qus: (90 days), and :(35 days), see public data release 25 and handbooks,
Thompson et al. 2016; Van Cleve and Caldwell 2016; Bryson et al. 2017; Morris et al.

2 VIRGO data description: ftp/ftp.pmodwrc.clpul/Claug VIRGO-TSIVIRGO_Char2Space.pdf

3 VIRGO data source: ftfyftp.pmodwrc.cldatdirradiancévirgo /TSI/ virgo_tsi_h 6 _005_1705.dat
4 Release notes: httffiasp.colorado.ednomésorcédatdtsi-datdtim-tsi-release-notés

5 SORCE data source: htifiasp.colorado.ednomésorcédata

6 http//spot.colorado.edkoppg TSI/

" http/archive.stsci.edpubkeplerlightcurvedtar les/
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1 Introduction

Figure 1.8: Field Of View of Kepler satellite, Credits: NASA Ames.
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1.5 Photometric methods for rotation periods detection

2017). The observed quarters are given in segments due to the Kepler telescope reoriented
itself every 90 days. Quarter;@ incomplete given the initial calibrations andQ@ue

to a wheel failure that after 4-years of operation ended the original idea of the mission of
continuous observation at the same FOV.

Kepler's eld of view, FOV, has a resolution of 4 arc-seconds per pixel and contains
approximately half-million stars. The satellite followed about 200,000 targets and around
150,000 stars were selected for continuous observation. More than 90,000 are G-type
stars on, or near, the main sequence (see, Batalha et al. 2010). About 25% of stars
from the primaryKepler FOV have reported rotation periods, (see, e.g., McQuillan et al.
2014, the largest rotation period survey presently available). Interestingly, it implies that
we do not know rotation periods of almost 75% of G-type stars. In particular, we lack
information about rotation periods in low-activity stars like the Sun. The biggestudiies
for determining rotation periods of such stars from photometric records are associated to
non-periodic light-curve pro les and low amplitude of the variability.

1.4.3 Rotation period in planetary transits analysis

Although that the goal of this thesis is not connected with planetary transit analysis, the
knowledge of precise rotational periods are required for removing stellar activity signal
present in the light-curves. Stellar activity can mimic planets in radial velocity analysis
(RV) as well as aect characterisation of both RV and transiting planets (see, Fig. 1.9).
Knowing precisely and accurately the stellar rotation allow disentangling the signal from
star and planet in RV. It, in turn, can help to detect small-sized planets in RV, which
is crucial for ongoing and upcoming survey like ESPRESSO. For transiting planet it
will also help to get more accurate planet radius estimation. The characterisation of
exoplanets have been improved using simulations of spots to correct transit events, but
still the disambiguation from activity needs to be more explored (see, Dumusque et al.
2011; Oshagh 2018). Rotation period acquaintance is decisive to constrain models on
activity-transit entangle and star-planet interaction.

1.5 Photometric methods for rotation periods detection

Thanks to planetary hunting missions such as CoRepjerand TESS the possibilities of
acquiring accurate photometric time series with high resolution and high cadence are now
real. Building on those high quality observations, the scienti c community has developed

di erent methods and techniques to analyse and interpret stellar periodicities embedded in
the data. Some of the current methods include autocorrelation functions analysis, Lomb-
Scargle periodogram, periods based on wavelet power spectrum, and recently techniques
based on Gaussian processes.

1.5.1 Generalized Lomb-Scargle periodogram — (GLS)

The Lomb-Scargle periodogram (hereafter, GLS) is a formalism used to analyse the
frequency domain of unequally space time-series. It is analogue to tting a sinusoidal
function,y = acos! t + bsin! t. The rst formalism was given by Barning (1963) and
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Figure 1.9: Conjugation of rotation period modulation (top) and planetary transits (middle
and bottom) in CoRot-Exo-2b system, (taken from, Alonso et al. 2009).

afterwards Lomb (1976); Scargle (1982) analysed the statistical signi cance of a periodic
signal.

In the original formalism the measurement of the errors are not considered and, it is
assumed that the mean of the data and the mean of the tted function are the same. For
an improved analysis in this work | consider the Generalised Lomb-Scargle periodogram
(GLS) version v1.03, applying the formalism given in Zechmeister and Kirster (2009).

The GLS method is widely used for time domain analysis and has the advantage for
treating data-sets with a non-regular sampling. For rotation period detection purposes, the
highest normalised power peak is usually assumed to correspond to the rotational period
(see GLS applied to stellar LCs in, Reinhold et al. 2013; Aigrain et al. 2015; Reinhold
etal. 2019, 2020b). An example of the computed GLS for a TESS light-curve of the target
TIC 441420236 is shown in the panel b of Fig. 1.10.

1.5.2 Auto-Correlation Functions — (ACF)

Autocorrelation functions (hereafter, ACF) is a method based on the estimation of a degree
of self-similarity in the light-curve over time. The time lags at which the degree of self-
similarity peaks are assumed to correspond to the stellar rotation period and its integer
multiplets.

The ACF method was introduced as a statistical model for exploratory data analysis
(EDA) initially implemented for climatology and hydrology time-series and has been
widely used in many elds since then (see, Yevjevich 1968; Merz et al. 1972). ACF
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Figure 1.10: Compilation of rotational period outputs for the object TIC 441420236
computed with GLS, ACF, PS, and GPS. Panels (a) show the TESS LC, (b) the GLS output,
(c) The ACF, (d) the wavelet power spectra using Paul wavelet order 6, and (d) the GPS
outcome.

have the main objective to detect the non-randomness in the data. It characterises the
self-similarity in the given measuremendg, Y; ::;;Yy at the timesXy; X;; ::;; Xy as a
function of the lagk: P

LY Yk )

— i=1
Mg = r'i,\il(Yi 7)2 (1.2)

The time variable, X, is not used in the formula, but the assumption is that the observa-
tions are equally spaced. Usually the rst maximum of the autocorrelation is taken as the
searched periodicity.

The ACF method applied for the analysis of stellar time series was introduced by
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LC Number A_CORRELATE AutoACF

1000 26.58 26.71
1001 21.07 21.24
1002 10.29 10.39
1003 27.07 27.04
1004 26.21 26.06

Table 1.1: Comparison of solar rotation periods output from the IDCABRRELATE
routine and the AutoACF for the 5 derent solar light-curves proposed in Aigrain et al.
(2015)

McQuillan et al. (2013). The application of the ACF to stellar LCs is based on the
assumption that magnetic features which cause photometric variability are stable over the
stellar rotational period. The ACF has been used to create the largest available catalog of
rotational periods until now. Using ACF valuable statistical information for about 34000
stars observed bigeplerhave been compiled and analysed in detail in McQuillan et al.
(2013); McQuillan et al. (2014).

In the present work | tested and implemented the autocorrelation function approach
given by the IDL A_CORRELATFE’ routine comparing with the results given by the
AutoACF method, introduced in McQuillan et al. (2013), and used by the Tel Aviv team in
the hare-and-hounds exercise in Aigrain et al. (2015). They, performed a blind exercise
to compare dierent methods to obtain rotation periods from 1000 simulated light-curves
injected to 770 Kepler and 5 solar SOBMIRGO light-curves. We calculate the autocor-
relation function from ACORRELATE and compare with the outputs from AutoACF
for the 5 solar light-curves for derent ranges of solar activity. We show the comparison
of both algorithms in table 1.5.2, and Figure 3.1. In the AutoACF implementation, the
light curves are median normalized before the ACF is computed, and they only search for
periods less than half the length of the data set. We veri ed that the outputs from the ACF
IDL A_CORRELATE routine and AutoACF have a similar behaviour. An example of the
computed ACF for a TESS light-curve of the target TIC 441420236 is show in the panel ¢
of Fig. 1.10.

1.5.3 Wavelet Power Spectra — (PS)

Wavelet power spectra analysis (hereafter, PS) is bene cial for time series that contain
non-stationary power at many dérent frequencies. PS was originally used to analyse
geophysics and climatology time-series. Recently, in combination with the ACF it has been
also employed for determining stellar rotational periods (see, Garcia et al. 2009; Aigrain
et al. 2015; Santos et al. 2019). An important aspect of the PS method is the choice of the
wavelet function, ( ). There are many dierent wavelet functions, Morlet, DOG, Paul,

etc (see, Fig.1.12 and Torrence and Compo 1998). To calculate the PS in this work | used
the WV_CWT ° IDL function. It is based on Paul wavelet of ordar= 6. Paul wavelet is

a complex non-orthogonal function, which means that the wavelet will return information

8 A_Correlate IDL function is available at: httgsvww.harrisgeospatial.coftioc§A_CORRELATE.htm
9 WV_CWT IDL function (it is available at: httpdwww.harrisgeospatial.coltiocgWV_CWT.html)
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Figure 1.11: Comparison between ACF from AutoACF and the IDICARRELATE
routine.

about the amplitude and, if required, phase of the signal. An example of the computed PS
for a TESS light-curve of the target TIC 441420236 is show in the panel d of Fig. 1.10.

1.5.4 Gaussian Process — (GP)

Gaussian processes are certainly an area of extremely active investigation in astrophysics
at the moment. Statistical Gaussian processes (hereafter, GP) can be applied to detect a
non-sinusoidal and quasi-periodic behaviour of the signal in light-curves. Since recently,
the GP have being used for retrieving the periodic modulations from stellar activity (see
Roberts et al. 2012; Rajpaul et al. 2015; Angus et al. 2018). The GP will t a good
inference for periodic patterns for a singular light curve, but will take several hours to
converge, (see, e.g. Angus et al. 2018). For optimizing the procedure Angus et al. (2018)
sub-sampled Kepler light-curves by a factor of 30 and split them into segments of 300
points. To improve considerably the computationallyogency, Foreman-Mackey et al.
(2017b,a) developed a new algorithm which scales linearly with the number oNdata
points instead oN Log(N)2.

Even with a linear scaling GP calculations demand signi cant computational resources.
Such methods can be extensively implemented and compared with other approaches for
determining rotation periods in a limited number of stars, as for example in the analysis
performed for HD 41284 in (Faria et al. 2020, see, Appendix 1.8). GP method is out of
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Figure 1.12: Comparison between three wavelet functions and its properties, (taken from
Torrence and Compo 1998).

the scope of this work.

1.5.5 Gradient of the Power Spectra: GPS

In this Thesis | has been developing a new method for the determination of stellar rotation
period. The method is based on the analysis of the gradient of the power spectra (GPS) of
stellar brightness variations. In contrast to the methods described before GPS method is
aimed at low-activity stars like the Sun, but also works in more active stars. In Chapter 2
of this thesis we develop a mathematical formulation of the method. In particular, we show
that the pro le of the power spectrum around rotational period depends strongly on the
decay time of active regions. It is also possible that the rotation peak absent from the power
spectrum at all. For example, it will be atted or absent for low activity stars, like the Sun,
which rotation period is longer than the decay time of magnetic features. Furthermore,
there could be rogue peaks which do not correspond to the rotation period but could be
easily misinterpreted with the rotation peak. Despite this we show that the pro le of the
high-frequency tail of the power spectrum remains stable and only weekly depends on the
evolution of magnetic features. This allows us to propose using in ection point, i.e. the
point where the concavity of the power spectrum plotted in the log—log scale changes its
sign, as a sensitive diagnostic of the rotation period.

Chapter 3 contains the application of the GPS method to TSI observations. The method
Is compared with regular methods used for detecting rotation periods on stars. GPS recover
more accurate values for the solar rotation period in the comparison with the other methods,
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independently of the activity regime of the star. We also show that GPS can be used to
distinguish periods of facular or spot dominance in the stellar brightness variation.

After successfully testing GPS against simulated and observed solar light-curves GPS
is applied in Chapter 4 to brightness time series of observed starskepier eld. For
testing GPS on stars, were selected targets with know rotation periods reported by Reinhold
et al. (2013); McQuillan et al. (2014). The light curves of the samples presented a regular
modulation and higher variability than the solar TSI. That characteristics allowed to all the
methods applied to easy recover the rotation period@pier stars. GPS rotation period
values are well correlated with the previously reported values by other methods. In that
way GPS is tested and veri ed.

Furthermore, GPS can be used to estimate the faculae to spot are&atBsfo). In
Chapter 4 theSq,=Sspot is calculated for a stellar sample. We show that facular to spot
ratio decreases with the increase of stellar ration rate.

Additionally to Kepler light-curves, GPS was applied on TESS light-curves. An
example of the computed GPS for a TESS light-curve of the target TIC 441420236 is show
in the panel e of Fig. 1.10.

1.6 State of the Art

Rotation periods are not equally detectable for all stellar objects. Observational and
theoretical studies as in Aigrain et al. (2015); van Saders et al. (2019) show that rotation
periods in cool dwarfs around solarective temperature and with a low magnetic activity
are more di cult to detect using current methods. The estimation of rotation period on
stars with a similar activity behaviour than our Sun is dult, even with the advantage
given by high quality data from space born missions.

In He et al. (2015, 2018) they analysed the solar and stellar activity using GLS and
introducing two indicators, one by describing the degree of periodicity on the light-curve,
iac, and the other by the ective uctuation range, R, that describes the deep of the
rotation modulation. They found that light-curves periodicities ofKkeler stars were
generally stronger in maximum season of activity than the one of the Sun, where the
highest periodicity was determined during low active seasons of activity. By applying
GLS and the indicators to the TSI they identify the solar rotation period only during solar
activity minimum regime. A similar result was found by Aigrain et al. (2015), where
they compare, in a blind exercise some of the methods mentioned as, ACF, GLS and PS
to retrieve rotation periods from simulated light-curves and real data from the Sun. In
addition, they reported that the rotation period values were not equally detected for all
methods, probably due the dirent levels of sign&toise in the simulated light-curves.

In van Saders et al. (2019) they presented a theoretical approach that assume a rela-
tionship between Rossby number with the amplitude of the variability. They estimate a
threshold in the Rossby number that can characterise the level of detectability of stellar
rotation by spot-modulation. Those threshold values could be representative of the level of
activity, assuming the relationship betwegywith the amplitude of the variability and that
they describe the level of detectability of rotation by modulation in cool dwarf stars. Their
models suggested that exist a limit in the spot modulation amplitude below which period
detection from current methods is ineient. They reproduced Kepler-like observational
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Figure 1.13:Keplermagnitude vs. the range of light curve variability in drent tempera-
ture ranges. The active Sun is shown with a red line (see, Basri et al. 2010).

bias on models and show that highest rotation detection fraction discrepancies are around
solar temperature, 8+ 5700K, (see gure 13 in, van Saders et al. 2019). They
con rmed that 80% of stellar rotation periods in tKepler eld of view with near-solar

e ective temperature remain undetected.

For the solar case, wherg R= 2:01, Brandenburg and Giampapa (2018) proposed
thatfor R, > R, there are two possible scenarios: one where stars that reach solar Rossby
number start a process to reduces its magnetic braking and then become less active, or
two, that stars enter in a regime of anti-solareliential rotation, in other words where
poles rotate faster than the equator (see, Viviani et al. 2018, 2019). In (Basri et al. 2010,
2013) solar variability appears to be normal when compared to main-seqkieples
stars with near-solar ective temperatures, see Fig. 1.13. Even though the amount of
reported rotation periods of stars with near solar variability and parameters are lower than
expected in th&epler eld. The current knowledge of rotation periods is restricted to
stars with strong variability and regular modulation, to more active cool stars unlike the
Sun, at least in terms of its variability and magnetic activity. Due to the detectability
di culties described before, the information of rotation periods of solar analogs available
in the literature is just the peak of the iceberg, it telling us that only a small fraction of
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Figure 1.14: Top: Rotation periods detected by autocorrelation function method versus
e ective temperature. It shows bimodal rotation period distribution foeint ranges

of temperature. Bottom: Left: Amplitude versus rotation period for M-dwarfs With

about 4000 K. Is observed a decrement of stars with rotation period near 19-21 days and
visible a bimodal distribution. Right: Amplitude versuseztive temperature for M-dwarfs

stars in theKepler eld ( For more details see, McQuillan et al. 2013).

Figure 1.15: Bimodal rotation period distribution fidepler stars from 0 to 350 pc ( For
more details see, Davenport and Covey 2018).
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solar-like systems have been analysed. Shapiro et al. (2016) demonstrated that the main
reason for the irregular temporal pro le of solar variability is attributed to the short-time
evolution of sunspots. In other words just few magnetic features last longer enough to
reproduce the sinusoidal signal from the rotation. Furthermore, Shapiro et al. (2017) show
that facular and spot contributions to the solar brightens cancel each other signal on the
power spectrum over the rotation period time-scale.

In Metcalfe et al. (2016) and Metcalfe and van Saders (2017) proposed that the Sun
could be in a transition state to a drent low-activity dynamo regime, and stars with a
clear periodicity are still in a high-activity regime. Now, Reinhold et al. (2020a) show that
the solar variability appears to be anomalously low when is compared with main-sequence
stars with near-solar ective temperature and witnownnear-solar rotation periods.

An additional picture to explanation such a paradox is the inability of standard methods
to reliably detect rotation periods of stars with variability similar to that of the Sun (see
also discussion in, Witzke et al. 2020). The outcome of GPS could bring us the tool to
analyse and understand such a paradox. In Reinhold et al. (2019) suggested that biases in
determining rotation periods might contribute to the explanation of a dearth of intermediate
rotation periods observed Keplerstars (see McQuillan et al. 2013; Reinhold and Gizon
2015; McQuillan et al. 2014; Davenport 2017; Davenport and Covey 2018). In other words,
long period with low amplitude stars are hardest to detect as shown in Figs. 1.14 and 1.15.

In (Shapiro et al. 2020; Amazo-Gomez et al. 2020b) we showed that the rotation periods
of the Sun from observed total solar irradiance (TSI) and simulated lightcurves of closer
stellar analogs with similar solar fundamental parameters, can be reliably determined from
the pro le of the gradient of the power spectrum, GPS. We retrieve rotational period values
base on the automated GPS method, a novel rotational analysis method that follows the
characteristics imprinted by spots and faculae on the gradient of the power spectrum.

Di erences in the CLV contrast re ected in the light-curves for spots and facular
regions are the starting point of GPS. After analysing that the contribution from faculae
and spots have derences in the power spectra pro le related with its relative V-like and
M-like light-curve shapes (see, Fig 1.5), we were able not just to determine rotation period
but facular or spot dominance in the solar surface. The manifestations of facular- and
spot-related signatures respectively on the third and second harmonic of the rotation period
value can be characterised by the in ection points at the GPS.

The summarized ideas previously introduced in the state of the art along to a detailed
explanation of the GPS method will be expanded throughout the following chapters in this
Thesis.
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GPS applied on collaboration papers:
The following sections of the Introduction includes the
abstract and the contribution to three dirent publications in
which | participated as co-author. | implemented the GPS
method anbr contributed with ideas and analysis in the
context of the present Thesis.
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