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Active longitudes are areas, where star spot activity is centered in and reappears on a periodic

manner. Star spots are cooler areas on the star surface, caused by rising magnetic field lines

inhibiting the flow of the convective region. The ways to observe active longitudes is limited, but

in some stars the phenomenon has clearly been present, as Lehtinen et al. (2016) has showed. One

of the observation methods is to analyse the primary and secondary minima epochs of the star’s

light curve relative to its orbital period.

Time series analyses are tools to gather these phases from light curves. Here two different methods

were used to analyse a RS CVn binary member IM Pegasi. Continuous Period Search (CPS)

(Lehtinen et al. 2011) defines an adaptive, single periodic model to a moving window of observations,

allowing the light curve to contain sudden changes. Discrete Chi-square Method (DCM) (Jetsu

2020)) applies a multiperiod, polynomial-trended model to fit to the data with constant parameters,

assuming all changes in the light curve are part of periodic changes. Using these two methods the

light curve of IM Pegasi is studied in order to determine if there could be active longitudes present.

Four data segments were chosen to be further analysed with DCM based on the CPS results. One

of the segments showed a flip-flop effect in the CPS phase results, which was showed to be apparent

based on the successful DCM performance. Two segments, which had rather steady phase trend in

the CPS results, performed well with the DCM analysis. The fourth segment, which showed strong

migrating of the secondary minima phase in CPS analysis, had problems performing with DCM as

a whole segment.

The primary periodicity is detected in both CPS and DCM withing good limits of agreement.

The DCM dual-periodic model results in all four segments indicate of an additional, more fragile

irregular structure in the star, like separated dynamo waves.
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1. Introduction

Stellar magnetic structures manifest themselves on the surface of the star, affecting

the flow of plasma in the convection region. The most obvious visible phenomena

of this are the cool, dark star spots, which periodically appear on the surface of

the star. The long term photometric monitoring of these kinds of chromospherically

active stars form light curves, where the evolution of the brightness changes can

be analysed and the activity cycles be determined. The star spot activity mani-

fests itself differently in each star, so understanding the circumstances can help to

understand the stellar structures further.

Active longitudes are the centers of star spot activities. The spot formation

centralizes on these specific longitudes, and the activity reappears on these loca-

tions most likely during the activity cycle. The modelled simulations to different

kinds of stars indicate, that the presence of active longitudes is connected to non-

axisymmetric dynamo modes. This is important information about the magnetic

structure of the star and on understanding the connections between phenomena.

One way to recognize active longitudes in a star can be done by studying the

nature of the light curve. The primary and secondary minima phases relative to

the orbital period can tell the consistence of the light curve minima epochs. The

evolution of the minima phases can be only directive, and the there should be other

observation methods supporting the hypothesis, for the same minima behaviour can

be described by other stellar phenomena.
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The minima phases can be studied with time series analysis. The phases can

be gathered by fitting a model to the light curve and its characteristics. There are

many different methods to choose from to scavenge through the observation data,

each having their strength and weaknesses. The goodness of the fit depends on the

order of the model. Also, the observed light curves are not perfect either, containing

possible other irregular changes in brightness and unintentional observation errors.

Using several time series methods with different strengths can help to identify the

phenomena discovered from the analysis by comparing results.

This thesis uses two different time series methods to analyse a member of the

RS CVn binaries to analyse the existence of possible active longitudes. RS CVn

binary stars are known to be chromospherically active with prominent star spot

forming. Many members of the group have been claimed to obtain active longitudes.

IM Pegasi is a member of this group and a well studied binary system, but it has

not been confirmed to obtain active longitudes so far.

The two methods used for the analysis are the Continuous Period Search (CPS)

and the Discrete Chi-square Method (DCM). The major difference between the mod-

els of these methods is the amount of periods found in the light curve: CPS defines

single periodic light curve fit to a moving window of the observations, allowing all

parameters to change as the window goes through the observations. DCM fits a mul-

tiperiodic model with a polynomial trend, with constant parameters, to the data.

The flexibility of the CPS and the rigidity of DCM give different perspectives for

analysing stellar light curves.



2. RS CVn

RS Canum Venaticorum -variables are a certain type of close binary stars. The first

one to give notation to the group is recorded to be Otto Struve in 1946. Later in

1974 Oliver presented an extensive compilation of older literature, both of published

and unpublished sources at the time, and new results regarding the still recent group

in his thesis. Oliver proposed that it would be time to write down the characteristics

for the group. The defining properties still used to this day were set by Douglas

Hall next year in 1975 in his review of the group, while Oliver’s thesis was still

unpublished at the time [5].

Before Hall’s publication the definition of the group was shallow; the presence

of strong Ca II, H and K emission visible outside of eclipse was a major quality for

first candidates, mostly caused by the more mature component. The orbital periods

between members could vary from days to weeks, and the intrinsic variability in one

or both components were observed to be present.

Wide range of periods divided the candidates into five subgroups: short period

with below of 1 day, long period groups with a period between 2 and 14 days, periods

with longer than 14 days, the white dwarf partner binaries and the V471 Tau type

systems.

In general RS CVn members are spectroscopic binaries with notably strong Ca

II, H and K emission. Primaries tend to be G-K spectral class giants or subgiants,

and the secondary G-M class main sequence stars or white dwarfs. The binaries also
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have photometric variability due to spot activity. In addition the binary can be an

eclipse variable. The binary system is tidal-locked, which makes the system’s orbit

period Porb and stars’ rotation period Prot are approximately equal. The components

are fast rotators.

RS CVn primary components are magnetically active stars with large cool

spots. As the star rotates, a non-axisymmetric spot distribution will lead to a

rotationally modulated light curve. Because of the tidal effects, the period of the

light curve will be close to the orbital period of the system. In some cases, the spot

activity of the secondary component may contribute to the light curve.

2.1 IM Pegasi

IM Pegasi is located in the constellation of Pegasus in coordinates R.A. 22h 53min

02sec and DEC +16◦ 50’ 28”. IM Pegasi was cataloged to the Bonner Durch-

musterung by Fredric Argelander, Adalbert Krüger and Eduard Schönfeld between

1859-1862. They used the epoch B1855 at the time, and it was given the identifier

BD+16 4831.

The eccentricity of the system is measured to be nearly 0 and inclination

around 70◦. Combined magnitude is V = 5.55.

The primary is a spectral class K2III red giant. The secondary is a class GV

main sequence star. The secondary is measured to be the size and mass of the

Sun, the primary is heavier and bigger in size. The orbital period is reported to be

P = 24d.64877± 0d.00003 [15].

There is also detected activity in the X-ray band by A. Kawagoe in 2014 [10].

Kawagoe and their team reported about X-ray flares of IM Pegasi in their ATels

#6322 and #6296 on 7th and 17th of July 2014. Soon after there was an erratum

discovered with the used distance value for IM Peg on the calculations previously,
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and the results were corrected. The erratum was reported and corrected a week

later on 24th of July, during the follow-up observation with the Swift XRT which

confirmed the updated results.

IM Peg was reported to have a correct luminosity of 1 × 1033ergs/s and 8 ×

1032ergs/s for the assumed distance of 96, 4 pc [17] in the 4−10keV band on the 7th

and 17th respectively. On the 19th of July the Swift XRT observed an absorbed lu-

minosity of 2×1032ergs/s in the assumed distance of 96.4 pc in the 0.3−10keV band.

Berdyugina et. al 2000 [1] analysed high signal-to-noise ratio spectroscopic and

UBV photometry observations of IM Peg. In addition Doppler imaging monitoring

was applied, giving 8 stellar images of IM Peg for the first time. Berdyugina et al.

(2000) claimed several conclusions regarding spot activity and active longitudes from

the Doppler images. The paper reported of spots migrating from one hemisphere to

the opposite in the orbital reference frame. The spot rotation period was evaluated

to be 24d.73± 0d.02. The spots show two active longitudes in opposite hemispheres

latitude-wise, where one of them was dominating. The activity cycle was estimated

to be 6.5 years, which after the dominance switched to the other active longitude,

the full cycle being ∼ 13 years.

The existence of two active longitudes in opposite stellar hemispheres is to be

predicted in RS CVn stars, although it is not to be assumed. Many previous cases

have confirmed the existence of active longitudes in RS CVn stars.

Zellem et al. 2010 [21] made a comprehensive study if IM Pegasi was suitable

as a guide star for the Gravity Probe B mission (GP-B). GP-B’s goal is to measure

predicted consequences of general relativity. IM Peg was one of the three stars to

meet the mandatory criteria for the role of the guide star in the project.

The chromospheric activity of IM Pegasi was feared to cause trouble by the
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shifting of the light center during the activity cycle. This could have prevented the

mission from using IM Peg as a guide star in the mission. IM Peg was observed

with Strömgren uvby intermediate-band filters, V RI filters and TiO’s 720/750nm

narrowband filter sets.

The wide range study concluded that IM Peg has an irregular activity cycle of

20.5 years. The study gathered a results of star spot properties, which are quoted in

table 2.2. The maximum shift of the light center, was determined to be 0.085mas

during the GP-B mission. This passed the maximum limit of 0.5 mas/yr. The

spot distributions and surface areas remained approximately the same during the

mission, making the light balance essentially constant between the primary and the

secondary.
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Property Primary + Secondary

Spectral type K2III[1] + GV[2]

Mass M b 1.8M� ± 0.2M [2]
� + 1.0M� ± 0.1M [2]

�

Radius 13.3R� ± 0.6R[1]
� + 1.00R� ± 0.07R[2]

�

Luminosity Lb 54L� ± 9L[2]
� + 0.9L� ± 0.3L[2]

�

Effective temperature Teff 4450K ± 50K [6] + 5650K ± 200K [2]

Rotation velocity (v sin i) 27km
s ± 0.5km

s + ≤ 3km
s

[4]

Orbit radius (a1 sin i + a2 sin i) 16.19R� ± 0.006R[3]
� + 30.34± 0.03R[2]

�

Orbital period P 24d.64877± 0d.00003[2]

Eccentricity e 0.006± 0.007[2]

Distance dc 96pc± 3pc[3]

Inclination of the Orbit plane 70◦ ± 10◦[4]

V0 5m.55± 0m.05[1]

MV 0m.62[2]

Table 2.1: IM Pegasi general properties. [1]Berdyugina et al. (1999)[2], [2]Marsden et al.

(2005)[15], [3]Lebach et al. (1999) [11], [4]S.C.Marsden et al. (2007) [14] [5]Zellem et al. (2010)[21],
[6]Berdyugina et al. (2000)[1]
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Property Measurement

Inclination of primary’s rotation axis to line of sight ∼ 65◦[1]

Unspotted V * 5.62m ± 0.03m[2]

Long-term range in light amplitude ∼ 5.62− ∼ 5.97[2]

Length of long term activity cycle ∼ 20.5yr[2]

Light amplitude (V ) during GP-B mission min ≈ 0.17[5]; max ≈ 0.28[2]

Spot coverage (umbra+penumbra) ∼ 30%− 40%

Spot temperature Tspot 4100K ± 100K [2]

Table 2.2: IM Peg star spot properties[21]. [1]Berdyugina et al. (1999)[2], [2]Zellem et al.

(2010)[21]. *) is estimated from TiO index



3. Active longitudes

Late-type stars, with convective envelopes, have different manifestations of magnetic

activity. The turbulent convection and stellar rotation leads to a dynamo mecha-

nism, where plasma motion is converted to magnetic energy. This stellar dynamo

creates a magnetic field amid the convection zone. The magnetic field lines behave

as if they were frozen into the plasma and the field lines move in the convection zone.

Cool spots emerge to the surface when magnetic field lines penetrate the surface of

the star and inhibit the heat transport by convection. The stars spot activity is

therefore tightly related to magnetic field changes, even though the precise forming

process is not yet solved. There are presented multiple different dynamo theories

to explain the phenomena, but so far there is a lack of consensus within the science

community.

Active longitudes are areas where the spot activity centers in on a periodic

manner. They are strongly suspected to be related to non-axisymmetric dynamo

modes which generate strong magnetic concentrations on opposite sides of the star,

causing the activity to centralize on those areas. Viviani et al. (2018) [20] performed

mutliple dynamo simulations of the Sun from its young, fast rotating state to its

present-day state. The key focus was on the dynamo changes in the simulations,

when the mode changed from axisymmetric to non-axisymmetric solutions. Active

longitudes appeared during the simulations’ non-axisymmetric phases, giving some

correlation to the connection, when the Sun rotated twice as fast as it currently does.

9
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Lehtinen et al. (2016) [13] discovered that (at least episodic) active longitudes were

present in practically all their survey’s stars which had chromospheric activity level

over a certain threshold. Some stars possess two active longitudes on the opposite

hemispheres, where the activity domination shifts to the other during the activity

period.

The stability of the active region is individual to each star: on some it stays

stable for years, while on others there are longitudinal migration patterns. If the

active longitude is rotating with a different period than the star itself, this may be

caused by azimuthal dynamo waves. This shift in dominance is aligned with the

non-axisymmetric mode, and it may be observed as a "flip-flop" event, where the

activity seems to move from one stellar hemisphere to the opposite side. Azimuthal

dynamo waves are not attached to the convective plasma, which makes it possible

for them to rotate with different velocities in relation to the plasma.

There has been discussion whether the Sun possesses any active longitudes.

The Sun is a slow rotator with significant differential rotation, and it is chromo-

spherically active with an 11 year cycle. Berdyugina and Usoskin (2003) [3] reported

detecting solar active longitudes with a tenacity of a century scale. A few years later

Pelt et al. (2006) [16] claimed that the evidence for the finding was inconclusive.

Vivian et al. (2018) [20] also remarked, that even though there was clear active

longitudes detected in the simulations in a dynamo wave form, the specs of the

simulated Sun differed way too much from the reality.

While in some stars the active longitude phenomena is very clear, the trouble is

recognizing them from the other light curve influencers. There is no solid direct way

to observe active longitudes or traces of them. Analyzing primary and secondary

minima phases of the light curve in relation to the orbit period gives room to suspect

the presence of active longitudes. Doppler imaging gives directive temperature maps

of the star’s surface, from which cool spots can be identified. However, these maps
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are usually snap shots taken with long intervals making spot tracking difficult.

There are phenomena which can be mistaken for active longitudes from the

observations and cause the similar light curve signatures. Spots located at different

latitudes and differential rotation cause the light curve to be an interference of

multiple periodic waves. For close binaries light emissions and reflections from the

one companion’s atmosphere can cause the luminosity of the binary system to rise

periodically, close to the system’s orbit period. Tidal deformation of the binary

components can also cause significant periodic changes to the light curve while

rotating.

Roettenbacher et al. (2015) [18] is a good example how previously reported

active longitudes from different studies turn out to be some other phenomenon. σ

Geminorum is a RS VCn binary, which had several sources reporting strong spot

activity and probable active longitudes for few decades. These findings gave room

to propose the presence of active longitudes in the primary. Roettenbacher et al.

(2015) found that the primary star is actually partially filling its Roche lobe poten-

tial, not completely spherical and has a surface temperature gradient. Altogether

these effects caused variations in the light curve that are explained with the active

longitudes. These made a compelling alternative explanation for the active longitude

hypothesis.

There are still cases where active longitudes are obviously present. Most likely

these can be found in young solar-type stars which have crossed chromospheric

emission levels over logR′HK = −4.46 [13].



4. Data

The observation data is differential photometry, and it was collected in the Johnson

UBV system. The photometric data is from the same source as in Fekel & Henry

(1995) [6], where the reduction procedure is explained in more detail. There was a

catalog made of their observations, which IM Peg is also listed in (Strassmeier et al

(1993) [19]).

4.1 Observations

The observations were made in a time interval of 6.11.1987-21.7.2015 in B and V

magnitudes with the Johnson filters. The observations were done by using the

T3 0.40m Automatic Photo-electronic Telescope (APT) stationed at the Fairborn

observatory, Arizona, and it is part of the Automated Astronomy Group. The main

object of the group is to monitor chromospherically active single and binary stars.

These observations form long-term photometric light curves.

The T3 0.40m APT has an equatorial fork mount, 0.4 meter primary mirror

and 4.5 inch secondary mirror.

[6]

12
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4.2 Errors

The T3 0.4 APT measurement error is determined to be 0.003 − 0.004m according

to the instrument description. However, Fekel and Henry reported the external

precision to be 0.003− 0.005m depending on the paper [6][4], so the highest value of

0.005m was chosen as the error values for the DCM method usage. To be able to use

the DCM method the error values are mandatory for each datapoint. Because IM

Peg has no measurement errors logged to the data file, the value of 0.005m is used

for the error values while using DCM.

The comparison star used for the observations was HD 216635 and the check

star HD 218235. HD 216635 has magnitudes for V [m] = 6.603 and B[m] = 7.613

and HD 218235 has magnitude B[m] = 6.57



5. Methods

The phenomena causing the light curve are the starspots on the surface of the star.

Starspots are manifestations of stellar magnetic activity. A rotating spotted star

causes a rotationally modulated light curve.

There are some secondary effects that are related to the spot activity and

hence affect the light curve. These are plages, faculae and prominences. With close

binaries there can be illumination of the companion’s radiation from the atmosphere

and deformation due to tidal forces.

Time-series methods are meant to determine the periodic mathematical model

of the light curve. In principle the mathematical model can be formulated as a sum

of multiple sinusoidal waves if the light curve contains only the periodic changes

caused by starspots. In reality the light curve contains all the secondary effects that

happen in the star’s surface and atmosphere.

Fitting the mathematical model to the observations is a tricky task. A model

too simple misses important information of the target, while an over-fitting model

makes up results that do not actually exist.

Both CPS and DCM use the initial period P0 as a starting point for the period

search interval [Pmin, Pmax]. The search interval is an offset from the initial value

P0, and it is usually ±15− 20%. The initial period can also be determined by using

Three Stage Period Analysis (TSPA) if there are no previous studies of the target

[9]. In this case, because IM Pegasi is a tidal locked system and relatively well

14
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studied object, the initial period is chosen to be the orbital period.

CPS and DCM have different approaches on finding the final light curve model.

CPS fits only one period while the period itself and the model can vary. DCM on

the other hand can fit multiple periods simultaneously but the values are fixed.

5.1 CPS

Continuous Periodic Search uses a window moving in time and partly overlapping

data sets. which give a better time resolution for the period solutions [12]. The best

mathematical model is found by using the least square method.

The data is first divided into data sets (SET). The minimum length for a data

set in CPS is at least n ≥ 10 data points in order to get a good fitting. Otherwise

the number of data points gets near the amount of free parameters p of the harmonic

model (eq. 5.3). The minimum length ∆T1 eliminates too short data sets, labeled as

"temporally isolated data points", and the maximum length ∆T2 prevents too many

changes in one set. Each set has the length of ∆T = tn − t1, and each set has a

maximum length in relation to the initial period value P0.

∆Tmax =


∆T1 P0 <

1
2∆T1

2P0
1
2∆T1 ≤ P0 ≤ 1

2∆T2

∆T2 P0 >
1
2∆T2

(5.1)

where the minimum time range ∆T1 and the maximum time range ∆T2 are pre-

defined values in days. ∆T1 varies between 20-40 days and ∆T2 between 30-100

days.

Sets are allowed to share some data points with another set. This gives a

better time resolution and it is one of the strong features of the CPS. Independent

sets on the other hand are sets, which have no shared data points with other sets

(SETk 6⊂ SETk+1) ∧ (SETk+1 6⊂ SETk) (5.2)
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The independent sets can be used to valuate averages of certain free parameters,

like average and median magnitudes, periods and amplitudes.

The data is further on divided into longer segments (SEG), if the observation

time between two sets is ∆Tmax or longer. These time gaps can contain independent

or isolated data points, but segments also separate different observation seasons

from each other.

CPS uses Kth degree Fourier series for the light curve fit:

g(t, β) = M0 +
K∑
i=1

Bi cos(2πift) + Ci sin(2πift) (5.3)

where β = [M0, B1, ..., BK , C1, ..., CK ] contains the free parameters: M0 is the mean

magnitude, while Bi and Ci are amplitudes for cosine and sine waves respectively.

f = 1
P

is the frequency and t is a timepoint. The equation 5.3 is nonlinear, when

the frequency is a free parameter value. This problem is overcome by finding the

solution in two steps: the Grid Search and Refined Search.

The Grid Search goes through frequencies systematically and tests them using

the CPS model (eq. 5.3). The frequency interval is based around a initial period

guess P0. The period interval is [Pmin, Pmax] = [P0(1−q), P0(1+q)], where the offset

is recommended to be q = [0.15, 0.2]. The frequency interval is then [fmin, fmax],

where fmin = 1
Pmax

and fmax = 1
Pmin

. By going through the frequency interval in

even spaces and , i.e. using constant frequencies, the non-linear model becomes

linear and it is solved by determining the rest of the free parameters with the least

square method. The best frequency of the Grid search is used as the starting point

of the Refined Search. Ostensibly the best models is found out by minimizing the

chi-square values between the data and the model in the Refined Search.

χ2 =
n∑
i=0

ε2i
σ2
i

=
n∑
i=0

ε2iωi (5.4)

where the residuals are εi = y(ti)− g(ti), weights are ωi and observation errors are

σi. The Refined search is a non-linear optimisation problem. This is solved using a
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standard Marquart iteration.

The Bayesian information criteria (BIC) is used in statistics as a criteria for

model selection from finite amount of models. The BIC prevents the models from

gaining too many free parameters for the sake of minimizing the chi-square and

therefore overfitting the model. This is caused by the so called penalty term in the

BIC equation, which prevents higher K values from getting better results due to the

overfit. The best K value is found at the RBIC minima.

The K value is determined for each individually modelled data set minimising.

RBIC = 2 · n ln λ(ȳ, β̄) + (5 ·K + 1) lnn (5.5)

where λ(ȳ, β̄) = χ2(ȳ, β̄)[∑n
i=1 ωi]−1 is the chi-square term to describe the goodness

of the fit, and (5 · K + 1) lnn is the penalty term for higher K values. RBIC is

calculated for values from [0, Klim], where Klim is the highest tested K value.

β̄ contains some physically meaningful parameters. These are the mean mag-

nitude M0 = ŷ(t) and the period P from the frequency f . However, the amplitude

and the minimia epochs are numerically obtain from the final model.

The errors of the free parameters βmin are determined in the Bootstrap phase.

The phase contains N amount of rounds of steps 2-4.

1. Taking the residuals εi = yi − gi.

2. Drawing a random sample ε̄∗ from ε̄, where εi can be picked 0-n times.

Assuming the weights ωi = 1
σ2

i
are all equal, the ω̄∗ are all equal too.

3. Constructing the random sample ȳ∗ = ḡ + ε̄∗.

4. Estimating β̄′min by minimizing χ2 for ȳ∗.

The expectation values are the original β̄min values. The errors of β̄min are the

deviation of β̄′min, for each parameter respectively.

The amount ofN is usually 200 rounds, but the bootstrap loop is the most time
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consuming part of the analysis the more free parameters there are in the model. The

Bootstrap distributions and residuals x̄ are tested against the "Gaussian hypothesis"

HG: An arbitrary x̄ represents a random sample drawn from a Gaussian distribution.

with the Kolmogorov-Smirnov statistics. The significance level is predetermined

γ = 0.01 for rejection. If the HG is rejected with any parameter distribution x̄,

except the secondary minimum, all the rest of the parameters are also treated as

unreliable. Same judgment is given, if the secondary minima tmin,2 is present in

under 95% of the bootstrap cases. A non-gaussian distribution of the tmin estimates

does not lead to the rejection of the model, but the unreliability must be taken to

account in the review of the results.

5.1.1 Kuiper method

Kuiper method is used to recognize persistent longitudes or possible azimuthal dy-

namo waves from the minima values tmin. Kuiper method is applied to analyze the

minima tmin of the light curve, where the best period candidates are identified.

The Kuiper test is a modification from Kolmogorov-Smirnov (K-S) statistics

[8]. In K-S method the empiric and cumulative accumulation functions Fe(x) and

Fc(x) are compared to each other by taking the differential supremum values: D+ =

sup[|Fe(x) − Fc(x)|] when Fe(x) > Fc(x) and D− = sup[|Fc(x) − Fu(x)|] when

Fe(x) ≤ Fc(x).

The cumulative function is computed based on the analyzed period value. The

phase values φi,P are determined by the period P and the time points as follows:

φi,P = FRAC[(ti − t0)P−1] (5.6)

where the FRAC removes the integer part of the float and leaves only decimals

describing the phase. The phases are arranged into rank order φ1,P , ..., φn,P .
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The cumulative distribution function Fn(φ) is is

Fn(φ) =


0, φ < φ1

iN−1, φi,P ≤ φ ≤ φi+1,P 1 ≤ i ≤ n− 1

1, φ > φn

(5.7)

where n is the total number of phases and N = n(n − 1)/2. The even distribution

function is F (φ) = φ. The zero hypothesis H0 is that the phases φiP are evenly

distributed between [0, 1] without periodicity. The periods, which the deviation

from random distribution is the most significant, are selected.

In other words the Kuiper method searches anomalies from an even phase

distribution. If there is periodicity present, the hypothesis H0 fails and P is a

considerable period candidate.

The test statistic Vn = D+ + D−measures the deviation from an even dis-

tribution, and it is compared to the preassigned significance level α = 0.001 by

calculating Kuiper’s probability Pn(z) for each Vn, where , n = 1...N .

P (n 1
2Vn ≥ z) = Pn(z)

= ∑∞
k=1 2(4k2z2 − 1)e−2k2z2 − 8z

3 n
−1
2
∑∞
k=1 k

2(4k2z2 − 3)e−2k2z2 +O(n−1)
(5.8)

The z variable is an iterative, where the initial value comes from the probability

of P (z0) = αm = 1 − (1 − γ)1/m. The αm describes the probability of the wrongly

rejected hypothesis H0 for the model. m describes the amount of independent

frequencies, and there is no uniform method to define that value statistically.

The probability is estimated with the critical level QK = 1− [1−P (z)]m. QK

measures the probability of, while H0 being true, the test value Vnn1/2 ≥ z0 can

occur.

The Kuiper method has three advantages. The first one is the independence

of the Vn distribution from the cumulative function Fn(φ), which causes that the

cyclic variability is taken into account in the analysis. The second feature is that
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the zero point of the phase φi,P in eq. 5.6 can be arbitrary. The third feature is how

the critical level QK ’s valuates the z parameter.

5.2 DCM

The Discrete Chi-square Method (DCM) can find multiple periods from a light

curve with a trend. DCM searches periods through frequencies in a similar manner

as Grid search in CPS. When the discrete frequencies are fixed, the multiperiodic

model becomes linear and therefore it can be solved with the least-square method.

The goodness of the fit is estimated. DCM can be used to analyze if the light curve is

actually an interference of multiple periodic waves. Mutliperiodicity can be caused

for instance by differential rotation and spots at different latitudes.

The observation data is y1 = y(ti) ± σi. The time range is defined as ∆T =

tn − t1. In DCM the t1 is reduced from the other time points, so that t1 = 0. The

model g(t) = g(t,K1, K2, K2) is a sum of periodic signals and a polynomial.

g(t) = g(t,K1, K2, K3) = h(t,K1, K2) + p(t,K3) (5.9)

where
h(t,K1, K2) = ∑K1

i=1 hi(t,K2)

= ∑K1
i=1

[∑K2
j=1Bi,j cos(2πjfit) + Ci,j sin(2πjfit)

] (5.10)

p(t) = p(t,K3) =
K3∑
k=0

Mk

[ 2t
∆T

]k
(5.11)

The free parameters β̄ are divided into two groups

β̄I = f1, ..., fK1 frequencies

β̄II = B1,1, ..., BK1,K2 , C1,1, ..., CK1,K2 ,M0, ...,MK3 other free parameters
(5.12)

One period curve is described as a 1st or 2nd degree Fourier series. The amount of

different harmonic period curves can vary from 1 to 6. Lastly there is the polynomial
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trend function p(t,K3) (eq. 5.11). The 2t/∆T term is reasoned by that "the scale

in the polynomial coefficients Mk" are the same as in the amplitudes Bi,j, Ci,j in the

harmonics of eq. 5.10.

The parameters K1, K2, K3 are orders of the models. Each K has restricted

value ranges::
0 ≤ K1 ≤ 6 = Amount of period signals

1 ≤ K2 ≤ 2 = Harmonic signal order

0 ≤ K3 ≤ 6 = Polynomial trend order

(5.13)

The amount of data points n must be greater than the amount of free param-

eters p in order for the chi-square phase to determine the parameters. The total

number of free parameters β̄ is calculated from the K’s:

p = K1(2K2 + 1) +K3 + 1 (5.14)

The residuals are the difference between the data and the model

εi = y(ti)− g(ti) = yi − gi (5.15)

The residuals give
χ2 = ∑n

i=1
ε2

σ2

R = ∑n
i=1 ε

2
(5.16)

The chi-squares χ2 values are calculated if the errors σi are known. The sum of

squared residuals R are calculated even if the residuals are unknown.

Determined model parameters β̄ for each individual signal hi(t) are rather far

the same as in CPS: the mean magnitude m0 is the average of the data y, period

P is tied to the frequency f , amplitude A is the peak-to-peak of the light curve,

and minimum epochs are tmin,1 and tmin,2. Unlike CPS, DCM also gives maximum

epochs tmax,1 and tmax,2. The secondary minima tmin,2 and maxima tmax,2 are not

necessarily present in all cases.

In DCM. the fit goodness is calculated the same way as in CPS from χ2, if the

individual data errors σi are available. When these errors are not available, DCM
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uses the sum of squared residuals R as an indicator of goodness of the fit. Both χ2

and R values are computed for all runs regardless if individual errors are known or

unknown in the last error column in the data file. The user can choose which DCM

test statistic is used to estimate the goodness of the fit.

The alternative test statistics in DCM is the z value for the tested frequency

combination. The z values are defined as

z = z(f1, f2, ..., fK1) =
√

χ2

n

z = z(f1, f2, ..., fK1) =
√

R
n

(5.17)

The best frequencies minimize the χ2 and R, and therefore also the test statistic z.

DCM searches for the frequency candidates for each period signal through a

long search and a short search. In both searches the frequency interval is tested

through in even spaces. In the long search the best frequency candidates, fi,best, are

identified in the z minima. In the short search a denser frequency grid is tested.

The short search test interval is

[fi,mid − a, fi,mid + a] (5.18)

where a = c[fmax−fmin]/2 and c = [0.05, 0.20]. The best frequency candidates fi,best

are at the global minimum of z.

Because of the symmetry in the DCM model’s frequency knot points, like

z(f1, f2) = z(f2, f1), it is only necessary to test frequency combinations f1 > f2 >

.. > fK1 . For this reason the best frequencies for the data always fullfill fi,best >

fi+1,best. This also causes that every zi(fi) periodogram ends on the minimum of

the next zi+1(fi+1) periodogram. The non-linear iteration

β̄initial = [β̄I,initial, β̄II,initial] −→ β̄final (5.19)

gives the final values for the free parameters. The model parameter errors are

determined in DCM the same way as in CPS: with the booststrap procedure.
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To be mentioned, DCM has an additional feature called the Fisher test to

valuate the comparing of two different models. This test is not used in this work on

evaluating models from each other, further about the test can be read from Jetsu

2020 [7].

In Jetsu 2020 [7] there is a real case to demonstrate how the multiple period

model can reveal a possible presence of additional bodies in a binary system. The

paper applied DCM to XZ binary star data, where the computed (C) primary min-

imum epochs were subtracted from the observed (O) eclipse epochs. If there were

any traces of other bodies in the system, in theory the O-C data should reveal them.

DCM managed to find traces of a possible third and a fourth body from the O-C

data. .



6. Results

CPS generates summarising figures for each segment which have enough data points

to analyse. Here are included the four most interesting segments, which are further

on analysed with DCM. CPS also gathers and plots some free parameters from

independent sets.

The CPS is an IDL program, and the runs were done on the Helsinki University

Ubuntu/Cubbli workstation by using the University’s IDL licence. The DCM python

program was executed on an employee laptop with Cubbli managed by Helsinki

University. During the model survey the main computing program dcm.py was used

as a separate python method. The method version DCM was launched from another

program containing a for-loop going through pre-selected segments with pre-assigned

parameters. The final models presented here were launched with the original DCM

program separately.

6.1 CPS

The applied segment length was 2P0, where P0 is the initial starting period. Because

IM Pegasi is a tidal locked system, the initial period value was assigned with the

value of the target’s orbital period P0 = 24d.64877 from Marsden et al. (2005) [15].

This generated 52 data segments.

In CPS summary figures 6.1, 6.2, 6.3 and 6.4 there are several figures describing

the results of the analysis. Panels (a) show the standard deviation of the residuals

24
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σε[V ]. Panels (b) presents the amount n of data points in each SET and the K

order used in the Fourier series for each SET. Panels (h), (i) and (j) present relations

between mean magnitudes M0, amplitudes A and periods P . These figures would

show dependencies betweenM0, P and A, but there are only two independent points

in each three graphs because the observation window for IM Peg is long compared

with the segment length. Therefore these panels do not give very much information

with the IM Peg data.

Panel (f) shows the period results for each analysed SET. P0 and Pmed are the

initial and median respectively. Here median is more representative than the mean,

because CPS can give falsely too long or too short period results. This can happen

if there are several, repeating gaps between the observations at the same rotation

phase. These are usually eliminated in the Bootstrap phase, but in case any gets

through, the median cuts them out.

Panel (g) describes primary and secondary minima phases, where the folding

period is Pmed. In segment 5 (Fig. 6.1 g) there is an apparent flip-flop event where

the minima change places. In segment 33 (Fig. 6.4 g) there is strong migrating

happening, where the secondary minimum is closing to the primary minimum. In

segments 29 (Fig. 6.2 g) there is a slight movement in both minima. Segment 31

(Fig. 6.3 g) shows very steady phases but the secondary minima being close to 0

and the primary around phase 0.5. These properties are mainly what made these

segments interesting to study further with DCM.

CPS determines the photometric median period P̄phot = 24.5532 for indepen-

dent data sets. CPS also takes independent sets and computes figures of the mean

magnitude M0 (Fig. 6.5), amplitude A (Fig. 6.7) and periods P (Fig. 6.6). The

mean magnitude fig. 6.5 shows well how the mean magnitude changes through ob-

servation seasons. The form of the plot shows that there is a clear descending main

trend between 1985-1998, a major rise with a small dip, and a return back to the
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’IM Peg’, SEG =  5

Figure 6.1: CPS analysis, segment 5. a) standard deviation of the residuals σ(V ); b) K order

K(τ) and the amount of observation points per SET(+); c) average of the differential magni-

tudes M(τ)[V ]; d) The timescale of the light curve changes Tc(τ)[d]; e)Amplitudes A(τ); f) Pe-

riods P (τ [d]); g) primary and secondary minima phases φmin,1(τ), φmin,2(τ); h) M(τ)vs.P (τ); i)

A(τ)vs.P (τ); j) M(τ)vs.A(τ)
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’IM Peg’, SEG =  29

Figure 6.2: CPS analysis, segment 29.

’IM Peg’, SEG =  31

Figure 6.3: CPS analysis, segment 31.
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’IM Peg’, SEG =  33

Figure 6.4: CPS analysis, segment 33.

main trend. There are several similar variations around 1990-1993, 1996-1999 and

2002-2004. There is no apparent self-repeating curve cycle to identify as a single

periodic behavior. Longer monitoring of IM Peg would show how the trend will

eventually evolve.

The mean period (Fig. 6.6) shows moderately large variation, meaning that

the photometric period varies between segments. One explanation to this can be

differential rotation, where the main spots follow the latitudinal-dependent rotation

curve. But this could also indicate that there are sudden changes in the surface spot

distribution, which cause spurious variations in the model period. The mean ampli-

tude (Fig. 6.7) is also showing variation between segments, indicating irregularity.

Fig. 6.8 shows the Kuiper analysis results for ten best period candidates using

the times of photometric minimum from CPS. From those ten values periods 1 and

4 raise interest: Period candidate P1 = 24d.5487 has the highest Vn value (Fig. 6.8

b), and period candidate P4 = 24d.4701 has the highest standard deviation value
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Figure 6.5: CPS mean independent magnitudes.

Figure 6.6: CPS mean periods.
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Figure 6.7: CPS mean amplitudes.

S = 7.5 (Fig. 6.8 i), where S is the RMS deviation of the evaluated histogram.

They both also rise above the initial z0 level, which marks the threshold for the

significance level γ = 0.001.

CPS detects primary and secondary minima epochs tmin,1, tmin,2 for each seg-

ment. These can be turned into minima phases φmin,1, φmin,2 by using eq. 5.6. When

folded with different period values and plotted against the time, the plots give the

drift of the minima epochs relative to the used period value in azimuthal direction.

The minima epochs are phased against the Kuiper analysis best candidates, P1 and

P4 (Fig. 6.9), and also to the orbit period Porb and the median photometric period

P̄phot (Fig. 6.10).
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Figure 6.8: CPS Kuiper analysis. a) Kuiper test statistic Vn vs. ∆f for ten best period candidates

P ; (b-t) middle row: Vn vs. ∆f close-up; (c-u) bottom row: Relative longitudes Nbin[int] vs.

lrel[deg], where S is the standard deviation from the average distribution. The significance table

can be found in appendix A.3

Figure 6.9: CPS: phases from minima epochs folded by periods P1 = 24d.5487 and P4 = 24d.4701

respectively.
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Figure 6.10: CPS: phases from minima epochs folded by periods Porb = 24d.64877 and P̄phot =

24d.5532 respectively.

6.2 DCM

DCM was used to analyse segments 5, 29, 31 and 33 out of the 52. These segments

were chosen because there was apparent flip-flop -events (fig. 6.1), notable migration

of the light curve minima (fig6.4), and stable minima on opposite sides of the star

(phase difference ∼ 0.5) (Figs. 6.2 and 6.3).

DCM requires pre-defined parameters for the analysis. The lengths of the

long and short search nL and nS, the relative width of the short search c, and the

period interval [Pmin, Pmax]. The final parameters ended up to be c = 0.20, nL = 60,

nS = 40, σ = 0.005 and [Pmin, Pmax] = [19.7, 29.6]. The selected segments were

put through a for-loop, which computed all models with K-parameter combinations

K1 = [1, 2], K2 = [1, 2] and K3 = [0, 1].

Bootstrap were run with 10 rounds. The reason for the lower amount of

rounds than in CPS is computation time: the Bootstrap phase is the most time-

consuming part of the run in both methods, which shows especially when using

regular hardware. The run time rises with the amount of free parameters, so on the

more complicated models the run time rises significantly.

The DCM paper [7] describes how to recognize failed model fits according to

the plot results. The fail judgments here are established mainly on those arguments.
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If the segment fit fails, the segment can be divided in half and one can try to model

the parts separately. This was done to segment 33 with model 220 and 221.

The result review is narrowed to models 220 and 221. These models are in

the focus, because it is in interest of this study to see if there are any additional

periodical traces, which CPS could interpret as un-periodic changes. All the one

period models 110-111 always manage to find a one period solution. These solutions

usually would have also sinusoidal form in the residuals in the y(t) plot if there

are any missed periodic waves in the light curve. Models 120 and 121 have one

second degree Fourier series and should model wise be equal to CPS solutions.

These models are interesting in only comparing if both programs end up in the

same period solutions for each segment. Each model performance can be seen in

table A.1 for whole segments. For half segments performances can be seen in table

A.2.

DCM can identify one strong z(f1, f2) minimum for each segments 5 (Figs. 6.11

and 6.12), 29 (Figs. 6.13 and 6.14) and 31 (Figs. 6.15 and 6.16) with the blue line

in both models 220 and 221 representing the main periodicity. The other z(f1, f2)

minimum (red line) is not as deep as the blue one, but apparently detectable in all

three segments. The red line minima are so flat and shallow that it is debatable if

the models could be labeled as ’searching too many signals’.

The blue line minima is approximately around the same frequencies 0.040 −

0.042, while the red minima place varies strongly between segments and model

solutions. Segment 5 finds periods P1 = 22d.9304 ± 0d.4262 and P2 = 24d.5063 ±

0d.1162 for model 220, and P1 = 22d.9430±0d.2366 and P2 = 24d.5263±0d.0957 for

model 221. Segment 29 finds periods P1 = 21d.5977± 0d.9017 and P2 = 24d.8204±

0d.1686 for model 220, and P1 = 21d.3425± 1d.360 and P2 = 24d.7834± 0d.1578 for

model 221. Segment 31 finds periods P1 = 19d.5438± 0d.7675 and P2 = 24d.6520±

0d.3034 for model 220, and P1 = 22d.1839 ± 0d.9718 and P2 = 24d.1457 ± 0d.5282
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Figure 6.11: DCM segment 5 model 220. Long and short search z(f1, f2) periodogram with (left).

Black dots represent the y(t) light curve with the model g(t) and trend p(t) applied on top of it

(upper right). The individual harmonic waves h1(t) corresponding to the red curve and h2(t) to the

blue curve (lower right). Residuals σ(t) are represented as blue circles, offset below the light curve.

The minima frequencies: f1,220 = 0.0436Hz ± 0.00080Hz and f2,220 = 0.04081Hz ± 0.000194Hz.

The frequencies are numbered in descending order, in this case making f2 the primary frequency.

for model 221.

Segment 33 models 220 (fig. 6.17) and 221 (fig. 6.18) represent failed model

solutions called ’dispersing amplitudes’, where the amplitude solutions explode (Figs

6.17 and 6.18). This can be interpreted as a failure of the model. Further, the long

and short searches finding the same minimum is recognized as a case of ’finding too

few signals’. Splitting the segment in half data point wise, the first half is successfully

computed for model 220 (fig. 6.19). The second half is successfully computed for

model 220 (fig. 6.20), but crashes for model 221 (fig. 6.21) again on finding too

few signals and showing dispersing amplitudes. The first part of segment 33 finds

periods P1 = 23d.7592 ± 1d.251 and P2 = 27d.7065 ± 6d.245, the second half of

segment 33 finds periods P1 = 16d.6363 ± 2d.157 and P2 = 25d.7438 ± 1d.133 for

model 220.

The minima epoch order is assigned according to the deepness. The deeper

primary minimum epoch is assigned as ti,min,1 and the secondary minimum epoch as

ti,min,2. The higher maximum epoch is assigned just accordingly as ti,max,1 and the
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Figure 6.12: DCM segment 5 model 221. The minima frequencies: f1,221 = 0.04359Hz ±

0.000450Hz and f2,221 = 0.04077Hz± 0.000159Hz
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Figure 6.13: DCM segment 29 model 220. The minima frequencies: f1,220 = 0.04630Hz ±

0.001945Hz and f2,220 = 0.04029Hz± 0.000270Hz,
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Figure 6.14: DCM segment 29 model 221. The minima frequencies: f1,221 = 0.046855Hz ±

0.002897Hz and f2,221 = 0.040350Hz± 0.000256Hz
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Figure 6.15: DCM segment 31 model 220. The minima frequencies: f1,220 = 0.05117Hz ±

0.002007Hz and f2,220 = 0.040565Hz± 0.000503Hz
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Figure 6.16: DCM segment 31 model 221. The minima frequencies: f1,221 = 0.045078Hz ±

0.001976Hz and f2,221 = 0.041215Hz± 0.000886Hz
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Figure 6.17: DCM segment 33 model 220.
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Figure 6.18: DCM segment 33 model 221.
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Figure 6.19: DCM segment 33.1 model 220. The minima frequencies: f1,220 = 0.04209Hz ±

0.002594Hz and f2,220 = 0.03609Hz± 0.00533Hz
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Figure 6.20: DCM segment 33.2 model 220. The minima frequencies: f1,220 = 0.06011Hz ±

0.006686Hz and f2,220 = 0.03884Hz± 0.001826Hz
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Figure 6.21: DCM segment 33.2 model 221.

secondary maximum epoch as ti,max,2. The index i refers to the order in the general

model Eq. 5.9. The secondary epochs might not always be present in the .

DCM analyses all the segments, where it gets the minima epochs of the period-

icities. Kuiper analysis was done to these minima epochs tmin,1, tmin,2 of each segment

on model 221. None of the ten period candidates rise above the z0 significance level

corresponding to γ = 0.001. Closest to the dash line are periods P1 = 24d.452 and

P2 = 21d.297.
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Figure 6.22: Kuiper analysis for primary minima epochs from DCM on models 221. The signifi-

cance table can be found in A.4



7. Discussion

CPS and DCM give fairly similar period results, although none are exactly equal

in the assigned precision. This is caused by the nature of each analysis methods.

Where DCM always produces two uniform periods with parameter K1 = 2, CPS

assumes there is only one changing period.

The inconsistent period results between segments in DCM shows that there

are large structural changes in the surface spot distribution. These could describe

the irregular changes happening in the light curve.

The summary of the success rates on DCM segment modellings is in A.1 (the

whole segments) and A.2 (the half segments). Whole segments 5, 29 and 31 are

successfully modeled by DCM for models 220 and 221. Segment 5 showed a flip-flop

event from the CPS results. If the DCM model would have failed with segment 5,

it could have indicated that the flip-flop event could be actual. The model’s success

however holds on to the possibility that the event is apparent in this segment, and

could be read as an interference of two spots rotating at different latitudes with

different angular velocities.

Segment 29 had a mild migration in both minima phases in the CPS analysis,

and the DCM models 220 and 221 were very consistent. Segment 31 had all in

all stable minima phases. In the DCM the secondary period lands on the 24-day

scale, but the primary period is significantly shorter in model 220 than in 221. The

scattered data points in the middle of the light curve might be causing this contra-
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diction. Both of these segments are modelled in DCM without greater difficulties,

which would indicate a more successful modeling performance than with CPS for

these segments.

Segment 33 on the other hand has rather strong migration in the second min-

ima epochs towards the end of the segment in CPS. The full segment 33 failed on

the models 220 and 221 with dispersing amplitudes. By cutting the segment in half

the model 220 is modelled successfully on both parts. The latter half also didn’t

pass the modelling 221, where there is a first degree linear trend. The fails can be

explained by the strong migration of the secondary minima phase φ2 right on the

latter half of the segment in Fig. 6.4(g). This can be an indication of either a real

flip-flop event being present, or a strong migration of the minimum phase.

CPS had two competitive period candidates from the Kuiper analysis. These

periods were proportioned to minima epochs and plotted against the timeline in Fig.

6.9. There are clear detectable drifts of the primary and secondary minima phases

in azimuthal direction. There is also clear shifts between the minimum dominance.

The linear shift could indicate that the period of the active longitude could be largely

constant while also differing from the compared period. The clearest indication on

drifting of the active region is seen with the orbital period Porb in Fig. 6.10.

DCM Kuiper analysis results do not give as strong significance of tested periods

as CPS. None of the test statistic Vn values rises above the z0 level. The notable

period candidates from the DCM minima epochs would be P1 = 24d.452 and P2 =

21d.297 for them reaching the highest global maxima of Vn.

The reason for the low significance in DCM Kuiper results could be the lack

of weighting of the DCM periods. In most cases in the DCM fits, the amplitude

in secondary period solution is significantly less compared to the amplitude of the

primary period. Therefore, by using the ti,min2 of the secondary period in the Kuiper

analysis will reduce the significance of any primary periodicity. In these cases the
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tmin provided by the CPS analysis correspond better to the real minima of the light

curve and therefore increasing the significance in the Kuiper analysis.



8. Conclusions

The purpose of this thesis is to study the changes in the IM Peg light curve by using

two different time series analysis methods: the Continuous Period Search (CPS)

and The Discrete Chi-square Method (DCM). In this work the focus is on drifts

and switches in the photometric minima. Usually these have been interpreted as

flip-flops and azimuthal dynamo waves, but they could also be a manifestation of

two active regions rotating with slightly different periods.

CPS tends to be a little sensitive and eager to read changes in the light curve

as irregular phase jumps or regular drifts of active regions, even if the changes

can be explained in other ways. Furthermore phase gaps in the data can cause

a misinterpret in the CPS analysis. DCM on the other hand is blind to irregular

changes and assumes that the data in whole can be modeled as a combination of

two periods without irregular changes.

Some segments fit well to the DCM model and the second period solutions

are almost uniform, while some models cannot find any solutions and crash. The

rather good consistence of detecting the second periodogram minima z2(f1, f2) could

indicate that there is some stable periodicity detectable even in two period models.

When comparing the significant period results of Kuiper analyzes fig. 6.9 and

6.22 to the orbit period Porb = 24d.64877 of IM Peg, there is somewhat noteworthy

difference between the periods values: the difference ranges from one to two decimals

with Pal,1,CPS, Pal,4,CPS and Pal,1,DCM. This could give room to believe that there is
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a presence of azimuthal dynamo wave, an active region rotating with a different

angular velocity than the star surface.

DCM primary period results, i.e. P2 (the periods are numbered in ascending

order), are in rather good agreement with the period solutions from CPS. The strong

primary period solutions on segments 5, 29 and 31 land to a rather slim period

interval of [24.14d, 24.83d] in the DCM analysis. In comparison, the CPS median

photometric period P̄phot and the strong candidates Pal,CPS,1 and Pal,CPS,4 all fall in

the same interval.

The DCM secondary period results are clearly relatively weaker than the pri-

mary period and less consistent with each other. This could indicate of a more

fragile, periodically irregular structure forming on the star, having only a slight ef-

fect on the light curve. For instance the structures could be located at different

latitudes to have a lesser impact on the light curve changes. These could be hy-

pothetically separated dynamo waves, although these kinds of structures have not

surfaced in the model simulations. DCM can have the potential to uncover these

kinds of presences.



A. Appendix Title
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segment 5 segment 29 segment 31 segment 33

K1K2K3 c: 0.05 0.10 0.20 0.05 0.10 0.20 0.05 0.10 0.20 0.05 0.10 0.20

110 BF BF BF BF BF BF BF BF BF BF BF BF

111 BF BF BF BF BF BF BF BF BF BF BF BF

120

121

210 DA+Stmp DA DA BF BF BF BF BF BF BF BF BF

211 DA+Stmp DA DA BF BF BF BF BF BF BF BF BF

220 DA+Stmp DA DA

221 DA+Stmp DA DA

310 DA+Stmp DA DA DA+Stmp DA DA DA+Stmp DA DA DA DA DA

311 BD+Stmp DA DA DA+Stmp DA DA DA DA DA DA DA DA

320 DA DA DA

321 DA DA DA " " DA DA DA DA DA

Table A.1: different model performance results for whole segments. BF:Bad fit, residuals have a notable sinusoidal wave form. DA= Dispersing

Amplitudes. StmP= Searching too many Periods. " " or empty=passed.
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segment 5: 1.2 segment 29: 1.2 segment 31: 1.2 segment 33: 1.2

K1K2K3 c 0.05 0.10 0.20 0.05 0.10 0.20 0.05 0.10 0.20 0.05 0.10 0.20

110 " "." " BF.BF BF.BF " "." " BF.BF BF.BF " "." " BF.BF BF.BF " "." " BF.BF BF.BF

111 " "." " BF.BF BF.BF " "." " BF.BF BF.BF " "." " BF.BF BF.BF " "." " BF.BF BF.BF

120

121

210 " "." " .DA .DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA " "." " BF. BF.

211 " "." " .DA .DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA " "." " BF. BF.

220 DA.DA DA.DA DA.DA DA+Stmp DA DA

221 DA.DA DA.DA DA.DA .DA DA.DA .DA .DA .DA .DA

310 DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA

311 DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA

320 DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA

321 DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA DA.DA

Table A.2: different model performance results for half segments. BF:Bad fit, residuals have a notable sinusoidal wave form. DA= Dispersing

Amplitudes. StmP= Searching too many Periods. " " or empty=passed.
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Period QK Vn m probability if m=1

24.5487327747 0.00000647752537497048308523517335 0.399292 120.0 0.00000005397955151752225154501046

21.6424221329 0.00227221751062023358258556982037 0.334866 120.0 0.00001895651127282384787670413417

22.9280748918 0.03700209173332769108100137600559 0.298325 120.0 0.00031415097164176890732339986201

24.4701967754 0.00002272936620761889514596987283 0.386502 120.0 0.00000018941351981168198099337143

24.6788563966 0.07551593993098304480326987686567 0.287872 120.0 0.00065411489002866537046526618226

28.3158626161 0.23062641062307354111737822677242 0.269624 120.0 0.00218243681002697545445734306213

24.8237868329 0.35755850761725771480570301719126 0.261217 120.0 0.00368053955561385877370828012545

21.5707312160 0.56863719277909019478300933769788 0.250427 120.0 0.00698222489635093139515031879228

25.2160832025 0.64643173371801521120971756317886 0.246730 120.0 0.00862656494604081662547212516756

21.7985773093 0.90540779172844043642953693051822 0.231780 120.0 0.01945966932482251499081371548527

Table A.3: CPS Kuiper analysis significance for minima epochs
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Period QK Vn m probability if m=1

24.4488142093 0.03208302824906505978930226774537 0.343133 161.0 0.00020251966632721084553454826693

21.2978725275 0.13700924440311768037759065919090 0.318939 161.0 0.00091480677410102231948002549089

26.7908877277 0.14918181606244595993615575935110 0.317391 161.0 0.00100295523262211279738598257438

29.7648186258 0.24152286899830466282423913071398 0.308167 161.0 0.00171556171357999348407730177968

23.6573702456 0.46184178768143469007156909356127 0.293639 161.0 0.00384106804851075660928172439412

20.4886821574 0.59692034360590651154154784308048 0.286429 161.0 0.00562771393420929966211474493321

21.9356950449 0.49972047661673624219247358269058 0.291564 161.0 0.00429255117332680985464676837182

29.3955347934 0.53179420523938381037964973074850 0.289848 161.0 0.00470224721655705061446051118423

21.4363845507 0.55765794358863440827178692416055 0.288483 161.0 0.00505347257817943817936878758701

26.3050897147 0.79000322923440069455836010092753 0.275842 161.0 0.00964672867842744294342161026634

Table A.4: DCM Kuiper analysis significance for only primary minima epochs
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