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Abstract
Space Weather is the knowledge of the solar wind and how it affects the magnetic field of Earth. If 
we can learn how to make mathematical models we can learn how to predict solar storms and 
coronal mass ejections, CME:s. A CME is when the Sun releases a big amount of charged particles 
in a direction normal to the surface. If the Earth is hit by a CME the power grids can be overloaded 
and it can cause a blackout. But even worse is if the manned spacecraft that is going to Mars gets hit 
by a CME. If that happens the charged particles can destroy the electronics and it can also kill the 
crew. So by understanding the solar activity there can be money and human lives to save. 
   This thesis is an investigation made to see if it is possible to make mathematical models of the 
Sun's activity. It is done by studying daily values of sunspots and relative values for luminosity and 
geomagnetic index. The values are put in a computer program called Chaos Data Analyzer, CDA, 
and analyzed to be able to draw a conclusion. 
   The results from the analysis shows that the Sun's activity is chaotic which means it is hard to 
make mathematical models of it. But it can show other results with more data to analyze. More 
studies need to be done.
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1. Introduction

1.1 Background
During the 13-14 March in 1989 a big blackout occurred in Quebec. This was caused by a high 
velocity coronal mass ejection (CME). A CME is a large amount of charged particles which are 
released from the Corona. The Corona is a hot, relative thin layer outside of the visible Sun. The 
more energetic the particles, the faster they travel from the Sun into the solar system. 
   When the particles hit the Earth they usually follow the field lines in Earth's magnetic field to one 
of the poles. The more energetic the particles, the faster they travel and therefore the deeper into 
Earth's atmosphere they will get. The larger the CME, the more particles will be released from the 
Sun. If a number of particles travels fast they will force the magnetic field of the Earth back closer 
to it. 
  In the CME during the 13-14 March in 1989 the particles were so many and so energetic that they 
got deep into the atmosphere of the Earth around Quebec. Because the magnetic field were pressed 
towards Earth the power grids in Quebec received more current because more were induced 
following Ampere circuital law, the law saying that currents create magnetic fields. But it also 
works in the opposite direction.

∇×B=0 J (1.1)

where B is the magnetic field, J is the current density and 0  is the permeability in vacuum. This 
extra current were to much for the the already sensitive system and was the cause of the blackout.
   The blackout got governments around the world to open their eyes, and see, how vulnerable our 
societies are to events like these. Many organizations observing the Sun and space in search for 
solar storms was created due to this event. The observations are among the phenomena called space 
weather. The Sun is observed by both satellites and observatories on Earth. A conclusion that has 
been drawn from the observations is that there are a connection between the solar cycle and CMEs, 
where a strong activity at the Sun gives more CMEs. But none have figured out how this connection 
works, and no model has been presented that explain where on the Sun CMEs are relased. It is only 
in the direction normal to the Sun's surface where the CMEs are released from that planets and 
spacecrafts can be hit by the charged particles.
   Another big CME hit the Earth during the 29 October in 2003, this was called the Halloween 
event. Figure 1 shows the release of the CME in different wavelengths taken by the SOHO satellite 
and figure 2 shows how the charged particles affects the magnetic field of Earth.
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   The particles released from the Sun in a CME takes at least 20 hours to reach Earth, but since 
there is no model for when and where such an event occurs, the can not go out any earlier then the 
event is observed. The time between warning and impact of the charged particles with Earth is to 
short for any major actions to be taken to prevent damage. The measurements to determine how 
energetic the particles are, are also inaccurate, so there is usually an error of at least some hours. 
The particles can move in velocities up to 2381 km/s. In the nearest future it will be important to 
make models over the Sun's cycle and CMEs. This is not only depending on the power grids here on 
Earth, but also because we want to put the first humans on Mars in about 15-20 years. Should the 
spacecraft be hit by a CME the charged particles can destroy the electronics and even kill the crew. 
[1]
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Figure 1: Release of the CME hitting the Earth at the Halloween 
event in late October 2003. Here shown in different wavelengths.

Figure 2: Rise in magnetic strength at Earth's magnetic field when the CME hit the Earth at the 
Halloween event.



Between the 22:nd of October and the 9:th of November in 2003 there occurred 9 CMEs according 
to the satellite SOHO (Solar and Heliospheric Observer), as the Sun was active at this time. Shorter 
voyages in space can be made when the Sun is inactive, but a voyage to Mars will take about 520 
days so the best way to avoid CMEs is to understand their behavior.[1]

1.2 The Magnetic Field and Sunspots
Magnetic Fields are created around electric currents following Ampere's circuital law as described 
in Chapter 1.1. In planets the currents are created by the Coriolis force moving conducting material 
in liquid or gas form, as the planet is rotating. In the Sun and other stars the currents are created 
mainly by convection in the plasma. 
   Because the Sun is no solid body it has differential rotation, meaning the Sun's fastest rotation is 
at the equator (about 24 days) and the slowest is at the poles (about 30 days). Because of this and 
due to the Coriolis force the plasma moves outwards from the inside, and eastwards because it is the 
direction of the rotation. The magnetic field is dependent on the conducting plasma, which means 
the magnetic field lines follows the plasma's movement, this causes a stretching in the field lines. 
The magnetic field lines will stretch out more for each revolution, as shown in Figure 3.

The creation of a sun spot is not fully understood, but it is probably created when the magnetic 
field's strength increases in a small area. When this occurs it creates flux tubes that leads the 
magnetic field lines into the photosphere in an angle normal to the Sun's surface. The tubes prevent 
heat transport and a cooler area at the Sun's surface is created. The area looks black against the 
bright photosphere and therefor it is called a sunspot. The temperature is 3 000 – 4 500 K in the 
sunspot compared to 5 800 K at the photosphere, therefor the darker colors. Sunspots are always 
created in pairs because the magnetic field lines go into the photosphere at a point, they must come 
up at another and at the second point another sunspot is created. The two sun spots have different 
polarity. One is a north pole, and the other is a south pole. A chart of the Sun's different layers are 
shown in Figure 4.
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Figure 3: Stretching of the Sun's magnetic field lines over time.



Because of the differential rotation the total number of sunspots will go up and down with time. The 
time between two minimas in the number of sunspots called a solar cycle, where a period lasts for 
about 11 years. The maximum number of sunspots varies from cycle to cycle.
   A sunspot can be divided into two parts, as can be seen in Figure 5, one is the black part in the 
middle, which is called umbra. The magnetic field lines in the center of the umbra is vertical, and 
towards the boundaries the angle to the photosphere decreases. The other area is called penumbra 
and lays outside of the umbra, the penumbra is brighter then the umbra but not as bright as the 
surrounding photosphere. In the penumbra the magnetic field lines are inclined with an angle 

 0
2 (1.2)

where 0 is perpendicular to the sun's surface.
   The sunspots moves at the photosphere towards the equator, where they might grow or shrink in 
size. Here the largest sunspots can have a diameter of 80 000 km, where the Earth has a mean 
diameter of 12 756 km.[2,3]
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Figure 4: The Sun as a chart.



1.3 Chaos
Dynamical systems mainly evolve into a stable state with time. The most basic stable states are a 
state where nothings happened, a periodic behavior, random or a quasiperiodic behavior.
   It is called quasiperiodic when a system has more then one frequency. A quasiperiodic system 
with N different frequencies can be described as

f t=G t 1, t2, ... t iT i ,... tN =G t1, t 2, ... ti ,... tN  (1.3)

where each t i  stands for a certain frequency in the set, and T i  is the period for that respective 
frequency. G is periodic for every N in the set. The periods must fulfill the criteria T i0  . One can 
define the frequencies 

i=
2
T i

(1.4)

The frequencies are incommensurate. Which means there can be no linear combinations in order to 
get one frequency from the other frequencies, so that

m11m22 ...mNN=0           (1.5)

can not be solved without taking the obvious solution m1=m2=...=mN=0 . 

A dynamical system can also evolve into a chaotic system, which is an unstable state..
  Chaos theory is a mathematical form. Chaos is a description of a complicated, but not random, 
evolution of a dynamical system. To get chaos in a system it has to fulfill three criteria. The 
function need to be nonlinear, it need to be deterministic and it need to be sensitive dependent. 
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Figure 5: A sunspot. The black part in the middle is the umbra and 
the darker part around is the penumbra.



Sensitive dependence is a mathematical term that is often called the butterfly effect in common 
language. This means small changes in the initial values in the set can give enormous changes in the 
final stages. An example of a chaotic system is Earth's weather. Meteorologists believes the 
atmosphere is so sensitive that a tiny wind, from for example a butterfly's flap in Colombia, can 
build up and finally create a hurricane in for example the Indian Ocean. Of course none can predict 
which flaps will create hurricanes, or how the winds will move, because this system is to big and 
have to many parameters.
   Deterministic means the present decides how the future will be. Where a change in present stages 
will also change the stages to come.
   In theory a system will give the same final state in repeated processes if the initial values are 
exactly the same. It is difficult to keep the initial values unchanged. This is the difference between a 
random system and a chaotic system, in a random system it is impossible to predict the final values.
[4,5]

1.4 Space Dimensions
The number of  space dimensions is a major part in chaos theory. The set can be made up in a so 
called phase-space. A phase-space is a plot where all the values in the set have a special point 
depending on its coordinates. The phase-space must have enough dimensions to cover all the 
coordinates in the set. The set itself on the other hand can be described in a different number of 
dimensions as will be seen in chapter 1.5.
  In this introduction a  3-dimensional space (length, width and height) will be described because a 
human brain can not perceive any more. A 3-dimensional space is a volume, 2-dimensional is an 
area, 1-dimensional is a line and 0-dimensional is a point, as shown in Figure 6.

Imagine covering the set with cubes with equal length ε, this length is called the edge length. Cubes 
are just for 3-dimensional sets. 2-dimensional sets have squares, 1-dimensional sets have lengths 
and so on, as shown in Figure 7. 
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Figure 6: Geometrical description of space dimensions 
with 3, 2, 1 and 0 dimensions.

Figure 7: Description of edge length.



The number of space dimensions of a set in a phase-space is decided easiest by calculating the box-
counting dimension, which is defined

D0=lim
 0

lnN 
ln1/ (1.6)

where N(ε) is the number of cubes needed to cover the set. An example of calculating the box-
counting dimension is following in chapter 1.5.

To have chaos in a system, the system needs to have at least two space dimensions if the system is 
invertible. Invertible means only one value xn1 for each value  xn , where n is the number of a 
space dimension. With less then two dimensions the set will either expand to infinity, attract to a 
single point or finally get back to a point where it has been before, where as the set will be periodic. 
If the system on the other hand is noninvertible it can be chaotic with only one dimension.[4]

1.5 Attractors and Fractals
A dynamic system can be either conservative or nonconservative. One can make a closed N-1-
dimensional surface S(0) in the phase-space to cover the set at t=0. If the size of the surface does 
not change with time so S(t)=S(0) it means the volume of the set is also constant V t =V 0 . It 
means the set is conservative. If a set instead is nonconservative the set's volume changes with time 
and it can be described using the divergence theorem

dV t 
dt

=∫
S t

∇⋅F d N x (1.7)

where F  is the equation of the dynamical system, S t  is the surface of the volume in the phase-
space to cover the dynamical system,  N is the total number of space dimensions in the system and

∇⋅F=∑
i=1

N

∂ F i x
1 , ... ; x N /∂ x i (1.8)

If the system has at least one part where 

∇⋅F0 (1.9)

the system is called dissipative and it contracts the volume. This means the system has at least one 
attractor. The definition of an attractor is the contraction of the volume to a fixed geometry. The 
attractor can be a point, a curve, a surface and so on, see Figure 8 and Figure 9. The Attractor of a 
system is often of a space dimension between two integers, for example 2.54. These attractors are 
called strange attractors and the sets with this kind off attractors are called fractals because they are 
iterating a pattern. The name fractals comes from the word fraction, which is fitting as the parts 
look the same as the one before the further in you go. An example is the Lorentz attractor, shown in 
Figure 10.
   Fractals can be divided into two groups: Mathematical and physical. A mathematical fractal is 
iterating the same pattern to eternity if it does continue. Often the mathematical fractals are 
theoretical and the pattern does not iterate to eternity in reality. An example of a mathematical 
fractal is the middle third Cantor set, as shown in Figure 11, and it starts with a straight line with 
length 1. The first step is to take away the middle third so the two thirds at the edges are still there. 
The second step is to take away the middle thirds of the two thirds left from the first step so what is 
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left in total is 4/9 of the original line, two at the left and two at the right. The steps are repeated to 
infinity by taking away the middle third of every part that is left. 
   The length left of the set is always 2/3n , where n is the number of times the steps have been 
repeated. To calculate the dimension of the middle third Cantor set one must first consider the edge 
length ε when

lim
n∞
=0 (1.10)

A convenient choice of ε is

=1
3


n

(1.11)

Since the set is divided into thirds. N(ε) can be set to

 N =2n  (1.12)

due to the lines needed to cover the set. Putting Equation 1.10 and Equation 1.11 into Equation 1.5 
gives

D0=
ln 2
ln 3
≈0.63 (1.13)
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Figure 8: A point attractor at the 
origin.

Figure 9: A closed curve as an 
attractor.



The space dimension for the attractor in the middle third cantor set is 0.63, which is something 
between a point and a line. The dimension of the attractor is not an integer, and this is a proof of the 
strange attractor in the set which says the set is a fractal.[4,5]
   The physical fractals can often be seen in nature, as an example we take a natural coastline. 
Should you first study at it at a world map you would see it's physical pattern bays, rivers and 
headlands. If you later study a map of the country where the same coastline is, you would see the 
same pattern at a larger scale, and it would have the same appearance in this scale. This natural 
patterns would have the same appearance at any coastline and any scale. It is the same thing with 
the edges of a cloud, the pattern in a cliff or the branching of the limbs of a tree. It looks the same as 
the original pattern in different scales.
   The difference between physical and mathematical fractals is that in physical fractals there is a 
limit to the scale for the pattern. When reaching the limit it will not look the same if one should use 
a larger scale.[5]
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Figure 11: The middle third cantor set.

Figure 10: The Lorentz Attractor.



1.7 Chaos in Sunspots?
To make models over dynamic systems one must first see how it behaves. Is there a easy way to 
find a periodicity, a constantly increasing or decreasing behavior? Can the set be periodic over a 
longer length of time? Is the set random or chaotic? Should a set be random or chaotic it would be 
harder or even impossible to make mathematical models over the set's behavior.
   In chapter 3 and chapter 4 investigations have been made to see if it is possible to make models 
regarding sunspots behavior over time.
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2. Method

2.1 Sprott and Rowland's Chaos Data Analyzer
The program used in the thesis to analyze the solar data was Chaos Data Analyzer(CDA) version 
1.0.[6] CDA uses .DAT-files to analyze sets, .DAT-files is text documents where the values are 
written. In this thesis the text documents were written in wordpad .txt. Each value is written an 
equal time interval in the text documents, an example is the values from a chaotic set that can be 
found in Appendix A. When the values are written the suffix of the document is changed from .txt 
to .DAT.
   When an input .DAT-file has been created with the values that should be analyzed it can be ran in 
the CDA. To see if an invertible dynamical system is chaotic, where at least three space dimensions 
is needed as described in chapter 1.4. How is a phase-space with more room dimensions created 
from a sequence of x-values versus time without destroying the properties of the set? It is achieved 
using Taken's theorem or delay coordinates as it is also called, Taken's theorem is creates a 
dynamical model from a deterministic set. It only needs one dimension but it can be calculated with 
more. It is defined in the following way: Starting with a vector pointing at the points in the 
sequence in x

g t =G x t  (2.1)

Then a delay coordinate vector is created to increase the number of space dimensions

y= y1 , y 2 , ... , yM  (2.2)

where

  y1t =g t                        
        y2t =g t                (2.3)

            y3t =g t2                        
                   ... yM t =g tM−1                         

where τ is the time interval between two following points in the set. In this thesis the time interval 
will be a month, see Chapter 3. 
   In the same way the x-values is

x t 0
x t 0−
x t 0−2

                 ….                (2.4)
x t 0−m

The points are correlated. Because t 0  is a value of choice a definition can be

x t−m= Lm x t  (2.5)

put into Equation 2.1 gives
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g t−m=G  Lmx t  (2.6)

It shows the values of  y  are dependent on the values of x(t).

y= H  x (2.7)

The CDA takes the point which we want to calculate the equations for and a small number of 
previous points, the delay coordinates, with these points it makes up fitting equations and then 
moves to the next point and repeat the process. In this way it makes up the dynamical system which 
we can analyze. Taken's theorem also works in the opposite direction where one have some 
dimensions and wants less.
  To choose how many space dimensions we want in the final dynamical system one can use 
embedding dimensions which is defined 

d2 d '1 (2.8)

where d' is the dimension of the original deterministic values. The example above is 1-dimensional 
(x-values). d is the number of dimensions we want the dynamical set to have. It is then taken into 
account when doing the calculations of the delay coordinates. It is done automatically by the CDA 
when making the plots, but for some functions in the program the user will have to specify the 
number of embedding dimensions manually. The number of d should be a bit higher than what is 
expected on order to fit the dimensions into the dynamical set.[4,5]

When the dynamical equations is calculated the CDA is making a plot of the values in the data. 
When the plot for the right data has been selected one can manipulate the data in two ways:

1. Data Manipulation
2. Graph of Data

One can also analyze the data in a number of  ways:

3. Probability Distribution
4. Polynomial Fit
5. Power Spectrum
6. Dominant Frequencies
7. Lyapunov Exponent
8. Capacity Dimension
9. Correlation Dimension
10. Correlation Function
11. Correlation Matrix
12. Phase-space Plots
13. Return Maps
14. Poincaré Movies
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2.1.1 Data Manipulation
In Data Manipulation one makes a plot of the set. The CDA is plotting every value except values 
that are 0 in the beginning or in the end of the data. It will be mentioned in Chapter 3 which sets 
have zeros in the beginning and in the end. 
  Changes in the plot can also be made in this part of the CDA. One can integrate or derivate the 
plot, take every other value from the original (or every third, forth or so on), take the N first values 
or smooth the plot by replacing each point by a mean value from the value itself, the value before 
and the value after. One can also reset the plot to the original or replace it with another set.

2.1.2 Graph of Data
In the Graph of Data function one can plot the values in three different ways. The first one is the 
basic x(t) versus t. The same basic plot as used in Data Manipulation. This is used to see if the 
values are read correctly. The other plots are x(t) versus x(t-1) and x(t) versus x(t-1) versus x(t-2). 
These two builds up a multidimensional phase-space. One can look for structure in these phase-
spaces. A loop is a sign of periodicity. If there is any other structure, the set could be a simple 
chaotic system. If there is no structure at all, it is a sign of chaos. If there is a dizzy loop the system 
is periodic in a long time.[6]

2.1.3 Probability Distribution
The probability distribution is a diagram of the values in the system. The CDA can show probability 
distributions from 2 to 128 intervals, with the same size from the lowest to the highest. The diagram 
can be viewed as a linear plot or a logarithmic plot. 
  One can also make a plot with data points versus rank from the lowest to the highest. It shows a 
sum of the previous values so that the plot is always increasing.
  Finally one can make an attempt to show the fixed points in the system. It is done by plotting the 
successive points within an interval centered on each data point. The final plot shows higher peaks 
at the values that are common in the set.
   A model of noise (purely random data) will give a Gaussian distribution in the linear plot. Chaos 
can also give this kind of distribution, but it does not have to look this way. A periodic system will 
give a histogram with sharp peaks.[6]

2.1.4 Polynomial Fit
Polynomial Fit is used to check if the set can be described as a polynomial. The order of the 
polynomial can be set to some integer between 0-9. The higher limit can be lower depending on 
how many points there are in the set. More points means that calculations for the computer to get 
high order polynomials gets harder. The calculations can be so hard at the highest order, so more 
points can lower the higher limit of order in the Polynomial Fit function.
  Chaotic systems can often be described by a slowly varying function that is not chaotic. Because 
of that, one can subtract the non chaotic function from the set. A polynomial can be such a function.
[6] 
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2.1.5 Power Spectrum
The Power Spectrum function makes a plot where it can be showed how many different frequencies 
the dynamic system have. The Power Spectrum function is best suited for smooth functions. If there 
for example is a discrete set or a set with peaks from a noisy system it is better to use the Dominant 
Frequencies function.[6]
   The power spectrum is calculated starting with Equation 1.3, where one can change all the 
variables t i   to t

t 1=t 2=....=t N=t (2.9)

Put into Equation 1.3 gives

f t =G t , t , t ,... , t  (2.10)

It can be rewritten in as a Fourier series as

G= ∑
n1,n2, ... , nN

an1, n2, ... nN
e i n11 t 1n22 t 2...nN N t N 

(2.11)

where i  is the frequency from Equation 1.4. Equation 2.11 can be transformed into a Fourier 
transform by the definition

f =∫
−∞

∞

f t e it dt (2.12)

where ω is the frequency. Equation 2.10 and Equation 2.11 in Equation 2.12 gives

f =2 ∑
n1,n2, ... , nN

an1, n2, ... nN
−n11n22...nNN  (2.13)

Finally the power spectrum of the set is the magnitude of the Fourier transform squared,  which 
gives a plot. The more sharp spikes are in the plot, the higher value N will have in the N-frequency 
quasiperiodicity. A noisy or chaotic function will give a smooth plot.[4,6]
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2.1.6 Dominant Frequencies
The Dominant Frequencies function, like the Power Spectrum function, gives a plot over which, if 
any, frequencies are in the system. The Power Spectrum function is better to use for smooth sets, as 
it uses Fourier transform, and the Dominant Frequencies function is better for sharp varying sets 
like peaks in noise or discrete sets. This is because Dominant Frequencies use the Maximum-
Entropy Method. It is defined as

F k=∑
i=1

n

Pr ti∣I  f k t i (2.14)

where f k ti  is the time dependent equation of the set, k=1,2...,m is the number of the point and 
Pr is the probability distribution

Pr t i∣I =
1

Z 1,2, ... ,m
exp 1 f 1t i2 f 2ti...m f mt i (2.15)

The probability distribution is also called Gibbs distribution. I is the testable information in the set 
and  Z is the partition function

Z 1,2, ... ,m=∑
i=1

n

exp1 f 1t i2 f 2ti...m f mti (2.16)

where each i  is an eigenvalue, and the probability distribution Pr must satisfy the condition for 
probability

∑
i=1

n

Pr ti∣I =1 (2.17)

When the CDA has calculated the Maximum-Entropy F k  for the system it uses the Nyqvist 
frequency to make up a plot. The Nyqvist Frequency is defined as half the sampling frequency for a 
signal, it means half the interval between two data points. So the CDA is halving F k  to get the 
right values to make the plot.[3,4,6]
   The Dominant Frequencies can be viewed in linear-linear-, log-linear- or log-log plots. It can also 
calculate and simulate the following values for the dynamical set, up to the next 18 values.
   The same rules as for Power Spectrum are also used here. A periodic or quasiperiodic function 
will give spikes in the plot, the more spikes the more frequencies in the set. A noisy or chaotic will 
give a smooth plot.[6]
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2.1.7 Lyapunov Exponent
As mentioned in chapter 1.3, a chaotic system needs to be sensitive dependent, so an analyze to 
investigate if a set is chaotic is to check its sensitive dependence. If a small perturbation makes a 
large change in the final values, the system is sensitive dependent and can be chaotic. The 
Lyapunov exponent h is a value of how much a set will change by a small perturbation. The 
definition of h is

h=lim
T∞

1
T

ln 
dxT

dx0
 (2.18)

where dx0  is the small perturbation from the initial value x0 , x0dx0 . The difference between the 
original and the one with a small perturbation on a map will be

dx i=ehi dx0 (2.19)

where i is the number of iterations of the process. The more iterations, the bigger difference due to 
the small perturbation the set will have, if the set is sensitive dependent.
  In the Lyapunov Exponent, one must specify the embedding dimensions using equation 2.8 in 
chapter 2.1. One must also specify the parameter n and the Accuracy A for the analysis, where A is 
the value under which noise is expected to dominate. The parameter n is the number of sample 
intervals which each pair of points is following, before it is the next pair's turn. If n is to large the 
trajectories of the set will be to far apart.
   In the CDA only the highest Lyapunov exponent is shown. A chaotic set have at least one positive 
Lyapunov exponent so the CDA only need to show the highest exponent.[6]

2.1.8 Capacity Dimension
The capacity dimension, or the Hausdorff dimension as it also is called, is one of the two ways for 
the CDA to decide the dynamical system's dimension of the attractor. The other way is by taking the 
system's correlation dimension. The capacity dimension is better to use in sets with a higher number 
of points. The dimension of the attractor is usually not an integer. To calculate the capacity 
dimension one starts with the definition of the d-dimensional Hausdorff measure

 H
d =lim

0
H

d  (2.20)

where  H
d   is the quality and is defined

 H
d =inf

S i

∑
i=1
i

d
(2.21)

where S i  is the countable numbers of subsets in the total set and i is the diameter of each subset. 
The diameter in a subset is the distance between the two furthest points in the subset. In this thesis it 
is only one subset in each set, therefor the subset and the set will be the same, S i=1 . The largest 
diameter of any subset is δ so
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0i (2.22)

In the thesis it will be i= . Equation 2.20 will give a limit with these conditions

dDH⇒ H
d =∞ (2.23a)

dDH⇒ H
d =0 (2.23b)

the limit DH  is called the Hausdorff dimension of the set.
  When doing the analysis of Capacity Dimension in the CDA one must specify the embedding 
dimensions, see chapter 2.1.[4,6] 
   For attractors with higher dimensions than two, the capacity dimension can be unreliable. In such 
cases it is better to use the correlation dimension.[6]

2.1.9 Correlation Dimension 
The Correlation Dimension function is another way to decide the dimension of the attractor in the 
set. This function is better to use in sets with a lesser number of points, or when the dimension of 
the attractor is higher then two. As the capacity dimension it does not have to give an integer to the 
number of space dimensions. The correlation dimension is calculated

D2=lim
0

ln C 
ln  (2.24)

where 

C =lim
K ∞

1
K 2∑

ij

K

U ∣z i− z j∣ (2.25)

where U is the Heaviside step function, z j  is a reference point and ε is the edge length in the N-
dimensional phase-space used, as shown in Figure 7 and described in chapter 1.4. zi  are sampled 
points from the values in the data by the definition

z i=z t 0iT  (2.26)

where t 0  is the initial time and T is the time interval between two sample points.
  When doing the analysis of Correlation Dimension in the CDA one must specify the embedding 
dimensions, see chapter 2.1 .[4,6]

2.1.10 Correlation Function
The Correlation Function is a description of how dependent each value in the set is from it's 
neighbors. The Correlation Function is made by first multiplying x(t) by x(t-τ). The value τ is 
varying from 0 to a maximum τ-value chosen by the user. In the CDA the maximum τ-value can be 
set to any 2q  where q is an integer 1q7 . The multiplied values are then plotted versus τ. 
   If the plot drops fast to zero there is little correlation between the neighbor values in the set, for 
example as it looks in a set with noise. A highly periodic system, for example a sinus function, will 
slowly drop towards zero and this indicates high correlation between the values.[6]
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2.1.11 Correlation Matrix
The Correlation Matrix, as the Correlation Dimension, is a measure of how the points in the system 
depends of its neighbor points. The Correlation Matrix uses the values calculated in the Correlation 
Function program and make up a matrix of these in the following way:
The values where τ=0 is put on the diagonal, the values where τ=1 is set on the left and on the right 
of the diagonal, and then the values where τ=2 is set outside the values where τ=1 and so on until a 
matrix of the right size is made. The user chooses the size of the matrix but the CDA can not make 
matrices bigger then 16x16.
   In this function the user can show the system's eigenvalues and eigenfunctions plotted in various 
ways. One can get the N last data points fitted in a number of non-linear equations and plotted in 
various ways. The user can see a plot with two curves. One curve is for the real values and the other 
is for the predicted values calculated from the Correlation Matrix. The CDA can also predict the 
upcoming 18 values for the set.
   If the curves of the predictable values and the actual values fit well, the set is probably not a 
chaotic set.[6]

2.1.12 Phase-space Plots
In the Phase-space Plots function, one can plot the phase-space for the set. In the CDA, one can also 
plot a 2-dimensional plot with x'(t) versus x(t) or a 3-dimensional x''(t) versus x'(t) versus x(t). The 
derivatives is calculated by taking the value before and the value after each point and then divide it 
by 2. It is the same process for the second derivative, but this time it is the values from the first 
derivative that is taken into the calculations.
  A periodic system will show closed loops, in the phase-space in the same way as showed in the 
Graph of Data function. If no structure is shown it can be a chaotic or random system.[6]

2.1.13 Return Maps
The Return Maps is a function made to separate a system with random values from a chaotic 
system. It is made by making a cross section of the set to get one less space dimension than the 
original set. To accomplish this the CDA  is making a plot, for example with one point for x(t) each 
each time x'(t)=0 versus the last value of x(t) where x'(t)=0. One can choose other values then 0 for 
x'(t) and make the plot in the same way.
  If the system is random then there will be a 2-dimensional plane showing in the plots. If a structure 
with less then two dimensions is shown, it can be a sign of a fractal and therefor a sign of chaos. 
But there can be chaos without a fractal and it can be a fractal or chaos without a structure in Return 
Maps.[6]
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2.1.14 Poincaré Movies
The Poincaré Movies is a function making a stroboscopically phase-space trajectory sampling. In 
CDA one can choose to make an 2-dimensional plot with the every n:th point in the set versus the 
earlier m:th point or to make an 3-dimensional plot with the every n:th point in the set versus the 
earlier m:th point versus the 2m:th point. As the plot continues to evolve the first points in the plot 
are deleted so there is always the same number of points in the plot. When all points in the set is 
calculated the procedure starts over with the first points again. In the CDA one can vary m between 
0-20 and n between 10-30.
  The plot will behave in different ways depending on how the system looks. Noise will give no 
structure in the Poincaré Movie evolution, in a periodical system the points will get together with 
time and in a chaotic system the points will oscillate in a distance from a center point.[6]

2.2 Using Chaos Data Analyzer
When analyzing the sets in the CDA there is no universal golden way to follow in order to find the 
results. If no obvious solution is seen the user must make interpretations. One should start with the 
simplest analyze first and work towards more and more complicated analyzes and stop when an 
satisfying conclusion has been made.
   The first thing is to look for structures in Graph of Data, Phase-Space plots, Return Maps or 
Poincaré Movies. One should also see if there are any sharp peaks in Probability Distribution and 
look for any low order polynomial that can describe the set in the Polynomial Fit function. One can 
also see if there is any dominant frequency in Power Spectrum or Dominant Frequencies. 
    If none of the previous functions show any interesting results the set could either be chaotic or 
random and the user should investigate the Lyapunov Exponent and Capacity Dimension or 
Correlation Dimension depending on how many numbers there are in the set.
   If none of the previous functions gives any valuable results one should use the Correlation 
Function to see how correlated the points in the data are or the Correlation matrix to see how the 
program can make a fitting model to the real values in the data.[6]
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3. Analysis and Results
In this chapter all results from the analysis of the different sets are presented. First an introduction 
for the set is presented, then where the data has been taken from and the interpretation of the data. 
Thereafter how the analysis is made, the results, a conclusion and finally a discussion for each set.
   The graphs in this chapter is all made from taking values from the analysis in the CDA and then 
plotting them using Matlab.
   The first sub chapter is not an analysis for one of the sets made for the thesis but an example to 
see what results a periodic function will show in the CDA. It is to compare with the later sub 
chapters.

3.1 Sinus wave
One of the functions that comes with the CDA is a regular Sinus wave, see figure 12. Here it is used 
as an example to show what results a periodic function gives.

3.1.1 Result
The results are presented for each function in the CDA:

Graph of Data
In both x(t) versus x(t-1) and x(t) versus x(t-1) versus x(t-2) there was an ellipse plotted. In x(t) 
versus x(t-1) the ellipse had its major axis between the points (-1,-1) and (1,1). In x(t) versus x(t-1) 
versus x(t-2) it is difficult to see  which points the axis are between but there is an obvious structure.
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Figure 12: Plot of sinus wave versus time, plotted in Matlab.



Probability Distribution
The system gives a plot that looks U-shaped with the highest probabilities for values near 0 and 1, 
see figure 13. 

Polynomial Fit
There is no polynomial that fits the sinus wave in the polynomial degrees from 0-9 because 
polynomials either increases to infinity or decreases to infinity after some time, and a sinus wave 
evolve with the same pattern at any time. 

Phase-Space Plots
The sinus wave gives a ring in both x(t) versus x(t-1) and x(t) versus x(t-1) versus x(t-2).It is an 
obvious structure.

Return Maps
There were no results worth noticing in the return maps.

Poincaré Movies
The points moved in an ellipse which had it major axis between the points (1,-1) and (-1.1). 
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Figure 13: Plot of sinus versus probability. The values are taken from the CDA and 
plotted in Matlab.



Power Spectrum
In the Power Spectrum plot there is a high value for low frequencies but it drops quickly to 0, see 
figure 14. This could mean the system has either one period or are random or chaotic. In this case it 
is known that there is one period because it is a basic sinus wave.
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Figure 14: Plot of power spectrum in sinus wave. The values are 
taken from the CDA and plotted in Matlab.



Dominant Frequencies
In the Dominant Frequency plot it is shown that one frequency stands out, see figure 15. This means 
the sinus wave has one period.

Lyapunov Exponent
In the Lyapunov Exponent function one must specify embedding dimensions, accuracy and the 
parameter n. The embedding dimension is set to the value 2 to be sure to fit the whole system, but 
not to get too many dimensions. The parameter n is set to 1 to have it as low as possible and the 
accuracy is set to 10−7  to get the Lyapunov exponents as accurate as possible. The analysis gave
the result h=-0.002±0.042  for the sinus wave. If a set has at least one Lyapunov Exponent with 
positive value the set is a chaotic set but the sinus wave does not fulfill that criteria. 

Capacity Dimension
Embedding dimensions must be specified here as well. This was set to the value 2 to fit the whole 
set into the calculations. Then the capacity dimension was calculated to 1.309±0.290 for the sinus 
wave. The result means something between a line and an area. This result is the dimension on the 
attractor in the set because the dimension is less then two.

Correlation Dimension
Embedding dimensions must be specified even in Correlation Dimensions. It was set to the value 2 
to fit the whole set into the calculations but not to get to many dimensions in the calculations. The 
analysis of the correlation dimension gave the result 1.057±0.309 for the sinus wave. Because of the 
low dimensions in the results in both the correlation dimension function and the capacity dimension 
function the capacity dimension is more reliable.
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Figure 15: Plot of dominant frequencies in sinus wave. The values are taken 
from the CDA and plotted in Matlab.



Correlation Function
The values calculated in the correlation function gives a sinus wave in the plot, see figure 16. This 
means that each value in the set are dependent on it's neighbor values.

Correlation Matrix
The results here were mostly the same as in the correlation function but the new result was that the 
predicted values and the actual values did fit each other exactly for the sinus wave.

3.1.2 Conclusion
The sinus wave is periodic.
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Figure 16: Plot of correlation function in sinus wave. The values are taken from the 
CDA and plotted in Matlab.



3.2 Wolf number
The Wolf number R is an approximation of how many sunspots there are on the Sun each day. It 
was invented by the swiss astronomer and mathematician Rudolf Wolf (1816-1893) in 1849 in 
Zürich. The Wolf number is also called Zürich number, International sunspot number and relative 
sunspot number. More sunspots means a higher Wolf number and also more activity in the Sun. The 
Wolf number is calculated by the equation 

R=K 10gs (3.1)

Where g is the number of sunspot groups, s is the number of individual sunspots and K is the 
personal reduction coefficient.[7] K is a value individual for each telescope and depending on the 
resolution in it and the location of the telescope. The mean number of individual sunspots in a 
sunspot group is about ten therefore the 10 before g in equation 3.1.

3.2.1 Data
Data of the Wolf number is taken from Solar Influences Data Analysis[8]. The website has Wolf 
numbers since 1818 but not for every day. The complete daily Wolf number data starts in 1849 from 
where data was collected. The daily values is too much data for CDA to analyze so a program 
which calculated a monthly mean value was created. Mean values for every month from January 
1849 to January 2011 was calculated. It is 1945 months which means 162 years or almost 15 solar 
cycles.
   Any simulated data of the Wolf numbers to compare the results in the CDA with has not been 
found.

25



3.2.2 Analysis
All values were put in a row in a WordPad .txt-document starting with January 1849 and ending 
with January 2011. Then the ending in the name of the document was changed from .txt to .DAT to 
get an input file for the CDA. The values gives a plot, see figure 17. The next step was to do the 
analysis.

3.2.3 Result
The results are presented for each function in the CDA:

Graph of Data
The Graph of Data function shows no signs of structure which can mean the set is chaotic.
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Figure 17: Plot of Wolf number versus time, plotted in Matlab.



Probability Distribution
The system gives a plot that looks Gaussian, see figure 18. It can be the result of either a random 
system or a chaotic system.

Polynomial Fit
There is no polynomial that fits the Wolf Number in the polynomial degrees from 0-9.

Phase-Space Plots
It was the same results as in Graph of Data with no structure in x(t) versus x(t-1) or in x(t) versus 
x(t-1) versus x(t-2). The set can still be chaotic.

Return Maps
In the return maps the points were gathered in the first quadrant with the highest concentration near 
the origin. There is no structure in the plot. It can still be a sign of chaos. 

Poincaré Movies
The points moves in an area from a straight line 45o  from the x(t)-axis. The higher the values of m 
and n the wider the area gets. When m=0 and n=10 there is just a line. The points also oscillates in 
distance away from the origin which means the system is chaotic. 

27

Figure 18: Plot of Wolf number versus probability. The values are taken from the CDA 
and plotted in Matlab.



Power Spectrum
In the Power Spectrum plot there is a high value for low frequencies that drops quickly to around 0, 
see figure 19. This could mean the system has either one period or is random or chaotic.
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Figure 19: Plot of power spectrum in Wolf Number. The values are 
taken from the CDA and plotted in Matlab.



Dominant Frequencies
In the Dominant Frequency plot it can be seen that one frequency stands out, see figure 20. It means 
the system has one period.

Lyapunov Exponent
In the Lyapunov Exponent function one must specify embedding dimensions, accuracy and the 
parameter n. The embedding dimension is set to the value 2 to be sure to fit the whole phase-space, 
but not having to many dimensions. The parameter n is set to 1 to make it as low as possible and the 
accuracy is set to 10−7  to get the Lyapunov exponents as accurate as possible. The analysis gave 
the result h=1,465±0.075 . Because the Lyapunov exponent is more then one it means more then a 
double in the difference if you double the points in the calculations. If a set has at least one 
Lyapunov Exponent with positive value it is a chaotic set.

Capacity Dimension
Embedding dimensions must be specified here also. The embedding dimension is set to the value 2 
to be sure to fit the whole phase-space, but not having to many dimensions. Then the capacity 
dimensions was calculated to 1.611±0.256  which means something between a line and an area. It 
also means this is the dimension of the attractor of the set because the dimension is under two and 
the set contains many points.

Correlation Dimension
Embedding dimensions must be specified even in Correlation Dimensions. The embedding 
dimension is set to the value 2 to be sure to fit the whole phase-space, but not having to many 
dimensions. Then the correlation dimensions was calculated to 1.935±0.056 . It is not so reliable 
as the capacity dimension because the dimension is under two and the set contains many points.
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Figure 20: Plot of  dominant frequancies in Wolf number.  
The values are taken from the CDA and plotted in Matlab.



Correlation Function

The values calculated in the correlation function gives a plot that looks like a valley between two 
mountains, see figure 21. There are no fast dips. The values in the set are not dependent on the 
neighbor values.

Correlation Matrix
The results here were mostly the same as in the correlation function, but the new result was the 
predicted values and the actual values did not fit each other. It can be a sign of chaos.

3.2.4 Conclusion
Most results points towards a chaotic system. The Power Spectrum and Dominant Frequencies 
shown there is a period. It can be the 11-year period between one minimum in the sunspot cycle to 
the next.

3.2.5 Discussion
In the thesis the time evolution of the Wolf number looks chaotic. This may not be the real case. If 
more values are collected a more precise model can be made. There can possibly be one or more 
functions in the set with different periods. A future study can be to study these numbers with 
different time scales. There can probably be another result if the timescales is different from our 
days or months. The Sun does not follow our rules for time. 
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Figure 21: Plot of correlation function for Wolf number. The values are taken from 
the CDA and plotted in Matlab.



3.3 Number of Sunspot Groups
The number of sunspot groups g is the a daily value. From equation 3.1 one can calculate the 
number of individual sunspots s by taking

s= R
K
−10g (3.2)

To solve the equation one must know the personal reduction coefficient K used.

3.3.1 Data
Data of the number of sunspot groups is taken from NOAA.[9] The website has daily areas from 1 
January 1874 until December 1982.  The daily values had too much data for CDA to analyze so a 
program which calculated a monthly mean value was created. Mean values for every month from 
January 1874 to December 1982 was calculated. There are 1296 months which means 108 years or 
almost 10 solar cycles.
   Any simulated data of the sunspot group number, to compare the results in the CDA with, has not 
been found.

3.3.2 Analysis
All monthly values were put in a row in a WordPad .txt-document starting with January 1874 and 
ending with December 1982. The ending of the name of the document was changed from .txt to 
.DAT to get an input file for the CDA. The next step was to start the program and do the analysis. 
The values have three months in the beginning and four months in the end of the set, that has the 
value zero, so the total number of months plotted is 1289. Figure 22 shows the values plotted versus 
time.
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3.3.3 Result
The results are presented for each function in the CDA:

Graph of Data
In the x(t) versus t plot it shows a periodicity in the minimal values but the maximum values varies 
in height, see figure 22. Another thing to notice is the maximum heights. They are lower in the 
beginning of the set then they are later.
   There was no sign of structure inr x(t) versus x(t-1) or in x(t) versus x(t-1) versus x(t-2) which can 
be signs of a chaotic system. 
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Figure 22: Plot of Number of Sunspot Groups versus time, plotted in Matlab.



Probability Distribution
The system gives a plot starting with the highest values and then it drops to about x=3, then a new 
rise takes place. Around x=4 it drops again and takes a Gaussian look, see figure 23. This can be the 
result of a chaotic system.

Polynomial Fit
There is no polynomial that fits the number of sunspot groups in the polynomial degrees from 0-9.

Phase-Space Plots
It was the same results as in Graph of Data with no structure in x(t) versus x(t-1) or in x(t) versus 
x(t-1) versus x(t-2). It can be a sign of chaos.

Return Maps
In the return maps the points were gathered in the first quadrant with the highest concentration near 
origin. There is no structure but it can still be a sign of chaos. 

Poincaré Movies
The points moves in a wide area from a straight line 45o  from the x(t)-axis with the highest 
concentration around the line and lesser points the further away from the line one looks. The higher 
the values of m and n the wider the area gets. When m=0 and n=10 there is just a line. The points 
also oscillates in distance away from the origin which means the system is chaotic. 
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Figure 23: Plot of Number of Sunspot Groups versus probability. The values are taken 
from the CDA and plotted in Matlab.



Power Spectrum
In the Power Spectrum plot there is a high value for low frequencies dropping quickly to around 0, 
see figure 24. The system has either one period or is random or chaotic.
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Figure 24: Plot of Power Spectrum in Number of Sunspot  
Groups. The values are taken from the CDA and plotted in 
Matlab.



Dominant Frequencies
In the Dominant Frequency plot it is shown that one frequency stands out, see figure 25. The system 
has one period.

Lyapunov Exponent
In the Lyapunov Exponent function one must specify embedding dimensions, accuracy and the 
parameter n. The embedding dimension is set to the value 2 to be sure to fit the whole phase-space, 
but not having to many dimensions. The parameter n is set to 1 to have it so low as possible and the 
accuracy is set to 10−7  to get the Lyapunov exponents as accurate as possible. The analysis gave 
the result h=1.548±0.092 . Because the Lyapunov exponent is more then one it means more then a 
double in the difference if you double the points in the calculations. If a set has at least one 
Lyapunov Exponent with positive value the set is a chaotic set.

Capacity Dimension
Embedding dimensions must be specified here also. The embedding dimension is set to the value 2 
to be sure to fit the whole phase-space, but not having to many dimensions. Then the capacity 
dimensions was calculated to 1.527±0.296  which means something between a line and a volume. 
It is the dimension of the attractor dimension because of the high number of points in the set and the 
dimension of the attractor is less then two.

Correlation Dimension
Embedding dimensions must be specified even in Correlation Dimensions. The embedding 
dimension is set to the value 2 to be sure to fit the whole phase-space, but not having to many 
dimensions. The correlation dimensions was calculated to 1.921±0.083  which is not the 
dimension on the attractor in the set because of the high number of points in the set and because the 
dimension on the attractor are less then two. The Capacity dimension is more reliable in this case.
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Figure 25: Plot of Dominant Frequencies in Number of Sunspot  
Groups. The values are taken from the CDA and plotted in Matlab.



Correlation Function
The plot calculated in the correlation function looked like a valley between two mountains, see 
figure 26. There were no fast dips. It means the values in the set are not dependent on the neighbor 
values.

Correlation Matrix
The results here were mostly the same as in the correlation function but the new result was that the 
predicted values and the actual values did not fit each other. It can be a sign of chaos.

3.3.4 Conclusion
Most results points towards chaos. The Power Spectrum and Dominant Frequencies shows there is a 
period. It can be the 11-year period between one minimum in the sunspot cycle to the next.
   The values of the months in the beginning and in the end that was zero will not affect the set more 
than a little, because it is such a small number of months compared to the total number of months.
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Figure 26: Plot of correlation function in number of sunspot groups. The values are 
taken from the CDA and plotted in Matlab.



3.3.5 Discussion
In this thesis the time evolution of the number of sunspot groups looks chaotic. This may not be the 
real case. If more values are collected a more precise model can be made. There can possibly be one 
or more functions in the set with different periods. A future study can be to study these numbers 
with different time scales. There can probably be another result if the timescales is different from 
our days or months. The Sun does not follow our rules for time.
   The plot of the sunspot groups evolution in time can also be studied more. Is it a coincidence the 
maxima in the beginning of the measurements are lower then the later maxima or can it be a result 
of the technical evolution of the instruments used to see the groups?

3.4 Sunspot Area
The sunspot area is measured each day in parts per million of the total photosphere area of the Sun.

3.4.1 Data
Data of the sunspot area  is taken from NASA[10]. The website has daily areas from 1 may 1874. 
There is daily values for the Northern Hemisphere, the Southern Hemisphere and for the whole Sun. 
The daily values has too much data for CDA to analyze so a program which calculated a monthly 
mean value was created. Mean values for every month from may 1874 to January 2011 was 
calculated. It is 1642 months which means almost 138 years or 12½ solar cycles.
   Any simulated data of the sunspot area, to compare the results in the CDA with, has not been 
found.

3.4.2 Analysis
All values for each hemisphere were put in a row in a separate wordpad .txt-document starting with 
may 1872 and ending with January 2011. The same thing was done for the total sunspot area. Then 
the ending in the name of the documents was changed from .txt to .DAT to get input files for the 
CDA. The next step was to start the program and do the analysis. The plots of the sets, sunspot area 
versus time, are showed in figure 27-29.
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Figure 27: Plot of Sunspot area versus time at Northern 
Hemisphere plotted in Matlab.
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Figure 28: Plot of Sunspot area versus time at Southern Hemisphere  
plotted in Matlab.

Figure 29: Plot of Sunspot area versus time at the whole Sun plotted in  
Matlab.



3.4.3 Result
The results are presented for each function in the CDA:

Graph of Data
In the x(t) versus t plots it shows a periodicity in the minimal values but the maximum values varies 
in height, see figure 27 - 29. Another thing to notice is the maximum heights. They are lower in the 
beginning of the set then they are later. This is applied for both hemispheres as well as for the whole 
Sun but it is more obvious at the values for the Southern Hemisphere and in the values for the 
whole Sun.
There was no structure in x(t) versus x(t-1) or in x(t) versus x(t-1) versus x(t-2) which can be a sign 
of a chaotic system. It is the same result for the whole Sun as well for each hemisphere.

Probability Distribution
The system gives a plots that looks Gaussian for each hemisphere as well as the whole Sun, see 
figures 30-32. It can be the results of either random systems or chaotic systems.
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Figure 30: Plot of Sunspot Area versus probability at Northern 
Hemisphere. The values are taken from the CDA and plotted in Matlab.
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Figure 31: Plot of Sunspot Area versus probability at Southern 
Hemisphere. The values are taken from the CDA and plotted in Matlab.

Figure 32: Plot of Sunspot Area versus probability at the whole Sun. The values  
are taken from the CDA and plotted in Matlab.



Polynomial Fit
There are no polynomials that fits the sunspot areas in the polynomial degrees from 0-8. It is the 
same result for the whole Sun as well as for each hemisphere.

Phase-Space Plots
It was the same results, as in Graph of Data with no structures, in x(t) versus x(t-1) or in x(t) versus 
x(t-1) versus x(t-2). These can be signs of chaotic sets.

Return Maps
In the return maps the points were gathered in the first quadrant with the highest concentration near 
the origin for all three sets. There are no structure but it can still be a sign of chaos. 

Poincaré Movies
The points movement are spread out over the whole plot in the set for the whole Sun. There is more 
points near to the origin and fewer the further away one looks. 
  For the sets in the Northern Hemisphere and in the Southern Hemisphere the points movement are 
spread out in an area closer to the origin. But it is the same in these two with the most points near 
the origin and fewer further out. 
   The points oscillates in distance away from the origin in all three sets. The systems are chaotic.

Power Spectrum
In the Power Spectrum plots there is a high value for low frequencies, but it drops quickly to around 
0, see figures 33-35. This means that the systems have either one period or are random or chaotic. It 
is the same results for the whole sun as well as for each hemisphere.
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Figure 33: Plot of Power Spectrum in Sunspot Area at Northern 
Hemisphere. The values are taken from the CDA and plotted in Matlab.
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Figure 34: Plot of Power Spectrum in Sunspot Area at Southern 
Hemisphere. The values are taken from the CDA and plotted in Matlab.

Figure 35: Plot of Power Spectrum in Sunspot Area at the whole Sun. The 
values are taken from the CDA and plotted in Matlab.



Dominant Frequencies
In the Dominant Frequency plots it is shown one frequency stands out in each plot, see figures 36-
38. It means all systems (the whole sun, the Northern Hemisphere and the Southern Hemisphere) 
have one period. 
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Figure 36: Plot of Dominant Frequencies in Sunspot Area at Northern 
Hemisphere. The values are taken from the CDA and plotted in Matlab.

Figure 37: Plot of Dominant Frequencies in Sunspot Area at Southern 
Hemisphere. The values are taken from the CDA and plotted in Matlab.



Lyapunov Exponent
In the Lyapunov Exponent function one must specify embedding dimensions, accuracy and the 
parameter n. The embedding dimension is set to the value 2 to be sure to fit the whole phase-space, 
but not having to many dimensions. The parameter n is set to 1 to have it so low as possible and the 
accuracy is set to 10−7  to get the Lyapunov exponents as accurate as possible. The analysis gave 
the results h=1.632±0.092  for the whole Sun, h=1.448±0.095  for the Northern Hemisphere 
and h=1.524±0.104  for the Southern Hemisphere. Because the value of all three of the Lyapunov 
exponents is more then one it means all more then a double it's values in the set in the difference if 
you double the points in the calculations. If a set has at least one Lyapunov Exponent with positive 
value the set is a chaotic set. It means that all three sets are chaotic.

Capacity Dimension
Embedding dimensions must be specified here also. The embedding dimension is set to the value 2 
to be sure to fit the whole phase-space, but not having to many dimensions. The capacity 
dimensions was calculated to 1.614±0.279  for the whole Sun, 1.339±0.231  for the Northern 
Hemisphere and 1.508±0.261  for the Southern Hemisphere. Each result means something 
between a line and a volume. These are the dimensions on the attractors in the sets because of the 
many points in the sets and because the attractor dimensions are less then two.

Correlation Dimension
Embedding dimensions must be specified even in Correlation Dimensions. The embedding 
dimension is set to the value 2 to be sure to fit the whole phase-space, but not having to many 
dimensions. The analysis of the correlation dimensions gave the results 1.606±0.099  for the whole 
Sun, 1.111±0.173  for the Northern Hemisphere and 0.953±0.097  for the Southern Hemisphere. 
These are the dimensions on the attractors in each set. Because the attractor dimension is over two 
the results in the capacity dimension function are more reliable. 
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Figure 38: Plot of Dominant Frequencies in Sunspot Area at the whole Sun. 
The values are taken from the CDA and plotted in Matlab.



Correlation Function
The plots calculated in the correlation function looks like a valley between two mountains in each 
set, see figures 39-41. There are no fast dips. It means the values in the sets are not dependent on 
the neighbor values.
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Figure 39: Plot of Correlation function in Sunspot Area at Northern 
Hemisphere. The values are taken from the CDA and plotted in Matlab.

Figure 40: Plot of Correlation function in Sunspot Area at Southern 
Hemisphere. The values are taken from the CDA and plotted in Matlab.



Correlation Matrix
The results here were mostly the same as in the correlation function but the new results was the 
predicted values and the actual values did not fit each other for non of the three sets. These can be 
signs of chaos.

3.4.4 Conclusion
Most results points towards chaos for all three sets. The Power Spectrum and Dominant 
Frequencies shows that there is a period in each set. This is probably the 11-year period between 
one minimum in the sunspot cycle to the next.

3.4.5 Discussion
In this thesis the time evolution of the sunspot area looks chaotic in all three sets (the whole Sun, 
the Northern Hemisphere and the Southern Hemisphere). This result may not be the real case. The 
more values collected the more precise models can be made. There can be one or more functions in 
the sets with different periods. A future study can be to study these numbers and sets with different 
time scales. There can different results if the timescales are different from our days or months. The 
Sun do not follow our rules for time. 
   The plot of the sunspot area evolution in time can also be studied more. Is it just a coincidence 
that the maxima in the beginning of the measurements are lower then the later maxima or can it be a 
result of the technical evolution of the instruments used to see and measure the sunspot areas?
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Figure 41: Plot of Correlation function in Sunspot Area at the whole Sun. 
The values are taken from the CDA and plotted in Matlab.



3.5 Umbral Area
The umbral area Ua is the total area of the umbras measured each day in parts per million of the 
total photosphere area of the Sun. One can also calculate the penumbral area Pa by taking

Pa=Sa−Ua (3.3)

Where Sa is the total sunspot area. 

3.5.1 Data
Data of the umbral area  is taken from NOAA.[9] The website has daily areas from 1 January 1874 
until December 1982.  The daily values has too much data for CDA to analyze so a program which 
calculated monthly mean values was created. Mean values for every month from January 1874 to 
December 1982 was calculated. It is 1296 months which means 108 years or almost 10 solar cycles.
   Any simulated data of the umbral area, to compare the results in the CDA with, has not been 
found. 

3.5.2 Analysis
All monthly values were put in a row in a WordPad .txt-document starting with January 1874 and 
ending with December 1982. The ending in the name of the document was changed from .txt to 
.DAT to get a working input file for the CDA. The next step was to start the program and do the 
analysis. The values have three months in the beginning and four months in the end, of the set that 
has the value zero, so the total number of months plotted is 1289. The plot is shown in figure 42.
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Figure 42: Plot of Umbral Area versus time, plotted in Matlab.



3.5.3 Result
The results are presented for each function in the CDA:

Graph of Data
In the x(t) versus t plot it shows a periodicity in the minimal values but the maximum values varies 
in height. Another thing to notice is the maximum heights. They are lower in the beginning of the 
set then they are later.
There was no structures in x(t) versus x(t-1) or in x(t) versus x(t-1) versus x(t-2) which can be a sign 
of a chaotic system. 

Probability Distribution
The system gives a plot that looks Gaussian, see figure 43. It can be the result of either a random 
system or a chaotic system.

Polynomial Fit
There is no polynomial that fits the umbral area in the polynomial degrees from 0-9.

Phase-Space Plots
It was the same results as in Graph of Data with no structures in x(t) versus x(t-1) or in x(t) versus 
x(t-1) versus x(t-2). It can be a sign of chaos.

Return Maps
In the return maps the points were gathered in the first quadrant with the highest concentration near 
the origin. There is no structure but it can still be a sign of chaos. 
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Figure 43: Plot of Umbral Area versus probability. The values are taken 
from the CDA and plotted in Matlab.



Poincaré Movies
The points moves in a square area from 0 to 1 000 in both axis. The points also oscillates in distance 
away from the origin which means the system is chaotic.

Power Spectrum
In the Power Spectrum plot there is a high value for low frequencies but it drops quickly to around 
0, see figure 44. It can mean that the system has either one period or is random or chaotic.
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Figure 44: Plot of Power Spectrum in Umbral Area. The values are 
taken from the CDA and plotted in Matlab.



Dominant Frequencies
In the Dominant Frequency plot it is shown one frequency stands out, see figure 45. It means the 
system has one period. 

Lyapunov Exponent
In the Lyapunov Exponent function one must specify embedding dimensions, accuracy and the 
parameter n. The embedding dimension is set to the value 2 to be sure to fit the whole phase-space, 
but not having to many dimensions. The parameter n is set to 1 to have it so low as possible and the 
accuracy is set to 10−7  to get the Lyapunov exponents as accurate as possible. The analysis gave 
the result h=1.652±0.099 . Because the Lyapunov exponent is more then one it means more then a 
double in the difference if you double the points in the calculations. If a set has at least one 
Lyapunov Exponent with positive value the set is a chaotic set.

Capacity Dimension
Embedding dimensions must be specified here also. The embedding dimension is set to the value 2 
to be sure to fit the whole phase-space, but not having to many dimensions. Then the capacity 
dimensions was calculated to 1.585±0.307  which means something between a line and a volume. 
It is the dimension of the attractor in the set because of the high number of points and because the 
number of room dimensions of the attractor is less then two.

Correlation Dimension
Embedding dimensions must be specified even in Correlation Dimensions. The embedding 
dimension is set to the value 2 to be sure to fit the whole phase-space, but not having to many 
dimensions. Then the correlation dimensions was calculated to 1.643±0.158  which is not the 
dimension on the attractor in the set. Because the attractor dimension is under two the result in the 
capacity dimension function is more reliable. 
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Figure 45: Plot of Dominant Frequencies in Umbral Area. The values 
are taken from the CDA and plotted in Matlab.



Correlation Function
The plot calculated in the correlation function looked like a valley between two mountains, see 
figure 46. There are no fast dips. The values in the set are not dependent on the neighbor values.

Correlation Matrix
The results here were mostly the same as in the correlation function but the new result was the 
predicted values and the actual values did not fit each other. It can be a sign of chaos.

3.5.4 Conclusion
Most results points towards chaos. The Power Spectrum and Dominant Frequencies shows signs of 
a period. It might be the 11-year period between one minimum in the sunspot cycle to the next.
   The values of the months in the beginning and in the end that was zero will not affect the set more 
than a little, because it is such a small number of months compared to the total number of months.

3.5.5 Discussion
In this thesis the time evolution of the umbral area looks chaotic. It may not be the real case. If more 
values are collected to the data a more precise model can be made. There can possibly be one or 
more functions in the set with different periods. A future study can be to study these data with 
different time scales. There can probably be another results if the timescales is different from our 
days or months to maybe seconds. The Sun does not follow our rules for time.
   The plot of the umbral area evolution in time can also be studied more. Is it just a coincidence that 
the maxima in the beginning of the measurements are lower then the later maxims or can it be a 
result of the technical evolution of the instruments used to see the and measure the umbral area?
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Figure 46: Plot of Correlation function in Umbral Area . The values are taken  
from the CDA and plotted in Matlab.



3.6 Luminosity
The luminosity is here defined as a percentage each day of the mean value of Sun's luminosity.

3.6.1 Data
Data of the luminosity percentage is taken from NOAA.[9] The website has daily values from 1 
January 1874 until December 1982. To get the actual values of the luminosity a program was made 
to first multiply the percentage each day with the mean value of the Sun's luminosity. In this way 
you get the real value of the luminosity if you assume that the side of the Sun that is not facing us 
have the same flux as the side facing us. The mean value of the Sun's luminosity is 3.92∗1026 w.[3] 
The daily values carry too much data for CDA to analyze so the second step for the program was 
made to calculate monthly mean values for the luminosity. To get values that is more easy to 
analyze each value was divided by 1026 . Mean values for every month from January 1874 to 
December 1982 was calculated. There are 1296 months which means 108 years or almost 10 solar 
cycles.
   Any simulated data of the Sun's luminosity, to compare the results in the CDA with, has not been 
found.

3.6.2 Analysis
All monthly values were put in a row in a WordPad .txt-document starting with January 1874 and 
ending with December 1982. Then the ending in the name of the document was changed from .txt 
to .DAT to get an input file for the CDA. The next step was to start the program and do the analysis. 
A plot of the Luminosity versus time is shown in figure 47.
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Figure 47: Plot of the Sun's Luminosity versus time, plotted in Matlab.



3.6.3 Result
The results are presented for each function in the CDA:

Graph of Data
There was no structure in x(t) versus x(t-1) or in x(t) versus x(t-1) versus x(t-2) which can be a sign 
of a chaotic system.

Probability Distribution
The system gives a plot that starts at 0 and suddenly have a quick increase and reaches the top soon 
after between 3 and 4. Then it suddenly drops quickly back to 0 again, see figure 48.

Polynomial Fit
There is no polynomial that fits the number of sunspot groups in the polynomial degrees from 0-9 
but the polynomials fits better in this set then in most of the others sets tested.

Phase-Space Plots
The points are close to each other in an area laying at or close to the x-axis but there is no structure 
to them. It can be a sign of chaos.

Return Maps
In the return maps the points are gathered in a small area in the first quadrant with the highest 
concentration near (4,4) and less until (3.5,3.5). There is no structure but it can still be a sign of 
chaos. 
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Figure 48: Plot of the Sun's Luminosity versus probability. The values are taken from 
the CDA and plotted in Matlab.



Poincaré Movies
The points moves in a triangle shaped area laying with the sharp edge at the point (4,4). The points 
does not oscillate which means a set that is not chaotic.

Power Spectrum
In the Power Spectrum plot there is a high value for low frequencies but it drops quickly to around 
0, see figure 49. It can mean the system has either one period or is random or chaotic.
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Figure 49: Plot of Power Spectrum in the Sun's Luminosity. The values  
are taken from the CDA and plotted in Matlab.



Dominant Frequencies
In the Dominant Frequency plot it is shown one frequency stands out, see figure 50. It means the 
system has one period. 

Lyapunov Exponent
In the Lyapunov Exponent function one must specify embedding dimensions, accuracy and the 
parameter n. The embedding dimension is set to the value 2 to be sure to fit the whole phase-space, 
but not having to many dimensions. The parameter n is set to 1 to have it so low as possible and the 
accuracy is set to 10−7  to get the Lyapunov exponents as accurate as possible. The analysis gave 
the result h=1.649±0.099 . Because the Lyapunov exponent is more then one it means more then a 
double in the difference if you double the points in the calculations. If a set has at least one 
Lyapunov Exponent with positive value the set is a chaotic set.

Capacity Dimension
Embedding dimensions must be specified here as well. The embedding dimension is set to the value 
2 to be sure to fit the whole phase-space, but not having to many dimensions. The capacity 
dimensions was calculated to 1.599±0.310  which means something between a line and a volume. 
This is the dimension of the attractor in the set because the result shows a dimension less then two 
and because of the many points of the set.

Correlation Dimension
Embedding dimensions must be specified even in Correlation Dimensions. It was set to the value 2 
to fit the whole set into the calculations but still not get to many dimensions in the calculations. 
Then the correlation dimensions was calculated to 1.636±0.126  which is not the dimension on the 
attractor in the set. Because the attractor dimension is over two and the many points in the set the 
result in the capacity function is more reliable.
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Figure 50: Plot of Dominant Frequencies in the Sun's Luminosity.  
The values are taken from the CDA and plotted in Matlab.



Correlation Function
The plot calculated in the correlation function looked like a valley between two mountains, see 
figure 51. There are no fast dips. It means the values in the set are not dependent on the neighbor 
values.

Correlation Matrix
The results here were mostly the same as in the correlation function but the new result was the 
predicted values and the actual values did not fit each other. It can be a sign of chaos.

3.6.4 Conclusion
Most results points towards chaos. The Power Spectrum and Dominant Frequencies shows that 
there is a period. It can be the 11-year period between one minimum in the sunspot cycle to the 
next.
  The Poincaré movies also shows behavior that is not chaotic.

3.6.5 Discussion
In the thesis the time evolution of the luminosity looks chaotic. It may not be the case in reality. If 
more values are collected a more precise model can be made. It can possibly be one or more 
functions in the set with different periods. A future study can be to continue study the data with 
different time scales. Probably the analysis can give different results if the timescales is changed 
from our days or months to something else. The Sun do not follow our rules for time.
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Figure 51: Plot of Correlation Function in the Sun's Luminosity. The  
values are taken from the CDA and plotted in Matlab.



3.7 Geomagnetic Index
The geomagnetic index, or A-index as it also is called, is a measurement of the disturbances in 
Earth's horizontal magnetic field, and is mainly caused by the Sun's activity and other phenomenons 
in space. A-index is based on another geomagnetic index called K-index. Both indices's are a daily 
mean value calculated from values taken every third hour by a magnetometer. The difference 
between the indexes, and why A-index is selected for this thesis, is because A-index is a linear 
function and K-index is logarithmic.[11]

3.7.1 Data
Data of A-index is taken from NOAA.[9] The website has daily values from 1 January 1874 until 
December 1982. The daily values has too much data for CDA to analyze so a program which 
calculated a monthly mean value was created. Mean values for every month from January 1874 to 
December 1982 was calculated. It is 1296 months which means 108 years or almost 10 solar cycles.
   Any simulated data of the A-index, to compare the results in the CDA with, has not been found.

3.7.2 Analysis
All monthly values were put in a row in a WordPad .txt-document starting in January 1874 and 
ended in December 1982. The ending in the name of the document was changed from .txt to .DAT 
to get an input file for the CDA. The next step was to start the program and do the analysis. The 60 
last months have values of zero which is not plotted. It means only 1236 months or 103 years are 
taken into account. 
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Figure 52: Plot of the A-index versus time, plotted in Matlab.



3.7.3 Result
The results are presented for each function in the CDA:

Graph of Data
In the x(t) versus t plot it shows a periodicity in the minimal values but both the maximum values 
and the minimum values varies in height, see figure 52. Another thing to notice is the heights of the 
values. They are lower in the beginning of the set then they are later.
There was no structure in x(t) versus x(t-1) or in x(t) versus x(t-1) versus x(t-2) which can be signs 
of a chaotic system. 

Probability Distribution
The system gives a plot that looks Gaussian but it is 0 until about x=4. It increases to a broad top 
12<x<23 and then decrease again, see figure 53. It can be the result of either a random system or a 
chaotic system.

Polynomial Fit
There is no polynomial that fits the number of A-index in the polynomial degrees from 0-9 but it 
fits better for the A-index then for sunspot area, wolf number and the other sets tested.

Phase-Space Plots
It was the same results as in Graph of Data with no structure in x(t) versus x(t-1) or in x(t) versus 
x(t-1) versus x(t-2). It can be a sign of chaos.
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Figure 53: Plot of the A-index versus probability. The values are taken from the CDA 
and plotted in Matlab.



Return Maps
In the return maps the points were gathered in a small area in the first quadrant with the highest 
concentration near (5,5). There is no structure but it can still be a sign of chaos. 

Poincaré Movies
The points moves in a wide area around a straight line between the points (5,5) and (40,40) with the 
highest concentration around the line and lesser points the further away from the line one gets. The 
higher the values of m and n the wider the area gets. When m=0 and n=10 there is just a line. The 
points also oscillates in distance away from origin which means the system is chaotic.

Power Spectrum
In the Power Spectrum plot there is a high value for low frequencies but it drops quickly to around 
0, see figure 54. This could mean the system has either one period or is random or chaotic.
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Figure 54: Plot of Power Spectrum in  A-index. The values are taken from 
the CDA and plotted in Matlab.



Dominant Frequencies
In the Dominant Frequency plot it is shown that three frequencies stands out, see figure 55. It means 
the system is quasiperiodic with three periods. 

Lyapunov Exponent
In the Lyapunov Exponent function one must specify embedding dimensions, accuracy and the 
parameter n. The embedding dimension is set to the value 2 to be sure to fit the whole system into it 
but still not get to many dimensions in the calculations. The parameter n is set to 1 to have it so low 
as possible and the accuracy is set to 10−7  to get the Lyapunov exponents as accurate as possible. 
The analysis gave the result h=2.015±0.107 . Because the Lyapunov exponent is more then two it 
means more then a triple in the difference if you double the points in the calculations. A set having 
at least one Lyapunov Exponent is a chaotic set.

Capacity Dimension
Embedding dimensions must be specified here also. This was set to the value 2 to fit the whole 
phase-space into the calculations but still not get to many dimensions. The capacity dimensions was 
calculated to 1.614±0.321  which means something between a line and a volume. Because of the 
many points in the set and because the result gives a dimension less then two it is the dimension of 
the attractor.

Correlation Dimension
Embedding dimensions must be specified even in Correlation Dimensions. Here it was set to the 
value 2 to fit the whole set into the calculations but not get to many dimensions in the calculations. 
Then the correlation dimensions was calculated to 1.980±0.051  which is not the dimension on the 
attractor in the set. Because the dimension is over two and the many points in the set the result in 
the capacity dimension function is more reliable.
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Figure 55: Plot of Dominant Frequencies in  A-index. The values are 
taken from the CDA and plotted in Matlab.



Correlation Function
The plot calculated in the correlation function looks like a valley between two mountains but with 
waves up and down all the way. The plot never goes down to 0, see figure 56. It means the values in 
the set are dependent on the neighbor values.

Correlation Matrix
The results here were mostly the same as in the correlation function but the new result was that the 
predicted values and the actual values did not fit each other. It can be a sign of chaos.

3.7.4 Conclusion
Most results points towards either a random or a chaotic set. The two results which says otherwise 
is Power Spectrum which shows signs of a period and Dominant Frequencies which shows three 
periods.
   The values of the months in the beginning and in the end that was zero could possibly affect the 
results a little if they were taken into account. 
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Figure 56: Plot of Correlation Function in  A-index. The values are 
taken from the CDA and plotted in Matlab.



3.7.5 Discussion
In the thesis the time evolution of A-index looks random or chaotic. If the set is random there is not 
much to discuss, but if the set is chaotic there is some subjects to further elaborate. 
   The first thing is if the set really is chaotic at all. If more values are collected a more precise 
model can be made. It can possibly be one or more functions in the set with different periods. A 
future study can be to study these numbers with different time scales. There can probably be another 
results if the time is changed from days or months to something else. The Sun does not follow our 
rules for time.
    Another subject for discussion and further studies is the periods. The dominant frequencies show 
signs of three periods for the A-index and only one frequency for the other sets. As mentioned 
earlier, the frequency of the other sets are probably the Sun's 11-year solar cycle. It is probably one 
of the three frequencies in the A-index as well. But how about the other two frequencies? What do 
they come from? Is it some phenomena on Earth affecting the magnetic field? Volcanoes or Earth 
quakes? Or can it be radiation from the universe outside the solar system? Another possible cause 
may be the charged particles that have come to Earth's atmosphere in the solar wind. They got 
trapped in the magnetic field and moving up and down between the two poles following the 
magnetic field lines of the Earth. A third cause can be the rotations of the Sun and Earth. The 
sunspots and other solar phenomena have a “line of sight”, which means the radiation and the 
charged particles going out of the Sun only travels in a straight direction normal or nearly normal to 
the Sun's surface. This means that if the Earth is somewhere else in orbit from where the 
phenomena occur the charged particles will miss Earth. The rotation of Earth can effect the results 
depending on where the measurements take place and if it is day or night time locally when the 
measurements are made. If it is night the instruments will be hit by much less radiation and charged 
particles since the Earth is working as a shield against the charged particles and the radiation. This 
problem can be solved by having two or more stations spread around the world, so there is at least 
one station measuring at daytime all the time. Otherwise it can be solved by a spacecraft doing the 
measurements. In this thesis the data is taken from NOAA which is an American department which 
probably already have a solution for this problem.
   A problem applying to either case, random or chaotic, is to solve what happened to the A-index 
during the last five years. It is unlikely it should have a constant value of zero for that time when it 
has not been zero for any other month for over a hundred years. So why does this happen? Some 
problems with the instruments or maybe a decision to close down the collection of data?
   The plot of the A-index evolution in time can also be studied more. Is it just a coincidence that the 
maxima in the beginning of the measurements are lower then the later maxima or can it be a result 
of the technical evolution of the instruments used to measure the A-index?

62



4. General Conclusion and Summary
Most results in every set points towards chaos. It is one period in all sets except the geomagnetic 
A-index. This period probably is the 11-year solar cycle. It is 11 years between two minimas in the 
solar activity. But the maximas varies in degree of activity and two maximas do not look the same 
so the sets are not completely periodic.
   With time the results may look different. With more data to analyze, the results can go from 
chaotic into periodic or quasiperiodic. Time will tell.
   Another thing to investigate further is the collection of data. Is it a coincidence that the maximas 
in the beginning are lower then the maximas later in the measurements? Could this be caused by the 
instruments doing the measurements, which are getting better and better all the time with the 
technological evolution. But it is not the case in every set, just in sunspot groups, sunspot area, 
umbral area and A-index. Sunspot groups, sunspot area and umbral area can all give more correct 
values with better resolution in the cameras used. The same thing with the magnetometers used to 
measure the values for A-index. The better the instruments, the more correct values we will have. It 
can be a matter of the technological evolution.

The only set that does not have a single period is the geomagnetic A-index. The A-index has three 
periods. One of them is probably the 11-year but how about the other two? Is it some periodic 
phenomena in Earth or something from cosmos outside our solar system casing the other two?
   Another problem with the A-index is why the last five years of data only have values of zero. Can 
it be because of problems with the instruments or a decision to close down the measurements? 

The research on the sunspots and the CME:s will be a major scientific subject in the following 10-
20 years since NASA has a goal to put men on Mars and take them back. The major threat for the 
spacecraft and the crew is a CME, because it can destroy the electronics and kill the crew with the 
loaded particles. So the best thing to keep the journey safe is to avoid the CME:s, and the best way 
to do this is to understand when and where they are released from the Sun.

The safest way to to avoid CME:s at a travel to Mars with todays knowledge of the Sun's activity is 
simply to spend as much time of the travel at a solar minimum as possible. But it still is no guaranty 
to be completely safe from the CME:s. 
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Appendix A: Values of Chaos in .DAT-file
-1.115 -1.626 -2.3126 -3.3359 -4.8944 -7.2093 -10.356 -13.745 -15.546 -13.931 -9.7596 -5.5043 
-2.4729 -.66454 .35468 .99099 1.5279 2.1625 3.0631 4.4144 6.4269 9.24 12.554 15.018 14.638 
11.245 6.9797 3.6056 1.4868 .29975 -.36401 -.8066 -1.2254 -1.7633 -2.5585 -3.7836 -5.6646 
-8.4226 -11.963 -15.143 -15.614 -12.402 -7.6595 -3.7045 -1.1605 .30755 1.1908 1.8693 2.6056 
3.6029 5.0537 7.1393 9.899 12.853 14.604 13.642 10.331 6.5808 3.7176 1.9601 1.0276 .59564 .
44071 .44276 .55484 .77889 1.1564 1.7735 2.7782 4.4054 6.9725 10.697 14.947 17.144 14.628 
9.0495 3.9022 .4865 -1.5218 -2.7739 -3.7854 -4.8972 -6.3235 -8.1561 -10.262 -12.106 -12.794 
-11.758 -9.4691 -6.9936 -5.08 -3.9329 -3.4665 -3.5482 -4.1049 -5.142 -6.7104 -8.8091 -11.171 -13 
-13.185 -11.371 -8.5183 -5.8715 -4.0315 -3.0205 -2.6577 -2.7829 -3.3285 -4.3214 -5.8575 -8.0284 
-10.718 -13.219 -14.129 -12.514 -9.2402 -5.9754 -3.6243 -2.2488 -1.5927 -1.4055 -1.5392 -1.9492 
-2.678 -3.8472 -5.6475 -8.2713 -11.63 -14.708 -15.374 -12.572 -8.1152 -4.2457 -1.7004 -.2342 .
60374 1.1748 1.7239 2.4308 3.4649 5.0222 7.3095 10.376 13.62 15.295 13.726 9.7406 5.6549 
2.7242 .97522 .0095173 -.553 -.97468 -1.4291 -2.054 -2.9981 -4.4551 -6.6626 -9.7733 -13.376 
-15.753 -14.68 -10.529 -5.9394 -2.5632 -.51504 .65945 1.415 2.0772 2.8755 4.003 5.6533 7.9878 
10.931 13.71 14.674 12.737 9.0154 5.4469 2.9518 1.5003 .75737 .42104 .30054 .29776 .37462 .
53097 .79615 1.2323 1.9489 3.1278 5.051 8.0702 12.277 16.421 17.165 12.911 6.8769 2.1403 
-.78907 -2.5102 -3.6775 -4.7496 -6.0071 -7.5884 -9.4487 -11.24 -12.274 -11.912 -10.228 -8.0143 -
6.0736 -4.7786 -4.1574 -4.1169 -4.5802 -5.5268 -6.969 -8.8614 -10.923 -12.464 -12.603 -11.079 
-8.6464 -6.3262 -4.675 -3.7731 -3.5046 -3.7531 -4.4732 -5.6896 -7.4459 -9.6706 -11.926 -13.244 -
12.67 -10.357 -7.5036 -5.1508 -3.6463 -2.9068 -2.7493 -3.0489 -3.7766 -4.9893 -6.7882 -9.2006 
-11.894 -13.825 -13.62 -11.116 -7.7351 -4.8763 -3.0103 -2.0102 -1.6104 -1.6109 -1.9195 -2.5415 -
3.5665 -5.1578 -7.5072 -10.634 -13.858 -15.342 -13.509 -9.4045 -5.3552 -2.5081 -.82491 .10698 .
66389 1.1033 1.5985 2.2926 3.3445 4.9592 7.3679 10.638 14.098 15.752 13.795 9.3744 5.0666 
2.0749 .30646 -.70852 -1.3858 -2.0149 -2.804 -3.9388 -5.615 -8.0035 -11.034 -13.899 -14.853 
-12.774 -8.8911 -5.2303 -2.7002 -1.2315 -.4617 -.072579 .14101 .29709 .46645 .70434 1.0741 
1.6692 2.6387 4.2173 6.7303 10.434 14.798 17.3 15.015 9.3688 4.0283 .45636 -1.6461 -2.9506 
-3.9925 -5.1217 -6.5489 -8.3481 -10.359 -12.037 -12.555 -11.466 -9.2701 -6.9507 -5.1779 -4.1344 
-3.7467 -3.901 -4.5377 -5.6641 -7.3107 -9.4123 -11.586 -12.968 -12.632 -10.59 -7.8859 -5.5574 
-4.0203 -3.2446 -3.0703 -3.3777 -4.1351 -5.3899 -7.2186 -9.5915 -12.087 -13.642 -13.099 -10.566 
-7.4165 -4.8383 -3.1932 -2.3539 -2.0925 -2.2498 -2.7715 -3.6997 -5.1544 -7.2853 -10.106 -13.077 
-14.718 -13.543 -10.078 -6.3039 -3.4836 -1.7731 -.86712 -.43663 -.25828 -.20939 -.23404 -.31611 
-.46526 -.71403 -1.1243 -1.8032 -2.93 -4.7874 -7.7468 -11.978 -16.376 -17.539 -13.413 -7.1593 
-2.1639 .93775 2.7543 3.9709 5.0645 6.3169 7.8496 9.5893 11.176 11.986 11.519 9.9221 7.9123 
6.1777 5.0395 4.53 4.5782 5.1235 6.1453 7.6273 9.454 11.247 12.302 11.957 10.272 8.0401 
6.0774 4.7638 4.1286 4.0767 4.5292 5.4649 6.8981 8.79 10.872 12.461 12.659 11.169 8.725 
6.3701 4.6823 3.7507 3.4583 3.685 4.3817 5.5721 7.3046 9.5247 11.825 13.254 12.805 10.543 
7.6557 5.234 3.6649 2.8754 2.6779 2.9388 3.6215 4.7779 6.5127 8.8787 11.611 13.743 13.844 
11.522 8.1073 5.1096 3.1065 2.0051 1.5326 1.4712 1.711 2.2403 3.1316 4.5347 6.6525 9.6094 
13.02 15.341 14.529 10.76 6.3991 3.0948 1.0647 -.07705 -.75174 -1.2635 -1.8177 -2.5774 -3.7131 
-5.4305 -7.9329 -11.187 -14.333 -15.37 -12.993 -8.6857 -4.741 -2.0724 -.52121 .34735 .89939 
1.3828 1.9713 2.8197 4.1071 6.0517 8.8338 12.257 15.07 15.105 11.811 7.3325 3.6899 1.3708 .
05039 -.71628 -1.2676 -1.8322 -2.5842 -3.6958 -5.3685 -7.8008 -10.973 -14.098 -15.272 -13.131 -
8.9657 -5.0371 -2.3351 -.75625 .1139 .63619 1.0538 1.5304 2.2028 3.2262 4.8043 7.1751 10.437 
13.984 15.849 14.067 9.6325 5.2046 2.0984 .2525 -.8122 -1.5279 -2.1976 -3.0392 -4.2442 -6.0063 
-8.4677 -11.471 -14.07 -14.551 -12.158 -8.333 -4.9165 -2.6195 -1.3161 -.6612 -.37024 -.27019 
-.27451 -.35114 -.50236 -.7577 -1.1779 -1.8697 -3.0109 -4.8797 -7.834 -12.013 -16.288 -17.348 
-13.285 -7.1791 -2.2922 .75001 2.5336 3.7283 4.8057 6.0534 7.6098 9.4295 11.172 12.175 11.829 
10.204 8.0553 6.1606 4.8905 4.2822 4.2511 4.724 5.6797 7.1227 8.9913 10.983 12.407 12.438 
10.89 8.5208 6.2968 4.7303 3.8923 3.675 3.9729 4.7476 6.0229 7.8236 10.028 12.124 13.132 
12.266 9.8803 7.1592 5.0025 3.6696 3.0619 3.0147 3.4269 4.2894 5.6667 7.6358 10.122 12.58 



13.812 12.779 9.9328 6.7733 4.3429 2.8595 2.1396 1.9525 2.1535 2.7034 3.6569 5.1452 7.329 
10.225 13.265 14.883 13.56 9.9331 6.079 3.2432 1.536 .6232 .16262 -.078436 -.23557 -.38705 
-.58758 -.89312 -1.3817 -2.1767 -3.4763 -5.5762 -8.8076 -13.102 -16.811 -16.574 -11.765 -5.9339 
-1.6136 1.0052 2.5591 3.6614 4.7318 6.0297 7.6829 9.6308 11.482 12.483 11.972 10.103 7.7677 
5.7871 4.5009 3.903 3.8828 4.3598 5.3193 6.7875 8.7413 10.921 12.618 12.86 11.302 8.7287 
6.2583 4.4954 3.5174 3.1879 3.372 4.0131 5.1373 6.8135 9.0443 11.522 13.342 13.309 11.185 
8.1275 5.4265 3.6111 2.636 2.2874 2.3946 2.8877 3.7949 5.2231 7.307 10.047 12.916 14.513 
13.433 10.136 6.4858 3.7239 2.0401 1.1608 .77713 .68129 .76899 1.0131 1.4448 2.1511 3.2869 
5.0892 7.8415 11.601 15.376 16.498 13.284 7.9826 3.4683 .55583 -1.1466 -2.2215 -3.1177 -4.1411 
-5.5101 -7.3712 -9.7046 -12.078 -13.463 -12.828 -10.36 -7.361 -4.9225 -3.3765 -2.6097 -2.4171 
-2.6602 -3.302 -4.3976 -6.0656 -8.403 -11.242 -13.716 -14.273 -12.162 -8.6044 -5.3235 -3.0705 
-1.7887 -1.1774 -.97795 -1.0408 -1.3129 -1.817 -2.6438 -3.9579 -5.9952 -8.9741 -12.699 -15.72 
-15.511 -11.634 -6.7182 -2.8992 -.52512 .84858 1.7286 2.4885 3.3891 4.6378 6.4175 8.8236 
11.616 13.826 13.967 11.605 8.1097 5.0428 2.9953 1.8637 1.3615 1.2595 1.4372 1.8707 2.6169 
3.8087 5.6494 8.345 11.805 14.947 15.52 12.497 7.8759 3.9504 1.4001 -.070174 -.93492 -1.5672 -
2.223 -3.0968 -4.3754 -6.2566 -8.8743 -11.997 -14.495 -14.545 -11.683 -7.6764 -4.3162 -2.1372 
-.91827 -.28939 .035066 .23086 .39968 .60795 .91644 1.4041 2.1923 3.4737 5.5347 8.6956 12.9 
16.598 16.542 11.962 6.2199 1.8942 -.74659 -2.3074 -3.3965 -4.438 -5.7016 -7.3374 -9.328 
-11.336 -12.603 -12.333 -10.523 -8.0655 -5.8985 -4.4432 -3.7124 -3.5819 -3.9519 -4.7961 -6.1486 
-8.0352 -10.309 -12.39 -13.237 -12.124 -9.5674 -6.8138 -4.7081 -3.4439 -2.8914 -2.88 -3.3134 
-4.1902 -5.5841 -7.584 -10.128 -12.668 -13.96 -12.899 -9.9532 -6.6958 -4.2031 -2.6839 -1.9355 
-1.7119 -1.8569 -2.3203 -3.1455 -4.4565 -6.433 -9.1973 -12.452 -14.889 -14.573 -11.296 -7.1105 -
3.7654 -1.6534 -.47426 .16817 .56834 .91483 1.3368 1.9511 2.9014 4.3884 6.6688 9.9179 13.701 
16.129 14.808 10.303 5.5114 2.0724 .0054477 -1.2032 -2.0358 -2.8339 -3.8412 -5.2578 -7.2462 
-9.8153 -12.503 -14.084 -13.281 -10.364 -6.9543 -4.2777 -2.6133 -1.7591 -1.4454 -1.49 -1.8177 
-2.4457 -3.4721 -5.0691 -7.4419 -10.63 -13.957 -15.52 -13.641 -9.4025 -5.2392 -2.3261 -.60358 .
36571 .97573 1.4986 2.1243 3.0174 4.362 6.3712 9.1922 12.54 15.064 14.726 11.314 6.9953 
3.5746 1.4252 .21658 -.46814 -.93842 -1.3987 -2.0001 -2.8919 -4.2591 -6.3304 -9.2775 -12.811 
-15.454 -14.964 -11.212 -6.6366 -3.1061 -.91664 .33115 1.0924 1.7014 2.3888 3.3407 4.7466 
6.8032 9.5995 12.738 14.826 14.116 10.746 6.7502 3.6503 1.7256 .67341 .12948 -.1671 -.37417 
-.58713 -.87739


