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Abstract

It was discovered during the working of early radars that solar radiation
interferes with terrestrial radio signals. There have been studies to prove
this interference. In this study our goal was to quantify this interference
through the signal to noise ratio. We analysed the X-ray radiation flux
and reaffirmed the existence of power law in the flux. We studied the solar
flares of different classes through waiting-times. We conducted fluctuation
analysis for the flux and for subsequent first differences of the flux and found
the existence of power law at multiple levels. We used DFA to determine the
strength of correlation in our X-ray data set and found that X-ray radiation
flux pertains to 1/f noise pattern.
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Chapter 1

Introduction

In this study we have used solar radiation flux data to analyse the radiation
output of the sun as a whole and on different classes of Solar flares.

1.1 Solar Flare

Solar flare is a phenomena in which sun releases large amount of energy
from its surface. Sun contains large number of magnetic domains of different
sizes on its surface. When a magnetic domain is reconfigured or becomes
unstable the energy stored in the domain(field maintained by the domain)
is released. This causes a burst in radiation along with release of charged
particles which appears as an arc coming out of the sun. The region where
this event occurs on the surface of the sun is called a sunspot. This event is
observed by recording the radiation flux and imaging of the sun. In this study
we are focusing on radiation flux. Solar flare are classified into 5 classes in
increasing order of magnitude: A,B,C,M and X. Each class is further divided
into subclasses.

1.2 Data Sources

The data sources can be categorised into two categories: high frequency
and low frequency observations. For radiation corresponding to X-ray region
of spectrum the atmospheric scattering prevents any observation on ground
level. This problem is not there for radiation corresponding to visible and
above(increasing wavelength). For our study we obtained X-ray flux data
from NOAA database[7]. This data was recorded by GOES satellite series
(GOES 05 to GOES 12) from 1986 to 2010. There are two channels present
for X-ray observation: long channel(1 to 8 Angstroms) and short channel(0.5
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to 4 Angstroms). We used only the long channel for our study. The threshold
flux for long channel is 2x1078W/m? and short channel is 5x10~°W/m?[8]. So
for the first differences set we have replaced the zeroes it with 1% of threshold
value for convenience and to account for sensitivity of the sensors. The data is
provided for time intervals of 3 seconds,1 minute and 5 minutes. For the radio
data we have used flux data from IPS database [9]. The data was recorded by
Learmonth Observatory,Western Australia. The data contains radiation flux
data for 8 frequency:245 MHz, 410 MHz,610 MHz,1415 MHz,2695 MHz,4975
MHz,8800 MHz and 15400 MHz. The time step is 1 second. Since the
observation is done from earth’s surface the data is only available for an
average 11 hours a day.



Chapter 2

Study of underlying Distributions
of data

The existence of power law in radiation flux of astronomical bodies was
proven long back and numerous studies have reported different values of
Power law index|2][3].

2.1 Power law index

Any physical process is said to follow power law if the frequency distribution
f(z) of the indicator value x of that process has the relation,

f(x) ~ a? (2.1)

where p is the power law index. The value of the power law index is one of the
defining attributes of given process and its value can be used for identifying
different stages of the process.Since frequency distribution can be converted
to probability distribution by normalizing, the power law index can be used
to calculate the probability of the system to be in a given state.

From the previous graph we can see that power law index does not possess
a single value but varies in accordance with the solar cycle. The intensity
distributions for 1989,1990 and 1991 shows how the distribution changes with
the solar cycle as the whole distribution moves towards the high intensity
region for 1990 and starts reverting in 1991. This change is also observed in
the power law index for these years.
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Figure 2.1: log(Intensity) verses time(min). The top line pertains to
X-ray long channel and bottom to short channel. This graph shows how the
actual data set looks like.
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Figure 2.2: Intensity distribution .intensity distribution on log scale of
X-ray long channel(above) p = 1.29 and short channel(below) for 1989.
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Figure 2.3: Intensity distribution .intensity distribution on log scale of
X-ray long channel(above) p = 1.75 and short channel(below) for 1990.
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Figure 2.4: Intensity distribution .intensity distribution on log scale of
X-ray long channel(above) p = 1.36 and short channel(below) for 1991.
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Figure 2.5: Power law index as function of years.

2.2 Waiting Time Distribution

Waiting time is defined as duration after which the system passes a given
threshold. For our purpose the threshold we chose was C-class solar flares
and above which corresponds to intensities above 10~"W/m?. For all classes
greater than C-class in magnitude doesn’t have enough events for a distri-
bution. The range of power law index for waiting time distribution for
C-class flares and above is 1.4-3.4 for different phases of solar cycle. These
values are similar to the values mentioned in [I]. These years were chosen such
that both minimum and maximum phase of solar cycle are covered and there
is an overlap between the data sets used here(1986-2010) and [1](1975-2001).
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Figure 2.6: Waiting-time distribution 1987. (a) Above graph shows time
stamp(min) for waiting time with bar height showing the waiting time . (b)
Below graph shows the distribution of waiting times.Slope of the line is 1.6 .
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Figure 2.7: Waiting-time distribution 1989. (a) Above graph shows time
stamp(min) for waiting time with bar height showing the waiting time . (b)
Below graph shows the distribution of waiting times.Slope of the line is 1.4 .
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Figure 2.8: Waiting-time distribution 1991. (a) Above graph shows time
stamp(min) for waiting times with bar height showing the waiting time . (b)
Below graph shows the distribution of waiting times.Slope of the line is 3.4 .
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Chapter 3

First difference of the time series

The first difference of the time series is the difference between intensities of
consecutive time steps. For this study we took first difference recursively
over same data set. The first difference represents the actual fluctuations
in the data but each recursion results in loss of data points. Taking first
difference recursively is similar to recursively taking differential of the same
function. By analysing multiple levels of first difference we should be able to
understand the overall process generating the time series.

3.1 Frequency Distribution of first differences

We calculated frequency distribution of first differences for each year of the
available data and also for multiple years stacked together. We used long
channel X-ray flux for first differences. The first difference is symmetrical
for positive and negative first differences as seen in figure 3.1 which shows
first difference as a function of time and also retaining the sign of the value.
Figure 3.2 shows the same dataset with application of sign after taking log
of the magnitude. Because of this symmetry we can use the absolute value
of first difference for further analysis.
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Figure 3.1: First Difference 1988. Time series
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Figure 3.3: Frequency distribution for 1988.Frequency distribution of
first difference of 1988 in log scale.
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of first difference from 1987 to 1997 in log scale.
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Figure 3.5: Frequency distribution for 17 years.Frequency distribution
of first difference from 1986 to 2002 in log scale.

3.1.1 Note on frequency distribution of First differences

From the above graphs we can conclude that a unique pattern exists within
the distribution of first differences. This pattern is invariant over time and
also over different phases of solar cycle.At least a part of the distribution
follows power law as is evident from the following graphs.
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3.1.2 Note on Power law index of of First differences

We have calculated the power law index for the year 1988 for the original time
series as well as for the series generated by taking first difference recursively
three times. The power law index drops from 1.5 to 1.2 for first difference
and then drops to 1 for next first difference and then remains stable at that

value.
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Figure 3.6: Frequency distribution on log scale. Original time series for
the year 1988.Power law index is 1.5 .
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The changes in power law index from the original time series(fig 3.6) to
its first difference (fig 3.7) indicates that the first difference is more evenly
distributed(magnitude of intensity) than the original series which follows for
the next first difference(fig. 3.8) also. But when we take the first difference
one more time the power law index remains the same(fig 3.9). Fig. 3.10
shows dataset at same level as fig. 3.9 but for the year 1989.The power law
index for 1989 for the original series is 1.29(fig. 2.2). From here we see that
the power law index changes for the original time series for the two years(1988
and 1989) but after taking first differences 3 times the resultant dataset has
same power law index. This can be interpreted in two ways:

1 The effect of solar cycle diminishes at this level. This also means that
the solar x-ray flux is controlled by atleast two separate processes. One
controlling the base flux and one generating the solar cycle.

2 The solar cycle is a result of different datasets generated from same
fluctuation data. Since the distribution of the base fluctuation doesn’t
change,the different flux levels at different periods of solar cycle must
be generated through different combinations of base fluctuations.
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Chapter 4

Fluctuation analysis

To further analyse the fluctuation in the data we calculated DFA (Detrended
Fluctuation Analysis) exponent for our data sets. This also gave us an
overview of correlation and its length within the time series. Since we have
a non-stationary time series calculating autocorrelation directly is quite dif-
ficult.

4.1 DFA

Detrended Fluctuation Analysis is an analysis method that reduces the effects
of scaling within the data due to non-stationary mean.
For a time series z;(i = 1..N) we calculate,

y(i) =Y la; — (@) (4.1)

J=1

where (x) is the mean of the time series. Next, y(i) is partitioned into n
boxes. Each box is fitted with a local trend y,(i). Subtracting vy, (i) from
y(i) gives us the detrended time series Y,, (7).

Yo (i) = y(i) = yn(i) (4.2)

Next we calculate the rms fluctuation F'(n),

j=1
For time series with power law correlations,

F(n) ~ n® (4.4)
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where a is the DFA exponent or scaling exponent. For a = 0.5 the time
series is uncorrelated (white noise),oc > 0.5 the time series has long range
correlation, o < 0.5 the time series has short range correlation and a = 1
the time series has infinite correlation length(1/f noise).

4.1.1 Note on DFA exponents

The following graphs show the DFA exponent for the original series and the
corresponding first differences. There are several conclusions we can draw
from this:

1 The DFA exponent for the original time series revolves around 1.0 which
means the correlation length for the original time series is infinite.

2 The DFA exponent has an exponential decay as we recursively take first
difference and calculate DFA for the new series. This seen from figure
4.2 which shows different levels of first difference along with boxes for
90 and 75 percentile of the median value. This is to show the number
of outliers from the trend which comes out to be very few(2-3 in 62).

3 The DFA exponents for the the first differences along with the original
series vary in different amounts but exhibit similar pattern. Figure 4.3
shows the trend for dfa exponent for different satellites over the years.
Since dfa exponent can be used as a measure for correlation within the
data, it can safely assumed that the correlation length for the original
series and the first differences also follow the same trend.
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Chapter 5

Discussion

We started by analysing original series and calculating the power law indexes.
Previously, the power law index for solar radiation flux has been treated as
a constant and stating the fluctuations as deviation from the standard value
but in our result we saw that not only the fluctuations are large they depend
on the solar cycle and vary accordingly.

We didn’t see any difference in waiting time distribution from the previ-
ously reported result. By recursively taking first difference we observed
that the underlying structure of the radiation flux also follows power law and
has long range correlation. Also after three levels of recursively calculating
first difference the power law index stabilizes. The existence of 1/f noise
in the original time series proves that all prediction systems depending on
sample data set can never completely predict solar radiation flux as the one
mentioned in [2]. But same can be applied to first difference as both follow
power law and moreover first differences have finite correlation length and
less fluctuation in the data.
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