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Abstract
The Laser Interferometer Gravitational-wave Observatory (LIGO) is currently building

three long baseline interferometers at two sites with the goal of detecting gravitational waves
from astrophysical objects. Electromagnetic radiation caused by lighting may generate
coincidence events which mimic real burst events. The goal of this project is to determine both
how lightning strikes of differing peak currents and distances are detected by magnetometers
installed at both sites and how this information can be used to veto coincidence events. The
magnetometer data was scanned for spikes associated with known events, and the relationships
between signal strength, distance, and peak current examined. A “glitch” finder was then
developed to search for impulses in the 60 Hz contaminated magnetometer signal. Events
flagged as possible lightning strikes during LIGO’s fourth engineering run are compared to a data
set obtained from Global Atmospherics Inc. cataloging all cloud-to-ground lightning strikes for

the run.

Introduction
Motivation/LIGO

The Laser Interferometer Gravitational-wave Observatory (LIGO) is currently developing
three long baseline interferometers for use in the detection of gravitational waves. LIGO Hanford
Observatory (LHO) contains two of the three interferometers. The third resides in LIGO
Livingston Observatory (LLO).

General Relativity predicts that changing mass distributions create traveling ripples in
space-time, termed gravitational waves. The nature of these waves is such that one traveling
perpendicular to a ring of mass will cause the ring to oscillate between stretching along the x-axis
and stretching along the y-axis. A LIGO type interferometer hopes to detect this distortion as a
differential change in the lengths of two perpendicular interferometer arms. Several classes of
astronomical objects are suspected to create gravitational waves with enough strength to be
detected on the Earth. Among them are compact binary stars, super massive black holes,
supernovae, and inspiralling massive objects. The capability to detect gravitational waves would
enhance the understanding of such objects."!

To ensure that an interferometer signal is the result of a passing gravitational wave, all
noise sources must be eliminated. Due to the high volume of electronic systems, electromagnetic
radiation has the potential to create an event at one of the detectors. One purpose of three
interferometers is to guard against false events. Were an event to be detected on one, but not all,

of the interferometers, it would be discarded as local noise. However, electromagnetic radiation



travels at the speed of light, as do gravitational waves, and signals from lightning are known to
travel many times the 3000 km between the two LIGO sites. Therefore EM radiation caused by
lightning has the potential to affect both sites and may generate coincidence events mimicking

real burst events.

Lightning

A lightning event is composed of either one or several cloud-to-ground, intracloud, or
cloud-to-cloud strikes. In a study done near NASA Kennedy Space Center, Florida, cloud-to-
ground strikes made up 30-40% of the observed lightning strikes while over half were intracloud.
The ratio of intracloud to cloud-to-ground lightning varies with location, in general decreasing
with distance from the equator. There are two general classes of strikes, those that carry negative
charge and those that carry positive charge. Roughly 90% of all cloud-to-ground strikes are
negative strikes. During summer thunderstorms, the fraction of positive discharges increases
with increasing latitude. Louisiana sees 60-80 thunderstorm days in a year while south central
Washington sees 5-20, where a thunderstorm day is defines for a given location as a day on which
thunder can be heard."”’

A lightning strike begins with a leader, the initial plasma channel that grows between the
cloud and the ground. A step-wise leader grows in short bursts, which vary in length from 10 to
200m, with breaks, 30-90 us, between steps. This is in opposition to a continuous leader that
grows continuously from cloud to ground. Once a strike hits ground a return strike is initiated
that brings neutralizing charge up into the cloud. It is at this stage that peak currents are seen. A
lingering current can remain in the plasma channel for a fraction of a second after a strike. Any
secondary strikes follow the path of the first leader and develop continuously. Negative lightning
events usually originate low in the cloud, propagate towards the ground via step-wise leaders, and
can be composed of several strikes. Positive lightning events originate higher in the
thundercloud, tend to have a continuously propagating leader, and are typically composed of only
one strike.""

The electromagnetic field produced by lightning has three components, electrostatic,
magnetostatic, and electromagnetic radiation. During a return stroke, a charged leader travels
back up towards the cloud both acting to alter the charge structure of the channel and serving as a
current wave front. The conducting earth creates a changing positive mirror charge. This gives
rise to an electric dipole and a corresponding electric field. Variations in this dipole moment give
rise to electromagnetic waves. A magnetic field is produced that is proportional to the current in

the channel and the channel’s length. The electrostatic component varies with distance as r ~, the



magnetostatic as r '2, and the radiative as r . In the near region, r less than 15-20km, the electric
field dominates. Beyond this the field is dominated by the electromagnetic radiation
component.”! The strength of the electromagnetic field produced is proportional to the change in
the current, di/dt, during the return stroke. There is evidence to the effect that both large and
small return stroke currents have roughly the same field rise times. Given this strokes with larger
peak currents will have larger values of di/dr."”

The strongest field strengths are seen within 1 km from the strike. At this point, the static
electric field is the greatest contributor to the field. The electric field reaches typical values of
0.5-1.0 kV/m for the first return stroke. This varies with current and has a standard deviation as
high as 35-70%. The magnetic induction here can be as high as 10 UT, a strength that is
comparable to the radiation component of the field. At 100 km the static components are almost
completely damped. Here, electric fields are on the order of 1-10 V/m and the magnetic field

gives H values of 0.001 to 0.01 A/m.""!

Lightning Detection

A lightning strike is an impulsive event. By impulsive it is meant that it is brief in time
and therefore broad in frequency. The signal from a lightning strike is strongest near 5 kHz and
decreases with both increasing and decreasing frequency.” Those who listen to natural radio
classify lightning signals into three categories, sferics, whistlers, and tweaks. A sferic is a brief
signal that appears in a spectrogram as a tall narrow band. Tweaks have traveled some great
distance, been dispersed, and appear first at high frequencies and fall quickly through the lower
frequencies. A whistler has traveled an even greater distance and the frequencies have been
further separated. Sferics last milliseconds, tweaks hundreds of a second, and whistlers can last
up to 4 seconds. In order for whistlers to achieve this degree of dispersion, they must travel
several times the circumference of Earth. They do this by becoming trapped in the Earth’s
magnetic field lines.”! Therefore, it is the shorter duration sferics and tweaks that will associate

closely with a particular strike event.

Materials and Methods
National Lightning Detection Network

The NLDN operates 47 gated wide-band magnetic direction finders with GPS pulse
timing and 59 time of arrival sensors across the continental United States. They are stationed
such that there is an 80-90% certainty that a first stroke within range with peak current equal to or

greater than 5 kA will be detected. It is thought that upwards of 95% of all negative strikes reach



peak currents greater than 5 kA. Time, location, polarity, strike strength, and multiplicity are
measured and recorded for all detected strikes. The reported flash time corresponds to the time of
onset of the first return stroke. This time can be measured with precision down to about Sus.
Error in location is dependent on the strength of the strike and the strikes location relative to
sensors. The quoted median accuracy over the continental United States is approximately 500m.
Peak current values have uncertainties of 20-30%.'

LIGO has purchased several months of lightning data from the NLDN, including

location, given as latitude and longitude, polarity, peak current in kA, multiplicity, and time to the

second in GMT. Each strike was represented by a line of data in the following form.

dd/mm/yy  hh:mm:ss latitude longitude peak current kA multiplicity
Ex. 11/05/01 06:51:23 35.598 -101.169 -25.0kA 2

This data was transformed into time in GPS seconds and distance from the magnetometer in km.
The distance conversion was done assuming that the earth is a perfect sphere with a radius of
6350km. The error introduced by uncertainty in magnetometer position and by assuming a round
earth is roughly .2%, or 2 m to the kilometer. This is less than the 500 m uncertainty quoted for
the NLDN location for distances less than 250 km.

LIGO’s Magnetometers

LIGO has two classes of magnetometers monitoring the magnetic fields surrounding the
two detectors, 3-axis Barington flux gate magnetometers and a more sensitive arrangement
consisting of large coil magnetometers. The focus for this paper was a Barington magnetometer
in the x-end station at LLO. The x-end station is a building at the end of the 4 km interferometer
arm that points in the x direction. X is defined by a right handed coordinate system in which z
points perpendicular to the earth’s surface. All data used for this project correspond to LIGO’s
fourth engineering run from May 11" to May 13" 2001.

The Barinigton magnetometer has a range of £100 uT. The output voltage is directly
proportional to the axial component of the total field until it swings to within 1V of the supply
voltage. At this point the signal saturates. When the total signal is calculated from the three arms
there is some error due to a lack of orthogonality between the three lines. However, this error is
less than one percent. The voltage reading is transformed to ADC (analog-to-digital converter)

counts when it is digitized. The Barington magnetometers have a bandwidth of 3 kHz, starting at



DC. The amplitude and phase response of the sensors is relatively flat up to 1 kHz, at which
point the amplitude response begins dropping and the phase begins to lag."”

To investigate the relationships between magnetometer signal strength, distance, and
peak current, the signal from several known strikes was found in the time series data from the

Barington magnetometer

Writing and Testing of a Glitch Finder

A program was written to search the magnetometer data for signals from lightning
strikes. This ‘glitch finder’ takes as input the time series signal from each of the three axis of the
flux gate magnetometer and outputs that GPS time of possible lightning strikes.

The first step that the glitch finder takes is transforming the signal from the three axes
into one time series that is the vector sum of the three signals. The time series is then cut into
tenth second intervals. A pre-existing Fast Fourier Transform (FFT) class was used to compute a
power sum across several thin frequency bands away from the 60 Hz power line noise. The

frequency bands and the code that generates the power signal for each 0.1s are given below.

double pwr =
sqgrt(  fsN->Power(80 ,100)+fsN->Power(140,160)
+fsN->Power(205,215)+fsN->Power(265,275)
+fsN->Power(325,335)+fsN->Power(385,395)
+fsN->Power(445,455)+fsN->Power(505,515) );

Here fsN is the Fourier transform of the tenth second time series and Power is a member function
of the FFT class that returns the power present in the given interval.

The glitch finder searches for statistically significant spikes in the power signal. To do
this a running average and standard deviation are kept over the latest 2.5s and each new time step
is compared to these measures before it is included in the average or standard deviation. This
comparison consists of computing the number of standard deviations away from the average each
new step sits. If a step is greater than 50, it is flagged as an event. When this occurs the average
and standard deviation are not recomputed.

To limit the number of computations needed to compute the average and standard

deviation at each point the following identities were used.

P 1
Xpew = Xold +F(Xnew _Xold)



Over time the average x and x> values drift slightly. To adjust for this, both were
recalculated from the full 2.5s series every 120 seconds, 1200 steps. It is also possible that for
certain series this method will result in an attempt to take the square root of a negative number.
To guard against this the function that calculates sigma checks the sign of 6° before taking the
root and will return the negative value instead of the square if a negative 6~ is found. When this
is the case the averages are again recomputed from the original data array and used to compute
sigma. In order to allow for these two adjustments an array containing the most recent 2.5s of
signal is maintained at all steps.

After the glitch finder was written, it was run over the first two days of magnetometer
data from the fourth engineering run. The number of correlations between the catalog and the

glitch finder output was then counted to test the accuracy and efficiency of the code.

FFT’s and Filtering

The glitch finder used a Fast Fourier Transform (FFT) in order to filter out 60 Hz and
harmonics noise due to power lines. These transforms were not performed on an infinite time
series but on a tenth second time series, resulting in a spreading of each signal in the frequency
domain. The smaller the time step cut, the larger the spread in the frequency range. The window
used to cut the time series before the transform is termed a hanning window. In the frequency
domain this corresponds to a convolution with a bell-like curve that has a full width at half max
of the inverse of the time step transformed. For the tenth second time step, this results in the lines
from the power line noise having a full width half max of 10 Hz.

An FFT performs a Fourier transform on a discrete time series. When a discrete
transform is done, the frequency range is limited by the number of samples recorded per second.
This effect is quantized by the Nyquist theorem which states that for a signal sampled at N times
a second, the maximum frequency that can be distinguished corresponds to N/2 Hz. If
frequencies above this point exist, they will be ‘aliased” into a lower frequency within range."
The LIGO magnetometers are sampled 2048 times a second, placing an upper limit on the
frequency range of roughly 1kHz. The signal from the magnetometer is run through an analog

filter to eliminate all signals above this frequency before it is sampled to prevent any aliasing.

Results
All data can be found in (tables 1- 12).



Discussion
Signal vs. Distance and Peak Current

Strikes appear as a sharp peak or trough in the time series from these magnetometers. In
the frequency domain this corresponds to a raise in power across the spectrum for the time
duration of the event (fig. 1). A typical signal from lightning as seen in LIGO’s magnetometers
has a duration of 0.005s and a magnetometer signal between 500-4000 counts.

Three types of data sets were assembled of the magnetometer signal size of several
known lightning strikes from the NLDN data. The first data sets contained strikes with similar
peak currents, within 5% of the mean, and differing distances, the second sets contains strikes
with similar distances, also within 5% of the mean, and differing peak currents, the final set
consisted of strikes of all distances and peak currents in which the relationship between
magnetometer signal and i/r was examined. Within these data sets negative and positive strikes
were distinguished from each other and plotted separately. This was done as positive strikes, in
general, register stronger than negative strikes. The recorded strikes can be seen in (tables 1-9)

A power fit was made to each of the data sets by first linearizing the data and then
performing a linear regression. Error in distance, peak-current, and magnetometer signal is
assumed to be random rather than systematic. Therefore error in dependencies was simply taken
as the error in the fits. Plots made for the various sets are in (figs 2-6). Each individual fit is
given in (table10). For negative strikes the following dependencies were seen.

-1.3+0.3 :1.0%0.5 i \1.0£0.1
r i (1)

9

Positive strikes showed dependencies of

—-0.92+0.05 -1.2+0.2 i\1.11£0.09
r i ,(£)

2 r

These observed dependencies justify classifying lightning strikes by their i/r values. For
distances greater than 10 km the uncertainty in i/r is heavily dominated by the uncertainty in the
peak current and will be a 20-30%. For distances below this the 500 m mean error in distance

begins to dominate and the percent error will increase with decreasing distance.

Glitch Finder Efficiency
A sample strike as seen by the glitch finder is displayed in (fig. 7).
When the glitch finder was run over the first two days of data from the E4 run, a sigma

value was recorded for each second known to contain a lightning strike along with the i/r value



