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Abstract

LIGO (Laser Interferometer Gravitational wave Observatory) seeks to open a new avenue to explore the universe by detecting gravitational radiation from extra-terrestrial sources. Gravitational waves from astrophysical sources can be broadly classified into four categories: bursts, chirps, periodic waves and stochastic waves. Bursts are 
emissions from localized sources in the sky whose precise waveforms are difficult to predict in advance, so that matched filtering techniques are not useful. The classical methodology adopted to detect bursts is to identify peaks of excess power 
in the sensitive frequency bands of the data stream and then localize the analysis around these peaks in order to rule out the possibility of the burst being the result of noise. This paper explores the possibility of using the coherence function (between the gravitational wave streams) as a statistic to further analyze the burst peaks. The paper also seeks to identify the optimal value of the coherence function statistic which minimizes the fake rate of detection while maintaining an acceptable level of efficiency of detection. This paper also seeks to quantitatively verify claims that the laser frequency noise and spacecraft displacement noise of the proposed LISA mission are suppressed using different combinations of measured quantities in time-delay interferometry.
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Current Status: 

(1) The first goal of my SURF project was to inject simulated gravitational wave burst signals into the LIGO data stream and use the results of the simulations to verify the linear relationship between the interferometer’s response and the amplitude of the injected signal. The analysis was primarily performed in ROOT [1] (a real time C++ interpreter) using Event Tools[2] (an interface of classes created by LIGO to enable easy manipulation of the LIGO data). The final fit of the data to a linear graph was made by using the Curve Fit utility (a Mathematica program written by Anastasios Vayonakis in collaboration with Don Skelton [3]). The results were indeed linear (as expected) and have been summarized below
: 
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(2) The Antenna Pattern of an interferometer is a function which when represented as a function of the polar and azimuthal angles gives the response of the interferometer to a gravitational wave incident on the interferometer from the direction of the unit vector specified by the angles with the “+” polarization. I calculated the Antenna Pattern of an interferometer as a function of the angle between the interferometer’s arms. The antenna patterns (for the common mode, differential mode, ETMx and ETMy modes) were then plotted for the special cases where the angle between the interferometer arms is 90 degrees (as in the case of LIGO) and 60 degrees (the expected angle between the arms formed by the LISA space-craft). The plots of the antenna patterns are given below
: 
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(3) Meanwhile, I have been making steady progress on the primary goal of my SURF project, namely, evaluating the coherence function as a cross-correlation statistic in order to identify gravitational wave bursts. The statistic used (which will be called as the coherence function statistic) was the integral of the coherence function between the Livingston 4 KM arm interferometer (L1) and the Hanford 2 KM arm interferometer (H2) gravitational wave streams integrated between carefully chosen limits (the choice of limits is explained below). 

The distribution of the coherence function statistic in the LIGO data stream was first estimated by using the data gathered during the LIGO Engineering Run 7 
(E7)[4] from L1 and H2. The data was made available to me in the “ilwd” (or LIGO lightweight  data format, which is essentially HTML) format from LDAS-MIT (a Beowulf cluster at MIT which is a part of the LIGO Data Analysis System or LDAS)[5]. 
Each “ilwd” file contained 360 seconds of whitened data sampled at a rate of 16 KHz. For my analysis, I split the data into 360 one-second intervals after resampling the data at 4 KHz (in order to reduce the size of the data sets to levels that can be efficiently handled by Matlab). Since the data is sampled at 4 KHz, the Nyquist frequency is 2KHz and therefore we cannot get information about any frequency above 2 KHz due to aliasing effects
. 

After estimating the distribution of the coherence function statistic in the raw E7 data, 1 second burst signals produced by Zwerger Muller supernovae [6] 
were added to the raw E7 data. The Zwerger Muller waveforms were passed through the transfer functions of the L1 and H2 interferometers, 
whitened 
and then resampled at 4Khz before being added to the respective interferometer data streams. The transfer functions of the L1 and H2 interferometers were obtained from the E7 website[4]. The distribution of the coherence function statistic after the signal injection was then estimated. From the plots of the coherence function between the gravitational wave channels of LI and H2 before and after the injection of the Zwerger Muller bursts, the limits of integration required to arrive at the coherence function statistic were chosen so as to incorporate the segment in the frequency space where the coherence functions before and after injection are maximally different (see plots below)
. 

[image: image14.jpg]0.9

0.8

0.7

Coherence
e e
wm (2]

o
=

03

0.2

0.1

ZM Waveform/Type 42, Distance 1 Parsec.

Coherence Function between L1
and H2after Signal adition

Coherence Function between

L1 and H2 before signal
addition

I
500

Il L 1 4 L Il
1000 1500 2000
Frequency

2500




[image: image15.jpg]Coherence

o
=

0.9

0.8

0.7

0.6

=
w

03

0.2

0.1

ZM Waveform/Type 78, Distance 1 Parsec.

Coherence between L1 and H2 after
signal addition

Coherence function between L1 and H2
_/ before signal addition

I I ¥ I
1000 1500 2000

Frequency





Based on the plots of the coherence function, I decided to integrate the coherence function between 300 Hz and 1200 Hz in order to arrive at the coherence function statistic.  The idea behind this enterprise is to superimpose the two distributions in the hope of identifying a point which can then be used to identify fake bursts while maintaining an acceptable efficiency of gravitational wave burst detection. I have written Matlab code which automates the above process and produces fake rate and efficiency levels for various thresholds of the coherence function statistic
. The code also generates data that can be used to arrive at an Efficiency of Detection Vs Distance of Zwerger Muller Supernova curve as well as to provide enough data to infer the relationship between the separation of the coherence function statistic peaks before and after signal injection, as a function of the injected signal strength. The code is currently being executed and the initial results are quite encouraging (see plots below). I hope to complete this project by the end of July. 
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Goals for August: 


For the rest of the summer, I will be concentrating on an entirely different problem based on the proposed LISA mission. The LISA mission detects gravitational waves by measuring the changes in frequency produced by a gravitational wave as it passes through the three LISA spacecraft. Since the Laser frequency noise of the LISA spacecraft are orders of magnitude higher than the predicted frequency shifts caused due to gravitational waves, we need a method to effectively handle this Laser frequency noise in order to detect gravitational waves. Laser frequency noise is easily handled in equal arm interferometers wherein the laser noise is exactly cancelled as a consequence of the geometry of the interferometer. However, it is impossible to maintain the three LISA spacecraft in a configuration such that the arm lengths between the spacecraft remain equal throughout the expected duration of the mission. Armstrong, Tinto and Estabrook have demonstrated (in papers (7), (8), (9)) that we can completely cancel the Laser frequency and spacecraft motion noise by choosing suitable combinations of the LISA data. The goal of my project will be to quantitatively verify this claim by creating a simulation of LISA which will incorporate Laser and spacecraft motion noise
. 

Surjeet Rajendran

Mentor: Dr. Alan Weinstein 

Co-Mentor: Dr. Dennis Ugolini

Signature: 

References: 

(1) The ROOT System Homepage at http://root.cern.ch/root/
(2) Laura Cadonati’s Quick Start Guide to Event Tools at http://emvogil-3.mit.edu/~cadonati/EventTool/quickstart/quickstart.html#event1
(3) Curvefit utility at http://www.its.caltech.edu/~ph6/downloads.html
(4) LIGO Engineering Run 7 (http://blue.ligo-wa.caltech.edu/engrun/E7/)

(5) LDAS-MIT: http://ldas.mit.edu
(6) Dynamics and gravitational wave signature of axisymmetric rotational core collapse by T. Zwerger and E. Muller, Astronomy and Astrophysics (1997)

(7) Time-delay analysis of LISA gravitational wave data: Elimination of space craft motion effects by F.B. Estabrook, Massimo Tinto and J.W. Armstrong, Physical Review D, Volume 62 042002.

(8) Time-Delay inteferometry for space-based Gravitational Wave Searches by J.W. Armstrong, F.B.Estabrook and Massimo Tinto, The Astrophysical Journal, 527:814-826, 1999 December 20

(9) Cancellation of Laser Noise in an unequal-arm interferometer detector of gravitational radiation by Massimo Tinto and J.W. Armstrong, Physical Review D, Volume 49, 102003 

�PAGE \# "'Page: '#'�'"  ��You mean, they come from localized sources in the sky.


�PAGE \# "'Page: '#'�'"  ��Peaks of excess power in sensitive frequency bands


�PAGE \# "'Page: '#'�'"  ��Plots, figures, illustrations. Show the data streams. The noise spectra. The interesting frequency bands. The correlation spectra. Explain the 2 sites. Explain the as_Q data stream. Talk about vetos. Coincidences. What is the coincidence window? Will it screw up your cross-correlation statistic? Etc.
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