DETECTION OF CHRISTODOULOU MEMORY FROM EMRI’S BY LISA: SIGNAL PROCESSING
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Introduction

According to Kip Thorne (one of the leading physicists in the field of gravitational waves), observing the Christodoulou memory is one of the scientific goals we are expecting to accomplish with LISA data analysis.

The Christodoulou memory is generated by a gravitational wave (since gravitational waves carry energy, they also have mass. The flux of this mass generates its own gravitational wave). EMRIs (Extreme Mass Ratio Inspirals – such as stellar-mass sized objects spiralling into supermassive black holes, or SMBHs) are supposed to be a good source of gravitational waves for space-based detectors like LISA. More specifically, we are looking at a binary system of a SMBH that has a mass of 106 solar masses or more, and a much smaller BH of just one solar mass.

While ground-based detectors such as LIGO are unlikely to detect the Christodoulou memory, it has been proposed that LISA might be able to do so (cite Kennefick 1996).
Methodology
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We are using Thorne’s formula to model the memory function in the time domain h(t) with the following expression  (in geometrized units, where G=c=1):

Since our goal is to see whether LISA could detect the Christodoulou memory, we are interested in the best-case scenario – that is, when the inclination angle of the binary system, as seen from Earth, is Thus, we can approximate the formula above as:
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Below is a graph of the Christodoulou memory from a BH spiralling into a SMBH (Kennefick, 1994). Positive time is the time before coalescence. The memory grows as the two black holes get closer, and stays constant after they collide.
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Figure 1. Memory from BH-SMBH binary system.
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The goal is to produce a filter function (k(t)), which would let through a signal while blocking as much noise as possible. For our study, we are using the Weiner Optimal Filter, which is a function of the form:

In order to get k(t) – that is, convert the function from the frequency domain to the time domain – one has to perform an inverse Fourier transform on 
[image: image14.emf].

The Sh(f)  function in the previous formula is the LISA noise spectrum, which can be approximated as:
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where hm = 3 x 1023, f1 = 10-3 Hz and f2 = 10-1 Hz.
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The signal-to-noise ratio (S/N) determines whether the signal can be detected by LISA. It is given by:

F+ in the function above is the so-called “quadrupolar antenna beam pattern function” which shows how well we can the signal depending on the location of the source (the best location being either directly overhead or directly below the detector). Again, since we are looking at the best-case scenario, we are assuming F+ = 1.

By looking at the S/N value, we can tell how probable is it that the signal we are looking at is in fact that of the Christodoulou memory, and not some kind of noise. If S/N = 3 then the chance that the apparent signal is the result of random Guassian noise in the detector is only 0.25%, which seems reasonable grounds for detection, considering that the detector should also have seen the main part of the gravitational wave signal from the same source at the same time.

We used FFT routines in Fortran to convert functions from time to frequency domain (and vice versa) (Press et al, 1992).
Ongoing Research
The case we are primarily interested in is a SMBH-BH (106 and 1 solar masses respectively) binary system, which is 200 Mpc away from us. We are looking at the last 50 seconds before coalescence occurs (the positive and the negative time being the time before and after coalescence respectively).

The cut-off time (that is, the time when the growth of the Christodoulou memory is cut off by the two black holes merging into each other) has not been computed yet. For now, we are using tk = 1 to estimate it (which means that the two black holes touch each other 1 sec before their centres collide).
Figure 2 shows the memory function in the frequency domain – that is, the Fourier transform of the h(t) function.
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Figure 2. Memory function in the frequency domain
The next step is dividing 
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by Sh(f) to get 
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 - the filter function in the frequency domain. As you might be able to see from the graph below, the filter is a function similar to the signal, only the frequencies that are noisy in the detector are suppressed (Kennefick, 1994).
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Figure 3. Filter function in a frequency domain
Future work
The next thing we are planning to do is deriving k(t) from 
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 with the help of an inverse FFT routine (Press et al, 1992). After that is done, we will use k(t) to compute the signal-to-noise ratio.
Since our code is supposed to work for different kinds of binary systems, we will be able to check its validity by computing the S/N value of a WD-WD binary and comparing that with an estimate, derived analytically from the following formula (Kennefick, 1994):
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where Mc = μ3/5 M2/5. While this approximation will not be valid for our case (SMBH-BH), it should be good for a number of other systems such as WD-WD and BH-NS. If the predicted numerical results agree with analytical estimates, we can reasonably believe that the value we get for SMBH-BH system is right also.
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