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1 Non-stationary noise in LIGO

Data from the LIGO detectors typically contain non-Gaussian and non-stationary noise which arise
due to instrumental and environmental conditions. This non-stationary noise implies a time varia-
tions of the LIGO detectors sensitivity.

Operating the LIGO detectors at the sensitivity needed for gravitational-wave detection requires
a large number of control loops and sensors to precisely control and monitor the instrumentation
and environment. The channels that continually record information from those sensors allow to
analyze the problematic variations in the sensitivity of the detector. However, due to the com-
plexity of the system, the number of auxiliary sensor channels is around hundreds of thousands.
The LIGO auxiliary channels include microphones, seismometers, magnetometers, photo-diodes,
Voltage monitors, etc.

Searching through such a large amount of data to determine which sensors are most highly cor-
related with variations in the considered frequency range is an important and difficult challenge.
Characterizing these correlations from the data and improving the background of LIGOs searches
is crucial for reducing non-stationarity in the detectors and increasing the statistical significance of
gravitational-wave candidate events.

2 Computation of BLRMS and multi-dimensional linear re-
gression

To perform quantitative analysis on the noise variations over time, it is useful to compute the band-
limited RMS (BLRMS), that is the total power of the noise in a limited frequency band [1]. If this
computation is performed periodically it is possible to track the time evolution of the noise.

In this way, considering n frequency bands and chosing a suitable time window ¢ for the averaging
of the power spectrum and a time 7 as the sampling rate to compute the BLRMS, the results are n
new signals which give the noise power in each band as a function of time [2].

Once the n frequency bands have been selected, the time evolution of the BLRMS can be analyzed.
In this time evolution, glitches could be observed. A glitch is a high-amplitude, short-duration
excursion of unknown origin in the control loop used to sense the differential motion of the inter-
ferometer arms, which is calibrated to produce GW strain data [3]]. To identify glitches, for each
point the median value is computed and a dispersion (a sort of standard deviation of the data, but
using median instead of mean) in a chosen time band. It is used the median value and not the mean
value because the first is less dependent to the value of the glitch.

In this way, it is possible to put a threshold (median plus three times this “median-based-standard-
deviation”) on the BLRMS value to identify glitches and reject them using an interpolated value.
Using the same procedure, it is possible to identify lines, that are strong sinusoidal contribution at
a given frequency in the GW power spectrum. The BLRMS of a band containing a line might be
completely dominated by the power in the line itself [[1]. Therefore every fluctuation of the noise
floor is hidden by the line amplitude.

Since the aim is to analyze the non-stationary noise floor on long time scales (approximately days),
glitches and lines are not relevant in this context. As in the same way of glitches, lines can be ex-

page 1



LIGO-T1900398-v1
Draft

cluded and BLRMS can be computed over frequencies excluding the lines.

Obtaining the time evolution of the BLRMS, that is already computed [2], for a certain frequency
band without glitches and lines is a first step toward finding correlation between the noise varia-
tion and auxiliary channels. The next step is the use of statistical method to verify these potential
correlations, in particular applying a multi-dimensional linear regression.

The values at N different times y; of the BLRMS in a given band can be viewed as the noisy version
of a linear combination of the k auxiliary channels measured at the same times x...x 1...v [4],

yi = Bo+Prxri+ -+ Prxr, + &, (1)

where the unknown coefficients 3 have to be estimated and € is a source of additional noise, as-
sumed to be normally distributed and considered as coming from the measurement of the y or also
from the auxiliary channels. Therefore the hypothesis is that the input x signals are deterministic
and that the output is a random variable given by an unknown linear combination of the x plus
some random noise. The best estimation of the coefficients is obtained by minimization of the sum
of squared errors and if all the auxiliary signals are linearly independent, there is a unique solution.
This technique is useful to understand which amount of the total noise non-stationarity can actu-
ally be predicted from a given set of auxiliary channels but it is easy to show that in some cases,
standard linear regression can fail.

Combining some input signals, a standard linear regression can be performed to compare the esti-
mated coefficients to the real ones. If there is some background noise, the regression coefficients
are close to the real ones, but some other random coefficients also can get large. In addition, in the
case of no-correlated input signals, a good recontruction can be obtained if the number of signals
is large enough.

Because of the great number of auxiliary channels in the LIGO detector, this problem of “overfit-
ting” must be considered.

3 Goals for this project

To conclude, my work will analyze the noise non-stationarity on long time scales using the BLRMS
and the correlations with the auxiliary channels of the detector via linear regression. Overfitting
problems could occur due to the high number of auxiliary channels and solutions must be found.
Overfitting problems are also common in machine learning and probably it could be useful to
consider some consolidated techniques in this field to figure out these problems, like regularization
or dimensionality reduction.

Similar analysis can be found, for example, in [S] where it is described an algorithm that uses linear
regression, namely LASSO (least absolute shrinkage and selection operator) regression, to analyze
all of the auxiliary channels and identify a small subset of them that can be used to reconstruct
variations in LIGO’s astrophysical range.

In this context, my work can start analyzing a small subset of the auxiliary channels in order to
implement a multidimensional linear regression. Then later, this subset can be enlarged to check
the computational cost of the analisys.

Starting from BLRMS segments, the aims of the works are to find solutions to overfitting problems
with a particular attention to the computational cost of the analisys in order to evaluate correlations
between the time evolution of the noise and other detector channels.
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Table 1: Planning

Weeks Aims

Study of the Python code to create the BLRMSs
and of the time evolution in different band.
Analysis of small subsets of the auxiliary channels
in order to apply the linear regression method.
Study of the correlated auxiliary channels in the
week4 - week7 | chosen frequency bands and test of possible idea
to reduce overfitting using simulated data.

week8 - week10 | Application of the proposed solutions to real data.

week1

week2 - week3

4 Plan

In the Table|l} a general plan for the ten weeks work is described.
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