








Figure 5.9: Time series around loud high frequency glitch in ETMX

distinct features at different frequencies from the other suspensions at both sites, particularly in

the frequencies between 0.9 and 4 Hz.

To investigate the relationship between global interferometer control and the glitches seen

in suspensions channels, Omicron triggers were produced for the signals used for longitudinal

actuation on the Livingston suspensions from the interferometer feedback. Of all of the longitudinal

displacement transients in the upper intermediate stage of the main signal used for actuation from

the DARM degree of freedom (ETMY), 57% of the signals coincided with a trigger from the

actuation signal. For ITMY, which is used only in the alignment feedback loops, only 2.2% of the

displacement triggers occured during an actuation trigger.

Since the ITMY suspension is not part of the DARM length feedback loop, its transients are

more dependent on the characteristics of the suspension. For this reason, the ITMY suspension is

used for the later analysis. Even so, some of the louder ITMY longitudinal displacement triggers

are found to correlate with the interferometer feedback sent to actuate on the lower stages of

the suspension. For example, Figure 5.10 shows a bandpassed time series of the longitudinal
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Figure 5.10: A filtered time series in ITMY displacement and locking channels, showing a correla-
tion between actuation from the control signals and the resulting displacement of the suspension.
Longitudinal displacement are channels shown above, while the lower stage locking channels are
plotted below. The time series has been bandpassed around the frequency of the Omicron trigger
at the top stage, 2.5 Hz.

displacement channels as well as the locking signals used, around the time of a glitch found by

Omicron at the top stage with a frequency of 2.5 Hz and and SNR of 22.7.

5.2.3 Correlations between suspensions stages

An ROC curve was used to compare the transients found by Omicron in longitudinal degrees

of the different stages of the ITMY suspension. Figure 5.11 shows these correlations, plotted by

varying time coincidence window from 0 to 10 seconds. The percentages shown in this plot are

the fraction of the lower stage suspensions that are correlated with a glitch from the higher stages.

The correlation between the upper intermediate stage with the penultimate stage is significantly

higher than the correlation between either stage with the top stage. The main reason for this is

that the displacement sensed at the top stage is relative to the seismic isolation frame, whereas

the lower stages’ motion are measured with respect to the reaction chain suspension. As one can
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Figure 5.11: ROC curves showing correlations between Omicron triggers in different stages of the
ITMY suspension. Since the efficiency is significantly higher than the false alarm rate in each
comparison, these curves demonstrate that the coinciding transients correspond to physical motion
that is propagated through the suspension chain.

see from the ROC curve, a significant correlation is found even with smallest time window. With

a 0.1 second window, 66 % of the Omicron triggers from the third stage (L2) are correlated with

a trigger at the stage immediately above it (L1), with a rate of only 1.8% accidental coincidence.

These coincident triggers also make up a significant fraction (61%) of the total events at the L1

stage. This shows that these transients show real motion in the suspensions rather than just sensor

noise, which would be uncorrelated between different stages.

5.3 Propagation of motion transients

To characterize the effects of short duration disturbances in the upper stages of the suspensions

on the motion lower in the suspension chain, we need more than just the frequency domain models

usually used to characterize the suspensions. Simulink was used to model the response of a simple

pendulum to a sine-Gaussian input signal. It is important to note that the input signal is not a

pure sine wave at a single frequency, but rather a sine-Gaussian characterized by a peak frequency

while also containing broader frequency content. Therefore, the pendulum response more strongly
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attenuates the higher frequencies of the input signal, and the peak frequency of the resulting motion

is a mixture of the driving and the resonance frequencies, as demonstrated in Figure 5.12.

To examine the propagation of transients in Advanced LIGO suspensions and compare with

expected behavior, sine-Gaussian waveforms were physically injected in the Y-end quadruple sus-

pension (End Test Mass Y, or ETMY ) in the longitudinal direction using the top mass actuators,

with central frequencies ranging from 2 to 10 Hz.

The Omicron algorithm was used to characterize the resulting transients caused in the top stage

as well as in lower stages. Using a time window of 0.1 seconds, the number of injections coincident

with Omicron triggers in the lower stages was calculated. Figure 5.13 shows the amplitudes of the

injections that caused high enough amplitude motion in the lower stages to create an Omicron

trigger. Of the injections with an amplitude above 3.3 × 10−3 µm in the top stage, 91% were

coincident with a trigger at the next stage, while only 66% were coincident with a glitch in the

third stage However, of the injections at the top stage above an amplitude of 8.4× 10−3 µm, 97%

of the injections coincided with a trigger in the upper intermediate stage, and 90% correlated with

a trigger in the penultimate stage. As expected, only the higher amplitude injections propagated

down the suspensions chain at an amplitude large enough to be detected above the sensor noise by

the Omicron algorithm.

Figure 5.14 shows the ratio of the Omicron trigger amplitudes of the lower suspension stages to

the top stage for different frequencies, using the Omicron frequency estimate of the top stage trigger.

The solid lines show the frequency response of the suspensions as predicted by the quadruple

suspension models. One reason for apparent discrepancies from the model is variation of the

transient motion frequency between stages, as well as the fact that the motion at each stage is not

characterized by only a single frequency. To analyze this effect, time series of the injections were

examined individually to characterize the frequencies and amplitudes of the signals at each stage,

similar to the process used in analysis of the Simulink model shown in Figure 5.12.

Using a bandpass filter with a 1 Hz window around the injection frequency and finding the local

maxima and minima of the resulting time series, the peak frequency of the induced transient motion
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Figure 5.12: Modelled transient response of a simple pendulum to a sine-Gaussian injection.
Simulink was used to model a simple pendulum with a resonance at 2 Hz. A one-second 4 Hz
sine-Gaussian signal (top panel) was used as the input to show the response of the system (mid-
dle panel) compared with the input signal multiplied by the transfer function of the system at 4
Hz. Local maxima and minima of the time series can be used to calculate the frequency for each
half-cycle (bottom panel). This simulation shows that even for this simple model, the transient
response of the system deviates from the steady state frequency response at 4 Hz.
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Figure 5.13: Amplitude distribution of injections at the top stage of the suspension, for all injections
and for those coincident with lower stages. Histogram of the amplitude of top stage injections found
to be coincident with Omicron triggers at each stage (left) and the fraction of coincident triggers
above each amplitude threshold (right).

Figure 5.14: Ratio of amplitudes of injection Omicron triggers at lower stages to the top stage,
plotted against the peak frequency estimated by Omicron for the top stage motion, compared with
the modeled transfer function. At lower frequencies the propagation of the transients is close to
the model, but above a few Hz, the motion at the lower stages is smaller than the sensor noise,
and the amplitude ratio is not as close to the model. There are fewer Omicron triggers at the
penultimate stage, since the motion at that stage is at a lower amplitude and is not great enough
at higher frequencies to be seen above the sensor noise.
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Figure 5.15: Time series from one injection at 4.1 Hz, after application of a bandpass filter with
a window of 1 Hz around the injection frequency. Similar to the simple pendulum model analysis,
the frequency shifts throughout the time series. The period of the cycles in the top stage lengthens
slightly, from 0.25 seconds (4.0 Hz) at the peak of the transient to 0.28 seconds (3.6 Hz) a few
cycles later.

was estimated with each cycle. Similar to the simulation performed in Simulink, the suspension’s

response is not exactly at the peak sine-Gaussian frequency, and when the injection is finished

the suspension’s motion begins to ring down with a frequency approaching the nearest resonance.

As the motion propagates downwards, the pendulum filter response attenuates the signal more in

the frequency range farther from the resonance, resulting in a slight frequency shift towards the

resonance at the lower stage. Figure 5.15 shows the period increasing in the bandpassed time series

from one of the injections.

The bandpass filter reduces the noise so that the time series cycles can be clearly determined.

The frequency of the resulting motion at each stage was then estimated by taking the mean

frequency, weighting each cycle by the amplitude of its maximum or minimum. The amplitude of

motion was calculated using Omega, a multi-resolution technique for studying transients related to

Omicron. [42, 37] The Omega amplitude calculation was used because it gives the peak amplitude,

whereas Omicron gives an integrated amplitude over the most significant tile. Using the weighted
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average frequency and the amplitudes calculated by Omega, ratio of motion transient amplitudes

between suspension stages for each frequency can be better compared to the suspension model.

Figure 5.16 displays the results of the comparison for the propagation of the motion from the

top stage to the second and third stages. Since the transient amplitude is much smaller at higher

frequencies for each successive stage, the higher frequency injection measurements are farther from

the model, due to the sensor noise at the lower stages. In both lower stages we see a shift in the

frequency away from the frequency at the top stage, generally closer to the nearest suspension

resonance, a pitch mode at 2.7 Hz.

Having understood the propagation of short transients in the suspension stages, we turn now

to studying the effect of the actual suspension transients on the LIGO gravitational wave strain

data during the first Advanced LIGO observing run.

5.3.1 Correlations with gravitational wave strain data

Taking the data from the first week of November (the same week shown in Figure 5.7), Omicron

was used to identify transients in the gravitational wave (GW) strain data in the same frequency

range as used to produce the suspension motion triggers (0.1 to 60 Hz), as well as at higher frequen-

cies to check for any nonlinear coupling. Figure 5.17 shows the correlations between transients in

the ITMY longitudinal displacement data and the gravitational wave strain data in both frequency

ranges. The figures shown are Receiver Operator Characteristics (ROC) curves, which show the

time coincidence rate between the two sets of triggers, with various coincidence windows from 0.1

to 10 seconds. This rate is compared with the number of time coincidences that would occur by

chance (false alarm rate), using a number of time shifts between the two data sets. In both cases,

the small number of coincidences between the sets of data are consistent with the number that

would be expected by random chance. The observed transients in the ITMY suspension motion

monitors did not show any significant correlation with GW strain noise transients, at any frequency.

We can now place upper limits on the level of noise that would be caused in GW strain from

the observed transients in suspension monitors. The amplitude of the Omicron triggers from each

of the upper stages of ITMY is multiplied by the suspension transfer function to estimate the
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Figure 5.16: Amplitude ratios as calculated by the Omega algorithm, and frequency estimated using
the maxima and minima of bandpassed time series. Errors are greater as sensor noise becomes
dominant at higher frequencies. Red and yellow points represent the same amplitude ratios between
stages, but red points show the frequency estimate at the top stage while yellow points show
the frequency estimate at the lower stages. Error bars shown are the standard deviation of the
measurement among the various injections of the same frequency, weighted by the amplitude of
the injection at the top stage.
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Figure 5.17: Receiver Operator Characteristic (ROC) curves showing the correlation between noise
transients in the GW strain and ITMY suspension data from November 1 to 8, 2015. The lefthand
plot shows the correlation with higher frequency GW strain triggers (above 60 Hz), while the plot
on the right shows the correlation with GW strain triggers below 60 Hz. The y axis shows the
fraction of triggers coincident between the two sets of data for varying time windows. The x axis
represents the number of coincidences that would appear by chance, estimated by repeating the
analysis at each time window with different time shifts between the two data sets. For both sets
of GW strain triggers, the coincidence rate is approximately equal to the false alarm rate, whereas
a significant correlation would have a much greater efficiency than false alarm rate.
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Figure 5.18: Livingston ITMY triggers from a week in the first observing run, multiplied by the
transfer function to the lowest stage and divided by the arm length to convert the displacement into
equivalent strain amplitude. The strain calibration of the gravitational wave data is only accurate
above 10 Hz, at frequencies where the OSEM signals are dominated by sensor noise. Therefore, this
calculation can only give us the upper limit of transient motion from each stage that could appear
in the GW strain data without also appearing in the local displacement sensor. Where there are
GW strain noise transients above one of these levels, we can rule out an origin in a particular stage
of the suspension chain. A large number of the GW strain triggers are above the noise level from
the top stage, eliminating the origin of the noise at the top of the suspension chain. However, only
the very loudest GW strain triggers are above the level of the second stage, and no GW strain
triggers are higher than the level of the third stage.

amplitude of noise transients that would be caused in the test mass by a physical displacement of

that amplitude. Figure 5.18 shows the resulting projections in equivalent GW strain amplitude,

alongside the GW strain triggers from the same time. The sensor noise at the lower stages is much

higher than the expected amplitude of motion at those stages, so the upper limit of motion at the

lowest stage is above most of the GW strain triggers. The noise level predicted by the top stage

triggers, however, is below most of the GW strain triggers up to 37 Hz, so if noise originating in

that stage caused high amplitude transients in the GW data, it would be expected to also be seen

by the top stage sensors.

Since the top stage triggers are not statistically correlated with any of the GW strain triggers,

we can conclude that transient noise originating at the top stage of the suspension is not a signif-
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icant contribution to the transient noise in the interferometer. We cannot, however, rule out the

possibility of GW strain noise transients caused by motion originating in the lower stages of the

suspension, since there are a significant portion of GW strain triggers that fall below the level of

transient noise caused by the local sensor noise.

5.4 Conclusions

Using short duration hardware injections in the top stage of the suspension, we have studied the

propagation of transient motion down the suspension chain. The difference of transient amplitudes

at different stages is consistent with the models, although slight variations in frequency must be

taken into account. The frequency of the transients shifts because the injected waveform is not a

pure sine wave but a sine-Gaussian, and after the short duration injection, the suspension motion

oscillates with a decreasing amplitude and frequency that shifts toward the closest mechanical

resonance frequency. Transients at different stages of the suspension therefore show slightly different

frequencies from the same initial sine-Gaussian injection.

Statistical comparisons of the times of transients in the OSEMs and in the GW strain data

during O1 show that transients seen by the local displacement sensors of the suspensions are not

a significant source of background transient noise in the interferometer. However, this does not

rule out transient suspension motion that is below the local sensor noise as a possible source of

background noise. Using the suspension models to propagate the sensor noise into the motion at

the test mass, upper limits can be placed on the level of noise that could be caused in the GW

strain data from transients in suspension motion at each stage. Most GW strain triggers are above

the sensor noise level of the top stage of the suspension, but below the noise level of the third stage.

Transient noise that originates in the lower stage of the suspension could therefore be a cause of

noise in the GW data while not being loud enough to appear above the local sensor noise. [25]
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CHAPTER 6
CONCLUSIONS

Through the efforts of many people working together from detector characterization, commis-

sioning, and data analysis, numerous instrumental noise sources were eliminated from the instru-

ment or removed from the data during the first Advanced LIGO observing run. Some transient

instrumental issues, such as the glitching caused by radio frequency beating and excited violin

modes, were somewhat mitigated before O1 by making improvements to the detector. Other seri-

ous problems were effectively removed from the data using vetoes, including the 45 MHz modulation

glitches and the ETMY saturations.

Much work remains to be done to reduce instrumental noise sources to allow a confident detec-

tion of any arbitrary waveform by the generic transient gravitational wave searches. The transient

distribution contains a large non-Gaussian tail of high amplitude glitches in both the Livingston

and Hanford detectors. The outstanding problem in both interferometers is the population of blip

glitches, which has been investigated extensively but remains a mystery. I have used the hveto

algorithm to compare a set of blip glitches with transients in auxiliary channels, but this study did

not identify the source of the noise. Eliminating the blip glitch problem would make the searches

for generic transients even more powerful. Even with the necessary division of the parameter space

into separate search bins, the success of the burst searches in confidently detecting GW150914

proves that they are capable of finding unmodeled gravitational waves.

As part of the effort to thoroughly characterize every subsystem of the complex instruments,

I performed a study to analyze the behavior of transient disturbances in the quadruple pendu-

lums used to suspend the test mass optics. The propagation of transients through the suspension

chains was found to be consistent with the predictions based on computer modeling, after taking

into account frequency variation between stages. Statistical comparisons of the transients in the

suspensions with the gravitational wave strain channel show that they are not a dominant source

of background noise for the transient gravitational wave searches. However, transient noise that
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originates in the lower stage of the suspension cannot be ruled out as a potential cause of noise in

the GW data because of the limits of the local displacement sensors.

The sensitivity of the detectors in the first Advanced LIGO observing run allowed the detection

of GW150914 with high significance, ushering in a new era of gravitational wave astronomy, but the

progress made in this run is only the beginning. We will continue to investigate new noise sources

and develop a deeper understanding of the detectors as Advanced LIGO pursues further upgrades

and higher laser power to increase its sensitivity in future observing runs. The LIGO detectors will

continue to improve and will soon be joined in observation by other advanced detectors, extending

the possible range of detections.

More gravitational waves will be seen, from black holes and from new types of sources such

as neutron star mergers or the continuous waves emitted from pulsars. Especially exciting would

be a detection by the generic transient searches of an unmodeled source, such as a supernova or a

neutron star instability. The information gained from these detections would provide great insights

into the physics of stars and the mechanisms involved in the emission of gravitational radiation.

The searches for unmodeled sources may even detect totally unexpected signals, which could bring

up new questions and require deeper theoretical analysis of potential sources. With continued

careful detector analysis and application of the data quality principles used in the first observing

run, the searches for generic transient gravitational waves may shed new light on many mysteries

of the universe.
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