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Abstract.

Noise due to scattered light has been a frequent disturbance in the Advanced

LIGO gravitational wave detectors, hindering the detection of gravitational waves.

The non stationary scatter noise caused by low frequency motion can be recognized as

arches in the time-frequency plane of the gravitational wave channel. In this paper,

we characterize the scattering noise for LIGO and Virgo’s third observing run O3 from

April, 2019 to March, 2020. We find at least two different populations of scattering

noise and we investigate the multiple origins of one of them as well as its mitigation.

We find that relative motion between two specific surfaces is strongly correlated with

the presence of scattered light and we implement a technique to reduce this motion.

We also present an algorithm using a witness channel to identify the times this noise

can be present in the detector.

1. Introduction

The LIGO gravitational-wave observatories located at Hanford, Washington (LHO), and

Livingston, Louisiana (LLO) in the USA [1], along with the Virgo detector in Cascina,

Italy [2], and the GEO 600 detector in Germany [3] are a part of a worldwide network

of gravitational-wave detectors. A schematic of the LIGO detectors is shown in Fig.

1. Each LIGO detector is a dual-recycled Fabry-Perot Michelson interferometer with 4

km arms. The detector acts as a transducer for strain, converting phase shift due to a

gravitational wave into a signal that can be measured on a photo-diode. The output

signal at the photodetectors is calibrated to an equivalent strain signal h(t) [4, 5].

The first two observing runs, in September 2015-January 2016 and November 2016-

August 2017, resulted in spectacular discoveries, including signals from the merger of 10

pairs of black holes and one from a merger of neutrons stars [7–9]. The third observing

run began on April 1, 2019, and ended on March 27, 2020. During this run, plausible

gravitational wave sources were shared as public alerts, averaging one a week [10].

The average binary neutron star (BNS) range at Livingston and Hanford, during O3,

is approximately 130 Mpc and 110 Mpc respectively. In October 2019, a month-long

working break separated the first and second half of O3, called O3a and O3b respectively.

An increase in the laser input power and squeezed light injection contributed to the

increase in range from O2 to O3 [11].

Noise from several different sources limits the sensitivity of the strain data at

different frequencies. While quantum shot noise is dominant at frequencies above 300

Hz [12], ground motion is the major source of noise below 10 Hz which can affect the
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detector, the transmitted beam would be about 1W. 95% of this light is dumped and

5% is split about equally between two quadrant photodiodes.

In order to keep the optical cavities in the arms on resonance, LIGO uses the

interferometric signal at the detector output to sense the difference in the arm length.

It then feeds back that signal to one of the end test masses, at different stages of the

quadruple suspension, with a bandwidth of about 60 Hz [6]. As a result, the test mass

chain moves much more relative to the local surfaces, since it has to “account” for

the motion of all other test masses. The main pendulum frequency of the quadruple

suspension is around 0.45 Hz which means that for the force applied at frequencies

below 0.45 Hz at upper stages, the entire chain will move together. The dominant

ground motion to be fed back is indeed below this frequency. Furthermore, because

most of the force is applied in between the chains, the test mass chain moves twice as

much relative to the reaction chain. The test mass motion relative to other surfaces like

the transmission monitor, the cage or the vacuum chamber walls is half of the motion

measured by the OSEM at the UIM or PUM level, below 0.45 Hz.

Each LIGO detector is equipped with several hundreds of auxiliary sensors, used

in the feedback control system and in the environmental monitoring system. Many

of these channels are not sensitive to differential arm length and are used to identify

various environmental and physical couplings to the detector. Ground motion in various

frequency bands, for example, is measured by seismometers located at end stations and

corner station. These seismometers record ground motion in X, Y and Z direction in

the frequency range from 0.03 Hz to 30 Hz. Earthquakes shake the ground in 0.03− 0.1

Hz band while seismic noise due to trains and human activity near the site, also known

as anthropogenic noise, shows up in the 1 − 3 Hz region. Ocean waves and sea storms

produce seismic waves with frequencies ranging from 0.03 − 0.5 Hz, also known as

microseisms. While the secondary, and dominant, microseism peak is typically measured

around 0.15 Hz [25, 26], it varies in frequencies and was strongest at 0.13 Hz for this

analysis. As we discuss later, the output of these sensors is used to look for correlations

with noise transients in the strain data.

3. Scattering Noise

Tiny imperfections on the surfaces of test mass mirrors in the interferometer cause a

small amount of light to scatter out of the main beam. This scattered light can then

reflect from surfaces that have large relative motion relative to the test mass such as the

chamber walls and then back to the test mass. Upon recombining with the main beam,

the scattered light introduces noise in the gravitational wave data. The amplitude of

the noise depends on how much light recombines with the main beam, and the upper

frequency depends on the relative motion.

The motion of the scatterer introduces an additional phase in the field reflected

from its surface. Consider a small fraction A of the total field that gets scattered back

to the main beam, from a scattering surface located behind the end test mass (ETM).
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within an order of magnitude with a previous estimation [37]. The coefficient for second

and third shelf are 5e−5 and 5e−6 respectively, about an order of magnitude reduction

for each higher harmonic. The amplitude of the scatter shelf for (n + 1)th harmonic is

approximately 10% of nth harmonic, as suggested by these reflection coefficients. This

can also be observed in Fig. 8b. We performed similar analysis for several scattering

triggers and we found the second and third shelf coefficient magnitudes in the range of

(5e−5,6e−5) and (5e−6,6e−6) respectively, while the first shelf coefficient did not vary.

6. Noise mitigation using suspensions control system

Scattered light due to the large relative motion between the test mass chain and reaction

chain during high ground motion has adversely affected the sensitivity of the detector.

One way to reduce this noise coupling is by reducing the relative motion between the

ETM and AERM while keeping the intended relative motion between the ETM and the

input test mass (ITM) in the arm cavity. This can be achieved by sending a part of

the drive from the PUM stage and feeding it to the top stage as shown in Fig. 2. This

will cause the two chains to move together and hence will reduce the relative motion

between them. The reaction chain “tracks” the main chain and we call this RC tracking

[38]. The reduced relative motion effectively decreases the frequency at which scattering

creates shelves in h(t) spectrum.

RC tracking was implemented on Jan 7, 2020, at LLO [39]. To understand the

impact of the tracking on slow scattering caused by ETM-AERM relative motion, we

measured the SNR of scattering triggers and ground motion in the earthquake and

microseism band between Nov 1, 2019, the start of O3b and Feb 8, 2020. We analyze

triggers that are classified as scattering by GravitySpy with a confidence above 0.9 [40].

We divided this data into Pre and Post RC, where for LLO Pre RC is from Nov 1, 2019,

to Jan 6, 2020, and Post RC is from Jan 10, 2020, to Feb 8, 2020, and for LHO Pre

RC is from Nov 1, 2019, to Jan 14, 2020, and Post RC is from Jan 15, 2020, to Feb 28,

2020. The analyzed data is normalized by the observing duration of Post RC considered

in this study, which is ∼ 21 days for LLO and ∼ 34 days for LHO. Next, we considered

time segments during which the ground motion in the microseismic band is similar Pre

and Post RC tracking and plotted the SNR distribution of scattering triggers during

these time segments. We found a clear reduction in the SNR of the scattering triggers

at LLO and LHO for the Post RC scattering [41]. At LLO for example, the number

of triggers in the SNR bin 20-25 after RC tracking is 89, while for the same bin, before

RC tracking, LLO registered 1127 scattering triggers. The SNR comparison is shown in

Fig. 9a and Fig. 9b.

We also compared the rate of scattering triggers against the microseismic ground

motion for Pre and Post RC tracking. Here again, we found that for similar levels of

microseism above 1µm/s, the Post RC glitch rates are considerably lower at both the

sites as shown in Fig. 9c. and Fig. 9d [42]. As can be seen from these figures, the
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8.1. GWDetChar-Scattering

Another way of identifying the potential scattering triggers is by monitoring the motion

of OSEMs and then correlating it with the presence of the same triggers in the

gravitational wave strain channel. This is accomplished by using an algorithm called

- gwdetchar-scattering [32]. Throughout the detector, OSEMs are used to capture

the motion of any components, light can get scattered from. The timeseries data from

these sensors is used to find potential site of scattering in the following way. The

position measurements taken by the OSEMs is first converted velocity using a savgol

filter [47] and then to fringe frequency using the following equation 4. The gwdetchar-

scattering script then creates segments of the form (startime, endtime) during which

the fringe frequency motion in optic crosses a certain frequency threshold. The algorithm

then looks for time coincidences between these segments and omicron triggers in h(t) in

10 Hz - 60 Hz frequency band. Efficiency is defined as the percentage of triggers in h(t)

channel that falls within these segments while the deadtime is the duration of all the

segments for an optic as a percentage of total observing time. An optic is considered to

be “strong” witness if the ratio of efficiency over deadtime is greater than 2 and “weak”

if it is less than 2. The script then prepares a webpage, as shown in Fig 12, showing the

movement of all the optics, the scattering segments of each optic and the information

of h(t) triggers captured by these segments [48].

Another method to identify scattering culprits is to employ an adaptive algorithm

based on time varying Empirical Mode Decomposition (tvf EMD) used at Virgo [49].

This method which utilizes the non-linear nature of light scattering, finds correlation

between the Instantaneous Amplitude (IA) of primary channel and time derivative of

potential scatterer’s position. A method based on Hilbert Huang transform has also

been developed to catch scattering surfaces [50]. The tvf EMD and the Hilbert Huang

methods are based on quantifying time series correlation between the gravitational

strain data and potential scattering surface. The gwdetchar-scattering finds time

coincidence between moving optical surfaces and trigger data processed by another

pipeline (Omicron).

GravitySpy, even though does not provide any information with regards to where

the scatterer might be located, identifies a larger subset of scattering triggers compared

to that identified by motion in OSEMs. On the other hand, optics motion can be a

more direct method of locating the source of scattering noise since it can identify which

mirror is moving with the velocity required. It thus makes sense to see if we can make

gwdetchar-scattering more “efficient” by adding better scattering witnesses to the

algorithm. In this section, we explore such a witness that can be used to identify the

scattering noise.

In Sec. 7, we showed that the transmitted light monitors serve as a witness of slow

scattering noise in h(t). Fig. 13 shows a time correlation between the slow scattering

triggers in h(t) as identified by GravitySpy and the noise in the transmitted light monitor

below 20 Hz. Due to the presence of this temporal coincidence of triggers, the noise in
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9. Summary and discussion

Scattering noise affects the data quality of the Advanced LIGO detectors. Upconversion

of the low-frequency noise due to large optic motion reduces the sensitivity of the

detector in 10 - 120 Hz band. We use witnesses that identify times in the data when

scattering noise is present as well as, when possible, identifying and eliminating the

scatter mechanism in the instrument detector itself.

We analyzed light scattering in LLO during O3 and we found the presence of

two different populations of scattering noise, slow scattering, and fast scattering. We

investigated slow scattering that appears with a typical arch shape in the time-frequency

representation and we found two different paths through which this noise couples to the

detector simultaneously. We were able to implement a solution for the louder noise

coupling that resulted in a substantial reduction of the noise and we discussed possible

remedies for the second one. One of these solutions, the TMS feed forward, we plan

to implement in O4. In order to identify the times when this noise is present in the

gravitational wave channel, we suggested using the band-limited time-series data of an

auxiliary channel. This channel, monitors the light transmitted through the end test

mass and we showed it identifies a larger subset of scattering triggers as compared to

other scattering witnesses.

High Q resonances found at the corner and end stations at LLO could be

contributing to fast scattering. The ongoing investigation suggests that damping the

motion of some optical components at these stations would likely mitigate the rate of

fast scattering.

10. Acknowledgements

LIGO was constructed by the California Institute of Technology and Massachusetts

Institute of Technology with funding from the National Science Foundation and operates

under Cooperative Agreement No. PHY-1764464. Advanced LIGO was built under

Grant No. PHY-0823459. We acknowledge support from the NSF grant PHY-1806656,

PHY-1505779, and PHY-1912604. We also acknowledge the discussions with the

members of Detector Characterization Group of the LIGO Scientific Collaboration. For

this paper, we use the data from the Advanced LIGO detectors and we used the LIGO

computing clusters to perform the analysis and calculations.



Reducing Scattered Light in LIGO’s Third Observing Run. 23

References

[1] J. Aasi et al. Advanced LIGO. Class. Quant. Grav., 32:074001, 2015.

[2] F Acernese, M Agathos, K Agatsuma, D Aisa, N Allemandou, A Allocca, J Amarni, P Astone,

G Balestri, G Ballardin, and et al. Advanced Virgo: a second-generation interferometric

gravitational wave detector. Classical and Quantum Gravity, 32(2):024001, Dec 2014.

[3] K L Dooley, J R Leong, T Adams, C Affeldt, A Bisht, C Bogan, J Degallaix, C Gräf, S Hild,
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