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Abstract
The sensitivity of aLIGO detectors is adversely affected by the presence of
noise caused by light scattering. Low frequency seismic disturbances can cre-
ate higher frequency scattering noise adversely impacting the frequency band
in which we detect gravitational waves. In this paper, we analyze instances of
a type of scattered light noise we call ‘Fast Scatter’ that is produced by motion
at frequencies greater than 1 Hz, to locate surfaces in the detector that may be
responsible for the noise. We model the phase noise to better understand the
relationship between increases in seismic noise near the site and the resulting
Fast Scatter observed. We find that mechanical damping of the arm cavity
baffles led to a significant reduction of this noise in recent data. For a similar
degree of seismic motion in the 1–3 Hz range, the rate of noise transients is
reduced by a factor of ~50.

Keywords: LIGO, gravitational waves, transient noise, environmental noise

1. Introduction

Transient noise is a common occurrence in Advanced LIGO (aLIGO) and Advanced Virgo
(AdV) gravitational wave (GW) detectors [1, 2]. Three observation runs were completed
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between 2015 and 2020, which led to the detection of 90 GW events [3–5]. The fourth
observing run (O4) began on 24 May 2023 with LIGO and KAGRA detectors resuming
the search for GWs. The addition of new technologies and multiple upgrades, including but
not limited to frequency dependent squeezing, new test masses, increased laser power, and
reduced low-frequency noise, contributed to the increased sensitivity of the LIGO detectors
in O4 [6, 7].

Most GW events are very short in duration, meaning that their signals must be extracted
from very large populations of transient glitches [8]. Noise transients in the data can mask
compact binary coalescence signals, adversely affecting parameter estimation [9]. Another
complication of transient noise is that it can lead to false alerts from the search pipelines.
During the third observation run (O3), 23 out of the 80 low-latency alerts were retracted, as
their origin was deemed instrumental or environmental artifacts [4, 5, 10]. Understanding this
noise and its impact on the detector is crucial for determining the astrophysical nature of a
candidate event [11].

Multiple detector characterization tools are used to detect and classify transient events.
Specifically, Omicron and Gravity Spy are used in this analysis [12–14]. Omicron is an
algorithm that uses a Q transform to search for excess power in the LIGO data. From this
algorithm, triggers are generated and given a set of parameters, such as event time, amplitude,
frequency, duration etc. The classification of triggers is done with Gravity Spy. Gravity Spy is
a machine learning project that uses convolutional neural networks to classify transient noise
events based on their glitchmorphology [14–18]. Other tools, includingHveto, Lasso, iDQ and
Detector Characterization Summary pages are used to study the noise correlations between the
primary GW channel and different detector components [19–22].

Scattered light is one of the several types of noise sources present in LIGO detectors. It
occurs when a small fraction of stray light strikes a moving surface, is reflected back towards
the point of scattering and rejoins the main laser beam. This stray light introduces a time-
dependent phase modulation δϕsc(t) to the static phase ϕ0 of the main beam. This gives rise to
the phase noise hph( f):

ϕ(t) = ϕ0 + δϕsc (t) =
4π
λ

|x0 + δxsc (t)| (1)

hph ( f) = A
λ

8πL
F [sinδϕ(t)] . (2)

This phase-shifted field builds up in the arms owing to the arm cavity gain Γ and results in
radiation pressure or amplitude noise hrad:

hrad ( f) = A
2ΓP
MLc

2
Ω2 −ω2

F [cosδϕ(t)] (3)

F represents the Fourier transform, Γ = 13.58 here is the cavity signal gain, M = 40 kg is the
mirror mass, P is the arm power, c is the speed of light andΩ is the suspension eigenfrequency
[23]. λ is the laser wavelength, x0 is the static path that corresponds to the static phase ϕ0 while
δxsc is the time-dependent displacement of the scattering surface that gives rise to additional
phase δϕsc,(t), A is the stray light amplitude that couples to the main beam and L is the arm
length (4 km) [23, 24]. If the scattering surface motion δxsc becomes a significant fraction
of, or greater than λ, fringe wrapping occurs and the low frequency ground motion gives rise
to high frequency noise in h(t). This phenomenon is known as upconversion [25]. The phase
noise hph( f) appears as arches in the time-frequency spectrograms of the GW channel [26, 27].
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Figure 1. Time-frequency spectrograms of transient noise in h(t) due to scattered light.
Left shows Slow scattering arches and right shows Fast scattering.

Surface irregularities in the optics and the Gaussian tail of the main laser beam are the two
primary sources of stray light.

Differentiating both sides of equation (1) leads to the peak or maximum frequency of the
noise:

f(t) =
|2nv(t)|

λ
(4)

n represents nth harmonic in case of multiple reflection from the scattering surface, v is the
velocity of the scatterer.

During O3, two separate populations of scattering transients were observed. Along with the
prototypical long duration scattering arches present in earlier observing runs known as Slow
Scattering, we noticed the presence of short duration scattering arches in O3. This population
was named ‘Fast Scattering’ due to its high frequency arches [17, 28]. In the time-frequency
spectrograms, slow scattering arches have a typical duration of 1 s or more, whereas fast scat-
tering arches are much shorter in duration (~0.2 s). Majority of the Slow Scatter in O3 was due
to the large relative motion between the main chain and the reaction chain of the quadruple
suspension [29–31]. Reaction Chain (RC) tracking employed during O3b led to reduction in
the rate of Slow Scatter. Some version of high frequency scatter, known as ‘Scratchy’ was
present during the second Observing run (O2) and was fixed by damping the motion of swiss
cheese baffles [32]. There have been multiple efforts to characterize and reduce scattered light
noise coupling in aLIGO and AdV [33–39].

Figure 1 shows a spectrogram comparison between the two types of scatter observed in
LIGOdetector duringO3. Scattering noise is closely linked to themovement of the ground near
the detector. Ground motion is measured along the X, Y and Z axes using seismometers located
at the End and Corner stations in the LIGO detector. The raw measurement is then bandpassed
in several frequency bands between 0.03 Hz and 30 Hz and plotted on the LIGO Summary
Pages [40]. The rate of Slow Scatter is correlated with ground motion in the earthquake band
0.03–0.1 Hz and the microseismic band 0.1–0.3 Hz. The rate of Fast Scatter on the other
hand, has been found to be correlated with the ground motion in the microseismic band 0.1–
0.3 Hz and the anthropogenic band 1–6 Hz [29, 41]. For more details on slow scattering and
its reduction, we refer the readers to [29]. In this study, we focus on fast scattering at LIGO
Livingston (LLO) during O3.
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Figure 2. Fast Scattering glitches during each month of O3, as classified by Gravity
Spy above a confidence of 90%. High microseism and the reduction in Slow Scatter
after implementation of RC tracking lead to increased visibility and rate of Fast Scatter
in February 2020.

2. Fast scattering in O3 and post O3 data

As shown in figure 1, fast scattering occurs as short duration arches (as opposed to the long
duration slow scattering arches) in the time–frequency spectrograms of the primary GW chan-
nel h(t). These transients usually affect the h(t) sensitivity between 10 Hz and 100 Hz but
occasionally can reach as high as 400 Hz [42]. Mainly due to differences in the anthropogenic
ground motion near the site, as well as the higher sensitivity in 10−60 Hz band between LLO
and LIGO Hanford (LHO), fast scattering is much more noticeable at LLO [43, 44].

Fast scatter was the most frequent source of transient noise at LLO during O3. The aver-
age rate of these transients in O3 was 9 per hour. At Hanford on the other hand, the rate
of fast scatter transients was only 0.21 per hour. At LLO, approximately 27% of all the O3
glitches were classified as ‘Fast Scattering’ by Gravity Spy with a confidence of 90% or more
[18]. Figure 2 shows the montly distribution of these transients in O3 at LLO. These glitches
have been observed to occur when there is increased ground motion in both the microseismic
0.1–0.3 Hz and anthropogenic 1–6 Hz frequency bands. Ocean waves, winds, thunderstorms,
human activity near the site, logging, construction activity and trains near the Y End station
of LLO are the primary causes of ground motion in these frequency bands, impacting the h(t)
sensitivity [45, 46].

There have been several different types of fast scatter observed in the GW data channel,
chief among them are 2 Hz, 3.3 Hz, and 4 Hz Fast Scatter. Figure 3 compares these different
populations. Next we discuss our investigations into these different sub-populations and their
detector couplings.
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Figure 3. Time-frequency spectrograms of the different types of Fast Scatter that has
been observed. In the 2 Hz fast scatter, the arches are separated by 0.5 s whereas in
4 Hz, the arch separation is 0.25 s. Both of these population were observed during O3,
whereas 3.3 Hz fast scatter is present in the post O3 data.

Figure 4. Comparison of the rise in anthropogenic motion and the noise in h(t) glitch-
gram on 21 November 2019 after 12:00:00 UTC. Left: post noon UTC, the anthropo-
genic ground motion floor at the Corner as well as the X and Y End stations is elevated
due to human activity. Right: this increase in seismic activity leads to fast scatter or
daytime noise in h(t) as shown in the glitchgram here. This plot was created using [40].

2.1. 4 Hz fast scatter

The 4 Hz sub-population of fast scatter consists of arches separated by ~0.25 s as shown in
figure 3. This is also the most common type of fast scatter during O3. The rate of 4 Hz noise
has been found to be correlated with an increase in anthropogenic ground motion. Human
activity, trains, bad weather conditions, road work near the site all contribute to an increased
rate [17, 47].

Figure 4 shows the noise in h(t) strain spectrogram and the 1–5 Hz band ground motion for
21 November 2019. Due to logging activities near the detector, the 1–10 Hz seismic band was
elevated for most days of this week [48]. The majority of this noise is 4 Hz fast scatter.

2.2. 2 Hz fast scatter

2 Hz fast scatter glitches have arches separated by ~0.5 s as shown in the left plot in figure 3.
The 2 Hz population is observed to show a stronger correlation with the ground motion in
the microseismic band along with the anthropogenic band. Ocean waves interacting with the
ocean floor is the dominant cause of increasedmicroseism near the detector [46].Microseismic
groundmotion is also seasonal and is generally higher during thewinter months. The rate of the
2 Hz population was observed to be significantly higher during February 2020 at LLO. On 21
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Figure 5. Left: the microseismic motion was very high on 21 February 2020 and
exceeded 2µ/s at times as seen in this plot. The combination of high anthropogenic
and microseism motion increases the rate of fast scatter in the data. Right: this amalgam
of the two bands led to a very high number of 2 Hz Fast Scatter on this day. Most of the
Omicron triggers in the red box are classified as Fast Scattering by Gravity Spy. This
plot was created using [40].

February 2020, shown in figure 5, a combination of increased microseism and anthropogenic
band motion led to a very high rate of 2 Hz Fast Scatter transients. Before the implementation
of RC tracking in January 2020, slow scattering was the dominant transient noise during high
microseism. Post RC tracking, the reduction in the slow scattering transients contributed to
increased visibility of 2 Hz fast scatter.

In the Post O3 data we found 3.3 Hz fast scatter during trains. This is discussed in
appendix A. Depending on the ground motion in different frequency bands, we have observed
some fringe populations where the arches are separated by ~0.75 s. These different populations
discussed in this section suggests that the frequency region of the ground motion is intimately
linked with the morphology and type of fast scatter we observe in the data [49]. We discuss
this in more detail in section 4.

3. Instrumental correlations

The mitigation of transient noise can roughly be divided into three stages. The first stage
involves determining the environmental or instrumental conditions that correlate with the pres-
ence of noise. In the case of fast scatter, this would be increase in anthropogenic and/or micro-
seismic ground motion. The next step is to localize the potential noise coupling site in the
complex system of instrument hardware. This could be an optic moving under the influence
of increased ground motion in one of the detector subsystems. The final step is to perform the
necessary hardware modifications at the source to reduce or eliminate the transient noise.

The three potential sites where fast scatter can originate from are the Y End Station, X End
Station and the Corner Station where the majority of the detector optics and other hardware
are located. Usually, the ground motion does not differ significantly across the three stations.
However, certain incidents result in higher ground motion at one station compared to others.
These special conditions include passing trains which result in higher ground motion at the
Y End Station at LLO due to its proximity with the train tracks, road construction work and
logging if the work site is closer to one of the stations compared to others. Such conditions
present an ideal opportunity to study the correlation between fast scatter and the potential
coupling sites. These special conditions also help in eliminating certain locations as potential
sources of noise. For example, if a period of particularly high ground motion at one of these
locations does not result in the expected increase in the levels of noise, that means either the
noise does not couple at this location or that the coupling is weak.
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Figure 6. Groundmotion bandpassed between 1.8 and 2.2 Hz at X, Y and Corner station
on 11 December 2019. The Corner station motion floor gets elevated between the 2
and 3 h mark. In comparison, the X and Y End station ground motion amplitude does
not experience such a prominent shift. Right: Omicron triggers in the band 10–100 Hz.
Between the 2 and 3 h mark, there is a noticeable increase in the number of Omicron
triggers which coincides with the rise in Corner station motion.

3.1. Corner station correlation with 4 Hz fast scattering

For a number of days in O3 with either road construction or logging near LLO, we observed
a correlation between the anthropogenic ground motion at the Corner station and changes in
the differential arm length (DARM). Next we examine some of these days:

11 December 2019. Between 5 December 2019 and 15 December 2019, the anthropogenic
ground motion in the band 1–10 Hz was high due to logging near the site [50]. During this
period, there were several days when the anthropogenic ground motion at the Corner station
was noticeably higher compared to the End stations. For these days, we observed a clear cor-
relation between the Corner station ground motion and fast scatter noise. Figure 6 shows this
correlation for 11 December 2019. As seen in the first plot, between the 2.5 and 8 h mark, the
ground motion at the Corner station is elevated, compared to the first 2.5 h. During this period,
there is a sharp increase in the amount of Omicron triggers with frequency above ~30 Hz.
There is no substantial change in the End X and End Y ground motion during this time. Such a
correlation between the Corner station and the rate of fast scatter was noticed for several days
in the first two weeks of December 2019 [51].

31 May 2019. This is another day when anthropogenic ground motion variation between
the Corner station and End stations is more easily visible. As we can see from the left plot
in figure 7, the Corner station ground motion is relatively high between the 1 and 7 h mark.
During the same period, there is an excess of Omicron triggers in the frequency range of 20–
60 Hz. As the ground motion subsides and remains low between the hours 7 and 10, there
are visibly fewer transients. The End stations ground motion however, does not register any
substantial change and thus cannot explain the reduction in noise.

Figures 6 and 7 show strong visual correlation between changes in corner station motion
(shown in red) and the rate of Omicron transients. To quantify this relationship, we can cal-
culate Spearman correlation coefficient between the two quantities. Spearman correlation can
be used to find the strength of correlation between two variables that may be monotonically
related to each other [52]. In table 1, we show the Spearman correlation between the anthro-
pogenic ground motion at the Corner and End stations and fast scatter noise for three days in
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Figure 7. Left: ground motion bandpassed between 1.8 and 2.2 Hz at X, Y and Corner
station on 31 May 2019. Between the 7 and 8 h mark, the Corner station motion under-
goes a comparatively more prominent reduction. Right: Omicron triggers in the band
10–60 Hz. The number of triggers detected by Omicron goes down around the same
time the Corner station motion starts to diminish.

Table 1. Spearman correlation between ground motion captured at different stations and
Omicron transient rate for three days in O3 with high groundmotion in 1.8–2.2 Hz band.
The seismic motion and the Omicron transients for 11 December 2019 and 31May 2019
are shown in figures 6 and 7. As shown in these figures and this table, for all these three
days, the Corner station motion shows the best correlation with the transient rate.

Spearman coefficient

Date Corner End X End Y

11 December 2019 0.55 0.38 0.13
22 September 2019 0.29 0.01 −0.06
31 May 2019 0.58 0.43 0.30

O3. In the next section we examine how the 2 Hz motion can create 4 Hz fast scatter in h(t).
In section 5, we look at the potential suspects in the Corner station responsible for this noise.

4. Noise modelling

Using equations (1) and (2), we canmodel fast scatter noise. Asmentioned earlier, the 2Hz Fast
scatter is correlated with an increase in microseismic band whereas the rate of 4 Hz increases
with an increase in seismic noise in the anthropogenic band. We want to understand if the
combination of ground motion in different bands can explain the different populations of fast
scattering in the data. The following equation represents our noise model:

h(t) = quiet_data+ phase_noise(a1 ∗ x1 (t)+ a2 ∗ x2 (t)) . (5)

The x1 and x2 represents anthropogenic and microseismic displacement respectively,
while a1 and a2 are the amplitude knobs used to modulate this motion. Using this model,
depending on the amount of microseismic motion added to 2 Hz anthropogenic motion, we
can generate both the 2 Hz and the 4 Hz fast scatter noise [41, 49]. If the injected microseism
motion at 0.15 Hz is less than one-half of the anthropogenic motion at 2 Hz, then the combin-
ation of 2 Hz and 0.15 Hz motion shows up as 4 Hz fast scatter. If we then increase the amount
of injected 0.15 Hz motion, we obtain 2 Hz scatter. Essentially:

a1
a2

⪆ threshold→ 4 Hz noise (6)
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Figure 8. Fringe frequency and spectrogram of the phase noise modelled by injecting
anthropogenic and microseismic motion and 2 Hz and 0.15 Hz respectively Left: here
the ratio of the amplitude for the 2 Hz and 0.15 Hzmotion is 2 and the peaks in the fringe
frequency motion and the arches in the spectrogram are separated by ~0.25 s. So when
the anthropogenic noise dominates, 2 Hz motion show up as 4 Hz noise. Right: now
we increase the amount of microseism motion so the ratio of 2 Hz and 0.15 Hz motion
injected is 1

2 . The dominant peaks in the fringe frequency motion and the spectrogram
arches are now separated by 0.5 s. For increased microseism in the data, the 2 Hz motion
shows up as 2 Hz noise.

a1
a2

⪅ threshold→ 2 Hz noise. (7)

This change from 4Hz to 2 Hz fast scatter noise is gradual with the increase in microseismic
motion.

4.1. High anthropogenic, low microseism

We first consider the case in which a1
a2
> 2. We add half as much microseismic motion at 0.15

Hz to anthropogenic motion at 2 Hz. The resultant fringe frequencymotion and the phase noise
is at 4 Hz. This is shown in the plots on the left in figure 8. This is also what we observe in
O3 data, days with high anthropogenic but low microseism motion are dominated by 4 Hz fast
scatter noise.

4.2. High anthropogenic, high microseism

Next, we increase the amount of relative microseism motion in our model. The plots on the
right in figure 8 show the fringe frequency and the phase noise when for a1

a2
= 1/2. Once again,

we use 2 Hz and 0.15 Hz for anthropogenic and microseism motion respectively. In O3, 2 Hz
fast scatter was prevalent in February 2020 when we had increased microseismic activity. As
we increase the microseism and the ratio a1

a2
changes from 2 to 1

2 , we can see the transition
from 4 Hz noise to 2 Hz in the spectrograms.

Figure 8 demonstrates how the ratio of different microseismic and anthropogenic amp-
litudes vary the type of fast scattering we observe. Not as prevalent but the O3 Fast Scatter
data does contain transients where the arch separation is ~0.75 s. By adding 2 Hz motion to
0.6 Hz, the model discussed in this section can be used to simulate this population.
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5. Baffle resonances

Scattered light baffles are installed at multiple locations in the detector to prevent scattered
light from recombining into themain beam and producing scattering noise [53, 54]. However, if
these structures are not properly damped, they can amplify the input motion at their mechanical
resonant mode frequencies. The greater motion can cause scattering noise at frequencies that
are in the sensitive band of the detector, even if the mechanical resonance frequencies are
below the sensitive band.

5.1. Noise from cryo-manifold baffles at LHO and LLO

Before each LIGO observing run, there is a formal program of noise injections to determine
the sensitivity of the detector to the environment (Physical Environment Monitoring (PEM)
injections: [55, 56]). Just before the O3 observation run, these injection showed that there
were vibration sensitivities at the Y-End stations at each site that were likely due to scattering
noise sources. The vibrating surfaces producing the noise at LHO were identified at the end of
the O3 run [57] using a movie technique that had previously helped identify reaction masses
as a source of scattering noise [29, 58]. Frames were analyzed from movies of the inside of
the vacuum enclosure when scattering noise was present (either from vibration injections or,
later, from vibrations produced by a wind storm). The analyses showed that light from the
cryo-manifold baffle was modulated with a long decay and a fundamental frequency similar
to those of the scattered light noise, suggesting that this baffle was the source of the noise.

The cryo-manifold baffles (CB), are present in front of each of the four test masses. Their
purpose is to shield reflective surfaces from light scattered from the test mass, in particular,
shielding a beam-tube reduction flange at the end of a beam-tube manifold, and a cryogenic
pump. After the O3 observing run, in the spring of 2020, shaker injections near the loca-
tions of 3/4 of the cryo-manifold baffles at each detector site produced scattering noise in the
GW channel with a fundamental frequency of about 4 Hz [57, 59–63]. The 4 Hz mechanical
resonances of the cryo-manifold baffle, which amplified the motion of the vacuum enclos-
ure, were damped at three of the four baffle locations at both sites using Viton mechanical
dampers. Further excitations suggested that the damping had reduced the velocity so that the
scattered light noise that they produced did not reach into the sensitive frequency band of the
interferometer [55, 64, 65].

While the CBs were the dominant source of scattering noise at LHO, a different source
appears to have dominated at LLO (which turned out to be the arm cavity baffles). The scat-
tering noise during trains and construction work actually got worse after the incursions during
which the baffles were damped [66, 67].

One of the four CBs at LHO was not damped because of schedule limitations and because
it produced the least noise of the four CBs. It began producing scattering noise in the lead
up to the O4 observation run, when the laser power in the arms was increased, and possibly
because of relatively increased scattering with higher power [68]. The undamped CB at LLO
also began to produce increased noise during O4 and both cryobaffles should be damped in
the next entry into the vacuum chambers.

5.2. Arm cavity baffle resonances at LLO

Arm cavity baffles (ACB’s) [69] are attached to Stage 0 of the Hydraulic External Pre Isolator
(HEPI) at ITMX, ITMY, ETMX and ETMY; the HEPI is the first stage of isolation for the test
masses, from which the seismic isolation tables are also suspended, and also isolates Stage 0

10
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Figure 9. Left: schematic of the arm cavity baffle (ACB). The ACB is a wide rectangu-
lar baffle installed in front of both the end test masses (ETM’s) and input test masses
(ITM’s). Right: PEM injection sweeps that primarily excited the ACB revealed the pres-
ence of high Q resonances close to 1.6 Hz at the Corner and Y End station ACBs. The
bottom plot is a normalized spectrogram of the input motion to the ACB; as the injected
motion crosses ~1.6 Hz, fringing noise is observed in the h(t) spectrogram shown in the
top plot. The large duration in h(t) is an indication of a high Q factor decay time. The
test is repeated twice to rule out any accidental coincidences [71].

from the ground motion [70]. The ACB mechanical resonances are nominally damped with
eddy current magnets. These baffles are used to capture the wide angle scatter from the nearby
test mass and any narrow angle scatter from the far test mass (4 km away). The left plot in
figure 9 shows the schematic for the ACB. PEM injections during the summer of 2022 revealed
the presence of noise coupling close to 1.6 Hz in the arm cavity baffles in the Corner and Y
End station [71]. The right plot in figure 9 shows the h(t) response for sweep injections at End
YACB. As the sweep crosses ~1.6 Hz, fringing noise appears in h(t) in the frequency band 20–
100 Hz. Fringing noise with comparatively lower amplitude was also observed during ACB
injection tests at ITMY and ITMX [71]. The baffle is not instrumented but the h(t) response
indicates a large amplification factor at this frequency and a long decay time, both consistent
with a ‘hidden’ high Q resonance.

In the absence of high microseism, motion at 1.6 Hz would show up as scatter noise at 3.2
Hz. The noise induced by trains after the O3 observing period, which appears as scatter arches
separated by ~0.3 s (3.3 Hz), can be explained by these ACB resonances at ~1.6 Hz. During O3
however, the fast scatter due to trains and other anthropogenic sources was at 4 Hz and 2 Hz.
An interesting detail about the ACB resonant frequency is that it is very sensitive to changes
in the physical configuration of the baffle. Any small changes to its state can result in a shift
in the resonant frequencies. This will then change the frequency of the fringes that appear in
h(t). In the absence of high microseism, ACB resonant motion at ~2 Hz, will create the 4 Hz
fast scatter common during O3. Addition of microseismic motion to that will give rise to the
2 Hz fast scatter common during February 2020 in O3 [49].
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Figure 10. Left: the baffle is attached to the HEPI via 2 tubes, the lower tube (blue) and
upper tube (white). The gap between the lower tube and the connector with upper tube
can create a shift in the position of the baffle [72]. Right: the plot shows two sets of
accelerometer spectra, calibrated to velocity in m s−1, for two separate conditions; each
set is 3 degrees of freedom: X, Y, and Z, in the interferometer basis. One condition is the
nominal state, the other is the ‘rubbing’, i.e. themechanical failure that was observed and
corrected. When this suspended baffle is effectively shorted through ‘rubbing’, high Q
resonances develop as seen in the lighter color traces around 2Hz, and furthermore affect
the horizontal degrees of freedom which more easily create scattered light noise for the
gravitational-wave signal. In the nominal state, the only resonance present is a very
low Q, vertical direction resonance near 1.6 Hz, which does not present enough motion
amplification to cause noise in the detection band. The 0.3 Hz resonance is unchanged,
but it was also measured to be low enough Q to not create noise [73, 74].

The mechanism of the high Q resonance creation and the impact on the resonant frequency
is shown in figure 10. The baffle is suspended from two sequential cylinders, and in between
there is an attachment for the damping eddy current magnets. The baffle needs to be swung
upwards, away from the test mass, to allow for test mass access during in-vacuum installation
periods. Every time the baffle is swung in and out of place, the two cylinders have a chance
of shifting a couple mm at the midpoint, effectively causing the baffle to shift its center of
mass, swing forward and ‘rub’ on adjacent hardware, effectively removing the benefit of its
suspension. Furthermore, because the ‘rub’ points are close to the eddy magnet location, their
effect is bypassed since the motion induced is around this point. In the rightmost panel of
figure 10 we show the spectra of 3 accelerometers (X, Y, and Z) temporarily attached to the
bottom of the baffle to study this effect. The lighter, thicker traces show a free baffle, which
has a resonance at 0.24 Hz and one at 1.6 Hz, but fairly low Q. The thinner, darker traces
show the spectra when the baffle is ‘rubbing’. This can produce more than one high-Q reson-
ance, in more than one degree of freedom, and the resonance frequency is not predictable but
depends on the un-reproducible amount of ‘rubbing’. As such, after each vacuum incursion,
the relevant ACB would have shifted its resonant frequencies and Q factors. The presence of
multiple frequencies at multiple locations made this noise mechanism particularly difficult to
identify.

During the Fall of 2022, the ACB resonances found at the Corner and End Y stations were
mechanically fixed by the commissioners at LLO [75]. The mitigation was to mechanically
recenter the cylinders, allowing the baffle to hang freely and the eddy current magnets to damp
the nominal resonances.
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6. Noise reduction

In this section we look at the h(t) data quality at LLO in the next lock period following the
commissioning work to fix ACB resonances in fall 2022 [75]. There are two ways we can
check the coupling between motion surrounding the ACB and scatter noise in h(t). The first
test is to repeat the sweep injections and compare the h(t) response with the previous injections.
The second test is to pick out a period of adverse environmental conditions before and after
the fix and compare the h(t) data quality. Both of these tests are necessary to check the noise
coupling. Since the motion induced during injections may differ from the motion induced by
trains or other sources, it is essential to examine the h(t) data quality under both sources of
motion: injected and environmental.

6.1. Sweep injections test

Earlier, sweep injections in the band 0.8–3 Hz at Corner and Y End station had shown noise
coupling to h(t). We repeated these injections in February 2023 and compared the h(t) response
with the injections in summer 2022. Figure 11 shows the comparison for End Y. A similar
comparison for ITMY and ITMX injection tests can be found here [77].

As can be seen from figure 11, repeating the sweep injection after the ACB fix, does not
result in any visible noise in h(t) [76]. In the left plot of figure 9, fringing in the band 20–100 Hz
can be seen as the sweep goes through ~1.6 Hz, no such features are visible in h(t) when the
test is repated in February 2023.

6.2. Trains, logging and other anthropogenic sources

Ground motion due to trains passing near LLO created noise in h(t) in the O3 and Post O3 data.
This coupling between trains and h(t) got worse after O3. The Fast Scatter due to trains in O3
was mostly in the band 20–60 Hz but in the Post O3 data of November–December 2020 and
May 2022, noise due to trains could be seen as high as 200 Hz. Since LIGO is more sensitive in
the band 60–200 Hz than the 20–60 Hz, post O3 trains were creating 10–40 Mpc range drops
for as long as an hour in a day [47, 66, 67].

Figure 12 shows the ground motion ASD at the Y End station for two trains. Depending
on the size and weight, trains can result in different amount of seismic motion as measured
by the seismometers [55]. The post ACB fix train (on 7 March 2023) is seismically noisier
compared to the pre ACB fix train (on 29 May 2022) as seen from this figure. We thus expect
it to create as much or more noise in h(t) given the same noise coupling. However, this is not
what we observe. In figure 13, we compare the noise in h(t) at the time of these trains. In the
left plot, we can see h(t) noise in the band 20–80 Hz as the pre ACB fix train, shown by the
End Y ground motion spectrogram, shakes the ground mostly in 1–10 Hz. For the post ACB
fix train shown on right, we see no such noise in h(t) [78]. We provide more such train noise
comparisons in appendix B.

As discussed in section 3, various activities such as logging, road construction, and trucks on
site regularly caused Fast Scatter noise in h(t). Here we compare days with high anthropogenic
motion caused by logging sources in O3 and O4. In early December 2019, logging work near
the Corner station increased the ground motion mostly in the 1–6 Hz band [50]. This increase
in seismic noise led to an increase in h(t) noise in the band 20–50 Hz. The anthropogenic
ground motion and the associated increase in h(t) noise for one such day, 9 December 2019 is
shown in figure 14.
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Figure 11. As shown in the left plot in figure 9, PEM injections identified resonance
close to 1.6 Hz at End Y ACB in July 2022. The test was repeated on 14 February 2023
after fixing the ACB resonances in fall 2022.We once again sweep in the same frequency
band but do not observe any response in h(t) this time [76].

In June 2023, a few weeks after the start of the fourth Observing run, logging work began
near the Corner station [79]. This led to a similar increase in the seismic noise at the Corner
station, as shown by the left plot in figure 14. But this time, we did not observe any excess noise
in h(t) data, as shown by the plot on the right. The Corner station seismic noise is visibly higher
in the June 2023 logging but it does not lead to any visible noise in h(t) [80]. This confirms
that for non-train anthropogenic ground motion, the noise coupling between seismic noise and
h(t) has been reduced significantly. Appendix B looks at one more such example in figure B3.

6.3. Improvement in glitch rate and binary neutron star range

We compare the rate of omicron glitches during logging in O3 and in O4. Since most Fast
Scatter is below 100 Hz, we use this threshold for the comparison. As shown in the left of
figure 15, we have observed a factor of ~50 reduction in the glitch rate during logging in O4 as
compared to O3. For similar degrees of anthropogenic seismic motion, the rate of transients is
greatly reduced. We also compared the total glitch rate between June 2019 (O3) and June 2023
(O4) for a month of omicron triggers in the frequency band 10–2048 Hz. Since the comparison
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Figure 12. Seismic noise of the two trains before and after the ACB fix. Both trains raise
the ASD by a factor of 5–10 compared to the quiet time. We look at the h(t) response
during these trains in figure 13.

Figure 13. Left Pre ACB fix train: the bottom plot shows the spectrogram of ground
motion recorded at End Y along the Y axis. The train appears around the 10 min mark in
the data. The top plot shows h(t) spectrogram for the same duration. Prior to fixing the
ACB resonance, trains would create noise in the band 20–200 Hz. Right Post ACB fix
train: we can see the train in the bottom End Y spectrogram but now we do not see any
noise in the h(t) spectrogram associated with this train. As can be seen in figure 12, this
train induced more ground motion and yet does not generate significant noise in h(t).

looks at a month long data, it includes different environmental conditions and as such is a better
measure of expected glitch rate. Most of this transient noise reduction can be attributed to the
ACB fix as Fast Scatter was the most common transient noise during June 2019 and in O3
[18]. This reduction in the rate of transients directly helps in improving the search background
used by the search pipelines to identify GWs [81]. Certain other factors, not currently well
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Figure 14. Comparison of h(t) noise due to logging before and after the ACB resonance
fix. Here we compare Pre ACB fix 9 December 2019 with Post ACB fix 7 June 2023.
Both of these days, logging activities near the Corner station increased the seismic noise
mainly in the band 1–6 Hz. The plots on the left show the increase in vertical seismic
motion at the Corner station for these days. As shown by the plots on the right, the Pre
ACB fix logging would create create excess noise in h(t) mainly in the 20–50 Hz band.
The Post ACB fix logging however, does not result into any excess noise in h(t).

Figure 15. Left: Omicron glitch rate during logging near Corner station at LLO. In O3,
an increase in anthropogenic ground motion due to logging would create noise in h(t)
and increase the omicron glitch rate substantially. After fixing the ACB resonances, the
rate of glitches during logging in O4 is down by a factor of ~50. Right: here we compare
the glitch rate between June 2019 (O3) and June 2023 (O4). This total glitch rate fell by
a factor of ~3 in O4.

understood and not related to the ACB or CB fix are also responsible for a lowered glitch rate,
as we have observed transient noise reduction for a wide range of SNR values [82].

The BNS range is the astrophysical distance from which a GW signal due to the merger
of two neutron stars of mass 1.4 M⊙ can be detected with an SNR of 8, averaged over sky
locations [22]. Post-O3 trains were responsible for drops in BNS range as they were creating
noise in the higher frequency band compared to trains during O3. This was especially harmful
to the data quality as we may have 1–4 trains each day passing near the detector, and each train
led to a loss of 10–40 Mpc for 10–20 min. Following the ACB fix, we do not observe the range
drops during trains [41].

The top plots in figure 16 show the impact of anthropogenic ground motion due to trains
on the range before and after the ACB fix. For the train on top left, the range drops coincide
with the increase in ground motion in 1–3 Hz band. The plot on the right show a train after the
ACB fix and we do not see any significant range drops. Note that the seismic motion induced
by these trains is very similar to the trains before the ACB fix. The bottom plots show the
range comparision during logging near the detector. This range improvement during trains
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Figure 16. Impact of Trains and logging on BNS range. The plots on the left show the
reduction in the BNS range during increased ground motion caused by trains (top) and
logging (bottom) before the ACB fix. The plots on the right show the improvement in
range during similar seismic activities with train on top and logging on bottom after the
ACB was fixed [41]. The large drops in the top right plot around 35th min mark and in
the bottom right plot just before the 600th min mark are due to loud transients and are
not related to the ground motion.

and logging is a culmination of multiple refinements in the instrument since O3, including but
not limited to fixing the ACB and CB resonances.

7. Summary and conclusion

Noise due to light scattering interferes with our ability to detect GWs, as it introduces addi-
tional phase noise into the data. Low frequency seismic motion coupling with high Q res-
onances in the detector resulted in higher frequency scattering noise observed in h(t) in O3.
Scattering can be categorized into several types, characterized by the duration of their arches.
During O3, several sub-populations of Fast Scatter were observed at Livingston, making it the
most common transient noise source. Fast Scatter predominately affected the detector sensit-
ivity between 10–100 Hz, but on occasion could reach levels as high as 400 Hz.

Low frequency ground motion near LLO is quite variable, being influenced by factors such
as human activity, earthquakes, and ocean currents in the Gulf of Mexico. This ground motion
is a contributing factor to the high levels of scatter present in the O3 h(t) data.We show through
both the modeling of the phase noise and tracking environmental conditions that increases
in anthropogenic noise were mainly responsible for 4 Hz and 3.3 Hz Fast Scatter, whereas
increased microseismic noise was mainly responsible for 2 Hz Fast Scatter.

By establishing meaningful correlations between changes in ground motion and models of
the phase noise, we were able to identify the surfaces that contribute to light scattering. At
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both sites and across all stations, CB resonances were found using sweep injections. Most of
these resonances were damped before O4. PEM injection tests during 2022 helped reveal the
presence of poorly damped 1.6HzACB resonance, which contributed to the 3.3 Hz Fast Scatter
observed post O3. Due to the suspension mechanics of these ACBs, the resonant frequency can
shift and change the type of noise that appears in h(t). In this way, an ACB resonance at 2 Hz
can create both 4 Hz and 2 Hz Fast Scatter depending on the relative amounts of anthropogenic
and microseismic ground motion.We showed that the damping of ACB and CB resonances led
to major improvements in the transient noise rate, enhancing the detector sensitivity in pre-O4
data and O4 data.
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Appendix A. 3.3 Hz fast scatter

3.3 Hz fast scatter has been observed post O3, with arches separated by ~0.3 s and an increase
in peak frequency as shown in the far right plot in figure 3. It is similar to 4 Hz scatter in
that we have observed trains post O3 that correlate well with an increase in this population of
scatter [66]. This suggests some change in the noise coupling as during O3, trains would be
responsible for 4 Hz Fast Scatter. There were multiple trains on 27 November 2020, shown in
figure A1 that gave rise to mainly 3.3 Hz Fast Scatter in the h(t) data.

Appendix B. Trains and logging noise comparison

Here we look at two more examples of trains and one example of logging before and after the
ACB resonance was fixed.

In the first example shown in figure B1, we compare a train from 29 May 2022 to another
train on 19 May 2023. As shown in the left plot, the two trains have very similar seismic
impact. The first train creates noise in h(t) in the band 20–160 Hz while we do not observe any
such noise for the second train as shown by the plot on the right.

The second comparsion shown in figure B2 is between a train on 13 December 2020 with
a train on 13 May 2023. Once again, the amplitude spectral density plot on the left shows that
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Figure A1. BNS range drops during times of increased ground motion due to trains. The
range drops correlate with trains passing near the detector on 27 November 2020 from
15:00:00–17:20:00. In the absence of ground motion, the BNS range hovers above 120
Mpc. When the two trains pass, the range drops around 40 Mpc.

Figure B1. Comparison of trains Pre and Post ACB fix. Left: the trains on 29 May 2022
and 19 May 2023 have a very similar seismic profile, however their impact on h(t) is
very different as shown on Right. The 29 May 2022 train creates scatter noise in h(t) in
the band 20–160 Hz while for the train on 19 May 2023, the spectrogram looks clean.

the two trains do not differ too much from each other seismically. However their impact on
the h(t) is very different. The Pre ACB fix train creates quite a bit of noise reaching as high as
400 Hz, while the spectrogram for the Post ACB fix train looks very clean.

The next example shows another comparison of noise in DARM during logging activities
near the detector Pre and Post ACB resonance fix.
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Figure B2. Comparison of trains Pre and Post ACB fix. Left: the trains on 13 December
2020 and 13May 2023 have a similar seismic profile, with the Post ACB train somewhat
noisier seismically. Right. The 13 December 2020 train creates scatter noise in h(t) in
the band 20–400 Hz negatively impacting the BNS range. The h(t) spectrogram during
the Post ACB fix train on 13 May 2023 looks much cleaner as seen here.

Figure B3. Left: corner station ground motion on 8 June 2023 and 6 December 2019.
Both these days logging activities increased the seismic motion mainly in the band 1–
6 Hz. Before the ACB fix, this increase in Corner station seismic band motion resulted
into an increase in h(t) noise in the band 20–50 Hz as shown on the right. Post ACB fix,
a similar increase in ground motion no longer creates h(t) noise.
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