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Abstract. The sensitivity of the Advanced LIGO detectors to gravitational waves
can be aledted by environmental disturbances external to the detectors themselves.
Since the transition from the former initial LIGO phase, many improvements have
been made to the equipment and techniques used to investigate these environmental
eledts. These methods have aided in tracking down and mitigating noise sources
throughout the first three observing runs of the advanced detector era, keeping the
ambient contribution of environmental noise below the background noise levels of the
detectors. In this paper we describe the methods used and how they have led to the
mitigation of noise sources, the role that environmental monitoring has played in the
validation of gravitational wave events, and plans for future observing runs.

1. Introduction

Between 2010 and 2015, the two LIGO detectors at Hanford, WA (LIGO Hanford
Observatory, or LHO) and Livingston, LA (LIGO Livingston Observatory, or LLO)
underwent a period of extensive upgrades to transition from the Initial LIGO stage to
the Advanced LIGO (aLIGO) configuration [1], significantly improving their sensitivity
to gravitational waves [2]. The aLIGO detectors began their first observing run (O1)
on September 12, 2015, and made the first detection of gravitational waves from a
binary black hole (BBH) merger on September 14, 2015 [3], followed by two more BBH
detections before the end of the run on January 16, 2016 [4]. The second observing
run (O2) began on November 30, 2016 after a period of detector upgrades and ended
on August 25, 2017. During O2, in addition to several more BBH detections, LIGO
observed the first binary neutron star (BNS) merger on August 17, 2017 [5]. The
third observing run (O3), which spanned April 1, 2019 to March 27, 2020, came after
another round of major improvements in the performance of the detectors [6] and the
full inclusion of the Virgo detector in the GW network. The first half of the run, ending
on October 1, 2020, LIGO and Virgo observed a total of 39 GW events [7].
Environmental disturbances can significantly impact the data quality of the LIGO
detectors. A gravitational wave (GW) is detected by measuring the dilerkntial arm
length (DARM) of an interferometer (and converting it to a GW strain), so coupling
between the external environment and the interferometer readout can reduce a detector’s
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sensitivity to gravitational waves and potentially produce transient non-astrophysical
signals in the detector. The environment can influence the detector through physical
contact (via vibrations or temperature fluctuations), electromagnetic waves, static
electric and magnetic fields, and possibly high-energy radiation. These el[edts are
monitored with the physical environmental monitoring (PEM) system of sensors [8].

Studying environmental noise serves two purposes. The first is the validation of GW
events. Environmental disturbances at amplitudes large enough to influence the LIGO
data occur frequently around each detector and can potentially be correlated between
di Lerent detectors, i.e. stemming from a common source as opposed to stemming from
chance coincidence. Such correlated noise is not accounted for in the estimation of false-
alarm probabilities, which is done by time-shifting background data from each LIGO
detector to produce long stretches of coincident background. Environmental noise is
particularly important in searches for un-modeled sources of gravitational waves, as these
look for excess power without the use of waveform templates. Thus it is important to
have a quantitative solution for identifying and evaluating the impact of environmental
transients when they occur near candidate events.

The second purpose is to improve the sensitivity of the detector by reducing
contamination from environmental noise. We track down troublesome noise sources
and coupling mechanisms so that we can either remove the noise sources themselves,
isolate them from the detector, or modify the detector to reduce coupling.

E [erldet al. (2015) [8] described the methodology for studying environmental
coupling and presented results from the sixth and final science run (S6) prior to the
transition to aLIGO. The methodology has since been improved and expanded, and
sensitivity to environmental eledts has changed with the upgrades to the detector.
This paper describes these changes and presents cases where noise sources have been
identified and mitigated between S6 and the end of O3. We also summarize how GW
events are vetted using quantitative results from injections. This paper focuses on noise
investigations at the LIGO detectors; a similar discussion for the Virgo detectors is
provided in Fiori et al. (2020) [9].

There are many techniques for characterizing detector noise beyond those described
here [10, 11, 12, 13, 14]. These include the use of tools for detecting excess power
transients in the strain data [15], categorizing transients using machine learning to
better distinguish them from astrophysical signals [16, 17], searching for correlated
noise between auxiliary sensors and the strain data [18], and many more. Although
these also play a role in achieving the goals above, this paper discusses more direct,
focused techniques for studying, quantifying, and mitigating environmental e [edts.

This paper is organized as follows. In section 2 we summarize the changes made to
the LIGO detectors and the PEM system since S6. In section 3 we present a method for
quantifying environmental coupling based on data from noise injections. In section 4 we
describe developments in the techniques for performing environmental noise injections.
In section 5 we show results of recent studies and provide examples of how environmental
influences have been mitigated. In section 6 we describe the process of vetting GW event
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Figure 1. Amplitude spectral densities of the dilerkntial arm length displacement
(DARM) at the end of S6 (Feb 27 2010 04:27:47 UTC) and during O3 (Mar 20 2020
00:00:00 UTC).

candidates with examples from real events. We conclude with a discussion of future work
in section 7.

2. aLIGO Upgrades

2.1. Detector Upgrades

When fully commissioned aLIGO is designed to provide an order of magnitude
improvement to sensitivity in its most sensitive band [1], as well as more than an order of
magnitude improvement at lower frequencies due to seismic isolation upgrades. Figure
1 compares the DARM noise spectra of LHO and LLO at the end of S6 to that at the
end of O3. Significant progress has been made in approaching the design sensitivity
of aLIGO, and further improvements are foreseen for the fourth observing run (O4),
expected to begin in 2022. Here we highlight a few of the major upgrades that were
directly relevant to reducing the coupling of ambient environmental noise.

The core interferometer optics (including the test mass mirrors and beam splitter)
are suspended in active multi-stage suspension systems, which in turn are on active
seismic isolation tables [19, 20]. This provided a substantial improvement to sensitivity
below 100 Hz over the initial LIGO configuration. The suspension and isolation tables
also provide useful sensors for the motion of these optics.

Auxiliary sensors used in the control system of the interferometer were moved from
in-air optical tables to in-vacuum, seismically isolated tables. This reduced acoustic
coupling but did not eliminate it. Although the main laser system (PSL, or pre-stabilized
laser) could not be moved into vacuum, an acoustically isolated room was built to house
the laser, and a new optical table with improved isolation and damping of its resonances
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was installed [21].

To reduce magnetic coupling, magnets and certain magnetic materials are no longer
present on or near the test masses themselves [22]. Instead, the aLIGO test masses are
controlled either by magnets at the upper stages of the suspension system or by an
electrostatic drive. To further reduce the ambient acoustic noise from electronics fans
near the detector, power supplies and most electronics were moved to separate rooms
(called here electronics bays), some tens of meters away from the vacuum system which
houses the interferometer.

2.2. Environmental Monitoring Upgrades

Understanding environmental inuences on the detectors requires comprehensive
monitoring of its physical surroundings. This is done through the PEM system
of auxiliary sensors, which consists of accelerometers for high-frequency vibrations
(tens to thousands of Hz), seismometers for low-frequency vibrations (up to tens
of Hz), microphones, magnetometers, voltage monitors that measure the voltage of
electric power supplied to the detector sites, radio-frequency (RF) receivers, a cosmic-
ray detector for high-energy particles, and wind, temperature and humidity sensors.
Detailed information on PEM sensors, including example background spectra and
calibration data, can be found on the PEM website, PEM.LIGO.org [23]. The site
also provides links to long-term summaries of ground tilt, seismic motion, and wind (on
the Environmental Studies pages).

In order to monitor environmental signals that could in uence the interferometer,
we use PEM sensors that are demonstrated to be much more sensitive to these signals
than the interferometer is. Sensor locations are chosen with the goal of maximizing
coverage of potential coupling sites. ldeally, if an environmental signal were to reach a
coupling site, nearby sensors should be able to observe the signal at an amplitude equal
to the amplitude at the coupling site. In practice, we place sensors where we expect
the coupling to be strongest, and we may place new sensors during the run to improve
monitoring of important coupling sites.

By focusing on the fundamental interactions that can a ect the detector, the PEM
system allows us to monitor potential e ects from a large variety of environmental
events. For example, wind can couple through vibrations in the ground and air, so
its e ects are monitored by seismometers, accelerometers, and microphones. Lightning
could couple by magnetic elds, power mains disturbances, and electromagnetic waves
at radio frequencies that we demodulate into the detection band, so lightning strikes are
monitored with magnetometers, mains monitors, and RF receivers. The PEM sensors
provide coverage of signals in the detection band of the interferometer (20-2000 Hz),
although we also monitor beyond these frequencies when there are coupling mechanisms
that convert low- or high-frequency signals up or down into the detection band or when
the interferometer performance can be a ected by frequencies outside of the detection
band.
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Figure 2. The Physical Environmental Monitoring system layout at the LIGO
Livingston detector during O3, as seen on the PEM public website [23]. The path
of the main interferometer laser is shown as a red line; core optics, such as the test
masses, are represented by rectangles inside the vacuum chambers. The most major
changes during aLIGO have been made to the accelerometer locations and the addition
of new magnetometers, e.g. in the electronics bays.

The state of the PEM system at LLO during O3 is shown in Figure 2. A similar
map for LHO is available on the PEM website [23]. Since the transition to aLIGO, many
changes [24] have been implemented to expand the general coverage of the PEM system,
provide additional monitoring near known high-coupling areas, and adapt to the detector
upgrades described in 2.1. Many changes involved the addition of accelerometers or
relocation of existing ones:

Vacuum chambers: In iLIGO, most accelerometers were mounted on the seismic
isolation system. These locations became redundant with the introduction of
vibrational sensors as part of the new active isolation systems, so the accelerometers
are now mounted on the chamber walls where they can detect motions that could
modulate laser light scattered o of the chamber walls.

Beam tubes: Accelerometers at select sites along the 4-km beam tubes monitor
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vibrations that a ect the modulation of re ected light inside. Coverage now
includes the mid-stations, which is especially important at LHO where signi cant
coupling has been measured, likely because they contain the smallest aperture
between vertex and end stations.

Electronics bays: Floor accelerometers were added to detect vibrational coupling
to the electronics boards (e.g. through resistance variations in poor solder joints)
and to monitor the rooms as seismic sources.

Vacuum enclosure areas: Floor accelerometers were added near the vacuum
chambers in order to expand coverage and aid in localizing sources of vibrations
through propagation delays and amplitude di erences at locations that do not have
the resonance structure of the vacuum envelope.

Pre-stabilized laser table: Coverage of the main laser table was expanded. This
area has continued to be a major source of vibrational coupling.

Many sensors were also upgraded to newer models in order to improve their
performance. Table 1 summarizes the current sensor models and speci cations.

Magnetometer coverage was also expanded, particularly with the addition of
magnetometers on the electronics racks (located in the electronics bays) which were
important noise sources and coupling sites during initial LIGO. Relatively large magnetic
elds are generated by the equipment in the racks and these elds can couple to
components, cables and, connectors in the racks. Additionally, magnetometers in
electronics racks have been useful for identifying sources of narrow spectral peaks even
when the coupling was not through magnetic elds. Cyclical processes producing line
artifacts in the DARM spectrum can be tracked down by detecting currents associated
with those processes. In a sense, we monitor multiple electronic systems at once, using
uxgate magnetometers in the electronics racks (Bartington-03 series [25]). These are
sensitive enough to detect periodic currents with amplitudes as low & 10 ° A at 1
m from long wires or traces [26].

Additionally, the non-rigid tripods for uxgate magnetometers were replaced with
rigid ones. Non-rigid tripods lead to increased cross-talk between oor vibrations and the
magnetometer signal, as the magnetometer vibrates relative to the Earth's magnetic eld
at the tripod resonance frequency. This created a peak in the magnetometer spectrum
a factor of three above background, which was eliminated by switching to rigid tripods
[27].

In addition to the uxgate magnetometers that monitor local magnetic elds,
extremely low frequency induction coil magnetometers (LEMI-120 [28]) were added
to the PEM system in order to monitor magnetic noise from Schumann resonances.
These are global electromagnetic resonances in the cavity formed by the Earth's surface
and the conductive ionosphere. Lightning strikes around the world excite this resonant
cavity, producing picoTesla-scale magnetic elds that can cause correlated noise in the
LIGO detectors [29, 30, 31]. Two LEMI magnetometers are positioned at each site, far
enough from the detector so that they are not sensitive to the same local magnetic elds
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Table 1. Speci cations for important PEM sensor types. The operating frequency
range is the range in which the sensor calibration is at; we often use them over a
broader range. Noise oor numbers are reported in the operating band of each sensor
(seismometer at 1 Hz).

Type Sensor Operating freq. Sampling freq. Noise ogr
seismometer Guralg® CMG-3T [34, 35] 0.1-20 Hz 256 Hz <1 nm/s"ﬁ
accelerometer  Wilcoxorf 731-207 [36] 1-900 Hz 4096 Hz 0.5m/s2c Hz
microphone Bruel&Kjaer® 4130 [37] 10-900 Hz 16384 Hz <30Paﬁ" Hz
microphone Briel&Kjeer® 4188 [38, 39] 8-12500 Hz 16384 Hz <5Paﬁ" Hz
magnetometer Bartington® 03CES100 [25] 0-900 Hz 8192 Hz <6 pflﬁ
magnetometer LEMI-120% [28] 0.0001-1000 Hz 4096 Hz <0.1 pT/ Hz
radio station ~ AOR R ARS5000A [40] 24.5 MHz 16384 Hz

observed by the uxgate magnetometers. They are placed at a location between the
corner station and end stations, 100-200 m from the beam tube, one aligned with the
x-axis and one with they-axis of the interferometer.

An electric eld meter was installed in an end test mass chamber at each observatory
[32, 33, 6]. These can detect electric elds generated inside of the chambers as well as
elds from outside the chamber that make it in through glass viewports on the chambers.

3. Coupling Functions

To determine the degree to which the detector is a ected by environmental in uences
during operation, we inject basic environmental disturbances that produce a response in
DARM. We make acoustic injections with speakers and monitor them with the system
accelerometers and microphones; seismic injections with shakers, monitoring them with
the accelerometers and seismometers; magnetic injections with wire coils monitored with
the magnetometers. The injection methodology is described in more detail in Section
4. To motivate the injection techniques we rst discuss the means of quantifying the
coupling.

Suppose there exists only one coupling site, a sensor is placed at the location of the
coupling site, and a noise injection is performed that produces a signal in the sensor and
some response in DARM. Acoupling function can be computed based on the actuation
measured by the witness sensor and the response measured in DARM [41, 42]. We
compare the amplitude spectral densities (ASDs) of DARM and the witness sensor
during the time of the injection (injection time) to their ASDs during a time when both
are at observation-mode noise level®gckground timg. The coupling function at some
frequencyf is given by

S

CF(f) =

[Yinj (F)12 [Yokg ()]
Xing (F)12 [Xbkg(F)]?

where Xpg(f) and X, (f) are the ASDs of the witness sensor at background and

(1)
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injection times, respectively, andYqg(f) and Yi;(f) are the ASDs of DARM at
background and injection times. We useoupling factor to refer to the value of a
coupling function at a single frequency bin.

A sensor's coupling function can be used to compute the contribution of noise in the
sensor to DARM. For example, when validating GW events, we multiply the coupling
function by the amplitude of any environmental transient observed by the sensor to
predict the corresponding amplitude in DARM. Additionally, multiplying the coupling
function by the sensor's ambient background level yields the ambient contribution of
noise at the sensor to the DARM spectrumy (f ) = CF( f )X (f).

Suppose now we expand the scenario such that there are multiple coupling sites,
and a sensor is placed at the location of each site. We can model the response
in DARM to each injection as a linear combination of the sensor signals and their
sensor-speci ¢ coupling functions. To solve for the coupling functions, we can perform
multiple injections instead of just one, resulting in a system oh equations with m
unknown coupling functions, wheren and m are the numbers of injections and sensors,
respectively:

X0
Yi(f) = CF; (f)Xj (f): (2)
j=1
Here Y;(f) and X; (f) are the amplitudes of DARM during injectioni and sensorj
during injection i respectively, andCF;(f ) is the coupling function of sensoj. One
could solve (2) to determine the coupling functions of all sensors.

We have assumed thus far that the witness sensors are placed at the locations of the
coupling mechanisms, but such perfect placement is not realistically feasible given that
there are an unknown number of coupling sites at unknown locations. A sensor, even if it
is near a coupling site, only measures the injection amplitude at its own location, not at
the coupling location. Therefore, when using real-world sensors, (1) is only an estimate
of the true coupling, and (2) is not an exact model of all the coupling mechanisms.
Nevertheless, as explained above, we distribute sensors to maximize coverage of coupling
sites and nd that this has been su cient for producing reliable coupling functions for
all sensors, as discussed further in Section 3.1.

One hurdle remains in attempting to solve (2). In practice, typicallyn <m due to
logistical constraints on the number of injections one could perform during a realistic
time window, which makes the system of equations underdetermined. The problem
can be simplied by instead approximatingCF; (f ) for each sensor independently of
other sensors. Given a sensgr, we can re-purpose (1) (replacing with Xj and 'Y
with Y;) to compute a single-injection coupling function CF; (f) for each injection,
then combine those to produce an approximation t&€F;(f). The closer an injection
is to a sensor, the more accurate the compute@F; (f ) would be to CF; (f ), since the
DARM response would be dominated by coupling near sengar Since it is impractical
to produce an injection at each sensor, the approach we have adopted for combining the
CF;j (f) is to construct acomposite coupling functionwvhose value at each frequency bin
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is the coupling factor corresponding to the nearest injection, determined by the highest
sensor amplitude (using the assumption that injection amplitudes are equivalent). That
is, for a frequencyfy and a set of injectionsl , we measure the sensor amplitudes
fXi (fx) ji 21g, compute the single-injection coupling functiondCF; (fx) j i 2 1g,
and compute the composite coupling function as

éFj (fx) :== CFy (fx) wherel = argmax (Xj (fi)): (3)
i2l

If the distribution of injection locations provides su cient coverage of sensor
locations, then(ﬁFj (f) CF;(f). We discuss shortcomings of this assumption in Section
3.1

Computing the single-injection coupling functionsCF; (f) (example shown in
Figure 3) requires a signi cant di erence between the injection and background signals
in the sensor and in DARM. To distinguish between measurements and upper limits,
thresholds are chosen for the sensor and DARM in the form of a ratio between the
injection ASD and background ASD. For each frequency bin, if an injection produces a
large enough signal to exceed both the sensor threshold and DARM threshold, then a
coupling factor can be measured via Eq. 1. If the injection exceeds the sensor threshold
but not the DARM threshold, then we instead compute an upper limit by omitting the
DARM background term. These thresholds are typically chosen to be a factor of two
in DARM and a factor of a few in the sensor, based on the typical level of uctuations
observed in the spectra.

The composite coupling function computed via (3) is used for comparing coupling
between di erent sensor locations and producing estimates of DARM amplitudes, e.g.
as part of event validation (see Section 6). Therefore we refer to a sensor's composite
coupling function simply as its coupling function from here on. Figure 4 provides an
example of an estimated ambient for an accelerometer on the HAM6 vacuum chamber
(which houses the interferometer output optics). The PEM website provides coupling
functions for all accelerometers, microphones, and magnetometers produced from the
most recent campaign of injections [23].

3.1. Uncertainties and Limitations

We characterize coupling using the coupling function de ned in (1) instead of a transfer
function because we do not assume perfect coherence. Low coherence can arise either due
to non-linearity in the coupling or due to the spacing between the sensor and coupling
site.

To measure coupling, we inject signals large enough to produce a response in
DARM, but the maximum amplitude of injections is limited by the sensitive range
of the environmental sensors (saturation produces an overestimate of coupling). This
e ectively limits how far below the DARM background we can probe for coupling or
establish upper limits.
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Figure 3. Vibrational coupling excited by a broadband (60-200 Hz) acoustic injection
near the output arm of the interferometer. The left plot shows the displacement of
an accelerometer in the PSL room during background time (black) and injection time
(orange). The middle plot shows the interferometer readout during background time
(black) and injection time (orange). Estimated ambient levels for the accelerometer
are also shown as dark blue dots, with upper limits shown as light blue crosses;
they are produced from the single-injection coupling function in the right plot. A
vibrational single-injection coupling function represents meters of di erential test mass
displacement per meter of sensor displacement, hence the units of m/m.

Figure 4. Ambient noise level for the LHO HAMG6 Y-axis accelerometer estimated
from a composite coupling function, using acoustic and seismic injections near the
output arm. For simplicity only ve injections were used to produce this example,
however in practice the number of injections performed near a sensor can be many
times higher.

Equation (1) relies on two assumptions about the coupling mechanism. First, the
coupling is assumed to linear, e.g. doubling the amplitude of the injection would double
the amplitude of the response in DARM. We check this by repeating injections with
di erent amplitudes. Second, the coupling function ignores any up- or down-conversion
of the signal between the sensor and DARM. This non-linear coupling can be very
signi cant for scattering noise and bilinear coupling but is not accounted for in the
estimates of linear coupling. One way we detect non-linear coupling is by sweeping
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single frequency injections over time and searching for o -frequency response in DARM
spectrograms. Frequency changes from non-linear coupling can be an issue in broadband
injections where up- or down-converted noise in DARM appears in the injection band,
resulting in arti cially higher estimates of linear coupling. We split broadband injections
into smaller frequency bands to avoid this e ect when necessary. One approach for
quantifying non-linear coupling is presented in Washimi et al. (20209].

As mentioned above, the use of (2) relies on the assumption that the environment
is monitored at the coupling site. The density of sensors is not great enough for this
to be strictly true, especially if the source of the environmental signal is closer to the
coupling site than the sensor is. The nite spacing of sensors leads to imperfect coupling
functions but, for environmental signals that are generated at a distance greater than
the typical sensor spacing of a few meters (the external signals that are the focus of
PEM), the uncertainty can be estimated based on the di erences between injections
made at di erent locations. We choose a sensor near a known coupling site and nd the
variance between single-injection coupling functions measured for that sensor. Figure 5
shows single-injection coupling functions for an accelerometer measured from shaker
injections produced from three locations. Since the injection locations are close enough
to the accelerometer, we can assume that the variance is entirely due to the distance
between the sensor and the coupling site. Variations in injection location result in
a multiplicative scaling of the single-injection coupling functions, so we quantify the
variance by computing the geometric standard deviation of coupling factors in each bin.
Averaged across all bins, the geometric standard deviation between injection locations is
1.4, i.e. coupling functions measured from vibrational injections, as well as vibrational
noise projections to DARM, vary by a factor of 1.4. A similar study combining
geometric standard deviations for various magnetometers at both observatories shows
that magnetic coupling measurements vary by a factor of 1.7 [43].

In the case of acoustic injections, the uncertainty in a coupling function can be
exacerbated when nodes and anti-nodes in the acoustic signal coincide with the location
of a sensor. This results in peaks and troughs in the sensor spectrum at frequencies that
have a node or anti-node at the sensor location, respectively. These artifacts can impact
any sensor, but are more noticeable in microphone spectra than accelerometer spectra,
possibly because the sti ness of the vacuum enclosure results in e ectively averaging
over a larger area; in microphones, the peak-to-trough ratio is typically a factor of a
few. The peaks and troughs are present in the sensor but not in DARM, because the
sensor monitors a single point whereas the coupling to DARM is spread across a large
enough area for the e ects of nodes and anti-nodes to average out. Consequently, this
e ect imprints troughs and peaks onto the coupling function. The artifacts can be
smoothed out of the spectra by computing a moving average oviy (f). The peak-
to-peak distances are typically a few Hz, so we smooth the spectra enough to remove
features up to a few Hz across. This is acceptable in broadband acoustic injections
which are designed to not produce any other spectral features at this scale.

Although the injections used to measure coupling functions are designed to best
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Figure 5. Single-injection coupling functions for the HAM5 Y-axis accelerometer
from shaking injections made from three di erent locations (on top of HAMS5, on top

of HAM6, and on the HAM5 chamber door) show the typical spread in coupling that
results from varying the injection location. Multiple injections at di erent frequency
bands are shown for each source location. On average the coupling measured from
di erent locations varies by a 1.4.

replicate environmental noise, there are still di erences and it is useful to test the
coupling functions with dierent environmental events by comparing noise seen in
DARM during such events to noise levels predicted by PEM sensors and their coupling
functions. Thunderstorms are known to produce short-duration transients in DARM
at tens of Hz. At LLO, coupling functions for several accelerometers at the Y end
station, where vibrational coupling was the highest, were capable of estimating the
amplitude of multiple transients in DARM to within a factor two during a particularly
loud thunderstorm [44]. Helicopter yovers can produce narrow-band features in DARM
up to tens of seconds long. Coupling functions of various sensors at both interferometers
predicted the amplitudes of lines produced by multiple helicopter yovers during O3
to within a factor of two in most cases [45]. Vibrational noise from rain and the
building HVAC, which produce much longer-duration noise in DARM, have also been
well estimated by coupling functions at LHO [46, 47].

4. Injection Methods

The basic methodology of environmental noise injections is described in [8]. Here
we summarize the methods and describe improvements made to the hardware and
techniques since then.

Injection locations are chosen to best mimic disturbances from outside the detector.
To do so we choose them to be as far from the detector and environmental sensors as
possible, but we are usually limited by the size of the detector sites themselves (some
injections can be made from outside). We perform injections from as many locations as
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Table 2. Speci cations for injection equipment.

Equipment Injection type
Custom enclosure with two 14-in. speakers Acoustic
Various smaller speakers Acoustic
APS 113 Electro-Sei§ Long Stroke Shaker [48] Vibrational
Piezosystent [49] shaker with custom reaction mass Vibrational
Briel & Kjeer ® [50] EM shaker with custom reaction mass Vibrational
1 m diameter copper coil (100 turns) Magnetic
3x3mand5 x5 m coils (80-100 turns) Magnetic

Figure 6. Injection equipment photos. From left to right: wall-mounted magnetic
eld injection coil; 14-in. speakers; APS 113 shaker connected to the door of a
vacuum chamber by a rigid berglass rod; modi ed Piezosystem shaker clamped to
an electronics rack; modi ed B&K shaker clamped to a beam tube support.

time allows in order to maximize coverage of potential coupling sites. Increased time
allocation towards environmental studies in recent years has allowed for a signi cant
increase in the number of injection locations.

Table 2 summarizes the current equipment used and Figure 6 shows photos of
some of the equipment. Seismic injections at low frequency (up to tens of Hz) during
initial LIGO were performed with small electromagnetic and piezoelectric shakers and
a weighted cart. A large shaker [48] has been used since the beginning of noise studies
for O3.

Two new injection techniques have been developed for localizing vibration coupling
sites connected to the vacuum enclosure, such as locations on the vacuum enclosure that
re ect scattered light. The techniques rely on the slow propagation speeds (hundreds
of meters per second) of vibrations on the steel vacuum enclosure walls or, for acoustic
injections, in air.

The rst technique is narrow-band, and involves vibrating the vacuum enclosure
at two slightly di erent frequencies, each injected from a shaker or a speaker at a
di erent location (e.g. a shaker at one location injects a sine wave at frequentyand a
shaker at the other location injections at frequency +0:01 Hz). The two injections are
adjusted in amplitude to produce strong beats in DARM. Because the injection locations
are di erent, the relative phase of the two injected signals varies with location on the
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Figure 7. Example spectrograms showing a vibrational beat injection using two
shakers to localize the coupling site responsible for a 48 Hz peak in the DARM
spectrum. The shakers were injecting at 48 and 48.01 Hz. The Y-axes of the
spectrograms are centered along at 48 Hz and show the combined signal in each sensor
modulating at the beat frequency (0.01 Hz). This set of spectrograms suggests that
the accelerometers on the input test mass (ITM) chambers and the Y-axis HAM2
accelerometer are likely not close to the true coupling location, since the beat envelopes
are the furthest o set from the beat envelope in the DARM response. Multiple other
injections were made (not shown here) with varying shaker locations in order to rule
out other sensors until the most likely candidate remaining was the HAM3 Y-axis
accelerometer. Black glass was used to block scattered light at this location and the
peak was eliminated for the second half of the O3 observation run.

vacuum enclosure. As a result, the phase of the beat envelope varies with position,
and di erent sites experience maximum chamber wall motion at di erent times. The
sites with accelerometer signals that have the same beat envelope phase as DARM are
candidates for the scattering sites on the vacuum enclosure walls (Figure 7). Other
sensors that are not near the coupling site may also match the phase by chance, but
these false positives can be rejected by varying the locations of the shakers.

The second injection technique, which is broad band, involves propagation delays
in impulse injections. Impulse injections are performed by striking the vacuum
enclosure directly with enough force to produce a transient in DARM and in nearby
accelerometers. The vibrational impulse propagates through the structure of the vacuum
enclosure, arriving at di erent accelerometers and coupling sites at di erent times. We
can distinguish these arrival times because the propagation velocity is much slower than
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in solid material, and is only roughly 300 m/s in our case. Using time series plots, the
arrival time of the impulse in DARM is compared to the arrival time of the impulse in
multiple accelerometers (Figure 8, left). The accelerometers that have the same arrival
time as DARM are more likely to be near a coupling site than those that observe the
impulse much earlier or later than DARM does. Again, varying the location of the
injection eliminates sensors that match the DARM time-of-arrival by chance but are
actually far from the coupling site. An additional consistency check is that the coupling
of accelerometers near the coupling site will vary less between di erent impulse locations
than that of accelerometers far from the coupling site. Finally, if the accelerometer is
at the coupling site, the impulse in DARM will have a resonance structure that is
similar to the resonance structure of the accelerometer signal, which can be judged from
spectrograms (Figure 8, right).

These two techniques aided in the localization of a coupling site that was producing
a 48 Hz peak in DARM throughout the rst half of O3 [51]. The peak was present before
the start of the run, and shaker and acoustic injections suggested the source was likely
at the corner station. Impulse injections pointed to the highest coupling being near the
vertex and input arm. Using the double-shaker beat injection method, with frequencies
of 48 and 48.01 Hz, it was found that the timing of the beat envelope in DARM best
matched that of the HAM3 door, even after varying the shaker locations and using
a temporary accelerometer to test other nearby locations. This led to the discovery
that the 48 Hz peak was a result of scattered light at the HAM3 viewports, which was
promptly eliminated by blocking it with black glass, removing the 48 Hz peak from the
DARM spectrum for the remainder of the observing run.

Improvements have also been made to the magnetic eld injection equipment. In
order to generate elds strong enough to couple into DARM using the 1 m magnetic
eld coils made during initial LIGO [8], we must focus the power of the colil into narrow
bands and combs instead of injecting broadband signals. This was su cient in initial
LIGO when strong magnetic coupling occurred primarily through permanent magnets.
However, due to the removal of permanent magnets from the test masses, coupling
from those sources has decreased and cables and connectors have become the dominant
coupling sites above about 80 Hz, introducing more structure to the coupling functions
and requiring stronger injections.

To achieve high-amplitude broadband magnetic injections, seven wall-mounted
coils, each one a3 mx 3 mor5m x5 m square of 80-100 turns, are being installed
at each site; three at the corner station and two at each end station. These coils are
xed in place and can be operated remotely, allowing for weekly injections to monitor
variations in magnetic coupling caused by changes to electronics. Figure 9 compares the
old and new magnetic injections. Some coils were installed and operated at the sites
during O3; the project will be completed by the start of O4.
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Figure 8. Left: Example time series of a single impulse injection signal in DARM
and various output optics accelerometers. Multiple sensors observe an impulse time-
of-arrival matching that of DARM, but repeating the injection from various other
locations rules out sensors that do not match DARM consistently across multiple
injections. In this case the septum (separating the HAM5 and HAM6 chambers)
accelerometer signal matched the DARM signal most consistently (other injections not
shown for brevity). Right: Spectrograms of the same impulse injection for DARM and
the three sensors with the closest matching time-of-arrival to DARM. The similarity
between the frequency structure of the septum accelerometer and that of DARM
further supports the septum as a dominant coupling site in the output arm.

s2 5. Mitigation of Environmental E ects in aLIGO

s»s \We use the methods discussed thus far to track down noise sources whose estimated
s ambient level in DARM is more than a tenth of the DARM background. Mitigation

s27 can be accomplished in three ways: by removing or modifying the source itself, by
s2s  Isolating the source or otherwise addressing propagation of the signal to the detector,
s20  Or by reducing the coupling itself through some modi cation to the detector. Here we

ss0  provide several examples of environmental e ects that were mitigated based on results
ss1 from noise investigations.
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Figure 9. DARM response to old (left, comb) and new (right, broadband) magnetic
injections. Black and orange lines show the DARM ASD before and during the
injections, respectively. The comb injection curve is a composite of multiple comb
injections, with fundamental frequencies of 7.1 Hz, 14.2 Hz, and 49.7 Hz, made at
di erent times. The broadband injection spectrum is a composite of a 10-100 Hz
injection and a 100-1000 Hz injection made at di erent times, hence the break at 100
Hz.

5.1. Seismic and acoustic in uences

Figure 10 shows the ambient contribution of vibrational noise during O3, produced by
combining the highest coupling factors among accelerometers and microphones measured
from an injection campaign at the beginning of O3. At the end of O3, the vibration
noise background at both observatories was dominated by input beam jitter above 100
Hz (discussed in Section 5.1.1). At LHO, the dominant coupling region below 100 Hz
was the output arm. At LLO, the dominant coupling regions were the Y-end in the
40-60 Hz band and the output arm in the 60-100 Hz band.

5.1.1. Input beam jitter. Alignment uctuations of the beam (beam jitter) entering the
interferometer cause variation in the coupling of the fundamental mode into the arm
cavities, producing amplitude noise. In addition, the varying beam position relative
to defects in the test masses causes a variation in the balance of light between the
two arms, further contributing to the noise [6]. The dominant source of alignment
uctuations was turbulence in the laser cooling system, causing vibration of mirrors
and other optics on the table and in the laser, producing peaks in DARM at mechanical
resonances of the optics and their mounts. A second mechanism may be variation in
beam diameter associated with the turbulent cooling. In addition to vibrations from
the cooling system, transient vibrations, such as those made by large vehicles or heavy
footsteps in the control room, produced transients in DARM by temporarily increasing
alignment uctuations.

Mitigation has included removing turbulence-producing connectors, sharp turns in
the coolant lines, and abrupt diameter changes within the cooling system; and reducing
the ow of coolant [52]. In addition, injections were used to identify the optic mounts
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Figure 10. Ambient vibrational noise at LHO (top) and LLO (bottom), shown in
dark blue (measurements) and light blue (upper limits). The values are produced
by selecting the highest-amplitude composite coupling function at each bin across all
sensors at each observatory. The black and orange lines show the DARM background
and the aLIGO design sensitivity, respectively.

that produced the largest peaks in DARM, and mass-and-viton dampers were added to
the mounts. This resulted in motion reductions by factors of a few [53]. Finally, the
resonances of optic mounts on the periscope that raises the beam from the laser table
level to the interferometer level, were tuned by adding small masses to the optic mounts,
so that their resonances would not overlap in frequency with periscope resonances that
would increase the motion of the mounts [54].

5.1.2. Vibrational coupling at resonances of the vibration isolation systemOne of the
most troubling environmental couplings early in aLIGO was vibration coupling at 100
Hz and above through the seismic isolation system. Not only were ambient vibration
levels producing noise within a factor of two of the DARM background around 1000
Hz, but the coupling was highly non-linear (see non-linearity discussion in Uncertainties
and Limitations), and it was the only vibrational coupling observed that could produce
noise in the detection frequency band around 100 Hz from a source near 1000 Hz.
One could imagine a rising frequency signal (chirp) from the startup of a motor with
squealing bearings, for example, that would have been able to produce a chirp in DARM
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in the 100 Hz band. This problem required special vetting of the rst GW detections
since, normally, the vetting procedure only assumes linear coupling (discussed further
in Section 6).

The coupling was due to little or no isolation in certain frequency bands associated
with mechanical resonances of the isolation system. The active system vibrationally
isolating the in-vacuum optical tables works mainly below 20 Hz. For higher frequencies,
there are one (HAM chambers) or two (BSC chambers) passive layers associated with
the suspension of the optical tables. But, at the many resonances (violin modes) of the
multiple wire-like exures that suspend the tables, there was little isolation, allowing
vibration at these frequencies to couple to DARM. This lack of isolation produced
linear vibration coupling at multiple optical tables and, at the dark port table, non-
linear coupling due to an intermodulation of vibration and a strong length dither used
in controlling the length of the output mode cleaner (OMC). The coupling was mitigated
by attaching Viton™ [55] to the suspension exures at tables with coupling to DARM.
To further reduce non-linear coupling, the amplitude of the OMC length dither was
reduced as far as possible [56].

5.1.3. Coupling of wind through ground tilting in the 0.1 Hz band.ibrations from
wind a ect the interferometer directly in the 10-100 Hz band. At lower frequencies,
particularly in the band around 0.1 Hz, pressure uctuations associated with wind can
a ect performance and duty cycle by tilting the ground. Performance can be a ected
by direct tilt of optical table supports or by tilt of ground motion sensors used in the
active isolation system, producing inaccurate signals from sensors that do not distinguish
between tilt and acceleration. Even far from the buildings, we found that the ground
tilts in wind (about 1e-8 radians/sqrt(Hz) at 0.1 Hz in wind reaching 15 m/s at LHO),
to a degree that is consistent with spatially varying wind speeds and Bernoulli forces.
But the tilting in the buildings was a factor of several times larger, and found to be
greatest near the building walls. The pressure uctuations on the walls are thought to
tilt the wall supports which, in turn, tilt the ground at their base. The coherence length
of oor tilt measured at Hanford was a couple of meters, indicating that the cement
slab does not tilt as a unit. Instead, the tilting is local and mainly within meters of
the base of columns that support the walls, consistent with an elastic dimpling of the
ground around the support [57, 58].

The localized nature of the dominant tilt has led to the simple mitigation technique
of moving ground sensors as far from the walls as possible. While certain sensors could be
moved, the large vacuum chambers near the wall could not, and for future installations,
we have recommended that the chambers be placed at least 10 m from the base of wall
supports.

In order to further mitigate the e ects of wind-induced tilt, tilt meters with
improved sensitivity were designed and deployed [59, 60]. The rst versions were
produced to correct the artifacts that tilts produce in seismometers, but a table-top
tilt meter is also being developed in order to mitigate the e ects of the tilt of the optical
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tables in the chambers.

Wind fences have been used to reduce wind in agricultural and recreational settings,
and modeling suggested that wind fences may be useful for reducing the e ects of wind
pressure on the building walls. For this reason a wind fence was constructed at Hanford,
and is currently being evaluated [61]. One remaining question is how e ective a wind
fence is in the troubling frequency band around 0.1 Hz where the length scale is 100m
for 10 m/s wind.

5.1.4. Vibration modulation of scattered light paths. A major source of detector noise
and reduced sensitivity to GWs is the scattering of light from the beam spot on a test
mass or other optic to surfaces that are moving relative to the optic, like vacuum chamber
walls. A very small fraction of the light reaching the moving surface is re ected to the
originating or another beam spot, where it scatters back into the main interferometer
beam. As the distance to the moving surface changes, the phase of the returning light
changes relative to the main beam, producing uctuations in the amplitude of the beam,
that, at 1 part in 10%° can be on the scale of those produced by gravitational waves.
In addition to this sensitivity to recombined scattered light, the scattering noise is
problematic because of non-linear coupling when the path length modulation becomes
comparable to the wavelength of the light, producing noise at harmonics of modulation
frequencies [62].

The subtlety of scattered light noise is illustrated by the mechanism that was behind
a mysterious glitch in DARM that turned out to be produced by ravens [63, 12]. The
Rube Goldberg like mechanism began in the desert sun at LHO, where ravens pecked
at ice accumulations on a cryopump vent tube just outside of an end station building.
The vibrations from pecking were transmitted through the vent tubes to the cryopump
inside the building. The cryopump was attached to the beam tube, and the vibrations
were transmitted through the beam tube to a calibration structure located inside of
the vacuum, which vibrated slightly with each peck. The structure was angled so as
not to retro-re ect light scattered from the test mass, about 10 m away. However,
polishing grooves on the surface re ected a small fraction of the light back to the
test mass, where a small fraction recombined with the main beam. The interference
between the light in the main beam and the tiny amount of light re ected from the
grooves varied with the motion of the calibration structure produced by each peck.
The varying interference caused uctuations in the light of the main beam, similar to
the uctuations produced by gravitational waves. After the discovery of this coupling
mechanism, the calibration structure was ba ed to reduce the light scattered back into
the interferometer, eliminating the raven glitches and other similar vibrational signals.

Scattered light ba es can themselves be problematic - for example, vibrations in
the 5-30 Hz band, such as from nearby truck tra c, produced transient noise and limited
detector sensitivity in early aLIGO. Investigations using vibration injections and laser
vibrometry showed that the coupling was due to light re ecting from imperfect light
ba es. The ground motion was ampli ed by the resonances of the ba es (quality factors



652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

Environmental Noise in Advanced LIGO Detectors 23

of several hundred), increasing the velocity by several hundred times, and producing
scattering noise that reached hundreds of Hz for 10 Hz excitations [64]. The problem
was solved by damping the bae resonances with Vitol" in order to reduce their
velocity [65]. Eventually, the most re ective parts of the ba es were also removed.
Near the end of O3, a second type of undamped ba e was identi ed as a noise source
[66] [67] and damped [68] (Figure 11).

Scattering noise can be mitigated by reducing the amplitude of the scattered light
or by reducing the velocity of the re ector, or both. Reducing the amplitude by a factor
of two yields a factor of two reduction in noise; reducing the velocity instead reduces
the maximum frequency of the noise by the same factor. In the latter case, most of the
noise above the newly lowered cuto frequency is removed which can lead to a greater
overall reduction of the noise than just a factor of two [62].

An important driver of scattering noise for long interferometers is ground motion at
the ocean-wave driven microseismic peak frequency, in the 0.1-0.3 Hz region, which has
produced noise in DARM that reached nearly 100 Hz, several hundred times higher in
frequency. Because the ground moves di erently at the ends of the 4-km-long cavities,
the control systems that minimizes relative motion of the test masses at opposite ends
of the cavity can lead to micron-scale relative motion between the end test mass (ETM)
and other objects in its vicinity that are not moved with the test mass and cavity.

A major source of transients during the rst three observing runs, especially when
microseismic noise was high, was light re ected from the gold electrostatic actuator
traces on the reaction mass behind the test mass. The variation in the optical path
length was ampli ed by multiple re ections between the traces and the back of the

re ective surface of the test mass [69]. The problem was solved by driving the reaction
mass to minimize relative motion between it and the test mass [62].

Diagnostic photographs can be used to identify a common type of scattering path
that involves light that is scattered from the beam spot on an optic to a moving re ective
surface and back to the beam spot, where it scatters back into the main beam (Figure
12). Problematic re ective surfaces often depend strongly on precise angles and surface
nish, and they can be di cult to identify in design drawings. To nd potential re ective
surfaces, during incursions such as optic installation, we place a small camera (with the
camera ash very near its aperture) as close to the face of an optic as possible, and look
for bright re ections of the ash in photographs taken from the optic's point of view
(??). Most metal surfaces that would directly re ect infrared light scattered from the
face of the optic also directly re ect camera ashes from the face of the optic. Since
re ections are common and itis di cult to x each one, we have begun work on a system
to roughly rank the noise potential of re ective surfaces in the photographs, using the
estimated coupling of scattered light to the GW signal at the particular optic, the solid
angle of the re ecting surface and its distance from the optic, the approximate motion
of the surface, and the estimated angular dependence of the scattering from the optic
along with the angle to the re ector [70].
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Figure 11. Spectrograms of the DARM channel (top) and an accelerometer channel
(bottom) showing consecutive vibrational sweep injections that excite noise in DARM
as they cross 4.62 Hz before mitigation. The AFTER sweep is composed of two
graphs such that it shows only the relevant range of the sweep to be compared with
BEFORE . The spectrograms are normalized by median, but the spectra are not very
di erent between the two tests such that they are directly comparable. The Q was
determined to be around 450 and so it is easy to get to high velocities by exciting
this resonance - identi ed on a ba e at the end station. This resonance was damped
in between the two measurement sets, such that the same sweep with even higher
amplitude no longer makes any noise in DARM.

5.2. Magnetic in uences

Magnetic injections early in aLIGO suggested that coupling to permanent magnets in
the suspension system could prevent LIGO from reaching design sensitivity in the 10-20
Hz regions [71]. While the test mass actuator is electrostatic and not magnetic (as in
initial LIGO), a number of permanent magnets were used in the suspensions, including
for actuation in the rst three of the four levels of the isolation chain and for eddy
current damping. The greatest number of permanent magnets were in the eddy current
damping arrays and these were removed. Nevertheless, ambient elds are still predicted
to produce noise at greater than one-tenth of the design sensitivity in the 10-20 Hz band
(Figure 13), and may need to be further addressed as we reach design sensitivity in the
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