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Abstract. The sensitivity of the Advanced LIGO detectors to gravitational waves97

can be affected by environmental disturbances external to the detectors themselves.98

Since the transition from the former initial LIGO phase, many improvements have99

been made to the equipment and techniques used to investigate these environmental100

effects. These methods have aided in tracking down and mitigating noise sources101

throughout the first three observing runs of the advanced detector era, keeping the102

ambient contribution of environmental noise below the background noise levels of the103

detectors. In this paper we describe the methods used and how they have led to the104

mitigation of noise sources, the role that environmental monitoring has played in the105

validation of gravitational wave events, and plans for future observing runs.106

1. Introduction107

Between 2010 and 2015, the two LIGO detectors at Hanford, WA (LIGO Hanford108

Observatory, or LHO) and Livingston, LA (LIGO Livingston Observatory, or LLO)109

underwent a period of extensive upgrades to transition from the Initial LIGO stage to110

the Advanced LIGO (aLIGO) configuration [1], significantly improving their sensitivity111

to gravitational waves [2]. The aLIGO detectors began their first observing run (O1)112

on September 12, 2015, and made the first detection of gravitational waves from a113

binary black hole (BBH) merger on September 14, 2015 [3], followed by two more BBH114

detections before the end of the run on January 16, 2016 [4]. The second observing115

run (O2) began on November 30, 2016 after a period of detector upgrades and ended116

on August 25, 2017. During O2, in addition to several more BBH detections, LIGO117

observed the first binary neutron star (BNS) merger on August 17, 2017 [5]. The118

third observing run (O3), which spanned April 1, 2019 to March 27, 2020, came after119

another round of major improvements in the performance of the detectors [6] and the120

full inclusion of the Virgo detector in the GW network. The first half of the run, ending121

on October 1, 2020, LIGO and Virgo observed a total of 39 GW events [7].122

Environmental disturbances can significantly impact the data quality of the LIGO123

detectors. A gravitational wave (GW) is detected by measuring the differential arm124

length (DARM) of an interferometer (and converting it to a GW strain), so coupling125

between the external environment and the interferometer readout can reduce a detector’s126
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sensitivity to gravitational waves and potentially produce transient non-astrophysical127

signals in the detector. The environment can influence the detector through physical128

contact (via vibrations or temperature fluctuations), electromagnetic waves, static129

electric and magnetic fields, and possibly high-energy radiation. These effects are130

monitored with the physical environmental monitoring (PEM) system of sensors [8].131

Studying environmental noise serves two purposes. The first is the validation of GW132

events. Environmental disturbances at amplitudes large enough to influence the LIGO133

data occur frequently around each detector and can potentially be correlated between134

different detectors, i.e. stemming from a common source as opposed to stemming from135

chance coincidence. Such correlated noise is not accounted for in the estimation of false-136

alarm probabilities, which is done by time-shifting background data from each LIGO137

detector to produce long stretches of coincident background. Environmental noise is138

particularly important in searches for un-modeled sources of gravitational waves, as these139

look for excess power without the use of waveform templates. Thus it is important to140

have a quantitative solution for identifying and evaluating the impact of environmental141

transients when they occur near candidate events.142

The second purpose is to improve the sensitivity of the detector by reducing143

contamination from environmental noise. We track down troublesome noise sources144

and coupling mechanisms so that we can either remove the noise sources themselves,145

isolate them from the detector, or modify the detector to reduce coupling.146

Effler et al. (2015) [8] described the methodology for studying environmental147

coupling and presented results from the sixth and final science run (S6) prior to the148

transition to aLIGO. The methodology has since been improved and expanded, and149

sensitivity to environmental effects has changed with the upgrades to the detector.150

This paper describes these changes and presents cases where noise sources have been151

identified and mitigated between S6 and the end of O3. We also summarize how GW152

events are vetted using quantitative results from injections. This paper focuses on noise153

investigations at the LIGO detectors; a similar discussion for the Virgo detectors is154

provided in Fiori et al. (2020) [9].155

There are many techniques for characterizing detector noise beyond those described156

here [10, 11, 12, 13, 14]. These include the use of tools for detecting excess power157

transients in the strain data [15], categorizing transients using machine learning to158

better distinguish them from astrophysical signals [16, 17], searching for correlated159

noise between auxiliary sensors and the strain data [18], and many more. Although160

these also play a role in achieving the goals above, this paper discusses more direct,161

focused techniques for studying, quantifying, and mitigating environmental effects.162

This paper is organized as follows. In section 2 we summarize the changes made to163

the LIGO detectors and the PEM system since S6. In section 3 we present a method for164

quantifying environmental coupling based on data from noise injections. In section 4 we165

describe developments in the techniques for performing environmental noise injections.166

In section 5 we show results of recent studies and provide examples of how environmental167

influences have been mitigated. In section 6 we describe the process of vetting GW event168
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Figure 1. Amplitude spectral densities of the differential 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 work169

in section 7.170

2. aLIGO Upgrades171

2.1. Detector Upgrades172

When fully commissioned aLIGO is designed to provide an order of magnitude173

improvement to sensitivity in its most sensitive band [1], as well as more than an order of174

magnitude improvement at lower frequencies due to seismic isolation upgrades. Figure175

1 compares the DARM noise spectra of LHO and LLO at the end of S6 to that at the176

end of O3. Significant progress has been made in approaching the design sensitivity177

of aLIGO, and further improvements are foreseen for the fourth observing run (O4),178

expected to begin in 2022. Here we highlight a few of the major upgrades that were179

directly relevant to reducing the coupling of ambient environmental noise.180

The core interferometer optics (including the test mass mirrors and beam splitter)181

are suspended in active multi-stage suspension systems, which in turn are on active182

seismic isolation tables [19, 20]. This provided a substantial improvement to sensitivity183

below 100 Hz over the initial LIGO configuration. The suspension and isolation tables184

also provide useful sensors for the motion of these optics.185

Auxiliary sensors used in the control system of the interferometer were moved from186

in-air optical tables to in-vacuum, seismically isolated tables. This reduced acoustic187

coupling but did not eliminate it. Although the main laser system (PSL, or pre-stabilized188

laser) could not be moved into vacuum, an acoustically isolated room was built to house189

the laser, and a new optical table with improved isolation and damping of its resonances190
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was installed [21].191

To reduce magnetic coupling, magnets and certain magnetic materials are no longer192

present on or near the test masses themselves [22]. Instead, the aLIGO test masses are193

controlled either by magnets at the upper stages of the suspension system or by an194

electrostatic drive. To further reduce the ambient acoustic noise from electronics fans195

near the detector, power supplies and most electronics were moved to separate rooms196

(called here electronics bays), some tens of meters away from the vacuum system which197

houses the interferometer.198

2.2. Environmental Monitoring Upgrades199

Understanding environmental in�uences on the detectors requires comprehensive200

monitoring of its physical surroundings. This is done through the PEM system201

of auxiliary sensors, which consists of accelerometers for high-frequency vibrations202

(tens to thousands of Hz), seismometers for low-frequency vibrations (up to tens203

of Hz), microphones, magnetometers, voltage monitors that measure the voltage of204

electric power supplied to the detector sites, radio-frequency (RF) receivers, a cosmic-205

ray detector for high-energy particles, and wind, temperature and humidity sensors.206

Detailed information on PEM sensors, including example background spectra and207

calibration data, can be found on the PEM website, PEM.LIGO.org [23]. The site208

also provides links to long-term summaries of ground tilt, seismic motion, and wind (on209

the Environmental Studies pages).210

In order to monitor environmental signals that could in�uence the interferometer,211

we use PEM sensors that are demonstrated to be much more sensitive to these signals212

than the interferometer is. Sensor locations are chosen with the goal of maximizing213

coverage of potential coupling sites. Ideally, if an environmental signal were to reach a214

coupling site, nearby sensors should be able to observe the signal at an amplitude equal215

to the amplitude at the coupling site. In practice, we place sensors where we expect216

the coupling to be strongest, and we may place new sensors during the run to improve217

monitoring of important coupling sites.218

By focusing on the fundamental interactions that can a�ect the detector, the PEM219

system allows us to monitor potential e�ects from a large variety of environmental220

events. For example, wind can couple through vibrations in the ground and air, so221

its e�ects are monitored by seismometers, accelerometers, and microphones. Lightning222

could couple by magnetic �elds, power mains disturbances, and electromagnetic waves223

at radio frequencies that we demodulate into the detection band, so lightning strikes are224

monitored with magnetometers, mains monitors, and RF receivers. The PEM sensors225

provide coverage of signals in the detection band of the interferometer (20-2000 Hz),226

although we also monitor beyond these frequencies when there are coupling mechanisms227

that convert low- or high-frequency signals up or down into the detection band or when228

the interferometer performance can be a�ected by frequencies outside of the detection229

band.230
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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 similar231

map for LHO is available on the PEM website [23]. Since the transition to aLIGO, many232

changes [24] have been implemented to expand the general coverage of the PEM system,233

provide additional monitoring near known high-coupling areas, and adapt to the detector234

upgrades described in 2.1. Many changes involved the addition of accelerometers or235

relocation of existing ones:236

� Vacuum chambers: In iLIGO, most accelerometers were mounted on the seismic237

isolation system. These locations became redundant with the introduction of238

vibrational sensors as part of the new active isolation systems, so the accelerometers239

are now mounted on the chamber walls where they can detect motions that could240

modulate laser light scattered o� of the chamber walls.241

� Beam tubes: Accelerometers at select sites along the 4-km beam tubes monitor242
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vibrations that a�ect the modulation of re�ected light inside. Coverage now243

includes the mid-stations, which is especially important at LHO where signi�cant244

coupling has been measured, likely because they contain the smallest aperture245

between vertex and end stations.246

� Electronics bays: Floor accelerometers were added to detect vibrational coupling247

to the electronics boards (e.g. through resistance variations in poor solder joints)248

and to monitor the rooms as seismic sources.249

� Vacuum enclosure areas: Floor accelerometers were added near the vacuum250

chambers in order to expand coverage and aid in localizing sources of vibrations251

through propagation delays and amplitude di�erences at locations that do not have252

the resonance structure of the vacuum envelope.253

� Pre-stabilized laser table: Coverage of the main laser table was expanded. This254

area has continued to be a major source of vibrational coupling.255

Many sensors were also upgraded to newer models in order to improve their256

performance. Table 1 summarizes the current sensor models and speci�cations.257

Magnetometer coverage was also expanded, particularly with the addition of258

magnetometers on the electronics racks (located in the electronics bays) which were259

important noise sources and coupling sites during initial LIGO. Relatively large magnetic260

�elds are generated by the equipment in the racks and these �elds can couple to261

components, cables and, connectors in the racks. Additionally, magnetometers in262

electronics racks have been useful for identifying sources of narrow spectral peaks even263

when the coupling was not through magnetic �elds. Cyclical processes producing line264

artifacts in the DARM spectrum can be tracked down by detecting currents associated265

with those processes. In a sense, we monitor multiple electronic systems at once, using266

�uxgate magnetometers in the electronics racks (Bartington-03 series [25]). These are267

sensitive enough to detect periodic currents with amplitudes as low as5 � 10� 5 A at 1268

m from long wires or traces [26].269

Additionally, the non-rigid tripods for �uxgate magnetometers were replaced with270

rigid ones. Non-rigid tripods lead to increased cross-talk between �oor vibrations and the271

magnetometer signal, as the magnetometer vibrates relative to the Earth's magnetic �eld272

at the tripod resonance frequency. This created a peak in the magnetometer spectrum273

a factor of three above background, which was eliminated by switching to rigid tripods274

[27].275

In addition to the �uxgate magnetometers that monitor local magnetic �elds,276

extremely low frequency induction coil magnetometers (LEMI-120 [28]) were added277

to the PEM system in order to monitor magnetic noise from Schumann resonances.278

These are global electromagnetic resonances in the cavity formed by the Earth's surface279

and the conductive ionosphere. Lightning strikes around the world excite this resonant280

cavity, producing picoTesla-scale magnetic �elds that can cause correlated noise in the281

LIGO detectors [29, 30, 31]. Two LEMI magnetometers are positioned at each site, far282

enough from the detector so that they are not sensitive to the same local magnetic �elds283
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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 �oor
seismometer GuralpR
 CMG-3T [34, 35] 0.1-20 Hz 256 Hz <1 nm/s=

p
Hz

accelerometer WilcoxonR
 731-207 [36] 1-900 Hz 4096 Hz 0.5� m/s2=
p

Hz
microphone Brüel&Kjær R
 4130 [37] 10-900 Hz 16384 Hz <30� Pa=

p
Hz

microphone Brüel&Kjær R
 4188 [38, 39] 8-12500 Hz 16384 Hz <5� Pa=
p

Hz
magnetometer BartingtonR
 03CES100 [25] 0-900 Hz 8192 Hz <6 pT/

p
Hz

magnetometer LEMI-120R
 [28] 0.0001-1000 Hz 4096 Hz <0.1 pT/
p

Hz
radio station AOR R
 AR5000A [40] 24.5 MHz 16384 Hz �

observed by the �uxgate magnetometers. They are placed at a location between the284

corner station and end stations, 100-200 m from the beam tube, one aligned with the285

x-axis and one with they-axis of the interferometer.286

An electric �eld meter was installed in an end test mass chamber at each observatory287

[32, 33, 6]. These can detect electric �elds generated inside of the chambers as well as288

�elds from outside the chamber that make it in through glass viewports on the chambers.289

3. Coupling Functions290

To determine the degree to which the detector is a�ected by environmental in�uences291

during operation, we inject basic environmental disturbances that produce a response in292

DARM. We make acoustic injections with speakers and monitor them with the system293

accelerometers and microphones; seismic injections with shakers, monitoring them with294

the accelerometers and seismometers; magnetic injections with wire coils monitored with295

the magnetometers. The injection methodology is described in more detail in Section296

4. To motivate the injection techniques we �rst discuss the means of quantifying the297

coupling.298

Suppose there exists only one coupling site, a sensor is placed at the location of the299

coupling site, and a noise injection is performed that produces a signal in the sensor and300

some response in DARM. Acoupling function can be computed based on the actuation301

measured by the witness sensor and the response measured in DARM [41, 42]. We302

compare the amplitude spectral densities (ASDs) of DARM and the witness sensor303

during the time of the injection (injection time) to their ASDs during a time when both304

are at observation-mode noise levels (background time). The coupling function at some305

frequencyf is given by306

CF(f ) =

s
[Yinj (f )]2 � [Ybkg(f )]2

[X inj (f )]2 � [X bkg(f )]2
(1)

where X bkg(f ) and X inj (f ) are the ASDs of the witness sensor at background and307
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injection times, respectively, andYbkg(f ) and Yinj (f ) are the ASDs of DARM at308

background and injection times. We usecoupling factor to refer to the value of a309

coupling function at a single frequency bin.310

A sensor's coupling function can be used to compute the contribution of noise in the311

sensor to DARM. For example, when validating GW events, we multiply the coupling312

function by the amplitude of any environmental transient observed by the sensor to313

predict the corresponding amplitude in DARM. Additionally, multiplying the coupling314

function by the sensor's ambient background level yields the ambient contribution of315

noise at the sensor to the DARM spectrum:Y(f ) = CF( f )X (f ).316

Suppose now we expand the scenario such that there are multiple coupling sites,317

and a sensor is placed at the location of each site. We can model the response318

in DARM to each injection as a linear combination of the sensor signals and their319

sensor-speci�c coupling functions. To solve for the coupling functions, we can perform320

multiple injections instead of just one, resulting in a system ofn equations with m321

unknown coupling functions, wheren and m are the numbers of injections and sensors,322

respectively:323

Yi (f ) =
mX

j =1

CFj (f )X ij (f ): (2)

Here Yi (f ) and X ij (f ) are the amplitudes of DARM during injection i and sensorj324

during injection i respectively, andCFj (f ) is the coupling function of sensorj . One325

could solve (2) to determine the coupling functions of all sensors.326

We have assumed thus far that the witness sensors are placed at the locations of the327

coupling mechanisms, but such perfect placement is not realistically feasible given that328

there are an unknown number of coupling sites at unknown locations. A sensor, even if it329

is near a coupling site, only measures the injection amplitude at its own location, not at330

the coupling location. Therefore, when using real-world sensors, (1) is only an estimate331

of the true coupling, and (2) is not an exact model of all the coupling mechanisms.332

Nevertheless, as explained above, we distribute sensors to maximize coverage of coupling333

sites and �nd that this has been su�cient for producing reliable coupling functions for334

all sensors, as discussed further in Section 3.1.335

One hurdle remains in attempting to solve (2). In practice, typicallyn < m due to336

logistical constraints on the number of injections one could perform during a realistic337

time window, which makes the system of equations underdetermined. The problem338

can be simpli�ed by instead approximatingCFj (f ) for each sensor independently of339

other sensors. Given a sensorj , we can re-purpose (1) (replacingX with X ij and Y340

with Yi ) to compute a single-injection �coupling function�CFij (f ) for each injection,341

then combine those to produce an approximation toCFj (f ). The closer an injection342

is to a sensor, the more accurate the computedCFij (f ) would be to CFj (f ), since the343

DARM response would be dominated by coupling near sensorj . Since it is impractical344

to produce an injection at each sensor, the approach we have adopted for combining the345

CFij (f ) is to construct acomposite coupling functionwhose value at each frequency bin346
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is the coupling factor corresponding to the nearest injection, determined by the highest347

sensor amplitude (using the assumption that injection amplitudes are equivalent). That348

is, for a frequencyf k and a set of injectionsI , we measure the sensor amplitudes349

f X ij (f k) j i 2 Ig , compute the single-injection coupling functionsfCF ij (f k) j i 2 Ig ,350

and compute the composite coupling function as351

fCFj (f k) := CFlj (f k) where l = argmax
i 2I

(X ij (f k)) : (3)

If the distribution of injection locations provides su�cient coverage of sensor352

locations, then fCFj (f ) � CFj (f ). We discuss shortcomings of this assumption in Section353

3.1.354

Computing the single-injection coupling functionsCFij (f ) (example shown in355

Figure 3) requires a signi�cant di�erence between the injection and background signals356

in the sensor and in DARM. To distinguish between measurements and upper limits,357

thresholds are chosen for the sensor and DARM in the form of a ratio between the358

injection ASD and background ASD. For each frequency bin, if an injection produces a359

large enough signal to exceed both the sensor threshold and DARM threshold, then a360

coupling factor can be measured via Eq. 1. If the injection exceeds the sensor threshold361

but not the DARM threshold, then we instead compute an upper limit by omitting the362

DARM background term. These thresholds are typically chosen to be a factor of two363

in DARM and a factor of a few in the sensor, based on the typical level of �uctuations364

observed in the spectra.365

The composite coupling function computed via (3) is used for comparing coupling366

between di�erent sensor locations and producing estimates of DARM amplitudes, e.g.367

as part of event validation (see Section 6). Therefore we refer to a sensor's composite368

coupling function simply as its coupling function from here on. Figure 4 provides an369

example of an estimated ambient for an accelerometer on the HAM6 vacuum chamber370

(which houses the interferometer output optics). The PEM website provides coupling371

functions for all accelerometers, microphones, and magnetometers produced from the372

most recent campaign of injections [23].373

3.1. Uncertainties and Limitations374

We characterize coupling using the coupling function de�ned in (1) instead of a transfer375

function because we do not assume perfect coherence. Low coherence can arise either due376

to non-linearity in the coupling or due to the spacing between the sensor and coupling377

site.378

To measure coupling, we inject signals large enough to produce a response in379

DARM, but the maximum amplitude of injections is limited by the sensitive range380

of the environmental sensors (saturation produces an overestimate of coupling). This381

e�ectively limits how far below the DARM background we can probe for coupling or382

establish upper limits.383
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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 HAM6 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, the384

coupling is assumed to linear, e.g. doubling the amplitude of the injection would double385

the amplitude of the response in DARM. We check this by repeating injections with386

di�erent amplitudes. Second, the coupling function ignores any up- or down-conversion387

of the signal between the sensor and DARM. This non-linear coupling can be very388

signi�cant for scattering noise and bilinear coupling but is not accounted for in the389

estimates of linear coupling. One way we detect non-linear coupling is by sweeping390
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single frequency injections over time and searching for o�-frequency response in DARM391

spectrograms. Frequency changes from non-linear coupling can be an issue in broadband392

injections where up- or down-converted noise in DARM appears in the injection band,393

resulting in arti�cially higher estimates of linear coupling. We split broadband injections394

into smaller frequency bands to avoid this e�ect when necessary. One approach for395

quantifying non-linear coupling is presented in Washimi et al. (2020) [?].396

As mentioned above, the use of (2) relies on the assumption that the environment397

is monitored at the coupling site. The density of sensors is not great enough for this398

to be strictly true, especially if the source of the environmental signal is closer to the399

coupling site than the sensor is. The �nite spacing of sensors leads to imperfect coupling400

functions but, for environmental signals that are generated at a distance greater than401

the typical sensor spacing of a few meters (the external signals that are the focus of402

PEM), the uncertainty can be estimated based on the di�erences between injections403

made at di�erent locations. We choose a sensor near a known coupling site and �nd the404

variance between single-injection coupling functions measured for that sensor. Figure 5405

shows single-injection coupling functions for an accelerometer measured from shaker406

injections produced from three locations. Since the injection locations are close enough407

to the accelerometer, we can assume that the variance is entirely due to the distance408

between the sensor and the coupling site. Variations in injection location result in409

a multiplicative scaling of the single-injection coupling functions, so we quantify the410

variance by computing the geometric standard deviation of coupling factors in each bin.411

Averaged across all bins, the geometric standard deviation between injection locations is412

1.4, i.e. coupling functions measured from vibrational injections, as well as vibrational413

noise projections to DARM, vary by a factor of 1.4. A similar study combining414

geometric standard deviations for various magnetometers at both observatories shows415

that magnetic coupling measurements vary by a factor of 1.7 [43].416

In the case of acoustic injections, the uncertainty in a coupling function can be417

exacerbated when nodes and anti-nodes in the acoustic signal coincide with the location418

of a sensor. This results in peaks and troughs in the sensor spectrum at frequencies that419

have a node or anti-node at the sensor location, respectively. These artifacts can impact420

any sensor, but are more noticeable in microphone spectra than accelerometer spectra,421

possibly because the sti�ness of the vacuum enclosure results in e�ectively averaging422

over a larger area; in microphones, the peak-to-trough ratio is typically a factor of a423

few. The peaks and troughs are present in the sensor but not in DARM, because the424

sensor monitors a single point whereas the coupling to DARM is spread across a large425

enough area for the e�ects of nodes and anti-nodes to average out. Consequently, this426

e�ect imprints troughs and peaks onto the coupling function. The artifacts can be427

smoothed out of the spectra by computing a moving average overX inj (f ). The peak-428

to-peak distances are typically a few Hz, so we smooth the spectra enough to remove429

features up to a few Hz across. This is acceptable in broadband acoustic injections430

which are designed to not produce any other spectral features at this scale.431

Although the injections used to measure coupling functions are designed to best432
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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 HAM5, 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 the433

coupling functions with di�erent environmental events by comparing noise seen in434

DARM during such events to noise levels predicted by PEM sensors and their coupling435

functions. Thunderstorms are known to produce short-duration transients in DARM436

at tens of Hz. At LLO, coupling functions for several accelerometers at the Y end437

station, where vibrational coupling was the highest, were capable of estimating the438

amplitude of multiple transients in DARM to within a factor two during a particularly439

loud thunderstorm [44]. Helicopter �yovers can produce narrow-band features in DARM440

up to tens of seconds long. Coupling functions of various sensors at both interferometers441

predicted the amplitudes of lines produced by multiple helicopter �yovers during O3442

to within a factor of two in most cases [45]. Vibrational noise from rain and the443

building HVAC, which produce much longer-duration noise in DARM, have also been444

well estimated by coupling functions at LHO [46, 47].445

4. Injection Methods446

The basic methodology of environmental noise injections is described in [8]. Here447

we summarize the methods and describe improvements made to the hardware and448

techniques since then.449

Injection locations are chosen to best mimic disturbances from outside the detector.450

To do so we choose them to be as far from the detector and environmental sensors as451

possible, but we are usually limited by the size of the detector sites themselves (some452

injections can be made from outside). We perform injections from as many locations as453
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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-SeisR
 Long Stroke Shaker [48] Vibrational
PiezosystemR
 [49] shaker with custom reaction mass Vibrational
Brüel & Kjær R
 [50] EM shaker with custom reaction mass Vibrational
1 m diameter copper coil (100 turns) Magnetic
3 x 3 m and 5 x 5 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 time454

allocation towards environmental studies in recent years has allowed for a signi�cant455

increase in the number of injection locations.456

Table 2 summarizes the current equipment used and Figure 6 shows photos of457

some of the equipment. Seismic injections at low frequency (up to tens of Hz) during458

initial LIGO were performed with small electromagnetic and piezoelectric shakers and459

a weighted cart. A large shaker [48] has been used since the beginning of noise studies460

for O3.461

Two new injection techniques have been developed for localizing vibration coupling462

sites connected to the vacuum enclosure, such as locations on the vacuum enclosure that463

re�ect scattered light. The techniques rely on the slow propagation speeds (hundreds464

of meters per second) of vibrations on the steel vacuum enclosure walls or, for acoustic465

injections, in air.466

The �rst technique is narrow-band, and involves vibrating the vacuum enclosure467

at two slightly di�erent frequencies, each injected from a shaker or a speaker at a468

di�erent location (e.g. a shaker at one location injects a sine wave at frequencyf and a469

shaker at the other location injections at frequencyf +0:01 Hz). The two injections are470

adjusted in amplitude to produce strong beats in DARM. Because the injection locations471

are di�erent, the relative phase of the two injected signals varies with location on the472
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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,473

and di�erent sites experience maximum chamber wall motion at di�erent times. The474

sites with accelerometer signals that have the same beat envelope phase as DARM are475

candidates for the scattering sites on the vacuum enclosure walls (Figure 7). Other476

sensors that are not near the coupling site may also match the phase by chance, but477

these false positives can be rejected by varying the locations of the shakers.478

The second injection technique, which is broad band, involves propagation delays479

in impulse injections. Impulse injections are performed by striking the vacuum480

enclosure directly with enough force to produce a transient in DARM and in nearby481

accelerometers. The vibrational impulse propagates through the structure of the vacuum482

enclosure, arriving at di�erent accelerometers and coupling sites at di�erent times. We483

can distinguish these arrival times because the propagation velocity is much slower than484



Environmental Noise in Advanced LIGO Detectors 17

in solid material, and is only roughly 300 m/s in our case. Using time series plots, the485

arrival time of the impulse in DARM is compared to the arrival time of the impulse in486

multiple accelerometers (Figure 8, left). The accelerometers that have the same arrival487

time as DARM are more likely to be near a coupling site than those that observe the488

impulse much earlier or later than DARM does. Again, varying the location of the489

injection eliminates sensors that match the DARM time-of-arrival by chance but are490

actually far from the coupling site. An additional consistency check is that the coupling491

of accelerometers near the coupling site will vary less between di�erent impulse locations492

than that of accelerometers far from the coupling site. Finally, if the accelerometer is493

at the coupling site, the impulse in DARM will have a resonance structure that is494

similar to the resonance structure of the accelerometer signal, which can be judged from495

spectrograms (Figure 8, right).496

These two techniques aided in the localization of a coupling site that was producing497

a 48 Hz peak in DARM throughout the �rst half of O3 [51]. The peak was present before498

the start of the run, and shaker and acoustic injections suggested the source was likely499

at the corner station. Impulse injections pointed to the highest coupling being near the500

vertex and input arm. Using the double-shaker beat injection method, with frequencies501

of 48 and 48.01 Hz, it was found that the timing of the beat envelope in DARM best502

matched that of the HAM3 door, even after varying the shaker locations and using503

a temporary accelerometer to test other nearby locations. This led to the discovery504

that the 48 Hz peak was a result of scattered light at the HAM3 viewports, which was505

promptly eliminated by blocking it with black glass, removing the 48 Hz peak from the506

DARM spectrum for the remainder of the observing run.507

Improvements have also been made to the magnetic �eld injection equipment. In508

order to generate �elds strong enough to couple into DARM using the 1 m magnetic509

�eld coils made during initial LIGO [8], we must focus the power of the coil into narrow510

bands and combs instead of injecting broadband signals. This was su�cient in initial511

LIGO when strong magnetic coupling occurred primarily through permanent magnets.512

However, due to the removal of permanent magnets from the test masses, coupling513

from those sources has decreased and cables and connectors have become the dominant514

coupling sites above about 80 Hz, introducing more structure to the coupling functions515

and requiring stronger injections.516

To achieve high-amplitude broadband magnetic injections, seven wall-mounted517

coils, each one a 3 m x 3 m or 5 m x 5 m square of 80-100 turns, are being installed518

at each site; three at the corner station and two at each end station. These coils are519

�xed in place and can be operated remotely, allowing for weekly injections to monitor520

variations in magnetic coupling caused by changes to electronics. Figure 9 compares the521

old and new magnetic injections. Some coils were installed and operated at the sites522

during O3; the project will be completed by the start of O4.523
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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.

5. Mitigation of Environmental E�ects in aLIGO524

We use the methods discussed thus far to track down noise sources whose estimated525

ambient level in DARM is more than a tenth of the DARM background. Mitigation526

can be accomplished in three ways: by removing or modifying the source itself, by527

isolating the source or otherwise addressing propagation of the signal to the detector,528

or by reducing the coupling itself through some modi�cation to the detector. Here we529

provide several examples of environmental e�ects that were mitigated based on results530

from noise investigations.531
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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�uences532

Figure 10 shows the ambient contribution of vibrational noise during O3, produced by533

combining the highest coupling factors among accelerometers and microphones measured534

from an injection campaign at the beginning of O3. At the end of O3, the vibration535

noise background at both observatories was dominated by input beam jitter above 100536

Hz (discussed in Section 5.1.1). At LHO, the dominant coupling region below 100 Hz537

was the output arm. At LLO, the dominant coupling regions were the Y-end in the538

40-60 Hz band and the output arm in the 60-100 Hz band.539

5.1.1. Input beam jitter. Alignment �uctuations of the beam (beam jitter) entering the540

interferometer cause variation in the coupling of the fundamental mode into the arm541

cavities, producing amplitude noise. In addition, the varying beam position relative542

to defects in the test masses causes a variation in the balance of light between the543

two arms, further contributing to the noise [6]. The dominant source of alignment544

�uctuations was turbulence in the laser cooling system, causing vibration of mirrors545

and other optics on the table and in the laser, producing peaks in DARM at mechanical546

resonances of the optics and their mounts. A second mechanism may be variation in547

beam diameter associated with the turbulent cooling. In addition to vibrations from548

the cooling system, transient vibrations, such as those made by large vehicles or heavy549

footsteps in the control room, produced transients in DARM by temporarily increasing550

alignment �uctuations.551

Mitigation has included removing turbulence-producing connectors, sharp turns in552

the coolant lines, and abrupt diameter changes within the cooling system; and reducing553

the �ow of coolant [52]. In addition, injections were used to identify the optic mounts554
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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 to555

the mounts. This resulted in motion reductions by factors of a few [53]. Finally, the556

resonances of optic mounts on the periscope that raises the beam from the laser table557

level to the interferometer level, were tuned by adding small masses to the optic mounts,558

so that their resonances would not overlap in frequency with periscope resonances that559

would increase the motion of the mounts [54].560

5.1.2. Vibrational coupling at resonances of the vibration isolation system.One of the561

most troubling environmental couplings early in aLIGO was vibration coupling at 100562

Hz and above through the seismic isolation system. Not only were ambient vibration563

levels producing noise within a factor of two of the DARM background around 1000564

Hz, but the coupling was highly non-linear (see non-linearity discussion in Uncertainties565

and Limitations), and it was the only vibrational coupling observed that could produce566

noise in the detection frequency band around 100 Hz from a source near 1000 Hz.567

One could imagine a rising frequency signal (chirp) from the startup of a motor with568

squealing bearings, for example, that would have been able to produce a chirp in DARM569
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in the 100 Hz band. This problem required special vetting of the �rst GW detections570

since, normally, the vetting procedure only assumes linear coupling (discussed further571

in Section 6).572

The coupling was due to little or no isolation in certain frequency bands associated573

with mechanical resonances of the isolation system. The active system vibrationally574

isolating the in-vacuum optical tables works mainly below 20 Hz. For higher frequencies,575

there are one (HAM chambers) or two (BSC chambers) passive layers associated with576

the suspension of the optical tables. But, at the many resonances (violin modes) of the577

multiple wire-like �exures that suspend the tables, there was little isolation, allowing578

vibration at these frequencies to couple to DARM. This lack of isolation produced579

linear vibration coupling at multiple optical tables and, at the dark port table, non-580

linear coupling due to an intermodulation of vibration and a strong length dither used581

in controlling the length of the output mode cleaner (OMC). The coupling was mitigated582

by attaching VitonTM [55] to the suspension �exures at tables with coupling to DARM.583

To further reduce non-linear coupling, the amplitude of the OMC length dither was584

reduced as far as possible [56].585

5.1.3. Coupling of wind through ground tilting in the 0.1 Hz band.Vibrations from586

wind a�ect the interferometer directly in the 10-100 Hz band. At lower frequencies,587

particularly in the band around 0.1 Hz, pressure �uctuations associated with wind can588

a�ect performance and duty cycle by tilting the ground. Performance can be a�ected589

by direct tilt of optical table supports or by tilt of ground motion sensors used in the590

active isolation system, producing inaccurate signals from sensors that do not distinguish591

between tilt and acceleration. Even far from the buildings, we found that the ground592

tilts in wind (about 1e-8 radians/sqrt(Hz) at 0.1 Hz in wind reaching 15 m/s at LHO),593

to a degree that is consistent with spatially varying wind speeds and Bernoulli forces.594

But the tilting in the buildings was a factor of several times larger, and found to be595

greatest near the building walls. The pressure �uctuations on the walls are thought to596

tilt the wall supports which, in turn, tilt the ground at their base. The coherence length597

of �oor tilt measured at Hanford was a couple of meters, indicating that the cement598

slab does not tilt as a unit. Instead, the tilting is local and mainly within meters of599

the base of columns that support the walls, consistent with an elastic dimpling of the600

ground around the support [57, 58].601

The localized nature of the dominant tilt has led to the simple mitigation technique602

of moving ground sensors as far from the walls as possible. While certain sensors could be603

moved, the large vacuum chambers near the wall could not, and for future installations,604

we have recommended that the chambers be placed at least 10 m from the base of wall605

supports.606

In order to further mitigate the e�ects of wind-induced tilt, tilt meters with607

improved sensitivity were designed and deployed [59, 60]. The �rst versions were608

produced to correct the artifacts that tilts produce in seismometers, but a table-top609

tilt meter is also being developed in order to mitigate the e�ects of the tilt of the optical610



Environmental Noise in Advanced LIGO Detectors 22

tables in the chambers.611

Wind fences have been used to reduce wind in agricultural and recreational settings,612

and modeling suggested that wind fences may be useful for reducing the e�ects of wind613

pressure on the building walls. For this reason a wind fence was constructed at Hanford,614

and is currently being evaluated [61]. One remaining question is how e�ective a wind615

fence is in the troubling frequency band around 0.1 Hz where the length scale is 100m616

for 10 m/s wind.617

5.1.4. Vibration modulation of scattered light paths. A major source of detector noise618

and reduced sensitivity to GWs is the scattering of light from the beam spot on a test619

mass or other optic to surfaces that are moving relative to the optic, like vacuum chamber620

walls. A very small fraction of the light reaching the moving surface is re�ected to the621

originating or another beam spot, where it scatters back into the main interferometer622

beam. As the distance to the moving surface changes, the phase of the returning light623

changes relative to the main beam, producing �uctuations in the amplitude of the beam,624

that, at 1 part in 1020 can be on the scale of those produced by gravitational waves.625

In addition to this sensitivity to recombined scattered light, the scattering noise is626

problematic because of non-linear coupling when the path length modulation becomes627

comparable to the wavelength of the light, producing noise at harmonics of modulation628

frequencies [62].629

The subtlety of scattered light noise is illustrated by the mechanism that was behind630

a mysterious glitch in DARM that turned out to be produced by ravens [63, 12]. The631

Rube Goldberg�like mechanism began in the desert sun at LHO, where ravens pecked632

at ice accumulations on a cryopump vent tube just outside of an end station building.633

The vibrations from pecking were transmitted through the vent tubes to the cryopump634

inside the building. The cryopump was attached to the beam tube, and the vibrations635

were transmitted through the beam tube to a calibration structure located inside of636

the vacuum, which vibrated slightly with each peck. The structure was angled so as637

not to retro-re�ect light scattered from the test mass, about 10 m away. However,638

polishing grooves on the surface re�ected a small fraction of the light back to the639

test mass, where a small fraction recombined with the main beam. The interference640

between the light in the main beam and the tiny amount of light re�ected from the641

grooves varied with the motion of the calibration structure produced by each peck.642

The varying interference caused �uctuations in the light of the main beam, similar to643

the �uctuations produced by gravitational waves. After the discovery of this coupling644

mechanism, the calibration structure was ba�ed to reduce the light scattered back into645

the interferometer, eliminating the raven glitches and other similar vibrational signals.646

Scattered light ba�es can themselves be problematic - for example, vibrations in647

the 5-30 Hz band, such as from nearby truck tra�c, produced transient noise and limited648

detector sensitivity in early aLIGO. Investigations using vibration injections and laser649

vibrometry showed that the coupling was due to light re�ecting from imperfect light650

ba�es. The ground motion was ampli�ed by the resonances of the ba�es (quality factors651
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of several hundred), increasing the velocity by several hundred times, and producing652

scattering noise that reached hundreds of Hz for 10 Hz excitations [64]. The problem653

was solved by damping the ba�e resonances with VitonTM in order to reduce their654

velocity [65]. Eventually, the most re�ective parts of the ba�es were also removed.655

Near the end of O3, a second type of undamped ba�e was identi�ed as a noise source656

[66] [67] and damped [68] (Figure 11).657

Scattering noise can be mitigated by reducing the amplitude of the scattered light658

or by reducing the velocity of the re�ector, or both. Reducing the amplitude by a factor659

of two yields a factor of two reduction in noise; reducing the velocity instead reduces660

the maximum frequency of the noise by the same factor. In the latter case, most of the661

noise above the newly lowered cuto� frequency is removed which can lead to a greater662

overall reduction of the noise than just a factor of two [62].663

An important driver of scattering noise for long interferometers is ground motion at664

the ocean-wave driven microseismic peak frequency, in the 0.1-0.3 Hz region, which has665

produced noise in DARM that reached nearly 100 Hz, several hundred times higher in666

frequency. Because the ground moves di�erently at the ends of the 4-km-long cavities,667

the control systems that minimizes relative motion of the test masses at opposite ends668

of the cavity can lead to micron-scale relative motion between the end test mass (ETM)669

and other objects in its vicinity that are not moved with the test mass and cavity.670

A major source of transients during the �rst three observing runs, especially when671

microseismic noise was high, was light re�ected from the gold electrostatic actuator672

traces on the reaction mass behind the test mass. The variation in the optical path673

length was ampli�ed by multiple re�ections between the traces and the back of the674

re�ective surface of the test mass [69]. The problem was solved by driving the reaction675

mass to minimize relative motion between it and the test mass [62].676

Diagnostic photographs can be used to identify a common type of scattering path677

that involves light that is scattered from the beam spot on an optic to a moving re�ective678

surface and back to the beam spot, where it scatters back into the main beam (Figure679

12). Problematic re�ective surfaces often depend strongly on precise angles and surface680

�nish, and they can be di�cult to identify in design drawings. To �nd potential re�ective681

surfaces, during incursions such as optic installation, we place a small camera (with the682

camera �ash very near its aperture) as close to the face of an optic as possible, and look683

for bright re�ections of the �ash in photographs taken from the optic's point of view684

(??). Most metal surfaces that would directly re�ect infrared light scattered from the685

face of the optic also directly re�ect camera �ashes from the face of the optic. Since686

re�ections are common and it is di�cult to �x each one, we have begun work on a system687

to roughly rank the noise potential of re�ective surfaces in the photographs, using the688

estimated coupling of scattered light to the GW signal at the particular optic, the solid689

angle of the re�ecting surface and its distance from the optic, the approximate motion690

of the surface, and the estimated angular dependence of the scattering from the optic691

along with the angle to the re�ector [70].692
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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�uences693

Magnetic injections early in aLIGO suggested that coupling to permanent magnets in694

the suspension system could prevent LIGO from reaching design sensitivity in the 10-20695

Hz regions [71]. While the test mass actuator is electrostatic and not magnetic (as in696

initial LIGO), a number of permanent magnets were used in the suspensions, including697

for actuation in the �rst three of the four levels of the isolation chain and for eddy698

current damping. The greatest number of permanent magnets were in the eddy current699

damping arrays and these were removed. Nevertheless, ambient �elds are still predicted700

to produce noise at greater than one-tenth of the design sensitivity in the 10-20 Hz band701

(Figure 13), and may need to be further addressed as we reach design sensitivity in the702
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