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ABSTRACT

What happens when disturbances in predsion measurement instruments are inde-
cipherable to physicists despite extensive review of the instruments and their out-
puts? How do physicists parse instrument outputs to discem sought-after signals
from noise that originates from the surrounding natural and built environments, either
masking or mimicking these desired signals? | argue that given the extreme sensitivity
of the laser interferometers used by the Laser Interferometer Gravitational-Wave
Observatory (LIGO) o detect minute length deformations caused by gravitational
waves, physicists reconceptualized their traditional laboratory spaces to include the
surrounding natural and built environments. Discerning signal from noise in instru-
ments operating close to their low noise floors necessitate an epistemic shift that
combines the laboratory with the surrounding natural and built environments beyond
its walls through the epistemic space of the "expanded laboratory ervironment”
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“We need ways to distinguish a real signal from a ‘bump in the night’ caused
by uninteresting noise.”’
—Peter Saulson, LIGO Physicist

In 2001, physicist Rainer Weiss, a co-founder of the Laser Interferomerer
Gravimtonal-Wave Observatory (LIGO), and his colleagues at the location
in Livingston, Louisiana, were perplexed abour the cause of a regularly occur-
ring disturbance in the output of their instrumene—a laser interferometer.
This instrument is a type of ultra-sensitive measuring device capable of detect-
ing deformarions in spacerime—the literal strerching and squeezing of the very
fabric of our universe—caused by gravitational waves. Gravitational waves
detectable here on Earth are produced by the most camdysmic events occur-
ring in our universe—for example, the collision of black holes. To derect
gravitational waves, physicists bounce light berween nearly free-floating mir-
rors suspended as elaborate pendulums located inside a vacuum system and
spaced many kilometers apart. This design improves the instrument’s suscep-
tibility to noise, but gravitational wave scientists still seek enhancements that
bring the instrument’s sensitivity closer to the noise floor of the conceprual
design. The physicists refer w0 noise whose source is easily derived and modeled
as the noise floor, noise whose source is unknown as “anomalous noise,” and
noise that is known but has yet to be addressed as “excessive noise.” Operation
in such a state is accompanied by a “lack of robustness” and interference in
signal analysis because any noise is “easily detectable” by the interferomerers,
especially disturbances near the noise floor.?

The perplexing 2001 disturbance was both anomalous and well above the
noise floor ar lower frequencies, “which made it so roublesome.™ It caused
the mirrors to vibrare—similar to gravitational waves. Both gravirational waves
and noise can cause the distance between the mirrors to increase and decrease
in an oscillating rhythm as waves propagate through the instrument. The only

1. Pewer Saubson, Fundementals of Imterferometric Gravistional Wave Detectors (Hackensack,
NJ: World Science Publishing, 2017), 238.

2 B. K. Berger, . 5. Arceda, ). D. Barker. et al., "Scarching for the Causes of Anomalous
Advanced LIGO Noise,” Applicd Physics Letters 122, no. B0t (2023): 2-3; Sanley Whiccomb,
¢-muail comespondence with author, 30 Dec. 2023. Weiss identified many of the potential types of
noke sources of concem for a large-scale interferometer, indluding the nose floom, in a 1972
report. Rainer Weis et al, “Gravitational Research,” MIT Quarterly Progrew Report 105
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difference is thar length deformarions berween the mirrors originaring from an
earthly source are caused by vibrations and those caused by gravirational waves
are the result of their warping of spacetime. This measurement phenomenon
prevents the physicists from merely eliminating noise through modeling and
redesign urilizing methods available to prior detectors such as shielding.®
According to Beverly Berger, LIGO physicist and noise spedalist, “You an't
shield graviry.™® Instead, physicists must reduce the length deformarions
caused by these earthly disturbances to levels lower than those ciused by the
gravitational waves, lessen the unwanted noise w levels within the sensitvity
ranges of sensors so thar the physicists can identify and remove their imprint
from the signals, or eliminate the effect of the noise altogether from the
instrument—the preferred method. This is particularly challenging because
noise generated from the surrounding environment is not static due o evolv-
ing environments, populations, industrial activities, and dimarte change.

To better understand the 2001 disturbance, Weiss and his colleagues placed
seismometers—devices measuring ground motion—throughout the town and
parish of Livingston, but the source’s identiry still eluded them. The control
rooms at the LIGO sites—one in Livingston, Louisiana, and the other in
Hanford, Washington—are also covered with numerous screens, showing the
environmental conditons collected by these instruments and additional sen-
sors placed around the interferometer. The data displayed in the control room,
numerous real-time data analysis pipelines, and monitoring channels assist the
physicists in identifying unwanted noise that can either mask or mimic the
much sought-after gravitational wave signals. Although the readouts provided
the frequency, amplitude, timing, and duration of these disturbances, their
sources often remain a mystery. The noise is hidden in plin sight. “The
sensors don't care whether the noise is inside or outside”; it is up ro the
physicists to track down their origin.”

Noise appearing in LIGO’s interferometers is continuously in fAlux. New
noise often appears during observation runs—a specific state during which the
interferometers are prepared to detect gravirtional waves. LIGO physicists
often decide not 1o address such noise until the observation run ends because

§. “Prior detectons” refen to the neutrine daecton of Trevor Pinch's scholanhip. See, cg.
Tuevor Pinch, Confranting Nature: The Sociology of Solar Newtrino Detection (Dordreche
Springer-Science+Business Media, B.V., 1986). The resonant bar detectors, developed by Joseph
Weber, also lacked shiclding,

6. Beverly Berger, interview by author, Princeton, New Jersey, 23 May 2023

7. Ibid.



repairs can “have a negative impact on searches of the dara for [gravitational
wave] signals and determining the properties of such signals have the highest
priority.”® Thus, tw detect and understand gravitational waves produced from
distant violent events in space and time, LIGO physicists must possess a nearly
encyclopedic understanding of the minute and detailed fearures of the envir-
onments surrounding their instruments and facilities. Only then can the phy-
sicists identify the origins of anomalous noise—especially noise near the noise
Aoor—with an origin other than from gravitational waves.

So, what was the 2001 disturbance? Trains passing’ Giant pipes falling on
the ground in warehouses? The flow of substances through the pipelines under
the site? Planes flying overhead? Wind pushing on the instrument’s housing?
Given the extreme sensitivity of this instrument, the space the physicists had w
account and control for expanded well beyond the area inside the laboratory.

The alleged truth-producing fearures of the laboratory—seemingly rwo
identical detectors equipped with sensors and seismic isolation systems—sig-
naled to the physicists that the aberrations—i.e., anomalous noises—were
real.? Indeed, the LIGO physicists’ requirement of coincident signals berween
the two widely spaced detectors is the truth-producing feature of the experi-
ment. What did Livingston have that Hanford, Washington, the second twin
site, did not? There were two additional clues: (1) this particular disturbance
appeared only within a cerain frequency range ar Livingston, and (2) it did not
appear at night

On November 8, 2001, Weiss solved the mystery.'® He was working ar the
LIGO Livingston location, along the laser beam tube outside of its concrete
housing and saw trees going down. He ran into the control room to see if this
event had the same signal profile as the unidentified dismurbance—ir did.'!
When Weiss saw the familiar profile of the mystery signal, he left the control
room and the laboratory building to continue his investigation outside, where
he witnessed the source—the rypical activities used in the dmber industry of
pruning and cutting with chainsaws and mechanized tree curters of the pine

&. Berger et al., “Saarching for the Causes™ (n.2), on 8.

9. On the placeness of laboratories and dheir truth-producing capabilities: Thomas F. Gienyn,
Truth Spots: How Places Make People Believe (Chicago: Univenity of Chicago Pres, 208)
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oinod hom
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trees at the edge of the forest aburing the laboratory facility. This caused Weiss
to incorporate this acrivity within his expanded conceprual understanding of
the LIGO Livingston laboratory. With this reconceptualization of laboratory,
he achieved a fuller accounting of noise appearing in the interferometer and
its origin.

Only when Weiss considered what was beyond the laboratory facility during
his investigation of the surrounding environment—an inregral acriviry
throughout LIGO's planning, design, and operation—was he able o identify
and treat the disturbance that plagued the instrument and hindered its
sensitivity to detect graviational waves. This has been and continues to be
LIGO's reality due to the need 1o operate the interferomerters “close 1o their
noise floor.”!?

In the following sections, | provide the scope and justification for the
expanded laboratory environment framework, a history of the LIGO gravia-
ratory environment as an epistemic space. | demonstrate that physicists of
ulera-sensitive experiments formed new epistemologies of laboratory bound-
aries from their processes of searching for noise origins. In turn, I show how the
physicists navigated the inner confines of their laboratories while accounting
for and traversing the boundary berween the laboratory and the surrounding
natural and built environments.

As the physicists’ instruments increased in size from a prototype with L§-
meter-long arms to a large-scale interferometer with 4-kilometer-long arms,
the scope of the surrounding environment expanded from the laboratory and
surrounding rooms to geographic areas extending well beyond the traditional
laboratory space. I begin in the early 1980s ar MIT and Calrech where physi-
cists developed prototype instruments 1o demonstrate how they could poten-
tially overcome environmental noise by gaining insights into how noise would
affect their future large-scale experiment and their attempt to control the
surrounding environment of a few dity blocks around the university laboratory.
When scaling up from the prototypes to the large-scale instruments, [ reveal
how the physicists interpreted the vibrations on the facility sites of Livingston
and Hanford prior to the instllation of the large-scale interferomerers. Fur-
ther, | ducidate how the physicsts were unable to translate how vibrational
noise would affect the furure interferometers from a commissioned seismic
assessment of the two locations withour the instruments in place. Once the

12 Berger et al.. “Searching for the Causes™ (n.2.), on 2.



interferometers were in operation, I show how the physicists overcame natural
and anthropogenic noise issues manifesting in the instruments ar Livingston
and Hanford through investigations of their surrounding environments. This
requirement illustrates the need to expand their concepr of laboratory to
encompass the hosting surrounding landscape. This history illuminates the
environmental and vibrational epistemologies of LIGO physicists and shows
that the scope of the laboratory environment and the physicists’ understanding
of their minute fearures increased with the growing scale and sensitivity of the
interferometers and vice versa.

THE EXPANDED LABORATORY ENVIRONMENT

The laboratory is indeed an environment.'? In the case of LIGO, the natural
and built environments have become the laboratory. [ situate this transforma-
tion in the relationship berween environment and laboratory in the historical
evolution of astronomy and astrophysics observarories. Observatories as places
have historically been “set apart™ w facilitate direct or instrument-mediated
astrophysical observations. Evolving from sites designated for the practice of
observation 1o specialized buildings with laboratory features, observatories now
allow for precision imaging of the universe and astronomical phenomena.'
Along with the extreme sensitivities of LIGO's detectors, the interfero-
meters, LIGO's focus on changes in spacetime are whar differentiates its
facilities apart from prior and current detectors and observatories, and those
telescopes, which observe across the electromagnetic specrrum.'® Although
LIGO physicists can control whart vibrations originate from within their tra-
ditional laboratory space, they do not have such control over those emanating
from the surrounding natural and built environments. The scope of LIGO's
environment is derermined by whart its interferometers are sensitive —
whether the hear produced from the lasers, inherent material properties of the
mirrors and their suspensions, vibrations of vehicles driving by the facilities, or

13. Robert E. Kohler and Jeremy Vetrer, “The Ficld,” in A Companion # the Hiswory of Science,
od. Bernard Lightman, 282-95 (Hoboken, NJ: John Wiley & Sons, Lid, 2006), 283-8¢;
Catherine Jackson, “The Laboratory.” in A Companion o ehe Hirtory of Scence, od. Bernard
Lightman, 208309 (Hoboken, NJ: John Wiley & Sons, Lud., 2008), 297.

14. Robert Smith, “The Observatory,” in A Campanion to the History of Science, ed. Bernard
Lightman, 382-95 (Hoboken, NJ: John Wiky & Sons, Led.. 2056), 196-209.

5. Keep in mind char the sensitivity of wlescopes and newmrring dewecions, for example, are
difficult to compare as each is designed 1o detect a specific messenger.
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pulsations in the earth’s magnetic fields.'® This phenomenon necessitates thar
LIGO physicists often traverse the laboratory-observatory/field boundary, ulti-
mately collapsing the laboratory and it surrounding environment into a single
epistemic space—the expanded laboratory environment.'” I define this episte-
mic space as the ecosystem—the land, dirt, and the physical and social atmo-
that become embedded in the outpur signals of the instruments therein,
becoming anomalous noise and affect the instrumenss’ achievable noise floors.
By expanding the concept of the liboratory to and encompass the surrounding
natural and built environments, | build upon histories of noise, laboratory
space, and the spatial and geographic locations of science by showing how
physicists identify, understand, and address what signatures of the epistemic

space of the expanded laboratory environment appear in the outpur signals
produced by their highly sensitive instruments.'® Only in this epistemic space
noise thar is considered anomalous.

Signals have been typically defined as an effect on an inscrument thar is
“distinct from the background of the fidd” where background is noise.'” The
handling of such background noise is a “constitutive” component of the

16. Providing a subsct of noise LIGO must grapple with: B. P. Abbotr et al. “A Guide 1o
LIGO-Virgo Detector Nokse and Extraction of Transient Gravitarional- Wave Signals,” Clewical
and Quantum Gravity 57, o500z (2020): 1-54.

17. Lawour explores expanding pracrices of the lshoratiory 1o a space beyond i walls, where |
instead focus on those instances when scientists cannot control outside occurrences and char-
acteristics thar sccp through the walls and invade the boratory. Bruno Latour, “Give Me
a Laboratory and 1 Will Raise the World,” in Saemce Observed: Perspectives an the Social Study of
Science, ed. Karin Knorr Cetina and Michael Mullay, 141-70 (London: Sage Publications, Lad.,
1584), 15052, 155, 166,

18 See, eg. Peer Gaison and Emily Thompson, eds., The Archieature of Science
(Cambridge, MA: MIT Press, 199); Christopher . Henke and Thomas F. Gieryn, “Sites of
Science Practice: The Enduring Impaortant of Place,” in The Handbook af Science and Techmology
Studier, ed. Edward |. Hackert et al. (Cambridge, MA: MIT Press, 2007): 353-76; Robert Kohler,
Landicapes and Labroaper Exploring the Lab-Field Border in Biology (Chicago: University of
Chicago Press, z002); Kohler and Vener, “The Field™ (n.53); Jackson, “The Labomtory™ (n.k
Seeve Shapin, “The House of Experiment in Seventeenth-Century England, ™ Isis 79, no. 3 (1988):
571-4o4: Emily Thompson, "Dead Rooms and Live Wiree Harvard, Hollywood, and the
Deconstruction of Architectural Acoustics, 1900-1930," luis 88, no. 4 (997): s97-626.

19. Bruno Lasour and Sceve Woolgar, Laborarory Life: The Construction of Sciensific Facts
(Princeton, NJ: Princeton University Press, 1986), 1xz7; Harry Colling, Grasdty ¥ Shadow: The
Search for Gravisarional Wever (Chicago: University of Chicago Press, 2004), 0.



experimenter’s craft.*® For high-energy physics, that entails showing thar
“traces of nature” appearing in the detectors are “not noise, bur dara.™' As
for nanoscale experiments, material scientists must not only eliminate ambient
sounds from within the traditional laboratory, they must also utilize those
sounds as an “experimental cue.”** For astronomers, this means placing their
observatories at high enough altitudes and limiting their observation times w0
account for weather and armospheric conditions.** However, such straight-
forward solutions are not available 0 LIGO physicists given the funcrion and
sensitivity of it interferometers.

Much is revealed when considering the influences of sound aberrations and
auditory practice originating from laboratories and their host buildings.
Through such revelations physicists and material scientists have developed
methods of addressing noise using methods ranging from modeling, shielding,
reduction, filtering, subtraction, collection of larger data samples, automarion,
relocation, and apparatus design.** However, these activities and their study by
historians of science have been confined to those interventions physicists
detecred and performed ingde the laborarory.

Given the sensitivity of LIGO's interferometers and the resulting physical
effects of gravittional waves, 2 more nuanced understanding of noise is

20. Peter Galison, Hew Experinments End (Chicago: Univenity of Chicago, 1987), 71.
(Cambridge, MA: Harvard University Press, 1988), 159. Galison has claimed that the elimination
of background shifted away from machinery and “wward the reduction of data.” Galison, Hew
Experimenty End (n.20), 72. A call for more focus on the history of noise, see Chen-Pang Yeang
and Joan Lisa Bromberg, “Undertanding MNoise in Twentieth-Century Physics and
Engincering,” Pernpectives om Science 14, no. 1 (2016): 1-6. For a history of epistemologics of nolsc
across engineering and physics from woo-1955, see Chen-Pang Yeang, Tramforming Nodw: A
Hisory of Iy Science and Techmology from Diseurbing Sounds w Informational Errors, moo-—rosy
(Ondford: Oxford Universicy Press, 2023).

22, Cyrus C. M. Mody, “The Sounds of Science Listening w Laboratory Practice,” Sciemce,
Technology. and Human Vidues 30, no. 2 (200§): r75-98.

23. Smith, “The Observarory™ (n.4).

4. David Cahan, Aw Instiruce for an Empire: The Prpikalisch- Techmirohe Reiclnanseals 187r-
#u8 (Cambridge: Cambridge University Press, w89); Jimena Canales, A Teneh of @ Secomd:- A
Hitery (Chicago: University of Chicago Press, 009); Allan Frankdin, Shifting Scamdondc
Experiments in Parvicle Phydcs in the Twenterh Cennery (Pitsburgh: University of Pisburgh
Press, 2o03); Allen Franklin, Wher Make o Goad Experiment’ Reasons o Roles in Scienee (Pins-
burgh: Univenity of Pitsburgh Press, 2006); Galison, How Experiments End (n.20); Edward ).
Gillan, “Tremoring cransics: railways, the Royal Obscrvatory and the capialist challenge ©
Victorian ssrronomical science,” Britich fosrmal for the Higory of Science, §3. no, 1 (2020): 1-4;
Mody, “Sounds of Science™ (n.22); and Pinch’s Confromting Nature (n.5).
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required—one thar considers space beyond the laboratory. For LIGO, noise is
any and all phenomena that cause the arm lengths berween the mirrors of the
interferometers to change. These disturbances are quite vast—spanning quan-
tum, local, and cosmic scales—and often mask, and/or mimic the effects
gravitational waves have on the instrument. Such noise is recognizable to the
physicists through its effect on the instrument, but its origin is often unknown.
In most instances, gravitational wave signals are buried within the noise.?* As
a result, LIGO physicists cannor always control and disaggregate the back-
ground from the signal.

Although Karin Knorr-Cetina has argued thar the senses have shifted w
a secondary role in laboratory sciences, that is not the case for LIGO.*® LIGO
physicists must develop a nuanced and deiled understanding of how the
surrounding built and natural environments generate these vibrations and how
these disturbances manifest in the interferometers. This activity necessirtares
direct use of the physicists’ senses and embodiment within the surrounding
environment in addition ro whar they can discern from the instruments’
operation and sensor dara. The physicists must then convert the individual
environmental disturbances to their respective frequency domain signatures
and map the noise to the effect detected in the interferometer. This connection
allows physicists in some instances 1o modify the instrument and data analysis
techniques to eliminate the effects of noise on their and in some instances
reduce noise through negotiation with the environmental actors who produce
the noise. Only then can the physicists apply methods of determining signal
from noise through calcularing staristical noise distriburions, applying gravi-
tational waveform templates to length deformation daw, or detecting signals
occurring far above the noise.”” Thus, LIGO physicists cannot merely alter

25 Seeve Gubser and Frans Pretorius, The Lirtle Book of Black Holes (Princeton, NJ: Princeton
U"l'ﬂﬁ'l""mﬂ'ﬂfmr

26, Knorr Cetina, Epimemic Culneres: How the Sciences Make Knowledge (Cambridge, MA:
Harvard Univessity Press, 1999), 94-95. Knorr Cetina defines laboratory a3 a place where objecs
are detached from their natural environment and “objects as they ocour in nature” are “rarely”
worked upon in 2 laboratory. Karin Knorr Cetina, "The Couch, the Cathedral, and the Labo-
ratory: On the Rdationship berween Experiment and Laboratory in Science,” in Sdmer &
Pracrice, ed. Andrew Pickering (Chicago: University of Chicago Press, 1992), ué-r7. LIGO
physicisns cannot manipulate the objecs of study, LIGO instruments merely “ligen” for gravi-
tational waves much like an astronomy observatory, which Knorr Cetina expresly excludes from
the definition of laboratory.

z7. On the vechnical account of the data analysis wohniques used by the LIGO Scienific
Collaboration, see Abbott et al. “Guide w LIGO-Virgo Detector Moise™ (n.16). For a participant



characteristics of the laboratory alone as done for prior and less sensitive
instruments. Instead, LIGO physicists must often physically exit their labora-
tory, investigate the surrounding natural and built environments, and negoti-
are for mitigation or eliminarion of disurbances with the constiruents of thar
surrounding environment.

Gravimtonal wave physicists must construct stillness to achieve low noise
levels thar allows them to detect the faint jostling of graviarional waves report-
ing on the events of our universe. | define constructing stillness as the assem-
blage of practices including theorizing experimental design to account for noise
and how much noise the experiment can tolerate, finding fadliry locarions thar
are as still as possible, understanding noise and modifying the instrument 1o
achieve higher sensitivities, data analysis methods to remove noise or statisti-
cally interpret its occurrence, and negotiating with non-laboratory/extra-
laboratory actors to understand and/or abare noise.*® Tuming gaze roward
scientists’ attempts to tame this enlarged laboratory space reveals how the
narural and built environments hosting these laboratory facilities profoundly
influence the LIGO experiment and experiments also operating dlose to their
own low noise floors.™

By shifting focus from prior methods of analyzing laboratory spaces, 1 ask
additional questions, induding: How are laboratory sites found? How do
laboratory sdientists understand their surrounding environmene Whar hap-
pens when the surrounding environment becomes embedded in the experi-
mental apparatuses and their outpurs? These questions are captured in the
overarching inquiry of, what happens when the landscape disturbs the exper-
iment Through the lens of the expanded laboratory environment tuned w
how physicists identify and understand noise, I show thar the laborarory is not
separate from, but instead entangled with, its surrounding narural and buile
environments, especially for ultra-sensitive instruments. This shift in how the
physicists defined laboratory allowed them to develop bespoke solutions w

history of the initial efforts 1o develop LIGO remplates, see Daniel Kennefick, “The Wagers of
Science,” in Einstein Was Righe: The Science and Hiswory of Gravisaional Wases, ed. Jed Buchwald,
63-75 (Princeton, N): Princeton University Press, 2020).

28, Tiffany Nichols, “Constructing Stillncss Theorization. Discovery, Intermogation, and
Negotiation of the Expanded Laboratory of the Laser Interferomerer Gravitational-Wave
Observatory”™ (PhD Dissertation, Harvard University, 2022).

29. To undesstand how physiciss conceprualize and intcract with this space, | deaw from the
institutional archives of LIGO and host univensities, site proposals, scientific publications, dis-
scruations, intemal smudics, ol historics, site visio, and the LIGO Laboratory actvity log, which
is a running recond of the state and health of the insgruments,
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address the disturbances originating from beyond the kiboratory walls and
account for this phenomenon as an acr of construcring stillness within the
expanded laboratory environment. These solutions, in wm, leave their mark
on how “true” signals are registered. Through these practices, the correction for
the environment is in turn embedded in the instrument and analysis of dara.

THE EXPANDED LABORATORY ENVIRONMENT OF THE
PROTOTYPE SCALE

Weisss experience with the loggers ar the Livingston site was not his first
encounter with the expanded laboratory environment. Over fifteen years ear-
lier, his team ar the Massachuserts Institure of Technology (MIT) conducted
the first observational run of their prototype, a precursor of the interferomerers
at Livingston and Hanford, from June 3-10, 1985. Building 20—the former
location of the Radiation Laboratory (RadLab)—ran along Vassar Streer, ar the
then-edge of the MIT campus in a busting area of Cambridge, Massachuserts.
Just below the surface of Building 20, a busy portion of the Boston Area
subway system taversed the path berween two major stops—Central and
Kendall Squares—in Cambridge. To add to the cacophony of vibrations and
noise, a train line also ran throughour the day along this part of ampus w
service the manufacturing area of the dity, just a few blocks over.™

The 1.5-meter protorype’s susceptibility to these vibrations provided
a glimpse into the furure environmental disturbances that perturb the
present-day large-scale LIGO interferometers. Weiss and his laboratory group
members, Jeffrey Livas, Daniel Dewey, and David Shoemaker, had to contin-
ually consider these vibrations from beyond Building 2o that housed the
prototype under vacuum. They tuned to methods of damping, avoidance,
and extraction from the data stream as they developed a robust understanding
of their laboratory that expanded from the vacuum enclosure of the 1.§-meter
prototype to the laboratory room it occupied, and eventually to the very scale
of Cambridge. Any decrease in the decibel level of noise would result in an
increase in order of precision when measuring the distance berween the

30, During the period, the Commonwealth of Massachusers considered building a highway
along Building 20. MIT scientists opposed this project due to potential dffects on their experi-
menes. See Hilary Moss, Yinan Zhang, and Andy Andenon, “Asmcssing the Impact of the Inner
Beli: MIT, Highways, and Housing in Cambridge, Massachusens,” fournal of Urban Hissory 40,
no. 6 (zo14): rog4-—78.



mirrors. This would later translate o an expansion in the range of the universe
the LIGO interferometers would be able ro listen for gravitational wave signals.
To understand the disturbances that would allow the tam to develop
methods and systems to keep the mirrors of the prototype as still as possible,
they set up microphones, shur the doors 1o the closer housing their brand-new
VAX 730 next to the laboratory room, and designed dircuits o amplify record-
ings of the disturbances o human-audible levels o assist in identification of
their origin.*' They also meticubously tracked the temperature of the room,
discovering that the weather ousside triggered the air conditioner during both
the summer and the winter—because Building 20, meant 1o only serve the
Radlab for World War 11, had rudimentary installation and temperature
controls to mediate the extreme temperature Auctuations between the New
England summers and winters. These temperature swings caused the proto-
type’s housing to expand and contract as the weather wavered, altering the
length of the optical path.** To tame the effect, Dewey developed a servo
system to control and reduce the temperature swings caused by the built-in
thermostat of the window air conditioner. He, along with Livas, also developed
a servo control system for the balloon floats on which the giant granite table
that supported the prototype sat. It, too, fuctuated with the microclimates of
the room and the Boston Area, altering the prototype and its operation.??
The team ar the California Institute of Technology (Caltech) in Pasadena,
California, under the leadership of physicists Ronald Drever and Kip Thome,
co-founders of LIGO with Weiss, also built a prototype. More sensirive, with
forty-meter-long arms, the Caltech ream’s prototype was also susceprible to irs
environment. On the first day of the 1983 Caltech observation run, then

3. Physicist Roben Forwand engaged in similar techniques on an earlier interferomerer. For
his setup. he used his car o discern and identfy che nolse. Robert Forward, “Widcband Lascr-
Interferometer Gravitational Radiation Experiment,” Physical Review D17, no. 2 (5978): 37990,
on 388

32. Compare with Mody's example of miming the air conditioner off when constnucting
micrographs to capture a sharper image with transmission electron microscopes (TEM). Mody,
“Sounds of Science” (n.2z2), 179, 185

3. Collective laboratory notchook, Gravity 1, Pemonal Archive of Rainer Weis, Mamachu-
scts Institute of Technology Distinctive Collections (RWDC). MCyry. Box 94, Folder Gravicy |
198y July 2 1o December 4; Dewey interview by author, Cambridge, MA, November §, 2025
personal Joumal of Daniel Dewey, personal documents of Daniel Dewey. Note the allective
lbomtory notcbook. In Wielss's laboratory, cach member kepe their own laborrory nowcbooks,
and cach project had a collective boratory group nowbook that was 3 running log of the work on
the prototype’s operation. This eventually became the LIGO Activity Log.
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graduate student Mark Hereld, observed thar “the temperature in the labora-
tory was particularly stable because of the prevailing overcast weather.” He
believed this led to the air conditioning running more efficiently than normal
“because of the small load on the chilled water supply” for the laser. Bur 0
handle the temperarure swings from day to night that were common in the San
Gabriel Valley, Hereld inserted himself into the feedback loop rather than rely
on servo control systems as the MIT team had done. I periodically adjusted
the thermostats in each arm of the derecror to compensate for the effectively
low ‘loop gain' of the air conditioning system.” Hereld made “occasional
adjustments to the optics to compensate for drifts (chiefly induced by rem-
perature changes).”*

When the MIT team was ready for their observation run in 1985, using servo
equipment to control for the surrounding laboratory room and building did
not result in the basdine stillness that the experiment required. Weiss, Livas,
and Dewey thus had t expand their conceptions of the boundaries of their
laboratory space and noise awareness to the scale of the city for the observation
run. To avoid noise from the urban landscape, they ran their experiment
during the most “seismically and acoustically quietest times” after the
“Cambridge subway ceased operation [at] 1:30 am.™* Livas also recalled,
“There was a change in slope of the road (a ‘bump’) immediately outside the
lab thar caused rrouble because cars and especially trucks would bounce over
this bump.™® Such timing adjustments were made to keep the mirrors inside
the arm cavities still or minimize movement in the mirrors suspended as
pendulums. If the mirrors wiggled sufficiendy, the laser light would diffract
spuriously in all directions rather than travel back down the arm toward
a photodetector, which measured whether the distance berween the mirrors
had changed through detecting phase shifts in the laser light.

However, moving the time of the observations to the predawn hours of the
night was not enough. The ream would evenrually pull community members
into the experiment. For example, they petitioned the City of Cambridge via
the MIT police to dose Vassar Street w traffic and the parking lot adjacent

34 Mark Hereld, *A Scaxch for Gaavitational Radiation from PSR 1937-+214" (PhD Thesis,
California Instirute of Tochnology, 1984), 48-49.

35. Jeffrey C. Livas, “Upper Limits for Gravitational Radiacion from Some Astrophysical
Sources”™ (PhD Thesis, Massachusetts Institute of Technology, 1987), 76. Compare this example
with the material scientists of Mody's study who performed TEM runs at night. Mody, “Sounds
of Science”™ (n.z2), 180,

36. Jeffrey Livas, e-mail correspondence with author, 2 Sep 201,
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FIGURE 1. Sign used during the first obsenation run of the prolotype to inform people that the
parking lot next to Bullding 20 (right side) was closed Source: Presentation, *Some of the Lives
of Richard Benford on his retirement from MIT and the Kavi instilute for Astrophysics and
Space Research,” presented at the MIT Kavl institute for Astrophysics and Space Research,
Cambridge, Massachusedts, 13 Oct 2006

to their laboratory space for two nights over the weekend w increase the
stillness of the site and in turn increase the sensitivity of the protorype.?”
Although they could not block off Vassar Sereet, the physicists did the next
best thing and reduced traffic around the laboratory itself by restricting
access to the adjacent MIT parking lot during the portion of the observation
run (figure 1).%*

Constructing stillness for the prototypes not only entailed expertise of the
instrument and the laboratory space defined by the walls of the laborarories bur
also required demiled and encyclopedic knowledge of the idiosyncraric noise
profiles of the climate and surrounding environments, as captured in Livas's
statement contemporaneous o the experiment, “Previous experience had indi-
cared thar the seismically and acoustically quietest times in the laboratory

37- Livas, “Upper Limits" (n.35), 76 Daniel Dewey, “A Search for Astronomical Gravitational
Radiation with an Interferometric Broad Band Antenna”™ (PhD Thesis, Massachusetes Institute of
Technology, 1986), 66; Raincr Weiss, intervicw by author, Cambridge, MA, 12 Apr 2009; Richard
Benfiord, interview by author, Cambridge, MA, 24 Sep 2020,

8. |dfrey Livas, e-muil correspondence with author, 2 Sep 20m.



HIDDEMN IH PLAIN BIGHT | 349

occurred in the early morning.”*” Thus, knowing the operational character-
istics of the protorypes enmailed developing a sufficient understanding of the
local surrounding environment.

DIFFICULTY IN UNDERSTANDING THE ENVIRONMENTAL IMPACTS
WITHOUT OPERABLE LARGE-SCALE INSTRUCMENTS

In 1996, with the large-scale interferometer design set and the two LIGO sites
chosen and acquired, bur prior to the construction of the large-scale interfe-
rometers, the LIGO physicists ordered seismic studies of both the Hanford
and Livingston sites to better understand their baseline noise levels. * With the
interferomerer design in place, Alan Rohay, a geophysicist for Pacific North-
west Laboratories, known for its geotechnical work at Hanford, srudied
a diverse armay of environmenml characteristics of the two LIGO loctions
relevant to understanding their role as hosts of the furure LIGO interferom-
eters. He concluded that the Livingston location had “low frequency (less than
5 Hz) noise consistently higher than both the LIGO design spectrum and the
measured Hanford noise spectrum.” He also observed “main traffic™ “rwice
daily” at the south end of the projected site that increased noise by “nearly
a factor of 10." Around 10 Hz, the ambient noise stayed within design limits
“except when acoustic noise from aircraft [was] transmirted into the
ground.™*! Further, the traces of the seismometer showed an “oil pipeline
passing beneath the west arm” that “generate[d] a significant portion of the
ambient noise.” In addition to the seismic and wind measurements, Rohay
interrogated the environment through rechniques including digital recordings,
playback and analysis sofrware, and using infrasound microphones able w
detect low-frequency noise, paralleling techniques of knowing the environ-
ment from the earlier prowrype period. 2

During Rohay’s observation period ar Livingston, the microphones were
flooded by minwater, and heavy showers affected the function of the

39. Livas, “Upper Limit” (n.35) 76: The display of the prototype at The MIT Muscum is
based on this aspect of my diseration rescarch, The material scientiss of Cyrus Mody's
scholarship were not required w seck amistance from the community and block access to space
beyond their bbormory. Mody, “Sounds of Science™ (n.22).

40. For an extensive history of LIGOs site selection: Nichols, “Constructing Stillness™ (n. 28)

4. Alan Rohay, “Ambicnr Ground Vibation Measurements at the Livingron, Louisana
LIGO Sie,” 2 May 1996, LIGO Document Callection, 1IGO-Coé-mzz-oo-Ck 1,

42. Tbid., 6.



seismometers. As much as the environment foiled his atempts 1o characrerize
it, he did observe planes flying overhead, “hunters with dogs (after dark) and
hunters hunting for lost dogs (during the day),” and “groups of cows at all
measurement locations.” Most notable: “On several occasions chainsaws were
audible from the forest.”** Rohay’s paralle study at the Hanford site reported
only vehicular traffic at certain times correlated with the shifis of workers
flowing into and out of the Hanford nuclear reservation, % This is not entirely
surprising given Hanford's nuclear legacy and the resulting need to ensure
environmental stability—a requirement that conveniently maps onto the
needs of LIGO.

Without the large-scale interferometers on site, the physicists did not under-
stand the ways that the vibrations would manifest in the interferometers and
affect their experiment. Indeed, they remember Rohay's seismic srudies as
uninterpretable without the laboratory instruments and the sensors con-
structed and installed. “We didn't really understand what needed to be tailored
to the sites particularly,” explained physicist Stanley Whitcomb, who served as
the Detecror Group Leader of LIGO during this period. He continued, “What
we were beginning to understand was that seismic noise at much lower fre-
quencies could couple nonlinearly and create noise in our observational fre-
quency band.” This is when the limitations of using knowledge gained from
the protorypes to interpret Rohay's studies became clear. Any disturbance in
the prototypes’ laboratories happened in the same environment—actually, the
same building—because the mirrors were separated by only 1.5 meters at MIT
and forty meters ar Caltech. However, given the diversity of expanded labo-
ratory environments of the large-scale interferometers with arms four kilo-
meters in length, the environments ar the vertex and each end station
“move differently because they are more than (about) one seismic wavelength
apart.™* That is, when the physicists accounted for expanded laboratory
environment of LIGO, components of the instruments responded o the
environment differently. The over 2,000-fold difference berween the

43 Ibid., 10. LIGO physicists would have to later account for cach of these factoms, induding
errant bulless wrgeting the Livingsion site. Nichols, *Constructing Stillnes™ (n.2£).

44. Alan Rohay, “Ambicnt Ground Vibradon Measurements at the Hanford, Washington
LIGO Sire,” 2 May weé, LIGO Document Collection, LIGO-Coy-oy72-02-0r 1, 148, LIGO
physicists would later discover excess noise during shift changes caused increased traffic near one
of the Hanford end mations. Beverly K. Berger, “ldentification and Mitigation of Advanced
LIGO Noise Sources,” fosrmal of Physice Conference Serier 957, no. 012004 (2008): 1-6, on 3,

45. Whitcomb correspondence (n.z)
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large-scale interferometer and the MIT L§-meter protorype and the 100-fold
difference with the forty-meter Caltech prototype resulted in expanded labo-
ratory environments of drastically different scale. Whitcomb admitted, “We
didn’t have adequare modeling tools. We hadn't really dealr with thar on
campus. So, it was something thar we basically discovered in real time as we
were building and assembling the detectors.™*

Showing the importance of understanding the intricate details of the
expanded laboratory environment surrounding and along the interferomerers’
arms—and comparable instruments—and constructing stillness, Whitcomb
explained, “To the extent thar we eventually gor thar stuff righe, it was done
after the fact, when we discovered what problems we had. And whar didn't
work, we set out t fix them.” One such investigation and solution circled
around the whir of the chainsaws Rohay observed ar Livingston. However,
according to Weiss, “It was too late” when the physicists realized the signifi-
cance of Rohay's findings for the instruments had already been constructed
and begun operating.*” To rectify the situation, the physicists had 1 expand
their conception of the laboratory environment from the protorype-sale, the
vacuum housing of the instrument, and their control rooms with their medi-
ating devices to the natural and built environments surrounding their instru-
ments. Even with this expansion in scope, the physicists could gain
a comprehensive understanding of the expanded laboratory environment only
through analyzing it directly and comprehending how the noise it produced
manifested in the instrument.

CONSTRUCTING STILLNESS IN THE EXPANDED LABORATORY
ENVIRONMENT

The Livingston Example

Returning o Weiss's quest to identify the source of the anomalous disturbance
in the large-scale interferometer at the LIGO Livingston site in 2001, he had
seen the profile of the persistent signal aberration many times before Novem-
ber 8, 2001, and it coincided with periods when the interferometer was inca-
pable of maintining a locked state—that is, being held in a fixed position in
such that the numerous cascading servo control systems can maintin the

46. Thid.; Sunley Whitcomb, interview by author, Cambeidge, MA, 5 Jan 2022,
47. Ibid



instrument in a null state. It is only in this locked state that the interferomerter
can observe for gravitational waves.

After carefully inspecting the instrument, Weiss turned outward to deter-
mine the source of the disturbance through the clues offered by the power
spectra of length deformations*® of the interferometer across frequencies and
the data the sensors reported. First, he considered the pipelines that ran under
the LIGO structure. A four-foot-diameter line running beneath the site is used
to transport “viscous fluids” from St. John the Baprist Parish to “just outside of
Chicago.” The pipeline had "pumping stations every 50 miles with a control
center for the line in Meirie, Louisiana, near the New Orleans Airport” used
to maintain the fAlow the fluids. When Weiss went to investigate, he learned
that the "pipeline owners were very worried about causing wrbulence in the
line” but “were very happy for LIGO 1o help them avoid the rurbulence which
would have caused excess vibrations” under the Livingston site. It urned our
that the pipeline was not a “serious source of seismic noise.™?

During the summer of 2001, Weiss continued investigating the expanded
laboratory environment to find the origin of the aberration. He, along with
visiting MIT students, placed seismometers on roads and ar factories near the
site and along the train route that ran at the edge of Livingston. They formu-
lated guesses of the source of the noise based on the mediated experience of
analyzing the numerous readings displayed on the screens of the control
room.* The physicists used their sight when viewing the numerous outputs
projected on the screens and their ears to listen to the recordings picked up by
the various microphones placed around the site. Although Weiss and his ream
gained a more nuanced understanding of the expanded laboratory environ-
ment, the identity of the source continued o evade them.

Weiss contemporaneously recorded the events leading to the identification
of the source in the LIGO Weekly Report—an ongoing record of the health
and operation of the instruments to allow the members of the collaboration o
stay abreast on the LIGO remore facilities—for the week ending on November
8, 2001. The continuous data stream showed that the unidentified aberration
took a break on the weekends and ar night. Focusing on the expanded labo-
ratory environment including the land, its fearures, and occupants—here, the

48. Expresed as gravitational wave strain, which is the mtio of the lengrh deformations
between the interdferometer's arms.

49. Rainer Weiss, intwerview by author, Cambeidge, MA, 22 Nov 26,

0. Rainer Weiss, e-mail comespondence with author, 13 Aug 2021,
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trees and the local logging industry of Livingston—reveals their nuanced
presence in the archival record. Weiss wrote in the activity log

We have begun a systematic study of what happens to the recombined
interferometer when the seismic noise starts at about 6 AM. Tt is now trivial
to lock the recombined system by 5:30 AM and wait for the world 1o wake
up. With this strategy it is still possible 10 watch the lock drop out and
acquire and watch again until 6:30 [PM] when currentdy moderately close
logging activities begin. The data from these lock los evens is sdll being
analyzed, however, it is clear that the primary symptom that leads 1o the
breakdown are antisymmetric angular motions (one cavity beam goes Icft
the other right or one goes up the other down).

Weiss compared the profile of the disturbance with other candidates o be sure
his identification was correct. This is because there were numerous noise
sources near the site. Was it instead the active train line that ran not wo far
from the site? No, although the train left other forms of noise signarures on the
instrument’s outpurs. Livingston was also known as a place for manufacruring
large pipes and gravel pis. Weiss thought the pips and gravel caused this
particular vibrarion when they fell 1o the ground. However, upon interrogating
the dara, these were found not 1o be the source. They also checked the flight
logs and found nothing at the times the mysterious noise appeared.®'

On November 8, 2001, when Weiss, was working ourside along one of the
beam tubes, he saw trees falling in the forest. He quickly ran inside o verify
that this was the troubling disturbance that had been appearing on the control
room screens. The signature of the falling trees marched thar of the mystery
aberration. So, he immediarely walked out the door to investigate further.*?
He did not just leave the control room; he left the laboratory building aleo-
gether to return to the site where he witnessed the source of the noise. As he
made this transition from building to the surrounding environment, he
expanded his conception of LIGO's laboratory space. Being ourside the fadil-
ity, but still in the expanded laboratory environment, allowed Weiss to identify
and understand the source of the offending noise. There was a correlation
berween what he saw, what was recorded on the seismometers, and the aber-
ration in the interferometer. He saw and heard using no instruments beyond
his own eyes and ears loggers chopping branches from the trees aburing

L. LIGO, "Weckly Repon™ (nao).
s Rainer Wekss, interview by author, Cambridge, MA, 22 Nov 2006; Rainer Weis, ¢-mail

comespondence with author, 13 Aug 202



LIGO's facility. As they cut, the limbs and trunks fell to the ground. This
disturbance was particularly troubling because, according 1o Weiss, “Broadly,
logging at tkm from the y end station provides seismic motions as large as
the trains butr with an even more ragged staristic berween rms and peak ©
peak motions.™*?

The source had been hidden in plain sight the entire time. It was the very
logging industry thar allowed for such a large, continuous, and remote parcel of
land to exist and meet the scientific criteria for LIGO. Weiss recalled his
thinking upon realization, “The key mistake made was to assume a commerdial
forest like the one we had built LIGO in is farmed not only once every forty
years (a tree lifetime) bur continuously in small patches. | was horrified.™*
This was because the vibrations caused by chopped trees falling to the ground
were akin o having localized earthquakes right next ro the interferomerer. To
secure the duration of lock periods achieved ar night, Weiss calculated thar
“the closest logging activity” would have to be “further than 225km away.™*
Such disturbances would not only prevent the interferometer from gaining
a locked state bur also could cause the mirrors to wiggle enough “to overwhelm
the displacement produced by gravitational waves.”® When the servo systems
tried to respond w low-frequency noise caused by the falling trees, they gen-
erated additional noise in the instrument ar higher frequencies—a factor con-
tributing to the difficulty in identifying the source of the noise through the
instrument’s response. Such a cascade of noise could mask gravitational waves
and reduce the overall sensitivity of the instruments o detect them.

Weiss also had o revisit the original assumptions about the frequency of
logging activity provided in the Livingston site proposal, as this new informa-
tion caused him ro realize thar the logging activity was an ongoing and con-
tinuous occurrence in the ecosystem that hosted the LIGO laboratory. He
explained: “In a visit with the Weyerhauser chief logger in the Livingston area”
“he informed me thar it is guaranteed that there is some logging activity within
a 1okm radius of LIGO at any time in the year.""” This differed from the

3. Rainer Welss, intervicw by author, Cambridge, MA, 22 Nov 2006,

§4- Rainer Weis, e-mail correspondence with author, 13 Aug 2021, Wikss is unusual in thar he
was accustomed to being ounide of the laboratory envimament. Much of his carier work was
with cosmic background radistion balloons that he and his ream would need 1o retrieve from
random sites throughout the United States.

5. LIGO, "Weekdy Report™ (nuo).

6. Whitcomb correspondence (n.z).

7. Ibid.
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assumed frequency of activity occurring in the assumed once every twenty-five
years thar was indicated in the original proposal for the Livingston site.® The
logger provided Weiss with a more nuanced understanding of this expanded
laboratory environment. Weiss's recorded recollection: “It happens that the fall
is most intensive since the weather is cooler, there is less rain and Christmas
funds are empty. . .. One of the nuisances with the logging is that though they
harvest once every 20 years, they have small patches not large tracts and they
come into the parches three times in twenty years. The first visit is to thin our
the growth, the second to remove lower branches and then, finally the third, w
harvest the wood.™

Given how fast pine trees grow, the loggers engaged in unwanted noise-
producing activity, working through small patches around the instrument, on
a continual basis. How could LIGO physicists preserve the potential ability w
detect gravirational waves? Weiss continued modeling based on his newfound
understanding: “[The chief logger] told me of their cutting schedule around
the planned [the seventh experimental] run when they intend w cur well
within 3km of LIGO near the [laser and vacuum equipment area] and then
along the y arm. He explained that Weyerhauser is also in the business of
selling land. The value is about $3K/acre 50 a 1okm radius area would cost
about $230M.” The $230 million price tag to buy all of the land within a 10-
kilometer radius of the site was “ill-advised” because “there were other noise
sources to deal with even through it now seems that logging is the source of the
bulk of the noise.”® The LIGO team opted w explore reconfiguring the
instruments to lessen the effects of the surrounding environment.

To construct stillness to prevent unwanted movement in the mirrors despite
this inherent disturbance, the physicists had to reconfigure their instrument.
They adopred a feed-forward seismic isolation system, developed by physicist
Daniel Debra. This system eliminates the generation of excess high-frequency
noise caused by the feedback control of low-frequency noise by applying
a control signal to stabilize high-frequency noise when disturbances ar low

8. “Propoml for a Louisiana LIGO site,” Office of the Chancellor Records, University
Archives, Hill Memarial Library, LSU, Box 82, Folder Laser Inwerferomerer Gravitational- Wave
Observatory (LIGO) Project 1993-1995.

9. LIGO, "Weekly Report” (n.0). Weyerhauser scquired the land from Cavenham in 1596,

60. Ibid. Further, Weyerhauser was not in the busines of selling land. Nichols,
*Constructing Stillncss” (n.28). Recall that the Reichsnsralt purchased land around its facilicy 1o
buffer isell from noise. Cahan points out thar this was insufficient 1 abae the effects of noise on
the experiments. Cahan, Aw [nstituie for an Empire (n.14), 168-77.



frequencies are controlled for. As part of the upgrades of Advanced LIGO,
which became operational much later in zo15, LIGO physicists also replaced
the simple pendulum suspension for mirrors with a multi-staged one devel-
oped at the University of Glasgow to better isolate the mirrors from the narural
and anthropogenic noise of the surrounding environment. All modifications
that arose from the improved understanding of environmental noise resulted in
increased sensitivity levels thar allowed for the first direct detection of gravi-
tational waves.

It was not until Weiss witnessed the polyphony across the potendal grav-
irational signal frequency range, the bacdkground noise, and the rhythm of the
logging industry—a combinartion thar came together only in the expanded
LIGO Livingston laboratory environment—that he and his team were able o
understand the epistemic space of their experiment and idenrify the offending
disturbance. Once they knew the identity of its source, the physicists were able
to construct stillness by designing systems to reduce its effects, unmasking the
signature of gravitational waves. The LIGO physicists have also formed com-
munication channels berween themselves and the logging industry whose
operational environment spatially, audible, and vibrationally overlaps with
LIGO’s laboratory. This facilitates coordination berween LIGO observation
runs and pine tree harvesting, allowing for the coexistence of commodiry
production and the operations of the expanded laboratory environment in this
shared space. This competition for space paired with the need to compromise
experimental activities is uncommon in the physical sciences, bur quite ubiq-
uitous in disciplines utilizing fiddwork where “the politics of compering uses
[are] not an externality, as in labs.™'

The Hanford Example

Despite being located in a remote nuclear waste storage site, disturbances also
plague the Hanford LIGO interferometer. During the summer of 2017, phy-
sicists noticed a repetitive disturbance appearing in the ourpur—specifically,
the gravitational wave channel—of the Hanford interferometer, but not ar the
Livingston site.*” Its presence also greatly puzzled them because the signal
appeared o be a graviaational wave, but the instrument was not in observation
mode. Whatever it was had resulted in changes in the interferomerer’s oprical

&1, Kohler and Vener, “The Fidd™ (n.5g), 284
6a. Berper et al,, “Searching for the Causes™ (n.2), on 4.
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path length and movement in the mirrors, causing light to spuriously reflect and
recombine with the main beam path.®® A resolution was necessary to ensure that
the interferometer would be ready for the upcoming listening period, or
“observation run.” Physicist Robert Schofield of LIGO’s noise reduction ream
had placed microphones amound the interferometer’s exterior housing, mirroring
the practices of his predecessors.™ They picked up a pecking sound—Ratta tat
tat — ratta tat tat—ar the same time each day.®* The disturbance’s noise signature
revealed thar the culprie—or culprits, in this case—were ravens. Thirsty ravens
foraged for much-needed water “in a desert environment where water sources are
precious.” They landed upon the ice thar had accumulated on the “liquid
nitrogen feed pipe to an ion pump” of the interferomerter’s vacuum system.
After an investigation ousside the instrument and its housing, LIGO scientists
identified the peck marks on the accumulared ice and observed the behavior in
action.% To better understand the noise source, LIGO physicist Pep Covas
mimicked the ravens’ behavior by mking a hammer to the vent line in the
pattern revealed on the interferometer’s outpur to determine the degree 1o which
this disturbance would affect the instrument.®”

LIGO physicist Philippe Nguyen and colleagues explained how the effeas
of the ravens were propagated: “The Rube Goldberg-like mechanism began in
the desert sun ar [LIGO Hanford], where ravens pecked ar ice accumulations
on a cryopump vent tube just ourside of an end station building.” He
described a chain of consequences—"vibrations from pecking,” “transmitted
through the vent mbes 1o the aryopump,” vibrations “ransmirted through the
beam b w a clibration structure located inside of the vacuum,” thar struc-
ture “vibrated slightly with each peck.” The resulting effects were amplified by
a prior correction the scientists made when they designed the alibraton

61 T. |. Massinger, "Characterizaton: Of Bangs and Buzses,” LIGO Magasine 13 (Scprember
208): 19; 5. Mukherjee et al, “Classification of Glicch Waveforms in Gravitational Wave
Dievector Characterizadion.” Journal of Plywics. Conference Series 243 no. 1 (2010): 012006, on
1-10,

64. LIGO Logbook, 19 Jul 2017, hupe/falog ligo-wa.calech. edu/al OG/index phpicallRep=
37630; Berger et al., “Scarching for the Causes” (n.2), on 4 Grrbicientist, “Thirsry Ravens'
Tap-Tap-Tapping Creames Dara Glinch At LIGO,” Farbes (May 15, 20:8).

6. L. K. Numll, “Characterising Transient Noise in the LIGO Detectors,” Philosophical
Tranwcrsens of the Ropal Society of Londem Sersn A: Mathemarical Phycal, and Fngincenng
Sciences 576 (May 28, 2018); 20170286, 1-8, 3-4; Berger et al., “Searching for the Causes™ (n.2),
on 4

64, Berger et al., “Searching for the Causes™ (n.2), on 4-5.

67. Nuttall, “Characterising™ (n.65), 1-8, on 3-4; LIGO Loghook, 19 Jul 2017 (n.63).



structure to prevent scarrering light ten meters away from the structure. Fixing
one problem had resulted in another. Each peck scartered light off the polished
grooves of that very calibration structure in such a way that, according to the
physicists, “the varying interference caused flucruarions in the light of the main
beam, similar to the flucruations produced by gravitational waves."*® With
that, the ravens—pecking on the ice for fresh water while on a quest for
survival—mimicked the signature of gravitational wave signals, reducing the
coincidence sensitivity berween the two derecrors.

“With each peck, it would get longer and shorter and longer . . . causing the
beam to flash the riniest bir, making the beam a lirtle brighrer. .. or a linle
darker, and thar's acrually how we detect gravitational waves,” explained Scho-
field, an expert on all environmental noise that appears within LIGO's instru-
ments. This caused a phase change when the light is rerurned back down the
arm to the photoderector “at 1 part in 102" photons—which is “on the scale of
those produced by gravitational waves."® “So that's how a raven could in some
way imitate a black hole,” said Schofield while laughing ar the absurdity of the
situarion.””

Absent investigation of local ecologies, the physicists would not have been
able to detect cosmic phenomena from the farthest reaches of the universe. The
sequence of steps in discovering the origin of the disturbance mirrored whar
Weiss had done years before when he discovered thar pine tree harvesting
practice generated noise in the Livingston interferometer. At Hanford, the
physicists first became aware of the noise through the myriad of sensors placed
around the interferomerer. Schofield described the process as imprecise. First
a noise “showed up on the gravitational wave channel.” This aberration in the
channel was something they could sense with their eyes through mediated
devices. The noise was flagged for concern because it could potentially mask
a frequency range believed to coincide with gravitational waves or, to the
physicists’ dismay, mimic a gravitational wave signal. Schofield then remem-
bered thar his colleagues rold him the microphones were “going off at the same
time as these strange glitches in the gravitational wave channel.” Switching
analyzing the aberration from his eyes to his ears, he recalled, “When they
played it for me, I said, *Oh, that's the crows.” | wasn't sure they were ravens

68, Philippe Nguyen et al., “Environmental Noise in Advanced LIGO Detectors,” Clewical
and Quanswm Gravity 38, no. Lggool (2021): 133, on 20-21

6g. Thid., z0.
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then, but it only ook a fraction of a second because when I'm driving around
berween all the buildings and stff, | noticed the stuff thar going on, and | had
noticed, but in the past, that there were ravens around the building, ™"

Connecting his observations of sight and sound over time, Schofield said, “1
had been inside the building once and heard whar they're pecking on when
they pecked on stuff and that is what it sounded like.” Similar 0 Weiss's
reaction to the trees in Livingston, Schofield responded, “And I was like, whar
is thar weird noise, and I ran ousside. The ravens went flying away. And so
that’s how I knew it was ravens,” he recalled.”” Here, Schofield was able w©
identify the noise only through combining his historical accounting and sens-
ing of the expanded laboratory environment through observations, induding
listening to the recordings of the aberration and capturing a sensory under-
standing of the landscape from his numerous inspections of the site, and from
the interfferomerer’s perspective of sensed changes in the oprical path length.
Only through this multisensory—that is, multiple human senses combined
with the sensors around the interferometer—understanding of the aberration
could the LIGO physicists identify whether an aberration was of environmen-
tal or astronomical origin.

Finding the problem was only the first step in addressing it. As Schofield put
it: To discern “how pecking way out here was getting all the way in [ro the
interferomerer] was a tricker process.” He frankly explained to me

That is the most important part of the process because just by covering up
the ice so the ravens couldn't peck on it out here might solve the raven

problem. Bur the problem was indicative of more important problems—
anything that vibrated this thing [a baffle] . . . would produce noise. It didn’t

have to just be ravens; it could be an airplanc flying over or wind or any or
anything thar could vibrate thar would also shomen and lengthen thar
optical path and produce noise. So, figuring out that it was coming from this
thing was really the most important part.”™

To construct stillness, it was not enough just to cover the ice that collected

around the cryopump pipes to keep the ravens away; the physicists needed w
understand the noise—its source in the surrounding environment, along with

the environmental circumstances that created it—and how the noise

7L Ibid.
72 Thid,



manifested in the interferometer to rule out that it was not of astrophysical
origin.”* To know the sound of a gravitational wave is to know the unpro-
cessed disturbances of the natural and built expanded laboratory environment.

Most critical in their attemprs w construct stillness across both sites were
the practices of noticing the disturbance, identifying the disrurbance through
extensive monitoring of the expanded laboratory, and correlating the noise
profile of the disturbance with the noise that appears in the instrument.
Understanding each, individually and collectively, required the physicists w
have an encyclopedic understanding of the scope and features of the expanded
laboratory environment. The LIGO physicists then used these practices time
and time again o identify any mysterious aberrations in the system, quiet
them, and construct the stillness needed to detect and discern gravitational
waves from the noise that masks and mimics them.

CONCLUSION

Gone are the days when the “sounds of science” were confined 1o and fixable
from within the laboratory.”* Now the sounds—or more broadly, noise—of
science can also originate from beyond the laboratory, such as the surrounding
natural and built environments. By traversing the boundary berween labora-
tory and the surrounding natural and built environments, the LIGO physicists
were able o identify noise sources thar were, until then, hidden in plain sight
on the numerous graphs of their control rooms.

The LIGO laboratory environment has evolved over time. Changes in scale
and sensitivity of instruments were not the only impetus that caused the
physicists to reconceprualize their laboratory environments. The very sur-
rounding narural and built environments where the interferomerers were
placed, and beyond, also caused the physicists to conceptualize the scope of
environment, and thus laboratory, which they had o control and incorporate
into their experiment. When the interferometers increased in scale, the range
of environmental disturbances and the scope of their origin also increased, as
well as the surrounding environment’s presence in peer-reviewed articles. This
also occurred when the interferometers increased in sensitiviry, as evidenced in

74- Noting Berger et al.'s point on “fizing noise.” The physicists found the raven noise during
an obscrvation run and had vo wair until the run ended o addres the nolse isue. Thus, dhey had
to adjus char data analysis during thar observation run © account for the mven nolse,

75 Mody, “Sounds of Science” (n.20).
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the physiciss’ understandings of the effect of environment when shifting from
scales of measurable length to photon counts. In many instances, efforts w
address the noise resulted in an increased sensitivity in the interferometers,
which expanded the depths from which the interferometers could detect grav-
iational waves.

What began as localized environmental noise from within the laboratory
(e.g., remperarure fluctuations caused by air conditioning systems or the whir
of computers) became noise from the locl viciniry surrounding the laborarory
building (e.g., vehicle traffic or vibrations caused by subway trains). The scope
of the environment thar generated noise hindering the experiment expanded in
scale 1o the social and narural fabrics of the narural and builr environments
hosting the facilities. To preserve the ability to detecr and distinguish gravia-
tional waves from noise and background, LIGO physicists now have expertise
in environmental ecologies and commodities in production cydes occurring
near their facilities. The importance of knowledge of background noise and
environments thar produce such noise is now a mainstay fearure in LIGO
physicists” epistemologies of experiment, and whar is and is not a gravitational
wave signal. This is further reflected in the increase of artides focused on noise
and environment—once deemed as unworthy of publication in physics and
astrophysics during LIGO's early efforts, when observations of astronomical
phenomena were the standard bar for publication. The rise in environmental
noise specialists at LIGO—and fields such as astronomy, astrophysics, and
high-energy physics—also indicates how precision measurements and detec-
tion demands knowledge of the environment.

Just as field biologists “cannot avail themselves of” placelessness, | have
shown thar physicists also cannot conduct their experiments and make uni-
versal daims without acknowledging idiosyncrasies of place.”™ The expanded
laboratory environment of each location leaves an imprint on the output of
instruments—especially in the case of ultra-sensitive detectors. Whar was
outside of the controlled laboratory—but nonetheless affecring the instru-
ments and the experiments—was tucked away in the blind spots of awareness
within the laboratory. Such objects and conditions become apparent only
through inquiring about their presence, walking the land, or as Kate Brown
calls it, “being there” in the surroundings of the physical laboratory building

76. Kohler, Landicapes (n.18), on 9.



the expanded laboratory, as the gravitational wave physicists did.”” Once the
disturbances are known, they often cause a flurry of reconfigurations of the
experiment, instrumentation, and data analysis, resulting in an experiment that
continuously evolves alongside the evolving knowledge the physicists possess
of the environment. Mechanisms for embodied environmental monitoring,
such as the techniques utilized by Weiss, Schoheld, and their colleagues, are
now built into the experiment.

By exploring the LIGO sites through the epistemic space of the expanded
laboratory environment, | have shown how the features of the surrounding
environment and landscapes are embedded in the act of measuring and the
data produced by the instrumentation and prompe reconfigurations in the
experiment and experimental design to construct stillness, which in wrn,
preserves the ability to detect gravitational waves. Such an approach provides
new sources of knowledge—namely, the surrounding community—thar are
required for the instruments to perform their intended purposes and opera-
tions of the laboratory to continue. Also illuminated are additional activities,
labor practices thar experimental physicists must engage in to preserve their
ability to “listen” to the universe. This method also makes characteristics of the
land thar were invisible—in this case, logging and raven activity—visible
through considering the sensitivity of the instruments and how physicists
understand the metes and bounds of the laboratory environment and identify,
understand, and translate signals that appear from the expanded laboratory
environment space.

Although these questions and insights apply to the example of the present
artide, their implications can be broadened to any instrument that is sensitive
to background noise beyond the walls of the laboratory—an increasingly
common phenomena as instruments and laboratories grow in scale and foor-
print across the globe, induding, for example, the radio quiet zone surround-
ing the Green Bank Observatory and diverse telescopes, such as the Event
Horizon Telescope (EHT) and the in-development Next Generation EHT,
which are limited by the dme of day and weather conditions and must be
placed ar unobstrucred viewing points. Addirional examples include the
gamma bursts from neutron star binaries obstructing the ability of the US
Vela satellites to detect their intended targets of nudear weapons testing the
satellites and asteroids thar cause streaks in astronomy observations, especially

77- Kawe Brown, Dispatches from Dysapia: Histories of Placer Not Yot Forgorten (Chicago:
University of Chicagp Press, 2015), on 1-38.
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sky surveys such as the Sloan Diginal Sky Survey and the upcoming Large
Survey of Space and Time; and the necessity of CERN physicists w0 account
for many aspects of its broad environment, including carthquakes, which can
cause peak-to-peak relative energy swings; ridal forces; current leakage from by
nearby trains; and seasonal Auctuations thar wrap the ring's shape, causing
beam misalignment.” Given these numerous examples, historians of science
should revisit conceprualizations of laboratories as controlled spaces, where
nature is made malleable, or as locations of exclusive environments where
noise can be removed and filtered through activities internal to the laboratory.

Disturbances indicate environmental change, altering how scientists under-
stand their experimental designs, instruments, and laboratory spaces. By
default, disturbances are not necessarily bad.”™ Here environmental distur-
bances allowed physicists to identify and recognize the aberration in their
instruments, which led them to constructing stillness by gaining a more
nuanced understanding of noise and upgrade, reconfiguring the interferom-
eters when they accounted for the characteristics of the expanded laboratory
environment, ultimarely leading to the first direcr detection of gravirational
waves. Their aces of leaving the traditional laboratory to embody the surround-
ing environment mirrors the dynamic reconfiguration of not only the universe
bur also the environment that is the laboratory.
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