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Section 1: Introduction
● Summary of aLIGO and O1-O3
● How environmental noise impact the interferometers
● Purpose of environmental monitoring:

○ Vetting of gravitational wave events
○ Characterizing and mitigating noise sources

● The paper will describe changes since Effler et al (2015) and discuss aLIGO 
noise sources and vetting

● Mention non-PEM methods in noise characterization
● Paper outline
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Section 2: aLIGO upgrades
Section 2.1: Detector upgrades

● Summary of aLIGO upgrades for that were particularly relevant to PEM
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Section 2: aLIGO upgrades
Section 2.2: Environmental monitoring 
upgrades

● Motivation for various PEM sensor 
types

● Map of sensors (Fig. 2) and table of 
PEM sensor models and specs (Tab. 1)

● New/moved accelerometers
● Additional fluxgate magnetometers, e.g. 

for monitoring lines in electronics racks
● Induction coil magnetometers (LEMIs) 

for Schumann resonances
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Section 3: Coupling functions
● How to compute coupling functions
● Sensor/DARM thresholds for CFs
● Composite CFs

6



Section 3: Coupling functions
Section 3.1: Uncertainties and limitations

● We ignore non-linear coupling and 
up/down-converted noise

● The sensor array is finite, so coupling can 
vary with injection location (variance is 
less in sensors close to the coupling site 
but still usually about a factor of two)

● Sensors can coincide with (anti-)nodes, 
resulting in spectral artifacts

● We check coupling functions using 
real-world “injections”, e.g. helicopters, 
thunder
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Section 4: Injection methods
● Discuss general strategy for PEM 

injections
● Current equipment inventory (Tab. 

2)
● Vibrational beat injections

○ Using two shakers at different locations, 
we inject a line from each, at slightly 
different frequencies (e.g. 100 Hz and 
100.01 Hz if studying coupling at 100 
Hz) to produce beats

○ Use spectrograms over many beat 
periods to see what sensors line up best 
with DARM
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Section 4: Injection methods
● Impulse injections

○ Use time series and spectrograms to 
analyze propagation delays, coupling, 
and frequency structure of impulses

● New wall-mounted coils for weekly 
magnetic injections/analysis

9



Section 5: Mitigation of environmental effects in Advanced LIGO

Section 5.1: Seismic and acoustic 
influences

● Input beam jitter
● Vibrational coupling at resonances 

of the vibration isolation system
● Coupling of wind through ground 

tilting in the 0.1 Hz band
● Vibration modulation of scattered 

light paths
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Section 5: Mitigation of environmental effects in Advanced LIGO

Section 5.2: Magnetic influences

● Coupling from permanent magnets 
in suspensions still close to design 
sensitivity at low frequency

● Magnetic coupling above 30 Hz 
now dominated by 
cables/connectors
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Section 5: Mitigation of environmental effects in Advanced LIGO

Section 5.3: Other influences

● Dust and particulates causing glitches in DARM
● Low-frequency noise from HVAC air and cooling water flow
● Moved temperature sensors from walls to vacuum chambers
● Temperature control on electronics
● Other site activities (vehicles, motor-driven equipment)
● Humidity affecting blip glitches in O1/O2
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Section 6: Event validation
● Environmental noise can be correlated b/w sites, something that sets it apart 

from other types of detector noise
● Summary of GW150914 and GW170817 environmental noise vetting
● Estimating DARM contributions of environmental transients now mostly 

automated w/ DQR
● Human input still used, especially for exceptional event candidates
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Section 7: Conclusion
● Summary of paper
● Mention future work, preparations for O4
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