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The gravitational wave data 
must come from somewhere

Lots of opportunity to apply Big Data 
techniques to improve the detectors

LIGO Hanford main laser,
November 2021



Instrument Hall
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Laser



Many Varieties of Data
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Movie by Kai Staats



What Do We Control?
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Seismic isolation of Advanced LIGO gravitational waves detectors 
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In this approach, the HEPI platform using hydraulic actuators provides a long range positioning and alignment capability (on the 

order of a millimeter). The Internal Seismic Isolation platforms (HAM-ISI and BSC-ISI) include optical tables on which are 

mounted the interferometer components. The ISI systems use low noise inertial sensors to provide low frequency active isolation 

(as low as 0.1 Hz). The suspensions mounted on the ISI platforms cascade several stages to provide the passive isolation necessary 

to attenuate the seismic motion to adequate levels in the observational bandwidth (above 10 Hz). The HEPI platform, the HAM-

ISI platform, and the two stages of the BSC-ISI platform use different architecture and instrumentation, but they share similar 

active isolation principle. The next section summarizes the isolation and control principle of these active platforms. 

 
Fig. 2: (a) schematic and (b) CAD model of the isolation systems supporting the auxiliary optics in the HAM chambers. 

 
Fig. 3: (a) schematic and (b) CAD model of the isolation systems supporting the core optics in the BSC chambers. 

3 Inertial isolation scheme and control infra-structure 

3.1 Isolation and control overview 

The passive-active concept used in Advanced LIGO isolation platforms can be summarized by the schematic in Fig. 4. The 

motion disturbance transmitted by the support structure (or the previous isolation stage) is shown in grey (0). The isolation 

platform (1) is supported by suspension springs (2). Above the resonance frequency, the platform is inertially decoupled from 

the input stage and provides passive isolation. Relative sensors (3) are used to servo-position the platform with respect to the 

support structure at very-low frequencies. Inertial sensors (4) are used to provide active inertial isolation through feedback control 

from about 0.1 Hz to 30 Hz. The signals from all the sensors are combined in a sensor fusion to drive the control forces (5). 

Additional performance is obtained using feedforward inertial sensors (6). The platforms are designed to be rigid and to minimize 

the cross couplings between the degrees of freedom (DOF) in the control bandwidth. Each of the six DOF can be controlled using 

independent single input single output control loops. 

[F. Matichard, et al.]
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Figure 1. Drawing of quadruple pendulum with quadruple reaction pendulum hanging behind it. The 

coordinate system is also indicated. 

 

2. Mechanical design 

 

The overall mechanical design may be considered as having three elements: the 

suspended masses, the structure surrounding the chains, and the auxiliary components. 

Horizontal isolation is provided by the natural pendulum action; vertical isolation is 

provided in large part by soft blade springs which introduce significant vertical 

compliance. Figure 2 shows a drawing of the quadruple pendulum in its support structure 

with the reaction chain hanging behind it.  

 

2.1 General requirements 

 

Requirements for all of the suspension parts included vacuum compatibility which, given 

the target vacuum levels of approximately 10
-9

 Torr, meant that components had to be 

metal or ceramic in nearly all cases, and placed strict requirements on the design and 

manufacturing processes to avoid trapped volumes and ensure any contaminants could be 

cleaned off. Where the use of elastomers could not be avoided – in the earthquake stops 

and in the clamps used for electrical wiring - we used a custom fluoroelastomer.  

[S. Aston, et al.]
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Noise Limits Due To Controls
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Length Control of Suspensions
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How should we push on a mirror, to maintain cavity resonance?

M3

M2

M1



Length Displacement
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Measured displacement

Actuation

Inferred motion if no control



Criteria for Control System

Driggers, LIGO-G2102423 IPAM Big Data in Multi-Messenger Astrophysics, 1 Dec 2021 9

Reduce motion, including root-mean-square of residual motion

Hold system in the linear regime

Do not saturate actuators

Robust against changes in mechanical plant and changes in 
input disturbances

Minimize control contribution to other loops’ residual motion

Lower unity gain frequencies for auxiliary loops is generally preferred

Often cannot tolerate the solutions from “optimal controls” methods 
due to their limited stability margins

Must be causal, to implement in the realtime online system



Automating Loop Design
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Hang Yu, PhD Thesis, MIT 2019



Playground Problems
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https://github.com/rxa254/LIGO-Controls-Problems

Information for “challenge problems” on github (provided by Prof. Rana 
Adhikari), for folks to get started trying new methods on LIGO-like 
problems

Interesting problem: combining the single-suspension damping loop 
design along with ‘global’ controls design, eg. how does single-
suspension control affect control of cavity-axis motion?



Newtonian Gravitational Force

Driggers, LIGO-G2102423 IPAM Big Data in Multi-Messenger Astrophysics, 1 Dec 2021 12

Mass is 

here
Gravitational
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ction

Mass is 

goneReduced 

gravitational

attraction

Along arm cavity axis:

Acceleration due to 
Newtonian Noise

Gravitational Constant

Density of ground

Displacement of ground

Distance between 
ground and mirror

Integrate over all ground near mirror



Low Frequency Noise Limiter
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Cosmic Explorer Horizon Study

Future generations of 
ground-based detectors 
depend on reduction of 
Newtonian gravitational 
noise

10x surface wave seismic

3x body wave seismic

Not yet requiring reduction 
of other sources of 
Newtonian noise

Difficult to ‘engineer away’, likely must subtract in post-processing



Newtonian Noise Array
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Installed throughout O2

30 single-axis seismic sensors

1 tiltmeter

1 three-axis seismic sensor

h(t) not sensitive enough (yet!) at low frequencies to directly measure 
Newtonian noise



Determining Seismic Speeds
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5/11/2017 GWADW, Hamilton Island 11 

Seismic speeds lie around 350m/s.  

 

Some weak indication of dispersion from 

concrete slab (not as clear as it was at 

LHO EY). 

 

Suggests that Rayleigh waves are 

strongly dominant. 

Measure seismic phase 

speeds from spatial spectra. 

J. Harms

LHO Array

Subtract ion

M. Coughlin

Int roduct ion

Formalism

Array

Residuals

Conclusion

Seismic speeds
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Wavenumber maps can be generated for any 
given frequency at some time

Extract direction and speed of 
seismic waves travelling through 
the array

Understanding current sites helps indicate 
size and type of arrays needed for future 
detectors



Subtraction Test
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5/11/2017 GWADW, Hamilton Island 6 

Using a single channel (the 

best for each frequency 

bin), only mild cancellation 

is achieved. 

 

Using all channels (of a 

selected sub-array of L-4C) 

as input to the Wiener 

filter, about a factor 10 

noise reduction is achieved. 
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Use beam rotation sensor as proxy for Newtonian noise 

Using Wiener filters, subtract seismometer 

data from tiltmeter to determine 

approximately how well we should be 

able to subtract Newtonian noise

Achieve factors of 10 subtraction; 

sufficient for Advanced LIGO 

M. Coughlin, et al., CQG 33:24 (2016)

M. Coughlin, et al., PRL 121, 221104 (2018) 

Still need to directly measure and show 
that we can subtract true Newtonian 
noise from a gravitational wave data 
stream



Lots of Data, of Many Kinds
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From https://noisebudget.docs.ligo.org/aligoNB/

It takes a lot of data from a wide variety of sources to produce the single 
gravitational wave strain data stream


