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Interferometers Around The World

Figure adapted from L. Barsotti
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Gravitational Waves Affect Spacetime

Spacetime stretches and squeezes as 
gravitational waves pass

Black hole binary inspiralling

LIGO measures the 
distortions of spacetime

[SXS Collaboration]
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Neutron Star Collision

130 million light years away...

NGC 4993 SSS17a

Hubble Space Telescope Swope TelescopeAugust 17, 2017April 28, 2017
R. Foley, C. Kilpatrick, 1M2H Team

Before After

∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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Interferometer Sensitivities
How much the mirrors move
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Seismic isolation of Advanced LIGO gravitational waves detectors 

3 

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. 

Isolation from Ground Motion

~4e-10 m/rtHZ at 10Hz

3e-12 m/rtHz at 10Hz

Passive and active seismic isolation

[F. Matichard, et al.]
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Isolation from Ground Motion

[F. Matichard, et al.]

3 
 

 
 
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.]

Passive isolation, with 
active resonance damping

Passive and active 
seismic isolation

1e-19 m/rtHz near 10Hz
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Isolation from Ground Motion

[F. Matichard, et al.]
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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. 
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Fig. 9: (a) Conceptual representation, (b) CAD and (c) picture of the of the HEPI system for the HAM chambers. 

Quiet hydraulic actuators, shown in Fig. 10 (b),  are used to drive the HEPI platforms [38]. While conventional hydraulic actuators 
operate in the turbulent flow regime resulting in pressure fluctuations and actuation noise, the HEPI actuator operates in the 
laminar flow regime to reduce the actuator noise. The differential pressure between the two chambers of the actuator drives the 
tripod connected to the structure. It is controlled with a servo-valve made of a bridge of hydraulic resistances (hydraulic 
Wheatstone bridge configuration). Flexible bellows are used instead of a piston to suppress friction at the interface between the 
moving parts. The bellows have a convoluted shape designed to maximize the ratio of breathing stiffness to axial compliance. A 
bypass network is included in the design to damp the breathing resonance in the bellows. The actuator also includes a bleed 
network to remove entrapped air. A tripod is used at the interface with the structure to reduce the transverse stiffness. Besides 
low noise actuation, the actuator viscous properties are also useful in damping the rigid body modes which makes the system 
robust. The deformation modes of the frames are also damped which simplifies the design of the feedback control filters. The 
next section summarizes the control and experimental results of the HEPI system. 

 
Fig. 10: (a) HEPI spring and instruments housing, and (b) HEPI quiet hydraulic actuators. 

Hydraulic External Pre-Isolator (HEPI)
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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. 
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assembled and tested at the LIGO MIT test facility [67]. The tests carried out proved the concept. The design was then re-
engineered from 2009 to 2011 to incorporate the lessons learned during the prototyping phase and to make it suitable for the 
timely production of the 15 units needed for Advanced LIGO [68]. The final design was successfully tested at MIT in 2011. In 
the past two years, 15 platforms have been assembled and tested at the LIGO sites. A detailed presentation of the final design 
and production process is given in ref. [69], and a detailed presentation of the testing process and experimental results is given 
in ref. [70]. The following section gives an overview of the two-stage system design. It presents the control strategy along with 
the isolation performance achieved with the platform. 

6.2 BSC-ISI architecture and instrumentation 
A schematic representation of the BSC-ISI system is shown in Fig. 19 (a). The base of the system (Stage 0) supports the first 
suspended stage (Stage 1) with three sets of blades and flexures. The output stage (Stage 2) is supported from Stage 1 using a 
similar set of blades and flexures. Stage 1 is instrumented with 6 relative capacitive position sensors, 3 three-axis Nanometric 
Trillium T240 seismometers, and 6 L4C geophones. Stage 2 is instrumented with 6 relative capacitive position sensors and 6 
Geotech GS13 geophones. 
The inertial sensors are podded for ultra-high-vacuum compatibility as described in the previous section for the HAM-ISI system. 
Mu-metal shields were added in the geophone pods to reduce the coupling between the magnetic actuator and the sensor. Triaxal 
cables are used for the capacitive position sensors to contain the electromagnetic radiation. 

 
Fig. 19: (a) schematic representation of the BSC-ISI system, (b) CAD model, and (c) picture of one of the fifteen assemblies. 

Three blade-flexure assemblies are used on each stage and positioned symmetrically at 120 degrees around the vertical axis. The 
concepts presented in section 4 for the HAM-ISI blades and flexures are also used for the BSC-ISI. The main difference is that 
the BSC-ISI blades are flat in the un-deformed state. They are curved with a constant radius of curvature in the loaded 
configuration. This option considerably reduces the loss (and cost) of bulk material during the machining process. For 
compactness, the stage 0-1 blade center of curvature is located under the blade (with respect to the vertical axis), while the stage 
1-2 blade center of curvature is located above the blade. Flexure rods similar to those described previously for the HAM-ISI are 
used for both stages. Details of the BSC-ISI spring analysis can be found in [65, 71, 72]. Table 2 summarizes the stiffness and 
modal properties of the BSC-ISI system.  

Table 2: Inertia, stiffness and natural frequencies of the BSC-ISI system 

(Stage 0 = HEPI)

(Stage 1 and Stage 2)

Actuators are voice coils
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Fig. 21. Typical BSC-ISI isolation performance: (a) horizontal DOF, and (b) comparison of the performance of the 5 units. 

Fig. 21 (a) show that the BSC-ISI motion in the X and Y direction which directly couples to the 4 km arms cavities and to the 
Michelson length. The plot shows that the system meets the requirements at all frequencies from 0.1 Hz to 10 Hz. The 
performance is limited by tilt horizontal coupling at low frequencies. Between 1 Hz and 5 Hz, the in loop measurement appears 
below the theoretical noise of the instrument, indicating that the actual motion is completely sensor noise limited. Above 10 Hz 
the performance is loop gain limited. 
Fig. 21 (b) shows that the motion in the X direction of all the BSC-ISI units of a detector. The curves show that all of the platforms 
have very similar performance at all frequencies up to 10 Hz. The higher frequency features are due to structural and instrument 
noise differences between the units and their support structure. These features are strongly filtered by the passive suspensions 
supporting the core optics.  
Fig. 22 (a) estimates the longitudinal motion of the suspension point of a quadruple pendulum, where the longitudinal direction 
is normal to the optics face. Since the mirror is aligned with X axis of the arm cavity, there is no theoretical contribution of the 
Y and RX degrees of freedom of the BSC-ISI. Below 0.25 Hz, the longitudinal motion of the optic is dominated by the X motion 
of the BSC-ISI. Above that frequency, the RY DOF significantly contribute. 
Fig. 22 (b) estimates the contribution of the BSC-ISI DOF to the vertical motion of the suspension point. The performance around 
0.5 Hz is particularly important as the vertical motion of the quadruple pendulum couples into pitch modes of the test masses 
which are particularly difficult to control. At those frequencies, the motion is limited by the rotational DOF. Further performance 
improvement is limited by the sensor noise of the vertical inertial sensors, which amplifies the low frequency tilt motion. This 
results in horizontal motion amplification through tilt-horizontal coupling in the horizontal inertial sensors. Thanks to the very 
high level of isolation provided the BSC-ISI at low frequencies, the detector operate robustly with a high duty cycle. 
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 386 

Figure 5: Tilt-subtraction in T240 acceleration data taken under windy conditions on May 387 

16 2015. The tilt-subtracted residual acceleration is significantly smaller than the measured 388 

acceleration between 10-100 mHz.  389 

[K. Venkateswara, et al.]

Wind pushes on building 
walls, pulling up on the 

instrument floor slab

Ground seismometers used 
for active isolation pick up 

resulting tilt noise

Independently measure the tilt, correct the 
seismic sensor, then use the super-sensor
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Figures 369 

 370 

Figure 1: Schematic of the beam-balance. 𝜽𝒑 is the angle of the ground w.r.t. a local inertial 371 

frame, 𝜽𝒊 is the angle of the beam-balance w.r.t. the inertial frame and 𝜽𝒂 = 𝜽𝒊 − 𝜽𝒑   is the 372 

angle measured by the autocollimator. 373 

Beam rotation sensor
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Earthquake Impacts
3

(a) Ground (b) Stage

FIG. 2: Comparison of Stage 1 ITM behavior in the [30mHz-100mHz] bandwidth for di↵erent ground motions: stretches selected during
earthquakes when the interferometer survived (blue curve), stretches selected during earthquakes when the interferometer stops
functioning (red curve). The top part of the figure represents the cumulative distribution function for the ground and the stage
respectively, as a function of the peak velocity for each stretch. The plots indicate a direct correlation between velocity and the

interferometer status. We observe a net increase of the stage velocity compared to the ground, due to a self-inflicted gain peaking in this
frequency band. The bottom part of the plots represents P(LL|v), the smoothed probability of dropping out of optical resonance as a

function of peak velocity. It is computed by fitting the measured probability with a hyperbolic tangent function.

FIG. 3: Simplified optical layout of the LIGO detector. The data
presented in this study is extracted from the blue ground

seismometer and the BSC chamber circled in blue (called ITMY).

(Y
Stage

). We wish to reduce the inertial motion measured
by the seismometers, but cannot below 25mHz because
of noise limitations. Therefore, a displacement sensor is
used at low frequencies and both sensors are blended to-

FIG. 4: Schematic of the LIGO BSC chamber. Each stage is
equipped with multiple actuators, position and inertial sensors
(only a few are represented here for clarity). The core optics are
supported by a quadruple pendulum (not shown for clarity) which

provides additional seismic isolation in all degrees of freedom.

gether to feed the controller. The relative motion signal
is low-passed by a filter L

disp

, and the inertial motion
signal is high-passed by a filter H

in

. L
disp

and H
in

are
designed to be complementary, meaning L

disp

+H
in

= 1.
The frequency at which the low-pass and high-pass fil-
ters cross is called the blend frequency. The controller
provides isolation up to 30Hz, with high loop gain below

Velocity of isolated platforms

[S. Biscans, et al.]

Earthquakes around the world can affect LIGO

Goal is to predict an earthquake's arrival, 
transition to a less sensitive but more robust 

configuration

Preventing "lock loss" allows us to 
transition back to scientific observation 

mode much sooner

Pull USGS earthquake alerts, pass location and magnitude information through 
a machine learning algorithm, then inform control room if lockloss is likely and 

when to expect S, P, R wave arrivals 
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shown in Figure 10 [1, 36]. Immediately around the event the data are clean and
stationary.
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Figure 10: Normalized spectrograms of GW150914 in LIGO-Hanford (left) and LIGO-
Livingston (right) h(t) data with the same central GPS time. The data at
both detectors exhibited typically low levels of noise around the time of the
event; the signal, o↵set by ⇠7 ms between detectors, was recovered by a
matched-filter CBC search with a combined detector signal-to-noise ratio of
24 [1, 2], by the coherent burst search with a coherent network SNR of 20
[3], and by Omicron with a single-detector SNR of 12 in Hanford and 9 in
Livingston. The time-frequency morphology of the event is distinct from the
known noise sources discussed in Section 3.

Even though the routine data quality checks did not indicate any problems with
the data, in-depth checks of potential noise sources were performed around the time
of GW150914. Potential noise couplings were considered from sources internal to the
detector and local to each site, as well as common, coincident sources external to
the detectors. All checks returned negative results for any pollution or interference
large enough to have caused GW150914. Activities of personnel at the detectors, both
locally and via remote internet connections, were confirmed to have no potential to
induce transient noise in h(t). Because GW150914 occurred during the early morning
hours at both detectors, the only people on-site were the control room operators.
Signs of any anomalous activity nearby and the state of signal hardware injections
were also investigated. These checks came back conclusively negative [37]. No data
quality vetoes were active within an hour of the event. Rigorous checks of the data
calibration were also performed [38].

The results of a key subset of checks intended to demonstrate nominal detector
performance, quiet environment behavior, and clean data quality around the event
are reported here.

For example, the U.S. Geological Survey (USGS) [39] reported two magnitude
2.1 earthquakes within 20 minutes of GW150914; one with an epicenter o↵ the coast
of Alaska and another 70 miles south-west of Seattle. The earthquakes produced
minimal vertical ground motion at 0.03-0.1 Hz at the time of arrival; roughly 10 nm/s

[LVC (b)]
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Figure 11: A normalized spectrogram centered around the time of GW150914 of a
Streckeisen STS-2 seismometer located near the Y-end test mass. An air
compressor turns on at -75 seconds and o↵ at +100 seconds.

None of the algorithms found a noise correlation within 180 seconds of the time of the
event for LIGO-Livingston or within 11 seconds of the event for LIGO-Hanford.

A comprehensive survey of transient excess power in all auxiliary channels was
also conducted for at least 8 seconds around GW150914. Although no channel was
statistically significant, a few of the transients nearby in time were followed up by
hand in greater detail, as discussed in Section 6.3. None were found to contribute to
h(t) in a way that might imitate or impact GW150914.

As part of a related check, auxiliary channels monitoring the control signals for
optic motion actuation at both detectors were found to be well within their stable
operating range at the time of GW150914. Consequently, even if an environmental
perturbation were present it would not induce a transient in h(t) due to control loop
instability.

6.3. Vetting of channels with identified excess power near the event time

A by-eye examination of spectrograms of every auxiliary channel identified a small
subset of auxiliary channels that exhibited excess power within one second of
GW150914, however, we found no evidence of noise that could generate GW150914
at either detector. In addition to the magnetometer events discussed above in
relation to potentially coincident sources, there were 4 excess power events identified
in magnetometers that monitor electromagnetically noisy electronics rooms. The
observed magnetic fields would have had to have been at least 20 times stronger to
account for the amplitude of GW150914 through coupling to the electronics. Channels
from a seismometer and an accelerometer at LIGO-Hanford and two accelerometers
at LIGO-Livingston also exhibited excess power. These vibrational disturbances were
at least 17 times too small to account for the amplitude of GW150914. None of the
environmental events matched GW150914 in time and frequency behavior.

The excess power triggers in the seismometer channels at LIGO-Hanford were
likely due to a nearby air compressor with degraded vibration isolation that was
running about 100m away from optical components during the detection of GW150914.
This excess ground motion, shown in Figure 11, lasted for approximately three minutes
at multiples of about 14 Hz (28, 42, 56 Hz). During the second containing GW150914,
the largest disturbance detected by the seismometer (at ⇠56 Hz) was at least 30 times

Ground vibration due to air compressor, witnessed by STS-2

[LVC]

Check that candidate gravitational 
wave events are not coincident with 

any auxiliary witness sensors

GW150914, black hole collision

LIGO records several hundred 
thousand auxiliary channels to 

check against

For this event, the closest 
seismically-related signal was 
due to an air compressor.  The 

time-frequency plot shows 
that it is unrelated to the 

candidate event
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[J. Driggers, et al. (a)]
[R. deRosa, et al.]
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Newtonian Noise Array

Measure seismic fields 
present, as a function of time

Determine realistic ability to subtract Newtonian gravitational noise 
from interferometer

Installed throughout recent 
observation run

1 tilt meter near center of array

30 L4Cs placed on floor in 
instrument hall

1 STS-2 (not used in this analysis)
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Speed Measurements

LHO Array
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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

Small amount of dispersion, 
relatively simple seismic spectrum

Suggests that surface Rayleigh 
waves dominate

Generate Capon maps for several 
frequencies of interest, for many times
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Newtonian Noise Subtraction Test

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. 

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
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Achieve factors of 10 subtraction; 
sufficient for Advanced LIGO 

Will require factors of 30-100 for 
future generations of detectors

[M. W. Coughlin, et al. (b)]
[M. W. Coughlin, et al. (a)]
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Six Dimensional Inertial Sensor

A 6D interferometric inertial isolation system

C. M. Mow-Lowry
School of Physics and Astronomy and Institute of Gravitational Wave Astronomy,
University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom

D. Martynov
LIGO, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA and

School of Physics and Astronomy and Institute of Gravitational Wave Astronomy,
University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom

(Dated: May 1, 2018)

We present a novel inertial-isolation scheme based on six degree-of-freedom (6D) interferometric
readout of a single reference mass. It is capable of reducing inertial motion by more than two orders
of magnitude at 100mHz compared with what is achievable with state-of-the-art seismometers. This
will enable substantial improvements in the low-frequency sensitivity of gravitational-wave detectors.
The scheme is inherently two-stage, the reference mass is softly suspended within the platform to
be isolated, which is itself suspended from the ground. The platform is held constant relative to
the reference mass and this closed-loop control e↵ectively transfers the low acceleration-noise of the
reference mass to the platform. The loop gain also reduces non-linear couplings and dynamic range
requirements in the soft-suspension mechanics and the interferometric readout.

PACS numbers: 04.80.Nn, 07.10.Fq

Gravitational waves (GW) from black hole and neu-
tron star binaries have recently been observed by the
LIGO and Virgo detectors [1–4]. These interferometers
were designed to be sensitive to gravitational waves in
the frequency range from 10Hz up to a few kHz. The
low frequency band (< 30Hz) is particularly important
for studying intermediate mass black holes, with masses
of ⇠ 103M�, and for accumulating signal-to-noise ratio
from lighter sources. However, during the first science
runs of the Advanced LIGO and VIRGO network the sig-
nal was mostly accumulated between 30 and 300Hz, and
the observed black hole masses were from 7 to 70M�.
Despite the sophistication and successful operation of
LIGO’s internal seismic isolation systems [5–7], the sen-
sitivity of the detector degrades at low frequencies due
to non-stationary control noises [8].

If no new technology is developed, future GW obser-
vatories will face similar problems. A recent proposal
for low frequency upgrades for LIGO [9], and studies of
future facilities such as the Einstein Telescope [10] and
Cosmic Explorer [11], show significant scientific returns
from detecting low-frequency gravitational waves. Fu-
ture facilities assume that seismic and control noises are
negligible at 10Hz and even lower frequencies. In this
paper we analyse a new technology for reducing low-
frequency motion, enabling gravitational-wave observa-
tions at 10Hz and below: a 6D interferometric inertial
isolation system.

The novel design concept, shown in Figure 1, is based
around a central reference mass that is interrogated by six
interferometers. It is suspended such that the the weak-
est possible restoring forces, limited by material proper-
ties and geometric constraints, are applied in all degrees
of freedom. High gain control is used to hold the sur-
rounding structure, the isolated platform, fixed relative

to the reference mass. This process is similar to drag-free
control of satellites, and it transfers the inertial stability
of the reference mass onto the platform.

The recent success of LISA Pathfinder, which far ex-
ceeded its sensitivity requirements [12], highlighted the
often underestimated potential of drag-free control. In
Pathfinder, a laser interferometer was used to interro-
gate the relative position of two test-masses, where one
mass located relative to its cage using micro-thrusters
on the spacecraft and the other was weakly constrained
using electro-static actuators.

A key concept in both our proposed 6D isolator and
LISA pathfinder is that all six degrees of freedom are

Reference mass

Interferometers

Soft
suspension

Force actuators

Vacuum enclosure

Isolated platform

Stable
suspension

A

B

C
D

E
F

YX

Z

RZ
RX RY

A

B

C D

E

F

FIG. 1. A 2-d representation of the isolation architecture
(left) and a design concept for the reference mass and sus-
pension (right). Letters indicate interferometric sensing lo-
cations. Inset right: an alternative configuration with equal
moments of inertia in the three principal axes that reduces
Newtonian noise in RX and RY at the expense of size and
complexity.
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the spring, and in this case �
e↵

= �
mat

/2 [28]. The
supplemental material contains some further discussion
concerning the thermal-noise torque.

All thermal noise curves are calculated assuming that
the loss angles of the fibre and blade-spring are frequency
independent. We assume that the loss angle of the fibre
is greater than the measured loss at the thermo-elastic
loss peak [27], allowing some margin to account for the
(small) anticipated clamping losses at the metal-glass in-
terfaces.

By design, our 6D seismometer is quiet in all degrees of
freedom - the high-gain control system will reduce mo-
tion down to our noise limits below a few Hertz. This
means that cross-coupling, typically a major problem for
soft mechanical systems, is all but eliminated as an issue.
Additionally, the force-noise (including actuator noise)
and cross-couplings of the ‘stable isolation’ are actively
suppressed by the loop gain, and have a negligible impact
on the sensitivity.

What remains important is the fundamental tilt-to-
horizontal coupling, where we assume that the final
inertially-controlled residual rotation shown in Fig. 2
(left) couples with g/!2 into horizontal translation, and
coupling from the (relatively) noisy vertical (Z) direc-
tion. Fortunately, the cross-coupling between vertical
and other degrees of freedom is small, and we assume
a factor of 10�3 from thermally-driven vertical motion
into horizontal and tilt motion, consistent with Advanced
LIGO suspension modelling [25]. Should it prove neces-
sary, the weak electro-static actuators can be used to
fine-tune the reference mass alignment to minimize this
coupling.

Thermal expansion makes two distant points of the
platform move di↵erentially. We stabilize motion at one
point of the platform while the optic is suspended from
a di↵erent location. We estimate the amplitude spectral
density of the thermal-expansion-driven motion,

p
S
te

, of
the optic suspension point at 1mHz to be

p
S
te

= ↵�T�L = 10�9

�T

1mK

�L

10 cm

mp
Hz

, (3)

where ↵ ⇡ 10�5 is the coe�cient of thermal expansion,
�T is the temperature fluctuation, and �L is the dis-
tance between the optic suspension point and the seis-
mometer. The temperature gradients that cause this
relative motion decrease in magnitude as 1/f and they
are additionally low-pass filtered by LIGO’s vacuum en-
closure with a timescale of ⇠5 hours. Therefore, above
1mHz this noise decreases as 1/f2 and should not limit
isolation performance.

During the sensitivity analysis, we have attempted to
employ conservative performance estimates where possi-
ble. The quality factor of fused silica suspension fibres
has been observed in all-glass and glass-metal systems at
the level indicated. Cross-coupling from the noisy verti-
cal (Z) into the crucial tilt (RX, RY) degrees of freedom is
assumed at a reasonable level, even though there is no ex-
pected linear coupling. The interferometric readout noise

FIG. 3. A comparison of the residual motion using STS-2
seismometers and the proposed 6D seismometer.

performance has already been demonstrated, and im-
provements in that performance can be expected at low
frequencies. However, what remains untested is achieving
(nearly) suspension thermal-noise limited performance at
very low frequencies with a reference mass with such a
large moment of inertia when compared with existing
small-force torsion balance experiments. A detailed tech-
nical study combined with experimental demonstration
will be required to demonstrate the system’s practical
feasibility.
Isolation performance and impact — The ‘6D optical

seismometer’ trace in Fig. 3 represents the total iner-
tial motion in the horizontal direction when all control
loops are closed. To avoid adding low-frequency inertial
sensing noise to the platform, the feedback signals are
blended with position sensor signals at ⇠10mHz, e↵ec-
tively ‘locking’ the platform to the ground at very low
frequencies. At higher frequencies, ground motion leaks
through the blending filters (shown in the supplemental
material), reducing performance near 0.1Hz.
The predicted performance shown is more than two or-

ders of magnitude better than what is possible with state
of the art STS-2 seismometers. The RMS displacement
is significantly less than a nanometre for all frequencies
above 100mHz. Such isolation will drastically simplify
the lock acquisition procedure of gravitational wave de-
tectors, which currently su↵er from large low-frequency
motion of ⇠100 nm over 100 seconds.
During the first science runs, the coincident duty cy-

cle of the two Advanced LIGO instruments was 44%, and
each interferometer was in ‘observation mode’ 66% of the
time. For 18% of the run, each instrument was not ob-
serving due to ground motion at micro-seismic frequen-
cies, wind, and (small) earthquakes. Assuming that the
6D isolation system enables operation in the presence
of this elevated motion, the individual instrument duty
cycle could be 81%, in turn increasing the coincident ob-

[C. M. Mow-Lowry and D. Martynov]

Future ground-based gravitational wave detectors will require more sensitive 
inertial sensors

A vacuum-compatible six dimensional sensor is under development 
within the LIGO Scientific Collaboration

Residual motion of isolation tables
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A wide variety of seismic sensors are critical to the operation of the 
LIGO interferometers

LIGO has successfully measured gravitational waves 
resulting from the collisions of compact objects 

such as black holes and neutron stars
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