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Newtonian gravitational noise from seismic fields will become a limiting noise source at low fre-
quency for second-generation, gravitational-wave detectors. It is planned to use seismic sensors
surrounding the detectors’ test masses to coherently subtract Newtonian noise using Wiener filters
derived from the correlations between the sensors and detector data. In this work, we use data from
a seismometer array deployed at the corner station of the LIGO Hanford detector combined with a
tiltmeter for a detailed characterization of the seismic field and to predict achievable Newtonian-noise
subtraction levels. As was shown previously, cancellation of the tiltmeter signal using seismometer
data serves as the best available proxy of Newtonian-noise cancellation. According to our results, a
relatively small number of seismometers is likely sufficient to perform the noise cancellation due to
an almost ideal two-point spatial correlation of seismic surface displacement at the corner station,
or alternatively, a tiltmeter deployed under each of the two test masses of the corner station at
Hanford will be able to efficiently cancel Newtonian noise. Furthermore, we show that the ground
tilt to differential arm-length coupling observed during LIGO’s second science run is consistent with
gravitational coupling.

PACS numbers: 95.75.-z,04.30.-w

Detections of gravitational waves (GWs) by the Ad-
vanced LIGO [1] and Virgo [2] detectors from compact bi-
naries such as binary black holes [3–6] and binary neutron
stars [7] can be facilitated by improving low-frequency
sensitivity of GW detectors. In particular, detection of
higher mass mergers (and at higher rates) is possible as
the low-frequency sensitivity improves [8]. In addition,
increasing sensitivity at low frequencies can significantly
improve our ability to estimate certain signal parameters
such as the individual masses of the two compact objects
and lead to more stringent tests of general relativity [8–
11].

One of the major noise contributions below 30 Hz
comes from terrestrial gravity fluctuations, also known
as Newtonian noise (NN) [12, 13]. These gravity fluc-
tuations are predominantly from two sources: density
perturbations in the atmosphere, or from seismic fields.
Seismic surface fields are predicted to dominate the NN
contribution [14], although recent measurements at Virgo
show that the atmosphere can be important as well [15].
While the average NN is likely to lie below the instrumen-
tal noise of the Advanced LIGO and Virgo detectors, at
times of higher environmental noise, it can dominate [14].

It was proposed to mitigate NN by monitoring the en-
vironmental fields with sensor arrays [16]. Since site-
characterization measurements suggest that seismic fields
at the LIGO sites are dominated by surface Rayleigh

waves in the LIGO NN band between 10 Hz and 20 Hz
from local sources [17], NN mitigation can be achieved
by deploying a surface array around each test mass mon-
itoring vertical ground displacements [14].

The conventional approach of NN subtraction is to cre-
ate Wiener filters using data from sensor arrays, similar
to feed-forward cancellation schemes already used with
other detector noise [18–20]. Previous work was con-
cerned with optimizing the placement of seismometers us-
ing high-dimensional samplers minimizing the expected
noise residuals [14, 17]. Wiener filters are typically con-
structed using observed correlations between sensors, al-
though models of the seismic field can be employed as
well [17]. Harms and Venkateswara [21] also showed that
a single seismic tiltmeter can be used to strongly reduce
NN only limited by tiltmeter self-noise, provided that
the seismic field is accurately represented by plane-wave
models. However, since we do not have a quantitative
measure yet what ”accurate” means, it is impossible right
now to guarantee that a tiltmeter will be sufficient no
matter how weakly observations deviate from a plane-
wave model.

In this Letter, we present first results of the cancella-
tion of a tilt signal in the frequency range 10 Hz — 20 Hz
measured by a compact beam-rotation sensor [21], and
give a detailed characterization of the seismic field for the
purpose of NN cancellation. We first show that the seis-
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FIG. 1: On the left is the layout of the instrument floor at the corner station of the LIGO Hanford Observatory, with the location
of the L-4C’s indicated by the coloured circles and its number. For each seismometer, the 10th, 50th, and 90th percentiles of
the square-root of power spectral densities (PSDs) at 15 Hz are indicated from bottom to top with the colored circles. The red
cross marks the location of the tiltmeter during the first months of the O2 science run. On the right are histograms of the 50th
and 90th percentiles of seismic spectra collected from all seismometers in units (m/s)/Hz−1/2. The black lines are the 50th

(solid) and 90th (dashed) percentiles of the tiltmeter spectra in units mrad/Hz−1/2.
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FIG. 2: The measured correlation function for the LIGO Han-
ford corner station at 15 Hz.

mic field is approximately homogeneous and dominated
by Rayleigh waves, which is important as seismic fields
with a mixture of wave types would be very difficult for
any NN subtraction [13]. We then implement an optimal
subtraction scheme using the array of seismometers as in-
put to a Wiener filter and the tiltmeter as target channel.
The investigation with the tiltmeter as a target channel
is important, because ground tilt along the direction of
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FIG. 3: Histograms of seismic speed measurements using
LHO array data at 10 Hz, 15 Hz, and 20 Hz.

the detector arm is fully coherent with NN from plane
Rayleigh waves, and therefore is the best available proxy
for testing NN cancellation schemes [13].

Beginning of October 2016, an array of 30 L-4C
vertical-axis seismometers [24] were deployed at the cor-
ner station building at LIGO Hanford. Concurrently, a
single-axis tiltmeter was installed at the center of the ar-
ray [21, 22]. The left of Figure 1 shows the locations
of the seismometers in the vicinity of the vacuum enclo-
sure. The data from the seismometers are conditioned,
acquired digitally and saved at a 512 Hz sampling rate.
The configuration of seismometers was an approximately
equidistant placement of a few meters between neigh-
bors in the central part of the array and increased spac-
ing along the edges. For the analysis, we divide the
time-series data into 50% overlapping 128 s segments that
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are Hann-windowed. The first metric presented are per-
centiles of the PSDs, which show variations in the seismic
field over the frequency band of interest. Each sensor in
the map of Figure 1 is represented by 3 overlaid circles,
the lower one representing the 10th percentile at 15 Hz,
the middle one the 50th, and the upper one the 90th
percentile. Maps at other frequencies can be found in
the Supplement. These maps allow us to identify lo-
cal sources, or locations of vibration amplification due
to interaction with infrastructure. The plot on the right
shows the full spectra of all sensors for the 50th and 90th
percentiles. The spectra have significant structure over
the 10-20 Hz band indicating the presence of several rel-
atively narrow-band local sources.

The second metric presented is the complex coherence,
γ(f), between the seismometers in the array, calculated

as γ(f) = 〈x(f) y∗(f)〉√
〈|x(f)|2〉〈|y(f)|2〉

where x(f) and y(f) are the

values of the Fourier Transform at a particular frequency
f for two seismometers. This quantity allows for the
characterization of the seismic field and is also an im-
portant quantity for the calculation of noise-cancellation
filters [16, 17]. Figure 2 shows a measurement of <(γ)
between all 27 seismometers used for this study at 15 Hz.
Each coherence value is drawn at a coordinate, which
corresponds to the relative position vector between the
two sensors. Although there are some instances of in-
homogeneities where high coherence points are near to
low coherence points, in general the coherence evolves
smoothly, and consistently with a Rayleigh-wave field.
Homogeneity is a prerequisite for realizing NN cancella-
tion with a relatively small number of seismometers (not
more than 10 seismometers per test mass). The Supple-
ment explores the variability in this quantity. Account-
ing for inhomogeneity is currently an open problem, and
a much denser spatial sampling of the seismic field might
be required to predict its effect on NN cancellation [17].

The third metric presented is a measurement of wave
speeds in the frequency range 10 Hz – 20 Hz shown in Fig-
ure 3, which is useful for further characterization of the
field and predictions of the levels of Wiener filter sub-
traction that could be expected. We used the method
of section 3.6.3 of [13]. The idea is to decompose the
seismic field into plane harmonics and collect the phase
speeds associated with the maximum-amplitude compo-
nent. Consistent with measurements at the end stations
[17], the average velocities are about 300 m/s at 10 Hz and
15 Hz and 380 m/s at 20 Hz, which is thought to be due to
the concrete slab of the laboratory building, which has
greater effect at shorter seismic wavelengths. Outliers
in the histogram might be from body waves at higher
speeds, or simply be the result of aliasing effects, which
can happen when several waves at the same frequency
simultaneously propagate through the array. Otherwise,
these measurements are consistent with Rayleigh waves,
which simplifies the NN modeling [13]. The width of

Frequency [Hz]
10 12 14 16 18 20

R
es

id
ua

l S
pe

ct
ru

m
 / 

O
rig

in
al

 S
pe

ct
ru

m

10 -2

10 -1

10 0

All Channels
Best Channel

Frequency [Hz]
10 12 14 16 18 20

N
um

be
r 

of
 s

en
so

rs

5

10

15

20

25

lo
g1

0(
R

es
id

ua
l S

pe
ct

ru
m

 / 
O

rig
in

al
 S

pe
ct

ru
m

)

-2

-1.5

-1

-0.5

0

FIG. 4: Top panel: spectrum of average subtraction residuals√
R in the tiltmeter calculated from Equation (1) using all

available seismometers as witnesses or the single most effec-
tive seismometer picked for each frequency. Bottom panel:
average residuals in the tiltmeter for all possible numbers of
seismometers picked from the array such that residuals at
15 Hz are minimized.

the distribution can be explained by broadening due to
sources being relatively close to the array giving rise to
circular wave fronts, due to anisotropy of the ground, and
potentially also due to seismic scattering (the latter two
are likely minor effects at the LIGO sites since the soil
does not vary significantly in horizontal directions over
the extent of the array, and the surface is flat).

As discussed above, Wiener filters use correlations be-
tween reference data streams and a target data stream
to give an estimate of the noise contributions to the tar-
get sensor present in the reference data streams as well
[23]. In the regime where all data streams have station-
ary noise, they are known to be optimal filters. In this
work, we take a tiltmeter as our target sensor, with seis-
mometers as reference data streams.

In the following, we will denote the cross-spectral den-
sities between the N seismometers in the array as CSS(f),
which is a N × N matrix. Similarly, we take the cross-
spectral density between array and tiltmeter, which has
N terms, as ~CST(f). We finally denote the PSD of the
target sensor as CTT(f). The Wiener filter is then con-

structed as ~w(f) = ~C>ST(f) ·C−1SS (f), where C>ST(f) is the
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transpose of ~CST(f) and C−1SS (f) is the inverse matrix of
CSS(f). The estimate of the target sensor data is then
simply ~w(f) ·~s(f), where ~s(f) are the Fourier transforms
at frequency f of segments of data from all seismome-
ters. Note that a similar definition of the Wiener filter
can be given in time domain, realized for example as fi-
nite impulse-response filter.

We can use the coherence results to determine the aver-
age residuals. Based on the above quantities, the average
relative noise residual R is determined by

R = 1−
~C>ST · C

−1
SS · ~CST

CTT
. (1)

In Figure 4, we use Equation (1) to determine average
residuals. To determine the optimal configurations used
for the bottom plot, we simply loop over all configura-
tions for a given number of seismometers picked from
the entire array and identify the one with the smallest
residual at 15 Hz . Based upon this, the average residu-
als rapidly converge after only a few seismometers. We
note that this is a different method than in Coughlin et
al. [17] where the sensor locations were allowed to vary
arbitrarily and correlations were based on a model fit to
the observed correlations. We show representative opti-
mal array configurations in the Supplement. Based upon
this, we expect significant suppression of tilt signals. We
also find that it is unlikely to be necessary to update the
Wiener filters often, since subtraction performance did
not change significantly over the course of months (see
supplement), which means that the Wiener filter cab be
implemented as static filter.

The Wiener filter can be studied further by calculat-
ing its Bode plot shown in Figure 5, which consists of the
magnitude and phase of the filter for each witness channel
as a function of frequency. The plots show that some seis-
mometers form tiltmeter type configurations. These can
be identified by searching for pairs of seismometers whose
magnitudes are similar over the entire frequency band,
and with a relative phase of about 180◦. Sensors 4, 5,
20, and 27 form two such pairs. Many sensors contribute
to the Wiener filter with similar magnitude. Combined
with the observation from Figure 4 that around 5 sensors
or less are required to achieve most of the noise cancel-
lation, similar magnitudes of sensors in a larger array
means that the main impact of additional sensors is to
average incoherent noise. We cannot fully explain the
low magnitude of sensor 14 over the entire band. As the
PSD maps indicate, see Figure 1 and supplement, the
seismic signal at many frequencies is much stronger at
sensor 14 than at other sensors used in Figure 5. This
would explain the relatively low magnitude. However,
its signal is weaker closer to 20 Hz than in other sensors.
This begs the question why the magnitude does not rise
towards higher frequencies. It might be that its signal
at higher frequencies is actually below its instrumental

noise so that the Wiener filter suppresses injection of in-
coherent noise into the target channel. This hypothesis
does not seem to be consistent though with such low
magnitude values. It will be very important to study
Bode plots of Wiener filters in greater detail to obtain
an intuitive understanding of how the filter retrieves in-
formation from the witness channels, which could guide
optimal placement of sensors even in inhomogeneous seis-
mic fields where numerical methods still fail.

Last, we present measurements of transfer functions
between ground tilt and GW data ’h(t)’ shown in Figure
6. Newtonian noise is predicted to lie about a factor 100
below other instrumental noise during the second science
run, so that long correlation times need to be used to
observe gravitational coupling. Our measurements use
about 1 month of data with the interferometer locked
starting in December 2016. A NN model is plotted for
an isotropic, homogeneous field taking into account that
seismic waves generally produce NN through both test
masses of the corner station, and considering the posi-
tions of the two test masses and tiltmeter. The direct
measurement of the transfer function from ground tilt to
h(t) is shown as blue, solid line. Additional couplings
were investigated through the seismic isolation system:
displacement of the test-mass suspension-point along the
arm (Sus L), and pitch, i.e., a rotation around the hor-
izontal axis perpendicular to the arm, of the suspen-
sion table (Sus P). The measured transfer function from
ground tilt to Sus L can be subsequently passed through
a model of the quadruple suspension system (solid, violet
line), or through a measured transfer function between
Sus L and h(t) (solid, yellow line). The yellow line cor-
responds in fact to the sum of the two transfer functions
through Sus L and P (which does not accurately repre-
sent the total coupling through Sus L/P since it ignores
correlations between these two channels). Last, the mea-
surement noise is shown, which was calculated by sliding
the ground tilt and h(t) time series against each other
by about 1000 s, and also by an analytic Gaussian model
of measurement noise (which both give almost identical
curves).

With the exception of a few frequencies, the observed
ground tilt to h(t) coupling (solid, blue) lies well above
the measurement noise (dot-dashed, black) up to about
20 Hz. It is inconsistent with contributions from suspen-
sion point motion, which by itself is inconsistent with
a model of mechanical coupling through the suspension
stages (hinting towards additional coupling mechanisms).
The observed ground tilt to h(t) coupling is consistent
with a simple (isotropic, homogeneous) NN model above
about 13 Hz where deviations between observation and
model are small enough to be explained by the weak
anisotropies (and potentially inhomogeneities) of the seis-
mic field visible in Figure 2.

In summary, we have used dedicated measurements at
the LIGO Hanford site to predict NN cancellation levels.
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FIG. 5: The magnitude (left) and phase (right) of the Wiener filter using 12 optimally picked witness channels.
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FIG. 6: Ground tilt to GW data couplings.

We achieved suppression of a tiltmeter signal by a factor
of about 10 throughout the NN band using data from a
seismometer array serving as a proxy for NN cancellation
in a GW detector. The near-ideal form of the two-point
spatial correlations together with the cancellation results
suggests that NN cancellation with few seismometers or
a tiltmeter at each test mass will be feasible. We further
provided strong constraints on the NN spectrum by ana-
lyzing correlations between the tiltmeter and GW data,
which allow us to conclude that it is highly unlikely that
NN will be significantly stronger than predicted in the
past. The result also shows that there is significant noise
in the detector data that we will be able to subtract with
a tiltmeter independent of the coupling mechanism.
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