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GW amplitude is measured in strain:  

h = ΔL / L 
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the gravitational-wave signal extraction by broadening the
bandwidth of the arm cavities [51,52]. The interferometer
is illuminated with a 1064-nm wavelength Nd:YAG laser,
stabilized in amplitude, frequency, and beam geometry
[53,54]. The gravitational-wave signal is extracted at the
output port using a homodyne readout [55].
These interferometry techniques are designed to maxi-

mize the conversion of strain to optical signal, thereby
minimizing the impact of photon shot noise (the principal
noise at high frequencies). High strain sensitivity also
requires that the test masses have low displacement noise,
which is achieved by isolating them from seismic noise (low
frequencies) and designing them to have low thermal noise
(intermediate frequencies). Each test mass is suspended as
the final stage of a quadruple-pendulum system [56],
supported by an active seismic isolation platform [57].
These systems collectively provide more than 10 orders
of magnitude of isolation from ground motion for frequen-
cies above 10 Hz. Thermal noise is minimized by using
low-mechanical-loss materials in the test masses and their

suspensions: the test masses are 40-kg fused silica substrates
with low-loss dielectric optical coatings [58,59], and are
suspended with fused silica fibers from the stage above [60].
To minimize additional noise sources, all components

other than the laser source are mounted on vibration
isolation stages in ultrahigh vacuum. To reduce optical
phase fluctuations caused by Rayleigh scattering, the
pressure in the 1.2-m diameter tubes containing the arm-
cavity beams is maintained below 1 μPa.
Servo controls are used to hold the arm cavities on

resonance [61] and maintain proper alignment of the optical
components [62]. The detector output is calibrated in strain
by measuring its response to test mass motion induced by
photon pressure from a modulated calibration laser beam
[63]. The calibration is established to an uncertainty (1σ) of
less than 10% in amplitude and 10 degrees in phase, and is
continuously monitored with calibration laser excitations at
selected frequencies. Two alternative methods are used to
validate the absolute calibration, one referenced to the main
laser wavelength and the other to a radio-frequency oscillator

(a)

(b)

FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33–38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.
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Stochastic Gravitational-wave 
Background

Sources 
• Unresolved astrophysical sources 

• CBCs 
• Rotating neutron stars 

• Early universe models 
• cosmic strings
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SGWB Properties/Assumptions 
• Gaussian 
• unpolarized 
• stationary 
• Isotropic 

• In some searches (not discussed here) we relax one or more 
of these assumptions



Stochastic Gravitational-wave 
Background

Sources 
• Unresolved astrophysical sources 

• CBCs 
• Pulsars 

• Early universe models 
• cosmic strings

 9

SGWB Properties/Assumptions 
• Gaussian 
• unpolarized 
• stationary 
• Isotropic 

• In some searches (not discussed here) we relax one or more 
of these assumptions

⌦GW(f) =
f

⇢c

d⇢GW
df
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What LIGO 
measures



Another case for low frequencies:  
BBH systems

• Higher-mass BBH systems coalesce at (much) lower 
frequencies 

• Cosmological red shift —> further-away systems get redshifted 

• Higher-mass —> inspiral faster at a given frequency (i.e. fdot at 
a given f is higher for higher mass systems) 

• Lower frequencies —>get more cycles —> more likely to see 
higher-mass (and more distance) black hole systems
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Abbott, B. P., et al. (2017). Annalen Der Physik, 529(1–2), 1600209. 
https://doi.org/10.1002/andp.201600209
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the subsequent observations, GW observatories need to
provide the source location not only accurately but also
quickly. Since the time to merger scales with frequency f as
f−8=3, if the error area can shrink small enough at a lower
frequency, the location information can be sent out at a
much earlier time. Consequently, improving the low-
frequency sensitivity allows for more timely follow-up
observations.
In this Letter, we propose an upgrade to aLIGO (and its

evolution Aþ [17]) that enables a significant enhancement
in sensitivity in the 5–30 Hz band while maintaining high-
frequency performance. This new design, dubbed “LIGO-
LF,” can be implemented on a timescale of ∼10 yr and
serve as a pathfinder for later upgrades like the Voyager
[18] and next-generation detectors like the Einstein
Telescope [19,20] and Cosmic Explorer [21].
LIGO-LF design.—The current aLIGO sensitivity below

30 Hz is limited by nonstationary technical noises [22–24].
Here we describe the solutions that we propose to reach the
LIGO-LF sensitivity shown in Fig. 1.
The first element of the upgrade reduces the angular

control noise. Angular motion of the optics is actively
stabilized using wavefront sensors with a typical sensitivity
of 5 × 10−15rad=

ffiffiffiffiffiffi
Hz

p
[23,25]. The bandwidths of the arm

cavity angular loops are set to 3 Hz to reduce the
seismically induced motion to a few nrad rms. However,
the control noise disturbs the test masses above 5 Hz and
contaminates the GW readout via beam miscentering on
the mirrors. We propose to further suppress the motion of
the optical benches so that the control bandwidth can be
lowered.
Despite the sophistication of LIGO’s seismic isolation

[26–28], it does not significantly reduce the microseismic
motion at ∼0.2 Hz. This is due to tilt-to-horizontal cou-
pling [29–31], which causes the noise of the aLIGO inertial

sensors to growas1=f4 at low frequencies as shown inFig. 2.
To reduce the bandwidth of the angular controls to 1 Hz, the
tilt motion needs to be suppressed to 10−10 rad=

ffiffiffiffiffiffi
Hz

p
in the

0.01–0.5 Hz band. The corresponding horizontal sensitivity
is shown in Fig. 2. Above 1 Hz, we require an improved
sensitivity to reduce the direct coupling of the groundmotion
(see Supplemental Material [32] for a breakdown of the
noise, which includes Ref. [33]).
There are two approaches to reach the required sensi-

tivity of the inertial seismic sensors. The first one is to
actively stabilize the tilt motion using custom-built tilt-
meters [34,35], which can achieve the requirement below
0.5 Hz. The second approach uses a novel 6D seismometer
[36]. In the core of this instrument is a quasimonolithically
suspended [37] mass whose position is monitored using an
interferometric readout. Figure 2 shows that the design
performance of the 6D seismometer satisfies the require-
ment in the entire band.
The radiation-pressure-induced angular instability also

limits the minimum bandwidth [38,39]. We propose to
increase LIGO-LF’s test masses from 40 to 200 kg to
mitigate the effects of radiation pressure. More massive test
masses are also a fundamental part of next-generation GW
detectors.
The coupling of the longitudinal motion of the signal

recycling cavity contaminates aLIGO’s sensitivity in the
10–50 Hz band [23]. This coupling is proportional to the
arm detuning [40] introduced to enable the dc readout of
the GW signal [41]. For LIGO-LF, we assume a balanced-
homodyne readout [42] will be implemented instead, which
essentially eliminates the coupling.
In aLIGO, high-quality-factor suspension resonances are

damped using shadow sensors [43] with a sensitivity of
2 × 10−10 m=

ffiffiffiffiffiffi
Hz

p
. A global control scheme has been

proposed [44] to reduce its direct coupling to the GWoutput.
However, this noise still enters the auxiliary loops and
couples to the GW output indirectly. This calls for an
improvement of the sensor noise by a factor of 100.

FIG. 1. Proposed sensitivity for LIGO-LF (solid black line) and
its noise budget (dashed lines). Also shown in the dotted red
curve is the spectrum of a 200 M⊙–200 M⊙ binary BH merger
(in the detector frame) at 10 Gpc. LIGO-LF’s sensitivity to such
systems is greatly enhanced relative to aLIGO (solid blue line)
and Aþ (solid magenta line). Throughout this Letter, we will
adopt the same coloring convention when we compare different
sensitivities (i.e., we use black, magenta, and blue for LIGO-LF,
Aþ, and aLIGO, respectively).

FIG. 2. Inertial sensor noise for aLIGO (blue line) and the
requirement for LIGO-LF (black line). Custom tiltmeters can be
used to improve aLIGO sensor noise below 0.5 Hz (blue dashed
line). A novel 6D seismometer (red line) can surpass the
requirement in the entire band.

PHYSICAL REVIEW LETTERS 120, 141102 (2018)

141102-2

Yu, H., et al. (2018). https://doi.org/10.1103/PhysRevLett.120.141102

• “Use current facilities, but max 
out all of the current 
technology” 

• Better auxiliary sensors —> 
better damping/angular 
controls 

• Double pendulum length in 
suspensions 

• Increase fibre tensions 

• Larger test masses  

• (40 kg —> 200 kg) 

• More squeezing
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3–5 times better accuracy than aLIGO, which will be essen-
tial for discriminating between different formation scenarios
that predict different spin configurations [105,106].
(ii).—We use the Fisher matrix to examine LIGO-LF’s

ability to localize a binary NS including effects of Earth’s
rotation [107,108]. We consider the same network as in the
PE section. The result is shown in the left panel in Fig. 5.
The final localization error in solid angle, ΔΩs, is 3.5 (1.2)
times smaller with LIGO-LF than with aLIGO (Aþ). While
LIGO-LF’s improvement over Aþ is mild when the entire
signal is used, it is nonetheless dramatic (a factor of 5 over
Aþ and 10 over aLIGO) if we use only data below 30 Hz,
about 1 min prior to the final coalescence. This illustrates
LIGO-LF’s ability to achieve a more timely localization
than Aþ and aLIGO.
The r-mode study follows Ref. [109], and we focus on

the l ¼ 2, m ¼ 1 mode. The results are summarized in the
right panel in Fig. 5. We find that if the NS spins at a rate
greater than 35 Hz [110], a single LIGO-LF may detect the
r-mode resonance up to a distance of 50 Mpc. Since the
phase shift of the m ¼ 1 r mode depends on the NS
stratification, which is sensitive to the internal composition
and the state of matter [111,112], a detection may thus
place constraints on the NS equation of state from physics
beyond the star’s bulk properties [113]. Furthermore, the r-
mode resonance provides an independent measurement of
the NS spin, which may help break the spin-mass ratio
degeneracy [14] and improve the accuracy in measuring the
(equilibrium) tidal deformability [15,114].
(iii).—We consider the GW memory effect [115] adopt-

ing the minimal-waveform model [116]. The result is
shown in Fig. 6. Together with the increased detection
rate, LIGO-LF has a promising probability to detect this
effect via event stacking [117].
Conclusions.—In this Letter, we propose LIGO-LF, an

upgrade improving aLIGO’s low-frequency performance.
The new technologies required for this update are directly
applicable to the future generation of detectors. Comparing
LIGO-LF to aLIGO, the mass and spatial range of binary
BHs detectable are greatly enhanced, and the localization of

NS binaries can be achieved at a much earlier time,
enabling a more timely follow-up.
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FIG. 6. SNR from the GW memory effect as a function of the
source-frame total mass. The sources are fixed at z ¼ 0.1 and an
inclination of 30°. The peak SNR seen in LIGO-LF is 4 (2) times
greater than that seen in aLIGO (Aþ).

PHYSICAL REVIEW LETTERS 120, 141102 (2018)
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assumed to be nonspinning and to have equal masses. A
single LIGO-LF could detect binary BHs to cosmological
distances (z ≃ 6), whereas a network of four detectors
would observe to z ∼ 10, potentially accessing the first
generation of stellar BHs [92].
Assuming a power-law mass distribution and a merging

rate of 97ð1þ zÞ2 Gpc−3 yr−1 [93,94], the expected num-
ber of detections of coalescing BH binaries is shown in the
right in Fig. 3. It predicts that a single LIGO-LF can detect
∼4000 merging BHs per year, 18 (2.3) times aLIGO’s
(Aþ’s) detection rate. The large number of events observed
by LIGO-LF increases the statistical signal-to-noise ratio
(SNR), which may be used to separate formation channels
that predict different event rates [95,96] and to constrain
the fraction of dark matter in the form of primordial BHs
[93,97].
Moreover, LIGO-LF enables more accurate PE than

aLIGO. To emphasize the improved low-frequency sensi-
tivity, we consider binaries with detector-frame total mass
MðdÞ

tot ≥ 100 M⊙. Since the sensitivity of Aþ and aLIGO is
similar below 20 Hz, we consider the comparison between
LIGO-LF and aLIGO. Qualitatively, the improvements are
due to two facts: A more total SNR is accumulated in
LIGO-LF than in aLIGO, and the SNR starts to accumulate
at lower frequencies. Thus, if aLIGO can measure only the
merger-ringdown phase of a coalescence, with LIGO-LF
we could access the inspiral phase as well, allowing for
a more precise estimation of the component masses and
spins.
To quantify these improvements, we simulate GW

signals with the IMRphenomPv2 waveform [98] and inject
them to mock detector noise. We consider five total mass
bins from 100 M⊙ to 2000 M⊙, each with three spin
configurations: (χeff ¼ χp ¼ 0), (χeff ¼ 0.5, χp ¼ 0.6),
and (χeff ¼ −0.5, χp ¼ 0.6). Here χeff is the mass-weighted
sum of component spins along the orbital angular momen-
tum [99,100], and χp captures the precessing components
[101]. The effect of the mass ratio has been studied in
Refs. [11,12], so we focus on the equal mass case. We
consider a four-detector network formed by the Hanford
(H) and the Livingston (L) sites, LIGO-India (I), and
aVirgo (V). For HLI, we consider both the LIGO-LF
and aLIGO sensitivities; for V, we fix it at its design
sensitivity [7]. KAGRA [102] is not included, as it is less
sensitive to IMBHs. For each source, the inclination is fixed
to 30°, and the distance is chosen such that the network
SNR is 16 with aLIGO’s sensitivity. We then use the
LALInference [103] to get posterior distributions of source
parameters. The PE results refer to the detector frame and
we denote them with a superscript (d).
In Fig. 4, we plot the 90% credible intervals of the chirp

mass MðdÞ
c , total mass MðdÞ

tot , and χeff . For the masses, we
present the results for the nonspinning case. When spins are
included, an aligned (antialigned) spin tends to improve
(degrade) the inference accuracy [104]. Similar effects can

also be seen in the posterior distributions of χeff , as
illustrated in the bottom panels. The precession term χp
cannot be well constrained even with LIGO-LF.
LIGO-LF typically enables a factor of 2 improvement in

constraining the sources’ redshift compared to aLIGO,
limiting the improvement in measuring the source-frame
masses to a similar level (see Supplemental Material [32] for
the redshift posteriors). The effective spin, nonetheless, is
unaffected by the redshift, and thus LIGO-LF can achieve

FIG. 4. The 90% credible intervals of the detector-frame chirp
mass MðdÞ

c (top left), total mass MðdÞ
tot (top right), and effective

spin χeff (bottom) are all significantly smaller for LIGO-LF than
for aLIGO. LIGO-LF also reduces biases, especially for MðdÞ

c
and χeff when the spin is antialigned (bottom left).

FIG. 5. Left: The cumulative uncertainty in localization, ΔΩs,
for the HLIV network. We consider NS binaries at the Coma
cluster with two inclinations, 30° (solid line) and 75° (dashed
line), and marginalize over the polarization and time of arrival.
LIGO-LF improves the localization by a factor of 3.5 over aLIGO
using the entire signal and by a factor of 5 over Aþ using only the
sub-30 Hz data. Right: The uncertainty (solid line) in measuring
the phase shift due to the resonant excitation of the NS r mode
δΦr as a function of the NS spin frequency fspin. We consider the
single detector case and fix the sources at 50 Mpc with optimal
orientation. Also shown in the red dashed line is the expected
physical r-mode phase shift. The effect is detectable when the real
phase shift is greater than the statistical error.

PHYSICAL REVIEW LETTERS 120, 141102 (2018)
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Interferometric sensors [45] are promising candidates and are
used in the LIGO-LF design.
Once technical noises are suppressed, LIGO-LF sensi-

tivity will be limited by quantum and thermal noises. Our
strategy to improve the fundamental limits is similar to the
Strawman Team Red design [46].
Quantum noise [47–49] manifests both as sensor shot

noise and as displacement noise by exerting quantum
radiation pressure (QRP) forces on the test masses.
LIGO-LF will operate under “resonant-sideband extrac-
tion” [50] with the same amount of power circulating in the
arms as aLIGO. A signal recycling mirror transmissivity of
0.25 is chosen to optimize the broadband sensitivity.
The quantum noise can be further reduced with squeezed

light [51–53]. Here we assume a frequency-dependent
squeezing [54–57] that provides 3 dB reduction of the
QRP and 6 dB of the shot noise. Relative to aLIGO, QRP is
further suppressed by the heavier test masses men-
tioned above.
Thermal noise [58] from the suspension [37,59] and the

optical coatings [49,60–63] dominates the sensitivity from
5 to 100 Hz. Suspension thermal noise can be lowered by
doubling the length of the last suspension stage to 1.2 m
[64,65] and by applying more sophisticated surface treat-
ments [66]. LIGO-LF’s penultimate masses will also need
to be suspended with fused silica fibers to avoid excess
noise. Furthermore, the vertical suspension resonance can
be shifted down to 4.3 Hz by increasing the fiber tension to
1.7 GPa. Overall, a factor of 5 improvement over aLIGO
suspension thermal noise is possible (details of the LIGO-
LF suspension are available in Supplemental Material [32],
including Refs. [67–69]).
The larger test masses and better seismic isolation open

up the possibility of increasing spot sizes on the test masses
by 50%, with a corresponding reduction in the coating
thermal noise. Furthermore, a factor of 2 improvement in
the coating loss angle is expected by the time of LIGO-
LF [70].
Further sensitivity improvement below 30 Hz is limited

by gravity gradient noise [71–75]. It can be mitigated with
offline regression [76], and in our calculation we assume a
factor of 10 cancellation [21]. The residual is combined
with the residual seismic motion in Fig. 1 under the label
“seismic.”
Scattering is another critical noise source below 30 Hz

[22,77,78]. A small amount of light can scatter off the test
masses due to surface imperfections, hit the baffles along
the beam tubes, and finally recombine with the main beam.
These stray photons induce differential power fluctuations
which perturb the test masses via radiation pressure. In
Fig. 1, we present a scattering noise curve estimated from
the typical ground motion at the LIGO sites with an
anticipated 50% improvement in the mirror surface quality
relative to aLIGO. As the relative displacement between the
test mass and the tube is comparable to the laser wavelength

(1 μm), the coupling can become nonlinear, up-converting
the baffle motion below 0.4 Hz up to 5 Hz [23,79]. For rare
cases where the ground motion is severe, an up-conversion
shelf can form [22] and limit the low-frequency sensitivity.
The antireflection surfaces along the optical path also create
scattering noise. To suppress it, baffles should be con-
structed to block 99.9% of the stray light (details available
in Supplemental Material [32] with Ref. [80]).
In summary, the key LIGO-LF advancements consist of

low-noise, interferometric sensors for seismic isolation and
suspension damping and heavy test masses with large spot
sizes for improving the fundamental limits. The LIGO-LF
suspension system is also redesigned. Combined with the
squeezed light, balanced-homodyne readout, and low-loss
coating that are planned for Aþ, the upgrades lead to the
final LIGO-LF sensitivity.
Astrophysical applications.—LIGO-LF can deliver a

rich array of science in astrophysics. Here we consider
three examples: (i) binary BHs, including the expected
range of detectability and detection rate, and parameter
estimation (PE) of events, (ii) binary NSs, focusing on the
source localization and the detectability of the tidal
excitation of NS r modes, and (iii) the GW memory effect.
The technical details are provided in Supplemental Material
[32] with Refs. [81–88]. The searches for the stochastic
GW background [89] and the continuous GW [90] rely
mostly on the instrument’s high-frequency performance
and are not enhanced by LIGO-LF.
(i).—With the LIGO-LF upgrade, both the maximum

detectable distance and mass and the number of detections
are larger than with aLIGO and Aþ, as illustrated in Fig. 3.
In the left, we plot the single-detector horizon and range
[91] (in both redshift z and luminosity distance DL) for
binaries with different total masses. The systems are

FIG. 3. Left: The horizon (solid line) and range (dashed line)
for binaries with different (source-frame) total masses. A single
LIGO-LF may reach a cosmological redshift of z ≃ 6. Right:
Expected detection rate of coalescing stellar-mass BH binaries as
a function of the total mass. We divideM1 andM2 each into eight
logarithmic bins from 10 M⊙ to 100 M⊙ and marginalize over
the mass ratio to derive the event rate per total mass bin. LIGO-LF
can detect ∼4000 events per year, 18 times more than the
expected number for aLIGO. All the numbers are calculated
assuming a single detector.

PHYSICAL REVIEW LETTERS 120, 141102 (2018)

141102-3

• Better sky localisation  

• Sensitive to more distant objects 

• Sensitive to higher-mass black 
holes

Yu, H., et al. (2018). https://doi.org/10.1103/PhysRevLett.120.141102
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where Parm is the circulating power in the arm cavities of length Larm bounded by mirrors of 
mass mTM, λ is the laser wavelength and rsqz is observed squeezing level (e.g. =r 3sqz  cor-
responds to approximately a 10 dB noise reduction). The values normalizing each parameter 
in the above scaling relations are the ones used to produce the curves shown in figure 1, such 
that the resulting ratio ( /h hX X0 ) is relative to the target noise amplitude spectral density. All of 
the values used to produce the target sensitivity curves are presented in table 1, approximate 
values for h0X are given in table 2, and the exact quantum noise calculation is given in [36].

The exact choice of laser wavelength, for instance, is not important as long as longer wave-
lengths are accompanied by higher power. As an important example of this, consider two 
future interferometers; one uses fused silica optics and operates with 1.4 MW of 1064 nm light 
in the arms, while the other uses silicon optics and operates with 2.8 MW of 2 µm light in the 
arms. Both interferometers will have essentially the same quantum noise.

Interestingly, quantum noise does not scale inversely with length. This is due to the fixed 
detector bandwidth constraint, which requires increased signal extraction with greater length 
to maintain a constant integration time. While the shot noise appears to increase due to reduced 

Figure 2. Similar to figure 1 but with a more reflective signal extraction mirror which 
gives a wider sensitive band, but is less sensitive in-band. The tradeoff between in-band 
sensitivity and bandwidth will need to be optimized to maximize specific science objectives 
(e.g. testing general relativity with black hole binaries, measuring neutron star equation of 
state, detection of GW from supernovae, etc). The dashed grey curves show the sensitivity 
of shorter, but technologically similar detectors; lengths are 4, 10 and 20 km.

This image is made available by IOP Publishing under a Creative Commons CC-BY 
3.0 license. Any distribution of this image must maintain attribution to the author(s) and 
the title of the work, journal citation and DOI. Readers are free to re-use, share, amend, 
adapt or remix this image. All text in this article and any third party images are fully 
protected by copyright.

B P Abbott et alClass. Quantum Grav. 34 (2017) 044001

• 40 km arms 

• T = 123 K 

• mTM = 320 kg 

• λ=1550 nm 

• P=2 MW

Abbott, B. P.,  et al. (2017). 34(4), 44001. https://doi.org/10.1088/1361-6382/aa51f4
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Plot courtesy of Andrew Matas



Other proposed (ground-based) 
detectors

• Einstein Telescope — 10 km triangular configuration (European 
proposal) (O(1 Hz) — O(1 kHz)) [http://www.et-gw.eu/] 

• MANGO — laser & atom interferometer ( .01 Hz — 1 Hz) 

• TOBA — “Torsion bar antenna” (1e-3 Hz — 10 Hz) 

• TorPeDO — torsion bar, ANU, (1e-3 Hz — 10 Hz) 

• Could also be useful for directly measuring Newtonian Noise

 18

Harms, J., et al. (2013) https://doi.org/10.1103/PhysRevD.88.122003 
McManus, D. J., et al. https://doi.org/10.1088/1361-6382/aa7103 

http://www.et-gw.eu/
https://doi.org/10.1103/PhysRevD.88.122003
https://doi.org/10.1088/1361-6382/aa7103
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Newtonian Noise
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• Gravitational fluctuations at the test mass 
• Density/temperature perturbations in atmosphere  
• Seismic waves 

• Likely to become a limiting noise source for advanced detectors at lower 
frequencies

4.2. Homestake seismic array 94

Figure 4.2: The above figure is a pictorial depiction of Newtonian noise. At low frequencies,
the variations in the heights of Earth’s surface produces a considerable gravitational pull on
the suspended mirrors of GW detectors mimicking the effect of GWs.

strain sensitivity curve advanced LIGO detectors. From the plot, we see that once we push

down the quantum and thermal noise, Newtonian and seismic noise become the limiting

noise at ⇠ 1 Hz.

4.2 Homestake seismic array

To study seismic wave fields and the possibility of reducing Newtonian noise in the next

generation of GW detectors we have set up an array of broad-band seismometers in Homes-

take mine, a former gold mine in South Dakota [36]. This setup provides an opportunity to

study the properties of seismic fields underground and understand the possible advantages

of building underground GW detectors. The Homestake array initially included nine envi-

ronmentally shielded and isolated seismic stations, three of which have been disassembled

due to poor operating conditions. The remaining include one at 300 ft, one at 800 ft, two

at 2000 ft and two at 4100 ft depth. Each station operated either a Trillium T240 or a

Streckeisen STS-2 high-sensitivity broadband seismometer (one station operated relatively

low-sensitive Guralp) [59]. During the initial setup all the stations were found to be in a

plane configuration (see Figure 4.4), while in the current set up a new station at 4100-ft

level was constructed to be away from the plane of the other stations and provide a 3D

configuration.

Various measures were taken to optimize the response of seismometers to seismic waves.

The seismometers were placed on granite tiles that were installed either on existing con-



Newtonian Noise 
from seismic fields

• Perturbation to gravitational field related by displacement 
field, ξ 

• ξ is different for different types of seismic waves 

• Name of the game: estimate ξ for different types of seismic 
waves

 21

hNN =

q
2
�
�a2x,rms + �a2y,rms

�

(2⇡f)2L
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Seismic waves
 22

• P, S, and R-waves 
• P — “primary” or “pressure” 

waves. Longitudinal wave 
• S — “secondary” or “shear” 

waves. Transverse wave 
• R — “Rayleigh” waves. 

Superposition of P and S 
waves. Characterized by 
retrograde particle motion 

• Visualization of transient is 
courtesy of Gary Pavlis at IU. 

• Link to video

https://ldas-jobs.ligo.caltech.edu/~meyers/homestake/


GOALS: 
• Estimate amplitude of different seismic waves 

simultaneously 
• From this, estimate Newtonian Noise

�23



Homestake array
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▸ Located at Sanford Underground Research 
Facility in Lead, SD. 

▸ Collaborators at CIT, Indiana University, 
University of Minnesota 

▸ 24 seismometers  

▸ 15 underground 

▸ 9 surface 

▸ STS2 and Guralp 3T 

▸ Ran from November 2014 - December 2016 

▸ Roughly 1 cubic mile 

▸ Data set is now public on IRIS



World class data

 25



▸ Try to decouple different wave types 

▸ Reconstruct propagation direction and amplitude for each type 

▸ Eventual goal: Use maps to get NN estimates

Seismic radiometer
 26
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(i, ↵) and (j, �) for di↵erent basis vectors a of a given mode of the seismic field m and

polarization, A, as

�
i↵,j�

m,a,A
=

Z
d⌦̂ Qa(⌦̂)

⇣
~em,A(⌦̂) · ↵̂

⌘⇣
~em,A(⌦̂) · �̂

⌘
e
2⇡if⌦̂·�~x/vm . (6.32)

The value of � is di↵erent for each seismic wave direction, each set of channels, and each

frequency. It is a property of the geometry of our array.

6.4.2 Rayleigh wave formalism

In the case of Rayleigh waves we can write down the plane-wave expansion in a similar

fashion to the body waves. However, surface waves are attenuated with depth and the

relative amplitude and phase between vertical and horizontal components of Rayleigh

waves can also depend on depth. We write the plane-wave expansion for Rayleigh waves

in terms of two functions, rV (z) and rH(z), which define the fundamental Rayleigh wave

eigenfunction. These are real quantities that we measure and discuss in section 6.3.1.

The plane-wave expansion in terms of these new functions is then

~r(~x, t) =

Z
df

Z
d⌦̂ r̃(f, ⌦̂)

⇣
rH(z)⌦̂ � e

�i⇡/2
rV (z) ẑ

⌘
e
2⇡if(t�⌦̂·~x/vR)

. (6.33)

Note that the factor of e
�i⇡/2 imposes the retrograde motion that is characteristic of

Rayleigh waves, and the sign between the two functions comes about because of the

sign convention used when we defined rH(z) and rV (z) in equation (6.22). In this case,

⌦̂ is assumed to be confined to the East/West/North/South plane. We can carry out a

calculation similar to the one done in the previous section and find the overlap reduction

functions for Rayleigh waves

�
i↵,j�

R,a
=

Z
d⌦̂

h
Qa(⌦̂)

⇣
rH(z)⌦̂ · ↵̂ � e

i⇡/2
rV (z) ẑ · ↵̂

⌘
⇥ (6.34)

⇣
rH(z)⌦̂ · �̂ � e

�i⇡/2
rV (z) ẑ · �̂

⌘
e
2⇡if⌦̂·�~x/vR

i
.

Because the functions rH(z) and rV (z) are normalized such that rH(0) = 1, the in-

terpretation of the R-wave maps should be that they represent the radial amplitude

community [214]

▸ α=channel of detector “i” (i.e., N, E, V) 
▸ β=channel of detector “j” 
▸ a=basis function label 
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(i, ↵) and (j, �) for di↵erent basis vectors a of a given mode of the seismic field m and

polarization, A, as

�
i↵,j�

m,a,A
=

Z
d⌦̂ Qa(⌦̂)

⇣
~em,A(⌦̂) · ↵̂

⌘⇣
~em,A(⌦̂) · �̂

⌘
e
2⇡if⌦̂·�~x/vm . (6.32)

The value of � is di↵erent for each seismic wave direction, each set of channels, and each

frequency. It is a property of the geometry of our array.

6.4.2 Rayleigh wave formalism

In the case of Rayleigh waves we can write down the plane-wave expansion in a similar

fashion to the body waves. However, surface waves are attenuated with depth and the

relative amplitude and phase between vertical and horizontal components of Rayleigh

waves can also depend on depth. We write the plane-wave expansion for Rayleigh waves

in terms of two functions, rV (z) and rH(z), which define the fundamental Rayleigh wave

eigenfunction. These are real quantities that we measure and discuss in section 6.3.1.

The plane-wave expansion in terms of these new functions is then

~r(~x, t) =

Z
df

Z
d⌦̂ r̃(f, ⌦̂)

⇣
rH(z)⌦̂ � e

�i⇡/2
rV (z) ẑ

⌘
e
2⇡if(t�⌦̂·~x/vR)

. (6.33)

Note that the factor of e
�i⇡/2 imposes the retrograde motion that is characteristic of

Rayleigh waves, and the sign between the two functions comes about because of the

sign convention used when we defined rH(z) and rV (z) in equation (6.22). In this case,

⌦̂ is assumed to be confined to the East/West/North/South plane. We can carry out a

calculation similar to the one done in the previous section and find the overlap reduction

functions for Rayleigh waves

�
i↵,j�

R,a
=

Z
d⌦̂

h
Qa(⌦̂)

⇣
rH(z)⌦̂ · ↵̂ � e

i⇡/2
rV (z) ẑ · ↵̂

⌘
⇥ (6.34)

⇣
rH(z)⌦̂ · �̂ � e

�i⇡/2
rV (z) ẑ · �̂

⌘
e
2⇡if⌦̂·�~x/vR

i
.

Because the functions rH(z) and rV (z) are normalized such that rH(0) = 1, the in-

terpretation of the R-wave maps should be that they represent the radial amplitude

community [214]

Basis function (delta functions)
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(i, ↵) and (j, �) for di↵erent basis vectors a of a given mode of the seismic field m and

polarization, A, as

�
i↵,j�

m,a,A
=

Z
d⌦̂ Qa(⌦̂)

⇣
~em,A(⌦̂) · ↵̂

⌘⇣
~em,A(⌦̂) · �̂

⌘
e
2⇡if⌦̂·�~x/vm . (6.32)

The value of � is di↵erent for each seismic wave direction, each set of channels, and each

frequency. It is a property of the geometry of our array.

6.4.2 Rayleigh wave formalism

In the case of Rayleigh waves we can write down the plane-wave expansion in a similar

fashion to the body waves. However, surface waves are attenuated with depth and the

relative amplitude and phase between vertical and horizontal components of Rayleigh

waves can also depend on depth. We write the plane-wave expansion for Rayleigh waves

in terms of two functions, rV (z) and rH(z), which define the fundamental Rayleigh wave

eigenfunction. These are real quantities that we measure and discuss in section 6.3.1.

The plane-wave expansion in terms of these new functions is then

~r(~x, t) =

Z
df

Z
d⌦̂ r̃(f, ⌦̂)

⇣
rH(z)⌦̂ � e

�i⇡/2
rV (z) ẑ

⌘
e
2⇡if(t�⌦̂·~x/vR)

. (6.33)

Note that the factor of e
�i⇡/2 imposes the retrograde motion that is characteristic of

Rayleigh waves, and the sign between the two functions comes about because of the

sign convention used when we defined rH(z) and rV (z) in equation (6.22). In this case,

⌦̂ is assumed to be confined to the East/West/North/South plane. We can carry out a

calculation similar to the one done in the previous section and find the overlap reduction

functions for Rayleigh waves

�
i↵,j�

R,a
=

Z
d⌦̂

h
Qa(⌦̂)

⇣
rH(z)⌦̂ · ↵̂ � e

i⇡/2
rV (z) ẑ · ↵̂

⌘
⇥ (6.34)

⇣
rH(z)⌦̂ · �̂ � e

�i⇡/2
rV (z) ẑ · �̂

⌘
e
2⇡if⌦̂·�~x/vR

i
.

Because the functions rH(z) and rV (z) are normalized such that rH(0) = 1, the in-

terpretation of the R-wave maps should be that they represent the radial amplitude

community [214]

Propagation direction
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(i, ↵) and (j, �) for di↵erent basis vectors a of a given mode of the seismic field m and

polarization, A, as

�
i↵,j�

m,a,A
=

Z
d⌦̂ Qa(⌦̂)

⇣
~em,A(⌦̂) · ↵̂

⌘⇣
~em,A(⌦̂) · �̂

⌘
e
2⇡if⌦̂·�~x/vm . (6.32)

The value of � is di↵erent for each seismic wave direction, each set of channels, and each

frequency. It is a property of the geometry of our array.

6.4.2 Rayleigh wave formalism

In the case of Rayleigh waves we can write down the plane-wave expansion in a similar

fashion to the body waves. However, surface waves are attenuated with depth and the

relative amplitude and phase between vertical and horizontal components of Rayleigh

waves can also depend on depth. We write the plane-wave expansion for Rayleigh waves

in terms of two functions, rV (z) and rH(z), which define the fundamental Rayleigh wave

eigenfunction. These are real quantities that we measure and discuss in section 6.3.1.

The plane-wave expansion in terms of these new functions is then

~r(~x, t) =

Z
df

Z
d⌦̂ r̃(f, ⌦̂)

⇣
rH(z)⌦̂ � e

�i⇡/2
rV (z) ẑ

⌘
e
2⇡if(t�⌦̂·~x/vR)

. (6.33)

Note that the factor of e
�i⇡/2 imposes the retrograde motion that is characteristic of

Rayleigh waves, and the sign between the two functions comes about because of the

sign convention used when we defined rH(z) and rV (z) in equation (6.22). In this case,

⌦̂ is assumed to be confined to the East/West/North/South plane. We can carry out a

calculation similar to the one done in the previous section and find the overlap reduction

functions for Rayleigh waves

�
i↵,j�

R,a
=

Z
d⌦̂

h
Qa(⌦̂)

⇣
rH(z)⌦̂ · ↵̂ � e

i⇡/2
rV (z) ẑ · ↵̂

⌘
⇥ (6.34)

⇣
rH(z)⌦̂ · �̂ � e

�i⇡/2
rV (z) ẑ · �̂

⌘
e
2⇡if⌦̂·�~x/vR

i
.

Because the functions rH(z) and rV (z) are normalized such that rH(0) = 1, the in-

terpretation of the R-wave maps should be that they represent the radial amplitude

community [214]

alpha/beta Phase difference  
(retrograde motion)
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(i, ↵) and (j, �) for di↵erent basis vectors a of a given mode of the seismic field m and

polarization, A, as

�
i↵,j�

m,a,A
=

Z
d⌦̂ Qa(⌦̂)

⇣
~em,A(⌦̂) · ↵̂

⌘⇣
~em,A(⌦̂) · �̂

⌘
e
2⇡if⌦̂·�~x/vm . (6.32)

The value of � is di↵erent for each seismic wave direction, each set of channels, and each

frequency. It is a property of the geometry of our array.

6.4.2 Rayleigh wave formalism

In the case of Rayleigh waves we can write down the plane-wave expansion in a similar

fashion to the body waves. However, surface waves are attenuated with depth and the

relative amplitude and phase between vertical and horizontal components of Rayleigh

waves can also depend on depth. We write the plane-wave expansion for Rayleigh waves

in terms of two functions, rV (z) and rH(z), which define the fundamental Rayleigh wave

eigenfunction. These are real quantities that we measure and discuss in section 6.3.1.

The plane-wave expansion in terms of these new functions is then

~r(~x, t) =

Z
df

Z
d⌦̂ r̃(f, ⌦̂)

⇣
rH(z)⌦̂ � e

�i⇡/2
rV (z) ẑ

⌘
e
2⇡if(t�⌦̂·~x/vR)

. (6.33)

Note that the factor of e
�i⇡/2 imposes the retrograde motion that is characteristic of

Rayleigh waves, and the sign between the two functions comes about because of the

sign convention used when we defined rH(z) and rV (z) in equation (6.22). In this case,

⌦̂ is assumed to be confined to the East/West/North/South plane. We can carry out a

calculation similar to the one done in the previous section and find the overlap reduction

functions for Rayleigh waves

�
i↵,j�

R,a
=

Z
d⌦̂

h
Qa(⌦̂)

⇣
rH(z)⌦̂ · ↵̂ � e

i⇡/2
rV (z) ẑ · ↵̂

⌘
⇥ (6.34)

⇣
rH(z)⌦̂ · �̂ � e

�i⇡/2
rV (z) ẑ · �̂

⌘
e
2⇡if⌦̂·�~x/vR

i
.

Because the functions rH(z) and rV (z) are normalized such that rH(0) = 1, the in-

terpretation of the R-wave maps should be that they represent the radial amplitude

community [214] Phase difference between I and j



Brief aside: 
Gamma matrices

 32

177

(i, ↵) and (j, �) for di↵erent basis vectors a of a given mode of the seismic field m and

polarization, A, as

�
i↵,j�

m,a,A
=

Z
d⌦̂ Qa(⌦̂)

⇣
~em,A(⌦̂) · ↵̂

⌘⇣
~em,A(⌦̂) · �̂

⌘
e
2⇡if⌦̂·�~x/vm . (6.32)

The value of � is di↵erent for each seismic wave direction, each set of channels, and each

frequency. It is a property of the geometry of our array.

6.4.2 Rayleigh wave formalism

In the case of Rayleigh waves we can write down the plane-wave expansion in a similar

fashion to the body waves. However, surface waves are attenuated with depth and the

relative amplitude and phase between vertical and horizontal components of Rayleigh

waves can also depend on depth. We write the plane-wave expansion for Rayleigh waves

in terms of two functions, rV (z) and rH(z), which define the fundamental Rayleigh wave

eigenfunction. These are real quantities that we measure and discuss in section 6.3.1.

The plane-wave expansion in terms of these new functions is then

~r(~x, t) =

Z
df

Z
d⌦̂ r̃(f, ⌦̂)

⇣
rH(z)⌦̂ � e

�i⇡/2
rV (z) ẑ

⌘
e
2⇡if(t�⌦̂·~x/vR)

. (6.33)

Note that the factor of e
�i⇡/2 imposes the retrograde motion that is characteristic of

Rayleigh waves, and the sign between the two functions comes about because of the

sign convention used when we defined rH(z) and rV (z) in equation (6.22). In this case,

⌦̂ is assumed to be confined to the East/West/North/South plane. We can carry out a

calculation similar to the one done in the previous section and find the overlap reduction

functions for Rayleigh waves

�
i↵,j�

R,a
=

Z
d⌦̂

h
Qa(⌦̂)

⇣
rH(z)⌦̂ · ↵̂ � e

i⇡/2
rV (z) ẑ · ↵̂

⌘
⇥ (6.34)

⇣
rH(z)⌦̂ · �̂ � e

�i⇡/2
rV (z) ẑ · �̂

⌘
e
2⇡if⌦̂·�~x/vR

i
.

Because the functions rH(z) and rV (z) are normalized such that rH(0) = 1, the in-

terpretation of the R-wave maps should be that they represent the radial amplitude

community [214]Govern how R-wave amp 
 fall with depth 

(measured later)



Seismic radiometer
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▸ Rayleigh and P-waves both injected 

▸ Recovered in proper direction 

▸ Amplitudes not quite right when 2 sources are present 

▸ (injections violate one assumption of search)



Seismic radiometer
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Seismic Radiometer 
1.5 - 2 Hz Source

 35

▸ There is a source of (presumably) R-waves at 1.5 Hz 

▸ Turns on and off at certain times of the day 

▸ Would like to use Radiometer to resolve direction 

▸ Will compare to a pure plane-wave model

YATES Vertical to Radial Phase

Φ



1.5 Hz source 
timing-only analysis
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• Use phase-delay between 
stations to estimate velocity, 
v, and direction, Ω. 

• Assuming pure-plane-wave, 
the phase delay should be:
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seismic radiometer
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Estimate NN from maps

• We can now try to estimate the Newtonian noise from our 
recovery maps 

• Run radiometer from 0.5 - 5 Hz in 0.5 Hz increments 

• Assume “CE-like” detector (i.e. 40 km arms)

 38



Estimating Newtonian noise
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Newtonian noise estimates 
caveats

• Need better testing/assurance that recovered amplitudes 
make sense 

• Currently we normalise the maps by the average total 
power in the surface stations across all three directions 

• This should work “effectively” but is not ideal 

• Need to figure out how to properly deal with “negative” power 

• We’ve made some “estimates”
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Dealing with Newtonian noise

• Can’t shield 

• Wiener filter? 

• Budget? 

• Site selection?

 41



Wiener filter
• Coughlin + Harms 

• Results for “cleaning” seismometer data using other seismometers is 
impressive 

• Goal is to eventually use something like this for NN 

• Geophone array and tilt-meters are installed at Virgo for explicit testing 
once we start to measure NN 

• Might be difficult because filters likely need to change as a function of time 

• Kalman filter? 

• Adaptive filter?

 42



Wiener filter results
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Recap
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Seismology sidetracks
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(i, ↵) and (j, �) for di↵erent basis vectors a of a given mode of the seismic field m and

polarization, A, as

�
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m,a,A
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Z
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e
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The value of � is di↵erent for each seismic wave direction, each set of channels, and each

frequency. It is a property of the geometry of our array.

6.4.2 Rayleigh wave formalism

In the case of Rayleigh waves we can write down the plane-wave expansion in a similar

fashion to the body waves. However, surface waves are attenuated with depth and the

relative amplitude and phase between vertical and horizontal components of Rayleigh

waves can also depend on depth. We write the plane-wave expansion for Rayleigh waves

in terms of two functions, rV (z) and rH(z), which define the fundamental Rayleigh wave

eigenfunction. These are real quantities that we measure and discuss in section 6.3.1.

The plane-wave expansion in terms of these new functions is then
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Note that the factor of e
�i⇡/2 imposes the retrograde motion that is characteristic of

Rayleigh waves, and the sign between the two functions comes about because of the

sign convention used when we defined rH(z) and rV (z) in equation (6.22). In this case,

⌦̂ is assumed to be confined to the East/West/North/South plane. We can carry out a

calculation similar to the one done in the previous section and find the overlap reduction

functions for Rayleigh waves
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Because the functions rH(z) and rV (z) are normalized such that rH(0) = 1, the in-

terpretation of the R-wave maps should be that they represent the radial amplitude

community [214]Govern how R-wave amp 
 fall with depth 

(measured later)

REMEMBER THIS?!



Seismology sidetracks
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Because the functions rH(z) and rV (z) are normalized such that rH(0) = 1, the in-

terpretation of the R-wave maps should be that they represent the radial amplitude

community [214]Govern how R-wave amp 
 fall with depth 

(measured later)

REMEMBER THIS?!

“Rayleigh-wave eigenfunctions”



Surface-wave eigenfunctions

• Two types of surface waves — “Rayleigh” and “Love” 
• Rayleigh—  

• superposition of P- and S-waves 
• Travel along surface 
• Elliptical particle motion

 47



Surface-wave eigenfunctions

• Two types of surface waves — “Rayleigh” and “Love” 
• Love— 

• Superposition of *multiply reflected S-waves* 
• Needs S-wave velocity profile that increases with depth 
• S-waves get refracted in this profile, turn around, and 

reflect off of the surface again 

• Both types of surface wave have amplitudes that fall off with 
depth (“surface-wave eigenfunctions”)

 48



Homestake is special

• There are not many 3D arrays 

• There are borehole arrays — usually smaller scale, often use 
single-component sensors 

• Usually experiments are confined to the surface 

• With Homestake we can *explicitly* measure how 
amplitude changes with depth for these waves — not 
something that has been done before

 49



Measuring eigenfunctions
• Use the amplitude of the Rayleigh-wave part of a signal from 

mine blasts

 50
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Two fits — theoretical and empirical

• On the results plot there are data points and two fits 

• FIT 1 — fits theory to the data points 

• Assume S-waves have a velocity depth profile that goes like 
a power law 

• This gives a functional form for R and L-wave 
eigenfunctions with some (frequency independent) free 
parameters 

• We fit those free parameters using a nested sampling 
technique

 52
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Two fits — theoretical and empirical

• On the results plot there are data points and two fits 

• “FIT” 2 — independent analysis that produces results based 
on a model 

• Assume S-waves have a velocity depth profile that goes like 
a power law 

• Use velocity dispersion of R- and L-waves to infer an S-wave 
velocity depth profile 

• Use this inferred velocity depth profile to estimate the R 
and L-wave eigenfunctions
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Dispersion + Depth profile estimates
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Conclusions 
seismology

• Useful verification of a classical seismological result 

• Result of cross-disciplinary cooperation 

• This project likely doesn’t happen without GW application 

• Seismological applications make it very compelling as a 
project with several purposes
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Conclusions 
General

• Lower frequencies —> interesting GW sources, cosmology, and 
astrophysics 

• Newtonian noise will likely be an issue 

• Initial estimates of NN from seismology indicate it could 
potentially be an issue 

• Interesting cross-disciplinary work comes out as a natural 
byproduct of working on areas of mutual interest
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SGWB searches 
Isotropic

• We construct an estimator for the energy density in each small 
frequency bin (and its variance):

 60

Power spectral 
density of the 
noise in each 
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Assuming signal << typical noise level in the detector…
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SGWB Sources
• Largest contribution: unresolved compact binary mergers 

• ~15 binary neutron stars in LIGO frequency band at any one time 
• 1 binary black hole coalescence every ~250 s

 61

Abbott, B. P., et al. (2018).  Phys Rev Lett, 120(9), 091101. http://doi.org/10.1103/PhysRevLett.120.091101

NOTE: Rough estimates

http://doi.org/10.1103/PhysRevLett.120.091101
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Abbott, B. P., et al. (2018).  Phys Rev Lett, 
120(9), 091101. http://doi.org/10.1103/
PhysRevLett.120.091101

cosmological parameters obtained from the latest Planck
satellite data release [13].
In the following sections, we combine observational

constraints spanning 29 orders of magnitude in frequency
to derive stringent constraints on backgrounds with a
nonzero spectral index nt. Figure 1 highlights the key
idea: we show the current best upper limits onΩGWðfÞ, and
a series of curves given by Eq. (4) that are constrained by
these limits. Starting from the lowest frequency limits, we
summarize current upper limits before combining them to
derive joint constraints.
Note that, in evaluating the observed GW spectrum, we

neglect the effects of neutrino free streaming [38] and phase
transitions occurring in the early Universe [35]. As shown
in Refs. [35,38,39], the free streaming of neutrinos and
phase transitions during the very early Universe lead to a
suppression of ΩGW by a factor of ∼1=2–1=3 for PTA and
LIGO frequencies. However, because of the large lever arm
between the frequencies probed by these detection methods
and the CMB, including this suppression in the analysis
changes our constraints on nt by only a few percent. We
therefore neglect these effects in our analysis.
Three recent papers have presented combined constraints

on nt and r using some combination of CMB, LIGO, and
PTA data [30,39,40]. Huang and Wang [40] presented
their analysis soon after the original BICEP2 results were
reported [41,42] and, as such, focused on the fact that those

data preferred a slightly positive blue tilt for the tensor
power spectrum, which resulted from the inconsistency
between the original BICEP2 data and Planck observations.
On the other hand, Liu et al. [39] presented constraints
from only CMB and PTA data, but focused on what a
positive detection could do for our understanding of the
early-Universe equation of state, cosmic phase transitions,
and relativistic free streaming.
Our analysis improves on those of Refs. [30,39,40] in a

number of significant ways. First, we include the indirect
GW constraints in a self-consistent way, which allows us to
compare integral and nonintegral constraints with varying
spectral indices (see Sec. II D). Second, we present a new
analysis of Parkes Pulsar Timing Array (PPTA) data [43]
that give the best limit on ΩGWðfÞ in the PTA band by a
factor of 4 over previous published results. Finally, we
provide our own analysis of the raw PPTA time-of-arrival
data to allow for varying spectral indices, instead of
assuming a constant nt for PTA observations taken from
older PPTA analyses as is done in Refs. [30,39].

A. CMB intensity and polarization

Primordial GWs imprint a characteristic signal onto the
intensity and polarization of the CMB that can be measured
by ground-based and space-borne observatories. A joint
analysis [13,42] of Planck satellite and BICEP2 and Keck

FIG. 1. Experimental constraints on ΩGWðfÞ. The black star is the current Parkes Pulsar Timing Array (PPTA) upper limit and all
black curves and data points are current 95% confidence upper limits. The gray curve and triangle are, respectively, the predicted aLIGO
sensitivity and PPTA sensitivity with 5 more years of data. The indirect GW limits are from CMB temperature and polarization power
spectra, lensing, BAOs, and BBN. Models predicting a power-law spectrum that intersect with an observational constraint are ruled out
at > 95% confidence. We show five predictions for the GW background, each with r ¼ 0.11, and with nt ¼ 0.68(orange curve),
nt ¼ 0.54(blue curve), nt ¼ 0.36 (red curve), nt ¼ 0.34(magenta curve), and the consistency relation, nt ¼ −r=8(green curve),
corresponding to minimal inflation.

PAUL D. LASKY et al. PHYS. REV. X 6, 011035 (2016)

011035-4

Lasky, P. D., et al. (2016). 
PHYSICAL REVIEW X, 6(1), 

11035. https://doi.org/
10.1103/PhysRevX.6.011035
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signal gain in the interferometer, the radiation pressure noise is reduced (both relative to 1/L). 
A hidden dependence which is not included in equation (2) is the dependence of the mirror 
mass mTM on length; longer interferometers generally have larger beams and thus require 
larger and more massive mirrors.

There are several areas of R&D which will determine the quantum noise in future detec-
tors. The most immediate among these is work into increasing the measured squeezing levels 
[44–53]. Prototyping of the alternative configurations to demonstrate suppression of quantum 
radiation-pressure noise at low frequencies [54], and to investigate the influence of imperfec-
tions on this ability [55], is also on-going. Less easily explored in tabletop experiments, but 
equally relevant, are thermal compensation [56], alignment control [57 , 58] and parametric 
instabilities [59–62], which determine the maximum power level that can be used in an inter-
ferometer. Finally, the ability to produce and suspend large mirrors will be necessary for any 
next generation GW detector [18, 63], and will have a beneficial impact on low-frequency 
quantum noise.

2.2. Coating thermal noise

Coating thermal noise (CTN) is a determining factor in GW interferometer designs; in current 
(second generation) GW detectors, CTN equals quantum noise in the most sensitive and most 
astrophysically interesting part of the detection band around 100 Hz [29, 64, 65].

Holding all else constant, CTN scales as
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× −
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Table 1. Parameters used to produce the Cosmic Explorer (CE) target curve. The CE 
pessimistic and Einstein telescope, high- and low-frequency (HF and LF) parameters 
are included for comparison.

CE CE pess ET-D (HF) ET-D (LF)

Larm 40 km 40 km 10 km 10 km
Parm 2 MW 1.4 MW 3 MW 18kW
λ 1550 nm 1064 nm 1064 nm 1550 nm
rsqz 3 3 3 3
mTM 320 kg 320 kg 200 kg 200 kg
rbeam 14 cm 12 cm 9 cm 7  cm (LG33)
T 123 K 290 K 290 K 10 K
φeff × −5 10 5 × −1.2 10 4 × −1.2 10 4 × −1.3 10 4

Table 2. Approximate values and frequency dependence for the Cosmic Explorer (CE) 
target curve using parameters in table 1. The frequency dependence for quantum noise 
given here is simplified and does not account for the details of frequency dependent 
squeezing [42]. All of these approximations fail when the frequency of the gravitational 
wave becomes comparable to the interferometer free-spectral-range (i.e. when 

/∼f c L2 arm, or  !f 3750 Hz for  =L 40 kmarm ).

h0 shot ≃   (  /    )× +− f1.7 10 1 400 Hz25 2

h0 RPN ≃  (    /  )× − f2.3 10 10 Hz25 2

h0 CTN ≃      /   × − f6.0 10 20 Hz26

h0 gas ≃ × −5.4 10 26

B P Abbott et alClass. Quantum Grav. 34 (2017) 044001

Abbott, B. P.,  et al. (2017). 34(4), 44001. https://doi.org/10.1088/1361-6382/aa51f4



LIGO Noise Curve

• Seismic noise — moving 
platforms that hold suspensions 

• Angular controls — controlling 
angular degrees of freedom of 
mirrors 

• Quantum noise — radiation 
pressure
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(a) LIGO Livingston Observatory

(b) LIGO Hanford Observatory

FIG. 5. Noise budget plots for the gravitational wave channels
of the two LIGO detectors. The strain sensitivities are sim-
ilar between the two sites. Plot (a) shows the low-frequency
curves for L1, whereas Plot (b) shows the high-frequency
curves for H1 detector. Quantum noise is the sum of the
quantum radiation pressure noise and shot noise. Dark noise
refers to electronic noise in the signal chain with no light in-
cident on the readout photodetectors. Thermal noise is the
sum of suspension and coating thermal noises. Gas noise is
the sum of squeezed film damping and beam tube gas phase
noises. The coupling of the residual motion of the Michelson
(MICH) and signal recycling cavity (SRCL) degrees of free-
dom to gravitational wave channel is reduced by a feedforward
cancellation technique. At low frequencies, there is currently
a significant gap between the measured strain noise and the
root-square sum of investigated noises. At high frequencies,
the sensitivity is limited by shot noise and input beam jitter.

and alignment purposes. These very narrow lines are eas-
ily excluded from the data analysis, while the broadband
noise inevitably limits the instrument sensitivity. The
latter is therefore a more important topic of investiga-
tion.

A. Seismic and thermal noises

Below 10Hz, there is significant displacement noise
from residual seismic motion. On average, at both
the Livingston and Hanford sites, the ground moves by
⇠ 10�9 m/

p
Hz at 10Hz—ten orders of magnitude larger

than the Advanced LIGO target sensitivity at this fre-
quency. To address this di↵erence, seismic noise is fil-
tered using a combination of passive and active stages.
The test masses are suspended from quadruple pendu-
lums [25]. These passive filters have resonances as low
as 0.4Hz and provide isolation as 1/f8 in the detection
bandwidth. The pendulums are mounted on multistage
active platforms [41, 42]. These systems use very-low-
noise inertial sensors to provide the required isolation
in the detection band and at lower frequencies (below
10Hz). This isolation is crucial for bringing the interfer-
ometer into the linear regime and allowing the longitu-
dinal control system to maintain it on resonance. The
active platforms combine feedback and feedforward con-
trol to provide one order of magnitude of isolation at
the microseism frequencies (around 0.1 Hz) and three or-
ders of magnitude between 1Hz and 10Hz. Most of the
suspension resonances are located in this band, where
ground excitation from anthropogenic noise and wind is
significant.
Fluctuations of local gravity fields around the test

masses—caused by ground motion and vibrations of the
buildings, chambers, and concrete floor—also couple to
the gravitational wave channel as force noise [43] (grav-
ity gradient noise). The coupling to the di↵erential arm
length displacement is given by

L(f) = 2
Ngrav(f)

(2⇡f)2

Ngrav(f) = �G⇢Nsei(f),

(8)

where Ngrav is the fluctuation of the local gravity field
projected on the arm cavity axis, the factor of 2 ac-
counts for the incoherent sum of noises from the four test
masses, G is the gravitational constant, ⇢ ' 1800 kg m�3

is the ground density near the mirror, � ' 10 is a geo-
metric factor, and Nsei is the seismic motion near the
test mass. Since the ground near the test masses moves
by ' 10�9m/

p
Hz at 10Hz, local gravity fluctuations at

this frequency are Ngrav ⇡ 10�15m s�2/
p
Hz and the to-

tal noise coupled into the gravitational wave channel at
10Hz is L ⇡ 5⇥ 10�19 m/

p
Hz. Gravity gradient noise is

one of the limiting noise sources of the Advanced LIGO
design in the frequency range 10–20Hz. However, the
typical sensitivity measured during O1 is still far from
this limitation.
Thermal noises arise from finite losses present in me-

chanical systems and couple to the gravitational wave
channel as displacement noises. Several sources of ther-
mal noise can be identified. Suspension thermal noise [45]
causes motion of the test masses due to thermal vibra-
tions of the suspension fibers. Coating Brownian noise

Low Frequency Noise:

Martynov, D. V., et al. (2016). Phys. Rev. D, 
93(11), 433. http://doi.org/10.1103/
PhysRevD.93.112004


