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Abstract
The second generation of gravitational-wave (GW) detectors are being built 
and tuned all over the world. The detection of signals from binary black holes 
is beginning to fulfil the promise of GW astronomy. In this work, we examine 
several possible configurations for third-generation laser interferometers in 
existing km-scale facilities. We propose a set of astrophysically motivated 
metrics to evaluate detector performance. We measure the impact of detector 
design choices against these metrics, providing a quantitative cost-benefit 
analyses of the resulting scientific payoffs.
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1.  Introduction

The recent detections of gravitational-wave (GW) signals from merging binary black holes 
(BHs) and neutron stars are beginning to fulfil the promise of GW astronomy. The Advanced 
LIGO detectors observed GW from a coalescences of two  ∼30M� binary BHs on 14 
September, 2015 [1]. Further observations of binary black mergers [2] and a binary neutron 
star merger [3] followed during the first two observing runs. The two Advanced LIGO detec-
tors in the U.S. and the Virgo detector in Italy are gradually approaching their design sensitiv-
ity, the KAGRA detector in Japan is coming on-line, and the third LIGO interferometer in 
India is expected to join the world-wide network around 2025.

Within the LIGO Scientific Collaboration (LSC), the Interferometer Working Groups have 
identified a set of design concepts for the next generation of interferometer (known as LIGO 
Voyager) in publicly available technical documents [4, 5] and a manuscript in preparation [6]. 
It is expected that the following decades would see the development of new facilities support-
ing the proposed Einstein telescope [7] and/or Cosmic explorer [8] observatories.

In this work, we use the recently generated sensitivity curves to make quantitative estimates 
of the scientific potential of LIGO Voyager. In particular, we construct a Jacobian (see tables 2 
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and 3), which relates the scientific outputs with changes to the interferometer’s parameters. 
This Jacobian will help to make design trade-offs as the LIGO Voyager design moves forward.

In section 2, the design parameters of the interferometer are explained and the sensitivity 
curves shown. In section 3, the astrophysical sources behind the Jacobian are introduced and 
the scientific metrics which form the rows of the Jacobian are described. The rest of the article 
describes the scientific targets from the various astrophysical sources.

2.  Interferometer design

The output of a workshop in January 2012 was a set of Strawman designs for a third generation 
LIGO [4] which have been iterated as new understanding arises. The three (Red, Green, and 
Blue) design teams worked to come up with separate designs for an interferometer that could 
be installed in the existing LIGO facilities without major facility modifications (i.e. keeping 
the same arm lengths, no modification of the 4 km beam tubes, etc). Extra vacuum chambers, 
tubes, cryogenic equipment, and other vacuum equipment modifications were allowed for the 
purpose of this exercise.

Within most of this document we only consider the Red and Blue designs. In particular, for 
the Jacobian table, we use the Blue design as the point of departure. However, as can be seen 
from figure 1, the two designs are similar enough that this does not change the result too much. 
Throughout section 3.1.1, all three design concepts are used to estimate scientific potential.

2.1.  Sensitivity limits of second generation detectors

The second generation interferometers (Advanced LIGO, Advanced Virgo and KAGRA) all 
have similar noise limits. Figure 1 shows the estimated strain spectral density curves. The 
differences between the LIGO, Virgo and KAGRA curves below 40 Hz arise from some 
uncertainty in the estimation of the true suspension thermal noise [9, 10] as well inherent 
differences in the baseline interferometer configurations chosen for the Virgo and KAGRA 
curves: the detuning leads to better sensitivity around 100 Hz, but worse quantum noise per-
formance at lower and higher frequencies. Note that these are just calculated noise curves and 
the true noise performance [11] of all detectors is likely to exceed these optimistic estimates 
in a few frequency bands.

2.2.  Design choices

In order to facilitate quantitative design choices, we have constructed the astrophysics and 
cosmology detector Jacobian tables  and discuss the impact of various design changes on 
astrophysical and cosmological science goals in section  3. The columns in the Jacobian 
tables correspond to different interferometer design choices, while rows correspond to differ-
ent astrophysical figures of merit.

In all cases, the major cost is not monetary, rather it is the time spent in the installation and 
commissioning of these upgrades which must be considered when making the cost-benefit 
analysis of making the changes.

Here, we briefly describe the various columns in the detector Jacobians, which are illus-
trated in figures 2 and 3:

	 •	�NN: Fluctuations in the local Newtonian gravity field produce accelerations of the test 
mass which mask low frequency GW signals [13]. Reduction of this noise will require the 
expansion and improvement of the seismometer array used to estimate and subtract this 
noise offline.

R X Adhikari et alClass. Quantum Grav. 36 (2019) 245010
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	 •	�SEI: The motion of mirrors due to seismic disturbances in the 5–50 Hz band may be due 
to vibrations of the ground or the internal noise of the active seismic isolation systems 
[14]. Factors of a few reduction are possible using some few years of work on improving 
seismic sensors or redesigning the suspension configuration.

	 •	�SUS: The Brownian thermal noise of the mirror suspenion fibers is as significant at low 
frequencies as the seismic and gravity noise. Further development in suspension design 
[15] and materials science may lead to incremental progress in this band.

	 •	�SPOT/CTN: The limit to the interferometer sensitivity near 100 Hz is the Brownian 
thermal noise in the mirror coatings [16] for several different interferometer concepts. 
The power spectrum of this noise scales inversely with the mechanical quality factor Q of 
the coating; it also scales inversely with the laser beam diameter.

	 •	�SQZ: Increasing the amount of squeezing delivered to the interferometer results in a 
broadband reduction of the quantum noise (both radiation pressure and shot noise). For 
technical reasons [17], this may have some frequency dependence but for the purposes of 
this analysis, we assume the naive broadband improvement.

	 •	�POW: Increasing the laser power mainly increases the low frequency radiation pressure 
noise and reduces the high frequency shot noise. When changing this parameter for the 
Jacobian table, we do not consider the thermal wavefront distortion effects due to the 
increased heat load on the mirrors.

	 •	�FCL: Increasing the length of the optical filter cavity [18], which is used to rotate the 
squeezing quadrature, reduces the degradation of the squeezed light which is injected into 
the interferometer dark port, and thereby improves the broadband sensitivity.

	 •	�MASS: A relatively simple way to reduce the quantum backaction noise (i.e. quantum 
radiation pressure) is to increase the mirror mass. In this column of the Jacobian, we do 
not consider the effects of increased mass on the suspension thermal noise.
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Figure 1.  Shown are the strain noise spectral density estimates for first, second, and 
third generation detectors. The Blue (Voyager) LIGO Voyager design is shown here as 
well as the ET-D sensitivity estimate.
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3.  Astrophysical metrics

The main aim of this paper is to introduce a number of metrics to quantify the ability of the 
LIGO Voyager detectors to perform various astrophysical measurements, and study the varia-
tion of these figures of merit with respect to changes in different design parameters of the 
detector. Here we provide a brief overview of the astrophysical science that can be potentially 
performed by these detectors and to discuss figures of metrics related to these astrophysical 
measurements.

3.1.  Astrophysics with compact binary coalescence

Binaries of compact objects (BHs or neutron stars) can be produced in a number of astrophysi-
cal scenarios (see [19–22] for overviews). Once formed, they will radiate GWs, gradually 
shrinking the orbit through an inspiral that ends with the objects merging, then settling down 
into a spinning compact object. GWs emitted during the coalescence of binaries consisting 
of neutrons stars (NSs) and/or BHs (BHs, in the mass range from a few to 103M�) can be 
detected by ground-based GW observatories.

NS–NS and NS-BH binaries are typically expected to form through the evolution of iso-
lated field binaries. An isolated binary composed of two main-sequence stars undergoes an 
evolution that involves several mass-transfer phases, possibly a common-envelope phase, and 
two core-collapse events of the binary’s components. A review of the process, including the 
possible orderings of this sequence, is given in [23–25]. Occasionally, this process leaves 
behind a binary that is sufficiently compact to merge in a Hubble time through radiation reac-
tion from GW emission (see [26–30]).

BH–BH binaries such as those responsible for the GW150914 event can evolve through 
isolated binary evolution as described above (e.g. [31–34]), but could also be formed via 
chemically homogeneous evolution [35, 36], from primordial BHs [37, 38], or dynamically 
in dense stellar environments, such as globular clusters or nuclear clusters in galaxies (e.g. 
[39–41]). There, a combination of three-body and four-body interactions, direct two-body 
capture, Kozai resonance and other dynamical effects can lead to the formation of coalesc-
ing binary BHs. These dynamical capture mechanisms could also drive mergers involving 
intermediate-mass BHs (IMBHs), which are discussed in more detail in section 3.1.2. The 
predicted merger rate for compact object binaries was uncertain, with plausible ranges span-
ning three orders of magnitude before the first GW detections [42]. LIGO observations have 
made it possible to constrain the binary black hole (BH) merger rate to a range spanning a 
factor of  ∼10 [2].

The inspiral enters the detector’s band when the orbital decay progresses to the point that 
the GW frequency (twice the orbital frequency for a circular system) is above the low fre-
quency seismic ‘wall’. As shown in figure  4, NS–NS waveforms will remain in band for 
many minutes with a low-frequency cut-off at 10 Hz, though most of the signal-to-noise ratio 
(SNR) and bandwidth, which enable detection and parameter estimation, lie in the final sec-
onds before merger (see section 3.1.1 for a more detailed discussion). Binaries with a neutron 
star contain matter that can be ejected and fuel an electromagnetic (EM) counterpart, though 
potentially BH–BH binaries might also excite ambient material to become luminous. The 
discovery of an EM counterpart to the double neutron star merger GW170817 [43] led to an 
unprecedented observing campaign spanning all wavelengths, answering a number of long-
standing questions, and posing a host of new ones.

R X Adhikari et alClass. Quantum Grav. 36 (2019) 245010
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3.1.1.  Binary parameters and populations.  GW observations of compact binary systems pro-
vide a great deal of information about the component objects as well as the populations of NSs 
and BHs in the Universe. The analysis of individual detections yields the masses and spins of 
the compact objects involved [44–46]. The distribution of these parameters in the population, 
along with the overall merger rates, will give critical insights into the processes that govern 
binary evolution. These include mass transfer in progenitors of compact binaries, supernova 
kicks, the efficiency of common-envelope ejection, and the dominant processes governing 
dynamical binary formation in dense stellar environments (e.g. 19, 24, 47, and references 
therein).

Extracting this information will require a solution to the inverse problem of GW astrophys-
ics: reconstructing the astrophysics from a collection of GW detections of coalescing binaries. 
This can be accomplished by a combination of two techniques: comparing observed distri-
butions against modeled distributions predicted by population-synthesis simulations under a 
variety of assumptions (e.g. [48–50]); or model-independent efforts to distinguish subpopula-
tions, such as those of dynamically formed black-hole binaries and evolved isolated binaries 
(e.g. [51–54]).

For either approach, both source statistics and accurate estimates of the parameters of indi-
vidual systems will be required. Here, we use the maximum (horizon) redshift at which a sin-
gle detector could observe an optimally oriented, overhead source as a proxy for the amount 
of astrophysical knowledge that can be gained. Greater horizon redshifts increase the overall 
number of detections and make it possible to probe the evolution of merger rates and mass 
distributions with redshift; they also imply greater local sensitivity, increasing the number of 
high-SNR detections, where inference on component masses and spins will be most accurate.

LIGO Voyager in any incarnation will have sensitivity to binary mergers at cosmological 
distances. For NS–NS binaries, the horizon redshift approaches z ≈ 0.5, rising to z ≈ 7 for 
BH–BH binaries with 30M� components. Hundreds or thousands of detections will allow 
us to precisely characterize the long-sought NS equation  of state (EOS) [55] and NS and 
BH mass and spin distributions in merging binaries. The EOS measurement requires high-
frequency sensitivity individually, but benefits also from a greater number of detections (see 
section 3.3). Some of these signals are illustrated in figure 5.
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Figure 2.  The Advanced LIGO [11] noise budget, computed using GWINC (120418).
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As mentioned earlier, multi-messenger observations are particularly exciting. These asso-
ciate GWs from binary coalescences with coincident observations of the EM merger signa-
tures, including detections with radio, optical, x-ray and gamma-ray telescopes, and low- and 
high-energy neutrino detectors. For example, observations accompanying GW170817 have 
firmly established the relationship between gamma ray bursts (GRBs) and compact binary 
coalescences involving NSs [56].

The intriguing prospect of early-warning detection [57] is primarily dependent on low-
frequency sensitivity to accumulate SNR in the early part of the inspiral. We characterize 
early-warning detection with tearly, the time before coalescence at which a once-a-year event 
will accumulate SNR of 8 (optimally oriented binary, single detector). The SNR and sky 

Figure 3.  LIGO Voyager strain noise budget. Also shown are the Adv. LIGO design 
[11] and LIGO upgrade (a.k.a. A+) [12] noise curves. Comparison of interferometer 
physical parameters given in appendix B.

Figure 4.  Time until merger, ‘chirp length’, versus start frequency for NS/NS, NS/BH, 
and BH/BH systems.

R X Adhikari et alClass. Quantum Grav. 36 (2019) 245010
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localization accuracy as functions of time before merger are depicted in figure 6. Cosmological 
volume corrections have been taken into account, but the NS–NS merger rate is held constant 
at a fiducial value.

3.1.2.  Intermediate mass BHs.  The evidence for the existence of intermediate-mass BHs 
(IMBHs) in the 102–104 M� mass range is still inconclusive at present. Attempts to look for 
EM signatures are hampered by the small dynamical footprint of low-mass IMBHs and the 
difficulty of associating phenomena such as ultraluminous x-ray sources specifically with 
IMBHs (see [58] for a review). On the other hand, a handful of promising sources have been 
observed (e.g. [59]), and multiple formation scenarios have been proposed—though none 
without problems (see the introduction of [60] for a brief review). Thus, GW observations of 
compact objects in this mass range, which would be enabled by a future detector with good 
low-frequency sensitivity, could yield the first definitive proof of IMBH existence at the low 
end of the IMBH mass range [61]. Such measurements could also answer outstanding ques-
tions about the dynamics of globular clusters and about the formation history of today’s mas-
sive BHs [62].

In general, three types of GW signatures of binary coalescences involving IMBHs can be 
detected by upgraded detectors:

	 •	�Intermediate-mass-ratio inspirals: If a reasonable fraction of globular clusters host 
IMBHs in the 100–1000 M� range, there is a good possibility of being able to detect 
intermediate-mass-ratio inspirals (IMRIs) of stellar-mass compact objects (NSs or BHs) 
into IMBHs. The dominant mechanism is likely to be the successive hardening of a binary 
involving an IMBH and a compact object by three-body interactions, until it can merge 
through GW radiation reaction [63–65]. Although IMBH occupation fractions in globular 
clusters are highly uncertain, we could assume that 10% of globular clusters host an 
IMBH in a suitable mass range. Globular clusters have a comoving density of 0.3Mpc−3. 
We use the fiducial values of 0.5 M� for interloper mass in 3-body interactions, 105.5 pc−3 
for the stellar density and 10 km s−1 for the velocity dispersion. The merger rate depends 
on the component masses; it is 1/Tm, where the merger time scale is

Tm ≈ 3× 108
(

m
M�

)−0.2 ( M
100M�

)−0.4

yr.

		 M is the IMBH mass, and m is the inspiraling compact object mass. We can assume that 
M is distributed from 100–1000 M� with p(M) ∝ M−2, and m is uniformly distributed 
from 1.2–12 M�.

	 •	�IMBH binaries in stellar clusters: If a young dense stellar cluster has a sufficiently high 
binary fraction, and the deep core collapse timescale is sufficiently short, an IMBH–
IMBH binary could form via the collisional runaway scenario [66]. IMBH binaries could 
also form through the collision of two globular clusters, each containing an IMBH [67]. 
Estimates of the rates and mass distributions of these processes is highly uncertain, but a 
plausible framework for doing so is provided in section 3.2 of [62].

	 •	�Low-mass MBH seeds: According to hierarchical models of massive BH formation 
[68], today’s massive BHs are the product of multiple mergers and accretion episodes, 
starting with light seeds of  ∼100 or a few hundred solar masses, possibly arising from 
the direct collapse of population III stars. If so, it may be possible to directly detect 
the first mergers of these low-mass seeds at redshifts of 10 or 15, thereby testing these 
predictions [69, 70].

R X Adhikari et alClass. Quantum Grav. 36 (2019) 245010
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3.1.3. Testing general relativity.  GWs from compact-binary mergers will provide a unique 
probe of strong-field dynamics [71, 72]. LIGO’s first observations of GWs from binary BHs 
have already allowed made it possible perform the first tests of general relativity (GR) in the 
highly relativistic strong-field regime [73]. LIGO Voyager instruments will allow us to signifi-
cantly improve the precision of such tests.

Speed of propagation of GWs from joint GW-EM observations.  According to GR, GWs travel 
at the speed of light, c. In other theories, the speed vg of propagation of GWs could be differ-
ent [74]. Coincident observation of EM and GW signals from astrophysical sources such as 
GRBs or core-collapse supernovae make it possible to measure the time-delay ∆ta between 

Figure 5.  Baseline detector noise spectra compared with selected astrophysical sources.

Figure 6.  NS–NS early warning performance. Left: NS–NS detection rate per year 
(SNR  =  8) at times before merger, for an arbitrary reference merger rate density. Right: 
the evolving sky localization estimate at times before merger. For each detector, there are 
curves for two systems whose final amplitudes are set by their detection rates, labeled 
on the right. This plot assumes HLV as sites, but identical (LIGO) detectors. The thick 
dots in the upper left indicate when SNR = 8 is accumulated. The red, green and blue 
curves are the respective LIGO Voyager designs while the dashed line is aLIGO.

R X Adhikari et alClass. Quantum Grav. 36 (2019) 245010
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the EM and GW signals, and thus to constrain the speed of GWs. For the case of a source 
located at a distance D,

1−
vg
c

� c∆t
D

; ∆t = ∆ta − [(1+ z)∆ts]� (1)

where ∆ts is the time-delay between the GW and EM emissions at the source and z the cos-
mological red shift.

The most promising astrophysical sources for this test are short-hard GRBs [56]. It can 
be seen from equation (1) that the sensitivity of this test is proportional to the distance to the 
source, and the best bound is provided by sources located at the horizon distance of the detec-
tor. The precise bound that we can place on vg depends on the the time delay ∆ts at the source, 
which is currently uncertain. Hence we use the horizon distance at which a double neutron star 
inspiral (m1 = m2 = 1.4M�) can be detected with an optimal SNR of 8 as a figure of merit 
for this measurement.

Mass of the graviton from joint GW-EM observations.  One particular scenario in which the 
speed of GWs vg could differ from c is in the case of graviton having a non-zero rest mass. This 
is characterized by the dispersion relation v2g/c2 = 1− m2

g c
4/E2

g, where mg is the rest mass 
and Eg ≡ 2π�fGW  the rest energy of the graviton with frequency fGW, � being the reduced 
Planck constant [75]. From this dispersion relation and using equation (1), a lower bound on 
the Compton wavelength λg = 2π�/mgc (or, an upper bound on the mass mg of the graviton) 
can be inferred from joint GW-EM measurements:

λg �

[
Dc

2∆tf 2GW

]1/2
.� (2)

It can be seen that the best bound is provided by distant sources. Here we also use the horizon 
distance to a double neutron star inspiral (m1 = m2 = 1.4M�) as a figure of merit for this 
measurement.

Mass of the graviton from GW observations of CBCs.  CBC observations also make it pos-
sible to estimate the mass of the graviton even in the absence of an EM counterpart. In the case 
of CBCs, the GW frequency sweeps from lower to higher frequencies. If the graviton is mas-
sive, different frequency components travel with different speeds, causing a distortion in the 
observed waveform [75]. In particular, the observed GW phase Ψ( f ) in the frequency domain 
will be deviated from the phase ΨGR( f ) predicted by GR:

Ψ( f ) = ΨGR( f )−
πD

λ2
g(1+ z)

f−1,� (3)

where λg ≡ h/mgc is the Compton wavelength of the graviton. LIGO’s first observation of a 
binary BH system has provided one of the best lower bound on λg ∼ 1013 km [76]. Here we 
use the expected lower bound on λg from the observation of a binary BH system with param
eters similar to the first LIGO event (m1 = m2 = 30M�, located at a distance of 500 Mpc) 
as the figure of merit. The bounds reported in table 1 are computed using the Fisher matrix 
formalism, outlined in [77].

Decay of GWs during propagation.  If GWs decay during propagation (apart from the 
expected 1/r falloff; e.g. due to dissipation), distant sources would appear to be systemati-
cally dimmer. The detection of this requires a population of coincident GW+EM observations 
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with redshift z estimation (say, from the merger binary neutron stars). Then we could look for 
a systematic suppression of GW amplitude for higher-z sources. The sensitivity of this test 
would be proportional to the distance traveled by the GWs. Assuming that the redshift can 
be accurately estimated for sources located at arbitrary distances, the relevant figure of merit 
for GW detectors is simply the horizon distance. We take the horizon distance (SNR of 8) to 
non-spinning binary neutron star inspirals with m1 = m2 = 1.4M� as the figure of merit for 
this test.

Parametrized deviations from post-Newtonian (PN) theory.  Here we introduce parametrized 
deviations from GR in the inspiral waveforms computed using the PN approxmation to GR, 
and examine our ability to constrain these deviations from the data. Consistency with their GR 
values is a null-hypothesis test of relativity [78–80].

The frequency domain phase of the PN waveforms can be written as:

Ψ( f ) = 2πft0 + φ0 +

7∑
k=0

(ψk + ψL
k ln f ) f

(k−5)/3,� (4)

where ψk and ψL
k  are the PN coefficients of the phase at order k/2 PN. We introduce deviations 

in the PN coefficients in the following way:

ψk → ψk +∆χk, ψL
k → ψL

k +∆χL
k ,� (5)

where ∆χk and ∆χL
k  are zero in GR. For a non-spinning binary, the waveform 

h( f ) = A( f ) exp[i Ψ( f )] depends on the intrinsic binary parameters m1,m2, the extrin-
sic parameters t0,φ0,D and the deviation parameters ∆χk,∆χL

k . We deform the GR wave-
form by introducing one deviation parameter at a time and compute the expected constraint 
on this from the Cramér–Rao bound, from an archetypal binary neutron star system with 
m1 = m2 = 1.4M� located at a distance of 500 Mpc. The 1σ errors in estimating the deviation 
parameter ∆χ7 at 3.5PN order, as a fraction of the known value ψ7 of the 3.5PN term in GR, 
are given in table 1.

Detecting the tails.  The backscattering of gravitational waves emitted by the binary’s own 
gravitational field [81, 82] are known as tails. In a PN expansion, this effect appears first in 
the 1.5 PN phasing coefficient. The figure of merit will be our estimation error for this coef-
ficient (that is, ∆χ3 as defined in the previous section) from a double neutron star system 
(m1 = m2 = 1.4M�) located at 500 Mpc.

Detecting the memory effect.  The memory wave can be viewed as the gravitational effect of 
the stress–energy carried by previously emitted waves (Christodoulou, or nonlinear memory) 
with a contribution from the final momentum distribution of the binary (linear memory, e.g. 
due to kick) [83–86]. The ramping up of the memory wave may be a measurable [87–90] test 
of GR. Let us provide a simple estimate of this effect, by writing

hmem(t) ∝ R2

M

∫ t

−∞
ḣ2(t′)dt′.� (6)

Here h is the leading gravitational waveform, while hmem is the nonlinear memory effect gen-
erated by the stress–energy associated with h. We note that hmem is mostly a slowly increasing 
function of time, except during the merger process. We can use the SNR for hmem as the FOM 
for detecting the memory effect. We choose a fiducial BBH of (30+ 30)M� at 500 Mpc as 
representative for this FOM.
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Table 1.  Tabulated comparison of next generation interferometer configurations. A representative (but not exhaustive) list of astrophysical sources 
and their respective baseline ‘scores’ are listed here for each of the configurations.

Science goals Metric aLIGO Blue Red Green

Section 3.3.2 CW blind search volume (kpc3) 4.4 158 158 556
ε limit (HF targ search) Equatorial ellipticity 1.4× 10−8 4.3× 10−9 4.3× 10−9 2.910−9

ε limit (LF targ search) Equatorial ellipticity 3.3× 10−5 8.2× 10−6 7.9× 10−6 1.810−5

Section 3.1.1 NS–NS (1.4, 1.4M�) population Horizon redshift 0.10 0.46 0.35 0.28
BH–BH (10, 10M�) population Horizon redshift 0.52 3.4 2.3 1.7
BH–BH (30, 10M�) population Horizon redshift 1.4 7.2 6.5 4.8
NS–NS merger early warning Early warning time with SNR 8 (s) 390 500 140

Section 3.1.4 NS–NS post-merger wavea SNR 1.49–3.13 5.24–11.15 4.71–9.91 9.00–17.26
Tidal deformability from NS–NS λ distinguishability Deff (Mpc) 344 1394 1146 1451
Tidal deformability from NS-BH λ distinguishability Deff (Mpc) 412 1673 1369 1741

Section 3.2.2 Rapidly rotating core collapse (long GRB) SNR 74.38 287.87 249.94 279.00

Section 3.1.5 Standard sirens δH /H 0.16 0.01 0.01 0.02

Section 3.1.3 Speed of GW (with EM  +  GW) Horizon distance for 1.4–1.4 M� BNS (Gpc) 0.44 1.7 1.5 1.2

Graviton mass (with EM  +  GW) Horizon distance for 1.4–1.4 M� BNS (Gpc) 0.44 1.7 1.5 1.2
Graviton mass (CBC) Graviton compton wavelength from 30–30 

M� BBH (pc)
1.4 2.8 2.5 2.3

Decay of GWs Horizon distance for 1.4–1.4 M� BNS (Gpc) 0.44 1.7 1.5 1.2

Section 3.1.3 Parametrized deviations from PN theory Frac. error in 3.5 PN phasing term from 
1.4–1.4 M� BNS

0.14 0.04 0.04 0.04

Tails Frac. error in 1.5 PN phasing term from 
1.4–1.4 M� BNS

4.9× 10−3 1.6× 10−3 1.2× 10−3 1.8× 10−3

Memory effect SNR for hmem in equation (6) (500 Mpc) 2.4 9.5 7.9 6.7
No hair theorem (IMRI) SNR for 100–1.4 M� BHNS 6.7 25.3 24.8 16.7
No hair theorem (ringdown) Ringdown SNR for 30–30 M� BBH 6.6 29.5 22.2 19.1

Unaccounted loss of E & J SNR for 30–30 M� BBH 75.9 300.9 256.7 202.6

a Here we give the range of values as different equations of state are used.
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Testing the no-hair theorem with inspirals.  According to the no-hair theorem of General Rela-
tivity, the spacetime around a singularity fully enclosed by an event horizon, with no closed 
timelike curves outside the horizon, and subject to several additional conditions, must be 
described by the Kerr metric. In particular, the full structure of the spacetime can be described 
by a multipole moment decomposition with only two free parameters, mass and spin, and all 
higher-order moments given by the mass and spin.

Ryan proved that the full multipole moment structure of the spacetime can in principle 
be measured through observations of GW emission [91]. Therefore, gravitational waves can 
be used to test deviations from the null hypothesis that massive compact objects are BHs by 
checking for consistency between higher-order multipole moments and their values as pre-
dicted by the Kerr metric. The mass quadrupole moment is the first measurable term beyond 
the mass and spin, entering the PN expansion at the second PN order in the phase. Therefore, 
its measurement is likely to be the focus of no-hair theorem tests, though other tests (e.g. 
through consistency of ringdown modes (e.g. [92], and see below)) are possible.

IMRIs of low-mass compact objects into intermediate mass BHs provide a particularly 
promising tool for constraining the mass quadrupole moment and null hypothesis deviations 
[93, 94]. Given the uncertainty in existing waveform families in the intermediate-mass-ratio 
regime (e.g. [95]), the exact precision of the measurement is at present compromised by sys-
tematic waveform uncertainty. Therefore, we will use the SNR of an intermediate-mass-ratio 
inspiral of a 1.4 solar mass neutron star into a 100M� BH at a luminosity distance of 1 Gpc 
(consistent with an astrophysically plausible rate of such inspirals in globular clusters [63]) as 
a proxy for the detectability of IMRIs and the measurability of the mass quadrupole moment.

Testing the no-hair theorem with ringdowns.  GW signals from the ringdown phase of a BBH 
coalescence are expected to be dominated by a spectrum of quasi-normal modes (QNMs). 
According to the no-hair theorem, the frequencies ωGR

�m  and damping times τGR�m  of these QNMs 
are unique functions of the mass Mf  and spin af  of the final Kerr BH [96]. Thus, in principle, the 
mass and spin of the final BH can be extracted from different QNMs, which have to be consistent 
with each other. In practice, one can introduce parameters ∆ω�m and ∆τ�m that describe devia-
tions from the GR prediction of the frequencies and damping times of the QNMs

ω�m = ωGR
�m (Mf , af ) (1+∆ω�m), τ�m = τGR�m (Mf , af ) (1+∆τ�m)� (7)

and constrain those deviations [92]. We use the SNR of the ringdown phase of the expected 
signal from a BBH system with m1 = m2 = 30M�, located at a distance of 500 Mpc as a 
simple FOM for our ability to constrain these deviation parameters.

Unaccounted loss of energy and angular momentum.  If a GW signal from a BBH coales-
cence is observed with sufficient SNR, the masses and spins of the BHs can be estimated 
from just the inspiral part of the signal. Using these estimates of the initial parameters of the 
binary, the mass and spin of the final BH can be uniquely predicted by making use of numer
ical relativity simulations. In addition, the mass and spin of the final BH can be independently 
estimated from the ringdown part of the signal [97, 98]. Any inconsistency between these two 
estimates will point to an unaccounted loss in the energy/angular momentum from the system.

This consistency test requires binaries with the right masses and spins such that the inspiral, 
merger and ringdown parts of the signal are all observed with sufficiently large SNRs. As a simple 
FOM, we use the SNR of a non-spinning binary with m1 = m2 = 30M�, located at 500 Mpc.

3.1.4.  Dense matter EOS from the tidal deformation of neutron stars.  The inspiral and merger 
of BH/NS or NS/NS binaries can provide a wealth of information about the NS EOS. This may 
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come about through observing the phase evolution of a NS/NS or BH/NS in the late inspiral 
to merger, the pulsations of a hypermassive NS (or newly-born stable NS), which may form 
during a NS/NS merger, and the frequency of tidal disruption of the NS in a BH/NS inspiral; 
see [99] for inference on the EOS from the GW signal of the NS/NS merger GW170817.

For most of the NS/NS or BH/NS inspiral, NSs are well approximated as point parti-
cles; detections and rate estimates can be made with templates that ignore finite size effects. 
However, as the size of the orbit becomes comparable to the size of the neutron stars, the 
EoS will begin to modify the phase evolution as tidal effects deform the neutron stars. These 
modifications in the high-frequency portions of the waveforms are shown in figure 7 for two 
representative equations of state.

The leading order effect of the EoS on the GWs is characterized by a parameter that relates 
the size of the quadrupole deformation induced in the star to the strength of the external tidal 
field. A dimensionless form of this parameter is

Λ =
2
3
k2

(
R
M

)5

,� (8)

which depends on the Love number k2, the radius of the star R, and the mass M of the star. 
Both k2 and R are determined by the EoS. Tidal effects contribute to the waveform formally at 
5th and higher PN orders [101, 102]. The PN model will break down at high frequency, as the 
stars interact more strongly, and eventually as the stars collide at a frequency which depends 
on the EoS. However, the magnitude of the waveform effects predicted in PN models is 
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Figure 7.  The amplitudes of NS/NS waveforms, compared to noise spectra of various 
GW detectors, showing the frequency range where various EoS effects may be seen. 
Hybrid waveforms for merging binary neutron stars with two different EoS from [55] 
are shown. EoS HB produces a neutron-star radius of 11.6 km and EoS 2H a radius of 
15.2 km. Both waveforms are from 1.35–1.35 M� binaries at an effective distance of 
100 Mpc. Differences in waveform amplitudes due to strong tidal interactions are seen 
before the merger (up to  ∼1000 Hz for EoS 2H, and up to  ∼2000 Hz for EoS HB.)  
The effects of the EoS on the phase evolution are not visible in the amplitudes 
below  ∼500 Hz but would be measurable in Advanced LIGO for extreme EoS like 2H 
[100]. Post-merger oscillations of a hypermassive neutron star formed by the merger 
produce peaks in the spectrum near 2000 Hz for EoS 2H, and near 3500 Hz for EoS HB.
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approximately equal to the magnitude of effects seen in both EOB calculations [103] and esti-
mates from hybrid waveforms using numerical simulations [104]. In this paper, we therefore 
use the leading order tidal contribution in TaylorF2 PN models to estimate the measurability 
of EoS effects. In practice, a more accurate waveform model will be required to measure this 
parameter without significant systematic errors [99, 105, 106].

The figure of merit for neutron star tidal deformability is related to how well we can dif-
ferentiate between different values of Λ (and hence different equations of state) for various 
noise curves. We estimate how well we can differentiate between two waveforms using the 
distinguishability criteria δh, as discussed in [104]. We find δh for a given system at 100 Mpc, 
and then compute 100 Mpc ×δh to find the effective distance at which δh = 1 (the minimum 
distance for distinguishability).

We consider a 1.4–1.4 M� NS–NS binary, and find how well we can recover a given Λ 
by computing overlaps of Taylor T4 waveforms. For our figure  of merit, we consider the 
maximum effective distance at which the SLY [107] and AP4 [108] equations of state can be 
distinguished, where ΛSLY = 323 and ΛAP4 = 270 for the given binary system. The accuracy 
in the recovery of the tidal deformability parameter Λ is plotted in figure 8. For NS/BH bina-
ries, we consider the maximum effective distance where these two equations of state would 
be distinguishable in a 1.4–10.0 M� binary. The Jacobian quantities using this FOM are then 
computed by the same prescription as in the rest of this study.

3.1.5.  Measurement of the cosmological expansion.  In the era of precision cosmology, 
measurements of cosmological parameters are based primarily on two types of observations: 
standard candles and large-scale structure. Standard candle measurements rely on measuring 
data points in the distance-redshift Hubble diagram by considering sources with a known 
intrinsic luminosity, such as type IA supernovae, allowing the distance to be extracted from 
their apparent luminosity. Such observations famously led to the discovery of the accelera-
tion of the cosmological expansion of the Universe [109]. Together with measurements of 
large-scale structure, and particularly of the cosmic microwave background radiation, these 
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Figure 8.  Tidal deformability figure of merit. Λ is the parameter characterizing the tidal 
deformability of various equations of state. We show the maximum effective distance  
at which a given difference in Λ is distinguishable. This figure considers a NS–NS, 
1.4–1.4 M� binary, with waveforms generated using Taylor T4, with tidal terms 
parametrized by Λ. Note that to distinguish between the SLY and AP4 equations of 
state, for example, one would need to find ∆Λ ≈ 50.
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observations have led to modern concordance cosmology: a flat Universe, with a Hubble con-
stant of approximately 70 km/s/Mpc, dominated by dark energy (ΩΛ ≈ 0.7) and cold dark 
matter, with a dark energy EOS (p = wρ) parameter w  =  −1 within  ∼15% [110].

Despite the success of these observations, they may suffer from systematic errors, such 
as any redshift dependence in type IA SNe instrinsic luminosity. There is also mild conten-
tion between the WMAP and Planck data regarding the value of the Hubble constant [111]. 
Gravitational waves may therefore provide a compelling alternative measurement of cosmog-
raphy, since they are sensitive to different sources and subject to different systematics [112, 
113]. The promise of GW cosmology was pointed out by Schutz [114]. Although GW obser-
vations of binary inspirals can be used to directly measure the distance to the source, making 
them standard sirens [115], the redshift is generally degenerate with the source mass, since the 
mass provides the only timescale in the evolution of the binary.

Several possibilities exist for breaking this degeneracy and measuring the binary’s redshift. 
If the binary is associated with an EM counterpart that allows accurate localization to a unique 
host galaxy, the redshift can be measured directly. This was done for GW170817, with a result-
ing measurement of the Hubble constant at the 15% level [116]. Otherwise, in the presence of a 
galaxy catalog and under the assumption that binaries merge in galaxies, a statistical association 
is possible [114, 117]. If one of the binary components is a neutron star, matter effects (e.g. tides) 
provide an alternative scale in the problem—the physical size of the neutron star—making it 
possible to break the mass-redshift degeneracy [118, 119]. Finally, if the intrinsic distribution of 
the source masses is sufficiently narrow, the degeneracy can again be broken [120].

Although all of the above approaches are promising, in this study we will use the accuracy 
of the measurement of the Hubble constant based on the intrinsically narrow distribution of 
neutron star masses in binary neutron star systems as the figure of merit. A useful scaling law 
for the fractional Hubble constant measurement accuracy [120] is:

δH
H

≈ 1√
N

[
σM

zM
+

δdL
dL

]
,� (9)

where the fractional spread in the binary neutron star chirp mass is σM/M ≈ (0.06M�)/
(1.2M�) = 0.05 [121], z is the maximum redshift at which a neutron star binary can be 
detected, N is the total number of detections, and δdL/dL ≈ 0.3 is the fractional uncertainty 
on the distance measurement for the most distant source [122].

3.2.  Astrophysics with stellar collapse

The core collapse of massive stars has long been considered an interesting source of GWs 
[123]. While the intricacies of the core-collapse supernova (CCSN) explosion mechanism are 
not well understood, state-of-the-art 3D simulations (see, e.g. [124–146]) suggest that rapid 
rotation, turbulent convection, and instabilities of the stalled accretion shock play important 
roles in re-energising the shock and aiding stellar explosion. GW emission from the initial 
core collapse and subsequent explosion is strongly influenced by the physical processes driv-
ing the explosion. For this reason, GW observations can be used to directly probe the CCSN 
central engine and gain insight into the explosion mechanism [147, 148].

The angular momentum and degree of differential rotation of the precollapse stellar core 
are thought to strongly influence the dynamics of the initial collapse, the subsequent explo-
sion, and the compact remnant formed (see, e.g. [149–152]). Observations of the evolving pul-
sar population suggest a broad distribution of moderately rotating NSs at birth with initial spin 
periods around 10–100 ms [153–155]. Wave-driven angular momentum transport in massive 
stars during the late stages of shell burning may strongly impact the pre-collapse rotation rate, 
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predicting a distribution of initial NS periods consistent with observations [156]. Binary inter-
actions are also expected to have a marked effect on the rotation of massive stars [157–159].

For stellar cores with pre-collapse periods exceeding a few tens of seconds, delayed revival 
of the stalled shock is thought to be driven by the neutrino mechanism. In this scenario, some 
small fraction of the binding energy released in neutrinos is absorbed in a layer between the 
stalled shock and proto-NS. Increased pressure behind the shock from neutrino heating and 
multi-dimensional hydrodynamic instabilities drive it outwards and aid explosion.

State-of-the-art 3D simulations suggest that turbulent convection and the standing accre-
tion-shock instability (SASI) are expected to dominate the explosion dynamics [124, 127–
131, 160, 161]. Extensive research on the GW signature from slowly rotating core collapse 
has been done in 2D (see, e.g. [161, 162], for recent studies) and 3D (see, e.g. [125, 139, 140, 
160, 163] for recent studies).

Proto-neutron star (PNS) oscillation modes can source appreciable GW emission 
from  ∼(100–200) ms after core bounce, following a short quiescent period, for up to  ∼1 s. 
The GW frequency naturally follows the dominant PNS surface g-mode frequency, increasing 
linearly with time from  ∼(100–200) Hz to over 1 kHz as the PNS evolves [161–165]. Strong 
fluid downflows associated with the SASI can modify the accretion rate at the PNS, inducing 
quadrupolar oscillations at  ∼(100–200) Hz at later times [125, 164, 165].

GW memory, a non-oscillatory contribution to the GW amplitude at leading quadrupole 
order (see, e.g. [84, 166]), may be created by anisotropic neutrino emission [140, 161–163, 
165, 167, 170, 171] and aspherical explosive outflows (e.g. in jets or if the shock acceleration 
is not spherically symmetric) of matter and magnetic stresses [169, 172–174]. For anisotropic 
neutrino emission, the GW memory effect causes emission at less than 10 Hz [161, 163, 165, 
169, 171].

Rapidly rotating stars, which are expected to make up  ∼1%–10% of the massive star popu-
lation [175–177], could explode via a bipolar magnetohydrodynamic explosion leading to 
large explosion asymmetries and relativistic outflows [126, 132, 145, 178–183]. The inner 
cores in rotating progenitor stars become centrifugally deformed in the late stages of collapse. 
This results in a large quadrupole moment, which changes rapidly at core bounce, leading to 
a strong and pronounced peak in the GW signal that is followed by ring-down oscillations of 
the PNS [180, 183–185].

PNSs with strongly differentially rotating profiles are often subject to a rotational shear 
instability that drives the development of nonaxisymmetric dynamics in the PNS core [169, 
145, 186–188]. Also known as the co-rotational (or low T/|W|) instability, typical GW energy 
emitted can be as high as 10−7M�c2.

A number of energetic SN explosions have been seen in coincidence with nearby long 
gamma-ray bursts (GRBs), providing an observationally robust connection between long 
GRBs and stellar collapse [189, 190]. The central engine in a long GRB is thought to be either 
a nascent BH surrounded by a fallback accretion disk (a collapsar [150, 191, 192]) or mil-
lisecond proto-magnetar [193, 194]. In systems with accretion disks from fallback material, 
various instabilities may develop and lead to GW emission (e.g. [195–197]). Classical dynam-
ical instabilities are unlikely to occur in regular core collapse events, but may be relevant in 
extreme cases that lead to long GRBs and/or BH formation [169, 198–202].

BH formation as a consequence of fallback accretion onto the PNS is thought to be the 
formation channel for most stellar BHs [200, 203]. The timescale on which this occurs is 
dependent on the accretion rate (directly influenced by the properties of the progenitor star), 
the angular momentum of the PNS, and the nuclear matter EOS. In most systems, this hap-
pens  ∼0.5–3 s after core bounce, and is characterised by a short GW burst with a broad spec-
trum peaking at 2.5–3.5 kHz [199, 200, 204].
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Rapid rotation is also expected to be present in massive accreting white dwarfs and in 
the cores of white dwarf merger remnants (e.g. [205]). Such massive degenerate cores are 
expected to collapse to neutron stars rather than explode as thermonuclear supernovae. Such 
‘accretion-induced collapse’ (AIC) events are expected to give off a strong burst of gravita-
tional waves [169, 206].

3.2.1.  Detection prospects.  The galactic rate of core collapse events is low and estimates 
vary from  ∼1 in 40 years to 1 per century [207–209]; including the Large and Small Magel-
lanic Clouds and the Andromeda galaxy (M31) roughly doubles the rate [207]. A significant 
increase in the event rate occurs only outside of the Local Group of Galaxies with the M81 
group of galaxies at  ∼3–5 Mpc [210, 211]. There, ∼0.5 core-collapse supernovae are discov-
ered per year, suggesting a rate of around 1 event per year, when assuming that  ∼50% of the 
events remain undiscovered due to obscuration or weak/absent EM emission. The integrated 
event rate out to 10 Mpc is likely around �2 events per year [210, 211].

While the search for CCSNe with the first generation of ground-based GW detectors yielded 
no observations, constraints on energy emitted in GWs by CCSNe were made for the first time 
[212]. With the second-generation instruments, we do not expect to see the typical CCSN 
beyond a few kpc for slowly rotating progenitors, while rapidly rotating progenitors might 
yield GW emission observable throughout the galaxy and Magellanic clouds [213–215].

3.2.2.  Probing CCSN physics.  The physics that may be learned from a detection of GWs 
from stellar collapse goes far beyond constraining GW emission and explosion mechanisms. 
CCSNe and related phenomena are cosmic laboratories for high-energy-density gravitational, 
plasma, nuclear, and particle physics. In particular, it may be possible to extract informa-
tion on the nuclear EOS directly from GW observations [125, 164, 165, 183, 185, 216]. EM 
observations can tell us little directly about the distribution of rotation rates of pre-collapse 
iron cores, such that existing constraints come primarily from observations of the resultant 
young compact objects. For rapidly rotating pre-collapse cores, GW observations can be used 
to directly infer the angular momentum distribution [139, 185, 217], aided by multimessen-
ger observations with neutrinos [219]. Coincident GW and neutrino observations will be of 
extreme importance if the next Galactic core collapse event leads to BH formation (without 
EM display). MeV-energy neutrinos from any Galactic or nearby extragalatic core collapse 
event will be observed by current and future neutrino detectors (e.g. [220–224]).

In the absence of a more specific FOM covering GWs from both slowly and rapidly rotat-
ing core collapse, we consider the signal SNR as the astrophysical FOM. LIGO Voyager, in 
the baseline design considered in this report, yields SNRs for CCSN waveforms (see table 4 
and section 3.2) that are a factor of 4–5 greater than aLIGO, which means that robust CCSN 
model selection may be possible out to distances of  ∼8–10 kpc, providing coverage virtually 
throughout the Galaxy. There will likely be at most one core collapse event in the Milky Way 
in the lifetime of LIGO, so extending our reach throughout the Galaxy is crucial.

According to the current understanding of CCSN theory [225], the most likely and most 
robust GW emission mechanism is turbulent neutrino-driven convection in the context of the 
‘neutrino mechanism’ [162, 169]. This leads to broadband GW emission with most power 
at 100–1000 Hz. Table 4 shows that most improvement above the baseline LIGO Voyager 
design will come from reducing the shot noise either through more squeezing or more laser 
power. Note that the vast majority of stellar collapse events lead to standard-energy type-II 
supernovae and are unlikely to be strong GW emitters. Even LIGO Voyager will not be able 
to observe such events to distances greater than  ∼100 kpc, which covers the Milky Way, and 
the Magellanic Clouds.
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A number of theoretical models (section 3.2) predict strong GW emission connected with 
hyper-energetic core-collapse supernovae and/or long-duration GRBs. A potential candidate 
emission process relies on long lasting non-axisymmetric bar-like deformations of an extremely 
rapidly spinning PNS (or ‘protomagnetar’) due to a rotational instability [169, 198, 202, 226]. 
The GW emission is expected to be narrow-band and at high frequency (∼400–2000 Hz) and 
table 4 lists results for a range of potential waveforms, generated using the ad-hoc bar model of 
[226]. Even the weakest signal considered here may be detectable by aLIGO at a distance of a 
few hundred kpc. LIGO Voyager in its baseline configuration could be able to detect this signal 
out to 5–10 Mpc. At this distance, �2 core collapse events occur per year. It would thus be pos-
sible to put strong constraint on the presence of such strong emission models.

3.2.3.  GW memory in stellar collapse in the milky way.  GW memory may be left behind by most 
stellar collapse events, even those that do not result in an explosion. The typical growth timescale 
of the memory is of order �0.1 s, which makes it the only known low-frequency GW emission 
process in stellar collapse. Detecting the GW memory from a galactic event with aLIGO may 
be a difficult task even if the full projected low-frequency sensitivity is reached, but the baseline 
LIGO Voyager design would allow detection. Searches for GW memory would most benefit 
from improvements of the CTN or the arm cavity spot size (see table 4).

3.3.  Astrophysics with neutron stars

3.3.1.  Bursting magnetars, glitching pulsars.  Magnetars are neutron stars powered by extreme 
magnetic fields (∼1015 G) [228]. They are thought to be the progenitors for the soft gamma 
repeaters (SGRs) and the anomalous x-ray pulsars (AXPs), compact x-ray sources which give 
steeply rising bursts of soft gamma rays typically lasting less than a second and with total 
isotropic burst energies rarely exceeding 1042 erg (for a review see [229]). Only a few dozen 
SGRs and AXPs are known. Three extraordinarily giant flares have been observed in  ∼30 
years from magnetars in our Galaxy and the Large Magellanic Cloud with observed ener-
gies of between  ∼1.2× 1044d255 erg [230] and  ∼5× 1046d215 erg [231] where dn = d/(n kpc). 
Some short GRBs might be extragalactic giant flares. GRB 070201 might have been a giant 
flare located in the Andromeda galaxy with an isotropic energy of 1.5× 1045 erg [232, 233]; 
and GRB 051103 might have been a giant flare in M81 with an energy of 7.5× 1046 erg [234].

GW signals from magnetars would allow us to probe NS physics and structure. However, it 
is not clear when we might begin to expect a detection. Recent quantitative predictions or con-
straints on the amplitude of GW emission associated with magnetar bursts are uncertain, and 
while the most recent are pessimistic (see e.g. [235–240]) these sources are still poorly under-
stood. Furthermore, the closest is only about a kpc from Earth and precise sky locations and trig-
ger times from EM bursts allow us to reduce the false-alarm rate and increase sensitivity relative 
to all-sky, all-time searches. GW might be emitted by damping of non-radial pulsational NS 
modes excited by a sudden localized energy release caused by untwisting of the global interior 
magnetic field and associated cracking of the solid NS crust [241], or global reconfiguration of the 
internal magnetic field and associated deformation of the NS hydrostatic equilibrium [235, 238].

The f -mode is damped principally via GW emission and would ring down with a predicted 
damping time of 100–400 ms and with a frequency in the 1–3 kHz range depending on the NS 
model [242]. If the magnetar outburst dynamics are confined to surface layer modes, torsional 
oscillations in the crust might emit GWs at frequencies of  ∼10–2000 Hz [243]. It is possible 
that no neutron star mode will be excited at a sufficient level to emit detectable GWs; however, 
the lack of theoretical understanding implies the continued relevance of improving observa-
tional constraints on GW emission.
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The physical mechanisms behind pulsar glitches are another possible route for excitation 
of GW-producing NS modes. Like the magnetar burst mechanism, the mechanism underlying 
pulsar glitches is also poorly understood. However, they might be caused by starquakes [244] 
or the transfer of angular momentum from a differentially rotating superfluid core to the solid 
star crust [245].

3.3.2.  Continuous sources of GWs: spinning deformed neutron stars.  There are an estimated 
109 neutron stars in the galaxy (e.g. [246]), but only of order 3000 have been identified as 
radio/x-ray/γ-ray sources. The detection of low-amplitude continuous GW emission in an 
all-sky search could mean the discovery of this large unseen neutron star population. Small 
nonaxisymmetric structures (‘mountains’) on neutron stars are the primary sources of con-
tinuous GWs that have been targeted by GW searches. Radio, x-ray, and γ-ray pulsars and 
spinning neutron stars in low-mass/high-mass x-ray binaries are primary potential sources. 
All-sky searches (which are presently computationally limited) for continuous signals could 
discover unknown, radio/x-ray/γ-ray quiet neutron stars. Radio sources with precise timings 
can be followed up with long term integration that gains more than a magnitude in sensitivity.

The degree of nonaxisymmetry is typically quantified by the ellipticity ε = (Ixx − Iyy)/Izz 
where Iij are components of the neutron star quadrupole moment. The fiducial gravitational 
strain from such a deformation will then be

h0 ∼
1
D

G
c4
(2πf )2Izzε ,� (10)

where f   =  2/P (P being the spin period of the neutron star) and D is the distance to the detec-
tor. The signal will be sinusoidal with long-period modulations due to intrinsic properties of 
the source, binary orbital motion and motion of the detector relative to the source. Since emis-
sion is strongest for rapidly spinning sources, the detection of a low-frequency continuous 
wave source would be highly unexpected, but scientifically extremely rewarding.

Theory suggests an upper bound [247] on ε of

ε � 2× 10−5
(σbreak

0.1

)
,� (11)

where σbreak is the breaking strain of the neutron star crust, which may be as large as  ∼0.1 [237]. 
However, regular radio pulsars are expected to have significantly smaller ellipticities of order 
10−9–10−8 [248], but young magnetars may exhibit significantly greater deformations (e.g. [246, 
249]). Given these constraints on ε and equation (10) it is obvious that the expected GW strains 
will be minute even for nearby sources and can be found only by computationally intense long-
term integrations. Constraining the ellipticity of known pulsars (e.g. Vela [250]) can constrain 
neutron star structure, crust physics, and pulsar models. Detection of continuous GWs from spin-
ning neutron stars will provide interesting probes to the true nature of GWs. Having just one 
continuous wave source with moderately stable timing will place a very strong constraint on the 
speed of GWs, due to the large impact of Doppler corrections from detector movement.

For the purpose of this study, we assume that the continuous wave search pipeline 
PowerFlux [251] is being run on data from an ideal LIGO Voyager detector. In figure 9 we 
provide estimates for the astrophysics range of the LIGO Voyager baseline design. The neu-
tron star spindown is assumed to be solely due to GW emission, which is the most optimistic, 
astrophysically unrealistic case. For example, at the frequency of 1000 Hz, assuming a modest 
ellipticity of few × 10−7 (which is well under the maximum limit in [237]) LIGO Voyager’s 
reach will be almost 10 kpc. One should expect a gain of around another factor of 10 for a 
directed/targeted search.
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The sensitivity of searches scales as t1/2 for a coherent search down to t1/4 for semi-coherent 
searches, where t is the integration time. Thus, if one could make a change to the instrument that 
improved the sensitivity at frequencies above 1 kHz by a factor of 3 and kept this running for 3 
months it would be equivalent to running for more than 2 years for a coherent search (which is 
not practical for blind searches at all) and more than 10 years for a semi-coherent search.

There are two main methods of discovery of continuous wave sources: a search for 
unknown sources and a followup of pulsars discovered by radio/x-ray/γ-ray surveys. Since the 
GW strain at fixed ellipticity increases with the square of the spin frequency, high frequency 
sources are easier to detect. On the other hand we know many more radio pulsars with periods 
of 1 s and higher than millisecond pulsars, but this sample is known to be highly biased.

For evaluating variations on the LIGO Voyager baseline design, we adopt three figures of merit:

	 (i)	�The integrated search volume of a PowerFlux-like blind search, where we consider the 
frequency space up to 1500 Hz. This effectively assumes a flat prior on pulsar frequency. 
Keeping in mind that we do not know the distribution of pulsars with large ellipticity 
values this is not unreasonable. The volume is computed assuming the source has ellip-
ticity 10−7 with emission frequency between 20 and 1500 Hz.

	(ii)	�An ellipticity bound placed by a targeted search for a high frequency pulsar with param
eters similar to J1023  +  0038 (frequency 2× 592 Hz, distance 900 pc). Smaller values of 
this figure of merit are better.

	(iii)	�An ellipticity bound placed by a targeted search for a low frequency pulsar with param
eters similar to Vela (frequency 2× 11.195 Hz, distance 294 pc). Smaller values of this 
figure of merit are better.

The computation of these figures of merit uses a nominal constant to convert from design sen-
sitivity to strain upper limits that could be obtained in actual search. The figure was derived 
by comparing initial LIGO design sensitivity to results of S5 run. This multiplicative factor is 
common to all numbers in table 1 and cancels out for entries in tables 2 and 3.
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Figure 9.  Range of the PowerFlux search for continuous gravitational waves from 
neutron stars spinning down solely due to gravitational radiation, assuming the baseline 
LIGO Voyager detector. This is a superposition of two contour plots. The solid lines 
are contours of the maximum distance at which a neutron star could be detected as a 
function of GW frequency f  and its derivative ḟ . The dashed lines are contours of the 
corresponding ellipticity ε( f , ḟ ).
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The results for these FOMs under variations of the baseline design are summarized in 
tables 2 and 3. For first two FOMs we find the strongest improvement from noise reduction 
at high frequencies, such as obtained with increased squeezing or laser power. Table 1 shows 
that high-frequency targeted search can place very interesting bounds on pulsar signals—or 
make a detection. The third FOM benefits from any improvements to low frequency sensitiv-
ity, however it only approaches a region of interesting ellipticities.

3.3.3.  Postmerger oscillation signal.  The most probable postmerger scenario following 
binary neutron star coalescence is the formation of a massive (M > 2M�), differentially 
rotating neutron star [252–255]. The stability of this postmerger neutron star (PMNS) against 
gravitational collapse depends on its mass and on the details of the nuclear EOS. Less massive 
systems whose component masses add up to less than the maximum mass that can be sup-
ported by the EOS in combination with uniform rotation (the supramassive limit, e.g. [256, 
257]) , result in long-lived stable PMNSs. For more massive systems, strong differential rota-
tion temporarily supports the remnant and it eventually undergoes gravitational collapse due 
to redistribution of angular momentum via viscous processes and radiation of GWs. The role 
of thermal pressure support is secondary, because at the densities involved, the temperature-
insensitive pressure due to the nuclear force dominates the EOS [257]. Sufficiently high-mass 
systems that cannot be supported even by extreme differential rotation will result in prompt 
collapse to a BH (BH) upon merger or very shortly after merger, emitting a high-frequency 
ring-down gravitational wave (GW) signal at  ∼6–7 kHz (e.g. [252]).

Transient non-axisymmetric deformations in the surviving postmerger remnant lead to a 
short duration (∼10–100 ms) burst of GWs with rich high frequency content, dominated by 
emission from f -mode oscillations at  ∼2–4 kHz and generally lower-frequency sub-dominant 
peaks from nonlinear couplings between certain oscillation modes [258]. The general morph
ology of the GW signal thus emitted resembles an amplitude-modulated damped sinusoid, the 
phase and amplitude evolution of which are not yet well modeled by numerical simulations 
of neutron star coalescence and postmerger evolution. However, the spectral properties of this 
signal carry a particularly distinct signature of the EOS.

A number of studies [255, 264, 265] have identified and confirmed a correlation between the 
dominant postmerger oscillation frequency (i.e. half the peak GW emission frequency) and the 
radius of a fiducial cold, non-rotating neutron star. For example, in [255], the authors perform a 
Fisher matrix analysis and find that it may be possible to use aLIGO observations of postmerger 
signals to measure the dominant postmerger oscillation frequency to an accuracy of  ∼40 Hz and 
thus determine the radius of a fiducial 1.6 M� NS to an accuracy of 100–200 m with an expected 
detection horizon of approximately 15 Mpc11, corresponding to a detection rate of just under 1 
per century, assuming the ‘realistic’ rate in [42]. Furthermore, a systematic Monte-Carlo analysis 
using a variety of postmerger waveforms corresponding to different component masses and EOS 
and data from the initial-LIGO/Virgo instruments, recolored to the nominal advanced detector 
design sensitivities was presented in [266]. There, the results of [255] are essentially confirmed, 
albeit at a reduced expected detection range of  ∼5 Mpc, where this is now the angle-averaged 
range since a network of detectors was used in that analysis and so the notion of horizon distance 
is not well-defined. This corresponds to an expected detection rate of  ∼0.5 events per century. 
The reduction in sensitivity arises since a generic burst search was used in the absence of accu-
rate templates. Fisher analysis, by contrast, assumes that an optimal filtering strategy is feasible.

Here, we estimate the detectability of the postmerger signal from a surviving PMNS for four 
different EOS (see table 5) using three figures of merit: the angle-averaged SNR, described in 

11 Assuming an optimal SNR detection threshold of 5, justified in the following.
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appendix A; the horizon distance, the distance at which an optimally-oriented face-on source 
yields an optimal matched-filter SNR of some fiducial value and the expected annual detec-
tion rate based on the ‘realistic’ rates from [42]12. Our interest here is in the detectability of 
the merger/postmerger signal arising from surviving PMNS. We therefore choose to window 
the waveforms prior to computing their optimal and angle-averaged SNR such that the time-
domain amplitude of the waveform is zero at times prior to the merger (taken as the point of 
maximum amplitude). This helps to ensure that there is essentially no contribution to the SNR 
(and hence, our detectability estimates) from the pre-merger inspiral signal. Finally, the SNR 
is computed for frequencies of 1 kHz and above.

Table 2.  Jacobian of Science goals as a function of interferometer upgrade technology: 
each column corresponds to a configurable parameter or noise source: Newtonian noise 
(NN), seismic noise (SEI), suspension thermal noise at 10 Hz (SUS), coating thermal 
noise (CTN), and arm cavity laser beam spot size (SPOT). (Note that the sensitivity 
changes exactly the same way with respect to CTN and SPOT. Hence these quantities 
are shown in the same column). Each row corresponds to a particular science goal 
S . Each element of the matrix is the logarithmic partial derivative ∂ logS/∂x  of the 
metric for a science goal S  with respect to a parameter x that represents a change in 
a particular interferometer component (e.g. laser power) or a component noise source 
(e.g. SEI). Both S  and x are normalized such that S = x = 1 for the ‘baseline’ detector 
configuration. Positive Jacobian elements correspond to detector changes which 
increase the SNR/decrease measurement errors.

Science goals NN SEI SUS
SPOT/
CTN

Section 3.3.2 CW blind search volume 0 0 0 0.04
ε limit (HF targ search) 0 0 0 −0.01
ε limit (LF targ search) −0.05 0 −0.13 −0.14

Section 3.1.1 NS–NS horizon 0.01 0 0.02 0.21
BH–BH (10  +  10) horizon 0.01 0 0.03 0.34

BH–BH (30  +  30) horizon 0.02 0 0.04 0.09
CBC early warning 0.11 0.09 0.22 0

Section 3.1.4 NS–NS post-merger SNR 0 0 0 0–0.01
Tidal deformability from NS–NS 0 0 0 0.06
Tidal deformability from NS-BH 0 0 0 0.01
NS f -mode 1590 Hz (SGR) 0 0 0 0
NS mode 100–200 Hz (SGR) 0 0 0 0.30

Section 3.2.2 Convection & SASI (typical SN) 0 0 0 0.16
Rapidly rotating core collapse (long GRB) 0 0 0 0.07

Section 3.1.5 Standard sirens 0.01 0.01 0.03 0.53
Section 3.1.3 Speed of GW (EM+GW) 0.01 0.00 0.01 0.35

Graviton mass (EM+GW) 0.01 0.00 0.01 0.35
Graviton mass (CBC) 0.00 0.00 0.01 0.11
Decay of GWs 0.01 0.00 0.01 0.35

Section 3.1.3 Parametrized deviations from PN theory 0.02 0.03 0.03 0.13
Tails 0.04 0.06 0.06 0.15
Memory effect (BBH 30  +  30) 0.01 0 0.01 0.34
No hair theorem (IMRI) 0.02 0 0.05 0.27
No hair theorem (ringdown) 0 0 0 0.18
Unaccounted loss of E & J 0.01 0.00 0.02 0.35

12 As with the estimates for core-collapse supernovae, these FOMs assume that the waveform is sufficiently well-
modeled to permit a matched filtering detection strategy.
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Since the postmerger signal is likely to only be observable for relatively nearby, rare events, 
it is reasonable to assume that its time is known to extremely high accuracy from the time of 
coalescence measured from the much higher SNR inspiral precursor. We therefore adopt a rela-
tively low nominal SNR threshold of 5 in computing the horizon distance and detection rate. The 
EOS used for these estimates are a subset of those used in the more extensive study of [266] and 
range from the rather soft APR (high frequency GW signal) to the somewhat softer NL3 (lower 
frequency GW signal). Table 6 reports the FOMs described above for each waveform, for both 
the aLIGO noise curve and that of the red, blue, and green LIGO Voyager baseline designs.

While the mere detection of the postmerger signal will itself have significant consequences 
for our understanding of the neutron star EOS by excluding those EOS unable to support a 
long-lived postmerger object, one of the most useful, and simple, measurements that will be 

Table 3.  Jacobian of Science goals as a function of interferometer upgrade technology 
(table 2 continued): each column corresponds to a configurable parameter or noise 
source: squeezing factor (SQZ), arm cavity stored power (POW), loss of the filter cavity 
for squeezing angle rotation (FCL), and mirror mass (MASS). Each row corresponds 
to a particular science goal S . Each element of the matrix is the logarithmic partial 
derivative ∂ logS/∂x  of the metric for a science goal S  with respect to a parameter x 
that represents a change in a particular interferometer component (e.g. laser power) or 
a component noise source (e.g. SEI). Both S  and x are normalized such that S = x = 1 
for the ‘baseline’ detector configuration. Positive Jacobian elements correspond to 
detector changes which increase the SNR/decrease measurement errors.

Science goals SQZ POW FCL MASS

Section 3.3.2 CW blind search volume 1 0.3 0 0
ε limit (HF targ search) −0.24 −0.08 0 0
ε limit (LF targ search) −0.14 −0.05 0.01 −0.06

Section 3.1.1 NS–NS horizon 0.48 0.27 −0.05 0

BH–BH (10  +  10) horizon 0.75 0.42 −0.07 0.01

BH–BH (30  +  30) horizon 0.29 0.17 −0.07 0.01
CBC early warning 0.13 −0.07 0.15 0.12

Section 3.1.4 NS–NS post-merger SNR 0.81 0.45 0 0
Tidal deformability from NS–NS 0.7 0.39 0 0
Tidal deformability from NS-BH 0.62 0.34 0.01 0
NS f -mode 1590 Hz (SGR) 1.1 0.37 0.37 0.37
NS mode 100–200 Hz (SGR) 0.08 0.07 0.12 0.11

Section 3.2.2 Convection & SASI (typical SN) 0.58 0.32 0 −0.01
Rapidly rotating core collapse (long 
GRB)

0.70 0.38 0 0

Section 3.1.5 Standard sirens 0.52 0.35 −0.05 −0.38
Section 3.1.3 Speed of GW (EM+GW) 0.34 0.23 −0.03 −0.21

Graviton mass (EM+GW) 0.34 0.23 −0.03 −0.21
Graviton mass (CBC) 0.22 0.13 0.00 −0.03
Decay of GWs 0.34 0.23 −0.03 −0.21

Section 3.1.3 Parametrized deviations from PN 
theory

0.48 0.29 −0.01 −0.04

Tails 0.38 0.23 −0.02 −0.04
Memory effect (BBH 30  +  30) 0.38 0.24 −0.02 −0.19
No hair theorem (IMRI) 0.32 0.21 −0.05 −0.10
No hair theorem (ringdown) 0.66 0.36 0 −0.01
Unaccounted loss of E & J 0.35 0.23 −0.03 −0.19
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Table 4.  Jacobian of Science Return as a function of interferometer upgrade technology for various stellar collapse waveform families introduced 
in section 3.2. The baseline FOM is the angle-averaged SNR 〈ρ〉.

Waveform type

aLIGO 
SNR @ 
10 kpc

LIGO Voyager 
SNR baseline 
@ 10 kpc NN SEI SUS SPOT/CTN SQZ POW FCL MASS

ν  GW memory

B12-WH07-ν  
(2D) [161]

19.70 75.91 4.22× 10−3 3.93× 10−4 1.00× 10−2 3.14× 10−1 −2.18× 10−2 3.40× 10−1 2.20× 10−1 −1.86× 10−1

B20-WH07-ν  
(2D) [161]

16.54 63.73 4.18× 10−3 3.89× 10−4 1.00e− 02× 10−2 3.14× 10−1 −2.19× 10−2 3.40× 10−1 2.20× 10−1 −1.86× 10−1

Rapidly rot. core collapse

R1E1CAL (3D) 
[145]

1.46 5.81 1.37× 10−6 5.67× 10−8 5.70× 10−6 1.29× 10−1 6.22× 10−1 3.39× 10−1 −1.62× 10−3 −6.65× 10−3

R3E1ACL (3D) 
[145]

74.38 287.87 2.43× 10−7 1.14× 10−8 1.09× 10−6 7.49× 10−2 7.03× 10−1 3.81× 10−1 −8.73× 10−4 −1.84× 10−3

R4E1FCL (3D) 
[145]

77.12 287.53 4.42× 10−7 1.40× 10−8 2.22× 10−6 5.99× 10−2 7.38× 10−1 3.99× 10−1 −7.69× 10−4 −2.65× 10−3

R3 (3D) [180] 30.48 123.72 1.98× 10−5 4.95× 10−7 8.17× 10−5 2.21× 10−1 5.04× 10−1 2.82× 10−1 −4.10× 10−3 −4.28× 10−2

Convection & SASI

L15-3 (3D) [227] 3.74 15.39 4.92× 10−4 4.19× 10−5 1.23× 10−3 3.28× 10−1 3.58× 10−1 2.14× 10−1 −8.59× 10−3 −9.46× 10−2

s27 fheat1.05 (3D) 
[139]

3.45 13.70 1.28× 10−7 4.30× 10−9 3.37× 10−6 1.63× 10−1 5.84× 10−1 3.20× 10−1 −2.31× 10−3 −1.48× 10−2

s20s (3D) [160] 5.58 21.95 1.85× 10−4 9.08× 10−6 6.14× 10−4 1.88× 10−1 5.52× 10−1 3.09× 10−1 −5.15× 10−3 −5.31× 10−2

TM1 (3D) [125] 8.43 32.14 6.94× 10−7 1.33× 10−8 2.16× 10−5 1.33× 10−1 6.39× 10−1 3.51× 10−1 −2.67× 10−3 −3.31× 10−2

SFHx (3D) [125] 12.48 47.75 7.20× 10−7 1.76× 10−8 2.75× 10−5 1.79× 10−1 5.83× 10−1 3.24× 10−1 −3.87× 10−3 −5.21× 10−2

BH formation in collapsars

u75rot1 (3D) 
[199]

11.77 43.84 1.81× 10−7 3.55× 10−9 1.76× 10−6 7.33× 10−2 7.18× 10−1 3.89× 10−1 −9.13× 10−4 −3.20× 10−3

u75rot2 (3D) 
[199]

30.91 114.84 5.70× 10−7 1.32× 10−8 2.98× 10−6 7.08× 10−2 7.22× 10−1 3.91× 10−1 −8.76× 10−4 −2.82× 10−3

R
 X

 A
dhikari et al

C
lass. Q

uantum
 G

rav. 36 (2019) 24
5010



26

possible is the identification of the dominant postmerger oscillation frequency. It is, therefore, 
informative to also estimate the accuracy with which the postmerger frequency may be deter-
mined. To that end, we have performed a Monte-Carlo study wherein a population of postmerger 
waveforms with a uniform distribution in SNR have been injected into Gaussian noise with the 
noise spectral density of the blue LIGO Voyager baseline design. The signals are recovered using 
a Bayesian nested sampling algorithm with a simple sine-Gaussian template and the peak fre-
quency of the postmerger signal is recovered from the maximum-likelihood estimate (ML) of the 
sine-Gaussian template. This is a reasonable approximation to a realistic burst search; the sine-
Gaussian yields a 70% match, or better, with the postmerger waveforms and allows for accurate 
recovery of the peak frequency. We quantify the accuracy of the frequency estimation via the 
error δf = fTrue − fML. Table 6 reports the median value and the interquartile range13 of the fre-
quency error for each waveform, for all injections recovered with a sine-Gaussian SNR  >6. This 
higher threshold is chosen to reflect the fact that this burst-like analysis will recover a factor of 
order unity less of the SNR that an optimal matched-filter strategy would. Since this frequency 
estimate is essentially only SNR-dependent (i.e. the differences in the shapes of the aLIGO and 
LIGO Voyager baseline design noise curves at such high frequencies do not affect this analysis), 
the frequency error is common to both noise curves.

In conclusion, we find that the blue LIGO Voyager baseline design will provide a realistic 
chance of the detection, and characterization, of the GW signal associated with postmerger 
oscillations following binary NS coalescence. A search for these signals with data from LIGO 
Voyager would still require some level of optimism and a relatively nearby (i.e. 10–50 Mpc) 
event, but, given the uncertainties in the expected rate of binary NS coalescence in the local 
Universe [42], the uncertainties in the numerical modeling of the postmerger signal and the 
science possible with the detection and accurate measurement of the dominant postmerger 
oscillation frequency (δf ∼ 10 Hz), this constitutes an important high-frequency source for 
the next generation GW observatories.

3.4.  Stochastic background and unanticipated discoveries

The LIGO Voyager detector could be used to look for a few different types of stochastic back-
ground radiation: spatially resolved regions of space with quasi-periodic or quasi-continuous 
radiation of a random nature, an unresolved foreground of astrophysical sources, and a back-
ground of cosmological origin. This has already been previously explored within the context 
of the Einstein Telescope Design study [267].

Table 5.  The nuclear EOS employed in this study. References are provided in 
the first column. EOS indicated by ‘approx’ refer to models which rely on an 
approximate treatment of thermal effects, whereas ‘full’ marks EOS which provide 
the full temperature dependence. Mmax, Rmax, and ρc are the gravitational mass, 
circumferential radius, and central energy density of the maximum-mass Tolman–
Oppenheimer–Volkoff configurations. We list ρc in units of the nuclear saturation 
density ρ0 = 2.7× 1014 g cm−3. R1.35 is the circumferential radius of a 1.35M� NS. 
The final column fpeak gives the dominant postmerger oscillation frequency.

EoS Mmax (M�) Rmax (km) R1.35 (km) ρc/ρ0 fpeak(Hz)

APR [259] (approx) 2.19 9.90 11.33 10.4 3405
DD2 [260, 261] (full) 2.42 11.90 13.21 7.2 2589
Shen [262] (full) 2.22 13.12 14.56 6.7 2263
NL3 [261, 263] (full) 2.79 13.43 14.75 5.6 2157

13 the difference between the 25th and 75th percentiles, representing a robust measure of the spread in the frequency 
error.
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Table 6.  Detectability of the post-merger oscillation in binary neutron star mergers. Angle-averaged SNR 〈ρ〉, horizon distances DH, and expected 
annual detection rate Ṅ  (at SNR  =  5). Local merger rates are based on ‘realistic’ rates [42], but are uncertain within three orders of magnitude. 
Note that the true SNR recovered by a burst search will be factors of a few below the values given here (which are based on matched filtering). 
We also estimate the accuracy in the determination of the dominant postmerger oscillation frequency, based on a Monte-Carlo analysis (see text 
for details).

aLIGO Blue LIGO Voyager baseline Red LIGO Voyager baseline Green LIGO Voyager baseline Frequency recovery

EoS

〈ρ〉 @  
10 Mpc

DH  
(Mpc)

Ṅ   
(yr−1)

〈ρ〉 @  
10 Mpc

DH 
(Mpc)

Ṅ  (yr−1) 〈ρ〉 @  
10 Mpc

DH 
(Mpc)

Ṅ  
(yr−1)

〈ρ〉 @  
10 Mpc

DH 
(Mpc)

Ṅ  
(yr−1)

δ̃f ± IQR (Hz)

APR 1.49 8.3 3.0× 10−3 5.24 39.63 0.09 4.71 33.20 0.05 9.00 52.41 0.31 10± 54
DD2 2.55 14.1 6.6× 10−3 9.03 53.26 0.23 8.07 52.10 0.22 14.76 94.42 0.74 −2± 14
Shen 2.64 13.8 6.4× 10−3 9.37 70.19 0.43 8.34 54.08 0.24 14.73 94.81 0.74 8± 22
NL3 3.13 15.7 7.7× 10−3 11.15 73.84 0.49 9.91 67.04 0.37 17.26 115.03 0.74 5± 10
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For the purposes of optimizing the design of this detector, we do not include stochastic 
sources in the cost function. The expected cosmological background from inflation is either too 
weak to detect [268] or is non-existent [269, 270]. Other cosmological stochastic background 
sources, such as early-Universe strongly first-order phase transitions, also suffer from uncertain 
amplitudes and peak frequencies [271]. Estimates of the astrophysical foregrounds [272] have 
significant error bars at present, and work is still ongoing to quantify the scientific benefits 
of observing these foregrounds [273]. Therefore, stochastic backgrounds do not influence the 
detector design in any quantitative way at present. Qualitatively, we remain excited about the 
prospect of making serendipitous discoveries of heretofore unforeseen stochastic sources.

Whenever a new vista onto the cosmos has been exposed in the past, it has revolution-
ized our understanding of the Universe and its denizens. We anticipate a similarly dramatic 
upheaval as the gravitational wave Universe reveals itself. A detector with broadband sensitiv-
ity is best suited for exploring the full range of serendipitous discoveries.

4.  Conclusions

We have shown that a number of significant quantitative improvements can be achieved rela-
tive to a wide array of known astrophysical targets by upgrading the LIGO interferometers 
within the existing facilities. Precision tests of extreme spacetime curvatures can be made 
with these improved instruments, perhaps even shedding light on what really happens at the 
BH horizons. In order to aid with making design tradeoffs for the LIGO Voyager detector, 
we have numerically computed derivatives for these targets, indicating how much scientific 
value there is in incremental improvements in the interferometers. It is clear from the Jacobian 
tables that there are significant astrophysical gains to be made for modest investments in the 
reduction of technical noise in the audio band (40–8000 Hz). To make improvements for the 
low frequency (10–40 Hz) science targets (e.g. GW memory or mergers of higher mass BHs) 
would require order-of-magnitude improvements in the seismic isolation, suspension thermal 
noise, and Newtonian gravity noise.

It is very challenging to compare the importance of disparate goals such as detecting IMBH 
binaries against measuring the Hubble constant, or constraining the NS EOS against testing 
general relativity. The value of these is very much in the eye of the beholder, and a cosmolo-
gist may have a very different weighting than a nuclear physicist. Therefore, we provide the 
framework and specific calculations to show how a given design choice will impact on all of 
these goals, but intentionally leave it to potential users to decide whether, say, a sacrifice in the 
sensitivity to IMBHs may be worth the gain in NS EOS measurement precision.

This work should serve as a guide in making these detector design choices as well a starting 
point for more exhaustive evaluation of other science targets.

Table 7.  Jacobian of science goals as a function of interferometer upgrade technology. 
The baseline FOM is the ideal optimally-oriented single-detector matched filtering 
SNR for various postmerger waveforms (see section 3.3.3). The true SNR recovered by 
a burst search will be factors of order unity below the values given for aLIGO and the 
baseline LIGO Voyager design.

Waveform NN Sei SUS SPOT/CTN SQZ POW FCL MASS

APR 0 0 4.50× 10−7 4.89× 10−3 0.81 0.45 −2.73× 10−5 −2.79× 10−5

DD2 0 0 1.62× 10−7 7.89× 10−3 0.81 0.45 −4.14× 10−5 −4.26× 10−5

Shen 0 0 1.46× 10−7 0.01 0.81 0.45 −5.18× 10−5 −5.31× 10−5

NL3 0 0 1.83× 10−8 0.01 0.81 0.45 −5.76× 10−5 −5.93× 10−5
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Appendix A.  Estimating signal-to-noise ratios

The GW signal h(t) in an interferometric detector is given by

h(t) = F+(θ,ϕ,Ψ)h+(t,D, ι,β) + F×(θ,ϕ,Ψ)h×(t,D, ι,β) .� (A.1)

F+ and F× are the interferometer beam pattern functions [274]. h+ and h× are the two 
independent polarizations of the GW strain amplitude. The source is located at distance D and 
position (θ,ϕ) (spherical polar angles) on the sky. In the reference frame of the source, Earth 
is located at a position (ι,β) (spherical polar angles). Ψ is the angle of the waves’ polariza-
tion axis on the plane of the sky relative to the detector’s orientation (see figure 9.2 of [274]).

The optimal Wiener matched-filter SNR (SNR, ρ) is

ρ2 = 4
∫ ∞

0

|h̃( f )|2

S( f )
df ,� (A.2)

where

h̃( f ) =
∫ ∞

−∞
h(t) exp(2πift) df ,� (A.3)

and S( f ) is the one-sided power spectral density of noise in the detector.
Since sky location, orientation of the source, and polarization angle are unknown, it is most 

meaningful to compute and state SNRs that are averages over these angles. In this, we follow 
Flanagan & Hughes [275] and use their equation (2.30), which gives the angle-averaged SNR 
in terms of the spectral energy density of the waves

〈ρ2〉 = 2
5π2D2

G
c3

∫ ∞

0
d ln f

1
fS( f )

dEGW

df
.� (A.4)

When comparing GW spectra with LIGO 3 detector design sensitivity curves (the one-
sided amplitude spectral density 

√
S( f )), we plot

h̄( f ) =

√
2

5π2D
G
c3

1
f
dEGW

df
,� (A.5)

which has dimension of (frequency)−1/2 and thus can be compared directly with 
√
S( f ): the 

ratio of h̄ and 
√
S( f ) is dimensionless.
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Appendix B.  Interferometer parameters

The interferometer design parameters are summarised in table B1.
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