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Outline LIGO/Virgo Gamma-ray bursts Supernovae Summary

GRB070201 / GRB051103

Significant previous non detections
Short GRBs,

I GRB070201 sky location overlap with M31,
(Andromeda 770 kpc)

I GRB051103 sky location overlap with M81
(⇠ 3.6 Mpc)

no GW found
) Binary coalescence in M31 excluded at

>99% confidence level (Abbott et al., 2008)
) Binary coalescence in M81 excluded at 98%

confidence level (Abadie et al., 2012b)

Compatible with
I Neutron star quake in M31/M81

(Soft gamma-repeater)
I Coalescence in galaxy behind M31/M81

GRB070201 error box (Mazets et al., 2008)

GRB051103 error box (Hurley et al., 2010)
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Follow-up of 2 close short GRBs

Binary Coalescence in M31 & M81
excluded at > 98% CL 

Abbott et al. 2008 & Abadie et al. 2012b

GRB origin constraints: 
• Neutron Star Quake in M31/M81

OR
• Binary Coalescence @distance > 3.5-5Mpc
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This filter optimizes the signal-to-noise ratio, enhancing the fre-
quencies at which the signal of the template gravitational-wave spec-
trum VGW(f) is strong, while suppressing the frequencies at which the
detector noise (P1(f ) and P2(f )) is large. In equation (2), and
throughout this Letter, we assume the present value of the Hubble
parameter H0 5 72 km s21 Mpc21 (ref. 21), and use c(f ) to denote
the overlap reduction function8, arising from the overlap of antenna
patterns of interferometers at different locations and with different
orientations. For the H1–L1 and H2–L1 pairs, the sensitivity above
roughly 50 Hz is attenuated due to the overlap reduction. As most
theoretical models in the LIGO frequency band are characterized by a
power-law spectrum, we assume a power-law template gravitational-
wave spectrum with index a: VGW(f ) 5 Va(f/100 Hz)a. The normal-
ization constant N in equation (2) is chosen such that the expected
value of the optimally filtered cross-correlation is Va.

We apply the above search technique to the data acquired by LIGO
during the science run S5. We include two interferometer pairs: H1–
L1 and H2–L1. Summing up the contributions to the cross-correla-
tion in the frequency band 41.5–169.25 Hz, which contains 99% of
the sensitivity, leads to the final point estimate for the frequency
independent gravitational-wave spectrum (a 5 0): V0 5 (2.1 6 2.7) 3
1026, where the quoted error is statistical. We calculate the Bayesian
95% confidence upper limit for V0, using the previous LIGO result
(S4 run22) as a prior for V0 and averaging over the interferometer
calibration uncertainty. This procedure yields the 95% confidence
upper limit V0 , 6.9 3 1026. For other values of the power index a
in the range between 23 and 3, the 95% upper limit varies between
1.9 3 1026 and 7.1 3 1026. These results constitute more than an

order of magnitude improvement over the previous LIGO result in
this frequency region22. Figure 2 shows this result in comparison with
other observational constraints and some of the cosmological SGWB
models.

Before the result described here, the most constraining bounds on
the SGWB in the frequency band around 100 Hz came from the Big
Bang nucleosynthesis (BBN) and from cosmic microwave back-
ground (CMB) measurements. The BBN bound is derived from
the fact that a large gravitational-wave energy density at the time of
BBN would alter the abundances of the light nuclei produced in the
process. Hence, the BBN model and observations constrain the total
gravitational-wave energy density at the time of nucleosynthesis1,6:

VBBN~

ð
VGW fð Þ d ln fð Þv1:1|10{5 Nn{3ð Þ ð3Þ

where Nn (the effective number of neutrino species at the time of
BBN) captures the uncertainty in the radiation content during
BBN. Measurements of the light-element abundances, combined
with the Wilkinson Microwave Anisotropy Probe (WMAP) data
give the upper bound Nn – 3 , 1.4 (ref. 23). Similarly, a large
gravitational-wave background at the time of decoupling of CMB
would alter the observed CMB and matter power spectra. Assu-
ming homogeneous initial conditions, the total gravitational-wave
energy density at the time of CMB decoupling is constrained toÐ

VGW(f ) d(ln f ) , 1.3 3 1025 (ref. 7). In the LIGO frequency band
and for a 5 0, these bounds become: VBBN

0 v1:1|10{5 and
VCMB

0 v9:5|10{6. Our result has now surpassed these bounds,
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Figure 2 | Comparison of different SGWB measurements and models. The
95% upper limit presented here, V0v6:9|10{6 (LIGO S5), applies in the
frequency band 41.5–169.25 Hz, and is compared to the previous LIGO S4
result22 and to the projected Advanced LIGO sensitivity25. Note that the
corresponding S5 95% upper bound on the total gravitational-wave energy
density in this band, assuming frequency independent spectrum, is
9.7 3 1026. The indirect bound due to BBN1,6 applies to
VBBN~

Ð
VGW( f )d( ln f ) (and not to the density VGW(f )) over the frequency

band denoted by the corresponding horizontal line, as defined in equation 3.
A similar integral bound (over the range 10215–1010 Hz) can be placed using
CMB and matter power spectra7. Projected sensitivities of the satellite-based
Planck CMB experiment7 and LISA gravitational-wave detector26 are also
shown. The pulsar bound27 is based on the fluctuations in the pulse arrival
times of millisecond pulsars and applies at frequencies around 1028 Hz.
Measurements of the CMB at large angular scales constrain the possible
redshift of CMB photons due to the SGWB, and therefore limit the
amplitude of the SGWB at largest wavelengths (smallest frequencies)6.
Examples of inflationary9,10, cosmic strings4,5,15,16, and pre-Big-Bang11–13

models are also shown (the amplitude and the spectral shape in these models
can vary significantly as a function of model parameters).
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Figure 3 | Constraining early Universe evolution. The gravitational-wave
spectrum VGW fð Þ is related to the parameters that govern the evolution of

the Universe3: VGW fð Þ~A f âa fð Þ f n̂nt fð Þ r, where âa fð Þ~2
3ŵw fð Þ{1

3ŵw fð Þz1
, r is the

ratio of tensor and scalar perturbation amplitudes (measured by the CMB
experiments), n̂nt fð Þ and ŵw fð Þ are effective (average) tensor tilt and equation
of state parameters respectively, and A is a constant depending on various
cosmological parameters. Hence, the measurements of VGW and r can be
used to place constraints in the ŵw{n̂nt plane, independently of the
cosmological model. The figure shows the ŵw{n̂nt plane for r 5 0.1. The
regions excluded by the BBN23, LIGO and pulsar27 bounds are above the
corresponding curves (the inset shows a zoom-in on the central part of the
figure). The BBN curve was calculated in ref. 3. We note that the CMB
bound7 almost exactly overlaps with the BBN bound. Also shown is the
expected reach of Advanced LIGO25. Note that these bounds apply to
different frequency bands, so their direct comparison is meaningful only if
n̂nt fð Þ and ŵw fð Þ are frequency independent. We note that for the simplest
single-field inflationary model that still agrees with the cosmological data,
with potential V(w) 5 m2w2/2 (where w is a scalar field of mass m), r 5 0.14
and nt(100 Hz) 5 20.035 (ref. 28), implying a LIGO bound on the equation-
of-state parameter of ŵw (100 Hz) , 0.59.
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Multi-Messenger Highlights

Gamma Rays Neutrinos

GWþ neutrino with X2 > X2
max;obs. Assuming a uniformly

distributed source population, the rate density R can be
constrained below an upper limit Rul:

RulðEiso
gw; nνÞ ¼

2.3
tobs

R∞
0 PdetðD;Eiso

gw; nνÞ4πD2dD
: ð13Þ

After calculating this source rate upper limit for the three
observation periods, we combine these results to obtain one
source rate upper limit for the whole search. Upper limits
can be integrated by summing their inverse, such that

1

Rcombined
ul

¼
X3

i¼1

1

RðiÞ
ul

; ð14Þ

where the sum is over the three observation periods. The
resulting combined upper limit, Rcombined

ul , is shown in Fig. 5
as a function of source emission parameters. For GW
emission, the source emission strength is expressed with
Eiso
gw. Characteristic GW energies range from Eiso

gw ∼
10−2 M⊙c2 for compact binary inspirals [71] to Eiso

gw ≲
10−4 M⊙c2 for core-collapse supernovae [67] (c.f., the
horizontal axis of the figure). For neutrino emission, the
source emission strength is expressed as (i) isotropic-
equivalent neutrino energy Eiso

ν including all neutrino
flavors, and (ii) as the average number nðic86Þν of neutrinos
that would be detected from the source at 10 Mpc distance,
scaled to the full IceCube detector (with 86 strings). These

two neutrino measures are connected as Eiso
ν ¼ κnðic86Þν ,

with κ ≈ 0.7 × 1049 erg for an E−2 neutrino spectrum [86].
To convert the sensitivity of the different partially com-
pleted IceCube runs to that of the full IceCube. We assume
that sensitivity scales with the number of strings, which is a
good approximation over the whole range of declinations
searched; the relevant effective areas are presented in [120]
and [121]. Predicted characteristic neutrino emission ener-
gies include Eiso

ν ∼ 1051 erg [41], and Eiso
ν ∼ 1050 erg

[42,82] (see the secondary y axis of Fig. 5).
To put these results in context, we compare the obtained

rate upper limits to those of potentially related astrophysi-
cal sources. One of the potential sources of interest is
core-collapse supernovae with rapidly rotating cores, which
may drive relativistic outflows that result in high-energy-
neutrino emission, and can also emit detectable GWs
[9,132–138]. The local (z ¼ 0) rate of core-collapse super-
novae is ∼2 × 10−4 Mpc−3 yr−1 [139], significantly below
the upper limits that were obtained with the present search.
While the present results do not constrain current

astrophysical models, we establish a baseline for future
measurements by advanced GW detectors. The nominal
sensitivity increase of advanced over initial GW detectors is
a factor of 10, which corresponds to a factor 1000 increase
in sensitive volume. For the cases in which the GW
component limits the joint sensitivity, this translates into
a factor of 1000 improvement in the expected source rate
upper limit upon no detection. For emission cases in which
the neutrino component is limiting, this improvement will
be smaller. For comparison, taking the standard-siren GW
emission with Eiso

gw ¼ 10−2 M⊙c2, and a neutrino emission
comparable to typical GRB gamma-ray emission, Eiso

ν ¼
1051 erg [41], the upper limit obtained by the present search
is 1.6 × 10−2 Mpc−3 yr−1. In contrast, we project a source
rate upper limit of 4 × 10−4 Mpc−3 yr−1 for a 1-year
observation period with advanced LIGO/Virgo and the
full IceCube, which is comparable to the core-collapse
supernova rate.

C. Detection sensitivity improvement
with the joint search

An advantage of combining data from searches for GWs
and neutrinos is the reduced total FAR. Requiring temporal
and directional coincidence from a joint event are effective
filters in reducing the background, beyond the identifica-
tion capabilities of single-messenger searches. Low FAR
searches are critical in identifying an astrophysical signal
with high significance. This will be particularly important
for the first GW discoveries. Below, we compare search
sensitivities requiring low FAR for the joint GWþ neutrino
search and the GW-only and neutrino-only searches to
characterize the improvement we can expect from the joint
search.

5−2

−2

−1.5

−1.5

−1

E
gw
iso   [M

sun
c2]

n ν(ic
86

)    
[#

 in
 IC

86
 a

t 1
0M

pc
]

10
−4

10
−3

10
−2

10
−1

10
0

10
1

10
2

log(R
ul
combined / Mpc−3yr−1)

−3 −2.5 −2 −1.5 −1 −0.5 0

10
49

10
50

10
51

E
νis

o

FIG. 5 (color online). Joint GWþ neutrino source rate upper
limit of the present search as a function of isotropic-equivalent
GW emission Eiso

gw and neutrino emission. Neutrino emission is
given both in terms of average number of neutrinos detected by
IceCube with 86 strings from 10 Mpc (nðic86Þν ), and in terms of
emitted isotropic-equivalent neutrino energy (Eiso

ν ; in all flavors).
The results here assume an E−2 neutrino energy spectrum (see
Sec. II B). The results shown here combine measurements from
the three analyzed observation periods (S5/VSR1/IC22, S6/
VSR2/IC59 and S6/VSR3/IC79).

MULTIMESSENGER SEARCH FOR SOURCES OF … PHYSICAL REVIEW D 90, 102002 (2014)

102002-17

Aartsen et al. 2014

Icecube-LIGO
coherent
analysis

The Astrophysical Journal Supplement Series, 203:28 (14pp), 2012 December Evans et al.

Figure 3. Efficiency as a function of false alarm probability for the joint
LIGO–Virgo and Swift search. The solid (dotted) curves represent performance
of the joint search with five (ten) fields observed by Swift for various values
of the flux of an X-ray counterpart (in units of erg s−1 cm−2) at a distance of
50 Mpc, S50 Mpc. The dashed line is the curve for the GW only search.

In the rare-event region below FAP of 10−4 (i.e., corresponding
to below ∼4σ for the case of Gaussian statistics) one can see
how at fixed event significance the efficiency can improve by a
significant factor depending on the associated EM flux that is
measured. As expected, the gain increases with the brightness
of the X-ray counterpart. It reaches a saturation point at which
roughly one-third and one-half, respectively, of the signals are
detected in the searches with five and ten fields observed by
Swift. This is determined by the number of signals for which
their true location overlapped with the five (or ten) most sig-
nificant tiles of the skymap. Only these signals were observed
by Swift. The rest of the signals were “missed” in the follow-
up and therefore did not benefit from it. Observing more fields
with Swift increases the chances of locating the X-ray counter-
part, but at the same time has the negative effect of increasing
chances of accidental detection of serendipitous X-ray sources
(background). Figure 3 shows that the net gain is noteworthy if
ten instead of five fields were observed by Swift. In general, an
XRT with a wide FOV would be optimal for the purpose of the
joint search. We should note though that for such a telescope the
position correlation term, Λcor(Ω), in the joint likelihood ratio
Equation (2) may become important and should be included in
the analysis.

6. SUMMARY AND DISCUSSION

During two periods in late 2009 and 2010 the LIGO–Virgo
GW interferometric network sent out low-latency candidate GW
events to partner observatories for rapid follow-ups in various
EM bands. Two such events were followed up as ToOs by Swift.
One of the events followed up by Swift was ultimately revealed
to be a blind injection artificially inserted into the data as a
test of the system (Abadie et al. 2011c) and the other was
a reduced-threshold test event (Abadie et al. 2011b, 2012b).
Prompt analysis of both the XRT and UVOT data obtained
from the seven total fields observed showed results consistent

with expectations for serendipitous sources. Given the lack of
EM candidates standing out above background, these particular
observations do not increase our confidence in the validity of
the GW transients as established by the GW detectors alone.

Combining GW and EM astronomy will be pivotal in max-
imizing the science in the advanced detector era of gravita-
tional interferometers; it may not only increase our confidence
in the detection of GWs but also complete our understanding
of the astrophysics of the observed systems (Bloom et al. 2009;
Phinney 2009; Stamatikos et al. 2009; Metzger & Berger 2012).
Our prototype observing program and end-to-end analysis has
been the first step in joint X-ray and GW observations. We
demonstrated their feasibility and the considerable added value
joint observations bring. Improvements to these will continue
to be made in the future on both the EM and GW side. The
relatively narrow FOV of instruments such as Swift with respect
to the limited pointing resolution abilities of GW interferom-
eters makes identifying the position of the source on the sky
non-trivial. A possible fourth detector site in India, Japan, or
elsewhere and continued refinements in source localization al-
gorithms are likely to reduce the sky-position error area. On the
EM side, a more highly optimized faint source detection scheme
for XRT transients might yield improvement in EM sensitivity.
In late 2011 Swift implemented onboard software changes to
allow automatic scheduling sequences of partially overlapping
XRT FOV exposures in response to ToO observation requests
for targets with position uncertainties larger than the FOV—this
will assist the follow-up of GW targets. A significant role will
also be played by prompt follow-up campaigns in the optical
band that may provide rapid sub-degree source localizations.
Such localizations may facilitate the subsequent follow-up with
narrow FOV instruments including Swift, thus significantly im-
proving the chances of capturing the X-ray signatures of GW
sources.

In order to carry out multimessenger astrophysics with
GWs, it will be extremely important to have Swift and/or
Swift-like satellites capable of rapid pointing, multi-wavelength
observations and of as wide an FOV as possible operating
concurrently with the advanced GW detector network later
in this decade. Maximizing the science from GW astronomy
will require sensitive partner instruments all across the EM
spectrum. The successful completion of this end-to-end program
of EM follow-ups by Swift and other observatories during the
most recent science runs of the LIGO–Virgo network provides
confidence that such joint observations will be both technically
feasible and scientifically valuable endeavors in the future.

The authors gratefully acknowledge the support of the United
States National Science Foundation for the construction and op-
eration of the LIGO Laboratory, the Science and Technology
Facilities Council of the United Kingdom, the Max-Planck-
Society, and the State of Niedersachsen/Germany for support
of the construction and operation of the GEO600 detector, and
the Italian Istituto Nazionale di Fisica Nucleare and the French
Centre National de la Recherche Scientifique for the construc-
tion and operation of the Virgo detector. The authors also grate-
fully acknowledge the support of the research by these agencies
and by the Australian Research Council, the International Sci-
ence Linkages program of the Commonwealth of Australia, the
Council of Scientific and Industrial Research of India, the Isti-
tuto Nazionale di Fisica Nucleare of Italy, the Spanish Ministe-
rio de Economı́a y Competitividad, the Conselleria d’Economia
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On the way to 
Advanced LIGO …  

Major Progress  
in Theory and Data Analysis
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Numerical Relativity  
Breakthroughs!

100’s of 
NR waveforms

Mroue 
et al. 2013

MAJOR REMAINING 
CHALLENGE:  

High-Fidelity, Fast 
Inspiral+Merger+Ringdown 
with Full 
double-spin Precession 
across all source parameters

! do not exist !



Gravitational-Wave Astrophysics: 
The parameter estimation era

Great Need for: 

- Fast Waveforms 

- Smart Sampling 
in highly structured 
15-dimensional space

Tremendous speed progress: 
from months to days/hours 
and soon to just minutes  

Ben Farr 2015 BH spin  
cannot be ignored



Multi-Messenger Searches

Binary Inspirals and Mergers  
Supernova Explosions 
Other Burst Signals



Multi-Messenger Searches

LIGO-EM official partnerships

75 MOUs signed already 

full EM coverage: from radio to gamma-ray

Follow-up will start already with LIGO-O1, Fall 2015

Enabling multi-messenger astronomy  
with gravitational waves
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Image: 
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Swift 

Palomar Transient  
Factory 

●  About 60 Partners 
from 19 countries

●  About 150 
instruments 
covering the full 
spectrum from 
radio to very high-
energy gamma-
rays

Abadie, et al, (LSC & Virgo Collaborations)  
Astron. Astrophys. 541 (2012) A155. 

Nissanke, Kalsiwal, Georgieva,  
Astrophysical J. 767 (2013) 124. 

Singer, Price, et al., Astrophysical J., 795 (2014) 
105.  

LIGO  
Hanford 

Expected EM signals following binary NS inspirals

major challenge: 
sky localizations of 100’s of square degrees initially



Localization:  
NS-NS Inspiral at high SNR

Rodriguez et al 2014

at 95% CL
median error 
~ 10 deg^2

@ Design
Sensitivity

for distributed 
SNR

40% of 
error boxes
> 100 deg^2
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NS-NS Reach in Mpc

Current Science Plan for 
Advanced Detectors 

2015 2017 2020 2022

Advanced LIGO/Virgo 
Sensitivity Evolution

Aasi et al 2013; arXiv: 1304.0670

BH-BH Reach:
out to z~2 for 150Msun

out to 1,000Msun



Advanced Expectations by 2020 ?
Binary Merger Rates

Abadie et al. 2010 & Abadie et al. 2012

Best expected Upper Limits 
from Advanced 

LIGO - Virgo

AdLIGO
Design

Sensitivity
Low

(per yr)
“Realistic”

(per yr)
High
(per yr)

NS-NS 0.4 40 400
NS-BH 0.2 10 300
BH-BH 0.4 20 1000

How many coincident
with short Gamma Ray Bursts?

only ~ 0.5 - 2 / yr



Science to still reach out for 
post-Advanced-LIGO

• large samples of high-SNR GW-GRB events for precision cosmology
• large samples of high-SNR BH-BH mergers to test strong-field GR
• high-SNR detection to nail the NS EOS                                    
—> tidal/merger effects - supernovae - pulsars

• nail the origin of short GRBs
• constrain the supernova and/or magnetar mechanisms
• definitively assess the existence of IMBH
• measure reliably the maximum NS mass 
• nail the BH mass spectrum out to 1,000’s of solar masses
• uncover the origin of BH spins 
• quantify the relative BH-BH pops from dense clusters or the field
• best constrain the evolution processes of stellar binaries



What is needed for 
post-AdLIGO Science?

• Deep GW observations: out to redshifts of 3-5 
• Broadband GW observations: out to about 5 kHz
• Comparable detector in southern-most location

Some words of caution:4/18/15, 2:55 PMDark Energy and the Accelerating Universe - J.A. Frieman et al.

Page 3 of 7http://ned.ipac.caltech.edu/level5/March08/Frieman/Frieman2.html

Figure 1. Evolution of radiation, matter, and
dark energy densities with redshift. For dark
energy, the band represents w = -1 ± 0.2.

The deceleration parameter, q(z), is defined as

(6)

where i(z)  i(z) / crit(z) is the fraction of critical density in component i at redshift z. During the matter-
and radiation-dominated eras, wi > 0 and gravity slows the expansion, so that q > 0 and  < 0. Because of the
(  + 3p) term in the second Friedmann equation (Newtonian cosmology would only have ), the gravity of a
component that satisfies p < -  / 3, i.e., w < -1/3, is repulsive and can cause the expansion to accelerate (  >
0): we take this to be the defining property of dark energy. The successful predictions of the radiation-
dominated era of cosmology, e.g., big bang nucleosynthesis and the formation of CMB anisotropies, provide
evidence for the (  + 3p) term, since during this epoch  is about twice as large as it would be in Newtonian
cosmology.

2.2. Distances and the Hubble diagram

For an object of intrinsic luminosity L, the measured energy flux F defines the luminosity distance dL to the
object, i.e., the distance inferred from the inverse square law. The luminosity distance is related to the
cosmological model through

(7)

where r(z) is the comoving distance to an object at redshift z,

(8)

agree reasonably well with the measurements inferred from the UV slope or from SED

fitting. At z > 2, the FIR/FUV estimates have large uncertainties due to the similarly
large uncertainties required to extrapolate the observed FIR luminosity functions to a total

luminosity density. The values are larger than those for the UV-selected surveys, particu-

larly when compared to the UV values extrapolated to very faint luminosities. While it is
plausible that galaxies with lower star formation rates may have reduced extinction, it is

also likely that purely UV-selected samples at high redshift are biased against dusty star-

forming galaxies. As we have noted earlier, there is not yet a robust census for star-forming
galaxies at z ≫ 2 selected on the basis of dust emission alone, due to the sensitivity limits

of past and present far-infrared and submillimeter observatories, and the total amount of
star formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from far-ultraviolet (top right panel), infrared (bottom
right panel), and FUV+IR (left panel) rest-frame measurements. The data points with symbols are given
in Table 1. All UV luminosities have been converted to instantaneous star formation rate densities using
the factor KFUV = 1.15 × 10−28 (see eq. 10), valid for a Salpeter IMF. Far-infrared luminosities (8–
1000µm) have been converted to instantaneous star formation rates using the factor KIR = 4.5 × 10−44

(see eq. 11), also valid for a Salpeter IMF. The best-fit star formation rate density in equation (15) is
plotted in the three panels with the solid curve.

Figure 9 shows the history of cosmic star formation from UV and IR data following the

above prescriptions, together with the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ yr−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic star

formation history: a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing

and peaking at some point probably between z = 2 and 1.5, when the universe was about
3.5 Gyr old, followed by a gradual decline to the present day, roughly as ψ(z) ∝ (1 + z)2.7.

Cosmic Star Formation History 49

Madau & Dickinson 2015
Wright 2015



 Pulsar Timing and  
Space-based Science & Detectors 

Tom Prince



Low-Frequency GW

• Two categories:  space-based and 
pulsar timing 
• Pulsar timing: 1 – 100 nHz 
• Space-based: 0.1 – 100 mHz  

• Major science objectives 
• Massive BH mergers 
• Supermassive BH binaries 
• Capture of compact objects by 

BHs in centers of galaxies 
• Ultra-compact binaries in the 

Galaxy 
• Cosmic GW background 
• Tests of GR
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Space-Based GW with a LISA Mission

Massive Black Hole Mergers (~tens 
to hundreds)

Ultra-Compact Binaries
(~thousands)

Capture of stellar-mass black holes 
by massive BHs in normal galactic 
nuclei (~hundreds)
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Evolution of Ground-based Detectors 

Near and Long-term Goals 

Rai Weiss
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2 LLO advanced LIGO today  67Mpc
3 Advanced LIGO low power 150Mpc
4 Advanced LIGO high power 190Mpc
5 Example “Voyager” 600Mpc 10db squeezing, 160kg test masses
6 Example “Explorer” z~2 40Km, 5db squeezing, 40kg test masses

Figure 5: Network sensitivity and localization accuracy for face-on BNS systems with advanced
detector networks. The ellipses show 90% confidence localization areas, and the red crosses show
regions of the sky where the signal would not be confidently detected. The top two plots show the
localization expected for a BNS system at 80Mpc by the HLV network in the 2016–17 run (left)
and 2017–18 run (right). The bottom two plots show the localization expected for a BNS system
at 160Mpc by the HLV network in the 2019+ run (left) and by the HILV network in 2022+ with
all detectors at final design sensitivity (right). The inclusion of a fourth site in India provides good
localization over the whole sky.

Estimated EGW = 10�2M�c2 Number % BNS Localized
Run Burst Range (Mpc) BNS Range (Mpc) of BNS within

Epoch Duration LIGO Virgo LIGO Virgo Detections 5 deg2 20 deg2

2015 3 months 40 – 60 – 40 – 80 – 0.0004 – 3 – –
2016–17 6 months 60 – 75 20 – 40 80 – 120 20 – 60 0.006 – 20 2 5 – 12
2017–18 9 months 75 – 90 40 – 50 120 – 170 60 – 85 0.04 – 100 1 – 2 10 – 12
2019+ (per year) 105 40 – 80 200 65 – 130 0.2 – 200 3 – 8 8 – 28

2022+ (India) (per year) 105 80 200 130 0.4 – 400 17 48

Table 1: Summary of a plausible observing schedule, expected sensitivities, and source localization
with the advanced LIGO and Virgo detectors, which will be strongly dependent on the detectors’
commissioning progress. The burst ranges assume standard-candle emission of 10�2M�c2 in GWs

at 150Hz and scale as E1/2
GW. The burst and binary neutron star (BNS) ranges and the BNS

localizations reflect the uncertainty in the detector noise spectra shown in Fig. 1. The BNS detection
numbers also account for the uncertainty in the BNS source rate density [28], and are computed
assuming a false alarm rate of 10�2 yr�1. Burst localizations are expected to be broadly similar
to those for BNS systems, but will vary depending on the signal bandwidth. Localization and
detection numbers assume an 80% duty cycle for each instrument.
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Figure 5: Network sensitivity and localization accuracy for face-on BNS systems with advanced
detector networks. The ellipses show 90% confidence localization areas, and the red crosses show
regions of the sky where the signal would not be confidently detected. The top two plots show the
localization expected for a BNS system at 80Mpc by the HLV network in the 2016–17 run (left)
and 2017–18 run (right). The bottom two plots show the localization expected for a BNS system
at 160Mpc by the HLV network in the 2019+ run (left) and by the HILV network in 2022+ with
all detectors at final design sensitivity (right). The inclusion of a fourth site in India provides good
localization over the whole sky.
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Epoch Duration LIGO Virgo LIGO Virgo Detections 5 deg2 20 deg2
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Table 1: Summary of a plausible observing schedule, expected sensitivities, and source localization
with the advanced LIGO and Virgo detectors, which will be strongly dependent on the detectors’
commissioning progress. The burst ranges assume standard-candle emission of 10�2M�c2 in GWs

at 150Hz and scale as E1/2
GW. The burst and binary neutron star (BNS) ranges and the BNS

localizations reflect the uncertainty in the detector noise spectra shown in Fig. 1. The BNS detection
numbers also account for the uncertainty in the BNS source rate density [28], and are computed
assuming a false alarm rate of 10�2 yr�1. Burst localizations are expected to be broadly similar
to those for BNS systems, but will vary depending on the signal bandwidth. Localization and
detection numbers assume an 80% duty cycle for each instrument.
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Figure 5: Network sensitivity and localization accuracy for face-on BNS systems with advanced
detector networks. The ellipses show 90% confidence localization areas, and the red crosses show
regions of the sky where the signal would not be confidently detected. The top two plots show the
localization expected for a BNS system at 80Mpc by the HLV network in the 2016–17 run (left)
and 2017–18 run (right). The bottom two plots show the localization expected for a BNS system
at 160Mpc by the HLV network in the 2019+ run (left) and by the HILV network in 2022+ with
all detectors at final design sensitivity (right). The inclusion of a fourth site in India provides good
localization over the whole sky.
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GW. The burst and binary neutron star (BNS) ranges and the BNS

localizations reflect the uncertainty in the detector noise spectra shown in Fig. 1. The BNS detection
numbers also account for the uncertainty in the BNS source rate density [28], and are computed
assuming a false alarm rate of 10�2 yr�1. Burst localizations are expected to be broadly similar
to those for BNS systems, but will vary depending on the signal bandwidth. Localization and
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FIG. 3. The design noise budget of Advanced LIGO. All
dominant noise sources below about 100 Hz are displacement
noise, and therefore benefit from longer arms.

on the populations of early, metal poor stars. Obser-
vations of binary black hole inspirals coupled with elec-
tromagnetic observations can provide a measurement of
the distance-luminosity relation independent of the cos-
mological distance ladder, an important science goal for
space based gravitational wave observatories like LISA
[13]. Hence, coincident detections of high redshift sources
would be able to provide measurements of cosmological
parameters, including dark energy, which are completely
independent of supernovae [14].

NOISE SCALING WITH ARM LENGTH

It would be easy to erroneously conclude that the sensi-
tivity of a gravitational wave detector will scale linearly
with increasing detector length, since the displacement
caused by gravitational wave strain scales linearly with
detector length. However, all of the limiting noise sources
will also change as the detector length is changed, mean-
ing that the sensitivity does not have a simple linear
scaling with detector length at any frequency. Vertical
motion of the optics, driven by suspension thermal noise,
couples to the gravitational wave readout due to the cur-
vature of the earth and does not scale linearly; coating
thermal noise scaling is modified by the changing beam
size; the mass of the optics must be increased to accom-
modate the larger beams; and the overall quantum noise
behavior of the detector must be modified to account for
the increased flight time of photons in the interferometer
arms.

The power spectral density of the coating and sub-
strate Brownian noise scales as the inverse of the laser

beam area [15]. The spot sizes w
1

and w
2

on the mirrors
in a two-mirror Fabry-Perot cavity are given by [16]

w2

1,2 =
�L

⇡

r
g
2,1

g
1,2(1� g

1,2g2,1)
, (1)

where � is the wavelength, g
1,2 = 1�L

arm

/R
1,2 are the g

factors for each optic, and R
1,2 are the radii of curvature

of the two optics. The beam size on the optic scales with
the square root of the arm cavity length if other factors
are constant, meaning that the strain amplitude sensitiv-
ity limited by coating Brownian noise could improve as

much as 1/L3/2
arm

as the arm length increases, if suitably
large optics are available. In reality, for a longer inter-
ferometer both the angular stability and the size of the
required optics will require a smaller g factor than Ad-
vanced LIGO, so that the scaling of Brownian noise will

be between 1/L3/2
arm

and 1/L
arm

. This increased beam
size may require an increase in the mass of the optics
used, which leads to a small improvement in the over-
all sensitivity due to reductions in the noise caused by
Newtonian gravity, radiation pressure noise, and an even
smaller reduction in the horizontal suspension thermal
noise [17].
Due to the curvature of the Earth, for multi-kilometer

arm cavities the local vertical direction is not quite per-
pendicular to the optical axis, and this introduces a small
but unavoidable coupling between vertical motion of the
test mass and the gravitational wave output of the de-
tector, approximately sin (L

arm

/2R�) (0.003 for a 40 km
arm). Even a small coupling can be problematic, because
the vertical thermal noise is orders of magnitude larger
than the noise in the horizontal direction, where a large
fraction of the energy of oscillations is stored as gravi-
tational potential energy. In the vertical direction how-
ever, the energy is stored in the elastic restoring forces of
the suspension fibers and springs, which introduce noise
through their mechanical losses [18, 19]. By lengthening
the final suspension stage from 60 cm to 1 meter, the
vertical suspension mode resonant frequency will be low-
ered from 9 Hz to 7 Hz [20]. This modest change would
reduce the suspension thermal noise by more than a fac-
tor of 7 at 10 Hz in a 40 km interferometer, while in a 4
km interferometer where the horizontal suspension noise
dominates it would provide about a 30% improvement.
Quantum noise is a combination of sensor noise (shot

noise) and displacement noise (radiation pressure noise);
the optical parameters of the interferometer must be cho-
sen to optimize the quantum noise in light of the other
limiting noise sources in the interferometer. At low fre-
quencies the increased arm length improves the quantum
noise limited sensitivity while at high frequencies the shot
noise is unchanged as the arm length increases. Quantum
radiation pressure noise is reduced by the increased arm
length because it is a displacement noise and because
the fluctuating radiation pressure force causes smaller
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INTRODUCTION

The current generation of gravitational wave detectors
uses variants of long Michelson interferometers to detect
minute deformations of space-time that pass through the
Earth from distant astrophysical sources [1–3]. Advanced
LIGO [4] employs Fabry-Perot arm cavities with a length
of 4 km, whereas Advanced VIRGO [5] and KAGRA [6]
are 3 km long. These instruments are likely to make di-
rect detections of gravitational waves in the next several
years [7]. Coalescing neutron star binaries are expected
to be a regular source for this generation of detectors,
with sources at the horizon as far as 400 Mpc away. Ob-
servations of signals from pulsars, supernovae, and other
sources are not ruled out, though they are likely to be
infrequent and with low signal to noise ratios [7].

Even as the scientific community prepares to gain new
understanding of the nearby universe from the first detec-
tions of gravitational waves, the quest for deeper searches
out to cosmological distances is a strong driving force to-
ward significantly more sensitive detectors. The reach
of ground based detectors is limited by a class of noises
known as displacement noises, which move the optics of
the interferometer, and are to be contrasted with sens-
ing noises, which limit the measurement of their position.
Reducing displacement noises has been a major compo-
nent of proposed upgrades to the current generation of
detectors; a factor of two improvement in sensitivity is
achievable through short-term incremental upgrades to
Advanced LIGO [8]. Later upgrades involving new op-
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FIG. 1. Projected sensitivity of a 40 km long interferometer
based on Advanced LIGO. The only major added technology
with respect to the existing interferometers is the use of a
squeezed light source for reducing quantum noise.

tical materials and coatings, cryogenic operations, and
other technologies currently being developed may achieve
up to a factor of five improvement over Advanced LIGO
in the existing 4 km facility [9]. Over time, increas-
ingly complex upgrades in the existing facilities will yield
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Figure 1. A possible sensitivity (solid curve) of an underground, long suspension, cryogenic, signal
and power recycled single third-generation GW observatory (see table 1 in [9]) compared with a
typical sensitivity curve of an advanced detector (dashed curve). It is worth underlining that the
evaluation of the possible noise level of a third-generation GW observatory is an ongoing activity,
still far from being concluded within the ET design study. For this reason the curves are updated
regularly and labelled with progressive letters to be distinguished. In the solid curve (so-called
ET-B), corresponding to a single wide-band detector, the suspension thermal noise contribution is
not yet included.

be addressed with a third-generation detector. A detector with a sensitivity a factor 10 better
than an advanced detector will open a new avenue for understanding the physical phenomena
of extreme objects in the Universe. The study team has started putting together a vision
document [10] detailing the scope of such a detector. Here we list a few examples of the
science questions we can expect to pose with ET.

(i) Observation of compact binary coalescences would allow accurate measurement of the
masses of neutron stars and masses and spins of black holes [11,12]. For instance, for
binaries at a given distance, ET will measure masses and spins an order of magnitude
better than advanced detectors. More importantly, it should be possible to determine the
component masses of binaries to better than 5% (except when the component objects are
of comparable masses) over a wide range of masses from a few solar masses to hundreds
of solar masses. From a population of such observations, it will be possible to infer the
maximum mass of a neutron star (a long-standing open problem in theoretical physics)
and constrain its equation of state [10]. The way this can be done is as follows: it is widely
believed that short, hard gamma-ray bursts (shGRBs) are triggered by the coalescence of
a compact binary in which one of the stars is a neutron star and the other a neutron star
or a black hole. If this is the case, then one can reliably assume that the lighter of the
components of a binary coalescence observed in coincidence is definitely a neutron star.
A large enough sample should then give the mass function of neutron stars and tell us
where the cutoff in the mass distribution is.

(ii) Advanced detectors should make the first coincident observations of binary mergers and
shGRBs. One might not accumulate a sufficiently large population of such events with
advanced detectors to fully understand the population of GRBs and their precursors.
Advanced detectors could shed light on GRB progenitors (an outstanding problem
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LIGO [4] employs Fabry-Perot arm cavities with a length
of 4 km, whereas Advanced VIRGO [5] and KAGRA [6]
are 3 km long. These instruments are likely to make di-
rect detections of gravitational waves in the next several
years [7]. Coalescing neutron star binaries are expected
to be a regular source for this generation of detectors,
with sources at the horizon as far as 400 Mpc away. Ob-
servations of signals from pulsars, supernovae, and other
sources are not ruled out, though they are likely to be
infrequent and with low signal to noise ratios [7].

Even as the scientific community prepares to gain new
understanding of the nearby universe from the first detec-
tions of gravitational waves, the quest for deeper searches
out to cosmological distances is a strong driving force to-
ward significantly more sensitive detectors. The reach
of ground based detectors is limited by a class of noises
known as displacement noises, which move the optics of
the interferometer, and are to be contrasted with sens-
ing noises, which limit the measurement of their position.
Reducing displacement noises has been a major compo-
nent of proposed upgrades to the current generation of
detectors; a factor of two improvement in sensitivity is
achievable through short-term incremental upgrades to
Advanced LIGO [8]. Later upgrades involving new op-
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FIG. 1. Projected sensitivity of a 40 km long interferometer
based on Advanced LIGO. The only major added technology
with respect to the existing interferometers is the use of a
squeezed light source for reducing quantum noise.

tical materials and coatings, cryogenic operations, and
other technologies currently being developed may achieve
up to a factor of five improvement over Advanced LIGO
in the existing 4 km facility [9]. Over time, increas-
ingly complex upgrades in the existing facilities will yield
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Near and long-term goals
• CMB polarization 
– NT: Ground and balloon based 

• Increased sky and wavelength coverage 
• Angular scales as large as 10 degrees with polarization modulators 
• Large format detector arrays BLIP limited by CMB 

– LT: Space based: Inflation Probe (CMBPol) 
• Pulsar timing 
– NT: continued access to telescope time (GBT and Arecibo), continued funding 

for observations and algorithm development 
– LT: SKA or other advanced facilities with increased pulsar timing & search 

capabilities 
• Space  
– NT: NASA funding of technology development commensurate with future 

strong role in LISA-like mission (lasers, telescopes, thrusters, analysis…) 
– NT: NASA support of LISA science community in advance of Astro2020 -- 

currently almost no NASA science funding – not commensurate with strong 
science support for LISA from Astro2010 

– LT: Strong US role in future LISA-like space mission 
• Ground 
– NT: Operate and improve Advanced LIGO 
– NT&LT: increase the network 
– LT: new detectors/configurations & science reach (needs study)



Request of BPA

• An NRC study about the future directions of 
ground-based gravitational-wave research 

• Why now: 
– The possibility of detections in the next few 

years 
– The long development times for the technology 
– Scientific input on technical and scientific 

tradeoffs 
– Continuity for the strong technical and 

experimental physics groups now in the field
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FIG. 1. Left. Top panels show the lower bound on the Compton wavelength λg of the graviton that can be placed from observations of equal-
mass binaries located at distances such that they produce optimal SNRs of 10 in the Adv. LIGO (black traces) and ET (grey traces) detectors
using their smallest low-frequency cutoffs (10 Hz and 1 Hz, respectively). Middle panels show the same bounds from binaries located at 1
Gpc, and the bottom panels show the optimal SNR produced by these binaries. Horizontal axes report the total mass of the binary. Solid and
dashed lines correspond to IMR and restricted 3.5PN waveforms, respectively. Right. Same plots for the case of binaries located at 3 Gpc
detected in the LISA detector.

Will’s original work was performed using restricted PN
waveforms describing the inspiral stage of non-spinning coa-
lescing compact binaries, the phase of which was expanded to
1.5PN order. Recent work has elaborated on this by incorpo-
rating more accurate detector models, and by including more
physical effects such as effects rising from the spin angular
momentum of the compact objects, from the eccentricity of
the orbit, and from the inclusion of higher harmonics rising
from the contribution of the higher multipoles [14–20].
Since the PN formalism has enabled us to compute accurate

waveforms from the inspiral stage of the coalescence, these
analyses have focused on the information gained from the ob-
servation of the inspiral stage. The last few years have wit-
nessed a revolution in the numerical simulations of compact
binaries. In particular, numerical relativity was able to obtain
exact solutions for the “binary-black-hole problem” [21–23].
Concomitant with this great leap has been significant progress
in analytical relativity in the computation of high order PN
terms and the inclusion of various effects arising from spins,
higher harmonics etc. Combining the analytical and numer-
ical results, different ways of constructing inspiral-merger-
ring-down (IMR) waveforms have been proposed [24–26]. It
has been widely recognized that these IMR waveforms will
significantly improve the sensitivity and distance reach of the
searches for BBHs (see, e.g., [24, 27, 28]) as well as the accu-
racy of the parameter estimation (see, e.g., [29–31]).
In this paper, we estimate the bounds that can be placed on

the mass of graviton from the GW observations of BBHs us-
ing IMR templates. This is motivated by the previous observa-
tions (see e.g. [29]) that the IMR waveforms will significantly

improve the accuracy of the parameter estimation by breaking
the degeneracies between the different parameters describing
the signal, including the parameter describing the mass of the
graviton.
Due to the intrinsic randomness of the noise in the GW

data, the estimated parameters of the binary (including the
one parameter describing the mass of the graviton) will fluc-
tuate around their mean values. In the limit of high signal-
to-noise ratios (SNRs), the spread of the distribution of the
observed parameters— the accuracy of the parameter estima-
tion — is quantified by the inverse of the Fisher information
matrix [32, 33]. We employ the Fisher matrix formalism to es-
timate the expected bounds on the mass of the graviton using
the non-spinning limit of the IMR waveform model proposed
by Ref. [34]. This is a frequency-domain waveform family
describing the leading harmonic of the IMR waveforms from
BBHs.
Indeed, in the absence of a complete massive-graviton the-

ory, we consider only the propagation effects of a massive
graviton, and assume that the wave generation is correctly
given by GR, apart from negligible corrections. This will in-
troduce a systematic error on the possible constraints, which
depends on the specific massive graviton theory3. Since we

3 If stable black holes exist in such theory, then we might expect that the
major effect comes from the propagation, since the length scales involved
in the propagation are typically much larger than the length scales involved
in the wave generation. However, it is difficult to address this properly in
the absence of a complete theory of massive graviton.
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from the contribution of the higher multipoles [14–20].
Since the PN formalism has enabled us to compute accurate

waveforms from the inspiral stage of the coalescence, these
analyses have focused on the information gained from the ob-
servation of the inspiral stage. The last few years have wit-
nessed a revolution in the numerical simulations of compact
binaries. In particular, numerical relativity was able to obtain
exact solutions for the “binary-black-hole problem” [21–23].
Concomitant with this great leap has been significant progress
in analytical relativity in the computation of high order PN
terms and the inclusion of various effects arising from spins,
higher harmonics etc. Combining the analytical and numer-
ical results, different ways of constructing inspiral-merger-
ring-down (IMR) waveforms have been proposed [24–26]. It
has been widely recognized that these IMR waveforms will
significantly improve the sensitivity and distance reach of the
searches for BBHs (see, e.g., [24, 27, 28]) as well as the accu-
racy of the parameter estimation (see, e.g., [29–31]).
In this paper, we estimate the bounds that can be placed on

the mass of graviton from the GW observations of BBHs us-
ing IMR templates. This is motivated by the previous observa-
tions (see e.g. [29]) that the IMR waveforms will significantly
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the degeneracies between the different parameters describing
the signal, including the parameter describing the mass of the
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Due to the intrinsic randomness of the noise in the GW

data, the estimated parameters of the binary (including the
one parameter describing the mass of the graviton) will fluc-
tuate around their mean values. In the limit of high signal-
to-noise ratios (SNRs), the spread of the distribution of the
observed parameters— the accuracy of the parameter estima-
tion — is quantified by the inverse of the Fisher information
matrix [32, 33]. We employ the Fisher matrix formalism to es-
timate the expected bounds on the mass of the graviton using
the non-spinning limit of the IMR waveform model proposed
by Ref. [34]. This is a frequency-domain waveform family
describing the leading harmonic of the IMR waveforms from
BBHs.
Indeed, in the absence of a complete massive-graviton the-

ory, we consider only the propagation effects of a massive
graviton, and assume that the wave generation is correctly
given by GR, apart from negligible corrections. This will in-
troduce a systematic error on the possible constraints, which
depends on the specific massive graviton theory3. Since we

3 If stable black holes exist in such theory, then we might expect that the
major effect comes from the propagation, since the length scales involved
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GR tests: graviton mass

Solar System Limit:
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At present we do not know of any IMBH binaries
(IMBHB). However, astrophysical scenarios of their forma-
tion have been proposed in the literature, which include hi-
erarchical growth of black holes at galactic nuclei by accre-
tion of gas, stars and compact objects (i.e. neutron stars and
black holes) and dynamical capture of smaller black holes by
nuclear black holes in stellar clusters. Hierarchical models
of structure formation predict that supermassive BHs found
in galactic nuclei might initially be IMBHs that grow to
their current size by accreting gas and merging with other
IMBHs [8, 9, 11, 17–19]. In such a scenario we might expect
mergers of IMBHBs when the Universe began assembling the
large structure at high redshift (z ⇠ 10–20). Such mergers
might have continued in the local Universe, but it is very dif-
ficult to compute merger rates as we do not fully understand
the initial conditions for IMBHs (mass function of seed BHs
and their spins), their binaries (orbital parameters at forma-
tion and population as a function of mass ratio), or the process
by which they grow (accretion of gas and merger with other
BHs).

Besides growing their mass by dynamical capture in stellar
clusters, massive BHs may form from the collapse of massive
stars and until recently both observations and theoretical argu-
ments suggested that stars above 150M� do not form at non-
zero metallicity. However, recent observations of several stars
with current masses larger than 150M� in the R136 region
of the Large Magellanic Cloud triggered a re-analysis [7] of
the possibility that very massive BHs can have stellar origin.
Ref. [7] found that very massive stellar-origin BHs with mass
larger than 100M� can form only in low-metallicity environ-
ments (i.e., Z  0.1–0.4Z�), if the initial mass function ex-
tends above 500M� and pair-instability supernovae do not de-
stroy stars with mass above 500M�. Moreover, the formation
of close massive BH binaries requires that the very massive
stars above 500M� expand by a factor of 2 and go through
and survive a common envelope phase. If these requirements
are met, then massive BH binaries are expected to have mass
ratios of at most a few, spins primarily aligned with the orbital
angular momentum, and negligible eccentricity when they en-
ter the advanced LIGO band [20]. If the above requirements
are not met, then they will have too wide a separation to co-
alesce within a Hubble time. However, other phenomena in
dense stellar environments (e.g., cluster binary-single interac-
tions) and in low-density field populations (e.g, Kozai mech-
anism in triple systems) can lower the coalescence time of
wide massive BH binaries. The investigation carried out in
Ref. [7] concluded that on the order of a few massive BH bi-
naries of stellar-origin could be observed by advanced LIGO
and Virgo. However, due to astrophysical and theoretical un-
certainties, the number of detections per year can be as high
as hundreds or as low as zero.

In this paper we use state-of-the-art waveform models to
explore how well advanced GW detectors can measure the
physical parameters of an IMBHB. Signals from IMBHB co-
alescences have several important features that should be in-
corporated in a study of how GW observations will help to
measure the parameters of such systems. First, as several pre-
vious studies have already pointed out (see, e.g., Ref. [22]

FIG. 1. We show the distance reach as a function of the observed total
mass M

obs

for several values of the binary mass ratio q. The reach is
computed using a detector network consisting of two advanced LIGO
interferometers and advanced Virgo, using a network SNR = 12.
The right y-axis shows the redshift computed assuming cosmolog-
ical parameters measured by the Planck satellite [21]. The contin-
uous curves use inspiral-merger-ringdown waveforms with the most
dominant five modes (EOBNRv2HM), while the dashed curve only in-
cludes the (2, 2) mode (EOBNRv2). The values here are numerically
averaged over sky location and polarization, with fixed orbital phase
and inclination: {�, ✓

JN

} = {0,⇡/3} rad. The coalescence time is
also fixed to a GPS time of tc = 1000000008 s, corresponding to
Sept. 14, 2011 01:46:33 UTC.

and references therin), in advanced GW detectors, the plunge,
merger and quasi-normal-mode ringdown phases of evolution
contribute significantly to the detectors’ distance reach if the
binary has a total mass larger than about ⇠ 50M�. This means
that we must use the full signal, that is not only the adia-
batic inspiral phase, but also the merger and ringdown por-
tions. Second, binaries formed in the field will most likely
have negligible eccentricity [23] as they enter the sensitivity
band of advanced detectors and can be assumed to trace quasi-
circular orbits. For binaries undergoing dynamical capture or
Kozai mechanism in star clusters, advanced LIGO and Virgo
might detect mild eccentricities [24], if Mobs ⇠ 10–20M�.
For massive BHs, we expect negligible eccentricities when the
binary enters the detector band. Indeed, for a fixed mass ratio
and speed at infinity, the pericenter distance at capture is pro-
portional to the total mass [20]. Thus, the frequency at capture
is inversely proportional to the total mass. As a result, larger
total masses result in lower capture frequencies and thus cir-
cularize more by the time the binary gets to a fixed frequency,
such as 10 Hz.

In this study we assume our systems to have zero eccen-
tricity. Thus the gravitational wave emission in comparable
mass binaries will be dominated by the (` = 2,m = 2) mode
at twice the orbital frequency, at least until merger. Asym-
metric systems with unequal masses, nevertheless, emit radi-
ation at other multiples of the orbital frequency or sublead-
ing modes (see, e.g., Sec. 10.4 in Ref. [25]). As shown by
several authors [26, 27] these subdominant modes can be im-
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Fig. 1.— The mass distribution of our simulated population
of compact binaries in units of M⊙. [Top panel] Histogram
for m1 (red, solid) and m2 (blue dotted). The bottom panel
is a scatter plot of m1 and m2 colored by the source’s signal-
to-noise ratio over the advanced LV network.

For each binary we compute the response of Advanced
LV at design sensitivity Aasi et al. (2013) with a low fre-
quency cutoff at 20 Hz. Each simulated “detection” is
then analyzed with lalinference mcmc which returns in-
dependent samples from the posterior distribution func-
tion for the model parameters. We choose to not simu-
late instrument noise in this study because our focus is
on the degree to which LV’s frequency-dependent sensi-
tivity, and the flexibility of the PN template waveforms,
limit the differentiation of neutron stars and black holes.
Adding a simulated noise realization to our signals intro-
duces uncontrollable contributions to the posterior distri-
bution function without adding any value to our assess-
ment of each simulated signal. The posterior distribu-
tions in true detections will be altered by the particular
noise realization in which the signal is embedded.

3. RESULTS

3.1. Distinguishing between black holes and neutron
stars

We take m = 3M⊙ to be the dividing line between the
masses of NSs and BHs, with all NSs located below this
threshold and all BHs located above. We will use 5M⊙ as
the minimum mass of a BH when assuming the existence
of a mass gap. Given the prior distribution from which
we drew potential sources, our population is dominated
by NSBH and BBH systems, with just a single BNS sys-
tem being drawn. Because all but one binary in our sam-
ple contains at least one BH, we determine how well LV
can differentiate between NSBHs and BBHs in our sam-
ple by tracking the measurement of the smaller mass, m2.
Figure 2 shows the 90% credible intervals of the posterior
distribution function for m2 as a function of the injected
value from the simulated population. Each entry is col-
ored by the SNR of the signal in the 3-detector network.
Horizontal gray dashed lines denote the mass gap. From
this figure it is evident that, even when considering spin
precession effects, correlations between parameters in PN
phase result in large parameter estimation uncertainties
on component masses. We find all of our simulations
with m2 ! 1.5 M⊙ to be clearly identified as containing
at least one neutron star, however our population yields
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Fig. 2.— 90% credible intervals for recovered m2 as a func-
tion of the true mass. Each entry is colored by the network
SNR of the source. Horizontal lines denote the maximum
allowed NS mass and the minimum observed BH mass and
therefore encompass the mass gap (Ozel et al. 2010; Farr et al.
2011). Both x- and y-axes are in units of M⊙.

only ten such systems so these are small-number statis-
tics. For larger mass neutron stars (2 ≤ m2 ≤ 3) the 90%
credible intervals consistently extend into the low-mass
black hole regime if we allow for objects to populate the
mass gap. This tendency for high-mass neutron stars
in NSBH systems to be consistent with low-mass black
holes poses a challenge for determining the maximum NS
mass from LV observations alone.
At what point can we rule out the possibility that the

system contains a neutron star, and definitively declare
that we have detected a binary black hole? Again re-
ferring to Figure 2, we see that the mass of the smaller
object must exceed ∼ 6 M⊙ before the 90% credible in-
tervals no longer reach into the high-mass neutron star
regime. However, the m2 posteriors for BBH sources sel-
dom reach below 2 M⊙, so if a maximum neutron star
mass were independently confirmed to be consistent with
current observations LV’s discriminating potential would
improve.

3.2. Identifying systems in the mass gap

The measurement uncertainty hints that LV observa-
tions will be generally unable to definitively identify low
mass black holes in the mass gap. We rely on precession
effects to help break the spin/mass-ratio degeneracy but
the majority of our simulated signals with a component
in the mass gap are high mass ratio (where χ2 is less im-
portant). We simulated an additional 100 sources with
m1 and m2 confined to be in the gap, 3 < m < 5 M⊙, to
see how well comparable mass systems are constrained.
We find the mass gap population to also be subject to
large correlations with > 95% of the sources having some
posterior support for a NSBH system. The results are
summarized in Figure 3 which shows the distribution of
the 90% credible interval widths for m1 (red, solid) and
m2 (blue, dotted) of the gap sources. The majority of
plausible mass gap sources yield credible intervals that
are similar to, or exceed the width of the mass gap (2
M⊙) itself.
However,∼ 25% of the mass gap sources’m2 posteriors

do not reach below 2 M⊙. While we will not be able to
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Magnetar central engine / Proto neutron star
I bar mode instability in the star (Shibata et al., 2003)
I neutron star core fragmentation (Davies et al., 2002; Kobayashi and Mészáros, 2003)

Black hole and accretion disk
I Disk fragmentation (Piro and Pfahl, 2007)
I Disk precession (Romero et al., 2010)

) circular polarization along rotation axis
) Emitted GW energy . 10�2 M�c2

Other emission mechanism but no prospects for extra-galactic reach
I Out of frequency band (Neutrino, normal modes, ...)
I Too small amplitude (Core bounce, SASI, ...)
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