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Where do we stand?
• 2nd Observing Run Completed    Dec 16 - Aug 17 

• Several more BBH detections 

• After slow start, GW170104, GW170608, 
GW170814 

• Binary neutron star! Birth of multi-messenger GW 
astronomy 

• Preparations for O3 

• Looking further ahead



Advanced LIGO in O2
• Dec 16 - Aug 17 

• L1 ~90-100 Mpc BNS 
range 

• H1 ~70 / 50 after break 

• Offline noise 
subtraction to 
improve range 

• Analysis ongoing…
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Advanced Virgo joins!
• aVirgo joined O2 with competitive BNS range 

• Hierarchical analysis with HL providing significance and V1 
improving SkyLoc & PE 

• 8 Mpc (ER12) to 27 Mpc (O2) in a very short period of time 

• Included in analysis from June 17 onwards 

• 1st clear detection (GW170814) 

• Has had a significant impact in source resolution and parameter 
estimation 

• Possible first constraints on non-GR polarisations due to GW 
detector network



Ground-based GW Sources
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Binary Black Holes



BBHs in O1
• 2 clear detections and a likely third 

(LVT) 

• Established population of coalescing 
BBH with component masses up to 
~36 M⊙ 

• Clear these would form a large 
fraction of GW detections 

• Enabled novel EM followups, 
population studies, tests of GR, … 

• Prompted development of waveforms, 
NR, … 

• But I will focus on what’s new since O2!

of the detectors, the waveforms of GW150914,
GW151226, and LVT151012 are also shown. The expected
signal-to-noise ratio (SNR) ρ of a signal, hðtÞ, can be
expressed as

ρ2 ¼
Z

∞

0

ð2j ~hðfÞj
ffiffiffi
f

p
Þ2

S nðfÞ
d lnðfÞ; ð1Þ

where ~hðfÞ is the Fourier transform of the signal. Writing it
in this form motivates the normalization of the waveform
plotted in Fig. 1, as the area between the signal and noise
curves is indicative of the SNR of the events.
The gravitational-wave signal from a BBH merger takes

the form of a chirp, increasing in frequency and amplitude
as the black holes spiral inwards. The amplitude of the
signal is maximum at the merger, after which it decays
rapidly as the final black hole rings down to equilibrium. In
the frequency domain, the amplitude decreases with fre-
quency during inspiral, as the signal spends a greater
number of cycles at lower frequencies. This is followed
by a slower falloff during merger and then a steep decrease
during the ringdown. The amplitude of GW150914 is
significantly larger than the other two events, and at the
time of the merger, the gravitational-wave signal lies well
above the noise. GW151226 has a lower amplitude but
sweeps across the whole detector’s sensitive band up to
nearly 800 Hz. The corresponding time series of the three
waveforms are plotted in the right panel of Fig. 1 to better
visualize the difference in duration within the Advanced
LIGO band: GW150914 lasts only a few cycles, while
LVT151012 and GW151226 have lower amplitudes but last
longer.
The analysis presented in this paper includes the total set

of O1 data from September 12, 2015 to January 19, 2016,

which contain a total coincident analysis time of 51.5 days
accumulated when both detectors were operating in their
normal state. As discussed in Ref. [13] with regard to the
first 16 days of O1 data, the output data of both detectors
typically contain nonstationary and non-Gaussian features,
in the form of transient noise artifacts of varying durations.
Longer duration artifacts, such as nonstationary behavior in
the interferometer noise, are not very detrimental to CBC
searches as they occur on a time scale that is much longer
than any CBC waveform. However, shorter duration
artifacts can pollute the noise background distribution of
CBC searches. Many of these artifacts have distinct
signatures [49] visible in the auxiliary data channels from
the large number of sensors used to monitor instrumental or
environmental disturbances at each observatory site [50].
When a significant noise source is identified, contaminated
data are removed from the analysis data set. After applying
this data quality process, detailed in Ref. [51], the remain-
ing coincident analysis time in O1 is 48.6 days. The
analyses search only stretches of data longer than a
minimum duration, to ensure that the detectors are operat-
ing stably. The choice is different in the two analyses and
reduces the available data to 46.1 days for the PyCBC
analysis and 48.3 days for the GstLAL analysis.

III. SEARCH RESULTS

Two different, largely independent, analyses have been
implemented to search for stellar-mass BBH signals in the
data of O1: PyCBC [2–4] and GstLAL [5–7]. Both these
analyses employ matched filtering [52–60] with waveforms
given by models based on general relativity [8,9] to search
for gravitational waves from binary neutron stars, BBHs,
and neutron star–black hole binaries. In this paper, we
focus on the results of the matched-filter search for BBHs.

FIG. 1. Left panel: Amplitude spectral density of the total strain noise of the H1 and L1 detectors,
ffiffiffiffiffiffiffiffiffi
S ðfÞ

p
, in units of strain per

ffiffiffiffiffiffi
Hz

p
,

and the recovered signals of GW150914, GW151226, and LVT151012 plotted so that the relative amplitudes can be related to the SNR
of the signal (as described in the text). Right panel: Time evolution of the recovered signals from when they enter the detectors’ sensitive
band at 30 Hz. Both figures show the 90% credible regions of the LIGO Hanford signal reconstructions from a coherent Bayesian
analysis using a nonprecessing spin waveform model [48].

B. P. ABBOTT et al. PHYS. REV. X 6, 041015 (2016)

041015-8

Abbott+ Phys. Rev. X 6, 041015



GW170104
• 50 M⊙ total mass 

• sits between masses of O1 
events 

• 880Mpc (z~0.2) 

• most distant BBH 

• stringent tests of mgraviton through 
dispersion 

• Spins likely not positively aligned 
(although could be non-spinning) 

• LVC 2017 1706.01812

IV SOURCE PROPERTIES

on the mass distribution of the source systems; however,
we find that di↵erent models of the binary black hole
mass distribution (as described in Sec. VI) lead to neg-
ligible di↵erences in the resulting value of Pastro. At the
detection statistic value of GW170104, the background
rate in both matched filter analyses is dwarfed by the
signal rate, yielding Pastro > 1 � (3 ⇥ 10�5).

An independent analysis that is not based on matched
filtering, but instead looks for generic gravitational-wave
bursts [2, 34] and selects events where the signal fre-
quency rises over time [35], also identified GW170104.
This approach allows for signal deviations from the wave-
form models used for matched filtering at the cost of a
lower significance for signals that are represented by the
considered templates. This analysis reports a false alarm
rate of ⇠ 1 in 20,000 years for GW170104.

IV. SOURCE PROPERTIES

The source parameters are inferred from a coher-
ent Bayesian analysis of the data from both detec-
tors [36, 37]. As a cross-check, we use two independent
model-waveform families. Both are tuned to numerical-
relativity simulations of binary black holes with non-
precessing spins, and introduce precession e↵ects through
approximate prescriptions. One model includes inspiral
spin precession using a single e↵ective spin parameter
�p [38–40]; the other includes the generic two-spin in-
spiral precession dynamics [41–43]. We refer to these
as the e↵ective-precession and full-precession models, re-
spectively [44]. The two models yield consistent results.
Table I shows selected source parameters for GW170104;
unless otherwise noted, we quote the median and sym-
metric 90% credible interval for inferred quantities. The
final mass (or equivalently the energy radiated), final
spin and peak luminosity are computed using averages of
fits to numerical-relativity results [45–49]. The parame-
ter uncertainties include statistical and systematic errors
from averaging posterior probability distributions over
the two waveform models, as well as calibration uncer-
tainty [37] (and systematic uncertainty in the fit for peak
luminosity). Statistical uncertainty dominates the over-
all uncertainty as a consequence of the moderate SNR.

For binary coalescences, the gravitational-wave fre-
quency evolution is primarily determined by the compo-
nent masses. For higher mass binaries, merger and ring-
down dominate the signal, allowing good measurements
of the total mass M = m1 + m2 [53–57]. For lower mass
binaries, like GW151226 [3], the inspiral is more impor-
tant, providing precision measurements of the chirp mass
M = (m1m2)3/5/M1/5 [58–61]. The transition between
the regimes depends upon the detectors’ sensitivity, and
GW170104 sits between the two. The inferred compo-
nent masses are shown in Fig. 2. The form of the two-
dimensional distribution is guided by the combination of
constraints on M and M. The binary was composed
of two black holes with masses m1 = 31.2+8.4

�6.0 M� and

TABLE I. Source properties for GW170104: median values
with 90% credible intervals. We quote source-frame masses;
to convert to the detector frame, multiply by (1+ z) [50, 51].
The redshift assumes a flat cosmology with Hubble parameter
H0 = 67.9 km s�1 Mpc�1 and matter density parameter ⌦m =
0.3065 [52]. More source properties are given in Table II in
the Supplemental Material [11].

Primary black hole mass m1 31.2+8.4
�6.0 M�

Secondary black hole mass m2 19.4+5.3
�5.9 M�

Chirp mass M 21.1+2.4
�2.7 M�

Total mass M 50.7+5.9
�5.0 M�

Final black hole mass Mf 48.7+5.7
�4.6 M�

Radiated energy Erad 2.0+0.6
�0.7 M�c

2

Peak luminosity `peak 3.1+0.7
�1.3 ⇥ 1056 erg s�1

E↵ective inspiral spin parameter �e↵ �0.12+0.21
�0.30

Final black hole spin af 0.64+0.09
�0.20

Luminosity distance DL 880+450
�390 Mpc

Source redshift z 0.18+0.08
�0.07

FIG. 2. Posterior probability density for the source-frame
massesm1 andm2 (withm1 � m2). The one-dimensional dis-
tributions include the posteriors for the two waveform mod-
els, and their average (black). The dashed lines mark the
90% credible interval for the average posterior. The two-
dimensional plot shows the contours of the 50% and 90%
credible regions plotted over a color-coded posterior density
function. For comparison, we also show the two-dimensional
contours for the previous events [5].
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m2 = 19.4+5.3
�5.9 M�; these merged into a final black hole

of mass 48.7+5.7
�4.6 M�. This binary ranks second, behind

GW150914’s source [5, 37], as the most massive stellar-
mass binary black hole system observed to date.

The black hole spins play a subdominant role in the
orbital evolution of the binary, and are more di�cult
to determine. The orientations of the spins evolve due
to precession [62, 63], and we report results at a point
in the inspiral corresponding to a gravitational-wave fre-
quency of 20 Hz [37]. The e↵ective inspiral spin parame-
ter �e↵ = (m1a1 cos ✓LS1 +m2a2 cos ✓LS2)/M is the most
important spin combination for setting the properties of
the inspiral [64–66] and remains important through to
merger [67–71]; it is approximately constant throughout
the orbital evolution [72, 73]. Here ✓LSi = cos�1(L̂·Ŝi) is
the tilt angle between the spin Si and the orbital angular
momentum L, which ranges from 0� (spin aligned with
orbital angular momentum) to 180� (spin antialigned);
ai = |cSi/Gm

2
i | is the (dimensionless) spin magnitude,

which ranges from 0 to 1, and i = 1 for the primary
black hole and i = 2 for the secondary. We use the
Newtonian angular momentum for L, such that it is nor-
mal to the orbital plane; the total orbital angular mo-
mentum di↵ers from this because of post-Newtonian cor-
rections. We infer that �e↵ = �0.12+0.21

�0.30. Similarly
to GW150914 [5, 37, 44], �e↵ is close to zero with a
preference towards being negative: the probability that
�e↵ < 0 is 0.82. Our measurements therefore disfavor a
large total spin positively aligned with the orbital angular
momentum, but do not exclude zero spins.

The in-plane components of the spin control the
amount of precession of the orbit [62]. This may be
quantified by the e↵ective precession spin parameter �p

which ranges from 0 (no precession) to 1 (maximal pre-
cession) [39]. Figure 3 (top) shows the posterior proba-
bility density for �e↵ and �p [39]. We gain some infor-
mation on �e↵ , excluding large positive values, but, as
for previous events [3, 5, 37], the �p posterior is domi-
nated by the prior (see Appendix C in the Supplemental
Material [11]). No meaningful constraints can be placed
on the magnitudes of the in-plane spin components and
hence precession.

The inferred component spin magnitudes and orienta-
tions are shown in Fig. 3 (bottom). The lack of con-
straints on the in-plane spin components means that we
learn almost nothing about the spin magnitudes. The
secondary’s spin is less well constrained as the less mas-
sive component has a smaller impact on the signal. The
probability that the tilt ✓LSi is less than 45� is 0.04 for the
primary black hole and 0.08 for the secondary, whereas
the prior probability is 0.15 for each. Considering the
two spins together, the probability that both tilt angles
are less than 90� is 0.05. E↵ectively all of the information
comes from constraints on �e↵ combined with the mass
ratio (and our prior of isotropically distributed orienta-
tions and uniformly distributed magnitudes) [5].

The source’s luminosity distance DL is inferred from
the signal amplitude [37, 74]. The amplitude is inversely
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4 SOURCE PROPERTIES 4.1 Binary Parameters

The probability that GW170608’s total mass is smaller
than GW151226’s is 0.89.

While the chirp mass is tightly constrained, spins have
a more subtle e↵ect on the GW signal. The e↵ective in-
spiral spin �e↵ , a mass-weighted combination of the spin
components (anti-)aligned with the orbital angular mo-
mentum (Racine 2008; Ajith et al. 2011), predominantly
a↵ects the inspiral rate of the binary but also influences
the merger. We infer that �e↵ = 0.07+0.23

�0.09 disfavoring
large, anti-aligned spins on both black holes.

An independent parameter estimation method com-
paring LIGO strain data to hybridized numerical rel-
ativity simulations of binary black hole systems with
non-precessing spins (Abbott et al. 2016g) yields esti-
mates of component masses and �e↵ consistent with our
model-waveform analysis.

Spin components orthogonal to the orbital angular
momentum are the source of precession (Apostolatos
et al. 1994; Kidder 1995), and may be parameterized
by a single e↵ective precession spin �p (Schmidt et al.
2015). For precessing binaries, component spin orien-
tations evolve over time; we report results evolved to
a reference GW frequency of 20Hz. The spin prior as-
sumed in this analysis is uniform in dimensionless spin
magnitudes �i ⌘ c|S|i/(Gm2

i ) with i = 1, 2 between 0
and 0.89, and isotropic in their orientation; this prior
on component spins maps to priors for the e↵ective pa-
rameters �e↵ and �p. The top panel of Figure 3 shows
the prior and posterior probability distributions of �e↵

and �p obtained for the e↵ective-precession waveform
model. While we gain some information about �e↵ , the
�p posterior is dominated by its prior, as for previous
GW events (Abbott et al. 2016b,c, 2017a), indicating
that we cannot draw any strong conclusion on the size
of spin components in the orbital plane (Vitale et al.
2017). The inferred component spin magnitudes and
orientations are shown in the bottom panel of Figure 3.
We find the dimensionless spin magnitude of the primary
black hole, �1, to be less than 0.75 (90% credible limit);
this limit is robust to extending the prior range of spin
magnitudes and to using di↵erent waveform models.

The measurability of precession depends on the intrin-
sic source properties as well as the angle of the binary
orbital angular momentum to the line of sight (i.e. incli-
nation). The inclination of GW170608’s orbit is likely
close to either 0� or 180�, due to a selection e↵ect: the
distance inside which a given binary merger would be
detectable at a fixed SNR threshold is largest for these
inclination values (Schutz 2011). For such values, the
waveform carries little information on precession.

The distance of GW170608 is extracted from the
observed signal amplitude given the binary’s inclina-
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Figure 3. Top panel : Marginalized one-dimensional pos-
terior density functions for the spin parameters �p and �e↵

(blue) in comparison to their prior distributions (pink) as ob-
tained from the e↵ective-precession model. The dashed lines
indicate the 90% credible interval. The two-dimensional plot
shows the 50% and 90% credible regions plotted over the pos-
terior density function. Bottom panel : Posterior probabili-
ties for the dimensionless component spins �i with i = 1, 2
relative to the Newtonian orbital angular momentum L̂, i.e.
the normal of the orbital plane. The tilt angles are 0�

for spins parallel to L̂, and 180� for spins anti-parallel to
L̂. The posterior density functions are marginalized over
the azimuthal angles. Each pixel has a prior probability of
⇠ 1.8 ⇥ 10�3; they are spaced linearly in spin magnitudes
and the cosine of the tilt angles.

tion (Abbott et al. 2016e). With the network of two
nearly co-aligned LIGO detectors, the uncertainty on
inclination translates into a large distance uncertainty:
we infer a luminosity distance of DL = 340+140

�140 Mpc,
corresponding to a redshift of z = 0.07+0.03

�0.03 assuming a
flat ⇤CDM cosmology (Ade et al. 2016).
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GW170608
• Lightest binary BH yet discovered 

• ~12 + 7 M⊙ 
• Comparable with galactic BH systems 

known from X-ray observations 
• ~1 Msun radiated as GW energy 
• Distance: 340 Mpc (z~0.07) 
• Detected during time when Hanford being 

commissioned 
• See arXiv:1711.05578 for details

A ANGULAR COUPLING MINIMIZATION

APPENDIX

A. ANGULAR COUPLING MINIMIZATION

GW170608 was observed during a routine instrumental procedure at LHO that minimises the coupling of angular
control of the test masses to noise in the GW strain measurement. To maintain resonant power in the arms, the
pitch and yaw angular degrees of freedom of the four suspended cavity test masses at each detector (Abbott et al.
2016a) must be controlled. This is achieved by actuating on the second stage of the LIGO quadruple suspensions. A
feed-forward control is employed in order to leave the beam position of the main laser on the test mass unchanged
while this actuation is applied. However, if this position di↵ers from the actuation point, the angular control can
a↵ect the di↵erential arm length, thus introducing additional noise in the strain measurement (Kasprzack & Yu 2016).
As the beam position can drift over periods of hours or days, the angular feed-forward control must be periodically
adjusted in order to minimize the coupling to strain.

During this procedure, high amplitude pitch and yaw excitations are applied to the test masses via actuation of the
suspensions. Each of the 8 angular degrees of freedom is excited at a distinct frequency; the resulting length signals are
observed via demodulation at each excitation frequency, revealing how strongly the corresponding degree of freedom
couples to di↵erential arm length. The feed-forward gain settings are stepped at intervals of approximately 45 s and the
global minimum of angular control coupling to strain is determined from the resulting measurements. The frequencies
of angular excitations are equally spaced between ⇠19 Hz and ⇠23 Hz, generating excess power in the di↵erential arm
motion, and thus in the measured strain around these frequencies. This procedure covers from ⇠2 minutes before to
⇠14 minutes after GW170608, shown in Figure 4 (left). During the period from �2 to 2 minutes substantial excess
noise is visible at frequencies around 20Hz. To characterize this noise we show amplitude spectral densities derived
from 240 s of data both before the onset of the angular excitations and during the excitations around the event time
in Figure 4 (right). No e↵ect on the spectrum is visible above 30 Hz.

During the procedure, angular control gain settings are stepped abruptly; inspection of all such transition times
shows no evidence for transient excess noise in the strain data outside the 19–23Hz excitation band. The closest
transition to the event time was 10 s before the binary merger, thus any transient noise associated with this transition
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Figure 4. Left: Spectrogram of strain data from LHO around the time of GW170608. This plot shows variations in the
noise spectrum of the detector over periods on the scale of minutes; unlike Figure 1, it is not designed to show short-duration
transient events. The strain amplitude is normalized to the interval between �6 and �2 minutes relative to the event time. See
Appendix A for discussion of the feature around 20 Hz due to an angular control procedure. Right: Amplitude spectral density
of strain data at both LIGO observatories for 240 s around the event time, (�2, 2) minutes on left panel, and for data before
the start of the angular coupling minimization at LHO, (�6, �2) minutes. Excess noise is clearly visible around 20 Hz but data
above 30 Hz are una↵ected.
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above 30 Hz are una↵ected.
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• Mtot ~ 56 M⊙ 

• dL ~ 540Mpc (z~0.11) 

• Poor constraint on spin tilts 

• But novel checks of GW 
polarisation states 

• LVC PRL 119 (2017)

and spins, can be measured is determined by the network
SNR. For GW170814 this is dominated by the two LIGO
detectors. The inclusion of Virgo data into the coherent

analysis significantly improves the inference of parameters
describing the binary’s position relative to the Earth, as
shown in Fig. 3, since those parameters are predominantly
determined by the relative amplitudes and arrival times
observed in the detector network [67,146,147]. Because of
the inferred orientation of the binary, we do not see a
significant improvement in parameters such as inclination
and polarization angle for GW170814.

VI. TESTS OF GENERAL RELATIVITY

To determine the consistency of the signal with GR, we
allowed the post-Newtonian (PN) and additional coeffi-
cients describing the waveform to deviate from their
nominal values [148–150], as was done for previous
detections [2–5,10]. In addition to previously tested coef-
ficients, these analyses were expanded to also explicitly
consider phase contributions at effective −1PN order, i.e.,
with a frequency dependence of f−7=3. Additionally, as in
[2–4], we check that the inspiral and merger-ringdown
regimes are mutually consistent, and check for possible
deviations from GR in the propagation of GWs due to a
massive graviton and/or Lorentz invariance violation.
Preliminary results of all these tests show no evidence
for disagreement with the predictions of GR; detailed
investigations are still ongoing, and full results will be
presented at a later date.

VII. GRAVITATIONAL-WAVE POLARIZATIONS

One of the key predictions of GR is that metric
perturbations possess two tensor degrees of freedom
[151,152]. These two are only a subset of the six inde-
pendent modes allowed by generic metric theories of
gravity, which may in principle predict any combination
of tensor (spin-2), vector (spin-1), or scalar (spin-0) polar-
izations [11,12]. While it may be that any generic theory of
gravity will be composed of a potential mixture of
polarization modes, an investigation of this type is beyond
the scope of this Letter. However, a simplified first
investigation that serves to illustrate the potential power
of this new phenomenological test of gravity is to consider
models where the polarization states are pure tensor, pure
vector, or pure scalar only.
So far, some evidence that GWs are described by the

tensor (spin-2) metric perturbations of GR has been
obtained from measurements of the rate of orbital decay
of binary pulsars, in the context of specific beyond-GR
theories (see, e.g., [153,154] or [155,156] for reviews), and
from the rapidly changing GW phase of BBH mergers
observed by LIGO, in the framework of parametrized
models [2,4,10]. The addition of Advanced Virgo provides
us with another, more compelling, way of probing the
nature of polarizations by studying GW geometry directly
through the projection of the metric perturbation onto our
detector network [157–159].

FIG. 4. Posterior probability density for the source-frame masses
m 1 and m 2 (top) and the effective inspiral and precession spin para-
meters, χeff and χp (bottom) measured at a gravitational-wave freq-
uency of 20 Hz, well before the merger. The dashed lines mark the
90% credible interval for the one-dimensional marginalized dis-
tributions. The two-dimensional plots show the contours of the 50%
and 90% credible regions plotted over a color-coded posterior den-
sity function. For GW170814, both χeff and χp are influenced by
their respective prior distributions, shown in green. While the GW
observation provides additional constraints for the χeff posterior,
there is only a marginal information gain for χp. (Kullback–Leibler
divergence between the prior and posterior distribution of 0.08 nat
[4,129,130].)
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false-alarm rate of 1 in 140 000 years in one search [38,39]
and 1 in 27 000 years in the other search [40–44,56], clearly
identifying GW170814 as a GW signal. The difference in
significance is due to the different techniques used to rank
candidate events and measure the noise background in these
searches; however, both report a highly significant event.
The significance of GW170814 was confirmed on the full

network of three detectors by an independent coherent
analysis that targets generic gravitational-wave transients
with increasing frequency over time [55]. This more generic
search reports a false-alarm rate < 1 in 5900 years. By
comparison, when we limit this analysis to the two LIGO
detectors only, the false-alarm rate is approximately 1 in
300 years; the use of the data from Virgo improves signifi-
cance by more than an order of magnitude. Moreover, this
independent approach recovers waveforms and SNRs at the
three detectors which are compatible with respect to the
coherent analyses used to infer source properties (see Sec. V).

IV. LOCALIZATION

Some compact object mergers are thought to produce not
just GWs but also broadband electromagnetic emission.
LIGO and Virgo have been distributing low-latency alerts
and localizations of GW events to a consortium now
consisting of ground- and space-based facilities who are
searching for gamma-ray, x-ray, optical, near-infrared,
radio, and neutrino counterparts [57–59].
For the purpose of position reconstruction, the LIGO-

Virgo GW detector network can be thought of as a phased
array of antennas. Any single detector provides only
minimal position information, its slowly varying antenna

pattern favoring two broad regions perpendicular to the
plane of the detectors’ arms [60,61]. However, with a
network of detectors, sky position can be inferred by
triangulation employing the time differences [62,63], phase
differences, and amplitude ratios on arrival at the sites [64].
An initial rapid localization was performed by coherent

triangulation of the matched-filter estimates of the times,
amplitudes, and phases on arrival [65]. The localization
was then progressively refined by full coherent Bayesian
parameter estimation [66], using more sophisticated wave-
form models and treatment of calibration systematics, as
described in the next section.
The localization of GW170814 is shown in Fig. 3. For

the rapid localization from Hanford and Livingston, the
90% credible area on the sky is 1160 deg2 and shrinks to
100 deg2 when including Virgo data. The full parameter
estimation further constrains the position to a 90% credible
area of 60 deg2 centered at the maximum a posteriori
position of right ascension RA ¼ 03h11m and declination
dec ¼ −44°57m (J2000). The shift between the rapid
localization and the full parameter estimation is partly
due to the noise removal and final detector calibration,
described in the previous section, that was applied for the
full parameter estimation but not the rapid localization.
Incorporating Virgo data also reduces the luminosity

distance uncertainty from 570þ300
−230 Mpc (rapid localization)

to 540þ130
−210 Mpc (full parameter estimation). As with the

previous paragraph, the three-dimensional credible volume
and number of possible host galaxies also decreases by an
order of magnitude [67–69], from 71 × 106 Mpc3, to
3.4 × 106 Mpc3, to 2.1 × 106 Mpc3.

FIG. 3. Localization of GW170814. The rapid localization using data from the two LIGO sites is shown in yellow, with the inclusion
of data from Virgo shown in green. The full Bayesian localization is shown in purple. The contours represent the 90% credible regions.
The left panel is an orthographic projection and the inset in the center is a gnomonic projection; both are in equatorial coordinates. The
inset on the right shows the posterior probability distribution for the luminosity distance, marginalized over the whole sky.
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Black Hole Astrophysics
• Know now that “heavy” Binary 

Black Holes exist in nature 

• LIGO BBHs tend to be heavier 
than BH in X-ray Binaries 

• Down to selection effects? 

• Why are spins so different? 

• How are massive BHs formed? 

• What is are the limits of stellar BH 
masses?
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Weak wind

Strong wind

Figure 1. Left: dependence of maximum BH mass on metallicity Z, with Z� = 0.02 for the old (strong) and new (weak) massive
star winds (Figure 3 from Belczynski et al. 2010a). Right: compact-remnant mass as a function of zero-age main-sequence
(ZAMS; i.e., initial) progenitor mass for a set of different (absolute) metallicity values (Figure 6 from Spera et al. 2015). The
masses of GW150914 are indicated by the horizontal bands.

Mink 2016; Marchant et al. 2016). Nevertheless, there are no
calculations that find BHs more massive than 30 M� unless
the metallicity is lower than Z�.

Stellar properties at core collapse and the ensuing compact-
remnant masses have also been shown to depend, albeit much
more weakly, on the treatment of microphysics in stellar
structure and evolution codes, especially on assumptions re-
garding convective overshooting and resultant mixing (Jones
et al. 2015). Finally, Fryer et al. (2012) and Spera et al.
(2015) investigate how basic properties of the supernova ex-
plosion might affect remnant masses at different metallicities.
They show that remnant masses in excess of ' 12 M� at Z�
(' 30 M� at 1/100 Z�) are formed through complete collapse
of their progenitors. Therefore, the masses of BHs in “heavy”
BBH mergers only carry information about the evolution lead-
ing up to the collapse and not about the supernova mechanism.

The measured masses of the merging BHs in GW150914
show that stellar-mass BHs as massive as 32 M� (the lower
limit on the more massive BH at 90% credible level) can form
in nature. Given our current understanding of BH forma-
tion from massive stars, using the latest stellar wind, rota-
tion, and metallicity models, we conclude that the GW150914
BBH most likely formed in a low-metallicity environment: be-
low '1/2 Z� and possibly below ' 1/4 Z� (Belczynski et al.
2010a; Mapelli et al. 2013; Spera et al. 2015).

It is, in principle, possible that “heavy” BHs are formed
through indirect paths that do not require low metallicity, but
we consider this very unlikely. For example, the formation of
“heavy” BHs through the dynamical mergers of lower-mass
BHs with massive stars in young clusters has been considered.
However, these models adopt the optimistic assumption that
in such mergers, even for grazing collisions, all of the mass
is retained, leading to significant BH mass growth (Mapelli &

Zampieri 2014; Ziosi et al. 2014). Stellar collisions in dense
stellar environments (see Portegies Zwart et al. 1999) could
potentially produce stars massive enough to form “heavy”
BHs, but these objects are also subject to strong winds and
intense mass loss unless they are stars of low metallicity
(Glebbeek et al. 2009). Finally, formation of “heavy” BHs
from the mergers of lower-mass BHs in clusters is unlikely
because most dynamically formed merging BBHs are ejected
from the host cluster before merger (Rodriguez et al. 2015,
see their Figure 2).

3.3. BBH Masses from Isolated Binary Systems

The fact that the majority of massive stars are members
of binary systems with a roughly flat mass-ratio distribution
(Kobulnicky & Fryer 2007; Sana et al. 2012; Kobulnicky et al.
2014) provides the opportunity for BBH formation in isolated
binary systems. In that case, the masses of BHs depend not
only on the initial mass of the star and metallicity, but also on
any binary interactions. The development of binary popula-
tion models focused on the formation of double compact ob-
jects goes back to Kornilov & Lipunov (1983) and Dewey &
Cordes (1987), but the first population models to account for
BBH formation appeared a decade later starting with Tutukov
& Yungel’son (1993). Several groups have explored differ-
ent aspects of BBH formation from isolated binaries at vary-
ing levels of detail (many reviewed by Kalogera et al. 2007;
Vanbeveren 2009; Postnov & Yungelson 2014). Models find
that BBH formation typically progresses through the follow-
ing steps: (i) stable mass transfer between two massive stars,
although potentially non-conservative (i.e., with mass and an-
gular momentum losses from the binary), (ii) the first core
collapse and BH formation event, (iii) a second mass trans-
fer phase that is dynamically unstable leading to inspiral in

LVC, Astrophysical Implications of binary BH merger GW150914, Ap.J.Lett. 818 2 (2016)
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Field Binaries
• Typical life-cycle (>90% BBH progenitors)

• Mass transfer 1

• Core collapse 1

• Mass transfer 2 (Common envelope)

• Core collapse 2

• GW-driven inspiral

• Affected by: IMF, mass-loss, mass transfer, tides, 
common envelope, SN kicks

• Age?

• Pop III binary / long merger time
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Figure 3. Allowed initial BBH semimajor axis and eccentric-
ity in order to merge within 10 Gyr (left of the thick solid blue
line) for a BBH with the GW150914 masses. The thin solid
lines with circles represent the evolutionary trajectories of in-
dividual example systems, starting at the edge of the allowed
range (the circles give the time to merger of log t/yr = 1, 2, 3,
4 ... 10, from left to right). The dashed lines denote periastron
separations of 10, 20, and 40 R� (left to right: orange, yellow,
purple). The green dotted line shows the trajectory of a binary
that has a remaining eccentricity of 0.1 at a GW frequency of
10 Hz.

but they are still comparable (within a factor of about 2) to
the high-metallicity local merger rate densities that produce
lower-mass BBHs.

To further study the potential progenitors of GW150914
and their expected merger time, we plot in Figure 3 the al-
lowed parameter range for the initial (right after BBH for-

mation) semimajor axis (a) and eccentricity (e) of the BBH
orbit that produces a merger within 10 Gyr, using the point-
mass approximation of Peters (1964). Binaries with long de-
lay times originate close to the thick solid line. Evolution-
ary trajectories show that systems become circular long be-
fore merger, even for high initial e, unless they form with
extremely short merger times or extremely high e (see sec-
tion 5). For initially circular orbits, a needs to be smaller than
0.215 AU or 46 R� for the binary to merge within ⇠10 Gyr.
BBHs that form from two existing BHs in clusters can form
anywhere in the allowed parameter range. In the case of iso-
lated binaries, the separation before the formation of the sec-
ond BH needs to be wide enough to accommodate the pro-
genitor star. The BBH then forms with a similar separation
(or similar periastron distance, if there is mass loss in the su-
pernova or if BHs receive natal kicks), unless the BH kick is
large and fine-tuned in its direction to drastically change the
orbital separation. Since these progenitor stars have radii of at
least several R� (& 10 R� for chemically homogeneous evo-
lution), we estimate that the periastron distance needs to be
larger than ⇠10–20 R� as indicated in Figure 3.

We conclude that, based on published model results,
“heavy” BBH mergers from low-metallicity environments in
the local Universe are not particularly surprising, regardless
of whether their origin is dynamical or from isolated bina-
ries. The rate of “heavy” BBH mergers may very well in-
crease with redshift either due to the increase in low-Z star-
formation rates or due to higher rates at shorter merger times,
at least for redshifts of up to ' 1. These redshifts are within
the horizon distance of aLIGO/Advanced-Virgo (AdV) design
sensitivity, expected to be reached by ⇠ 2020 (Abbott et al.
2016i, and see § 7).

5. BINARY ECCENTRICITY AND BLACK-HOLE SPINS

Ap.J.Lett. 818 2 (2016)

Fig. 1. Example of a specific binary evolution leading to the formation of a BH-BH merger
similar to GW150914 in mass and time. A massive binary star (96 + 60 M⊙) is formed in the
distant past (2 billion years after Big Bang; z ∼ 3.2) and after five million years of evolution
forms a BH-BH system (37 + 31 M⊙). For the ensuing 10.3 billion years this BH-BH system
is subject to angular momentum loss, with the orbital separation steadily decreasing, until the
black holes coalesce at redshift z = 0.09. This example binary formed in a low metallicity
environment (Z = 3% Z⊙). 27

Belczynski et al arXiv:1602.04531

https://iopscience.iop.org/article/10.3847/2041-8205/818/2/L22/meta#
http://arxiv.org/abs/1602.04531


Dynamical Capture

• Globular cluster or galactic centre

• Dense stellar environments → 3 body 
interactions

• More massive pair end up in binary

• BBH usually ejected from cluster

• Binary often produced with high eccentricity, 
misaligned spins

Ap.J.Lett. 818 2 (2016)
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Figure 2
The most recent measurements of neutron-star masses. Double neutron stars (magenta), recycled pulsars
( gold ), bursters ( purple), and slow pulsars (cyan) are included.
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The inferred mass distributions for the different populations of neutron stars.

parameters for these distributions are the following: M 0 = 1.33 M⊙ and σ = 0.09 M⊙ for
the DNSs, M 0 = 1.54 M⊙ and σ = 0.23 M⊙ for the recycled NSs, and M 0 = 1.49 M⊙ and
σ = 0.19 M⊙ for the slow pulsars. A recent study also raised the possibility of two peaks within
the recycled MSP population, with the first peak at M = 1.39 M⊙ and a dispersion σ = 0.06 M⊙

and a second peak appearing at M = 1.81 M⊙ with a dispersion of σ = 0.18 M⊙ (Antoniadis
et al. 2016).

Among these inferred distributions, the narrowness of the DNS distribution stands out.
Although clearly not representative of NSs as a whole, as it was once thought (Thorsett &
Chakrabarty 1999), it probably points to a particular evolutionary mechanism that keeps the
masses of NSs in these systems in a narrow range. Recent discoveries, such as the DNS J0453+1559
(Deneva et al. 2013), indicate that the range of masses in DNS systems may also be wider than
previously believed: the recycled pulsar has a mass of 1.559 (5) M⊙, the heaviest known in any DNS
(Martinez et al. 2015), whereas the companion has a mass of 1.174 (4) M⊙, the smallest precisely
measured mass of any NS (we infer that the companion is an NS from the orbital eccentricity of
the system, e = 0.11251837(5), which would not arise if it had slowly evolved to a massive WD
star).

2.6. Maximum Mass of Neutron Stars
Finding the maximum mass of NSs is of particular interest in mass measurements because of its
direct implications for the NS EoSs and NS evolution. The largest NS mass can rule out the EoSs
that have maximum masses and fall below this value. The current record holder on this front is
J0348+0432 with a mass of 2.01 ± 0.04 M⊙ (Antoniadis et al. 2013).

There are also some studies of a particular class of MSPs called black widows (and their cousins
redbacks) that have suggested higher NS masses (e.g., van Kerkwijk et al. 2011). These MSPs
irradiate and ablate their very low-mass companions. Although the pulsar timing provides the
Keplerian parameters for the orbit, all other information about the masses in these systems is
obtained from the modeling of the optical light curves (to determine orbital inclination) and the
spectroscopy (to measure the mass ratio) of the companion star. Unfortunately, there are many
difficulties in obtaining accurate measurements from these ablated companions. Even when using
a model of an irradiated companion, the short timescale variability, the unevenly heated surface,
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2.0 2.2 2.4 2.6 2.8
Mmax [M�]

2.6

2.8

3.0

3.2

M
th

re
s
[M

�
]

R1.6 = 10 km

R1.6 = 11 km

R1.6 = 12 km

Mtot = 2.74+0.04
�0.01 M�

R1.6 = 10.3 km

GW170817

2.0 2.2 2.4 2.6 2.8
Mmax [M�]

2.6

2.8

3.0

3.2

3.4

3.6

M
th

re
s
[M

�
]

Rmax = 9 km

Rmax = 10 km

Rmax = 11 km

Rmax = 12 km

Mtot = 2.74+0.04
�0.01 M�

Rmax = 9.26 km

GW170817

Figure 1. Threshold binary mass Mthres for prompt collapse as function of Mmax for di↵erent R1.6 (left panel, Eq. 2) and Rmax

(right panel, Eq. 3) (solid lines). The dark blue band shows the total binary mass of GW170817 providing a lower limit on
Mthres. The true Mthres must lie within the light blue areas if GW170817 resulted in a delayed/no collapse. This rules out NSs
with R1.6  10.30+0.18

�0.03 km and Rmax  9.26+0.17
�0.03 km. Causality requires Mthres � 1.22Mmax (left panel) and Mthres � 1.23Mmax

(right panel).

additional simulations for 5 representative EoSs that
strongly asymmetric mergers with mass ratio q = 0.6
have a threshold binary mass which is systematically
lower by 0.1 to 0.3 M� than Mthres of equal-mass bi-
naries. This reduction of Mthres for asymmetric bi-
naries is understandable because according to Kepler’s
law asymmetric binaries have less angular momentum
than equal-mass binaries with the same Mtot at a given
orbital separation, which implies less stabilization for
asymmetric mergers. (With the low-spin priors the 90%
credibility interval of the mass ratio of GW170817 is
q = 0.7 � 1.0). If GW170817 was very asymmetric, one
has Masym

thres � Mtot, which implies that Eq. (1) is con-
servative because Mthres > Masym

thres .
A similarly accurate description of Mthres is given by

the fit

Mthres =

✓
�3.38

GMmax

c2Rmax
+ 2.43

◆
· Mmax (3)

with the radius Rmax of the maximum-mass configu-
ration. Eq. (2) is accurate to better than 0.1 M�
(Bauswein et al. 2013a, 2016). The existence of these re-
lations has been solidified by semi-analytic calculations
of equilibrium models (Bauswein & Stergioulas 2017).

3.2. Radius constraints

Equations (2) and (3) imply constraints on NS radii
R1.6 and Rmax since the total binary mass of GW170817
represents a lower bound on Mthres (Eq. (1)). Figure 1
(left panel) shows Mthres(Mmax; R1.6) (Eq. (2)) for dif-
ferent chosen values of R1.6 (solid lines). Every sequence

terminates at

Mmax =
1

3.10

c2R1.6

G
, (4)

which is an empirical upper limit on Mmax for the given
R1.6. Extending various microphysical EoSs with a max-
imally sti↵ EoS, i.e. vsound = c, beyond the central den-
sity of a NS with 1.6 M� determines the highest possible
Mmax for a given R1.6 compatible with causality. With
Eq. (2) it implies Mthres � 1.22Mmax.

In Fig. 1 the horizonal dark blue band refers to the
measured lower limit of Mthres given by the total binary
mass of GW170817 (Eq. (1)). This GW measurement
thus rules out EoSs with very small R1.6 because those
EoSs would not result in a delayed collapse for the mea-
sured binary mass. The allowed range of possible stellar
parameters is indicated by the light blue area. The solid
blue curve corresponds to the smallest R1.6 compatible
with Eq. (1). Hence, the radius of a 1.6 M� NS must be
larger than 10.30+0.15

�0.03 km. The error bar corresponds to
the radii compatible with the error in Mtot. Arguments
about the error budget and the robustness are provided
in Sect. 3.3.

Figure 1 (right panel) displays Mthres(Mmax; Rmax)
for di↵erent chosen Rmax (solid lines). The di↵erent
sequences for fixed Rmax are constrained by causality
(Koranda et al. 1997; Lattimer & Prakash 2016) requir-
ing

Mmax  1

2.82

c2Rmax

G
(5)

and with Eq. (3)

Mthres � 1.23 Mmax. (6)

Bauswein+ 1710.06843

After collision, what happens to remnant? 
• Low stiffness: prompt collapse to BH - less disk wind 
• Higher stiffness: Hypermassive Neutron star exists for 

unknown time period (probably ~milliseconds)



Joint constraints

confirmed, this would imply that the lower bound on L̃ might
depend on q. Note that the upper bound on L̃ estimated from
the GW signal is also likely to have some dependency on q.
Consequently, a more precise determination of the exclusion
region on L̃ will necessarily require a full Bayesian analysis of
the GW data using L̃ priors informed by numerical-relativity
results.

We plan to improve our modeling by means of new
simulations exploring the set of binary progenitor parameters
compatible with GW170817 and the associated EM
counterparts.

It is a pleasure to acknowledge A.Burrows for the many
stimulating discussions, and T.Venumadhav for comments on
an earlier version of the manuscript. D.R. acknowledges
support from a Frank and Peggy Taplin Membership at the
Institute for Advanced Study and the Max-Planck/Princeton
Center (MPPC) for Plasma Physics (NSF PHY-1523261). D.R.
and A.P. acknowledge support from the Institute for Nuclear
Theory (17-2b program). S.B. acknowledges support by the EU
H2020 under ERC Starting Grant, No.BinGraSp-714626.
Computations were performed on the supercomputers Bridges,
Comet, and Stampede (NSF XSEDE allocation TG-
PHY160025), on NSF/NCSA Blue Waters (NSF PRAC
ACI-1440083), Marconi (PRACE proposal 2016153522), and
PizDaint/CSCS (ID 667). This manuscript has been assigned
LIGO report number LIGO-P1700421 and Virgo report
number VIR-0894A-17.
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Figure 1. Remnant disk plus dynamic ejecta masses (upper panel) and BH
formation time (lower panel) plotted against the tidal parameter L̃
(Equation (1)). For models that do not collapse during our simulation time,
we give a lower limit. The horizontal dashed line shows a conservative lower
limit for AT2017gfo, M0.05 :, obtained assuming that the entire disk is
unbound. The vertical dotted line is 400L =˜ . Errors on Mdisk and Mej are
estimated following Equation (3) and are added in quadrature.

Figure 2. Tidal parameter L̃ (Equation (1)) as a function of the mass ratio q for
a fixed chirp mass M1.188chirp% = :. The shaded region shows the region
excluded with a 90% confidence level by the LIGO-Virgo observations (Abbott
et al. 2017b), with the additional constraint of 400.L̃ derived from the
simulations and the EM observations. EOSs whose curves enter this region are
disfavored. EOSs are sorted for decreasing L̃ at q=1, i.e., H4 is the stiffest
EOS in our sample, and FPS is the softest.
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confirmed, this would imply that the lower bound on L̃ might
depend on q. Note that the upper bound on L̃ estimated from
the GW signal is also likely to have some dependency on q.
Consequently, a more precise determination of the exclusion
region on L̃ will necessarily require a full Bayesian analysis of
the GW data using L̃ priors informed by numerical-relativity
results.

We plan to improve our modeling by means of new
simulations exploring the set of binary progenitor parameters
compatible with GW170817 and the associated EM
counterparts.

It is a pleasure to acknowledge A.Burrows for the many
stimulating discussions, and T.Venumadhav for comments on
an earlier version of the manuscript. D.R. acknowledges
support from a Frank and Peggy Taplin Membership at the
Institute for Advanced Study and the Max-Planck/Princeton
Center (MPPC) for Plasma Physics (NSF PHY-1523261). D.R.
and A.P. acknowledge support from the Institute for Nuclear
Theory (17-2b program). S.B. acknowledges support by the EU
H2020 under ERC Starting Grant, No.BinGraSp-714626.
Computations were performed on the supercomputers Bridges,
Comet, and Stampede (NSF XSEDE allocation TG-
PHY160025), on NSF/NCSA Blue Waters (NSF PRAC
ACI-1440083), Marconi (PRACE proposal 2016153522), and
PizDaint/CSCS (ID 667). This manuscript has been assigned
LIGO report number LIGO-P1700421 and Virgo report
number VIR-0894A-17.
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Figure 1. Remnant disk plus dynamic ejecta masses (upper panel) and BH
formation time (lower panel) plotted against the tidal parameter L̃
(Equation (1)). For models that do not collapse during our simulation time,
we give a lower limit. The horizontal dashed line shows a conservative lower
limit for AT2017gfo, M0.05 :, obtained assuming that the entire disk is
unbound. The vertical dotted line is 400L =˜ . Errors on Mdisk and Mej are
estimated following Equation (3) and are added in quadrature.

Figure 2. Tidal parameter L̃ (Equation (1)) as a function of the mass ratio q for
a fixed chirp mass M1.188chirp% = :. The shaded region shows the region
excluded with a 90% confidence level by the LIGO-Virgo observations (Abbott
et al. 2017b), with the additional constraint of 400.L̃ derived from the
simulations and the EM observations. EOSs whose curves enter this region are
disfavored. EOSs are sorted for decreasing L̃ at q=1, i.e., H4 is the stiffest
EOS in our sample, and FPS is the softest.
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Combine inspiral-driven upper limits with EM-driven lower limits 
• Require ejecta+disk to form GRB 
• Implies lower limit on NS radius -> stiffness



Tides - Future prospects

• Combine multiple events to improve precision

Equation of State

the left hand side of Eq. (6) be normalized. Finally, the
likelihood is given by [19]

pðdnj ~!;"0;"1; IÞ

¼ N exp
!
$2

Z fLSO

f0

df
j~dnðfÞ $ ~hlinð ~!;"0;"1; fÞj2

SnðfÞ

"
;

(7)

where N is a normalization factor, ~dn is the Fourier
transform of the data stream for the nth detection, and SnðfÞ
is the one-sided noise power spectral density; f0 is a
lower cutoff frequency, which we take to be 20 Hz.
~hlinð ~!;"0;"1; fÞ is our frequency domain waveform, with
the linearized expression for "ðm Þ, Eq. (4), substituted into
the tidal contribution to the phase, Eq. (1). To explore the
likelihood function, we used the method of nested sampling
as implemented by Veitch and Vecchio [19].

In Fig. 1, we show the evolution with an increasing
number of sources of the medians and 95% confidence
intervals in the measurement of "0, for three different EOS
models from Hinderer et al. [6]: a hard EOS (MS1), a
moderate one (H4), and a soft one (SQM3). In each case,
after a few tens of sources, the value of "0 is recovered with
a statistical uncertainty%10%, and it is easily distinguish-
able from the ones for the other EOS. (On the other hand,
"1 remains uncertain.) We see that the posterior medians
for "0 are ordered correctly, which suggests a second
method to identify the EOS, namely, hypothesis ranking.

Method 2: Hypothesis ranking.—Hinderer et al. com-
puted the function "ðm Þ for a large number of (families of)
equations of state, some of them mainly involving
neutrons, protons, electrons, and muons, others allowing
for pions and hyperons, and a few assuming strange quark
matter. Given a (arbitrarily large) discrete set fH kg

of models, each corresponding to a different EOS, or
equivalently a different deformability "ðm Þ, the relative
odds ratios for any pair of models H i, H j can be
computed as

Oi
j ¼

PðH ijd1; d2; . . . ; dN; IÞ
PðH jjd1; d2; . . . ; dN; IÞ

: (8)

Again, assuming independence of the detector outputs
d1; d2; . . . ; dN and using Bayes’ theorem, one can write

Oi
j ¼

PðH ijIÞ
PðH jjIÞ

YN

n¼1

PðdnjH i; IÞ
PðdnjH j; IÞ

: (9)

PðH ijIÞ is the probability of the model H i before any
measurement has taken place, and similarly forH j; in the
absence of more information, these can be set equal to each
other for all models H k. The evidences for the various
models are given by

pðdnjH k; IÞ ¼
Z

d ~!pðdnjH k; ~!; IÞpð ~!jH k; IÞ; (10)

with ~! the parameters of the template waveforms (masses,

sky position, etc.) and pð ~!jH k; IÞ the prior probabilities
for these parameters, which we choose to be the same as in

Ref. [18]. The likelihood function pðdnjH k; ~!; IÞ takes
the form

pðdnjH k; ~!; IÞ ¼ N exp
!
$2

Z fLSO

f0

df
j~dn $ ~hkð ~!; fÞj2

SnðfÞ

"
:

(11)

This time, ~hkð ~!; fÞ is the waveform model corresponding
to the EOS H k, meaning the abovementioned frequency
domain approximant with tidal contributions to the phase
as in Eq. (1), with a deformability "ðm Þ corresponding to
that EOS. Here, too, we use nested sampling to probe the
likelihood [19].
The set fH kg could comprise all the models consid-

ered in, e.g., Ref. [6], and many more. In this Letter,
we wish to show that it will at least be possible to
distinguish between a hard, a moderate, and a soft
EOS. Accordingly, we focus on just three EOS models,
the ones labeled MS1, H4, and SQM3 in Ref. [6]. In
addition, we consider the point particle model (PP) in
which "ðm Þ & 0. Figure 2 shows the cumulative distri-
bution of lnOk

j for different signal models H k against

the true EOS model H j, for Oð30Þ simulated catalogs of
20 sources each. A useful criterion for correct identifi-
cation of the underlying EOS is that the log odds ratio of
the incorrect models against the true EOS be decisive
according to the Jeffreys scale, i.e., <$ 5 in log odds
(odds less than 1:150, which one can think of as being
roughly similar to 3#) [20]. When the signals’ EOS is
MS1 (top right panel of Fig. 2), we see that the runner-
up model H4 is decisively disfavored ( lnOH4

MS1 <$5) for

FIG. 1 (color online). Median and 95% confidence interval
evolution for the "0 parameter as an increasing number of
sources is taken into consideration, for three different equations
of state in the signals: a hard (MS1), a moderate (H4), and a
soft (SQM3) EOS. In each case, the dashed line indicates the
true value.
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Speed of gravity 
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Speed of light 

(to ~1 part in 1015)
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Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the
90% credible regions from LIGO (190 deg2, light green), the initial LIGO-Virgo localization (31 deg2, dark green), IPN triangulation from the
time delay between Fermi and INTEGRAL (light blue), and Fermi GBM (dark blue). The inset shows the location of the apparent host galaxy
NGC 4993 in the Swope optical discovery image at 10.9 hours after the merger (top right) and the DLT40 pre-discovery image from 20.5 days
prior to merger (bottom right). The reticle marks the position of the transient in both images.

Chile about 10 hours after the merger with an altitude above
the horizon of about 45 degrees.

The One-Meter, Two-Hemisphere (1M2H) team was the
first to discover and announce (Aug 18 01:05 UTC; Coul-
ter et al. 2017a) a bright optical transient in an i-band im-
age acquired on Aug 17 at 23:33 UTC (tc+10.87 hr) with the
1 m Swope telescope at Las Campanas Observatory in Chile.
The team used an observing strategy (Gehrels et al. 2016)
that targeted known galaxies (from White et al. 2011) in the
three-dimensional LIGO-Virgo localization taking into ac-
count the galaxy stellar mass and star-formation rate (Coulter
et al. 2017). The transient, designated Swope Supernova Sur-
vey 2017a (SSS17a), was i = 17.057± 0.018 mag5 (Aug 17
23:33 UTC, tc+10.87 hr) and did not match any known aster-
oids or supernovae. SSS17a (now with the IAU designation
AT2017gfo) was located at ↵(J2000.0) = 13h09m48s.085±

5 All apparent magnitudes are AB and corrected for the Galactic extinc-
tion in the direction of SSS17a (E(B � V ) = 0.109 mag; Schlafly &
Finkbeiner 2011).

0.018, �(J2000.0) = �23�2205300.343±0.218 at a projected
distance of 10.600 from the center of NGC 4993, an early-
type galaxy in the ESO 508 group at a distance of ' 40 Mpc
(Tully-Fisher distance from Freedman et al. 2001), consistent
with the gravitational-wave luminosity distance (The LIGO
Scientific Collaboration et al. 2017b).

Five other teams took images of the transient within an
hour of the 1M2H image (and before the SSS17a announce-
ment) using different observational strategies to search the
LIGO-Virgo sky localization region. They reported their dis-
covery of the same optical transient in a sequence of GCNs:
the Dark Energy Camera (01:15 UTC; Allam et al. 2017),
the Distance Less Than 40 Mpc survey (01:41 UTC; Yang
et al. 2017a), Las Cumbres Observatory (04:07 UTC; Ar-
cavi et al. 2017a), the Visible and Infrared Survey Tele-
scope for Astronomy (05:04 UTC; Tanvir et al. 2017a),
and MASTER (05:38 UTC; Lipunov et al. 2017a). Inde-
pendent searches were also carried out by the Rapid Eye
Mount (REM-GRAWITA, optical, 02:00 UTC; Melandri
et al. 2017a), Swift UVOT/XRT (utraviolet, 07:24 UTC;

LVC + 50 EM+neutrino partner teams, ApJL 12 848 (2017) 



Cosmology without the distance ladder

LIGO, Virgo, 1M2H, DECam GW-EM / DES, DLT40, LCO, VINROUGE, and MASTER 
Collaborations, Nature 551 85 (2017)



Alternative Theories
• From Baker+, PRL 119 251301 
(2017)

• Scalar-Tensor 

• Quartic, quintic galileons, f(R), 
quintessence 

• Vector-tensor 

• require fine-tuning or minimal 
couplings to be compatible 

• Generalised TeVeS [Gong+ 
1801.03382] 

• Bimetric / massive graviton 

• mg < 10-22 eV 

• Large Extra dimensions? e.g. Visinelli+ 
1711.06628
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Figure 2.1. This diagram illustrates how Lovelock’s theorem serves as a guide to classify modified
theories of gravity. Each of the yellow boxes connected to the circle represents a class of modified
theories of gravity that arises from violating one of the assumptions underlying the theorem. A theory
can, in general, belong to multiple classes. See Table 1 for a more precise classification.

2. Extensions of general relativity: motivation and overview

2.1. A compass to navigate the modified-gravity atlas

There are countless inequivalent ways to modify GR, many of them leading to theories
that can be designed to agree with current observations. Cosmological observations
and fundamental physics considerations suggest that GR must be modified at very
low and/or very high energies. Experimental searches for beyond-GR physics are a
particularly active and well motivated area of research, so it is natural to look for a
guiding principle: if we were to find experimental hints of modifications of GR, which
of the assumptions underlying Einstein’s theory should be abandoned?

Such a guiding principle can be found by examining the building blocks of
Einstein’s theory. Lovelock’s theorem [191, 192] (the generalization of a theorem
due to Cartan [193]) is particularly useful in this context. In simple terms, the theorem
states that GR emerges as the unique theory of gravity under specific assumptions.
More precisely, it can be articulated as follows:

In four spacetime dimensions the only divergence-free symmetric rank-2
tensor constructed solely from the metric gµ⌫ and its derivatives up to second
differential order, and preserving diffeomorphism invariance, is the Einstein
tensor plus a cosmological term.

Berti+ 1501.07274



BNS Questions
• How Lucky? Will the next one look anything like this? 

• masses, angles, distance, etc all factors 

• Is there a population of previously undetected sub-luminous sGRBs? 

• Optical followup search for kilonova emission. Blue component visiblility 

• BlackGEM, ZTF: ~100-200 Mpc 

• LSST: 1Gpc! 

• How does ejecta, core behaviour change with chirp mass, mass ratio? Threshold for prompt 
collapse? 

• NR simulations, GW and EM observations 

• Constraints on EOS from GWs 

• Behaviour of Hypermassive Neutron Star? 

• Implications for cosmology, gravitation, etc



BNS Rates
• O1 BNS rate  

• R< 12600 Gpc-3yr-1

13

NS mass BH mass Spin hV T i (Gpc3 yr) Range (Mpc) R90% (Gpc�3 yr�1)
(M�) (M�) distribution PyCBC GstLAL PyCBC GstLAL PyCBC GstLAL

1.4 5 Isotropic 7.01⇥10�4 7.71⇥10�4 110 112 3,600 3,270
1.4 5 Aligned 7.87⇥10�4 8.96⇥10�4 114 117 3,210 2,820
1.4 10 Isotropic 1.00⇥10�3 1.01⇥10�3 123 122 2,530 2,490
1.4 10 Aligned 1.36⇥10�3 1.52⇥10�3 137 140 1,850 1,660
1.4 30 Isotropic 1.10⇥10�3 9.02⇥10�4 127 118 2,300 2,800
1.4 30 Aligned 1.98⇥10�3 1.99⇥10�3 155 153 1,280 1,270

Table 2. Sensitive space-time volume hV T i and 90% confidence upper limit R90% for NSBH systems with isotropic and aligned
spin distributions. The NS spin magnitudes are in the range [0,0.04] and the BH spin magnitudes are in the range [0,1]. Values
are shown for both the pycbc and gstlal pipelines. hV T i is calculated using a FAR threshold of 0.01 yr�1. The rate upper
limit is calculated using a uniform prior on L = RhV T i and an 18% uncertainty in hV T i from calibration errors.

100 101 102 103 104

BNS Rate (Gpc�3yr�1)

aLIGO 2010 rate compendium

Kim et al. pulsar

Fong et al. GRB

Siellez et al. GRB

Coward et al. GRB

Petrillo et al. GRB

Jin et al. kilonova

Vangioni et al. r-process

de Mink & Belczynski pop syn

Dominik et al. pop syn
O1O2O3

Figure 6. A comparison of the O1 90% upper limit on the
BNS merger rate to other rates discussed in the text (Abadie
et al. 2010; Kim et al. 2015; Fong et al. 2015; Siellez et al.
2014; Coward et al. 2012; Petrillo et al. 2013; Jin et al. 2015;
Vangioni et al. 2016; de Mink and Belczynski 2015; Do-
minik et al. 2015). The region excluded by the low-spin BNS
rate limit is shaded in blue. Continued non-detection in O2
(slash) and O3 (dot) with higher sensitivities and longer op-
eration time would imply stronger upper limits. The O2 and
O3 BNS ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

2010). We additionally include some more recent estimates
from population synthesis for both NSBH and BNS (Dominik
et al. 2015; Belczynski et al. 2016; de Mink and Belczyn-
ski 2015) and binary pulsar observations for BNS (Kim et al.
2015).

We also compare our upper limits for NSBH and BNS sys-
tems to beaming-corrected estimates of short GRB rates in
the local universe. Short GRBs are considered likely to be
produced by the merger of compact binaries that include NSs,
i.e. BNS or NSBH systems (Berger 2014). The rate of short

Figure 7. A comparison of the O1 90% upper limit on the
NSBH merger rate to other rates discussed in the text (Abadie
et al. 2010; Fong et al. 2015; Coward et al. 2012; Petrillo
et al. 2013; Jin et al. 2015; Vangioni et al. 2016; de Mink and
Belczynski 2015; Dominik et al. 2015). The dark blue region
assumes a NSBH population with masses 5–1.4 M� and the
light blue region assumes a NSBH population with masses
10–1.4 M�. Both assume an isotropic spin distribution. Con-
tinued non-detection in O2 (slash) and O3 (dot) with higher
sensitivities and longer operation time would imply stronger
upper limits (shown for 10–1.4 M� NSBH systems). The
O2 and O3 ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

GRBs can predict the rate of progenitor mergers (Coward
et al. 2012; Petrillo et al. 2013; Siellez et al. 2014; Fong et al.
2015). For NSBH, systems with small BH masses are consid-
ered more likely to be able to produce short GRBs (e.g. (Duez
2010; Giacomazzo et al. 2013; Pannarale et al. 2015)), so we
compare to our 5M�–1.4M� NSBH rate constraint. The ob-
servation of a kilonova is also considered to be an indicator of
a binary merger (Metzger and Berger 2012), and an estimated

• O2 BNS rate  

• 320 < R< 4740 
Gpc-3yr-1

• “realistic” rate holds 

• Look for pop synth 
updates soon





O3 Expectations
• 3-detector network with improved sensitivity 

• LIGO targets 120Mpc BNS range, Virgo 60 Mpc 

• high power, squeezing, scattered light, … 

• expected start ~Feb 2019 

• Should detect several BBHs per month 

• Open public alerts! 

• See https://dcc.ligo.org/LIGO-M1000066-v25/public for 
details

https://dcc.ligo.org/LIGO-M1000066-v25/public


Beyond O3

• Commissioning continuing at current facilities. 

• Design sensitivity goal 2020/21 

• KAGRA plans to join O3 with 3-8Mpc range. 

• Aims for 40-140 Mpc by 2022 

• LIGO-India c.2024 

• Full network should make 11-180 BNS detections / year 

• Hundreds of BBH! 

• Beyond 2020 facility upgrades? aLIGO+, AdVirgo+, KAGRA+?
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Fig. 1 Regions of aLIGO (top left), AdV (top right) and KAGRA (bottom) target strain sensitivities as a
function of frequency. The binary neutron star (BNS) range, the average distance to which these signals
could be detected, is given in megaparsec. Current notions of the progression of sensitivity are given for
early, mid and late commissioning phases, as well as the design sensitivity target and the BNS-optimized
sensitivity. While both dates and sensitivity curves are subject to change, the overall progression represents
our best current estimates.

There are currently two operational aLIGO detectors (Aasi et al 2015a). The
original plan called for three identical 4-km interferometers, two at Hanford (H1 and
H2) and one at Livingston (L1). In 2011, the LIGO Lab and IndIGO consortium
in India proposed installing one of the aLIGO Hanford detectors (H2) at a new
observatory in India (LIGO-India; Iyer et al 2011). In early 2015, LIGO Laboratory
placed the H2 interferometer in long-term storage for use in India. The Government
of India granted in-principle approval to LIGO-India in February 2016.

The first observations with aLIGO have been made. O1 formally began 18 Septem-
ber 2015 and ended 12 January 2016; however, data from the surrounding engineering
periods were of sufficient quality to be included in the analysis, and hence the first
observations span 12 September 2015 to 19 January 2016. The run involved the H1 and
L1 detectors; the detectors were not at full design sensitivity (Abbott et al 2016g). We
aimed for a BNS range of 40 – 80 Mpc for both instruments (see Fig. 1), and achieved
a 60 – 80 Mpc range. Subsequent observing runs have increasing duration and sen-
sitivity. O2 began 30 November 2016, transitioning from the preceding engineering

BNS @ 150Mpc

BBH @ 400Mpc

Abbott+, Liv. Rev. Relativity 21 (2018)
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Fig. 1 Regions of aLIGO (top left), AdV (top right) and KAGRA (bottom) target strain sensitivities as a
function of frequency. The binary neutron star (BNS) range, the average distance to which these signals
could be detected, is given in megaparsec. Current notions of the progression of sensitivity are given for
early, mid and late commissioning phases, as well as the design sensitivity target and the BNS-optimized
sensitivity. While both dates and sensitivity curves are subject to change, the overall progression represents
our best current estimates.

There are currently two operational aLIGO detectors (Aasi et al 2015a). The
original plan called for three identical 4-km interferometers, two at Hanford (H1 and
H2) and one at Livingston (L1). In 2011, the LIGO Lab and IndIGO consortium
in India proposed installing one of the aLIGO Hanford detectors (H2) at a new
observatory in India (LIGO-India; Iyer et al 2011). In early 2015, LIGO Laboratory
placed the H2 interferometer in long-term storage for use in India. The Government
of India granted in-principle approval to LIGO-India in February 2016.

The first observations with aLIGO have been made. O1 formally began 18 Septem-
ber 2015 and ended 12 January 2016; however, data from the surrounding engineering
periods were of sufficient quality to be included in the analysis, and hence the first
observations span 12 September 2015 to 19 January 2016. The run involved the H1 and
L1 detectors; the detectors were not at full design sensitivity (Abbott et al 2016g). We
aimed for a BNS range of 40 – 80 Mpc for both instruments (see Fig. 1), and achieved
a 60 – 80 Mpc range. Subsequent observing runs have increasing duration and sen-
sitivity. O2 began 30 November 2016, transitioning from the preceding engineering

8 KAGRA Collaboration, LIGO Scientific Collaboration and Virgo Collaboration
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Fig. 2 The planned sensitivity evolution and observing runs of the aLIGO, AdV and KAGRA detectors
over the coming years. The colored bars show the observing runs, with the expected sensitivities given
by the data in Fig. 1 for future runs, and the achieved sensitivities in O1 and in O2. There is significant
uncertainty in the start and end times of planned the observing runs, especially for those further in the future,
and these could move forward or backwards relative to what is shown above. The plan is summarised in
Sect. 2.2.

2024+ H1L1V1K1I1 network at full sensitivity (aLIGO at 190 Mpc, AdV at 125 Mpc
and KAGRA at 140 Mpc). Including more detectors improves sky localization (Kli-
menko et al 2011; Veitch et al 2012; Nissanke et al 2013; Rodriguez et al 2014;
Pankow et al 2018) as well as the fraction of coincident observational time. 2024
is the earliest time we imagine LIGO-India could be operational.

This timeline is summarized in Fig. 2; we do not include observing runs with LIGO-
India yet, as these are still to be decided. Additionally, GEO 600 will continue ob-
serving, with frequent commissioning breaks, during this period. The observational
implications of these scenarios are discussed in Sect. 4.

3 Searches for gravitational-wave transients

Data from GW detectors are searched for many types of possible signals (Abbott
et al 2017j). Here we focus on signals from compact binary coalescences (CBCs)
and on generic transient or burst signals. CBCs include BNS, neutron star–black
hole (NS–BH) and BBH systems.

Observational results of searches for transient signals are reported in Abbott et al
(2016f,d,l, 2017c, 2016q, 2017l,g,h,i,a). The O1 results include two clear detections
GW150914 (Abbott et al 2016k) and GW151226 (Abbott et al 2016h), and a lower
significance candidate LVT151012 (Abbott et al 2016f,d). All three originate from
BBH coalescences (Abbott et al 2016m,d). No other transient sources have been
identified in O1 (Abbott et al 2016q, 2017c,m). The first results of O2 have been
announced: GW170104 (Abbott et al 2017g), GW170608 (Abbott et al 2017h) and



3rd Generation
• Increased activity on 3G, 

coordinated by GWIC 

• Science case being 
refreshed for 
observational era. 

• Cosmic Explorer and 
Einstein Telescope new 
facilities under study 

• International R&D 
coordination committee

Einstein Telescope
Cosmic Explorer



LISA
• LISA selected by ESA as L3 mission in 

June 2017 

• 2.5M km triangular configuration 

• 2034 launch date 

• LISA Pathfinder exceeded LISA 
requirements! 

• Final results Armano+ PRL 120 
061101 (2017) 

• ESA-led collaboration working on 
technologies and infrastructure 

• LISA consortium reformed 
www.lisamission.org

at ð1.74 " 0.05Þ fm s−2=
ffiffiffiffiffiffi
Hz

p
above 2 mHz and ð6 " 1Þ × 10 fm s−2=

ffiffiffiffiffiffi
Hz

p
at 20 μHz, and discusses the

physical sources for the measured noise. This performance provides an experimental benchmark
demonstrating the ability to realize the low-frequency science potential of the LISA mission, recently
selected by the European Space Agency.

DOI: 10.1103/PhysRevLett.120.061101

Introduction.—LISA Pathfinder (LPF) [1] is a European
Space Agency (ESA) mission dedicated to the experimental
demonstration of the free fall of test masses (TMs) as
required by LISA [2], the space-based gravitational-wave
(GW) observatory just approved by ESA. Such TMs are the
reference bodies at the ends of each LISA interferometer
arm and need to be free from spurious acceleration, g,
relative to their local inertial frame; any stray acceleration
competes directly with the tidal deformations caused by
GWs. LPF has two LISA TMs at the ends of a short
interferometer arm, insensitive to GWs because of the
reduced length but sensitive to the differential acceleration,
Δg, of the TMs arising from parasitic forces.
LPF was launched on December 3, 2015 and was in

science operation from March 1, 2016. Operations ended
on June 30, 2017, and the satellite was finally passivated on
July 18, 2017. On June 7, 2016, we published [3] the first
results on the free fall performance of the LPF test masses.
These results showed that the amplitude spectral density
(ASD) ofΔgwas found to be (see Fig. 1 of Ref. [3]) limited
by Brownian noise at S1=2Δg ¼ ð5.2 " 0.1Þ fm s−2=

ffiffiffiffiffiffi
Hz

p
, for

frequencies 1 mHz ≲ f ≲ 30 mHz; rising above the
Brownian noise floor for frequencies f ≲ 1 mHz,

increasing to ≲12 fm s−2=
ffiffiffiffiffiffi
Hz

p
at f ¼ 0.1 mHz; and lim-

ited, for f ≳ 30 mHz, by the interferometer readout noise
of S1=2x ¼ ð34.8 " 0.3Þ fm=

ffiffiffiffiffiffi
Hz

p
, which translates into an

effective Δg ASD of S1=2x ð2πfÞ2.
The previously published data referred to the longest

uninterrupted stretch of data, of about one week duration,
we had measured up to the time of publication. Since that
time, several improvements have allowed a significantly
better performance, presented in Fig. 1. First, the residual
gas pressure has decreased by roughly a factor of 10 since
the beginning of operations, as the gravitational reference
sensor (GRS) surrounding the TM has been continuously
vented to space [3] with a slowly decreasing outgassing
rate. Second, a more accurate calculation of the electrostatic
actuation force has eliminated a systematic source of low-
frequency force noise. Third, another inertial force from the
LPF spacecraft rotation has been identified and corrected in
theΔg time series. This last effect will be highly suppressed
in LISA by the improved rotational spacecraft control.
Finally, we have removed, by empirical fitting, a number of
well-identified, sporadic (less than one per day) quasi-
impulse force events or “glitches” from the data, allowing
uninterrupted data series of up to ∼18 days duration. This

FIG. 1. ASD of parasitic differential acceleration of LPF test masses as a function of the frequency. Data refer to an ∼13 day long run
taken at a temperature of 11 °C. The red, noisy line is the ASD estimated with the standard periodogram technique averaging over 10,
50% overlapping periodograms each 2 × 105 s long. The data points with error bars are uncorrelated, averaged estimates calculated as
explained in the text. For comparison, the blue noisy line is the ASD published in Ref. [3]. Data are compared with LPF requirements [1]
and with LISA requirements taken from Ref. [2]. Fulfilling requirements implies that the noise must be below the corresponding shaded
area at all frequencies. LISA requirements below 0.1 mHz must be considered just as goals [2].

PHYSICAL REVIEW LETTERS 120, 061101 (2018)

061101-2

Armano+ PRL 120 061101 (2017)

http://www.lisamission.org


Summary
• O1 brought first detection, O2 regular BBH and multi-

messenger astronomy! 

• Perhaps the “end of the beginning” of GW astronomy 

• Renewed excitement across field: multi-messenger, 
3G and LISA all accelerating. 

• Appetite from astro community for more detections, 
more information. Open Public Alerts will change way 
we engage. 

• As always… hope for surprises in O3!


