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We’ve started to make detections  
 - the astrophysics is really cool - and many questions remain

Advanced LIGO and Advanced Virgo are the first instances  
   of a new type of Observatory

So what comes next?

Start observing again in 2019, reach Design Sensitivity. (~2021)

  - here the speculation starts - 

A+ Upgrade: better mirror coatings and better quantum noise. (~2024?)

LIGO Voyager: Low temperature operation in the existing facilities (~2030?)

New Facilities: Einstein Telescope/ Cosmic Explorer 

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 Figure 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
Section 2.2.

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
GW170814 (Abbott et al 2017i) are from BBH coalescences, and GW170817 (Abbott
et al 2017a) is the first detection of a BNS coalescence.

Using our observation of GW170817, we calculate that the merger rate density
has a 90% credible range of 320 – 4740 Gpc�3 yr�1 (Abbott et al 2017a). This initial
estimate assumes that neutron star masses are uniformly distributed between 1M�
and 2M� and their dimensionless spins are less than 0.4. Compatible estimates for
the merger rate were derived from the rate of electromagnetic transients similar to
the counterpart of GW170817 (Siebert et al 2017; Kasliwal et al 2017; Smartt et al
2017; Yang et al 2017; Zhang et al 2018). Complementary rate estimation based
upon astrophysical population models and observations of Galactic BNS systems (e.g.,
Abadie et al 2010b; Kim et al 2013; Dominik et al 2015; Vangioni et al 2016; de Mink
and Belczynski 2015; Eldridge et al 2017; Belczynski et al 2017; Kruckow et al 2018)
remains an active are of research.

While the rates per unit volume of NS–BH and BBH mergers are expected to be
lower than for BNSs, the distance to which they can be observed is larger. Conse-
quently, the predicted observable rates are comparable (Abadie et al 2010b; Rodriguez
et al 2015; Abbott et al 2016c; Li et al 2017). From our observations of BBHs, we infer
that their rate of mergers is in the range ⇠ 1.2⇥10�8 – 2.13⇥10�7 Mpc�3 yr�1 (Ab-
bott et al 2017g). The non-detection of NS–BHs in O1 allows us to place a 90% upper

from P1200087-
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review event

show time series

http://dx.doi.org/10.1103/PhysRevLett.116.061102

First signal - Sept 14, 2015
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Initial Masses:  
   29 (+4/-4) & 36 (+5/-4) Msun

Final Mass:
   62 (+4/-4) Msun

Energy radiated
   3 (+0.5/-0.5) Msun c2

Distance
   420 (+160/-180) MPc
   (1.3 Billion light years) 

http://dx.doi.org/10.1103/PhysRevLett.116.061102

Best fit with  
 Numerical Relativity
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GW150914

Frank Elavsky, Northwestern

GW170814
GW170104

LVT151012

GW170608
GW151226
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Gravitational waves can be measured by LIGO.

Stellar mass Black Holes with mass > 25 Msun exist.

Binary Black hole systems exist, and they merge (in less than 13 GYr.)

BBH merge at 12 - 213 events * GPc-3 * year-1 (now).

The waveforms can be explained by strong field General Relativity.
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Gravitational waves can be measured by LIGO.

Stellar mass Black Holes with mass > 25 Msun exist.

Binary Black hole systems exist, and they merge (in less than 13 GYr.)

BBH merge at 12 - 213 events * GPc-3 * year-1 (now).

The waveforms can be explained by strong field General Relativity.

How many stellar mass Black Holes are there? 

What is the distribution of Black Hole masses?

How did the binary systems form?

Are there Black Holes from the primordial universe?

How old was the universe when the Black Holes started merging?

Can we find any deviations from General Relativity?



Aug. 17, 2017
GW170817 was the first observation 
of Gravitational waves from merging 
neutron stars.



G1800831

LSC
Amazing measurement set

11

6

-100 -50 0 50

GW

γ-ray

X-ray

UV

Optical

IR

Radio

10-2

t-t  (s) t-t  (days)
10-1 100 101

LIGO, Virgo

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

Swift, HST

Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STARRS1, 
HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILESCOPE, TOROS, 
BOOTES-5, Zadko, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA

REM-ROS2, VISTA, Gemini-South, 2MASS,Spitzer, NTT, GROND, SOAR, NOT, ESO-VLT, Kanata Telescope, HST

ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LWA, ALMA, OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg

Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
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spectral features in this band (for details McCully et al. 2017).
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
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First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
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spectral features in this band (for details McCully et al. 2017).
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•These events do happen!

•These events happen (330 - 4500) times / GPc3 Yr1

•They follow an evolution similar to kilonova predictions

•They constrain the ‘stiffness’ or Equation of State of 
neutron stars 

•You can get an estimate for the Hubble constant

•Many papers out now, many more expected

•Triumph of Multi-messenger astronomy 
distance, (H0/ angle), jet size, adiabatic glow vs. jet beam
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•How common are kilonovas?

•Can they accurately predict the abundance of heavy 
elements?

•This event was ~1000x less bright than other gamma-ray 
bursts with known distance - observer effect?

•What’s going on with the jets?

•Did it merge into a big neutron star or a small black hole?

•Did it collapse to a BH later?  
   Is that why the x-rays were late to the party?

•What’s the equation of state?

•Can we learn more about the Hubble constant?
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• How common are kilonovas? 
- Scales like the event rate. Mid-band for total signal

• What’s going on with the jets?
• Can we learn more about the Hubble constant?  

- need to know inclination of source to us - Polarization from network.

• What’s the equation of state?
• Did it merge into a big neutron star or a small black hole?  

- dynamics at the merger - better SNR at ~1-2 kHz  
- also evolution from 2 point masses (low frequency)

• How many stellar mass Black Holes are there?  
- Scales like event rate - mid band SNR for total signals

• What is the distribution of Black Hole masses?  
- Resolve mass ratio - better SNR through the evolution - mid and low band

• How did the binary systems form?  
- Spin! Estimate the spin of the components - better SNR though the evolution

• Are there Black Holes from the primordial universe?
• How old was the universe when the Black Holes started merging?  

- Range. Midband.

• Can we find any deviations from General Relativity?  
- Statistics and very good SNR for nearby events.

better science
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BNS	disrup=on	&	post-merger	è	NS	physics	

LIGO-G1800514	 Zucker	 5	

BNS	@	100	Mpc	
Read,	Schmidt,	Clark	and	Lackey,			G1700453	
Read	et	al,		Phys.	Rev.	D	88,	044042	(2013)	

A+	
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FIG. 1. Left: Amplitude spectral density of the total strain noise of the H1 and L1 detectors,
p

S( f ), in units of strain per
p

Hz, 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: 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 non-precessing
spin waveform model [46].

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 fi-
nal black hole rings down to equilibrium. In the frequency do-
main, the amplitude decreases with frequency during inspiral,
as the signal spends a greater number of cycles at lower fre-
quencies. 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 lower amplitude but
sweeps across the whole detector’s sensitive band up to nearly
800 Hz. The corresponding time series of the three wave-
forms are plotted in the right panel of Figure 1 to better vi-
sualize the difference in duration within the Advanced LIGO
band: GW150914 lasts only a few cycles while LVT151012
and GW151226 have lower amplitude 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
contains a total coincident analysis time of 51.5 days accu-
mulated when both detectors were operating in their normal
state. As discussed in [13] with regard to the first 16 days
of O1 data, the output data of both detectors typically con-
tain non-stationary and non-Gaussian features, in the form of
transient noise artifacts of varying durations. Longer duration
artifacts, such as non-stationary behavior in the interferom-
eter noise, are not very detrimental to CBC searches as they
occur on a time-scale that is much longer than any CBC wave-

form. However, shorter duration artifacts can pollute the noise
background distribution of CBC searches. Many of these arti-
facts have distinct signatures [49] visible in the auxiliary data
channels from the large number of sensors used to monitor in-
strumental or environmental disturbances at each observatory
site [50]. When a significant noise source is identified, con-
taminated data are removed from the analysis data set. After
applying this data quality process, detailed in [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 operating 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 Gst-
LAL analysis.

III. SEARCH RESULTS

Two different, largely independent, analyses have been im-
plemented 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 gravi-
tational 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. Results of the searches
for binary neutron stars and neutron star–black hole binaries
are reported in [61]. These matched-filter searches are com-
plemented by generic transient searches which are sensitive to
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• What’s going on with the jets?
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• How did the binary systems form?  
- Spin! Estimate the spin of the components - better SNR though the evolution

• Are there Black Holes from the primordial universe?
• How old was the universe when the Black Holes started merging?  

- Range. Midband.

• Can we find any deviations from General Relativity?  
- Statistics and very good SNR for nearby events.

better science
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FIG. 4. Posterior probability densities of the masses, spins and distance to the three events GW150914, LVT151012 and GW151226. For the
two dimensional distributions, the contours show 50% and 90% credible regions. Top left: component masses msource

1 and msource
2 for the three

events. We use the convention that msource
1 � msource

2 , which produces the sharp cut in the two-dimensional distribution. For GW151226 and
LVT151012, the contours follow lines of constant chirp mass (M source = 8.9+0.3

�0.3 M� and M source = 15.1+1.4
�1.1 M� respectively). In all three

cases, both masses are consistent with being black holes. Top right: The mass and dimensionless spin magnitude of the final black holes.
Bottom left: The effective spin and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.

the gravitational-wave signal during a coalescence. The com-
ponents of the spins parallel to the orbital angular momentum
affect the phasing of the binary, whereas orthogonal compo-
nents lead to orbital precession. The effects of the spins of
the binary components are sub-dominant, and they are more
difficult to constrain than the masses.

Only weak constraints can be placed on the spin magni-
tudes of the binary components: in all cases the uncertainty
spans the majority of the allowed range of [0,1]. We can bet-
ter infer the spin of the more massive black hole, as this has
a greater impact upon the inspiral. We find that smaller spins
are favored, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914 and LVT151012, and a1  0.8
for GW151226.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.
Only in the case of GW151226, do we infer a non-zero value

of ceff, and from this we infer at least one of the components
has a spin of � 0.2 at the 99% credible level.

Misalignment of the component spins with respect to the or-
bital angular momentum leads to precession [110]. As a first
approximation, the amount of precession may be quantified
through a single effective precession spin parameter, cp [111].
The inferred distributions for cp are roughly consistent with
our prior expectations after incorporating the measured con-
straints on ceff. The absence of clear information about pre-
cession could be because there is intrinsically little precession,
because the binary is orientated nearly face-on or face-off (see
Sec. IV C) which minimises the visible effect of precession, or
because of a combination of these effects. Our aligned-spin
search has reduced sensitivity to highly precessing systems
[44], which may make it more probable that we detect non-
precessing systems. We are yet to find strong evidence for
precession, but cannot exclude the possibility of misaligned
spins.

The posterior probability for the spin magnitudes and tilts
relative to the orbital angular momentum using the precessing



G1702071

LSC Better detectors mean

24

• How common are kilonovas? 
- Scales like the event rate. Mid-band for total signal

• What’s going on with the jets?
• Can we learn more about the Hubble constant?  

- need to know inclination of source to us - Polarization from network.

• What’s the equation of state?
• Did it merge into a big neutron star or a small black hole?  

- dynamics at the merger - better SNR at ~1-2 kHz  
- also evolution from 2 point masses (low frequency)

• How many stellar mass Black Holes are there?  
- Scales like event rate - mid band SNR for total signals

• What is the distribution of Black Hole masses?  
- Resolve mass ratio - better SNR through the evolution - mid and low band

• How did the binary systems form?  
- Spin! Estimate the spin of the components - better SNR though the evolution

• Are there Black Holes from the primordial universe?
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• Can we find any deviations from General Relativity?  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FIG. 5. Posterior probability distributions for for the dimensionless component spins cS1/(Gm2
1) and cS2/(Gm2

2) relative to the normal to the
orbital plane L, marginalized over the azimuthal angles. The bins are constructed linearly in spin magnitude and the cosine of the tilt angles,
and therefore have equal prior probability. The left plot shows the distribution for GW150914, the middle plot is for LVT151012 and the right
plot is for GW151226.

IMRPhenom model are shown in Fig 5. In all cases, larger
spin magnitudes are allowed when the spin is misaligned: the
additional in-plane spin does not change ceff. For LVT151012
and GW151226, there is significantly greater uncertainty for
the spin of the secondary than for the primary. This is because
the mass ratios for these systems can be more extreme: for
equal mass binaries both spins play an equal role in the dy-
namics, but, as the mass ratio tends towards zero, the effects
of the secondary’s spin become negligible.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [112,
113]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calculated
using fitting formulae calibrated against numerical relativity
simulations. In [38] we used a formula which only included
contributions from the aligned components of spins [98]; we
now use an extension of this formula which also incorporates
the effects of in-plane spins [114]. The change has a small im-
pact on the final spin of GW150914 (changing from 0.67+0.05

�0.06
to 0.68+0.05

�0.06), and a larger effect on GW151226 (changing
from 0.72+0.05

�0.05 to 0.74+0.06
�0.06) as its components have more sig-

nificant spins.

C. Distance, inclination and sky location

The luminosity distance to the source is inversely propor-
tional to the signal’s amplitude. GW150914 and GW151226
have comparable distance estimates of DL = 420+150

�180 Mpc
(redshift z = 0.09+0.03

�0.04) and DL = 440+180
�190 Mpc (z =

0.09+0.03
�0.04) respectively.4 GW151226 originates from a lower

mass system than GW150914 and hence the gravitational-
wave signal is intrinsically quieter, and its SNR is lower
than GW150914’s even though the distances are comparable.
LVT151012 is the quietest signal and is inferred to be at a
greater distance DL = 1000+500

�500 Mpc (z = 0.20+0.09
�0.09).

In all cases, there is significant fractional uncertainty for the
distance. This is predominantly a consequence of the degen-
eracy between the distance and the binary’s inclination, which
also impacts the signal amplitude [92, 116, 117].

The inclination is only weakly constrained; in all cases
there is greatest posterior support for the source being either
face on or face off (angular momentum pointed parallel or an-
tiparallel to the line of sight). This is the orientation that pro-
duces the greatest gravitational-wave amplitude and so is con-
sistent with the largest distance. The inclination could poten-
tially be better constrained in a precessing system [95, 118].
Only for GW150914 is there preference for one of the con-
figurations, with there being greater posterior support for the
source being face off [38].

Sky localization from a gravitational-wave detector net-
work is primarily determined by the measured delay in the
signal arriving at the sites, with additional information coming
from the signal amplitude and phase [119–121]. For a two-
detector network, the sky localization forms a characteristic
broken annulus [122–125]. Adding additional detectors to the
network would improve localization abilities [126–129]. The
sky localizations of the three events are shown in Fig. 6; this
shows both celestial coordinates (indicating the origin of the
signal) and geographic coordinates (illustrating localization
with respect to the two detectors). The arrival time at Hanford
relative to Livingston was DtHL = 7.0+0.2

�0.2 ms for GW150914,

4 We convert between luminosity distance and redshift using a flat LCDM
cosmology with Hubble parameter H0 = 67.9 kms�1 Mpc�1 and matter
density parameter Wm = 0.306 [40]. The redshift is used to convert be-
tween the observed detector-frame masses and the physical source-frame
masses, m = (1+ z)msource [115].
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8 KAGRA Collaboration, LIGO Scientific Collaboration and Virgo Collaboration

Virgo
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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 Figure 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
Section 2.2.

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
GW170814 (Abbott et al 2017i) are from BBH coalescences, and GW170817 (Abbott
et al 2017a) is the first detection of a BNS coalescence.

Using our observation of GW170817, we calculate that the merger rate density
has a 90% credible range of 320 – 4740 Gpc�3 yr�1 (Abbott et al 2017a). This initial
estimate assumes that neutron star masses are uniformly distributed between 1M�
and 2M� and their dimensionless spins are less than 0.4. Compatible estimates for
the merger rate were derived from the rate of electromagnetic transients similar to
the counterpart of GW170817 (Siebert et al 2017; Kasliwal et al 2017; Smartt et al
2017; Yang et al 2017; Zhang et al 2018). Complementary rate estimation based
upon astrophysical population models and observations of Galactic BNS systems (e.g.,
Abadie et al 2010b; Kim et al 2013; Dominik et al 2015; Vangioni et al 2016; de Mink
and Belczynski 2015; Eldridge et al 2017; Belczynski et al 2017; Kruckow et al 2018)
remains an active are of research.

While the rates per unit volume of NS–BH and BBH mergers are expected to be
lower than for BNSs, the distance to which they can be observed is larger. Conse-
quently, the predicted observable rates are comparable (Abadie et al 2010b; Rodriguez
et al 2015; Abbott et al 2016c; Li et al 2017). From our observations of BBHs, we infer
that their rate of mergers is in the range ⇠ 1.2⇥10�8 – 2.13⇥10�7 Mpc�3 yr�1 (Ab-
bott et al 2017g). The non-detection of NS–BHs in O1 allows us to place a 90% upper

P1200087-v46
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•LIGO is down for ~ 1 year making upgrades, preparing for O3.Timeline for Post O2 Installation 
and Commissioning

Corner volume: scattered light 
baffles, new SRM, etc

Squeezed light 
upgrade

70 W 
amp

ETM & ERM replacement

Cryo-pump decommissioning, chevron baffles

0 3 6 months

70 W 
amp

ERM & ETM replacement

LLO

LHO

GV repair, chevron bafflesCommissioning 
period w/ higher 

power & 
squeezed light

Corner volume: new ITMX, scattered 
light baffles, new SRM, etc

Squeezed light 
upgrade

O2 
end

20

Prep

Prep
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m

m
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P. Fritschel report to NSF
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Carl Blair, G1800600 

O2 Noise Budget
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Projection	for	Observation	Run	3

Frolov G1701736	

Carl Blair, G1800600 
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70%W%amplifier%update%at%LLO/LHO%

70%W%amplifier%

•  Replace%200W%oscillator%with%70W%amplifier%
•  solid%state%laser%amplifier%
•  4%op:cally%pumped%crystals%%
•  (fiber%coupled%pump%diode%lasers)%
•  small%footprint,%monolithic%design%
•  Beckhoff%controlled%
•  amplifies%35%W%beam%to%>70%W%

•  Done%at%LLO%(and%stable)%

•  LHO%currently%in%process%
Terra%Hardwick,%LVC%mee:ng,%LAWG,%March%20,%2018%

29



Absorber and more found on 
LHO ITMx (now replaced)!

•  Absorption > 1000 
ppm found where 
predicted by Hartman 
sensor


•  Appears in pre and 
post installation 
scatter measurement


•  Also found: “donuts” 
see G18000345 ~45 
in beam. 1mm field


1


Billingsley, Brooks, Weaver, Zhang
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30

GariLynn Billingsley - G1800345

Optic replacements



Absorber and more found on 
LHO ITMx (now replaced)!
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•  Appears in pre and 
post installation 
scatter measurement


•  Also found: “donuts” 
see G18000345 ~45 
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GariLynn Billingsley - G1800345

Optic replacements

Scattering	noise

• Light	scattered	from	beam	picks	up	
phase	then	rejoins	beam
• Black	glass	baffles	
• Replacing	ETMs,	less	scattered	
light,	more	build-up
• Replace	composite	SRM,	also	
removes	thermal	noise	peak
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Not all good news …

O3 will probably start at the beginning of 2019

LHO log 41467
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Low frequency noise & high power operation

DCC P1400254

Overlap of an mechanical mode of mirror and optical mode of 
cavity allow stored optical power to escape

Troublesome mode at 15.5 kHz:
Mechanical Optical (field)
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Tested successfully at ETMX at LHO

Peter Fritschel - G1800454
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Design

8

• More vibration isolation
• More coverage
• Improved coatings
• Raytracing with Zemax

D1700236 D1700115

Corey Austin G1800466

Install baffles throughout the system
- Very Black (DLC, Black Nickel)
- good coverage of the system 
- careful control of vibrations
- improvements are not obvious

Installation (LLO HAM5)

11

Posted by Valera Frolov to the LLO logbook 
(#28312).

Photo taken by Alena Ananyeva and posted to 
the LLO logbook (#36113).

HAM5

SRM
SR3



Target:	3	dB	of	squeezing	for	O3	
(40%	reducRon	in	shot	noise)	

LVC	Plenary	-	Mar	22,	2018	

Gras&Evans	LIGO-P1700448	
aLIGO	design	curve	

New	aLIGO	curve:	LIGO-T1800044	

Lisa Barsotti - G1800598

Squeezed light for O3
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Conceptual	layout	of	squeezing	
injecRon	in	Advanced	LIGO	

LVC	Plenary	-	Mar	22,	2018	

OMC

Interferometer
MAIN LASER

Anti-Symmetric 
Port

PUMP 
LASERSHG

Output & 
Squeeze Angle

Photodiode 

frequency shifted
control beam

squeezed vacuum &
frequency shifted control beam

OPO green pump beam
 to squeezed vacuum source:

phase lock loop 
with PUMP laser  

from 
SQZ ANGLE diode: 
feed-back to PUMP 

laser frequency 
 

Output
Faraday
Isolator

INTERFEROMETER 
(not to scale)

             Ultra-High Vacuum envelope 

OPOSqueezing
Injection

Path

             In-air optical bench 

 AOM1 AOM2
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A	suspended	squeezed	light	source	

LVC	Plenary	-	Mar	22,	2018	

LLO	unit		

Alvaro	F-	Galiana	LIGO-G1800430	
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First	squeezing	injecRon	into	L1:	it	works!	

LVC	Plenary	-	Mar	22,	2018	

Frequency (Hz)
102 103

10-23

10-22 Strain
Reference
SQZ

~1.3	dB	
15%	shot	noise		

reduc6on		

Lee	McCuller	LIGO-G1800455	
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O2 Status: Uptime
(as of 25 August 2017)

LIGO Laboratory, LVC Mtg, CERN August 2017 2LIGO-G1701591-v1
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Good Days:  
Significant uptime,  
range is stable,  
Observe BNS 

Frustrating Days:  
Poor uptime,  
range wanders,  
   (noise not stationary)  
2 earthquakes…

1. Makes life hard.  
2. Noise hunting difficult  
3. Astrophysics difficult
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Michael Ross - G1800439

LIGO-G09xxxxx-v1

Form F0900041-v1

First BRS at LLO End Y

End Y BRS built and 
soon to be integrated 
into isolation
Differences from 
Hanford:
» Bolted to concrete
» Closer to test mass

9

Measures ground rotation (tilt) to allow  
operation during windy times.

Two rotation sensors are installed at Hanford 
(only really necessary at the end stations)

Four more are being installed at Livingston  
(unable to find a quiet place in the corner.

pre-BRS: LHO hard to lock at wind > 20 mph  
post-BRS: able to lock at up to 30 mph.  
Jan 4 BBH detected in a 20 mph wind!
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Motion of the ground measured 
at two times a few hours apart  

microseismic peak 
(secondary)

wind induced tilt



G1800399

LSC Recall - typical control condition

43

10−2 10−1 100

10−9

10−8

10−7

10−6

10−5

10−4

T240X as disp, loud v. quiet

freq (Hz)

m
ot

io
n 

AS
D

, m
/rt

H
z

 

 

HIGH wind
MEDIUM wind

10−2 10−1 10010−11

10−10

10−9

10−8

10−7

10−6

10−5

10−4

BRS scaled by 0.8

freq (Hz)

m
ot

io
n 

AS
D

, m
/rt

H
z

Gnd tilt as disp, loud v. quiet

 

 

cr
ea

te
d 

by
 p

ro
ce

ss
_g

nd
_t

ilt
3 

on
 3

0−
O

ct
−2

01
4

BRS as disp. HIGH wind
BRS as disp. MEDIUM wind

Use the ground motion signal for low freq. control (Sensor Correction)

 
- Use the signals above ~100 mHz to isolate against the microseism

- Filter out signals below ~30 mHz to not couple measured ground tilt.

- Transition band has amplification (waterbed effect). OK if band is quiet.

isolateignore
transition

microseismic peak 
wind induced tilt
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improved by up to 10x

Difference #1
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TEST MASS

displacement

L , P

SUS POINT 

displacement

L

TOP MASS

Drive

L , P

Pitch Compensation

L to P FiltL to L Filt

= GS13

= Top Mass OSEM

E. Bonilla G1800467

At microseism frequency -  
There is coherence between ISI and DARM.

Can we be clever and reduce the influence on 
DARM - mostly to help alignment?

Hard - but several good ideas emerged in 
discussion.
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Seismic Control during Earthquakes:
Brian Lantz, LIGO-G1800399

• New LIGO control scheme for use during teleseismic earthquakes
• Do not isolate to minimize inertial motion; ride on common-mode motion & 

only isolate local differential
• Similar to Virgo’s GPIC
• Installation very soon

LIGO-G1800615-v1 5

46
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Projection	for	Observation	Run	3

Frolov G1701736	
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Pre-O4 DIs
(between now and pre-O4 install on CA funds)

Likely?
� 08.06 - Air Nozzle/Knife System
� 08.08 - Reduced TM SUS response to B Fluctuation
� 08.69 - PUM tuned mass dampers for violin modes
� 08.38 - Imprv. vertical isolation for ISC Tip/Tilt SUS
� Stray Light improved Control (SLiC), parts B & C
� More new Real-time Control System I/O Chassis
� DAQ/DAQ Network software/hardware upgrade 
� CDS Computer & Network 'refresh'
� New High Power Laser
� Jitter Attenuation Cavity (JAC)
� Wind Fence @LHO
� Improved alignment controls
� Added &/or Improved Alignment Sensors (QPDs?, 

Centroid Trackers?, …)
� Global Seismic Control (non-inertial)
� Squeezer improvements

Possible?
� 08.27 - Auto-centering of IMC WFS beams
� 08.28 - Auto-centering of green ALS WFS
� 08.29 - improve OptLev laser source
� 08.45 - Acoustic abs. panels for PSL 

enclosures
� 08.47 - RF centering to AS WFS
� Additional Electric Field Sensors (EFS)
� Compact BRS on ISI
� Quad thermal shielding
� Adaptive Wavefront Control (AWC) for the 

SRC
� 08.09 - Incr. Vertical Isolation for SRC 

SUS: HSTS
� 08.10 - Incr. Vertical Isolation for SRC 

SUS: HLTS
� Mode matching sensor
� Photon Actuator
� Machine Learning for Lock Acquisition
� Newtonian calibrator

LIGO-G1800702-v1 C-F2F 9

D. Coyne G1800702
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Pre-O4 DI
Jitter Attenuation Cavity (JAC)

� Requirements & conceptual design nearly completed
� The optomechanical design of the Pre-Mode Cleaner 

(PMC) will be adapted for the JAC

LIGO-G1800702-v1 C-F2F 15

Sketch/concept 
for new JAC in 
HAM1 

Revised 
PMC 
Design
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Deep Learning for Controls
Gabriele Vajente, LIGO-G1800359

• Beam spot position control
• Beam decentering with angular noise couples to length!
• Use fixed scatter points on test mass optics, convolved with the Gaussian 

beam, to determine beam centroid
• Create training data set

• Modulate pitch & yaw & demod to measure spot position (A2L procedure)
• Train on images and measured beam spot
• Apply to IFO to continuously reconstruct beam spot position
• Plan to apply on LIGO IFO soon(ish)

LIGO-G1800615-v1 8

In-lock A2L 
continuous 

measurement

Train CNN 
offline

si
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NCal basic principle 

G1800442 2 

!  Rotor made of two masses  
!  Center of mass is not moving 
!  The non linear Newtonian force creates the signal 
!  x(t) = C cos(4πfrotort)/(d4frotor

2)   
!  C = (9G/32π2)(mr2) for point masses 
!  C = (9G/32π2)(z ρ sin(α)(rmax

4- rmin
4)/4)  for a real rotor 

!  Signal at twice the rotor frequency; 1/d4 effect 
!  Expected benefits 

!  Signal depends mainly on the rotor geometry, mass and position 
!  Mass of the mirror cancels out 
!  Correction for a real mirror geometry compared to point particle: around 1%  

!  No aging effect of the signal 
!  Simple interface with the detector 

!  Could be moved from one mirror or ITF to another 

!  Challenges 
!  Do not introduce noise via electromagnetic/seismic/acoustic short circuits 

m 

Mirror 

d 
2r 

m 

Benoit Mours - G1800442
Explore an additional calibration source - 
apply modulated force gravitationally  
(new apparatus to capitalize on an old idea)
aiming for a 1% uncertainty (now 2-3%)

35 cm diameter
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Pre-O4 DI
Wind Fence @LHO

� Large/full scale fences for End-stations placed in direction of 
prevailing wind

� Pending ECR
� Candidate for pre-O3 install?
� Reference G1800148

LIGO-G1800702-v1 C-F2F 16
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Deep Learning for Controls
Gabriele Vajente, LIGO-G1800359
• PRMI Lock Acquisition

• Highly nonlinear problem; No signal except very close to resonance
• Key insight – use simulation to train RNN in “blind regions”, then apply 

trained RNN to a real interferometer
• Code being implemented for test on the 40m Lab @ Caltech 

LIGO-G1800615-v1 7
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The LIGO Design Sensitivity
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101 102 103

St
ra

in
 [1

/
H

z]

10-24

10-23

10-22

aLIGO new design curve: NSNS (1.4/1.4 M-) 173 Mpc and BHBH (30/30 M-) 1606 Mpc
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Barsotti et. al T1800044
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4 KAGRA Collaboration, LIGO Scientific Collaboration and Virgo Collaboration

sensitivity. Unexpected problems could slow down the commissioning, but there is
also the possibility that progress may happen faster than predicted here. The schedule
of commissioning phases and observation runs will be driven by a cost–benefit analysis
of the time required to make significant sensitivity improvements. More information
on event rates could also change the schedule and duration of runs.

In Section 2.1 we present the commissioning plans for the aLIGO, AdV and
KAGRA detectors. A summary of expected observing runs is in Section 2.2.

2.1 Commissioning and observing roadmap

The anticipated strain sensitivity evolution for aLIGO, AdV and KAGRA is shown
in Figure 1. As a standard figure of merit for detector sensitivity, we use the range,
the volume- and orientation-averaged distance at which a compact binary coalescence
consisting of a particular mass gives a matched filter signal-to-noise ratio (SNR) of
8 in a single detector (Finn and Chernoff 1993). We define Vz as the orientation-
averaged spacetime volume surveyed per unit detector time; for a population with a
constant comoving source-frame rate density, Vz multiplied by the rate density gives
the detection rate of those sources by the particular detector. We define the range
R as the distance for which (4p/3)R3 = Vz. In Table 1 we present values of R for
different detector networks and binary sources. For further insight into the range, and a
discussion of additional quantities such as the median and average distances to sources,
please see Chen et al (2017). The BNS ranges, assuming two 1.4M� neutron stars, for
the various stages of the expected evolution are provided in Figure 1, and the BNS
and BBH ranges are quoted in Table 1.

Table 1 Plausible target detector sensitivities. The different phases match those in Figure 1. We quote the
range, the average distance to which a signal could be detected, for a 1.4M�+1.4M� binary neutron star
(BNS) system and a 30M�+30M� binary black hole (BBH) system.

LIGO Virgo KAGRA
BNS BBH BNS BBH BNS BBH

range/Mpc range/Mpc range/Mpc range/Mpc range/Mpc range/Mpc
Early 40 – 80 415 – 775 20 – 65 220 – 615 8 – 25 80 – 250
Mid 80 – 120 775 – 1110 65 – 85 615 – 790 25 – 40 250 – 405
Late 120 – 170 1110 – 1490 65 – 115 610 – 1030 40 – 140 405 – 1270
Design 190 1640 125 1130 140 1270

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.

Using our observation of GW170817, we calculate that the merger rate density has a 
90% credible range of 320 – 4740 Gpc−3 yr−1  (Geo. mean  is 1200 Gpc−3 yr−1)

From our observations of BBHs, we infer that their rate of mergers is in the range 
∼ 1.2 × 10−8 – 2.13 × 10−7 Mpc−3 yr−1 (Geo. mean  is 50 Gpc−3 yr−1) 

BNS range BNS vol rate BBH range BBH Vol BBH rate

O3 0.125 0.008 10 1.2 7.2 360

Design 0.173 0.022 26 1.6 17 860

from P1200087
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A+	elevator	pitch	
•  An	incremental	upgrade	to	aLIGO	that	leverages	
exis=ng	technology	and	infrastructure,	with	
minimal	new	investment,	and	moderate	risk	

•  Target:	factor	of	1.7*	increase	in	range	over	aLIGO	
è About	a	factor	of	4-7	greater	CBC	event	rate		

•  Bridge	to	future	3G	GW	astrophysics,	cosmology,	
and	nuclear	physics		

•  Stepping	stone	to	3G	detector	technology	
•  Can	be	observing	within	6	years	(mid-	2024)	

•  “Scien=fic	breakeven”	within		1/2	year	of	opera=on	
•  Incremental	cost:	a	small	increment	on	aLIGO		

LIGO-G1800514	 Zucker	 3	

*BBH	30/30	M¤:	 	1.6x	
*BNS	1.4/1.4	M¤:		1.9x	
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A+:	a	mid-scale	upgrade	to		

Advanced	LIGO	

•  Improved	quantum	&	

thermal	noise	

•  Projected	observa=on:	

mid-2024	

•  BNS	rate	6.7x	aLIGO	

	1-13	BNS/month!*	
•  BBH	rate	4.1x	aLIGO	

17-300	BBH/month!*	

LIGO-G1800514	 4	
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Projections toward aLIGO+ (Comoving Ranges: NSNS 1.4/1.4 M- and BHBH 20/20 M-)

A+	

BNS:	325	Mpc	
BBH:	2563	Mpc	

BNS:	175	Mpc	
BBH:	1607	Mpc	

A+	key	parameters:		

12dB	injected	squeezing	

15%	readout	loss		

FDS,	300	m	filter	cavity		

20	ppm		RT	FC	loss		

CTN	half	of	aLIGO	

Zucker	

O2	

*Based	on	P170608	and	P170817	rate	density	es=mates		
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Frequency-Dependent	Squeezing	

•  Op=cal	“filter	cavity”	(FC)	
•  Rotates	squeezing	phase	to	

both	improve	radia=on	
pressure	at	LF	and	phase	noise	
at	HF	

•  Low-loss,	high	finesse	cavity	
with	bandwidth	~100	Hz	

•  Sensi=ve	to	op=cal	losses,	
scasering	and	mirror	mo=on	

è Requires	seismic	isolaYon	and	
	 	quiet	mirror	suspension	

è Requires	high-quality	FC	mirrors	
è Requires	LFC	~	100	m	

	

Zucker	 12	LIGO-G1800514	

2

Laser

Squeezer

Interferometer

Detection

Filter cavity

FIG. 2. Frequency dependent squeezing can be produced with
the help of a filter cavity. Shown here is a simplified interfer-
ometer with a linear “input filter cavity”.9

nates, giving results similar to increasing the total power
circulating in the detector (reduced shot noise and in-
creased radiation pressure noise). Increasing circulating
power, however, leads to significant technical di�culties
related thermal lensing and parametric instabilities.5,13

Furthermore, squeezing o↵ers a means of reducing the
quantum noise at any frequency simply by rotating the
squeezed quadrature relative to the interferometer signal
quadrature (known as the “squeeze angle”).15 In general,
the squeeze angle that minimizes quantum noise varies as
a function of frequency, and a technique for producing the
optimal angle at all frequencies is required to make ef-
fective use of squeezing. One such technique is to reflect
a frequency independent squeezed state o↵ of a detuned
Fabry-Perot cavity, known as a “filter cavity”.9 Figure 2
shows a simplified interferometer with a squeezed light
source and a filter cavity.

There are two primary options for the use of filter cav-
ities to improve the sensitivity of advanced gravitational
wave detectors; rotation of the squeezed vacuum state be-
fore it enters the interferometer, known as “input filter-
ing”, and rotation of the signal and vacuum state as they
exit the interferometer, known as “variational readout”
or “output filtering”.9,15,16 While variational readout ap-
pears to have great potential, a comprehensive study of
input and output filtering in the presence of optical losses
found that they result in essentially indistinguishable de-
tector performance.11,12,17

III. ADVANCED LIGO

In this section we propose a realistic filter cavity ar-
rangement for implementation as an upgrade to Ad-
vanced LIGO. The elements of realism which drive this
proposal are; the level of thermal noise and mode of op-
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FIG. 3. Frequency dependent squeezing decreases both shot
noise and radiation pressure noise, reducing quantum noise at
all frequencies (blue curve). A lossy filter cavity has degraded
performance in the radiation pressure dominated region rela-
tive to an ideal lossless filter cavity (purple curve). The lossy
filter shown here, with 1 ppm/m round-trip loss, represents a
significant advantage over frequency independent squeezing in
that it prevents an increase in radiation pressure noise (green
dashed curve, see figure 1). Furthermore, since thermal noise
is significant in the region where radiation pressure noise acts,
there is little to be gained by making a lower loss filter cavity
in the context of a near-term upgrade to Advanced LIGO.

eration expected in Advanced LIGO, the geometry of the
Advanced LIGO vacuum envelope, and achievable values
for optical losses in the squeezed field injection chain, in
the filter cavity, and in the readout chain.
While frequency dependent squeezing for a general sig-

nal recycled interferometer requires two filter cavities,
only one filter cavity is required to obtain virtually op-
timal results for a wide-band interferometer that is op-
erated on resonance (i.e. in a “tuned” or “broadband”
configuration).12,18 Since this is likely to be the primary
operating state of Advanced LIGO we will start by re-
stricting our analysis to this configuration.
Practically speaking, input filtering has the advantage

of being functionally separate from the interferometer
readout. That is, input filtering can be added to a func-
tioning gravitational wave detector without modification,
and even after it is added its use is elective. The same
cannot be said for output filtering, which requires that a
filter cavity be inserted into the interferometer’s readout
chain. Furthermore, variational readout is incompatible
with current DC readout schemes which produce a car-
rier field for homodyne detection by introducing a slight
o↵set into the di↵erential arm length, essentially requir-
ing that the homodyne readout angle match the signal
at DC, which is orthogonal to the angle required by vari-
ational readout.9,19,20

The essentially identical performance of input and out-
put filtering, especially in the presence of realistic ther-
mal noise, combined with the practical implications of

3

Solution: Add a filter Cavity
● Rotate the squeezing as a function of frequency to 
   achieve broadband improvement.

● Frequency dependent squeezing observed at MHz
frequencies by Schnabel Group at AEI[1].

● Loss and linewidth requirements much more 
demanding for FD squeezing in the GW band.

[1] Chelkowski et. al, Phys. Rev. A 71, 013806 (2005).
[2] Figure Credit: Evans et. al., Phys. Rev. D 88, 022002 (2013). 

300 m !
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Filter	cavity	vacuum	system	and	facility	mods	

13	

50	m	

Corner	staYon	(Hanford)	

LIGO-G1800514	 Zucker	

D0901865 AdvLIGO Vacuum Equipment Layout, LHO Corner Station.SLDASM

50	m	

300	m	

(TO	LLO)	

C.	Torrie	&	E.	Sanchez	
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LSC Center for Coatings Research (CCR) is an ambitious program to address the 
challenging problem of reducing thermal noise from LIGO mirror coatings

nominal A+ 
with φ = φnom/2
LIGO T1500290-v2

- - - φ = φnom/4

• Oversimple: kT of energy per elastic mode
uniform mass, viscous damping

– moves front of mirror w.r.t. center of mass
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Low-frequency losses in amorphous dielectrics

• Conventionally associated with low energy excitations (LEEs)
– conceptualized as two-level systems (TLS)

E1

E2V

Δ

Oversimple picture: bond flopping
crystal quartz

fused silica

Distribution of TLS in silica 
due to disordered structure

figures from B.S. Lunin monograph
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Theoretical Guidance: Molecular Dynamics

• Molecular dynamics calculations for amorphous materials
– provide insight into dissipation mechanisms
– can suggest promising material combinations

• Some observations: simple bond-flopping inadequate picture
– TLS involves dozens of atoms in nm-scale configurations

J. Trinastic, R. Hamdan, C. Billman, H. Cheng, Phys. Rev. B93 , 014105 (2016)
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Three Research Themes

• Molecular dynamics simulation of atomic structure
– simulate the deposition process

• Atomic structure determination: X-ray and electron microscopy
– medium range order

• Macroscopic property measurements
– elastic and optical properties

validate structure modelling

MD simulation structural characterization

Film deposition

Predict:
low Tglassmat’ls
advantageous dopants
optimum rate and temp.

interpret scattering data

Loss measurement
empirical optimization

correlate structural features
vs loss spectra

Experiment and theory reaching maturity to usefully interact
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LASER

Φm
Pin = 

150 W

TPRM = 8%

BS

Pcav = 3 MW

TITM = 0.1%

TETM = 5 ppm

λ = 2000 nm

Silicon
m = 200 kg
T = 123 K

PBS = 
3 kW

TSRM = 5%
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Sub-Systems
• Silicon Mirrors: 140-200 kg, mCZ (re-use all suspensions, except Quads) 

• Coatings: a-Si/SiO2 or others 

• SEI: re-use of existing equipment (minimal modifications) 

• Wavelength Choice: ~2 microns

• Cryogenics: 123 K (for zero CTE), radiative (non contact) cooling 

• Lasers (~2 um): PPRM ~ 140 W, PARM ~ 3 MW (re-use PSL infrastructure) 

• Thermal Compensation: Silica compensation plates only (CO2 lasers, no 
ring heaters; no heating of test mass) 

• Photodiode Quantum Efficiency: 80 -> 99% for 2 um
Draft Whitepaper: https://dcc.ligo.org/LIGO-T14002266

A. Brooks, R. Adhikari G1800347
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Magnetic	Czochralski
for	200	kg	Si	test	masses	

• Normally	all	the	
ingots	produced	
are	processed	into	
wafers

• Rana	A	&	Eric	G	with	
300	mm	ingot	at	
Shin-Etsu,	WA

• We	are	procuring	
“slugs”	to	
determine	
properties	of	
interest	to	us

• 20	cm	diameter	by	1	cm 23

A. Brooks, R. Adhikari G1800347



G1800831

LSC

69

• Measure low optical absorption and scattering, uniform optical index and birefringence across large pieces of 
bulk silicon.

• Procure, develop, and qualify large test masses.

• Initial cooldown of test masses and suspensions.

• Cool the mirrors in operation with low-vibration.

• Study additional vibrational noise due to and boiling cryogenic fluids.

• Stable control of the mirrors at low temperature. 

• Improved controllability of suspensions without violating the load limits of the existing Seismic Isolation 
tables.

• Cryogenic Engineering of Test masses.

• Study bond loss for new suspensions: ears, ribbons, etc.

• Characterization of the thermo-mechanical properties of cryogenic materials (thermal expansion, thermal 
conductivity).

• Research on crackle noise in suspension elements and dissimilar materials joints for cryogenic operation.

• Development of inertial sensors which can operate at cryogenic temperatures.

• Development of passive damping materials which can operate at cryogenic temperatures.

• Development of cantilever springs fabricated from crystalline materials.

Instrument Science White Paper T1800133
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• Development of crystalline suspension fibers (ribbons/fibers).

• Longer wavelength laser operating at 200 W.

• Longer wavelength squeezing.

• High power IO components (modulators, isolators) at new wavelengths.

• Low-noise, high quantum efficiency photodiodes for longer wavelength.

• Ion milling level metrology for chosen wavelength.

• Thermal compensation.

• Parametric instability avoidance and mitigation.

• High emissivity black coatings for mirror barrels (for radiative cooling).

• Low phase noise cryogenic interferometer prototype.

• Development of improved optical coatings (amorphous and crystalline) for longer wavelength, optimized 
for operating at cryogenic temperatures. 

• Improved coating thickness uniformity and substrate surface figure error over the larger area of the larger 
test masses while managing the residual substrate fixed lens.

• Developing silicon substrate super-polishing, surface figuring, bulk scatter and refractive index uniformity.

• Arm length stabilization using a non-harmonically related laser wavelength.

• Contamination control of the low temperature mirror surface.

Instrument Science White Paper T1800133
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Vibration Isolation Table
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mounted	outer	
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Liquid	
nitrogen	
pipe

80	K	suspended	
inner	heat	shield

Flexible	Cu	
rope

springsActuators

Relative	displacement	sensors

41

Cryogenic	mirror	system

80	K	baffled	beam	tube	
shield

Brett Shapiro G1701418
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43

Stanford	Cryogenic	Mirror	Experiment	– 6	August	2016

Reference:	B.	Shapiro,	R.	Adhikari,	O.	Aguiar,	E.	Bonilla,	D.	Fan,	L.	Gan,	I.	Gomez,	S.	Khandelwal,	B.	Lantz,	T.	MacDonald,	and	
D.	Madden-Fong.	Cryogenically	cooled	ultra	low	vibration	silicon	mirrors	for	gravitational	wave	observatories.	Cryogenics,	
81:83	– 92,	2017
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Quantum: Pin = 145 W; ζsqz = 10 dB
Seismic: aLIGO
Newtonian Gravity: 10x subtraction
Susp Thermal: 123 K Si blades and ribbons
Coat Brown: α− Si : SiO2 Φcoat = 6.5e-05
Coating ThermoOptic: ωbeam = 5.9 8.4 cm
Sub Brown: Si mirror (T = 123 K, mmirror = 204 kg)
Residual Gas: 3 nTorr of H2

Sub Thermo-Refractive
Carrier Density: 1013/cm3

Total

https://dcc.ligo.org/LIGO-T1400226

A. Brooks, R. Adhikari G1800347
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Feb 5th, 2018 M. Evans, MIT  1 

Cosmic Explorer 

Image Credit: Evan Hall 
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CE started with a simple idea: 
If only LIGO were longer… 

3 Feb, 2018 M. Evans, PPPL 
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4 Feb, 2018 M. Evans, PPPL 

CE started with a simple idea: 
If only LIGO were longer… a lot longer! 
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QNWG session highlights

We had a pleasing mix of reports of exciting experimental results and new theoretical proposals at
the QNWG session.

1 First observation of Quantum Radiation Pressure
Noise in a broadband regime was reported by
Jon Cripe (LSU): LIGO-G1800429

2 Progress report of the EPR frequency dependent
squeezing from ANU was given by Min Jet Yap:
LIGO-G1800438

3 New scheme of broadening CE bandwidth with
unstable OM filter in the SR cavity reported by J.
Bentley (Birmingham): LIGO-G1800440

QNWG highlights () QNWG @ LVC Meeting in Sonoma State 1 / 2
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The Message 

Feb, 2018 M. Evans, PPPL 22 

•  Next generation detectors will reach the entire Universe 
•  BBH and BNS detection rate will be mostly determined by astrophysical 

population (>105 per year?), not detector sensitivity (peak near z ~ 3?) 
•  high SNR signals will allow for detailed tests of GR, NS EOS, 

•  Plans for these detectors are taking form NOW 
•  No, it is not too early… the lead-time on a new facility is 15-20 years 

•  The designs are forward looking and R&D happening now will play an 
important role in these detectors (ask me how you can contribute!) 

•   You are encouraged to participate! 
•  via the GWIC 3G subcommittee (contact Dave Reitze, Michele Punturo) 

•  or the CE conceptual design study (contact me!) 
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The$Size$
The&Einstein&Telescope&will&have&10&km&arms&
!&gain&a&factor&>2.5&w.r.t.&advanced&LIGO&

LASER&

Advanced%LIGO%
4%km%

Einstein%Telescope%%
10%km%%

3&Interferometers&resolve&full&polarisation&
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GO UNDERGROUND 

Image: Nikhef 
ET Baseline: Build 200m underground; 
Building a 10 km Δ-shaped facility above ground in Europe = impossible 
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ET XYLOPHONE STRATEGY 

10K,  18kW, 1550nm 300K,  3MW, 1064nm 

Split detector into two interferometers optimised for  
Low Frequencies and High Frequencies 
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Slide 27 

ET-D XYLOPHONE SENSITIVITY 

Subdividing)the))
task)

ET-D-LF ET-D-HF 
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Sensitivity$evolution$

KAGRA%

EINSTEIN%TELECOPE%
Cosmic%%
Explorer%

Cosmic Explorer sensitivity transcribed from PRL 118, 151105 (2017)&

Comparison&ET&vs&CE&tricky&:&&Δ&vs&L& Taking%into%account%polarisation%resolution%
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100 101 102 103

Total source frame mass [M�]

10�1

100
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Horizon
10% detected
50% detected

aLIGO
Voyager

ET
CE

BBH and BNS from the entire Universe! 

Feb, 2018 M. Evans, PPPL 10 

Credit: Evan Hall 
BNS BBH 

First Stars Formed 

PBH? 
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The$infrastructure$

10km&filter&cavities&assumed&in&DS&
Need&reYevaluation&
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ET$
«investigated»$

sites$

ET&@&LVC2018Y1& 16&
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Prospects for Observing and Localizing GW Transients with aLIGO, AdV and KAGRA 5
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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.

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 Figure 1), and
achieved a 60 – 80 Mpc range. Subsequent observing runs have increasing duration and
sensitivity. O2 began 30 November 2016, transitioning from the preceding engineering
run which began at the end of October, and ended 25 August 2017. The achieved sensi-
tivity across the run has been typically in the range 60 – 100 Mpc (Abbott et al 2017g).
Several improvements to the aLIGO detectors will be performed between O2 and O3,
including further mitigation of technical noises, increase of laser power delivered to
the interferometer, and installation of a squeezed vacuum source. Assuming that no
unexpected obstacles are encountered, the aLIGO detectors are expected to achieve a
190 Mpc BNS range by 2020. After the first observing runs, it might be desirable to

P1200087-v46
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FIG. 2. Mitigation of the glitch in LIGO-Livingston data.
Times are shown relative to August 17, 2017 12:41:04 UTC.
Top panel: A time-frequency representation [57] of the raw
LIGO-Livingston data used in the initial identification of
GW170817 [62]. The coalescence time reported by the search
is at time 0.4 s in this figure and the glitch occurs 1.1 s before
this time. The time-frequency track of GW170817 is clearly vis-
ible despite the presence of the glitch. Bottom panel: The raw
LIGO-Livingston strain data (orange curve) showing the glitch
in the time domain. To mitigate the glitch in the rapid re-analysis
that produced the sky-map shown in Figure 3 [63], the raw detec-
tor data was multiplied by an inverse Tukey window (grey curve,
right axis) that zeroed out the data around the glitch [64]. To mit-
igate the glitch in the measurement of the source’s properties, a
model of the glitch based on a wavelet reconstruction [65] (blue
curve) was subtracted from the data. The time-series data vi-
sualized in this figure have been band-passed between 30 Hz and
2 kHz so that the the detector’s sensitive band is emphasized. The
gravitational-wave strain amplitude of GW170817 is of the order
of 10�22 and so is not visible in the bottom panel.

Following the procedures developed for prior
gravitational-wave detections [29, 74], we conclude
there is no environmental disturbance observed by LIGO
environmental sensors [75] that could account for the
GW170817 signal.

The Virgo data, used for sky localization and estimation
of the source properties, are shown in the bottom panel of
Figure 1. The Virgo data are non-stationary above 150 Hz
due to scattered light from the output optics modulated
by alignment fluctuations and below 30 Hz due to seismic
noise from anthropogenic activity. Occasional noise ex-
cess around the European power mains frequency of 50 Hz
is also present. No noise subtraction was applied to the
Virgo data prior to this analysis. The low signal amplitude

observed in Virgo significantly constrained the sky posi-
tion, but meant that the Virgo data did not contribute sig-
nificantly to other parameters. As a result, the estimation
of the source’s parameters reported in the Source Proper-
ties section is not impacted by the non-stationarity of Virgo
data at the time of the event. Moreover, no unusual distur-
bance was observed by Virgo environmental sensors.

DETECTION

GW170817 was initially identified as a single-detector
event with the LIGO-Hanford detector by a low-latency
binary-coalescence search [76–78] using template wave-
forms computed in post-Newtonian theory [11, 13, 35, 79].
The two LIGO detectors and the Virgo detector were all
taking data at the time; however, the saturation at LIGO-
Livingston prevented the search from registering a simul-
taneous event in both LIGO detectors, and the low-latency
transfer of Virgo data was delayed.

Visual inspection of the LIGO-Hanford and LIGO-
Livingston detector data showed the presence of a clear,
long-duration chirp signal in time-frequency representa-
tions of the detector strain data. As a result, an initial alert
was generated reporting a highly significant detection of a
binary neutron star signal [80] in coincidence with the inde-
pendently observed gamma-ray burst GRB 170817A [38–
40].

A rapid binary-coalescence re-analysis [81, 82], with the
time series around the glitch suppressed with a window
function [64], as shown in Figure 2, confirmed the pres-
ence of a significant coincident signal in the LIGO de-
tectors. The source was rapidly localized to a region of
31 deg2, shown in Figure 3, using data from all three detec-
tors [83]. This sky-map was issued to observing partners,
allowing the identification of an electromagnetic counter-
part [45, 63].

The combined SNR of GW170817 is estimated to be
32.4, with values 18.8, 26.4 and 2.0 in the LIGO-Hanford,
LIGO-Livingston and Virgo data respectively, making
it the loudest gravitational-wave signal so far detected.
Two matched-filter binary-coalescence searches targeting
sources with total mass between 2 and 500 M� in the
detector frame were used to estimate the significance of
this event [9, 12, 30, 59, 64, 76–78, 81, 82, 84–90]. The
searches analyzed 5.9 days of LIGO data between August
13, 2017 02:00 UTC and August 21, 2017 01:05 UTC.
Events are assigned a detection-statistic value that ranks
their probability of being a gravitational-wave signal. Each
search uses a different method to compute this statistic and
measure the search background – the rate at which detector
noise produces events with a detection-statistic value equal
to or higher than the candidate event.

GW170817 was identified as the most significant event
in the 5.9 days of data, with an estimated false alarm rate
of one in 1.1 ⇥ 106 years with one search [76, 78], and a
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Top panel: A time-frequency representation [57] of the raw
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GW170817 [62]. The coalescence time reported by the search
is at time 0.4 s in this figure and the glitch occurs 1.1 s before
this time. The time-frequency track of GW170817 is clearly vis-
ible despite the presence of the glitch. Bottom panel: The raw
LIGO-Livingston strain data (orange curve) showing the glitch
in the time domain. To mitigate the glitch in the rapid re-analysis
that produced the sky-map shown in Figure 3 [63], the raw detec-
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Following the procedures developed for prior
gravitational-wave detections [29, 74], we conclude
there is no environmental disturbance observed by LIGO
environmental sensors [75] that could account for the
GW170817 signal.

The Virgo data, used for sky localization and estimation
of the source properties, are shown in the bottom panel of
Figure 1. The Virgo data are non-stationary above 150 Hz
due to scattered light from the output optics modulated
by alignment fluctuations and below 30 Hz due to seismic
noise from anthropogenic activity. Occasional noise ex-
cess around the European power mains frequency of 50 Hz
is also present. No noise subtraction was applied to the
Virgo data prior to this analysis. The low signal amplitude

observed in Virgo significantly constrained the sky posi-
tion, but meant that the Virgo data did not contribute sig-
nificantly to other parameters. As a result, the estimation
of the source’s parameters reported in the Source Proper-
ties section is not impacted by the non-stationarity of Virgo
data at the time of the event. Moreover, no unusual distur-
bance was observed by Virgo environmental sensors.

DETECTION

GW170817 was initially identified as a single-detector
event with the LIGO-Hanford detector by a low-latency
binary-coalescence search [76–78] using template wave-
forms computed in post-Newtonian theory [11, 13, 35, 79].
The two LIGO detectors and the Virgo detector were all
taking data at the time; however, the saturation at LIGO-
Livingston prevented the search from registering a simul-
taneous event in both LIGO detectors, and the low-latency
transfer of Virgo data was delayed.

Visual inspection of the LIGO-Hanford and LIGO-
Livingston detector data showed the presence of a clear,
long-duration chirp signal in time-frequency representa-
tions of the detector strain data. As a result, an initial alert
was generated reporting a highly significant detection of a
binary neutron star signal [80] in coincidence with the inde-
pendently observed gamma-ray burst GRB 170817A [38–
40].

A rapid binary-coalescence re-analysis [81, 82], with the
time series around the glitch suppressed with a window
function [64], as shown in Figure 2, confirmed the pres-
ence of a significant coincident signal in the LIGO de-
tectors. The source was rapidly localized to a region of
31 deg2, shown in Figure 3, using data from all three detec-
tors [83]. This sky-map was issued to observing partners,
allowing the identification of an electromagnetic counter-
part [45, 63].

The combined SNR of GW170817 is estimated to be
32.4, with values 18.8, 26.4 and 2.0 in the LIGO-Hanford,
LIGO-Livingston and Virgo data respectively, making
it the loudest gravitational-wave signal so far detected.
Two matched-filter binary-coalescence searches targeting
sources with total mass between 2 and 500 M� in the
detector frame were used to estimate the significance of
this event [9, 12, 30, 59, 64, 76–78, 81, 82, 84–90]. The
searches analyzed 5.9 days of LIGO data between August
13, 2017 02:00 UTC and August 21, 2017 01:05 UTC.
Events are assigned a detection-statistic value that ranks
their probability of being a gravitational-wave signal. Each
search uses a different method to compute this statistic and
measure the search background – the rate at which detector
noise produces events with a detection-statistic value equal
to or higher than the candidate event.

GW170817 was identified as the most significant event
in the 5.9 days of data, with an estimated false alarm rate
of one in 1.1 ⇥ 106 years with one search [76, 78], and a
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FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines).
The diagonal dashed line indicates the ⇤

1

= ⇤
2

boundary. The ⇤
1

and ⇤
2

parameters characterize the size of the tidally-induced
mass deformations of each star and are proportional to k

2

(R/m)5. Constraints are shown for the high-spin scenario, |�|  0.89, (left
panel) and for the low-spin, |�|  0.05, (right panel). As a comparison, we plot predictions for tidal deformability given by a set of
representative equations of state [148–152] (shaded filled regions), with labels following [153], all of which support stars of 2.01M�.
Under the assumption that both components are neutron stars, we apply the function ⇤(m) prescribed by that equation of state to the
90% most probable region of the component mass posterior distributions shown in Figure 4. EOS that produce less compact stars, such
as MS1 and MS1b, predict ⇤ values ouside our 90% contour.

high-mass and low-mass component, ⇤
1

and ⇤
2

, to vary
independently. Figure 5 shows the resulting 90% and
50% contours on the posterior distribution with the post-
Newtonian waveform model for the high-spin and low-spin
priors. As a comparison, we show predictions coming from
a set of candidate equations of state for neutron-star mat-
ter [148–152], generated using fits from [153]. All EOS
support masses of 2.01 ± 0.04M�. Assuming that both
components are neutron stars described by the same equa-
tion of state, a single function ⇤(m) is computed from
the static ` = 2 perturbation of a Tolman-Oppenheimer-
Volkoff solution [98]. The shaded regions in Figure 5 rep-
resent the values of the tidal deformabilities ⇤

1

and ⇤
2

generated using an equation of state from the 90% most
probable fraction of the values of m

1

and m
2

, consistent
with the posterior shown in Figure 4. We find that our
constraints on ⇤

1

and ⇤
2

disfavor equations of state that
predict less compact stars, since the mass range we re-
cover generates ⇤ values outside the 90% probability re-
gion. This is consistent with radius constraints from X-ray
observations of neutron stars [157–161]. Analysis meth-
ods, in development, that a priori assume the same EOS
governs both stars should improve our constraints [162].

To leading order in ⇤
1

and ⇤
2

, the gravitational-wave

phase is determined by the parameter

⇤̃ =
16

13

(m
1

+ 12m
2

)m4

1

⇤
1

+ (m
2

+ 12m
1

)m4

2

⇤
2

(m
1

+ m
2

)5

[96, 112]. Assuming a uniform prior on ⇤̃, we place a 90%
upper limit of ⇤̃  800 in the low-spin case and ⇤̃  700
in the high-spin case. We can also constrain the function
⇤(m) more directly by expanding ⇤(m) linearly about
m = 1.4M� (as in [107, 110]), which gives ⇤(1.4M�) 
1400 for the high-spin prior and ⇤(1.4M�)  800 for the
low-spin prior. A 95% upper bound inferred with the low-
spin prior, ⇤(1.4M�)  970, begins to compete with the
95% upper bound of 1000 derived from X-ray observations
in [163].

Since the energy emitted in gravitational waves depends
critically on the EOS of neutron-star matter, with a wide
range consistent with constraints above, we are only able
to place a lower bound on the energy emitted before the
onset of strong tidal effects at f

GW

⇠600 Hz as E
rad

>
0.025M�c2. This is consistent with E

rad

obtained from
numerical simulations and fits for BNS systems consistent
with GW170817 [109, 164–166].

We estimate systematic errors from waveform modeling
by comparing the post-Newtonian results with parameters
recovered using an effective-one-body model [119] aug-
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for a systematic difference between GW and established EM-based estimates. As has been much

remarked upon, the Planck and SHoES results are inconsistent at & 3� level. Our measurement

does not resolve this tension, and is broadly consistent with both.

Figure 1 GW170817 measurement of H0 . Marginalized posterior density for H0 (blue

curve). Constraints at 1- and 2� from Planck17 and SHoES18 are shown in green and

orange. The maximum a posteriori value and minimal 68.3% credible interval from this

PDF is H0 = 70.0+12.0
�8.0 km s

�1
Mpc

�1. The 68.3% (1�) and 95.4% (2�) minimal credible

intervals are indicated by dashed and dotted lines.

One of the main sources of uncertainty in our measurement of H0 is due to the degeneracy

7

A gravitational-wave standard siren measurement of the Hubble constant 
The LIGO Scientific Collaboration and The Virgo Collaboration, The 1M2H Collaboration, The Dark Energy Camera GW-EM Collaboration and 
the DES Collaboration, The DLT40 Collaboration, The Las Cumbres Observatory Collaboration, The VINROUGE Collaboration & The MASTER 
Collaboration 

Figure 1 GW170817 measurement of H0 . Marginalized posterior density for H0 (blue curve). Constraints at 1- 
and 2σ from Planck and SHoES are shown in green and orange. The maximum a posteriori value and minimal 
68.3% credible interval from this  PDF is H = 70.0+12.0, -8.0 km s−1 Mpc−1. The 68.3% (1σ) and 95.4% (2σ) 
minimal credible intervals are indicated by dashed and dotted lines. 
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BNS	disrup=on	&	post-merger	è	NS	physics	

LIGO-G1800514	 Zucker	 5	

BNS	@	100	Mpc	
Read,	Schmidt,	Clark	and	Lackey,			G1700453	
Read	et	al,		Phys.	Rev.	D	88,	044042	(2013)	

A+	
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We suspect that ~1/2 of all heavy elements are created in kilonovas.  
Energetic explosion in a neutron rich environment -> nuclei in ejecta
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