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•A bit about how the detector works
•Measurements of the Hubble constant
•How improvements to the detector network lead to 
improvements in the astrophysics / cosmology.

•More than just range - stability, bandwidth, a good 
network are also key.

•Finish with advertising for the future
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It’s sort of like this,
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It’s sort of like this,
except spacetime is stretching, 

and the mirrors don’t move.
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Gravitational waves are hard to 
measure because space doesn’t like to 
stretch.

Our signal strain (h) = 10-21,  
   dL = 4*10-18 meters

(that’s why it’s taken so long,  
   Einstein 1916, Weiss 1973)
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Gravitational waves are hard to 
measure because space doesn’t like to 
stretch.

Our signal strain (h) = 10-21,  
   dL = 4*10-18 meters

(that’s why it’s taken so long,  
   Einstein 1916, Weiss 1973)

How it really works

1. Long arms
2. Precise measurement
3. Quiet mirrors
4. Network
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Since h = dL/L, more L gives you more dL of signal (below cavity pole)
Many low frequency noise sources are fixed dL of noise.
More L = better signal to noise at low frequency.
World’s largest UHV system - each arm is 4 km long, 4 ft. diameter
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1. Small differential deviations about 0
2. Feedback control
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Figure 1: Advanced LIGO interferometer configuration. ETM, end test mass; ITM, input

test mass; BS, 50/50 beamsplitter; CP, compensation plate; ERM, end reaction mass; PRM,

power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror

2/3; SR2/3, signal recycling cavity mirror 2/3; FI, Faraday isolator; ⌅m, phase modula-

tion; PD, photodetector. The power levels shown correspond to full-power operation; the

interferometers can also be operated at much lower powers with good strain sensitivity.
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5.2 kW 750 kW

Goal 2: Measure distance 
change of arms very precisely

Fabry-Perot arms

12

about 300 bounces

Resonant optical cavity improves the 
SNR substantially in ‘the bucket’ = the 
most sensitive frequency band.  
  - but -
It only works when the light is resonant. 
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Goal 2: Measure distance 
change of arms very precisely

Lots of photons
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~70 W now ~40 W in
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5.2 kW 750 kW

~40 W in

Power Recycling Cavity 
increases stored light to improve 

quantum noise limit

~2 kW in PRC now

(5.2 kW final)

Goal 2: Measure distance 
change of arms very precisely

~220 kW now 
in each arm

(750 kW final)

Lots of photons

14
O3a power from LLO log 49863, C. Blair

~70 W now



LSC

G2000830

LIGO-T010075-v2

FI

Test Masses:
fused silica,

34 cm diam x 20 cm thick,
40 kg

SRM

T=1.4%

ITM

ETM

Input 
Mode

Cleaner

Output
Mode

Cleaner

PRM

BS

4 km

T= 20%

T= 3%

Laser !m

PD

GW readout

FI

ITM ETM
125 W

5.6 kW
800 kW

CP

ERM

SR3

SR2

PR2

PR3
ERM

Figure 1: Advanced LIGO interferometer configuration. ETM, end test mass; ITM, input

test mass; BS, 50/50 beamsplitter; CP, compensation plate; ERM, end reaction mass; PRM,

power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror

2/3; SR2/3, signal recycling cavity mirror 2/3; FI, Faraday isolator; ⌅m, phase modula-

tion; PD, photodetector. The power levels shown correspond to full-power operation; the

interferometers can also be operated at much lower powers with good strain sensitivity.

page 3

5.2 kW 750 kW

~40 W in

~2 kW in PRC now

(5.2 kW final)

Goal 2: Measure distance 
change of arms very precisely

~220 kW now 
in each arm

(750 kW final)

Lots of photons

15
O3a power from LLO log 49863, C. Blair

~70 W now

High power has a price  
- Local thermal distortion of the glass 
optics caused by small imperfections in 
the coatings and limit current power.
- Noise from scattered light.
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power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror
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interferometers can also be operated at much lower powers with good strain sensitivity.
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5.2 kW 750 kW

Goal 3:  Keep the 
mirrors from moving
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The LIGO vacuum equipment 
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HEPI

BSC-ISI

Large Optic  
(business end of SUS)

1x10-19 m/√Hz near 10 Hz

3x10-13 m/√Hz at 10 Hz

~3x10-9 m/√Hz at 10 Hz



stage 1
support - stage 0

optics table - stage 2 
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SUS: Quadruple Suspension for ETM/ITM

• Parameters for suspension

• Test and penultimate masses : 
each 40 kg, 34 cm (diam) x 20 
cm, silica

• Other masses: 22 kg, 22 kg

• Final stage: 60 cm silica ribbons,      
1.1 mm x 0.11 mm,                     
Vertical bounce mode: 8.8 Hz          
first violin mode: ~490 Hz

• Overall length (suspension point 
to optic centre) 1.63 m

• MATLAB model used to compute 
transfer functions (update from M 
Barton not yet implemented -
longitudinal TF will be unaffected, 
vertical TF will be slightly (<10%) 
larger than shown overleaf)

• SUS requirements taken from 
SUS DRD document T010007-02

Picture in here

CTorrie and M P-Lloyd

LIGO Mirrors:
Synthetic fused silica, 
  40 kg mass
  34 cm diameter  
  20 cm thick

Suspended as a 
4 stage pendulum 
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(a)$ (b)$
Pendulum Suspension

silicate bonding creates a monolithic final stage

Best coatings available

Motion at 10 Hz set by 
thermal driven vibration



LSC

G2000830 21

SUS: Quadruple Suspension for ETM/ITM

• Parameters for suspension

• Test and penultimate masses : 
each 40 kg, 34 cm (diam) x 20 
cm, silica

• Other masses: 22 kg, 22 kg

• Final stage: 60 cm silica ribbons,      
1.1 mm x 0.11 mm,                     
Vertical bounce mode: 8.8 Hz          
first violin mode: ~490 Hz

• Overall length (suspension point 
to optic centre) 1.63 m

• MATLAB model used to compute 
transfer functions (update from M 
Barton not yet implemented -
longitudinal TF will be unaffected, 
vertical TF will be slightly (<10%) 
larger than shown overleaf)

• SUS requirements taken from 
SUS DRD document T010007-02

Picture in here

CTorrie and M P-Lloyd
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LHO suspension expert, Betsy Weaver 
with the Engineering prototype
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Mirror picts
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aLIGO design

Lots of technical things More power, squeezing
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O3a network range: <https://summary.ligo.org/~detchar/summary/1238166018-1253977218/range/>
O2 network range: <https://summary.ligo.org/~detchar/summary/1164556817-1187733618/range/>
O1 network range: <https://summary.ligo.org/~detchar/summary/1126623617-1136649617/range/>

Range

24

https://summary.ligo.org/~detchar/summary/1238166018-1253977218/range/
https://summary.ligo.org/~detchar/summary/1164556817-1187733618/range/
https://summary.ligo.org/~detchar/summary/1126623617-1136649617/range/
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rates: GWTC-1:
BNS: 1.1e-4 - 3.8e-3 /MPc3-kYr

https://doi.org/10.1103/PhysRevX.9.031040

O1

O3a

small improvements have a big impact
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H0 - need to measure Distance and redshift (velocity)
GWs offer new ways to do this.
Amplitude of the GW is set by chirp mass, orientation, 
distance, and more 
Velocity is set by redshift of the event’s host galaxy.
- with visible counterparts like a BNS  
     e.g. GW170817 & visible kilonova
- without a unique counterpart, e.g. a BBH  
     e.g. GW170814 & DES galaxy catalog
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Binary Neutron Star merger with kilonova and GRB. 
Measure of H0 is 70.0 +12/- 8 km/sec/MPc 
Distance from GW alone is 43.8 +2.9/-6.9 
Largest uncertainty still inclination angle [144,180]
Angle/ inclination degeneracy reduced by fitting waveforms, 
and knowing true angular location.

Velocity inferred from redshift of the associated galaxy NGC 
4993. largest uncertainty from the peculiar (non-Hubble flow) 
velocity. (3,017 +/- 166 km/sec)

Multiple events are a good way to improve both of these. 

Analysis says: improved range = events with good (useful) SNR 
at greater distance. Recent experience is more cruel. 
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3

The measurement of the GW polarization is cru-
cial for inferring the binary inclination. This in-
clination, ◆, is defined as the angle between the
line of sight vector from the source to the detec-
tor and the orbital angular momentum vector of
the binary system. For electromagnetic (EM) phe-
nomena it is typically not possible to tell whether a
system is orbiting clockwise or counter-clockwise
(or, equivalently, face-on or face-off), and sources
are therefore usually characterized by a viewing
angle: min (◆, 180� � ◆). By contrast, GW mea-
surements can identify the sense of the rotation,
and thus ◆ ranges from 0 (counter-clockwise) to
180 deg (clockwise). Previous GW detections by
LIGO had large uncertainties in luminosity dis-
tance and inclination (Abbott et al. 2016a) because
the two LIGO detectors that were involved are
nearly co-aligned, preventing a precise polariza-
tion measurement. In the present case, thanks to
Virgo as an additional detector, the cosine of the
inclination can be constrained at 68.3% (1�) con-
fidence to the range [�1.00,�0.81] corresponding
to inclination angles between [144, 180] deg. This
implies that the plane of the binary orbit is almost,
but not quite, perpendicular to our line of sight
to the source (◆ ⇡ 180 deg), which is consistent
with the observation of a coincident GRB (LVC,
GBM, & INTEGRAL 2017 in prep.; Goldstein et
al. 2017, ApJL, submitted; Savchenko et al. 2017,
ApJL, submitted). We report inferences on cos ◆
because our prior for it is flat, so the posterior is
proportional to the marginal likelihood for it from
the GW observations.

EM follow-up of the GW sky localization re-
gion (Abbott et al. 2017c) discovered an opti-
cal transient (Coulter et al. 2017; Soares-Santos
et al. 2017; Valenti et al. 2017; Arcavi et al. 2017;
Tanvir et al. 2017; Lipunov et al. 2017) in close
proximity to the galaxy NGC 4993. The location
of the transient was previously observed by the
Distance Less Than 40 Mpc (DLT40) survey on
2017 July 27.99 UT and no sources were found
(Valenti et al. 2017). We estimate the probability

Figure 1. GW170817 measurement of H0. Marginal-
ized posterior density for H0 (blue curve). Constraints
at 1- and 2� from Planck (Planck Collaboration et al.
2016) and SHoES (Riess et al. 2016) 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�1Mpc�1. The 68.3% (1�) and
95.4% (2�) minimal credible intervals are indicated by
dashed and dotted lines.

of a random chance association between the opti-
cal counterpart and NGC 4993 to be 0.004% (see
the Methods section for details). In what follows
we assume that the optical counterpart is associ-
ated with GW170817, and that this source resides
in NGC 4993.

To compute H0 we need to estimate the back-
ground Hubble flow velocity at the position of
NGC 4993. In the traditional electromagnetic cal-
ibration of the cosmic “distance ladder” (Freed-
man et al. 2001), this step is commonly carried
out using secondary distance indicator informa-
tion, such as the Tully-Fisher relation (Sakai et al.
2000), which allows one to infer the background
Hubble flow velocity in the local Universe scaled
back from more distant secondary indicators cal-
ibrated in quiet Hubble flow. We do not adopt
this approach here, however, in order to preserve
more fully the independence of our results from
the electromagnetic distance ladder. Instead we
estimate the Hubble flow velocity at the position

4

Figure 2. Inference on H0 and inclination. Pos-
terior density of H0 and cos ◆ from the joint GW-EM
analysis (blue contours). Shading levels are drawn at
every 5% credible level, with the 68.3% (1�, solid) and
95.4% (2�, dashed) contours in black. Values of H0 and
1- and 2� error bands are also displayed from Planck
(Planck Collaboration et al. 2016) and SHoES (Riess
et al. 2016). As noted in the text, inclination angles
near 180 deg (cos ◆ = �1) indicate that the orbital an-
gular momentum is anti-parallel with the direction from
the source to the detector.

of NGC 4993 by correcting for local peculiar mo-
tions.

NGC 4993 is part of a collection of galaxies,
ESO-508, whose center-of-mass recession veloc-
ity relative to the frame of the CMB (Hinshaw et al.
2009) is (Crook et al. 2007) 3327± 72 km s�1. We
correct the group velocity by 310 km s�1 due to
the coherent bulk flow (Springob et al. 2014; Car-
rick et al. 2015) towards The Great Attractor (see
Methods section for details). The standard error on
our estimate of the peculiar velocity is 69 km s�1,
but recognizing that this value may be sensitive
to details of the bulk flow motion that have been
imperfectly modelled, in our subsequent analysis
we adopt a more conservative estimate (Carrick
et al. 2015) of 150km s�1 for the uncertainty on
the peculiar velocity at the location of NGC 4993,
and fold this into our estimate of the uncertainty
on vH . From this, we obtain a Hubble velocity
vH = 3017± 166 km s�1.

Once the distance and Hubble velocity distribu-
tions have been determined from the GW and EM
data, respectively, we can constrain the value of
the Hubble constant. The measurement of the dis-
tance is strongly correlated with the measurement
of the inclination of the orbital plane of the bi-
nary. The analysis of the GW data also depends on
other parameters describing the source, such as the
masses of the components (Abbott et al. 2016a).
Here we treat the uncertainty in these other vari-
ables by marginalizing over the posterior distribu-
tion on system parameters (Abbott et al. 2017a),
with the exception of the position of the system on
the sky which is taken to be fixed at the location of
the optical counterpart.

We carry out a Bayesian analysis to infer
a posterior distribution on H0 and inclination,
marginalized over uncertainties in the recessional
and peculiar velocities; see the Methods sec-
tion for details. Figure 1 shows the marginal
posterior for H0. The maximum a posteri-
ori value with the minimal 68.3% credible in-
terval is H0 = 70.0+12.0

�8.0 km s�1 Mpc�1. Our
estimate agrees well with state-of-the-art de-
terminations of this quantity, including CMB
measurements from Planck (Planck Collabora-
tion et al. 2016) (67.74 ± 0.46 km s�1 Mpc�1,
“TT,TE,EE+lowP+lensing+ext”) and Type Ia su-
pernova measurements from SHoES (Riess et al.
2016) (73.24 ± 1.74 km s�1 Mpc�1), as well as
baryon acoustic oscillations measurements from
SDSS (Aubourg et al. 2015), strong lensing mea-
surements from H0LiCOW (Bonvin et al. 2017),
high-l CMB measurements from SPT (Henning
et al. 2017), and Cepheid measurements from the
HST key project (Freedman et al. 2001). Our mea-
surement is a new and independent determination
of this quantity. The close agreement indicates
that, although each method may be affected by dif-
ferent systematic uncertainties, we see no evidence
at present for a systematic difference between GW
and established EM-based estimates. As has been
much remarked upon, the Planck and SHoES re-

Figure 1. GW170817 measurement of H0 Figure 2. Inference on H0 and inclination

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,  
A gravitational-wave standard siren measurement of the Hubble constant, 2017,
https://doi-org.stanford.idm.oclc.org/10.1038/nature24471 

https://doi-org.stanford.idm.oclc.org/10.1038/nature24471
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Possible location on the sky 
 constrained to 61.66 deg2.

Velocity inferred statistically from 
the redshift of the ~77,000 galaxies 
(~6,000 have measured redshifts) in 
the 90% credible volume.

Improvements from multiple 
measurements, better localization, 
and improved galaxy catalogs.

4 SOARES-SANTOS, PALMESE ET AL.

Figure 1. Left: Stellar mass distribution of the DES galaxies used in this analysis (color map) and the GW170814 localization region at 50 and
90% CL (white contours). The region in redshift space is valid for the prior range 20 < H0 < 140 km s-1 Mpc-1. The stellar mass map has been
smoothed with a Gaussian filter of width 0.3 deg. The bottom panel shows the galaxies’ stellar mass distribution in RA and redshift, projected
over the Dec. Right: Distributions of the DES galaxy redshifts within the region of interest (top) and the luminosity distance in HEALPIX
pixels from the LVC distance likelihood, as given in the sky map (bottom). The histograms are obtained from a Monte–Carlo (MC) sampling
the galaxies’ redshift PDF and the luminosity distance likelihood in each pixel. The redshift distribution has been subtracted by a uniform
distribution in comoving volume (dN/dz)com, obtained assuming H0 = 70 km s-1 Mpc-1, and containing the same total number of galaxies to
highlight the overdensity of galaxies in the region.

Virgo Collaboration 2017)1, provided in HEALPIX (Górski
et al. 2005) pixels. The luminosity distance probability dis-
tribution is approximated with a Gaussian in each pixel. The
region of interest, enclosing 90% of the localization prob-
ability, is 61.66 deg2. The projected sky map and the dis-
tribution of luminosity distance mean values from the LVC
distance likelihood in each pixel within the region of inter-
est are shown in Figure 1. The probability peak is located
at RA, Dec = (47.523,-44.856) deg. At the peak location,
the luminosity distance is 504.7 Mpc and the Gaussian width
is 91.9 Mpc. Using the limiting values of our H0 prior range
([20,140] km s-1 Mpc-1) we can convert the 90% and 99.7%
distance range into a redshift range (0.02 < z < 0.26 and
z < 0.3, respectively) for this analysis.

1 https://dcc.ligo.org/LIGO-T1700453/public

2.2. The DES galaxy catalog

The DES2(The Dark Energy Survey Collaboration 2005;
Dark Energy Survey Collaboration et al. 2016) is an optical-
near-infrared survey that images 5000 deg2 of the South
Galactic Cap in the grizY bands. The survey is being car-
ried out using a ⇠ 3 deg2 CCD camera (the DECam, see
Flaugher et al. 2015) mounted on the Blanco 4-m telescope
at the Cerro Tololo Inter-American Observatory (CTIO) in
Chile. The data used here are from the first 3 years of ob-
servations (September 2013 – February 2016, Abbott et al.
2018).

The DES Data Management (DESDM) pipeline was used
for data reduction (Morganson et al. 2018).The process in-
cludes calibration of the single-epoch images, which are co–

2 www.darkenergysurvey.org

Measure of H0 is 75.2 +39.5/-32.4 km/sec/MPc 
Distance from GW alone is 540 +130/ -210 
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10 SOARES-SANTOS, PALMESE ET AL.

Figure 3. Hubble constant posterior distribution obtained by marginalizing over ⇠ 77,000 possible host galaxies (red line), showing the
maximum value (solid vertical line). The maximum a posteriori and its 68% confidence level is H0 = 75.2+39.5

-32.4 km s-1 Mpc-1 for a flat prior in
the range [20,140] km s-1 Mpc-1. The shaded region represents the change in the posterior when different fractions of the localization volume
are considered (from 90 to 99.7% of the LIGO/Virgo luminosity distance posterior). The PDF computed from the larger volume has been
renormalized to have the same value of the 90% localization volume H0 posterior at the maximum, to highlight differences below and beyond
the main peak. The posterior obtained by Abbott et al. (2017a) for the bright standard siren event GW170817, associated to one galaxy, is shown
in grey. The prior used in that work was flat–in–log over a narrower range ([50,140] km s-1 Mpc-1), and the posterior has been rescaled by a
factor 0.2 for visualization purposes. The 68% CL of both PDFs is shown by the dashed lines. Constraints from Planck (Planck Collaboration
et al. 2018) and SHoES (Riess et al. 2016, 2018) at 1� are shown in purple boxes.

Prior H0 +�H0 -�H0 �H0/H0 �H0/H0 prior
[20,140] 75.2 39.5 32.4 47.8% 54.3%

Table 1. Hubble constant estimate from this work. All H0 val-
ues and errors are in km s-1 Mpc-1. The uncertainty from the flat
prior only is derived by assuming the same H0 maximum found in
the analysis. Quoted uncertainties represent 68% confidence level
around the maximum of the posterior, and they are statistical only.
The last column quantity (�H0/H0 prior) corresponds to 68% times
the prior width divided by H0.

GLADE becomes significantly incomplete at the distance to
GW170814. As GW detectors improve in sensitivity, the ma-
jority of dark standard sirens will be detected at even greater
distances and with larger localization volumes, well beyond
the reach of spectroscopic galaxy catalogs. This highlights
the need for reliable and complete photometric galaxy cat-
alogs. Surveys such as DES and LSST are therefore likely
to play an important role in future constraints from BBH
standard sirens.

The assumption throughout this work is that even if the
event occurred in at a galaxy below our luminosity thresh-
old, large scale structure predicts that fainter galaxies follow
the clustering pattern of the more luminous galaxies in our

sample. We have verified in our simulations that a threshold
up to 1 magnitude brighter than the limit used here to place
events has a negligible impact over a sample of 100 events,
provided that the catalog is volume–limited for the range of
redshifts relevant to the measurement.

Since galaxies are biased tracers of the Universe’s dark
matter, some theories predict that the origin of the black
holes involved in these GW events is primordial, constitut-
ing part or all of the dark matter (Bird et al. 2016; García-
Bellido 2017; Clesse & García-Bellido 2018). In that case,
GW events follow exactly the underlying dark matter distri-
bution (presenting an unbiased tracer). Because of the stellar
mass to dark matter halo connection (see Wechsler & Tinker
2018 and references therein) it is reasonable to weight galax-
ies by their stellar mass in Eq. (2) as wi / M?. The impact of
this scaling with stellar mass or star–formation rate has been
explored in Fishbach et al. (2018). We find that the stellar
mass weighting has a negligible effect on the posterior. This
is due to the large volume analyzed (over which the stellar
masses tend to be averaged out) and to the precision level of
this measurement. In other theories, these black hole bina-
ries are produced in very low metallicity galaxies (e.g. Cao
et al. 2018; Mapelli et al. 2018), biased relative to the dark

Multiple collaborations,  
A gravitational-wave standard siren measurement of the Hubble constant, 2017,
https://doi-org.stanford.idm.oclc.org/10.1038/nature24471 

https://doi-org.stanford.idm.oclc.org/10.1038/nature24471
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We find that, if it is possible to independently measure a unique 
redshift for all BNS events, the fractional uncertainty on H0 will reach 
2% (at the 1σ level) by the end of two years of HLV at design sensi-
tivity (in about 2023; corresponding to about 50 events), sufficient to 
arbitrate the current tension between local and high-z measurements 
of H0. After about 100 BNS events, gravitational-wave standard sirens 
would provide a 1% determination of H0. This is expected to happen 
after about two years of operation of the full HLVJI network (around 
2026), but given the rate uncertainties, it could happen many years later, 
or could happen as early as 2023.

Not all sources will have associated transient electromagnetic coun-
terparts: we may fail to identify the counterparts to some BNS mergers, 
and counterparts are not expected for BBH mergers. For cases where 
a unique counterpart cannot be identified, it is possible to carry out a 
measurement of the Hubble constant using the statistical approach. 
To do this, the redshifts of all potential host galaxies within the  
gravitational-wave three-dimensional localization region are incor-
porated, yielding an H0 measurement that is inferior to what can be 
calculated using a counterpart, but is still informative once many detec-
tions are combined. This means that, in the absence of a counterpart, 
only those gravitational-wave events with small enough localization 
volumes yield informative H0 measurements. If the localization volume 
is too large, it contains a large number of potential host galaxies, which 
will largely wash out the contribution from the correct host galaxy. 
Additionally, it may be difficult in practice to construct a complete gal-
axy catalogue over a large volume with precise galaxy redshifts. We find 
that for BNSs without counterparts, combining the H0 measurement 
from events that are localized to within 10,000 Mpc3 (approximately 
40% of events) yields identical constraints to the combined measure-
ment using the full sample—events localized to greater than 10,000 
Mpc3 do not contribute to the measurement. For this reason, we use 
only the sources localized to within 10,000 Mpc3 for the no-counterpart 
projections in Fig. 2. We note that for all of the no-counterpart curves in 
Fig. 2, we start with a flat H0 prior in the range 50–100 km s−1 Mpc−1.

Because BBH systems tend to have much larger localization volumes 
than BNS systems (as they are more massive and found at greater dis-
tances), the statistical H0 measurement for BBHs converges very slowly, 
even though they are detected at higher rates. We consider both ‘light’ 
(components of mass 10M⊙, where M⊙ is the solar mass; denoted as 
‘10M⊙–10M⊙’) and ‘heavy’ (components of mass 30M⊙; denoted as 

‘30M⊙–30M⊙’) BBHs, assuming merger rates of −
+80 70

90 Gpc−3 yr−1 for 
the 10M⊙–10M⊙ BBHs and −

+11 10
13 Gpc−3 yr−1 for the 30M⊙–30M⊙ 

BBHs18 (see Methods). Only about 3% of the light BBHs and about 0.5% 
of the heavy BBHs are localized to within 10,000 Mpc3, which means 
that we expect to detect only −

+16 14
19 well localized BBHs by 2026. This 

leads to an approximately 10% H0 measurement with BBHs by 2026. 
We note that the constraints from statistical BBH standard sirens 
improve if the BBH rates are on the high end, as well as if the BBH mass 
function favours low masses.

For the projections in Fig. 2, we assumed that galaxies are distrib-
uted uniformly in a comoving volume and that complete catalogues are 
available. If we incorporate the clustering of galaxies due to large-scale 
structure, the convergence rate in the statistical case improves by a 
factor of about 2.5 (see Methods). Incorporating this large-scale struc-
ture effect, we find that we will still need to detect more than about 50 
BNSs without a counterpart to reach a 6% H0 measurement, compared 
to only ten BNSs or fewer with a counterpart. Meanwhile, accounting 
for galaxy catalogue incompleteness provides an additional source of 
uncertainty (see equation (5) in Methods), which can cancel out some 
of the improvement due to large-scale structure. For example, for a 
galaxy catalogue completeness of 50%, the H0 measurement would be 
degraded by about a factor of two. Therefore, incorporating the effects 
of large-scale structure and catalogue incompleteness, we expect that 
in practice the H0 constraints in the statistical case will be slightly better 
than our prediction in Fig. 2, where the precise factor depends on prop-
erties of the relevant host galaxies and completeness of the catalogue.

Besides the with-counterpart and without-counterpart cases, we can 
also anticipate a situation in which we have a counterpart detection but 
no unambiguous host association. For example, an optical counterpart 
could be relatively isolated on the sky without a clearly identified host 
galaxy, or may have multiple possible host galaxies. In this case we can 
pursue a pencil-beam strategy, for example,  focusing on the volume 
within 100 kpc of the counterpart (see Methods). For BNSs this will 
reduce the relevant volume to about 10 Mpc3, for which we expect 
to have only about one potential host galaxy or galaxy group, which 
thereby reduces to the with-counterpart case.

In addition to the BNSs and BBHs discussed here, we can expect merg-
ers of a neutron star and a black hole19–21, and these may have detectable 
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Fig. 1 | Projected number of BNS detections and corresponding 
fractional error for the standard siren H0 measurement. a, The expected 
total number N of BNS detections for future observing runs, using the 
median merger rate (solid green curve) and upper and lower rate bounds 
(shaded band). b, The corresponding H0 measurement error, defined as half 
of the width of the 68% symmetric credible interval divided by the posterior 
median. The band corresponds to the uncertainty in the merger rate shown 
in a. These measurements assume an optical counterpart, and the associated 
redshift, for all BNS systems detected with gravitational waves.
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Fig. 2 | Projected fractional error for the standard siren H0 measurement 
for BNSs and BBHs for future gravitational-wave detector networks. The 
green shaded band corresponds to the BNS rate uncertainty (see Fig. 1); the 
same  uncertainty applies to the ‘BNS without counterpart’ curve. For the 
‘without counterpart’ curves, we adopt a statistical standard siren approach 
using only events localized to within 10,000 Mpc3; events with larger 
volumes do not contribute noticeably (see the text). Constraints from BBH 
systems without counterparts are inferior, despite higher rates, owing to the 
larger numbers of potential host galaxies per event.
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H-Y Chen, M. Fishbach, D. Holz,  
A two per cent Hubble constant measurement from standard sirens within five years, 2018
https://doi.org/10.1038/s41586-018-0606-0

https://doi.org/10.1038/s41586-018-0606-0
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S190901ap 
BNS (86%), Terrestrial (14%)
FAR 1/4.5 years,
distance: 241 +/- 79 MPc,
L1, V1 only

S190425z    
BNS (>99%)
FAR 1/79,000 years
distance: 156 +/- 41 MPc
L1, V1 only

https://gracedb.ligo.org/superevents/public/O3/

https://gracedb.ligo.org/superevents/S190901ap/view/
https://gracedb.ligo.org/superevents/S190425z/view/
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S200129m
BBH >99%
d: 755 +/- 194 MPc
FAR 1/ 4.7e23 years
H1, L1, V1
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With only 3 detectors, localization is 
compromised ~50% of the time

https://summary.ligo.org/~detchar/summary/O3b/

When LIGO-India comes online and 
as KAGRA performance improves, 
you get  
1) Better polarization info,
2) Much better chance of 3-detector 
coverage of the sky.
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◻ Perturbation theory

◼ Post Newtonian expansion in powers of v ≡ (m /a)1/2

◼ 1.5 PN  is Ov3 etc- algebraically rich even  with symbolic manipulation 

◼ Perturb near, wave zone metrics and match

◼ Different groups getting different answers at the highest order due to subtleties in regularization

4 L14num.nb

‘borrowed’ from last week,
information about spin, etc, 
encoded in polarization and 
waveform evolution.

In addition to the physics 
encoded in the BH spin, this can 
break the distance/ inclination 
degeneracy.
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◻ Perturbation theory

◼ Post Newtonian expansion in powers of v ≡ (m /a)1/2

◼ 1.5 PN  is Ov3 etc- algebraically rich even  with symbolic manipulation 

◼ Perturb near, wave zone metrics and match

◼ Different groups getting different answers at the highest order due to subtleties in regularization

4 L14num.nb

Roughly 8 cycles of good data,
Currently, we don’t do much with the data 
below ~30 Hz.
Better low-frequency noise = better 
astrophysics.
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1. Small differential deviations about 0
2. Feedback control
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5

FIG. 4. Time-varying response of the Advanced LIGO de-
tectors. The top panel shows the optical gain variations over
a time span of one month, whereas the bottom panel shows
the variations of the di↵erential coupled cavity pole frequency
over the same time span. The blue traces are for the LIGO
Livingston Observatory (L1) and the red traces for the LIGO
Hanford Observatory (H1).

auxiliary Nd3+: YLF laser (operating at a wavelength of
1047 nm), an acousto-optic modulator, and a set of inte-
grating spheres [33]. This calibration system actuates on
the end test masses, applying set of sinusoidal excitations
via radiation pressure, to track variations of the optical
gain and of the di↵erential coupled cavity pole frequency.
Three weeks of such data are shown in Fig. 4, showing
that the optical response of the detectors is stable over
time.

The absolute accuracy of the photon calibrator is lim-
ited by the uncertainties in its photodetector calibration,
as well as any optical losses between the test mass and
the photodetector. Overall, the uncertainty in the cali-
bration of the interferometer over the entire operational
frequency range from 10Hz�5 kHz is estimated to be
smaller than 10% and 10 degrees [34].

III. ANALYSIS OF THE INSTRUMENTAL
NOISE

The calibrated gravitational wave signal is compared
to the known noises in order to understand what lim-
its the sensitivity of the instrument as a function of fre-
quency. Fig. 5 summarizes the noise contributions from
various sources to the gravitational wave channel for the
Livingston and Hanford detectors. The coupling of each
noise source to the gravitational wave channel at a fre-
quency f is estimated using the following equation:

L(f) = L0h(f) = T (f)⇥N(f), (7)

where N(f) is the noise spectrum measured by an auxil-
iary (witness) sensor or computed using analytical model,
and T (f) is the measured or simulated transfer function
from this sensor to the gravitational wave channel.

(a) LIGO Livingston Observatory

(b) LIGO Hanford Observatory

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

Noise sources can be divided into classes according to
their origins and coupling mechanisms [35, 36]. One clear
way to di↵erentiate noises is to split them into displace-
ment and sensing noises: displacement noises cause real
motion of the test masses or their surfaces, while sensing
noises limit the ability of the instrument to measure test
mass motion. However, this distinction is not perfect,

actual
modelled

angle cont.

thermal

quantum

SUS act

gas

Denis Martynov, et. al.
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12 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 achieved sensitivities in O1, O2 and
O3, and the expected sensitivities given by the data in Fig. 1 for future runs. There is significant uncertainty
in the start and end times of the planned observing runs, especially for those further in the future, and
these could move forward or backwards relative to what is shown above. Uncertainty in start or finish
dates is represented by shading. The break between O3 and O4 will last at least 18 months. O3 is expected
to finish by June 30, 2020 at the latest. The O4 run is planned to last for one calendar year. We indicate
a range of potential sensitivities for aLIGO during O4 depending on which upgrades and improvements
are made after O3. The most significant driver of the aLIGO range in O4 is from the implementation of
frequency-dependent squeezing. The observing plan is summarised in Sect. 2.5

2025+ : With the addition of an upgraded aLIGO interferometer in India we will
have a five-detector network: three aLIGO detectors with a design sensitivity of
330 Mpc, AdV at 150 – 260 Mpc and KAGRA at 130+ Mpc.

This timeline is summarized in Fig. 2.9 Detailed planning for the post-O3 period
is in progress and may result in significant changes to both target sensitivities and
uncertainty in the start and end times of the planned observing runs, especially for those
further in the future. As the network grows to include more detectors, sky localization
will improve (Klimenko et al. 2011; Veitch et al. 2012; Nissanke et al. 2013; Rodriguez
et al. 2014; Pankow et al. 2018), as will the fraction of observational time with multiple
instruments on-sky. The observational implications of these scenarios are discussed in
Section 5.

3 Searches and localization of gravitational-wave transients

Data from GW detectors are searched for many types of possible signals (Abbott
et al. 2018f). Here we focus on signals from CBCs, including BNS, NSBH and BBH
systems and generic unmodeled transient signals.

9GEO 600 will continue observing with frequent commissioning breaks during this period.

Timeline from: Prospects for observing and localizing gravitational-wave 
transients with Advanced LIGO, Advanced Virgo and KAGRA

https://doi.org/10.1007/s41114-018-0012-9
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Image Credit: Evan Hall 
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A 40 km facility with all new technology 

March, 2018 M. Evans, LVC Sonoma 12 
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