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Talk outline

❖ Review of results to end of O3
❖ Upgrades introduced for O4
❖ Expected O4 sensitivity and implications for event rate
❖ Plans for alerts in O4
❖ (if time permits) Things I’m looking forward to in O4: cosmology, rapid 

and robust PE with Dingo



Gravitational wave detectors
❖ A network of ground-based detectors is 

currently operating

❖ LIGO: two 4km interferometers in 
Hanford, WA and Livingston, LA. 
Advanced LIGO began taking data in 
September 2015. O4 observing run 
starting May 2023.

❖ Virgo: 3km interferometer at Cascina, 
near Pisa, Italy. Advanced Virgo 
began to collect data in late July 2017.

❖ Japanese detector, KAGRA, came 
online early in 2020.  Third LIGO 
detector in India under construction.



Previous observing runs
❖ O1: Sept to Dec 2015; O2: Jan to Aug 2017; O3a: April 1 to Oct 1 2019; O3b: 

Nov 1 2019 to Mar 27 2020. 

❖ O4: currently carrying out an engineering run. Observing run scheduled to 
start on May 24th.

O3 science run: detectors recap

• O3: the longest advanced 
detector era observing run to 
date
– Two epochs: 

O3a: Apr 1 – Oct 1, 2019 
O3b:  Nov 1, 2019 – Mar 27, 2020
O3b originally planned to end April 30, 2020; 
run suspended due to COVID-19 pandemic.

• Best detector performance to 
date
– O3 Sensitivities: 

L1 -> 130 Mpc
H1-> 110 MPc
Compared to 70 Mpc for O1, 80 Mpc for O2 
(averaged over L1, H1)

• O3 Observing Time: 
L1 -> 78%, H1 -> 76% 

Compared to 60%  L1, 65% H1 for O1 & O2

D. Reitze
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Previous events



❖ To date LIGO has seen 90 events with >50% chance of astrophysical 
origin.

❖ The majority (84) are likely BBH events.

Previous events: black holes
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FIG. 9. The empirical cumulative density function F̂ =
P

k Pk(x)/N of observed binary parameter distributions (derived
from the single-event cumulative distributions Pk(x) for each parameter x) are shown in black for primary mass (left), e↵ective
inspiral spin (center), and redshift (right). All binaries used in this study with FAR< 1/4yr are included, and each is analyzed
using our fiducial noninformative prior. For comparison, the gray bands show the expected observed distributions, based on
our previous analysis of GWTC-2 BBH. Solid lines show the medians, while the shading indicates a 90% credible interval on
the empirical cumulative estimate and selection-weighted reconstructed population, respectively. GW190814 is excluded from
this analysis.
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FIG. 10. The astrophysical BBH primary mass (left) and mass ratio (right) distributions for the fiducial PP model, showing
the di↵erential merger rate as a function of primary mass or mass ratio. The solid blue curve shows the posterior population
distribution (PPD) with the shaded region showing the 90% credible interval. The black solid and dashed lines show the PPD
and 90% credible interval from analyzing GWTC-2 as reported in [11]. The vertical gray band in the primary mass plot shows
90% credible intervals on the location of the mean of the Gaussian peak for the fiducial model.

m1 2 [5, 20]M� m1 2 [20, 50]M� m1 2 [50, 100]M� All BBH

m2 2 [5, 20]M� m2 2 [5, 50]M� m2 2 [5, 100]M�

PP 23.4+12.9
�8.6 4.5+1.8

�1.3 0.2+0.1
�0.1 28.1+14.8

�10.0

BGP 20.0+10.0
�8.0 6.4+3.0

�2.1 0.74+1.2
�0.46 33.0+16.0

�10.0

FM 21.1+10.7
�8.3 4.1+2.0

�1.4 0.2+0.3
�0.1 26.0+11.5

�8.7

PS 27+12
�9.4 3.6+1.5

�1.1 0.2+0.18
�0.1 32+14

�9.6

Merged 12.8 – 40 0.098 – 6.3 2.5 – 0.5 17.3 – 45

TABLE IV. Merger rates in Gpc�3 yr�1 for BBH binaries, quoted at the 90% credible interval, for the PP model and for three
non-parametric models (Binned Gaussian process, Flexible mixtures, Power Law + Spline). Rates are given for three
ranges of primary mass, m1 as well as for the entire BBH population. Despite di↵erences in methods, the results are consistent
among the models. BGP assumes a non-evolving merger rate in redshift. The merger rate for PP, FM, and PS is quoted at a
redshift value of 0.2, the value where the relative error in merger rate is smallest.

LVC BBH properties from GWTC-3 (2021)



❖ Have also seen 7 events which may contain neutron stars. 2 BNS, 2 + 
NSBH, 1 probably BBH.

Previous events: neutron stars
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timing, gravitational wave and x-ray observations of NSs.
That study finds Mmax,TOV = 2.21+0.31

�0.21M�, and the cor-
responding posterior distribution is shown for compari-
son in Fig. 6. Four of the FAR < 0.25 yr�1 events have
P (m < Mmax,TOV) > 0.5 for at least one component,
and we deem them either BNSs (if m1 < Mmax,TOV)
or NSBHs (if only m2 < Mmax,TOV). The fifth event,
GW190814, has P (m < Mmax,TOV) = 0.06 and is there-
fore classified as a BBH. These source classifications do
not change if, instead of Mmax,TOV, we compare against
the rotating NS maximum mass, Mmax(�), as calculated
from an empirical relation involving the TOV mass and
the component spin � [139]. This allows for the possi-
bility that one or more of the low-mass components is
rapidly rotating.

We draw similar conclusions about each event if we
interpret the sharp decrease in merger rate near 2.5M�
seen in the PDB analysis as the separation between NS
and BH mass ranges. (This interpretation does not im-
ply that Mmax,TOV and M

gap
low need to agree: M

gap
low could

be below Mmax,TOV if the heaviest NSs the EOS can sup-
port are not realized in nature, or M

gap
low could be above

Mmax,TOV if the lower mass gap occurs within the BH
mass spectrum.) Following [109], we compare the com-
ponent mass measurements against the inferred M

gap
low pa-

rameter from the PDB model, as shown in Fig. 6, and list
the probabilities P (m < M

gap
low ) in Table III. The same

four events are consistent with BNSs or NSBHs.
Fig. 6 also plots the component mass posteriors for two

FAR < 1 yr�1 events from Table I that may contain NSs,
if astrophysical in origin. In particular, GW190426 and
GW190917 have masses consistent with NSBH systems
[3, 4]. This classification is confirmed by the P (m <

Mmax,TOV) and P (m < M
gap
low ) probabilities calculated

for them in Table III.

B. Mass distribution

Using the FAR < 0.25 yr�1 events classified as BNSs
or NSBHs in Table III, we infer the mass distribution of
NSs in merging compact binaries. We adopt the Power
and Peak parametric mass models described in Sec. III
and implement a selection function based on a semi-
analytic approximation of the integrated network sen-
sitivity V T , fixing the redshift evolution of the popula-
tion and ignoring spins when estimating the detection
fraction. The population hyper-parameters are sampled
from uniform prior distributions, subject to the condition
mmin  µ  mmax in the Peak model, except that we
assume that the maximum mass in the NS population,
mmax, does not exceed Mmax,TOV. This is consistent
with our use of the nonrotating maximum NS mass to
classify the events, and amounts to an assumption that
the NSs observed via inspiral gravitational waves are not
rotationally supported. In practice, this means imposing
a prior proportional to the cumulative distribution func-
tion of Mmax,TOV, as shown in the inset of Fig. 7 and
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FIG. 6. Masses for events with at least one candidate neutron
star. Upper panel: one-dimensional posterior distributions for
the masses of the candidate NSs, as compared to estimates
of the maximum NS mass based on the dense-matter EOS [9]
(Mmax,TOV) and on the inferred location of the lower mass
gap in Sec. IV’s PDB analysis (Mgap

low ). Primary components
are shown dash-dotted. GW190814’s secondary component
lies above both estimates of the maximum NS mass. Lower
panel: two-dimensional 50% (shaded) and 90% (unshaded)
credible regions for the binary masses of each candidate NS
merger. The marginal events GW190426 and GW190917 are
shown dotted. The 90% credible intervals of the maximum
NS mass posterior inferred from the EOS and from the lower
mass gap location are also plotted. GW190814 occupies a
distinct region of the m1-m2 plane compared to the events
deemed BNSs or NSBHs.

detailed in Appendix B 1.

The inferred mass distributions for these two models
are plotted in Fig. 7. The posterior population distri-
bution for the Power model has ↵ = �2.1+5.2

�6.9, consis-
tent with a uniform mass distribution, although the me-
dian distribution is a decreasing function of mass. The
power-law hyper-parameter is most strongly constrained
relative to the flat ↵ 2 [�12, 4] prior on the low end.
The two bumps in the 90% credible interval visible in
Fig. 7 correspond respectively to the minimum and max-
imum mass cuto↵s of the population model realizations
with ↵ < 0 and ↵ > 0. The median inferred Peak
distribution is relatively flat, and the peak width and lo-
cation are almost entirely unconstrained relative to the
prior: � = 1.1+0.8

�0.8 M� and µ = 1.5+0.4
�0.3 M� for a uni-

form � 2 [0.01, 2.00] M� and µ 2 [1, 3] M� prior subject
to mmin  µ  mmax. Thus, the gravitational wave
observations to date do not support a NS mass distribu-
tion with a pronounced single peak. This contrasts with
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FIG. 7. Inferred neutron star mass distribution. The me-
dian mass distribution (solid) and 90% credible interval (shad-
ing) inferred for the Power (respectively, Peak) population
model is shown in blue (orange), as compared to the mass
distribution of NSs in Galactic BNSs [41] (dot-dashed black)
and the mass distribution of all Galactic NSs [142] (solid
black). The inferred gravitational-wave population has a
greater prevalence of high-mass NSs. The inset shows the pos-
terior distribution for the maximum mass in the NS popula-
tion for both models, as compared to the Galactic mmax. The
EOS-informed mmax prior, which is proportional to the cumu-
lative distribution function of Mmax,TOV, is also shown in the
inset (dashed). It enforces m  Mmax,TOV using the max-
imum Tolman-Oppenheimer-Volko↵ mass estimate from [9].
The maximum mass in the gravitational-wave population is
as large as Mmax,TOV within statistical uncertainties.

to 3 M�, where the prior truncates and the models’ fixed
BH mass distribution begins. The inferred NS mass dis-
tributions with GW190814 are similar, but flatter and
broader, than those depicted in Fig. 7.

To test whether GW190814 hails from the same
population as GW170817, GW190425, GW200105 and
GW200115, we examine the Peak model’s posterior
predictive distribution for secondary masses with and
without GW190814 in the event list. Figure 8 com-
pares GW190814’s measured m2 = 2.59+0.08

�0.09M� against
the prediction for the largest observed secondary mass,
max5(m2), after two BNS observations and three NSBH
observations. That is, we draw two pairs of masses from
the posterior predictive distribution for BNSs and three
secondary masses from the posterior predictive distribu-
tion for NSBHs, take the largest of the five secondaries,
and build up the plotted distributions by performing this
procedure repeatedly. The probability of observing a sec-
ondary mass at least as large as the mean of GW190814’s

m2 in the population is only 0.2% according to the Peak
model fit that excludes GW190814. (We characterize
GW190814’s m2 by its mean, since it is measured so pre-
cisely.) The equivalent probability relative to the Peak
model fit that includes GW190814 is 3.3%; we expect a
rigorous, fully self-consistent calculation of a p-value to
lie between these two numbers [145]. Hence, GW190814’s
secondary component is an outlier from the secondaries
in BNS and NSBH systems. In the next section, we also
establish GW190814 as an outlier from the BBH popu-
lation observed in gravitational waves, corroborating our
previous analysis [11]. These findings reinforce that it
represents a distinct subpopulation of merging compact
binaries.

FIG. 8. Comparison between GW190814’s secondary com-
ponent and the largest secondary mass in the observed BNS
and NSBH population. The Peak model is fit to the popula-
tion including (respectively, excluding) GW190814. The pre-
dicted distribution of the largest secondary mass, max5(m2),
observed after five detections—two BNSs and three NSBHs—
is shown in orange (blue). The shaded region represents the
90% credible interval of the posterior distribution for the mass
of GW190814’s secondary component. GW190814’s m2 is a
0.2%-level outlier from the rest of the observed population of
NS secondaries.

VI. MASS DISTRIBUTION OF BLACK HOLES
IN BINARIES

We find two key new conclusions about the black hole
mass distribution using the GWTC-3 dataset to infer a
population: that the mass distribution has a substruc-
ture, reflected in clustering of detected events, and that
observations are consistent with a continuous, monoton-
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Name FARmin (yr�1) P (m < Mmax,TOV) P (m < Mgap
low ) Classification

GW170817 < 1 ⇥ 10�5 0.99 0.97 BNS

GW190425 3.38⇥10�02 0.67 0.71 BNS

GW190814 < 1 ⇥ 10�5 0.06 0.24 BBH

GW200105 2.04⇥10�01 0.94 0.73 NSBH

GW200115 < 1 ⇥ 10�5 0.93 0.96 NSBH

GW190426 9.12⇥10�01 0.82 – NSBH

GW190917 6.56⇥10�01 0.56 – NSBH

TABLE III. Classifications for low-mass events from Table I. The probability that a component is compatible with a NS is
measured by the fraction of its mass posterior lying below an estimate [9] of the maximum nonrotating NS mass, Mmax,TOV,
marginalized over statistical uncertainties. We adopt a 50% threshold for classification as a NS, assuming a clean separation
between NS and BH mass spectra. Probabilities are reported relative to a uniform prior on the component mass. They refer
to the secondary component of all events except GW170817 and GW190425, in which case the secondary is securely below
the maximum NS mass and the probability for the primary is given. The probabilities are similar and the classifications are
unchanged when the component masses are compared to Mgap

low , the location of the lower mass gap between NSs and BHs
inferred from Sec. IV’s PDB analysis of the FAR < 0.25 yr�1 events.

the Galactic BNS subpopulation, whose mass distribu-
tion is sharply peaked around 1.35 M� [39, 40, 140], as
shown for comparison in Fig. 7. The mass distribution
of NSs observed in gravitational waves is broader and
has greater support for high-mass NSs. This latter point
is also true compared to the Galactic NS population as
a whole, whose mass distribution has a double-peaked
shape [141–143].

The minimum NS mass in the gravitational wave pop-
ulation is inferred to be 1.2+0.1

�0.2 M� and 1.1+0.2
�0.1 M� in

the Power and Peak models, respectively. The lower
bound on mmin is a prior boundary motivated by the
sensitivity model, as the gravitational-wave searches tar-
get sources above 1M�. The maximum mass in the
population is found to be 2.0+0.3

�0.3 M� for the Power

model and 2.0+0.2
�0.2 M� for the Peak model, relative to

the EOS-informed mmax prior. These values are consis-
tent with the maximum mass inferred from the Galac-
tic NS population, 2.2+0.8

�0.2 M� [142], as can be seen in
the inset of Fig. 7. The maximum mass is the best-
constrained hyper-parameter in the population models.
Its upper bound is more tightly constrained than the
Galactic mmax in Fig. 7 as a result of the imposed
mmax  Mmax,TOV prior, which begins tapering above
2 M�, and the strong selection bias of gravitational-wave
observations towards heavier masses, which renders the
non-observation of heavier NSs informative. Nonetheless,
the statistical uncertainty in mmax remains large, and it
is expected that approximately 50 BNS detections will be
needed before the maximum mass in the NS population
can be measured to within 0.1 M� [144].

The mmax value inferred from gravitational waves is
also as large as Mmax,TOV within statistical uncertain-
ties. This would not be the case if, for instance, the astro-
physical processes that form coalescing compact binaries
prevented 2M� NSs from pairing with other compact
objects. Such a scenario is compatible with the EOS-
informed mmax prior that we impose. However, we find

there is no evidence that the NS mass spectrum observed
with gravitational waves is limited by the astrophysical
formation channel: NSs as heavy as can be supported by
the EOS can end up in merging compact binaries.

Moreover, we infer a consistent maximum mass if we
adopt a uniform mmax prior instead of the EOS-informed
one. This relaxes the assumption that the observed NS
masses must be below the nonrotating maximum mass,
and accounts for the possibility that rapid rotation may
cause a NS’s mass to exceed MTOV. Specifically, we find
mmax = 2.1+0.8

�0.4 M� in the Power model and 2.0+0.8
�0.2 M�

in the Peak model. The upper error bar on mmax ex-
tends to much higher values in this case because it is
no longer subject to the tapering EOS-informed prior,
which has little support above 2.5 M�. We also obtain
consistent results if we expand the event list to include
the two marginal NSBH detections listed in Table III, as
described in Appendix C 2.

C. Outlier events

The mass-based event classification carried out above
deemed GW190814 to be a BBH merger on the basis of
the maximum NS mass the EOS can support. We now
further demonstrate that it is an outlier from the popu-
lation of BNSs and NSBHs observed with gravitational
waves.

If we dispense with its Mmax,TOV-based classification,
and include GW190814 as a NSBH in the population
analysis, the inferred maximum mass is shifted up to
2.8+0.2

�0.2 M� in the Power model and 2.7+0.3
�0.2 M� in the

Peak model (cf. mmax = 2.1+0.8
�0.4 M� in the Power

model and mmax = 2.0+0.8
�0.2 M� in the Peak model with-

out GW190814). These values are obtained relative to a
uniform mmax prior, since we are no longer consistently
enforcing m  Mmax,TOV; all results in this subsection
refer to this prior. The mmax posterior has support up

LVC BBH 
properties from 

GWTC-3 (2021)



O4 sensitivity: improvements
Detector Improvements O3 to O4

GOALS
• 400 kW circulating 

arm power
– Compare to 

200 kW in O3
• Squeezed light 

efficacy*: 4.5 dB
– Shot noise region; compare to 2-3 dB in O3

• 300 m filter cavity* for frequency dependent squeezing
– No radiation pressure enhancement from squeezing

• Low frequency technical noise reduction
– Below 100 Hz

L1 O3 (130 Mpc)

Double laser power
More squeezing

Reduced 
technical 
noise (2x)

Reduced radiation 
pressure & technical 
noise

Binary Neutron Star range goal:
160 – 190 Mpc

Optimistic O4 
projection 
(190Mpc)

P. Fritschel

6Slide from Gabriele Vajente



O4 sensitivity: improvements
Outlook for O4

• Starting May 24, 18 months of observing time
– 2 more months of commissioning to improve sensitivity, with a soft transition 

to engineering run: current BNS range is around 140 Mpc for both H1 and L1
– Potentially up to 2 month-long commissioning periods within O4 to make 

sensitivity improvements

With full O4 power (400 kW) and 5 dB frequency 
dependent squeezing, LLO can achieve ~170 Mpc if “new” 
noise is removed, and 156 Mpc if not. 

With 5 dB frequency dependent squeezing, 25% more 
power, and mitigation of laser noises, controls noises, and 
other low frequency noises, LHO can achieve ~180 Mpc

J. Driggers, A. Effler 12Slide from Gabriele Vajente. Figure credit: J. Driggers, A. Effler

❖ As of February, BNS range of 145Mpc/135Mpc achieved in LLO/LHO 
respectively. Expected final range of 156/143 Mpc to 170 Mpc.



O4 sensitivity

❖ O3 BNS range was 130 Mpc for L1 
and 110 Mpc for H1.

❖ If both L1 and H1 achieve 170 
Mpc BNS range, increase sensitive 
distance by ~40%, sensitive 
volume by a factor of ~2.8.

❖ If L1/H1 reach only 156/143 Mpc, 
increase sensitive range by ~25%, 
sensitive volume by a factor of 
~1.9.



O4 sensitivity: event rates
❖ Inferred merger rates after O3:

❖ BNS: 10 - 1700 Gpc-3 yr-1 

❖ NSBH: 7.8 - 140 Gpc-3 yr-1

❖ BBH: 17.9 - 44 Gpc-3 yr-1
60

m1 2 [5, 20]M� m1 2 [20, 50]M� m1 2 [50, 100]M� All BBH

m2 2 [5, 20]M� m2 2 [5, 50]M� m2 2 [5, 100]M�

PDB (pair) 17+10
�6.0 6.8+2.2

�1.7 0.68+0.42
�0.29 25+10

�7.0

PDB (ind) 9.4+5.6
�3.7 11+3.0

�2.0 1.6+0.9
�0.7 22+8.0

�6.0

MS 30+23
�13 6.6+2.9

�2.3 0.73+0.87
�0.52 37+24

�13

BGP 20.0+11.0
�8.0 6.3+3.0

�2.2 0.75+1.1
�0.46 33.0+16.0

�10.0

PS 27+12
�8.8 3.5+1.5

�1.1 0.19+0.16
�0.09 31+13

�9.2

FM 21.1+11.6
�7.8 4.3+2.0

�1.4 0.2+0.2
�0.1 26.5+11.7

�8.6

PP 23.6+13.7
�9.0 4.5+1.7

�1.3 0.2+0.1
�0.1 28.3+13.9

�9.1

Merged 13.3 – 39 2.5 – 6.3 0.099 – 0.4 17.9 – 44

PP (O3a) 16.0+13.0
�7.7 6.8+2.7

�1.9 0.5+0.4
�0.3 25.3+16.1

�9.9

TABLE XVI. Merger rates in Gpc�3 yr�1 for black hole binaries, quoted at the 90% credible interval. Rates are given for three
ranges of primary mass, m1 as well as for the entire population. The PDB, MS, and BGP merger rates are derived assuming
the merger rate does not increase with redshift, using a threshold FAR< 0.25 yr�1 (Sec. IV). For FM, PS, and PP, merger rates
are reported at z = 0.2, estimated using a threshold FAR< 1 yr�1 (Sec. VI). The merged rates reported in the merged row are
the union of the preceding three rows, which all account for distance-dependent merger rate and adopt a consistent threshold.
The final row shows merger rates deduced from our analysis of GWTC-2 [11], which assumed a redshift-independent merger
rate. Compare to Table IV.

FIG. 28. Posterior distributions (black) for binary black hole events weighted by the population results from Power Law +
Peak (blue) and Flexible mixtures (orange)
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O4 sensitivity: event rates
❖ O4 extended to 18 months to enhance prospects for multi-messenger 

detections. 

❖ With a 170 Mpc BNS range in both detectors, expect to accumulate 20 
times as much VT as O2 (3 times sensitive time, ~7 times sensitive 
volume) and ~5 times as much as O3 (~1.5 times sensitive time, ~3 times 
sensitive volume).

32 KAGRA Collaboration, LIGO Scientific Collaboration, and Virgo Collaboration

the actual search ranking will differ also based on the characteristics of the background
which is different in different parts of the source mass space (Kapadia et al. 2019).
The simulation results for the HLV network in O3 and the HLVK network in O4 are
summarized in Table 5. Adding KAGRA to the network in O3 does not change the
detection counts. The results are given for a population of sources with aligned and
anti-aligned spins; there is no significant change of the detection counts using isotropic
spin distributions. Using uniform mass distributions (instead of a Gaussian distribution
for NS and a power-law distribution for BH) increases the counts in Table 5 by about
50% for BNSs and NSBHs.

5.1 O3: aLIGO 110 – 130 Mpc, AdV 50 Mpc, KAGRA 8 – 25 Mpc

This year long run began in April 2019 with the three detector HLV network and with
KAGRA planning to join in latter stages. The simulations to estimate the number
of expected GW detections use the curves in Fig. 1 for the two aLIGO and the
AdV detectors, corresponding to a BNS range of 130 Mpc, 110 Mpc, and 50 Mpc
respectively. For KAGRA we use the 25 Mpc curve.

The BNS search volume V T is evaluated to be 3.3 ⇥ 106 Mpc3 yr with 1+12
�1

expected detections. The median 90% credible region for the localization area (volume)
of BNS is 270+34

�20 deg2 ( 120+19
�24 103 Mpc3).23 A percentage of 9 � 13 % ( 2 � 4 %)

of the events are expected to have a 90% credible region smaller than 20 deg2 (5 deg2).
For BBH the search volume V T is 3.4⇥108 Mpc3 yr, and the expected detections
are 17+22

�11 . The median 90% credible region for the localization area (volume) is
280+30

�23 deg2 ( 16000+2200
�2500 103 Mpc3). A percentage of 9 � 13 % ( 2 � 3 %) of the

events are expected to have a 90% credible area smaller than 20 deg2 (5 deg2).

5.2 O4: aLIGO 160 – 190 Mpc, AdV 90 – 120 Mpc, KAGRA 25 – 130 Mpc

O4 is planned to have a duration of one year. The aLIGO detectors will be near their
design sensitivity, with a BNS range of 160 – 190 Mpc. AdV will have completed
Phase 1 of the AdV+ upgrade with an anticipated BNS range of 90 – 120 Mpc. As
the newest member of the network, KAGRA has the largest uncertainty in projected
O4 sensitivity, a BNS range of 25 – 130 Mpc. For estimating the number of events
expected to be detected in O4 we use an intermediate sensitivity curve for KAGRA,
one with a BNS range of 80 Mpc, and the target sensitivity curve (the highest O4
sensitivity) for aLIGO and for AdV.

In O4 we predict a BNS search volume V T of 1.6⇥107 Mpc3 yr, and 10+52
�10 ex-

pected detections. The median 90% credible region for the localization area (volume)
of BNS is 33+5

�5 deg2 ( 52+10
�9 103 Mpc3). A percentage of 38 � 44 % ( 12 � 16

%) of the events are expected to have a 90% credible region smaller than 20 deg2

(5 deg2). For BBH the VT searched is 1.5 Gpc3 yr with 79+89
�44 expected detections.

23The median area and volume are given as 90% Monte Carlo sampling confidence bounds on the
median 90% credible regions.
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Table 5 Expected BNS, BBH and NSBH detections and localization accuracy for the O3 and O4 observing
runs. Results are shown for the three-detector HLV network in O3 and the four-detector HLVK network
in O4. The detection number predictions are given as detection counts in a one-calendar-year observing
run; the quoted confidence intervals combine the log-normal uncertainty in the merger rate with Poisson
counting statistics. The localization accuracy is given as the median 90% credible area and median 90%
credible comoving volume; their confidence intervals describe Monte Carlo uncertainty from the simulation.
All quantities are given as 90% credible intervals of the form x+b

�a, where x is the 50th percentile, (x�a) is
the 5th percentile, and (x+b) is the 95th percentile.

Observation Network Expected Expected Expected
Run BNS Detections NSBH Detections BBH Detections

O3 HLV 1+12
�1 0+19

�0 17+22
�11

O4 HLVK 10+52
�10 1+91

�1 79+89
�44

Area (deg2) Area (deg2) Area (deg2)
90% c.r. 90% c.r. 90% c.r.

O3 HLV 270+34
�20 330+24

�31 280+30
�23

O4 HLVK 33+5
�5 50+8

�8 41+7
�6

Comoving Volume Comoving Volume Comoving Volume
(103 Mpc3) (103 Mpc3) (103 Mpc3)

90% c.r. 90% c.r. 90% c.r.

O3 HLV 120+19
�24 860+150

�150 16000+2200
�2500

O4 HLVK 52+10
�9 430+100

�78 7700+1500
�920

The three-detector aLIGO and AdV network has demonstrated the ability to
localize signals to sky areas of a few tens of square degrees. The addition of KAGRA,
and later LIGO-India to the network will improve this situation further. While the
median sky localization area is expected to be a few hundreds of square degrees for all
types of binary systems in O3, it will improve to be a few tens of square degrees during
O4. By 2025 a five-detector network consisting of three upgraded LIGO detectors in
the United States and India, an upgraded Virgo detector, and possibly an upgraded
KAGRA instrument is expected to operate at sensitivities approaching twice that of
their predecessors, and a median sky localization area of a few degrees. Detection of
BBHs will become routine. A few hundred BBH detections will allow us to probe
the major formation channel, and distinguish between isolated binaries and systems
formed in star clusters (see e.g, Zevin et al. 2017; Stevenson et al. 2017; Farr et al.
2017). BNSs are expected to be detected with a rate from a few per year, to a few per
month. Associated electromagnetic counterparts will probe properties of relativistic
jets and sub-relativistic dynamical ejecta, the nucleosynthesis of heavy elements, and
will enable precise cosmology.

The scenarios described here are our best current projections, they will evolve
as detector installation and commissioning progress. Regular updates are planned to
ensure that the content remains timely and relevant.



O4 plans: alerts
❖ Updated Public Alert Threshold for O4* 

❖ The false alarm rate threshold for public alerts will be lowered to 2/day 
starting in O4. There will therefore be two classes of alerts: 

- Low Significance (“Subthreshold” in O3) gravitational-wave alerts 
with false alarm rate greater than 1/month for CBC and 1/year for 
Burst 

- Significant gravitational-wave alerts with false alarm rate less than 
1/month and 1/year for Burst that pass automated and manual 
verification tests. 

*May be tuned slightly during the engineering run. 

Credit: Shaon Ghosh, Roberto De Pietri, Soichiro Morisaki 



O4 plans: other changes to alerts
❖ Early warning (pre-merger) alerts will be provided

❖ Multiple distribution channels for alerts: 

❖ GCN Notices and Circulars as in O3. 

❖ Kafka based alerts with embedded skymap via SCiMMA and GCN 

❖ EM-Bright probabilities (HasNS and HasRemnant) marginalized over 
large number of equation of neutron star models. 

❖ Mass-gap moved from pastro to source-properties section of GCN. Called 
HasMassGap.

❖ New “significant” field introduced in the notices. 

Credit: Shaon Ghosh, Roberto De Pietri, Soichiro Morisaki 



Alert timeline

7

Merger time

https://emfollow.docs.ligo.org/userguide/analysis/index.html

O4 plans: alert timeline

Credit: Shaon Ghosh, Roberto De Pietri, Soichiro Morisaki 



Example alert

8

{   "alert_type": "Preliminary",
    "time_created": "2018-11-01T22:34:49Z",
    "superevent_id": "MS181101ab",
    "urls": { "gracedb": "https://example.org/superevents/MS181101ab/view/" },
    "event": {
        "time": "2018-11-01T22:22:46.654Z",
        "far": 9.11069936486e-14,  # FAR < (2/day)
        "significant": False      # FAR > 1/month CBC and 1/year BURST  
                       True       # FAR < 1/month CBC and 1/year BURST 
        "instruments": [ "H1", "L1", "V1"],
        "group": "CBC",
        "pipeline": "gstlal",
        "search": "MDC",
        "classification": { "BNS": 0.95, "NSBH": 0.01, "BBH": 0.03, "Terrestrial": 0.01},
        "properties": { "HasNS": 0.95, "HasRemnant": 0.91, "HasMassGap": 0.01},
        "skymap": "U0lNUExFICA9ICAgICAgICAgICAgICAgICAgICBUIC8gY29uZm..."
         },
    "external_coinc": null }

OpenLVEM, March 30, 2023. Low Latency UPDATE.  

Hourly MDC events on the production has the new schema

O4 plans: example alert

Credit: Shaon Ghosh, Roberto De Pietri, Soichiro Morisaki 



Things to look forward to



❖ LVK and external groups use GW 
events to constrain H0 using bright 
and dark sirens.

❖ Result still dominated by GW170817.

Standard siren cosmology

26 Abbott et al.

Figure 9. Hubble constant posterior for several cases. Gray
dotted line: posterior obtained using all dark standard sirens
without any galaxy catalog information and fixing the BBH
population model. Orange dashed line: posterior using all
dark standard sirens with GLADE+ K–band galaxy catalog in-
formation and fixed population assumptions. Black solid
line: posterior from GW170817 and its EM counterpart.
Blue solid line: posterior combining dark standard sirens
and GLADE+ K–band catalog information (orange dashed line)
with GW170817 and its EM counterpart (black solid line).
The pink and green shaded areas identify the 68% CI con-
straints onH0 inferred from the CMB anisotropies (Ade et al.
2016) and in the local Universe from SH0ES (Riess et al.
2019) respectively.

Figure 10. Evolution of the Hubble parameter predicted
from the most preferred mass model Power Law + Peak
(blue lines). The yellow shaded area indicates the 90% CL
contours identified by the uniform priors on H0, ⌦m and w0

while the blue shaded area indicates the 90% CL contours
from the posterior of the preferred mass model. The dashed
lines indicate the median of the prior and posterior for H(z)
respectively.

Figure 11. Systematic e↵ects on the inference of the Hubble
constant due to the choice of di↵erent values for the mean µg

of the Gaussian component in the source mass model, and
other population model parameters (upper panel) and dif-
ferent choices for the luminosity band and weighting scheme
adopted for the GLADE+ galaxy catalog (lower panel). The
pink and green shaded areas identify the 68% CI constraints
on H0 inferred from the CMB anisotropies (Ade et al. 2016)
and in the local Universe from SH0ES (Riess et al. 2019)
respectively.

we explored the e↵ect of its variation is the � parameter
in the rate evolution model. In the same plot one can
see the H0 posterior for � = 2.59. This parameter has a
stronger e↵ect on the H0 posterior, making the posterior
less informative and at the same time moving its peak
to higher values.
The galaxy catalog brings additional information only

for GW190814, due to the much better sky localization
(⇠ 18 deg2) for this event; this has the e↵ect of providing
more support for the H0 tension region.
In Fig. 12, we show how population assumptions im-

pact the hierarchical likelihood calculation as a func-
tion of H0, for the hypotheses that the host galaxy is
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Abbott et al. (2021)

H0 = 68+8-6 km s-1 Mpc-1



❖ Even less information in dark sirens when accounting for uncertainties 
in population model.

22 Abbott et al.

Figure 5. Posterior probability density for H0 and the population parameters µg,mmax and �, governing the position of the
Gaussian peak, the upper end of the mass distribution and the merger rate evolution in the Power Law + Peak mass model.
The solid and dashed black lines indicate the 50% and 90% CL contours.

upper end of the source primary mass distribution re-
spectively.
The presence of a peak in the BBH source mass distri-

bution allows us to set a characteristic source mass scale,
which informs H(z) and allows us to exclude higher val-
ues of H0. Marginalizing over the cosmological param-
eters, we obtain a central value of µg = 32+6

�8 M� for
the peak position of the Gaussian BBH excess. On the
other hand, the disfavoured Truncated model shows
support at higher H0. This result is due to the fact that
the Truncated model is not able to adequately fit the
presence of massive binaries while producing an excess
of BBHs with masses ⇠ 40M� in the detector frame.
For this reason, higher H0 values are more supported
since those values place events at higher redshifts, thus
reducing their source masses.

When we combine the H0 posteriors from the three
mass models with the H0 inferred from the bright stan-
dard siren GW170817 (see Fig. 6), we find a value
of H0 = 68+12

�8 km s�1 Mpc�1 for the Power Law
+ Peak model and H0 = 68+13

�8 km s�1 Mpc�1 for
the Broken Power Law model. These results rep-
resent an improvement of 17% and 12 % respectively
compared with the H0 value reported in Abbott et al.
(2021a) that made use of GW170817 and six BBH detec-
tions from O2, with redshift information inferred from
galaxy catalogs. For the Truncated model, we ob-
tain H0 = 69+21

�8 km s�1 Mpc�1. These results are ob-
tained assuming a redshift independent mass distribu-
tion. Considering a redshift dependence of the mass
distribution, can degrade the constraints.

4.2. Results using galaxy catalog information

H0 = 68+12-8 km s-1 Mpc-1

Constraints on the cosmic expansion history from GWTC–3 23

Figure 6. Posterior distributions for H0 obtained by com-
bining the H0 posteriors from the 42 BBH detections
and the H0 posterior inferred from the bright standard
siren GW170817. The pink and green shaded areas iden-
tify the 68% CI constraints on H0 inferred from the CMB
anisotropies (Ade et al. 2016) and in the local Universe from
SH0ES (Riess et al. 2019) respectively.

We now discuss constraints on H0 when we fix the
source population model but employ galaxy surveys to
infer statistical redshift information using the pixelated
gwcosmo code (Gray et al. 2020). Our analysis in-
corporates 47 GW events, comprising 42 BBH detec-
tions, GW190814, the two BNS events GW170817 and
GW190425, and the two NSBH events GW200105 and
GW200115. We include all galaxies of the GLADE+ cata-
log that lie inside the 99.9% estimated sky area of each
event. We use the GLADE+ K–band data in this analysis,
adopting luminosity weights for each galaxy. For a more
in-depth discussion about the impact of our BH popula-
tion assumptions and choice of photometric bands, see
Sec. 5.2.
To describe the distribution of BH primary masses, we

use a Power Law + Peak source mass model where
we fix population parameters to the median values ob-
tained in the joint cosmological and population anal-
ysis described in Sec. 4.1. For the rate evolution we
adopt � = 4.59, k = 2.86 and zp = 2.47, while for the
Power Law + Peak model we use ↵ = 3.78, � = 0.81,
mmax = 112.5M�, mmin = 4.98M�, �m = 4.8M�
µg = 32.27M�, �g = 3.88M� and �g = 0.03. For the
NS source mass model we consider a uniform distribu-
tion between mmin1M� and mmax = 3M� consistently
with (Abbott et al. 2021d). We evaluate GW selection
e↵ects using LIGO and Virgo sensitivities during the
O1, O2, and O3 runs.
In Fig. 7 (page 24) we show the posteriors for all of

the GW events considered in this analysis for the K–

band. For many of the O3 events, the H0 inference
is dominated by the likelihood based on the hypothe-
sis that the host galaxy is not in the catalog (referred
to as out-of-catalog). The out-of-catalog term domi-
nates for sources that are localized at redshifts at which
the GLADE+ galaxy catalog has low completeness fraction
(see Fig. 3). This is the case for most of the GW sources
which are BBHs observed at large luminosity distances.
Another interesting trend observed in Fig. 7 is that, for
lower values of H0, the in-catalog likelihood terms tend
to dominate because for low H0 values the GW events
are placed at smaller redshifts where the galaxy catalog
is more complete, as shown in Fig. 3.
For most of these events, the number of galaxies

present in the sky localization volume is large enough
that the redshift information is still dominated by pop-
ulation assumptions (Section 5.2). GW190814 is the
only event for which there is a su�ciently small num-
ber of galaxies in its sky localization area of about 18
deg2. Its small area makes this event partially more
informative on the value of H0 in comparison to the
other GW events. We can see in Fig. 7 that, out of all
the GW events, the most informative posterior on H0

(compared to the zero galaxy catalog completeness pos-
terior) is from GW190814, provided that the luminos-
ity weighting scheme is applied. We have verified that
the H0 posterior with the K–band and using luminos-
ity weights does not depend on the faint end magnitude
limit used for the analysis. For this event, we infer anH0

constraint of 67+46
�28 km s�1 Mpc�1 (MAP and HDI). We

quote the maximum a posteriori probability (MAP) and
the corresponding highest density interval (HDI) values
in the analysis.
Fig. 8 shows the redshift distribution of galaxies in

the 90% CI sky area of GW190814 (top panel) and the
galaxy catalog completeness (bottom panel), compared
to the predicted distribution for a prior that is uniform
in comoving volume. We observe that for the K–band
the H0 support results from an excess of galaxies, with
respect to the uniform in comoving volume prior, around
z ⇠ 0.051. Switching o↵ the luminosity weighting as-
sumption decreases the contribution of this excess of
galaxies since the completeness is estimated to be lower.
The same excess is not visible in the BJ–band as more
galaxies are reported in this band and some luminous
galaxies with measured K–band apparent magnitudes
do not have measured apparent magnitudes for the BJ–
band.
Despite the cases where there is a significant in-

catalog contribution, the final H0 result is nevertheless
dominated by the BBHs population assumptions which
are contributing to the out-of-catalog likelihood terms

Abbott et al. (2021)

Standard siren cosmology



❖ With better galaxy catalogues 
(e.g., from DES) can get more 
information from dark sirens, 
but bright sirens much more 
robust.

❖ Need more counterpart events!

Palmese et al. (2021)

STANDARD SIREN MEASUREMENT OF H0 USING O1-O3 GW EVENTS 9

Figure 4. Hubble constant posterior distributions for the dark sirens considered in this work. Each line indicates the posterior from a single
GW event and galaxies from DES or the DESI Imaging Survey.

Figure 5. Hubble constant posterior distributions. The blue line shows the result from the combination of all dark sirens considered in this
paper. The shaded grey posterior represents the GW170817 standard siren result adapted from Nicolaou et al. (2020), which makes use of the
presence of the electromagnetic counterpart. The black posterior represents the final result of this work, showing the joint constraint from both
the bright (i.e. GW170817) and the dark standard sirens. The vertical dashed lines show the 68% region for each posterior. For reference, the
1� Planck Collaboration et al. (2018) and Riess et al. (2021) (R21) constraints on H0 are also shown as the vertical shaded regions. Posteriors
are arbitrarily rescaled only for visualization purposes.
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H0 = 72.77+11-7.55 km s-1 Mpc-1

Standard siren cosmology



❖ Could also see more high-mass BBH 
events with possible counterparts, like 
GW190521.

❖ If these are real associations, the events 
can be used for cosmology, as well as 
providing insights into BBH formation.

High mass BBH counterparts (?)

4
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FIG. 3. The posterior PDF of H0 for the associated
GW190521–ZTF19abanrhr observations under the assump-
tion of a flat ⇤CDM cosmology and physical matter density
!m constraints from Planck 2018 [5]. The dark blue curve
uses the inferred H0 posterior from GW170817 [17, 22] (grey
curve) as a prior whereas the light blue curve assumes a flat
prior on H0. The yellow (pink) solid lines report the Planck
2018 [5] (SH0ES [2]) H0 estimates, with shaded regions rep-
resenting their respective 68% credible interval.

sis can contribute to the systematic uncertainty of the
standard siren measurement via the luminosity distance
estimate. In Ref. [27], the LVC estimated the parame-
ters of GW190521 with three di↵erent waveform mod-
els [37, 46, 47]. We use a clustering decomposition fol-
lowed by a kernel density estimate within clusters [44] to
estimate the marginal posterior probability distribution
of DL along the line-of-sight to ZTF19abanrhr [24] from
these analyses. In Figure 4 we show theH0 inference with
the three waveform models using the GW170817 prior on
H0 and Planck’s prior on !m in a ⇤CDM cosmology. The
strong prior on H0 dominates over the slight di↵erence
between DL estimates from di↵erent models, and they
all yield a very similar posterior on H0.

Finally, in Figure 5 we present the measurements on
⌦m and w0 with both of the GW events and Planck’s
prior on !m in a flat wCDM cosmology. We find that the
⌦m posterior now shows a departure from its prior, and
features a peak with a median and 68% credible interval
of ⌦m = 0.298+0.061

�0.064. To a lesser extent, the same is true

for w0 now estimated as w0 = �1.33+0.63
�0.47.

DISCUSSION

The EM transient ZTF19abanrhr [24] could be as-
sociated with the BBH merger GW190521. We find
that ZTF19abanrhr lies at the 67% credible level of the
GW190521 three-dimensional localization volume under
a default luminosity-distance prior and assuming the
Planck 2018 cosmology [5]. Assuming the GW–EM asso-
ciation is true, we report a standard-siren measurement

FIG. 4. The posterior PDF of H0 for the associated
GW190521–ZTF19abanrhr observations using !m constraints
from Planck 2018 [5], a prior on H0 from GW170817 [17, 22]
(shown in grey) and a flat ⇤CDM cosmology. We show
estimates on H0 using all three waveform analyses from
Ref. [27, 33]. The yellow (pink) solid lines report the Planck
2018 [5] (SH0ES [2]) cosmology, with shaded regions repre-
senting their respective 68% credible interval.

of cosmological parameters from these transients. The
large inferred distance of GW190521 enables probing H0

and additional cosmological parameters ⌦m and the dark
energy EoS parameter w0. We note that other indepen-
dent analyses also conduct the standard-siren measure-
ment assuming the association between GW190521 and
ZTF19abanrhr [48, 49].

We find H0 = 68.9+8.7
�6.0 km s�1 Mpc�1 from the as-

sociated ZTF19abanrhr–GW190521 and the kilonova
AT 2017gfo–GW170817 observations assuming a model-
independent constraints on the physical matter density
!m from the Planck observations [5] in a flat ⇤CDM cos-
mology. The same measurement yields ⌦m = 0.298+0.061

�0.064

and w0 = �1.33+0.63
�0.47 in a flat wCDM cosmology. Since

there is only one standard siren measurement at higher
redshift, the inference on ⌦m mainly relies on the prior
from GW170817 and Planck. The strong prior on H0

from GW170817 dominates the H0 measurement. When
GW170817 is combined with the Planck prior on !m,
⌦m is constrained to ⇠ 20%. On the other hand, with-
out any informative priors, w0 is only marginally confined
even when both GW170817 and GW190521 are included
in the analysis.

We find that the choice of GW waveform for the es-
timation of luminosity distance and the assumption of
BBH population for the evaluation of selection e↵ect do
not introduce noticeable di↵erence in our results. How-
ever, when more events are combined in the future and
the cosmological parameters are confined more precisely,
the systematic uncertainties arising from waveform and
selection e↵ect will have to be investigated more care-
fully. For example, a joint inference of the BBH popu-
lation and the cosmological parameters will help reduce

3

the astrophysical rate of GW190521-like BBHs is still un-
certain, we assume their redshift distribution follows the
star formation rate (SFR) as modeled by Ref. [35]. We
adopt the default assumptions of [27] that the population
is flat in the detector frame masses1 and spin magnitudes
and isotropic over binary and spin orientations.

Given the small uncertainty in the redshift and coun-
terpart sky location measured in ZTF19abanrhr, we treat
the EM likelihood in Eq. (1) as a �-function at these
measurements. Performing the integral over ~⇥, Eq. (1)
becomes

p(H0,⌦m, w0 | DGW,DEM) /
p (DGW | DL (zEM | H0,⌦m, w0) ,↵EM, �EM)

⇥ ppop (zEM | H0,⌦m, w0)

� (H0,⌦m, w0)
p (H0,⌦m, w0) . (4)

The first term is the marginalized GW likelihood eval-
uated at the right ascension ↵, declination �, and lumi-
nosity distance implied by the redshift of ZTF19abanrhr
given cosmological parameters H0, ⌦m and w0; this func-
tion is shown by the solid blue curve in Figure 1(b). The
next term accounts for selection e↵ects and the assumed
GW source population and involves the ratio of the (nor-
malized) population density at the ZTF19abanrhr red-
shift and the fraction of the (normalized) population that
is jointly detectable in GW and EM emission as described
above (in the local universe the e↵ect of this term is to in-
troduce a factor 1/H3

0 [22, 38] but at z ' 0.4 cosmological
e↵ects weaken the dependence on H0 substantially [44]).
The third term is the prior on cosmological parameters.
We impose several di↵erent priors incorporating various
additional cosmological measurements in the following.

In our most generic analysis, we use flat priors in the
ranges H0 = [35, 140] km s�1 Mpc�1, ⌦m = [0, 1], and
w0 = [�2,�0.33]. The result is presented in Fig. 2. We
find a broad posterior for H0 with a median and 68%
credible interval of H0 = 48+23

�10 km s�1 Mpc�1, with a
peak below the maximum likelihood Planck 2018 value [5]
(as well as the SH0ES estimate [2]), reported with a
yellow (pink) solid line. The Planck and SH0ES es-
timates are contained within the 90% credible regions
of our measurements. The posteriors for ⌦m and w0

are nearly uninformative with ⌦m = 0.35+0.41
�0.26, and

w0 = �1.31+0.61
�0.48. Nevertheless, given the large inferred

distance of GW190521, they are mildly correlated with
H0, and must be included in the analysis.

A joint GW190521–ZTF19abanrhr analysis furnishes
a single measurement of the luminosity distance to

1 The priors are uniform on the component masses in the detector
frame from [30, 200]M�. The mass priors are further restricted
such that the total mass must be greater than 200M�, and the
chirp mass to be between 70 and 150M�, both in the detector
frame. The mass ratio between the lighter and heavier objects is
restricted to be > 0.17.
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FIG. 2. The joint posterior PDF of H0, ⌦m and w0 for the
associated GW190521–ZTF19abanrhr observations using uni-
form priors (grey lines) for all parameters in a flat wCDM
cosmology. The yellow (pink) solid lines report the Planck
2018 [5] (SH0ES [2]) cosmology, with shaded regions repre-
senting their respective 68% credible interval. For the 2D
plots, the contours are spaced 10 percentiles apart, from the
10% (darkest) to 90% (lightest) credible regions.

ZTF19abanrhr, which depends on H0, ⌦m and w0.
To compare with other GW measurements in the lo-
cal universe, which depend only on H0, we restrict
to ⇤CDM universes (w = �1) and apply the model-
independent measurement of the physical matter den-
sity [45] from Planck observations of the CMB [5],
!m ⌘ ⌦mh

2 = 0.1428 ± 0.0011 as a prior. The re-
sult is shown in the light blue curve in Figure 3. We
find H0 = 48.3+21.5

�8.1 km s�1 Mpc�1 with this assumption.
The model-independence of the !m constraint means
this measurement remains systematically independent of
early-universe distance scales from CMB measurements.

The best inference on H0 from gravitational wave
standard sirens comes from combining our measurement
here with GW170817. We apply the H0 likelihood from
GW170817 [17, 22] as a prior onH0 along with the Planck
!m constraint. These results are shown in the dark blue
curve in Fig. 3. The joint measurement is narrower than
either measurement alone, with a median and 68% cred-
ible interval of H0 = 68.9+8.7

�6.0 km s�1 Mpc�1 and a clear
peak consistent with estimates using observations from
both the CMB [5] and the local distance ladders [2, 3, 6–
9]; GW190521 rules out some large H0 values that are
permitted from GW170817.

The choice of waveform models for GW data analy-

Chen+  (2021)



Rapid and robust PE: DINGO
❖ In O4 we will start to use DINGO for parameter estimation.

❖ This is a machine learning framework that can directly generate samples from the 
posterior distribution given input data.

❖ It represents the posterior via a normalising flow, i.e., a mapping to a Normal distribution.

q(θ |d)𝒩(0,1) fd

❖ Allows inference in O(seconds). Posterior distributions are near-indistinguishable 
from those produced via standard methods. Also have DINGO-IS that uses 
importance sampling to correct the final results (slower, O(hours)).



LI MCMC

DINGO

25
30
35

m
2

[M
Ø

]

20
0

40
0

60
0

d
L

[M
p
c]

0.
8

1.
6

2.
4

µ J
N

0.
0

0.
8

1.
6

2.
4

√

0.
00

0.
25

0.
50

0.
75

a
1

0.
25

0.
50

0.
75

a
2

0.
8

1.
6

2.
4

µ 1

0.
8

1.
6

2.
4

µ 2

36 42 48

m1 [MØ]

2

4

6

¡
J

L

25 30 35

m2 [MØ]
20

0
40

0
60

0

dL [Mpc]

0.
8

1.
6

2.
4

µJN

0.
0

0.
8

1.
6

2.
4

√
0.
00

0.
25

0.
50

0.
75

a1

0.
25

0.
50

0.
75

a2

0.
8

1.
6

2.
4

µ1

0.
8

1.
6

2.
4

µ2

2 4 6

¡JL

GW150914

❖ Much better agreement with 
standard samplers using GNPE.

❖ Quantitatively indistinguishable 
in many cases.
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DINGO performance
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DINGO performance: O3 events

❖ DINGO allows the use of the 
most expensive waveform 
models in parameter estimation.

❖ At present, have working 
implementations for BBH systems 
with component masses > 10 
solar masses.

❖ Working to extend into BNS and 
NSBH regime.

❖ Long term goal: rapid and robust 
PE for use in low-latency.



Summary
❖ O4 will start on May 24th and run for 18 months, over a period of 20 months. 
❖ O4 will start with slightly better sensitivity than O3, and BNS range could reach 170 

Mpc later in the run.
❖ Expect a few BNS and NSBH detections over the duration of O4.
❖ Alerts will be sent out. You should expect these alerts with a rate of: 

- one per day (Significant gravitational-wave alerts) - based on expected rate of 
real GW alerts 

- two per day (Low Significance gravitational-wave alerts) - based on new 
threshold 

❖ Exciting prospects for further multi messenger events, with many applications 
including cosmology.

❖ Various new data analysis methods will be trialled for the first time in O4, include 
rapid parameter inference using DINGO.


