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Sharp increase of 
event rate in O3 
due to sensitivity 
improvements
gracedb.ligo.org



Events confidently detected in O1+O2: the GWTC-1 catalog

 Abbott et al. (LSC+Virgo) 
2019, Phys Rev X 9, 
031040

 Ten binary black hole 
(BBH) mergers plus one 
binary neutron star (BNS) 
merger!

 Mass ratio (𝒒𝒒) consistent 
with 1 for all these 
events, but with 
significant uncertainty





Binary Neutron Star Merger
 Initially found using a template with typical 

neutron star masses
 And coincident (within ~2 sec) with a 

short GRB!

 Visible in LIGO spectrograms!
 We localized it pretty well in the sky

 Initially to an area of ~31 deg, 
ultimately to ~16 deg2

[Abbott et al. 2017, 
PRL 119, 161101]
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Gamma-Ray Burst

Pretty typical observed 
properties, but very dim 
(i.e., low 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖) considering 
how close it was

Kilonova

Thermal emission 
from ejected 
material, 
heated by decay 
of r-process 
elements formed 
in event

[Price/Rosswog/Press]
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[LSC, Fermi-GBM and INTEGRAL 2017, ApJL 848, L13]

GRB 170817A / AT2017gfo Electromagnetic Signatures



Afterglow

[Troja et al. 2019, MNRAS 489, 1919]

GRB 170817A / AT2017gfo Electromagnetic Signatures
X-ray and radio signals appeared after several days, 
then brightened for months before fading!
Very-high-resolution radio imaging of the remnant 
saw the expanding jet!  

[Mooley et al., arXiv:1806.09693]

From 75 to 230 days after merger,
position shifted ~2.7 milli-arcseconds

Consistent with a relativistic jet viewed ~20 degrees off-axis
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First published 
O3 event
2nd Binary Neutron 
Star Merger
Distinguished 
from galactic
distribution
Overall heavier
No EM counterpart
observed
Black hole?

arXiv:2001.01761
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All detectors are running 
with a squeezed light source



The A+ Upgrade

 Goal:
 Projected inspiral range: 325 Mpc (almost doubling of Advanced LIGO design)

 First stage: May 2020 to end of 2021
 Add frequency depended squeezing to suppress both shot and radiation pressure noise
 300 m filter cavity to rotate squeezer phase
 Low loss Faraday isolator
 Active wavefront control to improve mode matching

 Second state: after O4
 New mirror coatings with 4 times lower thermal noise (2x improvement in displacement)
 Add a balanced homodyne detector to improve sensing and reduce noise couplings
 Larger beamsplitter to reduce losses



A
+ 

La
yo

ut

Filter cavity beam tube
Squeezed light source

Balanced 
homodyne
detector

Large beamsplitter

Low loss
Faraday isolator

New test mass 
coatings

Active mode matching
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New Technology!
Silicon test masses
Cryogenic 123K
2µm laser

α(t)=0}
Ultimate detector in 
current facilities 
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 10 km triangular shape
 Underground
 Xylophone
 Cryogenic

Cosmic Explorer
 40 km L-shape
 Above ground
 CE1: Fused silica, 

room temperature
 CE2: Silicon @ 120K

Need a network of 3+ detectors 
for triangulation/source direction
O(100 000) events per year

Credit: Evan Hall



Credit: Evan Hall

BNS BBH

First Stars Formed

PBH?
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of compact binary mergers 
detected

 Provide samples of “loud” signals 
measured with very high fidelity

 Greatly improve tests of 
cosmology and fundamental 
physics

 Trace the cosmic evolution 
of compact binary mergers, 
inferring their origins and 
evolution

 Search more deeply for signals 
other than binary mergers —
such as spinning neutron stars, 
core-collapse supernovae, and 
the stochastic GW background
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Determining the Nature of the Densest Matter in the Universe
 Quark matter, equation of state, strange quark stars, radius vs. mass
 Magnetic fields, pulsar glitches
Multi-messenger Observations of Binary Systems
 Dynamics of the collision, Jet formation
 Heavy element production
 Localize sources prior to merger! 
Seeing Black Holes Merge throughout 
Cosmic Time
 First stars, star formation rate, 

galaxy evolution
Probing the Evolution of the Universe
 Expansion of the Universe, 

Hubble constant, dark energy density
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Exploring the Nature of Gravity and Compact Objects
 High-fidelity observations, GR tests
 Multi-band: Observation with LISA
 Rare objects: high spin, neutron star/IMBH, black hole with matter, etc. 
The Life and Death of Massive Stars
 Evolution of massive stars throughout cosmic history
 Core collapse/ magnetar glitches in the Milky Way or Magellanic Clouds
Sources at the Frontier of Observations
 Potential for discoveries beyond neutron stars and black holes
 Dark and exotic matter including axionic and other dark matter fields 

around black holes or in the cores of neutron stars, 
 Mergers of primordial black holes formed in the early Universe
 Gravitational-wave emission from cosmic (super)strings.

https://gwic.ligo.org/3Gsubcomm/
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Specifications:
 Diameter: 340 mm 
 Thickness: 200 mm
 Mass: 39.6 kg
 ROC: 2250 m / 1940 m
 Figure: <1 nm rms
 Scatter: ~10 ppm
 Surface absorption: ~0.3 ppm
 Bulk absorption: ~0.2 ppm/cm
 HR transmission: ~4 ppm
 AR reflectivity: ~200 ppm
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