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Outline
● GW detections
● Source properties
● Data and models
● What’s next?
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LIGO Livingston

LIGO Hanford

Virgo Cascina 3



Last orbits of a binary system
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LIGO-Virgo-KAGRA are ‘’audio band’’ detectors: sensitivity between ~20 Hz and few kHz 5



Waveform model: 15+ parameters
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What is measured (directly)
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O4 predictions: sensitivity improvement by factor ~1.5, so 1.53 ~ 3 times more events 
(~300, one per day?)
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Masses and mass ratios
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Neutron star events
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Classifying objects as neutron stars
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Neutron star mass distribution

Differences w.r.t. the Galactic population: distinct formation channels? Strong selection effects? Overlap of NS 
and BH mass distributions? Etc. 15
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Population of BBHs in GWTC-3 
in comparison to GWTC-2
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Inconclusive evidence for the 
‘upper’ mass gap

● Peaks in the stellar mass region
● Long tail to high masses
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Measurable spin quantities
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Spins 
and 

masses
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Bottom line: inferred spin distribution has tendency toward small values

BBH spin distribution
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Correlations between spin and 
mass ratio
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Rates vs 
redshift 

GWTC-2: ~50 events

GWTC-3: ~100 events
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What is their origin?
● Stellar models

○ Binary evolution (field, chemically 
homogenous, etc.)

○ Cluster evolution (including nuclear 
clusters)

○ AGN disk model
● Primordial BHs
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Isolated binary evolution
● Masses 

− come from stellar 
evolution

− mass maximum ~60-70 
Msun

● Effective spins
− should be aligned at 

least partially
− Small or large? 

● Rates
− Should follow SFR
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Cluster evolution
● Masses

○ Can be much larger 
(hierarchical mergers)

● Spins
○ Random – not aligned
○ Small, large (2nd 

generation)
● Rates

○ Should peak at higher 
redshift (peak of GC 
formation)

Mapelli, 21 28



AGN disk model
● BH born in stellar evolution
● BBH formed in multi-body interaction in AGN 

disks – similar to planet formation
● Mergers in disk - possible EM emission 

(GW190521)? 
● Spins isotropic
● Rate - small?
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Primordial binaries
● Masses

○ Correspond to phase transitions in the Early 
universe (can be any mass)

● Spins
○ Random, small (?)

● Rates
○ Do not have to follow SFR
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Detecting the BBH background
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GW event rates

● BHBH production efficiency:
○ Number of merging BBH per unit mass

● Delay times
● Mass distribution

○ Intrinsic vs observed: range and redshift effects 
● Rate density: local and as a function of 

redshift
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Basic rate arguments
● Formation scenario must be generic

● Exceptional environments must produce BBH and 
BNS with very high efficiency

● Dense regions are not favoured, but do contribute

● How important are exotic models? 
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Binary evolution
● Masses – we see too heavy BHs
● Spins 

○ small and positive
○ are small spins a problem?

■ BH spins measured in accreting binaries are 
large

■ But: small spins of young pulsars

● Rates increase with z
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Cluster evolution
● Masses: clearly extend above 

PPSN gap
● Components’ spins:

○ why positive? Consistent with an isotropic 
subpopulation

○ In hierarchical mergers should be ~0.7
● Rates: 

○ Increase with z, but follow SFR
○ Is there a peak at z=2-3?
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How does it look so far

Model Masses Spins Rates

Binary

Cluster

Primordial/exotic

Do we need more than one scenario to explain observations?
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What’s next

Einstein Telescope and Cosmic Explorer needed!
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3rd gen detectors: Einstein Telescope (ET), 
Cosmic Explorer (CE) 

Literally millions 
of events per year! 38



SFR

Today
Big Bang

39



Compact object masses 
● Neutron star 1.0-2.0(2.5?) Msun
● First mass gap 2.0(2.5?)~5.0 Msun
● Black holes  ~5-and up Msun
● Second mass gap 65?~130? Msun
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