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Gravitational waves

• Einstein 1916-18: quadrupolar 
radiation in linear theory 

• Generated by time varying 
quadrupoles (at LO) 

• Travel at the speed of light
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Binary systems
• Binary systems emit GW because of their time varying 

quadrupole moment 

• Radiation emitted at twice the orbital frequency 

• Quadrupolar emission pattern 

• Evolution of the frequency with time including radiation 
back-reaction 

,   

 

• From Kepler’s law  is an equation for 
the frequency evolution
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Where are we now - ground-based
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The GW Universe
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credit: LIGO-Virgo-KAGRA | A. Geller | Northwestern
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Where do BHs come from?
• Isolated/Field 

• common envelope 

• stable mass transfer 

• Dynamical/Cluster 

• globular cluster 

• young star clusters 

• AGN disk
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• Primordial black holes 

• Triples/quadruples 

• Hierarchical
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Mass distribution

• LVK phenomenological modeling 

• Primary mass modelled as a 
broken power-law plus peak 
(Fishbach & Holz 2017, Talbot & 
Thrane 2018)  

• Feature at ~ 10 and 35  

• Preference for nearly equal mass

M⊙

7
LVK, arXiv:2508.18083



Walter Del Pozzo CSN2, Venezia, 7th Apr 2025

Dipartimento di Fisica “E. Fermi”

Spin and redshift

• Primary spin ~ 0.4 

• Redshift distribution rules out 
uniform-in-comoving-volume 
distribution 

• Evidence for astrophysical 
evolution 

• SFR?
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Fundamental physics
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• In GR, gravitational waves (GW) are 
wave solutions to Einstein’s equations 
generated from accelerating masses, 
propagating at the speed of light 

• Shape of GW signal carries information 
about  

• binary dynamics and component 
nature 

• non-linear dynamics of space-time 

• final object nature

LVC, arXiv:1602.03837



Walter Del Pozzo

Dipartimento di Fisica “E. Fermi”

10 yr of GW, Pisa, 24th Sep 2025

GW250114
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GW250114

• SNR ~ 80 

• Accurate measurement of signal 
properties 

• Fundamental physics test
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Laws of black hole dynamics

• 0th: The horizon has constant surface gravity for a stationary black 
hole 

• 1st: For perturbations of stationary black holes, the change of energy 
is related to change of area, angular momentum, and electric charge 

• 2nd: The horizon area is, assuming the weak energy condition, a 
non-decreasing function of time 

• 3rd: It is not possible to form a black hole with vanishing surface 
gravity
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Bardeen, J. M.; Carter, B.; Hawking, S. W. (1973)
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Laws of black hole dynamics

• 0th: The horizon has constant surface gravity for a stationary black 
hole 

• 1st: For perturbations of stationary black holes, the change of energy 
is related to change of area, angular momentum, and electric charge 

• 2nd: The horizon area is, assuming the weak energy condition, a 
non-decreasing function of time 

• 3rd: It is not possible to form a black hole with vanishing surface 
gravity
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The nature of the final object
• BH perturbation theory predicts that 

BHs “vibrate”: 

• Central frequencies  and decay 
times  are functions of BH mass 
and spin only (manifestation of the BH 
uniqueness hypothesis, Berti et al, 
arXiv:0512160)  

• First observation: GW150914
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GW250114 Ringdown and 2nd law
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LVK, Phys. Rev. Lett. 135, 2025
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Pulsar timing arrays
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Conclusions

• Astrophysical distributions are initial 
tool to test stellar evolution  

• To date (and in our limited sensitivity): 

• BBHs and GW behave just like GR 
predicts
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