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Supermassive Black Hole Binaries

● galaxies grow hierarchically
○ small galaxies merge to form larger ones

● dynamical friction
○ central SMBHs of merging galaxies move closer together
○ gravitational interactions with surrounding stars and gas
○ efficient at large separations (≥ 1 pc)

● become gravitationally bound

● final parsec problem
○ gravitational emission alone is too weak
○ inspiral time: ~10¹⁰–10¹¹ yr
○ additional dynamical mechanisms are required



Observations

● Electromagnetic measurements
○ direct imaging
○ jet kinematics
○ spectroscopy
○ Spectral Energy Distribution
○ time-domain photometry

● Gravitational radiation
○ binaries emit Gravitational Waves
○ low-frequency ←→ long-period
○ Pulsar Timing Array (PTA)
○ Laser Interferometer Space Antenna 

(LISA)

➢ EM observations identify potential SMBHBs

➢ physical parameters from EM (z, P, M, q) → GW parameters (f, h)

➢ targeted search for GWs

➢ multi-messenger counterpart would validate the SMBHB candidates



Gravitational radiation

❏ orbiting binaries emit quadrupole radiation
❏ carries away energy and angular momentum

shrinking separation circularize eccentric orbits
increasing frequency P ~ yr  →  f ~ nHz

<< nHz/yr
quasi-Keplerian orbit

continuous, quasi-monochromatic GW



Zhu, Cui & Thrane (2019) 
Kun et al. (2023)
Xin, Mingarelli & Hazboun (2021)



https://www.astronomy.com/



Pulsar Timing Array (PTA)

★ galaxy-scale GW detector
○ arm: Earth-pulsar baseline

★ MSPs are extremely stable clocks
○ measuring times of arrival (TOAs)

★ GW passes the baseline
○ spacetime distortion
○ TOAs shift from their expected value

■ timing residuals

GW frequency, strain



Pulsar Timing Array (PTA)

★ galaxy-scale GW detector
○ arm: Earth-pulsar baseline

★ MSPs are extremely stable clocks
○ measuring Timing Of Arrivals

★ GW passes the baseline
○ spacetime distortion
○ TOAs shift from their expected value

■ timing residuals

GW frequency, strain
Detweiler S., Pulsar timing measurements and the search 
for gravitational waves, The Astrophysical Journal (1979).



Agazie et al. (2023) 

N = 67
T = 15 years
sigma = 300 ns
cadence = 14 days











Hazboun, Romano & Smith (2019) 



Square Kilometre Array (SKA)

❖ Larger collecting area 
➢  higher S/N

❖ Number of pulsars > 100
❖ Timing precision < 100 ns

➢ higher GW sensitivity
❖ Observing cadence: 1 - 2 weeks
❖ Timespan > 10 yr

➢ access to lower GW frequencies

❖ Goal: Detection and characterization 
of individual SMBHBs

SKA Observatory (2026)





Future prospects for PTA GW detection

❖ Multimessenger astronomy
➢ Combine EM and GW observations to identify and characterize SMBHBs

❖ Final parsec problem
➢ Test how SMBH binaries reach the GW-driven inspiral phase

❖ SMBH and galaxy evolution
➢ Understand BH growth, galaxy mergers, and binary dynamics

❖ Cosmology
➢ Potential independent measurements of the Hubble constant using GW standard sirens



Thank you for your attention!
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