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EVIDENCE FOR ASTROPHYSICAL BLACK 
HOLES



Extreme Luminosities Massive unseen binary companions



Stellar motions in our galactic centre

Ghez et al.  
(also Genzel et al.) 



Direct imaging of event horizons

M87 
6 x 109 
solar 

masses 
(2019)

Sgr A* 
3 x 106 
solar 

masses 
(2022)

Stellar mass black holes 
10 solar masses

Huge range of scales

The EHT collaboration



RELATIVISTIC JETS FROM BLACK HOLES



Cygnus A

100 kpc

Milky Way



M87 inner jet moves a few milliarcseconds in 200 days



M87 inner jet moves a few milliarcseconds in 200 days 
Time to jet termination approximately 10,000 years 

1 arcmin (~6 kpc)

We will never be able to 
track M87 jets from 

launch to termination
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The energy released in 
radiation is easy to 

measure (instant release) 

The mass accretion rate is 
hard to measure 

The jet power is very hard 
to measure (slow release) 

The advected component 
cannot be measured, only 

inferred Event horizon

Matter

The power of jets: a 
fundamental question



M87: arguably the best-studied jet from horizon to lobes 
And yet: jet power estimates range from 1042  — 1045 erg s-1

1 arcmin (~6 kpc)
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ThunderKAT: monitoring relativistic jets and 
particle acceleration in our galaxy with MeerKAT

Led by Fender (Oxford) and  
Woudt (University of Cape Town)

Movie by Alex Andersson for ThunderKAT



On March 11, 2018, a new black hole X-ray transient, 
MAXI J1820+070, was discovered 

We observed the source for approximately two years at 
weekly intervals with MeerKAT 

To our surprise, after two months we began to spatially 
resolve the source,  and this continued for ~2 years 

Powerful, long-lived, superluminal ejections were 
observed 

We were able to directly measure the internal energy of 
the ejecta 90 days after launch for the first time 

Bright, RF et al. Nature Astronomy (2020)



MAXI J1820



MAXI J1820
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FUTURE PROSPECTS









Beyond naive 
equipartition 

PLUTO relativistic 
HD simulations 

Initial conditions 
derived from 

observations of 
MAXI J1820 at 90 

days (assuming 
Lorentz factor 3 at 

this time) 

Savard, Matthews, 
RF et al. in prep 



We are able to 
approximately 

reproduce size and 
timescale of 

deceleration, and 
observed synchrotron 

luminosity of blob 
(caveat degeneracies in 

initial conditions) 
except for an initial radio 

flare due to incorrect 
input structure) 

Savard, Matthews, RF et 
al. in prep 



Conclusions

Black holes produce relativistic jets whose large energy budget is hard to measures 
and hard to connect to horizon-scale properties at the moment of launch 

In stellar-mass black holes we are now able to track jets from launch to termination 

Rare size measurements confirm that jet power can exceed observed radiative 
luminosities at both low (always?) and high (intermittently) accretion rates 

Relativistic MHD modelling and SKA-era observations will allow us to precisely 
measure jet energy and track how it is dissipated in the interstellar medium

Fin.




