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M87 (17 Mpc) SMBH - Event Horizon Telescope



ESO



Jet

Collimation and stability: MHD simulations seem to be able to 
produce jets similar to what is seen.

Formation: how can you set a jet from an accretion disk to power an 
AGN, unclear! 
Obviously these originate near the BH and any disk-like 
structure will provide a preferred axis for the jets.  So energy has 
to be extracted from the disk and/or BH and transferred to the 
jets.  Magnetic fields are a good candidate for doing this, as they 
can generate relativistic velocities and large momentum fluxes 
and collimate the jets. 
Blandford Znajek mechanism in which the magnetic field extracts 
spin energy might be an option, but this works with rotating black 
holes only….
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14Simulation - Northwestern Visualization, Carl Rodriguez



gravitational waves 
a new view of the universe

NASA
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waves  come in many forms
Taiyo Masuda



Daniel Lopez: El Cielo de Canarias
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Einstein’s Gravity: General Relativity
Matter tells spacetime how to curve

Spacetime tells matter how to move
- John Wheeler

LIGO/Caltech
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Einstein’s prediction: Gravity bends light

 S. Brunier /ESO
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Einstein’s prediction: Gravity bends light

 S. Brunier /ESO
Measured by Eddington in 1919 during a total solar eclipse!
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Indirect evidence of gravitational waves
Hulse-Taylor Binary Pulsar 
Won the Nobel Prize in Physics in 1993!

Weisburg, Nice & Taylor, 2010

GR prediction

Illustration - John Rowe





SXS
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Observing GWs with interferometry

26McIver 2015





28LIGO: A passion for understanding, Kai Staats



29The Advanced LIGO documentary project, Les Guthman



LIGO/Caltech 30



Current GW detector network (IGWN)

LIGO/Caltech 31

Early construction



LIGO/Caltech
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Image:LIGO/Caltech Audio simulation: Scott Hughes, MIT



36LIGO-Virgo

Sky localization with GWs



37Image: 1M2H/UC Santa Cruz and Carnegie Observatories/Ryan Foley
D. Coulter et al. 2017 arXiv 1710.05452

Discovery of an optical counterpart



38NASA/Goddard Space Flight Center/CI Lab

The first multi-messenger discovery with GWs



Zoheyr Doctor / CIERA / LIGO-Virgo Collaboration



The stellar graveyard



Timeline of Advanced LIGO and Advanced Virgo
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2010 2015 2020 2025
O1 O2 O3 O4aeLIGO O4b

graceb.ligo.org

Mostly 
black hole 
mergers  



A black hole journey
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LIGO/Caltech
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Recent news!  



Over 1600 people  
from 100 institutions  

and 20 countries  
worldwide! 

Pictures collected by G. Gonzalez
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Evan Goetz 
Helen Du 

Alan Knee  
Alan Knee 

Heather Fong 
Neev Shah 

Vaibhav Garg

Mervyn Chan, Miriam Cabero 

Evan Goetz, Alan Knee,  
Neev Shah, Kat  Nell 

The UBC GW 
astrophysics 

group

Evan Goetz 
Niko Lecoeuche 

Annudesh Liyanage 
Steven Hsueh

Mervyn Chan 
Alan Knee 

Sofía Alvarez 

46

Alan Knee, Kye Emond, 
with Scott Oser, TRIUMF

https://gravitational-waves.phas.ubc.ca/
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Source: cosmicexplorer.org

http://cosmicexplorer.org
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40 km
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Slide by G. Losurdo



L. Nuttall



LIGO/Virgo LISA Pulsar timing CMB polarization
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Illustration - https://en.wikipedia.org/wiki/Extreme_mass_ratio_inspiral 

https://en.wikipedia.org/wiki/Extreme_mass_ratio_inspiral


55Merging galaxies NGC 2623. NASA/ESA (Hubble) 
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Illustration 
NASA, ESA, CSA, Joseph Olmsted (STScI)



Pulsar Timing Arrays

Illustration  
David J Champion



Illustration 
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An International Radio Telescope Effort

IPTA



61IPTA

CHIME 
Penticton, BC

An International Radio Telescope Effort
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This is just the beginning of gravitational wave astrophysics! 

Slide by G. Losurdo
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This is just the beginning of gravitational wave astrophysics! 

Rice

Slide by G. Losurdo
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This is just the beginning of gravitational wave astrophysics! 

Rice

400 years later…

HST

?
Slide by G. Losurdo



67NSF/LIGO/Sonoma State University/A. Simonnet

Help us out on GravitySpy.org! 

Visit the Gravitational Wave Open Science Centre: 
gwosc.org

http://GravitySpy.org


68Kai Staats



69Caltech/MIT/LIGO Lab/NSF, Robert Hurt



New for O4: a 300 m filter cavity

Wenxuan Jia LIGO Lab


