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The Electromagnetic Sky: Conventional Astrophysics

X-ray binaries

Gamma-ray bursts

Radio jets

Event Horizon Telescope

Intergalactic Dust



The Gravitational Wave Sky?
Gravitational Wave:  

Messenger of the gravitational field 

Generated by ~accelerated mass distributions

Most extreme example: Black Hole Binaries



2015 Discovery of 
Gravitational Waves

Laser Interferometer Gravitational 
Wave Observatory



The LIGO Orrery

https://www.ligo.caltech.edu/LA/video/ligo20181203v1


‘Field’? ‘Dynamically’? ‘Other’?

AGN Disc Channel

Primordial BHs?

Single Progenitor?

Open Question: How did these form!?

Work being carried out at the NBIA by: 
D. D’Orazio, J. Samsing, B. Liu, A. Vigna-Gomez, A. Trani, + 



Movie from Johan Samsing



Dynamical Formation in Gas Disk (AGN channel)

Figure 1: Illustration of an eccentric LIGO/Virgo source forming in an AGN-disk. Bottom:

AGN-disk (not to scale) with its central super-massive black hole, and a population of smaller orbit-

ing black holes. These smaller black holes occasionally pair-up to form binary black holes, which

often undergo scatterings with the single black hole population. Top: Outcome of a [50M�, 80M�]

binary black hole interacting with an incoming [70M�] black hole that results in a [80M�, 70M�]

binary black hole merger during the interaction (3-body merger) with an eccentricity ⇠ 0.5 in

LIGO/Virgo. When the dynamical effects of gravitational wave emission are included, and in-

teractions are constrained to a 2-dimensional disk plane, we find a majority population of such

eccentric LIGO/Virgo sources. This also provides a possible explanation for GW190521.
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I LY A  M A N D E L  &  A L I S O N  F A R M E R

Just after 2 a.m. on 4 January 2017, the 
Advanced Laser Interferometer Gravi-
tational-Wave Observatory (Advanced 

LIGO) detector located in Hanford, Wash-
ington, registered a tiny ripple in the fabric 
of space-time. Three milliseconds later, its 
twin detector, located some 3,000 kilometres 
away in Livingston, Louisiana, picked up an 
identical oscillation. Each ripple comprised a 
stretching and squeezing of space by less than 
1 part in 1 billion trillion (1021), and together 
they constituted the discovery of the gravita-
tional-wave signal GW170104. The details of 
this observation are reported by Abbott et al. 
(the LIGO Scientific Collaboration and the 
Virgo Collaboration)1 in Physical Review  
Letters, adding to a growing set of data that will 
help astrophysicists to discover the life stories 
of massive stars.

The observed signal was emitted during the 
merger of two black holes, as in the two previ-
ous confident detections of gravitational waves 
and the one further probable detection2. The 
combined mass of GW170104’s black holes was 
about 50 times greater than the mass of the Sun, 
which makes it the second-heaviest merger 
observed so far. At a distance of 920 mega-
parsecs (3 billion light years) from Earth, the 
source of the gravitational waves is the farthest 
to have been detected with confidence. 

The observed signal was tiny, but the energy 
emitted as gravitational waves was equivalent 
to about two solar masses: in the last second 
before the merger, the gravitational-wave 
luminosity of GW170104 exceeded the com-
bined luminosity of all the stars in the visible 
Universe. Indeed, the loss of energy associ-
ated with gravitational-wave emission is what 
drives black holes to merge.

Gravitational-wave signals precisely probe 
the ultra-strong gravity that is found in the 
vicinity of black holes. As with the previous 
events, Abbott et al. find that their data are 
consistent with Albert Einstein’s general theory 
of relativity, in both the dynamics of merging 
black holes and the subsequent propagation of 
gravitational waves through space.

As well as being a tool for testing  
fundamental physics, gravitational-wave 
astronomy holds promise for the exploration 

of the Universe through studies of the  
dramatic fates of its stellar ‘fossils’ — the 
black holes that are left behind by massive 
stars at the end of their lives. From the sig-
nals observed so far, Abbott et al. determined 
the rate of mergers of black-hole pairs. For a 
galaxy of similar size to our Milky Way, the 
calculated rate corresponds to about 1 to 20 
mergers every million years. The observed 
black-hole systems show a roughly uniform 
spread in total mass, but this partly reflects 
the Advanced LIGO detectors’ greater sen-
sitivity to heavier black holes than to lighter 
ones. The authors infer that the underlying 
mass distribution of merging black holes is 
skewed towards lower masses, consistent with 
the initial mass distribution of massive stars.

To merge within the age of the Universe, 
the black holes responsible for GW170104 
must once have been separated by a distance 
no greater than one-fifth that of Earth from 

the Sun3. But the massive stars that collapse to 
form such black holes are thought to expand to 
sizes much larger than this separation during 
their evolution. So how do they avoid merging 
into a single star before forming black holes?

Several possibilities have been proposed. 
One scenario is that the two stars are initially 
far apart, in a binary system that has a wide 
orbit. As one of the stars expands as it ages, 
the gravity of its companion distorts and rips 
off the expanding star’s outer layers. This can 
produce a thick envelope of gas that surrounds 
the pair (Fig. 1a). Friction between the stars 
and the gas envelope then acts to bring the 
dense centres of the stars closer together4,5. 
Another scenario is that the stars begin close 
together and do not expand (Fig. 1b). Instead, 
rapid spinning — sustained by the energeti-
cally favourable locking of the stellar rotation 
period to the orbital period of the binary sys-
tem — causes efficient mixing within the stars, 

G R AV I TAT I O N A L  W AV E S 

Stellar palaeontology
A third gravitational-wave signal has been detected with confidence, produced again by the merger of two black holes. The 
combined data from these detections help to reveal the histories of the stars that left these black holes behind.
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Figure 1 | Three possible mechanisms for the merger of black holes. a, In a binary star system that 
has a wide separation (orbit shown in broken lines), the expansion of one star as it evolves can lead to its 
outer layers being transferred to its companion. Further evolution of the system can lead to the formation 
of a gas envelope around the two objects, which are now a black hole and a stellar core. Friction between 
these objects and the envelope acts to bring the objects closer together. Eventually both stars collapse 
into black holes; the associated supernova explosions could cause misalignment of the black holes’ 
rotation directions. b, Stars in close binaries can be prevented from expanding by rapid stellar rotation 
and efficient internal mixing, which helps to avoid the transfer of mass between the stars as they evolve. 
The resulting black holes are likely to have aligned rotational axes. c, Individual stars in dense clusters can 
form black holes that subsequently pair up through dynamic interactions with other stars (yellow arrow). 
The rotational axes of these black holes are expected to have a random orientation. Abbott and colleagues’ 
observation1 of a black-hole merger provides data that will help to determine how pairs of black holes 
form and merge.
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NEWS & VIEWS For News & Views online, go to 
nature.com/newsandviews
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Project on (Field) Formation of Black Hole Mergers

*Background: Internal “Mixing” during stellar evolution is still uncertain and can be parameterised 
by theoretical models. How does this affect the outcome of binary star evolution and so BBH 
formation?  

*Question: Do uncertainties in single star evolution allow yet-unimagined BBH formation channels? 
                   
*Task: Implement prescriptions for mixing effects in binary stellar population synthesis code: 
COMPAS ( https://compas.science/; https://github.com/TeamCOMPAS/COMPAS)

https://compas.science/
https://github.com/TeamCOMPAS/COMPAS


The Electromagnetic Sky: Conventional Astronomy



The Gravitational Wave Sky



The Low Frequency Gravitational Wave Sky
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Planned Launch: 2034



[David Champion/NASA/JPL]

Timing of Precise Clocks on a Galactic scalePulsar Timing Arrays:



Stellar Mass Black Holes Supermassive Black Holes

~5x-100x 
Solar mass 
black hole

⇠ 105 � 1010M�

~100 Thousand to 10 Billion 
Solar mass black hole

Black Holes in the Universe

Merger of two:  
High frequency GWs, LIGO

Merger of two:  
Low frequency GWs, LISA and PTAs



GALAXIES MERGE, BUT DO THE BLACK HOLES (AND HOW)?

* Step 1: Galaxy merger 
forms a supermassive black 
hole binary

Far apart

Closer together

* Step 3: Gravitational Waves 
merge the supermassive 
black holes

* Step 2: ???

Open Question:  
How do supermassive black hole binaries 

get close enough to merger? Do they?



GALAXIES MERGE, BUT DO THE BLACK HOLES (AND HOW)?

* Step 1: Galaxy merger 
forms a supermassive black 
hole binary

Far apart

Closer together

* Step 3: Gravitational Waves 
merge the supermassive 
black holes

* Step 2: ???
Work at the NBIA:  

Understanding binary+gas interactions

HOW DO WE FIND OUT?



GALAXIES MERGE, BUT DO THE BLACK HOLES (AND HOW)?
HOW DO WE FIND OUT?

How does gas affect the orbit 
and drive the black holes to merge? 

Step 1 Step 2? Step 3

Population Predictions 
How does the accretion of gas  

make the binary EM bright?

Discovery in EM spectrum

20 M. J. Graham et al.

Figure 8 – continued

c� 2011 RAS, MNRAS 000, 1–??



Project in Numerical Hydrodynamics

*Background: Studies of gas-driven binary orbital evolution fix the binary orbit and calculate 
how gas forces would change the orbit. For a large enough disk mass this fixed-orbit 
approximation breaks down. We need a binary that reacts in real time to the gas forces to 
explore the above question.


*Question: When does back reaction onto the binary orbit affect the problem? 
 
*Task: Implement a “Live Binary” into the DISCO hydrodynamics code.



People

Martin Pessah,  Johan Samsing,  Daniel D’Orazio 

mpessah@nbi.ku.dk,   jsamsing@nbi.ku.dk,   daniel.dorazio@nbi.ku.dk

Research Topics

* Theory at interface with observations:  pencil-paper and numerics 
* Gravitational Waves and Black Hole Astrophysics 
 

* Many-body (relativistic) gravitational dynamics 
 

* Gas Accretion, Gravitational Lensing

Open Questions

* How do black hole binaries (across the mass scale) form and merge?

             * How do we find evidence for supermassive black hole binaries? 
 

                    * Where/How do the stellar mass black hole binaries form/merge? 
 

     * What Electromagnetic and Gravitational Wave observables can we    
       predict and use to find the answers? 

mailto:jsamsing@nbi.ku.dk
mailto:daniel.dorazio@nbi.ku.dk

