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1. What are black holes?
2. What types of black holes exist in the Universe and how did 

they form?
3. How can black holes be observed ?
4. How do black holes evolve and how can we model their 

dynamical evolution?
5. What is the future of black holes and how do they die ?
6. What have we learned today?
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• The first idea for black holes was 
put forward by the geologist John 
Michell in 1784, who based on the 
Newton’s law of gravity speculated 
about the existence of ”a body so 
massive that even light could not 
escape from it”. 

• According to Einstein’s (1915) 
Theory of General relativity the 
observed gravitational effect 
between different masses results 
from their warping of spacetime. 
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1. What are black holes?
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• A black hole is a region of spacetime 
exhibiting such strong gravitational 
effects that nothing, not particles or 
even electromagnetic radiation, such 
as light, can escape from inside it.
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• Black holes were just mathematical 
curiosities for a long time, until people 
started to realised in the 1960s that black 
holes are real physical objects that exist 
in the Universe. 

• The physicist Robert Dicke came up with 
the name black hole, when he reportedly 
compared the phenomenon to the “Black 
Hole of Calcutta”, a notorious prison, 
where people entered but never left alive. 

• Black holes are in fact incredibly simple 
objects. According to the ”No hair 
theorem” they can only have three global 
properties:  

3.5.2019 4

The properties of black holes
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Mass: M>0
Angular momentum: L>0 
Electric charge: Q~0
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• The Event horizon: A boundary in 
spacetime, the inside from which 
nothing, not even light, can escape.  
For a stationary non-rotating black hole 
the Schwarzschild radius is:

• Singularity: Point-like structure, where 
the curvature of spacetime become 
infinite. Has a zero volume and contains 
all the mass of the black hole, thus 
resulting in infinite density.

• Rotating black holes are surrounded by 
a region of spacetime in which it is 
impossible to stand still, called the 
ergosphere. This is the result of a 
process known as frame-dragging.

3.5.2019 5

The structure of black holes
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What would happen to the Earth if the Sun 
suddenly turned into a black hole? 

• If all the matter in the Sun would be com-
pressed inside a radius of 3 kilometres, 
the Sun would turn into a black hole (this 
is only possible in theory).

• What would happen to the Earth?
A. Nothing, everything would continue as before.
B. The Earth and all the planets would fall into 

the black hole. 
C. The closest planets would fall into the black 

hole, but the Earth would remain in its orbit.
D. The sky would turn dark, but the Earth and 

the other planets would continue in their 
orbits. 

Answer D is correct, 
but why?

Black holes are not 
”cosmic vacuum cleaners”.



www.helsinki.fi/yliopisto 3.5.2019 7

2. What types of black holes exist?
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1. Stellar-mass black holes: 
How large?: about 3-100 times the mass of the Sun. 
The event horizons are about ~9-300 km. 
Where?: Throughout the galaxy and the Universe. 
Everywhere where massive stars are formed. 

2. Supermassive black holes :
How large?: about 105-1010 times the mass of the Sun. 
The event horizons are roughly about the size of the 
Solar System. 
Where?: In the centres of galaxies. For example the 
Milky Way contains a supermassive black hole with a 
mass of 4 million solar masses. 

3. Intermediate-mass black holes:
How large?: about 103-104 times the mass of the Sun. 
The event horizons are 1000s of kilometres. 
Where?: In the cores of dense stellar clusters.
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The formation of stellar-mass black 
holes
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• The number of black holes:  Only very 
massive stars (M≥15-20 M⊙) leave behind 
black holes, when they die. The vast majority 
of stars are light. Roughly only 1 out of every 
1000 formed stars is massive enough to from 
a black hole.

• The structure of stars: A massive stars has 
a distinct onion-like structure towards the end 
of its life, with fusion proceeding in different 
shells. 

• The end of fusion: When an iron core has 
formed, the fusion process cannot continue 
as fusing iron results in a loss of energy. 

• Supernova: The star becomes unstable and 
the outer parts of the star explodes in a 
supernova. The core can collapse into a black 
hole, if its mass exceeds ~3 M⊙. 

The supernova remnant Cassiopeia A 
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The formation of supermassive 
black holes
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• No metals: In the very early Universe 
there was just hydrogen and helium. The 
lack of  heavier elements made cooling 
inefficient. 

1. The first stars: If molecular hydrogen 
(H2) was present, the gas could still cool 
and form very massive stars that later 
evolved into black holes. 

2. Direct collapse black holes: If no 
molecular hydrogen was present, gas 
cooling was very inefficient and this case 
massive gas clouds could directly 
collapse into black holes with masses of  
MBH~104-105 M⊙.

A numerical simulation run by our group 
depicting the formation of a supermassive 
black hole in the very early Universe. 
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3. Observing black holes: Accretion 
discs and energy production
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• New observations found objects that had 
very rapid light fluctuations and strong 
emissions in the X-ray and radio bands.

• When gas cools the angular momentum 
is generally conserved, resulting in 
flattened accretion discs. 

• Due to the intense gravity gas is moving 
at very high velocities. Gravitational and 
frictional forces compress and raise the 
temperature of the material in he 
accretion discs, causing the emission of 
electromagnetic radiation. 

• Typically about ~10% (max 42%) of the 
rest mass energy of the matter can be 
transformed to electromagnetic radiation 
(mainly X-rays). The efficiency of 
hydrogen fusion in stars is only 0.7 %!
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Dynamical modelling– Sgr A* 
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• For some black holes their masses can be 

derived by observing the motions of the 

objects around them. 

• The best example of such a system is the 

black hole at the centre of the Milky Way, 

Sgr A*. Stellar orbits around this source 

have now been monitored for 25 years. 

• One of the stars, S2, orbits that Sgr A* 

black hole on a orbit with a period of 

P=16.02 years. At its nearest approach it 

comes to a separation of 17 lighthours

(1400 RSch) from the black hole. 

• The mass of the Milky Way central black 

hole has been determined very accurately: 

MBH=4.3x106 M⊙.

GRAVITY Collaboration: R. Abuter et al.: Detection of gravitational redshift
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Fig. 2. Summary of the observational results of monitoring the S2 - Sgr A* orbit from 1992 to 2018. Left: Projected orbit of the star S2 on
the sky (J2000) relative to the position of the compact radio source Sgr A* (brown crossed square at the origin). Triangles and circles (and 1�
uncertainties) denote the position measurements with SHARP at the NTT and NACO at the VLT, colour-coded for time (colour bar on the right
side). All data points are corrected for the best-fit zero-point (x0, y0) and drifts (ẋ0, ẏ0) of the coordinate system relative to Sgr A* (see Plewa et al.
2015). Green squares mark the GRAVITY measurements. The bottom right panel shows a zoom around pericentre in 2018. Top right: Radial
velocity of S2 as a function of time (squares: SINFONI/NACO at the VLT; triangles: NIRC2 at Keck). S2 reached pericentre of its orbit at the end
of April 2002, and then again on May 19th, 2018 (MJD 58257.67). The data before 2017 are taken from Ghez et al. (2008), Boehle et al. (2016),
Chu et al. (2018), and Gillessen et al. (2009b, 2017). The 2017/2018 NACO/SINFONI and GRAVITY data are presented here for the first time.
The cyan curve shows the best-fitting S2 orbit to all these data, including the e↵ects of General and Special Relativity.

the combined H+K-band grating with a spectral resolution of
R⇡ 1500.

For more details on the data analysis of all three instruments,
we refer to Appendix A.

3. Results

3.1. Relativistic corrections

The left panel of Fig. 2 shows the combined single-telescope
and interferometric astrometry of the 1992-2018 sky-projected
orbital motion of S2, where the zero point is the position of the
central mass and of Sgr A*. All NACO points were corrected
for a zero-point o↵set and drift in R.A./Dec., which are obtained
from the orbit fit. The bottom right panel zooms into the 2018
section of the orbit around pericentre measured with GRAVITY.
The zoom demonstrates the hundred-fold improvement of as-
trometry between SHARP in the 1990s (⇡ 4 mas precision) and
NACO in the 2000s (⇡ 0.5 mas) to GRAVITY in 2018 (as small
as ⇡ 30 µas). While the motion on the sky of S2 could be detected
with NACO over a month, the GRAVITY observations detect the
motion of the star from day to day. The upper right panel of Fig. 2

displays the radial velocity measurements with SINFONI at the
VLT and NIRC2 at Keck in the 1992-2018 period.

At pericentre Rperi, S2 moves with a total space velocity
of ⇡ 7650 km/s, or � = v/c = 2.55 ⇥ 10�2. This means that
the first-order parameterised post-Newtonian correction terms
(PPN(1)), due to Special and General Relativity, beyond the or-
bital Doppler and Rømer e↵ects, are within reach of current mea-
surement precision, PPN(1) ⇠ �2 ⇠ (R

S

/Rperi) ⇠ 6.5⇥ 10�4.
These terms can be parameterised spectroscopically as (e.g. Mis-
ner et al. 1973; Alexander 2005; Zucker et al. 2006).

z =
��

�
= B0 + B0.5� + B1�

2 + O(�3), (1)

where the PPN(1)
z

term B1=B1,tD+B1,gr

, with B1,tD=B1,gr

=0.5,
and �2= [R

s

(1+e)]/[2a(1 � e)]=6.51⇥10�4 for S2. Here a is the
semi-major axis and e is the eccentricity of the S2 orbit. B0.5� is
the Newtonian Doppler shift.

Eq. (1) indicates that PPN(1)
z

consists in equal terms of the
special relativistic transverse Doppler e↵ect (B1,tD) and the gen-
eral relativistic gravitational redshift (B1,gr

), totalling ⇡ 200 km/s
redshift at pericentre, while at apocentre, it amounts to only

Article number, page 3 of 10

In the summer of 2018 the
next close passage of S2. 
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Direct observations– Event Horizon 
telescope
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• At the moment there is an attempt 
under way to directly observe the 
shadow of the black hole at the 
centre of the Milky Way using the 
Event Horizon Telescope, which is 
a sub-millimetre interferometer. 

• In an interferometer the signals 
from multiple radio telescopes 
around the World are combined 
resulting in very high spatial 
resolution. 

• The analysis of the observations is 
very demanding and as of yet no 
results have been published. 

The Hollywood view of a black hole 
(Interstellar movie).

Physical simulation of the shadow
of a black hole.
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4. The evolution of black holes–
Gas accretion
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• The masses of black holes 
increase, when they accrete matter. 
At the same time the angular 
momentum typically increases, as 
the mass flows in typically from an 
accretion discs.

• For stellar-mass black holes usually 
the most important mass donor is a 
companion star in a binary system. 

• Dormant supermassive black holes 
can be awaken by the fresh supply 
of gas in infalling gas clouds and 
stars. Galaxy mergers typically 
result in an increased gas flow.
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Mergers of stellar-mass black 
holes– Gravitational waves
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• In 2015 LIGO observed a GW-
signal for 0.2 seconds during 
which the frequency rose from 35 
Hz to 150 Hz.

• This was caused by the merger of 
two black holes with masses of 
M1=36 M⊙ and M2=29 M⊙.

• The mass of the new black holes 
was 62 M⊙, with 3 M⊙ emitted as 
gravitational waves. 

• For a brief moment this merger 
produced 10 times more energy 
than the entire Universe.

The observed displacement of h=10-21

corresponds to a relative change of
length, which is a 1/10000 times the 
width of proton.  
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Mergers of supermassive 
black holes
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• When galaxies merges, their 
supermassive black holes will also 
eventually merge. This happens through 
three distinct phases.

1. Firstly, dynamical friction from stars 
and gas reduces the semi-major axis 
of the BH binary to few tens of 
lightyears.

2. Next, the semi-major axis of the binary 
will shrink by kicking out stars in 
complex three-body interactions. 

3. The emission of gravitational waves 
will eventually dominate the loss of 
orbital energy at very small  (<0.01 
lyrs) binary separations.
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KETJU: Hybrid Nbody
+hydrodynamics code
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1. KETJU (chain in Finnish): Built on 
the GADGET-3 code. Includes 
algorithmically regularised chain
regions around every black hole.

2. The dynamics close to the black holes 
is accurately resolved. GADGET is 
used for the long distance force.  

3. Includes Post-Newtonian corrections 
up to order 3.5 PN, valid down to ~10 
Schwarzschild radii

4. The main novelty is that KETJU 
enables accurate dynamics 
simultaneously with gas physics.

Rantala, Pihajoki, Johansson et al. 2017, ApJ
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5. The future of black holes–
The epoch of black holes
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• In the very distant future when the Universe if about 1040-10100 years 
(present-day age ~1010 years) all stars have long ago died and there are 
only black holes left in the Universe.

• An accurate prediction is difficult, since we do not yet know what exactly is 
going to happen with the accelerating expansion of the Universe. 
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Hawking radiation and the death 
of black holes
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• Even black holes do not live 
forever. Stephen Hawking 
showed in 1974 that due to 
quantum effects black holes emit 
radiation close from their Event 
horizons. 

• This Hawking-radiation has 
never been observed, as it is 
extremely weak. The 
temperature of black hole with a 
mass of a few solar masses is 
only about one millionth of a 
degree above absolute zero. 

• A one solar mass black hole would 
evaporate due to the emission of 
Hawking radiation in about 1064

years.
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1. Black holes are extremely dense concentrations of mass in space-time and 
their properties can be fully described by their mass, angular momentum and 
electric charge. 

2. There are stellar-mass, supermassive and intermediate-mass black holes in 
the Universe. Black holes are formed when matter is compressed to extreme 
densities. 

3. The accretion discs surrounding black holes produce huge amounts of energy. 
In addition black holes can be observed through the dynamics of surrounding 
stars and also directly through gravitational waves. 

4. The masses of black holes increase through gas accretion. Using powerful 
new simulation codes, the dynamical evolution of black holes from large-
scales all the way to the gravitational-wave driven coalescence can be 
modelled. 

5. Not even black holes will live forever. Instead they will eventually evaporate 
through Hawking radiation. But for this to happen, you have to wait almost an 
eternity.  
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What have we learned today?
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