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Today’s topics

=
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”.
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the
observed gravitational effect A is a region of spacetime
between different masses results exhibiting such strong gravitational
from their warping of spacetime. 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

that exist
in the Universe.

The physicist Robert Dicke came up with
the name black hole, when he reportedly
compared the phenomenon to the

, @ notorious prison,

where people entered but never left alive.

Black holes are in fact incredibly simple
objects. According to the

they can only have three global
properties:
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A boundary in
spacetime, the inside from which
nothing, not even light, can escape.

For a stationary non-rotating black hole rotation axis
the Schwarzschild radius is:

2GM M event
RSCh — C—2 = 2.95 km X M—® horizon

o

Point-like structure, where . ,
singularity

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 \Lv
a region of spacetime in which it is
impossible to stand still, called the

. This is the result of a
Rrocess known as frame-dragging.
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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).

Nothing, everything would continue as : t,_ j_

The Earth and all the planets would fall into
the black hole.

The closest planets would fall into the black
hole, but the Earth would remain in its orbit.

The sky would turn dark, but the Earth and
the other planets would continue in their
orbits.
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2. What types of black holes exist?

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.

Supermassive black holes :

How large?: about 10°5-1010 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.

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

The number of black holes: Only very
massive stars (M215-20 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.
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The formation of supermassive
black holes

A numerical fmulaﬂi nrun by ourgrdup * No metals: In the very early Universe
depicting F '@rm n-ofg@supermassive there was just hydrogen and helium. The

black hale in'the veggearly[Universe. lack of heavier elements made cooling
inefficient.

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

wo u

2. Direct collapse black holes: If no

100 “\ molecular hydrogen was present, gas
cooling was very inefficient and this case
massive gas clouds could directly

1072 collapse into black holes with masses of
Mgy~104-105 M.

8702 pc
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3. Observing black holes: Accretion
discs and energy production

100pm 1pm 1004 4keV 400keV

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.
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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
Aydrogen fusion in stars is only 0.7 %!
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Dynamical modelling— Sgr A*

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. 2

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 Rg.y) from the black hole.

The mass of the Milky Way central black

hole has been determined very accurately: e summer o
Mp=4.3x10° M. next close passage of S2.

0.00




Direct observations— Event Horizon
telescope

« 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 Pisicaligivudatiaewihe shatdvele
very demanding and as of yet no qitdlseiinoovie)
results have been published. '




4. The evolution of black holes—
Gas accretion

E _—Jet ‘. -
- The masses of black holes Adwt\" . X-']“” neata
increase, when they accrete matter.  [EESSEE "-'-H;tfpf’t‘
At the same time the angular . AN
momentum typically increases, as U | NG
the mass flows in typically from an . aeegy AR
Gt

accretion discs. Digc wind [, stream . SO

R Aynes 200/

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

Hanford, Washington (H1) Livingston, Louisiana (L1)

In 2015 LIGO observed a GW- %jgi I D
signal for 0.2 seconds during 05| 1 e AV
-1.0 | | 1_1_u°mmd

which the frequency rose from 35 % 1 o i
Hz to 150 Hz. £ os|
This was caused by the merger of ;e [ )
two black holes with masses of o5y ey

= = 0.0l AR A M A A g plbppens
M,=36 M5 and M,=29 M. T e
The mass of the new black holes 5 *
was 62 Mg, with 3 M emitted as g .,
gravitational waves. g o

32

For a brief moment this merger 030 g A i 030 O 040 08
produced 10 times more energy  The observed displacement of h=10-
than the entire Universe. corresponds to a relative change of
ELSINGIN YLIOPISTO | - Ielngth, which is a 1/10000 times the
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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 ere
+hydrodynamics code

.......

[

1. KETJU (chain in Finnish): Built on  Rantala, Pihajoki, Johansson et al. 2017, ApJ
the GADGET-3 code. Includes o x ® SMBH
algorithmically regularised chain
regions around every black hole.

15

1.0

2. The dynamics close to the black holes
is accurately resolved. GADGET is 05
used for the long distance force.

0.0

Y/a

3. Includes Post-Newtonian corrections
up to order 3.5 PN, valid down to ~10
Schwarzschild radii 1o

4. The main novelty is that KETJU eT

-0.5

enables accurate dynamics e -
simultaneously with gas physics. ——2%—>—10-=0 i‘i’mé’.’s DU
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5. The future of black holes—
The epoch of black holes

The Primordial Era
Bt The Stelliferous Era Heat
i ea
Ba?ng The Degenerate Era Death
The Black Hole Era
The Dark Era
econd
rst star began to shine
.7 billion years, the present day
he last star has di
he last supermassive black holes have evaporated. o
LI T T T T 1 g
0 100 200 300 400 500 year

* In the very distant future when the Universe if about 1049-101%° years
(present-day age ~10'° 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

* 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.
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A one solar mass black hole would
evaporate due to the emission of
Hawking radiation in about 1054
years.
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% What have we learned today?

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.

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

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.

The masses of black holes increase through gas accretion. Using powerful
new simulation codes, the dynamical evolution of black holes from large-
sca(lje:?I aclll the way to the gravitational-wave driven coalescence can be
modelled.

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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