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What is an explosion?
Release of energy on a time scale 
that is shorter than the dynamical 
time scale of the system, i.e. the 
system has no time to mechanically 
respond to the input of energy.

●  Magnetic energy
●  Gravitation potential energy
●  Nuclear energy

Energy source
Gravitational waves

Electromagnetic radiation

Kinetic energy
Accelerate particles

Elementary particles

neutrinos



Where does it happen?

Single stars
       normal or neutron starts

Binary stars
       at least one star is degenerate - white dwarf, neutron star or
       black hole

Supermassive black holes



Light curve and spectrum

Light curve Spectrum



Compare with explosions of Earth

Tsar Bomba Mount St Helens eruption

2 x 1024 erg 1 x 1024 erg

Global energy use per year: 6 x 1027 erg! Sun’s luminosity: 4 x 1033 erg s-1!





Solar flares
Magnetic activity - 11 yr sunspot cycle 



The magneto-dynamic model for sunspots

The difference in rotation speed ”winds up” 
the magnetic field lines, giving sunspots.




Glowing, ionized gas follows the 
magnetic field lines.

When the field lines change direction a lot 
of energy is released, throwing out solar 
matter in space.

This magnetic activity lead to large amounts of 
particles being ejected into space. This strong 
solar wind can cause problems with 
communication and power transmission on 
earth, and can be lethal for astronauts in 
space.




Coronal mass ejection
Total released energy can
reach 1033 erg




Flares in other stars
Observed in other Solar-like
stars

More powerful in low-mass
stars reaching 1039 erg. Below
is a giant flare from a L-dwarf.



Explosions in interacting binary stars
1. normal star + degenerate star (white dwarf, neutron star or black hole)




Explosions in interacting binary stars
1. normal star + degenerate star (white dwarf, neutron star or black hole)

MMS < 9 M🞊

M < 1.4 M🞊

R=7000 km

ρ=109 kg/m3 

White dwarf

9 M🞊 <MMS< 25 M🞊

1.4 M🞊 <M< 2.5 M🞊

R=10 km

5.6x1017 kg/m3 

Neutron star

M
MS

 > 25 M🞊

M > 2.5 M🞊

R~M=3 km (Sun)

2x1019 kg/m3 (Sun)

Black hole



Explosions in interacting binary stars
Dwarf novae: normal star + white dwarf

Typical total energy 1040 erg (with large variation)



Explosions in interacting binary stars
Dwarf novae: normal star + white dwarf

When the mass-transfer rate from the 
normal star is below some critical value:

● The disk is cool T=3000 K and H is neutral

● Not all the mass that is transferred from the 
normal star can be transported thought
the disk to reach the white dwarf. Mass is
thus accumulated at the out part of the disk.

● When a critical mass is accumulated, thermal
instability sets in and the disk rapidly goes to
a hot state with T>10000 K. The accumulated
gas is rapidly transported through the disk and
it returns to the cool state.

Dwarf novae outbursts are thus alternation 
between the cool and hot states of the 
accretion disk



Explosions in interacting binary stars
Dwarf novae: normal star + white dwarf

When the mass-transfer rate from the 
normal star is below some critical value:

● The disk is cool T=3000 K and H is neutral

● Not all the mass that is transferred from the 
normal star can be transported thought
the disk to reach the white dwarf. Mass is
thus accumulated at the out part of the disk.

● When a critical mass is accumulated, thermal
instability sets in and the disk rapidly goes to
a hot state with T>10000 K. The accumulated
gas is rapidly transported through the disk and
it returns to the cool state.

Dwarf novae outbursts are thus alternation 
between the cool and hot states of the 
accretion disk




Explosions in interacting binary stars
Classical and recurrents novae: normal star + white dwarf

The mass-transfer rate from the normal 
star is above the critical value:

● The disk is permanently in hot state T>10000 K 
and H is ionized

● When a critical amount of hydrogen is 
accumulated on the surface an explosive 
thermonuclear reaction can be triggered. It is 
limited only to the surface an thus the white dwarf 
is not destroyed. This may be repeated every 
100000 yr.

● In some systems this is repeated every about 100 
yr, called recurrent novae.

Typical total energy 1046 erg



Explosions in interacting binary stars
X-ray novae: normal star + neutron star or black hole

Thermal disk instabilities can occur in disk
around neutron stars and black holes

● Because of the high gravity close to the compact 
star, the disk becomes very hot and emits energy 
in the X-ray spectral range. 

● There X-rays outburst can last for months.

● These objects are called X-ray novae.

Typical total energy 1045 erg



Explosions in interacting binary stars
X-ray bursters: normal star + neutron star

In systems with neutron star, gas can 
accumulated on its surface and trigger 
explosive thermonuclear reactions

● This happens in two phases. In the first phase, 
hydrogen will fusion slowly on the surface of the 
neutron star, creating helium. 

● In the second step, helium will fusion explosively 
giving rise to a strong short X-ray pulse. This may 
repeat with a period of hours to few months. 

● These objects are called X-ray bursters.

Typical total energy 1039 erg



Soft gamma-ray repeaters
Highly-magnetized neutron star

Conservation of angular momentum requires 
that a neutron star rotates rapidly around its 
axis.  (If the Sun was compressed to the 
density of a neutron star it would rotate with 
60000 rpm!)

When the radius of the star decreases, its 
magnetic field at the surface will increase and 
can reach 108 T(as a comparison, an ordinary 
star has a field of 1x 10-4 – 0.5 T, the strongest 
field achieved in the laboratory is 100 T)

Re-arrangement of this strong magnetic field, 
possibly the result of field reconnection, pumps 
magnetic energy into hot plasma that radiates 
low-energy gamma rays. 

Typical total energy 1044-46 erg



Typical total energy 1049-51 erg 
(radiation+kinetic+neutrinos)

Explosions that happened at the end of stars life
Can for short time outshine whole galaxy

Supernovae



White dwarf which eventually 
undergoes complete 
thermonuclear disruption

Explosion driven by collapse of
the star core

Depending on the initial mass 
there are two possible outcomes

Stellar evolution

M<9-10M⊙

M>10M⊙



>10M⊙ stars forms onion-like structure with Fe core

Core-collapse Supernovae

When Fe-core mass reaches ~1.4M⊙ 
relativistic electrons can no longer 
resist gravity and the core collapses 
in ¼ s. The process: 
p + e- = n + νe (electron capture)  
leads to neutronization of the matter 
and formation of a neutron star. 

Through a series of complex 
processes, enough energy is 
generated to eject the outer star 
layers with velocity 5-6000 km/s and 
this is the SN that we observe.

In the center remains a compact 
degenerate neutron star or a black 
hole



Classes of core-collapse supernovae
η Car: 60-100 M⊙

Massive stars are so luminous that the 
radiation pressure can blow away their outer 
layers before the explode at supernovae



SN 1987A in LMC



SN 1987A




Thermonuclear disruption C/O white dwarf with mass~1.4M⊙ 

9M⊙  star  produces ~1.1M⊙  
C/O white dwarf, but we 
need ~1.4M⊙ 

Type Ia Supernovae



Thermonuclear disruption C/O white dwarf with mass~1.4M⊙ 

9M⊙  star  produces ~1.1M⊙  
C/O white dwarf, but we 
need ~1.4M⊙ 

Type Ia Supernovae

WD mass grows to ~1.4M⊙  and explodes … or two 
C/O WDs in a binary merge and explode. Produces 
~0.1-1M⊙ of  56Ni and SNe Ia are powered by the 
energy released in the decay chain:




Type Ia Supernovae



In a galaxy such as the Milky Way, a supernova should occur 
once every 50 to 100 years.  The last few were

Crab Supernova 
(1054 A.D.)

Tycho’s  Supernova 

(1572 A.D.)

Kepler’s  
Supernova 
(1604 A.D.)

Casseopia A 
(1680 A.D.?)

 SN 1006

(1006 A.D.)

Galactic Supernovae



Gamma-ray bursts

Known since the 1960’s, they remained a 
mystery until 1998 when one long GRB was 
associated with a Type Ic supernova.

Placing them at cosmological distance made 
these explosions the most energetic in the 
universe.

They radiate the energy anisotropically, and 
when this is taken into account, the released 
energy is similar to that of supernovae.



Fast rotating star

1. After the BH formation in the
    core, the outer envelope has large
    angular momentum.

2. The matter falls in the rotational
    plane to form accretion disk

3. The disk is rapidly accreted onto
    the BH

4. Two energetic jets are ejected
    from the poles

Gamma-ray bursts



Jet-driven SNe - hypernovae

1. If at the moment of explosion the
    star has lost its H envelope, the
    jets can reach the surface of the
    star. The relativistic shock will 
    generate beamed γ-ray and we 
    will observe a GRB

2. After a few days in the spectra
   of the explosion the typical SN
   will become visible. It turns out
   these are Type Ic SNe but are
   brigher

Gamma-ray bursts



Gamma-ray bursts



Gravitational waves
Predicted by Einstein in 1916 in his general theory of relativity

In certain situations accelerating objects change the curvature of
Space-time, which propagate as a wave – gravitational wave. 



Gravitational waves

In 2015 LIGO experiment detected gravitational waves 
from merging of two black homes with masses 29M⊙ 
and 36M⊙.

This released 1054 erg of energy or the equivalent of 
3M⊙ (E=mc2)




Gravitational waves
Since the discovery of Quasars astronomers suspected that in the 
center of each galaxy resides a supermassive black hole 106 -109 M🞊 

Observations that suggest this was also availabe

The  Doppler shifts from opposite sides of the disc give 
velocities of several hundred km/s, which according to Kepler's 
third law on an object of this size indicate that the central mass 
is 1.2x109 M🞊!



Gravitational waves

Observations of the motion of stars close to the center 
of the Milky Way showed that there is black hole with 
mass M=4 x 106 M☉



Gravitational waves
Galaxies in universe merge all the time and so may
the supermassive black holes in their centers!

It is estimated that merging of 
two supermassive black holes 
could release a total of 
enormous 1061-62 erg of energy 
as gravitational waves!



Gravitational waves
Local galaxy group Merging of Andromeda and the Milky way!

The Local group is  is a poor irregular galaxy cluster 
dominated by the Milky Way and Andromeda 
galaxies. They are moving towards each other and 
will eventually collide. 




The biggest explosion yet observed
Jets from a supermassive black hole created giant void in the 
intergalactic medium. Estimated energy needed was 5 x 1061 erg.




Cosmic explosions energy scale

Solar flares – 1033 – 1039 erg

Dwarf nova, X-ray bursters – 1039 – 1040 erg

Novae, X-ray novae,soft gamma-ray repeaters – 1044 – 1046 erg

Supernovae, gamma-ray bursts – 1049 – 1051 erg

Gravitational waves from stellar-mass black hole mergers – 1054 erg

Jets from supermassive black holes, supermassive black hole mergers – 1061 – 1062 erg

Largest man-made explosion: 2 x 1024 erg!
Global energy use per year: 6 x 1027 erg!
Sun’s luminosity: 4 x 1033 erg s-1!



Thank you!
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