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The hunt for exploding stars

Credit: Arcavi



• New ‘star’ appeared in October of 
1604  

• Brighter than the brightest stars 

• Recorded in Europe, China, Korea, 
and Middle East

Guest stars: Kepler’s supernova

Credit: X-ray: NASA/CXC/NCSU/M.Burkey et al; Optical: DSS

Ophiuchus constellation



Supernova discovery 

Coined the term, ‘super-nova’ (with 
Walter Baade) in the 1930s 

supernova

Fritz Zwicky

• Discovered >120 supernovae 
• Also suggested idea of neutron 
stars, gravitational lensing, cosmic 
rays, and dark matter 

“I myself can think of a dozen ways to annihilate 
all living persons within one hour.” 



The hunt for exploding stars

supernovsupernova

• Incredibly bright, outshine 
their host galaxies 

• Small number per galaxy, 
survey many galaxies



Supernova search surveys
Zwicky Transient Factory

Pan-STARRS

ATLAS

Hawaii

ASASSN
Gaia



Difficult to pick out



“difference 

image”

New transient! Is it a supernova?

Last night
The hunt for exploding stars

−20 −15 −10 −5 0 5
Days from maximum light

21

20

19

18

17

16

Ap
pa

re
nt

 m
ag

ni
tu

de
Ap

pa
re

nt
 m

ag
ni

tu
de

Days from max. light

Is it near a potential 
host galaxy?

Supernova-like light curve?

1 year ago

Contextual information



Rapid spectroscopic classification

Spectrum of a Type II supernova 
dominated by hydrogen features

Type Ia supernova with Si II 
feature

NTT, La Silla

Trigger spectroscopy at larger 
telescope



Light curves for classification of supernova types

Plateau seen in some type II 
supernova (II-Plateau) is due to 
hydrogen recombination in the 
large hydrogen envelope.

Plateau



Observed types of supernovae 
Classified by the elements present in their spectra 

supernova
Core-collapse of a massive starThermonuclear

explosion of a 
white dwarf



Stellar evolution produces a variety in 
core-collapse of massive stars

Massive stars can lose their hydrogen and helium envelopes due 
to a binary companion, stellar winds, or the environment the 
star explodes in.

More mass loss of the envelope

stellar wind?

binary system?



Stars >8 M⊙

Red supergiant

Neutron star

main-sequence Core-collapse  
supernova

Supernova class: Massive stars (>8 M⊙)

Black hole

or



End point of massive stars (> 8 M⊙)

• Successive burning of heavier 
elements up to iron 

• Builds up onion-like structure in the 
interior with inert core 

• Burning stops at iron because it is 
not energetically favourable to fuse 
to heavier elements 

• Core is supported by electron 
degeneracy pressure

Iron core keeps building up until it reaches the Chandrasekhar 
mass, no longer able to support itself against gravitational 

collapse, core of the star collapses 



•Temperature rises as the core collapses 

•Get Fe photodisintegration from 
gamma rays 

• Occurs in a fraction of a second 

End point of massive stars (> 8 M⊙)

Neutrino escapes and  
carries away energye� + p ! n+ ve

Large Fermi energy per electron means electrons and protons 
can combine

Spectacular collapse!



Neutron degeneracy pressure can 
halt an even stronger collapse 
forming a neutron star or can get 
collapse to a black hole

Energy source for a core-collapse supernova is 
gravitational energy from the collapsing core. Huge 

flux of neutrinos carried away with initial release of 1056 to 
1057 neutrinos

Physics of core collapse of a massive star



How to turn a collapse into an explosion?

Simulations suggest collapse is halted. Most likely solution is 
neutrino heating (if just 1% of neutrinos get absorbed and 
reheats the material, it can restart the shock).



Neutrinos from SN 1987A

Detected via Cherenkov radiation of 
charged particles created during 
collisions in water

Neutrinos detected from 
Supernova 1987A



Visible explosion produced

Visible explosion contains only a small percentage of the 
total gravitational energy released. The rest is radiated 
away by neutrinos



What type of galaxy do you expect to see core-collapse 
supernova in?

Elliptical galaxy? Spiral galaxy?



Type Ia (or thermonuclear) supernovae



Observed types of supernovae 
Classified by the elements present in their spectra 

supernova
Core-collapse of a massive starThermonuclear

explosion of a 
white dwarf



We see Type Ia supernova in both old and young stellar 
populations

Since we see them in both young and old stellar 
populations that suggests they can’t come from 

massive stars



Supernova class: white dwarf explosions
Red giant

The Sun and  
stars <8 M⊙

Planetary nebula

White dwarfMain-sequence

But the white dwarf is in a binary 
system and can die explosively as a 

Type Ia supernova!



Type Ia supernovae as standard candles

Same brightness, just 
different distances

super



Phillips et al. (1995)
Type Ia supernovae standardisation

• In reality they are not all the same 
brightness

• Have to correct 
their light curves, 
‘standardise’



Cosmology measurements

• Distant supernova are fainter than expected compared to 
model with no dark energy (but has dark matter) 

• Something acting against gravity to push space apart

Brighter than expected

Fainter than expected



Discovery of the Acceleraing Universe

High-Z supernova 
 team

Supernova 
cosmology project

• Nobel prize awarded for the 
discovery of the Accelerating 
Universe



Cosmological makeup of the Universe
Latest results from Planck combined with supernova and other data



How do Type Ia supernova explode?



Single-degenerate case. One possibility for what 
happens for a white dwarf in a binary system 
(accretion from a non-degenerate companion star):



Double-degenerate case. One possibility for what 
happens for a white dwarf in a binary system (merger 
of two white dwarfs):



Type Ia supernovae is the explosion of a white dwarf in a 
binary system

• At a mass close to the Chandrasekhar mass (~1.4 M⊙), the 
density has increased enough that carbon fusion starts 

• The degeneracy pressure is independent of temperature so 
it can’t regulate the fusion process and so we get a runaway 
thermonuclear reaction

Credit: Howell

Single degenerate? Double degenerate?

Red giant? Main-sequence star? Another white dwarf?



Actually many possible explosion models

Single  
degenerate?

Double detonation?

Single degenerate?

Merger?

Triple  
system?

Violent merger?



Nucleosynthesis in Type Ia supernovae

• Each Type Ia supernova produces 0.3 - 0.8 M⊙, making them the 
main producers of iron in the Universe.  

What do we produce from carbon and oxygen fusion? Iron-group 
elements in the central densest regions, then outer layers are 
silicon, calcium, sulfur, magnesium



What powers the light curve of a Type Ia supernova?

• Light curve is powered by 
radioactive decay

56Ni ! 56Co ! 56Fe  
 
  

Peak magnitude 

Explosion:  
rise time ~ 18 days 

Tail phase 
56Co → 56Fe  

Initial decay rate is 
correlated with 
peak mag 

Half-life 6.1 d Half-life 77.3 d

•Peak of light curve depends on amount of 56Ni produced



companion

exploding white dwarf

Companions can complicate 
matters…



Interaction with a companion star

• SN ejecta runs into 
companion star and get 
shock heating 

• How do we see this?

Companion star

SN Ia ejecta



Interaction with a companion star

• Seen in one Type Ia 
supernova 

• Suggests there is a 
companion star present

Hosseinzadeh et al. (2017)



No companion seen in other objects

• Three Kepler light curves - 30 min 
cadence 

• Rule out red giant (and some main 
sequence) companions

Olling et al.  (2015)

Open area of research - how 
do they explode? + ?



Exotic supernova explosions



10-100 times brighter than 
normal supernovae and have 
long-lived light curves

Exotic explosions: superluminous supernovae

Gal-Yam et al. (2011)
Occur in dwarf galaxies and are very rare

Chen et al. (2014)



What produces the luminosity of these superluminous 
events?

Some powered by interaction 
(Type II superluminous) 

See signatures in their spectra

Large amounts (5 - 20 M⊙) of Ni from 
a pair-instability supernova of a very 

massive star (150 - 250 M⊙)?
Can’t explain all events

Moriya et al. (2018)

Can’t explain all events



What produces the luminosity of these superluminous 
events?

Most promising: magnetar 
formation in a core-collapse 

supernova

Credit: ESO

Formation of rapidly rotating 
neutron star with high 

magnetic field - get extra 
power source from this 

rotational energy

Open question: is this the most common scenario? Hard 
to test because model is very flexible



Exotic explosions: supernovae in the middle of nowhere



• Unusually strong calcium 
emission in their spectra 

• Fast rising and falling light curves 
- difficult to find

Lunnan et al. (2017)

• Major contributor to Ca 
enrichment in the Universe?  

• More calcium is seen in clusters 
than can be explained by 
‘normal’ supernovae

Exotic explosions: supernovae in the middle of nowhere



• Are they the explosions of stars?  
• Helium shell detonations (Shen & 

Bildsten 2009)

Rosswog et al. (2009)

• Tidal disruption of white dwarf + 
intermediate mass black hole?

Exotic explosions: supernovae in the middle of nowhere



Future of transient research

• Very exciting time - Large Synoptic 
Survey Telescope 8.4 m starting early 
2020s 

• 50,000 Type Ia supernovae per year

Credit: Gianluca Lombardi

LSST August 2018

• New techniques are needed: 
• photometric classification 
• contextual classifiers 
• automatic triggering of follow-up



• 4MOST - 4 sq. deg multi-object 
spectrograph on ESO’s VISTA 
telescope 

• Simultaneously observe ~2400 
objects

• Time-Domain Extragalactic Survey 
(TiDES) 

• 250,000 fibre hours to i) follow-up 
transients, ii) host galaxies for SN 
Ia cosmology, and iii) AGN 
variability

Rapid spectroscopic follow-up



Supernova summary

Rapid discovery and 
followup

Core-collapse, Type Ia supernovae, 
new exotic classes: superluminous, 

fast evolving

New surveys such as LSST will find many more 
transients that test the boundaries of theory


