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Supernovae	
  in	
  astrophysics	
  

•  Supernovae	
  are	
  exploding	
  stars	
  –	
  endpoint	
  of	
  stellar	
  evolu9on	
  

•  Nucelosynthesis:	
  
–  Mechanism	
  to	
  synthesize	
  and	
  distribute	
  heavy	
  elements	
  
–  Recycle	
  elements	
  into	
  the	
  ISM,	
  source	
  of	
  dust	
  
–  Main	
  source	
  of	
  neutrinos	
  beyond	
  the	
  Big	
  Bang	
  

•  Significant	
  energy	
  input:	
  
–  Accelerate	
  cosmic	
  rays	
  
–  Trigger/suppress	
  star	
  forma9on	
  (‘feedback’)	
  

•  Extreme	
  Luminosity:	
  
–  ‘Standardised	
  candles’	
  probe	
  dark	
  energy	
  
–  Trace	
  star-­‐forma9on	
  on	
  cosmic	
  scales	
  



Number of SNe discovered per year 

The recent history of supernova discovery 

More than 14,000 events discovered over 130 years 
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Fritz Zwicky  
(1898-1974) 

Coined term “super-nova” 
(with Baade)  

 
 
 
 
 
 

Discovered >100 supernovae, a feat 
not bettered until recently 

 
 
 
 
 
 

Suggested (Type Ia) Supernovae as 
standard candles 
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The recent history of supernova discovery 
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High-z 
searches 
(SNLS, 
SDSS, 

ESSENCE) 

New low-z 
searches 

(PTF, PS-1) 

SCP and 
HZSST 

LOSS 

Calan/
Tololo 
survey 

DES 

LSST 
Number of SNe discovered per year 

~5 supernovae discovered 
and confirmed every day 



Type Ia supernovae: thermonuclear 
explosions of CO white dwarfs 

à Approaches Chandrasekhar mass 
à C-burning ignited 

Resulting explosion is: 
à Bright: ~5-10 billion suns 
à Powered by: 56Ni à 56Co à 56Fe  
à Standardizable: ≤5-6% in distance 

Type	
  Ia	
  Supernovae	
  



(Differential measurement – knowledge of H0 not required) 

The modern day Hubble Diagram 

“Nearby” SNe Ia 

Universe was 
smaller 

Fainter 
(Further) 

For a given 
redshift… 

Brighter è Nearer è  
Slower expansion è 

Higher mass density è 
Less cosmological constant 

Fainter è Further è  
Faster expansion è  

More cosmological constant 

Cosmological 
parameters 
affect the 
distance-
redshift 
relation 



Type	
  Ia	
  Supernovae	
  are	
  not	
  standard	
  candles	
  
➔ SNe Ia are empirically standardizable 
➔ Brighter SNe: 

➔  Have wider, slower light curves (classic Phillips relation), 



Type	
  Ia	
  Supernovae	
  are	
  not	
  standard	
  candles	
  
➔ SNe Ia are empirically standardizable 
➔ Brighter SNe: 

➔  Have wider, slower light curves (classic Phillips relation), 
➔  Are bluer in their optical colour, 



Type	
  Ia	
  Supernovae	
  

	
  
What	
  are	
  the	
  progenitors	
  of	
  SNe	
  Ia	
  ?	
  

Impact	
  of	
  progenitor	
  diversity	
  and	
  
physics?	
  

Single	
  degenerate?	
  

Double	
  degenerate?	
  
and/or	
  

Type Ia supernovae: thermonuclear 
explosions of CO white dwarfs 

à Approaches Chandrasekhar mass 
à C-burning ignited 

Resulting explosion is: 
à Bright: ~5-10 billion suns 
à Powered by: 56Ni à 56Co à 56Fe  
à Standardizable: ≤5-6% in distance 



Cosmology 
In the nineties, two teams chased the cosmological parameters 

SCP, led by 
Saul 

Perlmutter 

HZSST, led 
by Brian 
Schmidt 



1998/9: Led to cosmological parameters 

(Compilation from 
Frieman et al. 

2008) 

The (then) 
“surprising” 

result of 
ΩM=0.3 ΩΛ=0.7 
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2011 Nobel 
Prize for 
Physics 



Supernova Legacy Survey: 2003—2008 

Keck 
(8 n/yr) 

Gemini N & S 
(120 hr/yr) 

VLT 
(120 hr/yr) 

Imaging 
 

Distances from 
light-curves 

Spectroscopy  
 

Redshifts è 
Distances from 

cosmological model 

Discoveries Lightcurves 

g’r’i’z’ every 4 days 
during dark time 

First real rolling search: discovery 
and follow-up on the same 

telescope 









A	
  modern	
  day	
  
Hubble	
  Diagram	
  

“JLA”	
  

Betoule et al. 2014 

740 SNe Ia 
Low-z + SNLS3 + 

SDSS + HST 

w = −1.018 ± 0.057 (stat+sys) 

(SN+CMB) 

w = −1.027 ± 0.055 
(SN+CMB+BAO) 

σcoh = 0.08-0.11 mag 
(4-6% in distance) 

 



Simplified	
  SN	
  systema9c-­‐error	
  budget	
  (“JLA”)	
  

Photometric calibration is (by far) the dominant systematic 
uncertainty 

Betoule et al. 2014 

Experimental Astrophysical (non-SN) Astrophysical (SN) 



Uncertain	
  astrophysics?	
  
•  Stellar	
  evolu+on:	
  Pre-­‐supernova	
  stellar	
  evolu9on	
  

– White	
  dwarf	
  composi>on,	
  age,	
  metallicity	
  

•  Progenitors:	
  Configura9on	
  of	
  system	
  
–  Single	
  or	
  double	
  degenerate	
  system	
  

•  Accre+on:	
  Accre9on	
  process	
  
– Mass	
  transfer	
  rate,	
  composi>on	
  of	
  material	
  

•  Explosion:	
  Explosion	
  physics	
  
–  Triggering	
  condi>ons,	
  igni>on	
  spots,	
  flame	
  propaga>on	
  

•  A7ermath:	
  Radia9ve	
  transfer	
  processes	
  
–  Ejecta	
  composi>on,	
  local	
  environment,	
  dust	
  



Astrophysics	
  from	
  nearby	
  SNe	
  

SN2011fe	
  in	
  M101	
  
~6.5	
  Mpc	
  

SN2014J	
  in	
  M82	
  
~3.5	
  Mpc	
  



	
  
Size	
  constraint:	
  

R<0.02R¤ 
i.e.	
  a	
  white	
  dwarf	
  

 
 
 

Carbon	
  &	
  oxygen	
  
in	
  the	
  very-­‐early	
  

spectra:	
  
	
  i.e.	
  a	
  C-­‐O	
  WD	
  

	
  

Nugent et al 2011, Nature 
Bloom et al 2013  

SN2011fe:	
  
It’s	
  a	
  white	
  

dwarf	
  

Various shock 
models 

Radioactive light 
curve 



Churazov et al 2014, Nature 

Strength of lines: 0.6M¤ of 56Ni 

Width of lines: material moving at 10,000 km/s 

Consistent with values inferred from optical 

SN2014J: 
It’s 56Ni 



0.061	
  ±	
  0.012	
  mag	
  

Lampeitl	
  et	
  al	
  2010	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SDSS	
  	
   Sullivan	
  et	
  al	
  2010	
  	
  

Hubble	
  residuals	
  depend	
  
on	
  host	
  galaxy	
  proper9es	
  

Kelly	
  et	
  al	
  2010	
  



Correla9on	
  
with	
  local	
  SFR	
  

(age)	
  

Rigault	
  et	
  al.	
  (2015)	
  

Correlation 
between Hubble 

residuals and 
local star-

formation rate 

Locally	
  star-­‐
forming	
  

Locally	
  
passive	
  

Indicates progenitor age is 
the key variable 



Childress	
  et	
  al.	
  (2014)	
  

Simulation combining SN Ia formation rate and 
galaxy evolution 

 

Result predicts SN progenitor 
age as a function of host stellar 

mass 



Childress	
  et	
  al.	
  (2014)	
  

The	
  most	
  
homogeneous	
  
SN	
  Ia	
  events	
  
are	
  in	
  lower	
  
mass	
  galaxies	
  



Dust	
  versus	
  
stellar	
  mass	
  

Dust	
  versus	
  SFR	
  

Garn	
  &	
  Best	
  (2010)	
  

SN	
  Ia	
  events	
  with	
  
low	
  ex9nc9on	
  are	
  
more	
  likely	
  to	
  be	
  in	
  
lower	
  mass	
  galaxies	
  

(Rela9ons	
  for	
  star-­‐forming	
  SDSS	
  
galaxies)	
  





LOW-Z SALT FITS (SHALLOW) 



HIGH-Z SALT FITS (DEEP) 



“Supernova Simulations and 
Strategies For the Dark Energy 

Survey”
Bernstein et al., 2012

 
 

DES Supernova Survey 

3000+	
  SNe	
  Ia	
  in	
  the	
  data	
  
	
  

FoM=120	
  
	
  
Major	
  challenges	
  are:	
  

	
  
•  Photometric	
  calibra9on	
  	
  
•  SN	
  photometric	
  classifica9on	
  



Calibration currently at 2% 
path to improvement 

•  Absolute photometry (currently using Pan-STARRs, 
developing own independent path with HST Calspec 
standards) 

•  Relative photometry across field (No trends larger than 1%) 

•  Field-to-field consistency (<1%) 

•  Regular measurements of bandpasses across focal plane 

•  Atmospheric effects – Depoy et al. 

(Scolnic, Lasker, Wester, Tucker, Bernstein) 
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“Live” transients  
Telescope	
   Time	
  (2014-­‐15)	
  

VLT	
  (Sullivan	
  et	
  al.)	
   7	
  nights	
  

GTC	
  (Castander	
  et	
  al.)	
   13hrs	
  (ToO)	
  

MMT/Magellan	
  (Kirshner	
  et	
  al.)	
   9.5	
  nights	
  

Keck	
  (Nugent	
  et	
  al.)	
   5.5	
  nights	
  +	
  8hrs	
  ToO	
  

Magellan	
  (Kessler	
  et	
  al.)	
   0.5	
  nights	
  

SALT	
  (Smith	
  et	
  al.)	
   10.5	
  hrs	
  

Telescope	
   Time	
  (2015-­‐16)	
  

SALT	
  (Kasai	
  et	
  al.)	
   22.5	
  hrs	
  (ToO)	
  

Magellan	
  (Scolnic	
  et	
  al.)	
   2	
  nights	
  

Magellan	
  (Gonzalez	
  et	
  al.)	
   4	
  	
  nights	
  

Gemini	
  (Galbany	
  et	
  al.	
  +	
  Foley	
  et	
  al.)	
   53.2	
  hrs	
  (ToO)	
  

GTC	
  (Castander	
  et	
  al.)	
  	
   26hrs	
  (ToO)	
  

VLT	
  (Sullivan	
  et	
  al.)	
   7	
  nights	
  

Keck	
  (Nugent	
  et	
  al.)	
   6	
  nights	
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•  AAOmega:  perfect 
overlap with DECam  

•  SN hosts targeted 
repeatedly to build depth 

•  Fibers placed on live 
SNe (r < 21)  

•  100 nights over 5 years 

On	
  target	
  for	
  ~4000	
  SN	
  host	
  redshiqs	
  



Alterna>ve	
  standard	
  candles	
  to	
  SNe	
  Ia?	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

New	
  classes	
  of	
  superluminous	
  SNe	
  

	
  à	
  50	
  9mes	
  brighter	
  than	
  SNe	
  Ia	
  

	
  à	
  Seen	
  to	
  z=4 	
  	
  

What	
  is	
  their	
  physical	
  nature?	
  
	
  à	
  Not	
  56Ni!	
  	
  Magnetar?	
  

Can	
  they	
  be	
  standardised?	
  
	
  à	
  Current	
  dispersion	
  0.25	
  mag	
  

The	
  next	
  few	
  years	
  will	
  see	
  the	
  first	
  
cosmological	
  samples	
  

Superluminous	
  supernovae	
  



Superluminous	
  SNe	
  
Ø Faint,	
  prob.	
  metal	
  poor	
  hosts	
  
Ø Very	
  bright	
  (<-­‐21	
  absolute	
  mag)	
  

Before	
   A7er	
  

Ø No	
  H,	
  He,	
  Ca,	
  Si	
  
Ø Lines	
  of	
  C,	
  O,	
  Mg,	
  	
  
Ø Extreme	
  UV	
  luminosity	
  

Ø (no	
  line	
  blanke9ng)	
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Papadopoulos et al. 2014 



SLSNe	
  may	
  be	
  
standardisable	
  



Ground-­‐
based	
  limit	
  
for	
  SNe	
  Ia	
  



LSST:	
  early	
  2020s	
  

Image the whole sky 
every few days; millions 

of transients







3.2G	
  pixel	
  camera	
  



Big	
  data	
  from	
  LSST	
  
•  Within	
  one	
  month	
  of	
  opera9on,	
  LSST	
  will	
  survey	
  more	
  of	
  the	
  

universe	
  than	
  all	
  previous	
  telescopes	
  

•  20TB	
  per	
  night,	
  100PB	
  over	
  10	
  years	
  

•  100,000	
  transient	
  alerts	
  per	
  night	
  

•  10	
  million	
  supernovae	
  

•  20,000	
  Superluminous	
  SNe	
  over	
  85%	
  of	
  the	
  universe’s	
  age	
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SN Cosmology is mature: hundreds published 
 
Control of systematics is vital: 
•  Astrophysical systematics are sub-dominant 
•  Photometric calibration is in-hand 

New era of SN cosmology on horizon 


