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Key points
Type Ia supernovae (SNe Ia) are the thermonuclear explosions of carbon–oxygen 

white dwarf (C–O WD) stars in binary systems.

They are triggered by the accretion of material from a companion star, or by the 
merger/collision with a secondary white dwarf.

Total energy ourput ≈ 10ସସ𝐽

Their high luminosities (𝐿୮ୣୟ୩ ≈ 10ଷ଺Jsିଵ ∼ 3 × 10ଽL⊙)  and the brightness–light-
curve shape relation enable them to be standard candles for precise cosmological 
distance measurements (observable  - with JWST- up to redshifts 2.3-2.5)
SNe Ia are the main producers of iron and play a fundamental role in the chemical 

evolution of galaxies.

While observations confirm the basic picture (powered by radioactive decay of ⁵⁶Ni), 
key uncertainties remain about the companion and explosion mechanism.

Multiple progenitor channels are likely required to explain the observed diversity.



SNIa Basic Observational facts/constraints
1. No hydrogen or helium lines in the spectra
2. No direct detection of exploding star or the nature of the binary 

companion (but firm non-detections of giant companion in some 
cases)

3. Occurrence of type SNIa in early type galaxies (ellipticals) which host 
old populations

4. Rapid evolution of LC  indirect evidence for a relatively compact 
companion

 Progenitor must be a WD 



Type Ia Supernovae lightcurves

The decline rate of SN Ia light curves is inversely correlated 
with peak luminosity → enables their use as standard candles

𝑀஻ ≃ 𝑀௏ ≃ −19.3 ± 0.03



Typical spectra (at different epochs) of a SNIa



Spectral evolution of 
a Type Ia SN

Spectral time series of SN 2019eix. Epochs with respect to V 
band maximum are included on the right. 
The spectra have been corrected for both Milky Way and host 
extinction. 
(The last spectrum in the series has an unusual flat-bottomed 
Ca feature).

Padilla Gonzalez et al. (2023), ApJ, 953, 25



SNIa : spectral evolution 
1. Strong silicon absorption (Si II λ6355) near maximum light→ defining 

spectral feature used for classification

2. Intermediate-mass elements (IMEs) present: Si, S, Ca, Mg in early-time 
spectra

3. Iron-group elements (IGEs) dominate at later times→ Fe, Co lines emerge 
as ejecta expand and cool

4. Large expansion velocities (~10,000 km/s)→ measured from blueshifted
absorption features

5. Overall spectral homogeneity, but with observable diversity→ variations in 
line strength, velocity, and ionization state



Chandrasekhar limit
Carbon–oxygen white dwarfs (C–O WDs) form from stars with initial masses ~2–8 M☉. 

Supported by electron degeneracy pressure, preventing collapse until a critical mass is reached. 

Maximum stable mass (Chandrasekhar mass):
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This mass limit explains the relative homogeneity of SNe Ia. 

Most C–O WDs are born with M < 1 M☉ → cannot explode without mass growth. 

To reach explosion conditions (~1.4 M☉), WDs must: 
Accrete mass from a companion, or 

Merge with another WD

Still SNe Ia  are now known to show significant diversity. 
Many current models favor sub-Chandrasekhar mass 
explosions (sub-MCh).



Basic Explosion physics

As a C–O white dwarf approaches the Chandrasekhar mass, core 
conditions (T ~ few × 10⁸ K, density ≳ 2 × 10ଵଶkgmିଷ ignite 
carbon fusion.
AccreƟon → compression → heaƟng increases nuclear reacƟon rates, 

creating a positive feedback loop.
In normal stars, expansion regulates this process. In degenerate 

maƩer, pressure is independent of temperature → no self-regulation
 thermonuclear runaway.



 Several cooling mechanisms act in the WD: 

o Neutrino emission

o Thermal conduction

o Convection

 These processes partially compensate the temperature increase from nuclear burning

 The WD begins to expand when thermal pressure approaches electron degeneracy pressure 

 Convection initially transports energy and helps regulate burning 

 However, cooling and convection are not efficient enough to: 

o Remove excess energy fast enough 

o Prevent the development of strong temperature gradients

 A deflagration (subsonic flame) forms and propagates via thermal conduction

 Once ignited, a thermonuclear runaway is unavoidable (including  sub-Chandrasekhar WDs)



Explosion energetics- expansion
Fusion of ~1.4 M☉ of C/O → iron-group 

elements releases
  𝐸୬୳ୡ∼ 2 × 10ସସJ
 Energy budget:

𝐸୬୳ୡ ≈ −𝐸௕ + 𝐸୩୧୬

Binding energy for a non-rorating 𝑀େ୦  WD: 
𝐸௕ ∼ −5 × 10ସଷJ 
Kinetic energy: 𝐸୩୧୬ ≲ 1.5 × 10ସସJ 

• enough to explain ejecta velocities as high as ~10⁴ 
km/s (from spectral line blueshifts)  εδω

Childress et al. (2013), ApJ, 770, 29

SN 2012fr



AŌer a few seconds → homologous expansion (self-similar, 𝑣 ∝ 𝑟 ) 

Rapid expansion → strong adiabatic cooling

Radius: ∼ 10଺m →  ∼ 10ଵଶm (in ∼ 1 d) 

Temperature drops from ∼ 10ଽK → ∼ 10ଷK (in 1𝐝) 

Without additional heating → SN would fade rapidly

BUT

Abundant production of 𝑁𝑖ହ଺

 Radioctive decay emitting γ-rays and positrons  depositing energy to ejecta

𝑁𝑖  ହ଺

    ௧భ/మୀ଺.ଵ        
  𝐶𝑜ହ଺ + 𝛾 + 𝜈ୣ EC        

          ௧భ/మୀ଻଻.ଶ          
    𝐹𝑒 ହ଺ + 𝛾 + 𝜈ୣ EC

𝐹𝑒 ହ଺ + eା + 𝛾 + 𝜈ୣ(𝛽+)

𝑄ఊ = 1.7MeV 𝑄ఊ = 3.6MeV; 𝑄௘௘శ = 0.1MeV



How is 56Ni  produced?
At 𝑇 ≳ 5 × 10ଽK nuclear reactions are fast and reversible

→ maƩer reaches nuclear statistical equilibrium (forward = reverse reactions) –
favouring most stable nuclei

Composition set only by:
temperature, density, and electron fraction 𝑌௘ (= 𝑍/𝐴)
→ independent of individual reacƟon rates 

Burning drives material to the iron peak (most stable nuclei)

𝑌௘ ≈ 0.5 → 𝟓𝟔𝐍𝐢 dominates 

Lower 𝑌௘  (*)→ neutron-rich isotopes (e.g. 58Ni, 54Fe)

As ejecta expand and cool → reactions stop → freeze-out abundances fixed

(*) at higher densities - 𝑀େ୦  WDs electrons very degenerate  electron capture is
favoured 𝑌௘ ↓ neutron-rich nuclei favoured



Blondin, S. (2025)

IMEs: Intermediate-Mass Elements   Si, S, Ca, Mg, (Ar)

 Dominant in outer layers of the ejecta 

 Produced  when temperatures/densities not high 
enough   to reach NSE 

Three basic ingredients for a successful SN Ia model



Blondin, S. (2025)



Blondin, S. (2025)



Early evolution highlights

Early emission powered by  56Ni decay, but initially photons are trapped → possible 
short dark phase (~1 day) 

As ejecta expand → optical depth decreases → photons escape → luminosity rises 

Early light curve (power law):
𝐿 𝑡 ∝ 𝑡ఈ,  𝛼 ∼ 2 

 but deviations are common, including early flux excess (possibly caused by 
companion/CSM interaction or surface 56Ni)

Early spectra: dominated by IMEs (Si, S, Ca) + sometimes unburnt C, showing P-
Cygni profiles 

High-velocity features (HVFs) common (Ca II, Si II) → evidence for asymmetries / 
outer ejecta structure 



Peak luminosity

Peak occurs when radioactive energy input equals radiative losses

56Ni → 56Co → 56Fe

 

Arnett’s rule:

𝐿௣௘௔௞ ≈ 𝐿ௗ௘௖௔௬ 𝑡௣௘௔௞  

 →peak luminosity traces 56𝑵𝒊 mass
Valid to ~10–20% accuracy 

Spectra at maximum: dominated by IMEs (Si, S, Ca) 
Unburnt carbon signatures typically disappear by peak 

𝐿ୢୣୡୟ୷(𝑡) = 𝐿୒୧𝑒
ି௧/ఛొ౟ + 𝐿େ୭𝑒ି௧/ఛి౥



Highlights of post-maximum evolution

Expansion → decreasing density → declining opƟcal depth
→ ejecta become transparent to γ-rays 

Increasing γ-ray escape → reduced energy deposiƟon
→ drives the overall luminosity decline 

Early post-peak: luminosity > instantaneous deposition
→ release of stored thermal energy (~first 30 days) 

Around ~30–50 days: emission shifts from optical to near-IR
→ due to cooling and Fe/Co line emission (incl. forbidden lines)
→ produces a secondary maximum in JHK bands

Brighter SNe Ia decline more slowly
→ width–luminosity (Phillips) relation 



Highlights of late time evolution
Ejecta become optically thin (~50+ days)

→ luminosity ≈ instantaneous decay energy deposition in the ejecta (mainly 56Co) 

At late times, heating is increasingly dominated by positrons from 56Co decay, 
while γ-rays escape

Nebular spectra probe inner ejecta (IGEs)
→ dominated by forbidden lines of Fe and Co 

56Ni fully decayed → remaining Ni is stable (e.g. 58Ni)
→ constrains explosion conditions / WD mass 

Line profiles (shifts, asymmetries, double peaks)
→ probe ejecta geometry and explosion mechanism 
the time-weighted integral of the UVOIR luminosity is equal to that of the deposited decay 

power by this time  infer the 56Ni mass 

 න 𝑡ᇱ𝐿୙୚୓୍ୖ 𝑡ᇱ d𝑡ᇱ
௧

଴

= න 𝑡ᇱ𝐿ୢୣ୮ 𝑡ᇱ d𝑡ᇱ
௧

଴

   for 𝑡 ≫ 𝑡୮ୣୟ୩ 



Observational diversity
 Basic SN Ia framework explains most events, but 

diversity in luminosity, decline rate, colors, and spectra
→ partly due to viewing-angle effects in asymmetric explosions 

 High-luminosity (91T-like): 

o higher ionization, more IGEs in outer layers 

o sometimes linked to CSM interaction 

 Low-luminosity (91bg-like): 

o strong Ti II/Cr II absorption, redder colors 

o no secondary NIR maximum 

 Diversity may form a continuous sequence driven by 56Ni mass
→ sets temperature and ionization 

 Additional peculiar sub-classes: 

o Super-luminous (e.g. SN 2009dc; possibly super-MChM_{\rm Ch}MCh ) 

o Ia-CSM: strong H lines from dense circumstellar interaction 

o Type Iax: low luminosity, low velocities (partial explosions) 

 SN 2002es-like: low luminosity, slow post-peak decline





Progenitor scenarios & explosion mechanisms

Multiple progenitor channels and explosion mechanisms can produce SNe Ia 

Classical picture: explosion of a near-Chandrasekhar-mass (MCh ) WD 

Increasing support for sub-MCh  scenarios: 

Double detonations 

Violent WD mergers 

Different models can produce similar observables
→ ejecta properƟes oŌen weakly sensiƟve to iniƟal condiƟons 

However, some SNe Ia show “smoking-gun” signatures
→ poinƟng to specific progenitor scenarios 



Blondin, S. (2025)



SNIa Progenitor Scenarios

• Single degenerate model WD + non degenerate star
Scenario 1

• Helium amassed on top of C-O WD becomes degenerate
• When enough He  Helium flash  sends shock wave inwards causing ignition of the 

degenerate C-O
Scenario 2
• No surface ignition of Helium
• Multiple independent  C-O ignition points in core  non-spherical events
Research still in progress 
Fine tuned accretion rate required…



Μοντέλα για SNIa
• Double degenerate model WD +WD

• Two WD orbiting each other 
gravitational waves 
 loss of energy and angular momentum 
 spiral in (when period < ~14hrs for ~solar mass members) 
 the least massive WD which also has the larger radius will spill over its Roche lobe
 in a few orbits all its mass is transported to the accretor through a disk  (C-O rich 

material)
 when mass near the Chadrasekhar limit  nuclear reactions in the interior begin 
 type Ia SN
Correct prediction of SNIa rates in galaxies but computer simulations currently seem to 
favor formation of a NS rather than a SN explosion



Soker 2020


