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Supernovae

• Supernova basics
• Supernova types
• Light Curves
• SN Spectra – after explosion
• Supernova Remnants (SNRs)
• Collisional Ionization
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Supernova Basics

• Supernova (SN) explosions in our Galaxy and others reach a 
peak luminosity of ~1010L�.

• Initial expansion velocities on the order of ~20,000 km/sec
• Due to collapse of white dwarf in a binary system (type Ia) or 

collapse of a massive star (type II, Ib, Ic), when electron 
degeneracy pressure can’t hold off overlying layers

• Produce shock fronts which compress and collisionally ionize 
the ISM (shock front slows down over time)

• Enrich the ISM with heavy elements, including those that 
cannot be produced other ways (elements heavier then Fe)

• Typical SN rates ~ 1/Galaxy/century
• “Recent” local supernovae: 1006 AD, 1054 AD (produced 

Crab nebula), Tycho’s (1572), Kepler’s (1604) , SN 1987A 
(in the LMC)
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Supernova Types

• Type based primarily on appearance of spectra near peak 
luminosity.

• Type I – no Hydrogen lines
• Type II – Hydrogen lines present
• Subtypes (spectra obtained ~1 week after peak luminosity):
    Ia – strong Si II absorption
    Ib – strong He I absorption
    Ic – no He I and absent or weak Si II absorption
    II – Hydrogen (Balmer) lines in absorption and/or emission
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Supernovae Spectra – Early Stages
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Supernovae Spectra – Later Stages
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Supernova Light Curves

I - homogeneous, peak followed by smooth decline
II - much dispersion, II-L: smooth decline, II-P: plateau
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SN Ia Light Curve
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Supernova Types - Interpretation
• Type Ia: binary white dwarf plus red giant or supergiant
     - white dwarf near Chandra limit: Mass = 1.4MSun
     - mass transfer from companion instigates WD collapse (can
       no longer support itself with electron degeneracy)
     - collapse leads to carbon deflagration (subsonic) runaway
     - WD is completely destroyed
• Type II: Collapse of high mass star (initial mass > 8 M� on 

Main Sequence) due to exhaustion of nuclear fuel
     - neutron star (pulsar) or black hole remnant
     - rebound provides supernova explosion, neutrinos provide 

most of the force
• Type Ib: collapse of massive star, no H
• Type Ic: collapse of massive star, no H or He
     (Ib and Ic likely from Wolf-Rayet stars that have lost their outer envelopes 

due to stellar winds or other mass loss.)
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Spectral Evolution

• Early spectra (~ 1 week after peak) show continuum emission 
from expansion of  optically thick gas (“photosphere”)

     - absorption or P-Cygni lines from outer layers
     - widths of lines indicate velocities of ~20,000 km/sec
     - UV flux depressed due to “line blanketing”
• Later spectra (~ weeks to months) show strong low-ionization 

lines as gas cools off 
    - Type Ia show strong [Fe II], [Fe III] lines
    - Type Ib, Ic show lines of intermediate mass elements (O, Ca)
    - Type II are similar to Ib and Ic, but show Balmer lines 
• Eventually (years), collisions ionize the ISM, producing a 

supernova remnant, with typical nebular lines (O III], etc.)
• For young type II supernovae, a pulsar (e.g., the Crab Nebula 

pulsar) can ionize the gas by synchrotron radiation
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Supernova Remnants - Evolution

• Extreme supersonic motion produces a shock wave
• Initial expansion is adiabatic.
• ISM gas passing through shock front is compressed and 

collisionally ionized.
• The shocked gas cools by radiation. Expansion is 

characterized by two different temperatures, pressures, and 
densities on either side of the shock.

• Ionization balance given by:

 

n(Xi ) neqion (Xi ,T) = n(Xi+1) neα(Xi ,T)

where qion (Xi ,T) = v α ion
χ=1/2mv2

∞

∫ (Xi ,v) f(v) dv

where χ = ionization potential
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Additional model considerations:
     - recombination in shocked gas produces ionizing photons, 

which “pre-ionize” unshocked gas
     - charge exchange is significant
• In high-density clumps, temperatures reach >30,000K
    (higher than photoionized nebulae)
    - confirmed by high [O III] λ4363/ λ5007 ratio
• X-rays penetrate deep into high-column clouds, to partially 

ionized gas
• In low density regions, shocked gas can reach temperatures 

of 106 K, which produces X-rays
• Mass swept up by shock wave: 102 – 103 M� !
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Collisionally Ionized Gas

(Osterbrock, p. 300)

- require high gas temperatures to get highly ionized species
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Ex) Cygnus Loop

• Older Supernova Remnant (SNR): 25,000 years
• 3° in diameter on sky, many filaments
• No central remnant (i.e., pulsar) has been found
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Cygnus Loop

(HST, narrow-band Hα)

• High and low-ionization filaments
• Expansion velocity ~ 100 km/sec
• Distance ~ 800 pc
• Collisionally ionized gas
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Spectrum of Cygnus Loop Filament

- strong lines from a wide range in ionization
- strong [O III] λ4363 indicates high temperature (30,000 K)
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Fig. 1.—Spectra of the Cygnus Loop filament “ Ml ” 

limits are quoted for the filament’s [O i] À16300, 6364 
emission-line strengths. 

This filament’s average [O ni]/H/? fine ratio of 45 lies 
near the upper end of the range observed in SNRs (Hester, 
Raymond, & Blair 1994). As seen in these plots, the faint 
fine spectrum of this filament is considerably different from 
that of the bright Ml filament discussed above. Most of the 
[Fe n] and [Fe m] fines are absent, replaced by several 
higher ionization species including [Cl m], [Ar v], [Ca v], 
[Fe vi], [Fe vn], and [Fe x]. Not surprisingly, this fila- 
ment’s [O m] derived electron temperature of 
60,000 ± 3000 K lies near the maximum reported in the 
Cygnus Loop (Fesen et al. 1982). 

The filament also shows an exceptional number of 
[Fe vi] and [Fe vn] fines, many observed for the first time 
in an SNR. All of the strong [Fe vi] fines from multiplets IF 
and 2F are detected (see Table 3) with relative intensities in 
good agreement with predicted values (Garstang, Robb, & 
Rountree 1978). The same is true for the [Fe vn] fines 
(Nussbaumer & Osterbrock 1970). Interestingly, using the 
[Fe vn] emissivity ratios of Nussbaumer & Storey (1982), 
the observed ratio of A5159//16087 suggests an electron tem- 
perature of only around 15,000 K. 

The spectrum is also remarkable in the strength of several 
other high-ionization fines. The [S m] /16312 fine dwarfs the 
usually much stronger [O i] 26300 fine, as does the [Fe x] 

26375 to the [O i] 26364 fine (see Fig. 2c). Also, the [Ar rv] 
and [Ne rv] line blend near 4700-4740 A is now more than 
25 times stronger (relative to Kß) than in the bright filament 
spectrum (Fig. 1). Finally, although we detected weak 
[Ca v] 5309 À emission in this filament, this emission is 
unlikely to have been confused with the remnant’s extended 
[Fe xrv] 5303 Â emission (see Woodgate et al. 1974). 

3. THE CATALOG 
Our new spectral data on the Cygnus Loop reveal 16 new 

emission fines not previously seen in any SNR, plus an 
additional 11 emission lines seen only once before in 
various remnants. These results have been incorporated 
into a catalog of UV, optical, and NIR emission fines identi- 
fied in both Galactic and Magellanic Cloud SNRs. For this 
survey, we restricted the wavelength range to 900-12000 Â 
so as to include the majority of recent UV and NIR spectral 
results. The resulting SNR emission-line catalog is given in 
Table 4 for the UV region (900-3000 Â) and in Table 5 for 
the optical and NIR region (3000-12000 Â). The literature 
was searched using the semiannual Astronomy and Astro- 
physics Abstract publications, SIMBAD, and NASA’s 
on-line Astrophysics Data System (ADS), and is substan- 
tially complete through 1995. We also searched the intro- 
ductions of most papers as a completeness check and as a 
source of observational papers published before 1969. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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Crab Nebula - HST

• Young SNR (remnant of SN in 1054 AD)
• Gas concentrated in filaments, high resolution shows knots like 
“beads on a string”

• Expansion velocity is ~1500 km/sec, proper motion of filaments 
gives distance of ~1800 pc
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10 Temim et al.

F480M

Figure 8. The NIRCam F480M image of the Crab Nebula shown here is dominated by synchrotron emission from the PWN
and has only a minimal contribution from the ejecta filaments. The image is shown on a log scale to maximize the dynamic
range. The size of the mosaicked image is 4.09 ⇥ 5.05 and the orientation is north-up.

in the bar chart, this would only be true if the spatial
distribution of the emission lines was the same. Never-
theless, since the contribution of these lines to the total
surface brightness is an order of magnitude lower than
the contribution from dust, we are confident that the
resulting residual image is dominated by dust emission.
We note here that while the dust emission map provides
the spatial distribution of warm dust grains, the abso-
lute values of the surface brightness are lower than they
should be due to the dust emission in the F1800W being
subtracted by the procedure we have used here.
Our last step was to produce a map of the [S III] emis-

sion by scaling the dust emission map (fourth bar in the
bottom panel of Fig. 9) up to match the total contribu-
tion of dust in the synchrotron-subtracted F2100W im-

age and subtracting it from that image (rightmost bar
in the bar chart). This new residual image is then dom-
inated by [S III] emission with a small contribution from
the other lines. Fig. 10 shows the final resulting maps
of the dust emission (middle panel) and the [S III] emis-
sion (right panel). The fourth panel of Fig. 11 shows the
color composite comparison of these two maps, where
the dust emission is seen to be concentrated in the in-
nermost filaments while the [S III] emission extends to
larger radii.

4. MORPHOLOGY OF THE FILAMENTS

In this section, we present a brief assessment of the
large-scale spatial distributions of the various maps con-
structed above in §3.1. Fig. 11 shows color figures high-

Crab Nebula – JWST (Synchrotron Radiation)
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Spectrum of Crab Filament

- similar to AGN spectra, lines are narrower, [S II] and [O II] stronger
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Fig. 2.—Spectrophotometric scans for eight regions in the Crab Nebula’s filaments. Relative flux per unit wavelength is plotted vs. observed 
wavelength. The resolution of the data as shown is approximately 10 Â. 

URVELENGTH (RNGSTROMS) 

Fig. 3.—Spectrophotometric scan for position 8. Relative flux per unit wavelength is plotted vs. observed wavelength. Laboratory wavelength 
identifications are indicated for most of the measured emission features. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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• Line ratios consistent with photoionization by “hard” 
continuum (X-rays in addition to EUV):

• Nebular spectrum: high and low-ionization filaments
     - mostly a density effect; remember the ionization parameter:

• Luminosity of neutron star (pulsar) not enough to ionize gas
• Ionizing radiation is due to synchrotron (electrons spiraling in 

strong magnetic field) – produces the amorphous blue region
• X-rays create a partially ionized zone, deep in high column-

density clouds – responsible for strong [O I], [S II] lines

 Fν ∝ ν-α   where α ≈ 0.5 at high ν

 
U = 

Lν

hν
dν

ν0

∞

∫
4!r2cne

    lower density → higher U
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Shock vs. Photoionized Gas

(Osterbrock, p. 310)



Sanduleak -69 202

Supernova 1987A

Explosion of blue supergiant in the LMC
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2006
Impact of shock front
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Shocked gas fading
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Supernova 1987A – JWST

Credit: NASA, ESA, CSA, and M. Matsuura

- High-ionization core: Possible evidence for neutron star


