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Supernovae

Phase Characteristics Ends when… Radius & time 
dependence

Free Expansion
ballistic expansion, shock wave into 
ISM/CSM, ejecta cools due to 
adiabatic expansion, reverse shock 
when Pshocked ISM > Pej

Mswept  > Mej R ~ t

Sedov-Taylor
ejecta is very hot, Pej>PISM  expansion 
driven by hot gas, radiation losses are 
unimportant

radiative losses 
become important R ~ t2/5

Snow Plow pressure driven expansion with 
radiative loss, then momentum driven

shock becomes 
subsonic

R ~ t2/7 
R ~ t1/4

Fadeaway turbulence dissipates remnant 
structure and merges with ISM - -

Initially: Mejecta ~ few M⦿, vejecta ~104 km/s
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Supernovae

Credit: NASA, ESA, and R. Kirshner (Harvard-Smithsonian Center for Astrophysics and Gordon and Betty Moore Foundation) and P. Challis (Harvard-Smithsonian Center for Astrophysics)

SN1987A - free expansion phase
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Supernovae

Credit: NASA, ESA, and R. Kirshner (Harvard-Smithsonian Center for Astrophysics and Gordon and Betty Moore Foundation) and P. Challis (Harvard-Smithsonian Center for Astrophysics)

SN1987A - free expansion phase
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Supernovae
Sedov-Taylor expansion with ENZO

(c) Brian O'Shea (MSU) and the Enzo Collaboration, 2014
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Supernovae
Sedov-Taylor expansion with ENZO

(c) Brian O'Shea (MSU) and the Enzo Collaboration, 2014
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Supernovae

(Credit: NASA/CXC/GSFC/B.Williams et al;)

Tycho SN Remnant in Sedov-Taylor phase
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Supernovae

(Credit: NASA/CXC/GSFC/B.Williams et al;)

Tycho SN Remnant in Sedov-Taylor phase
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Supernovae

Badenes 2010, PNAS

Chandra Observations of SN Remnants

Tycho Kepler Cas A
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Supernovae
Cygnus Loop - snowplow phase
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Cosmic Rays

https://masterclass.icecube.wisc.edu/en/analyses/cosmic-ray-energy-spectrum

Knee

Ankle
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Cosmic Rays

Cowen, Nature, 2012
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Cosmic Rays

Cowen, Nature, 2012

http://vepo.gsfc.nasa.gov/Voyager_heliopause.html
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Cosmic Rays
Cosmic ray interaction with gas can produce γ-rays

Neutral pion production: 
CRp + p → p + p + π0

Pion decay 
π0 → 2γ

γ-rays dust emission
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Cosmic Rays
Blümer et al. 2009

Protons are most abundant, He next. 
6Li, 9Be, 10B, 11B from “spallation”  
(nuclear reaction from collisions).
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Acceleration of Cosmic Rays

Treumann, R.A. et al. arXiv:0806.4046

Diffusive shock 
acceleration 
(first order 

Fermi acceleration)

scattering off B-field 
fluctuations

analogy to particle 
bouncing between 
converging walls



© Karin Sandstrom, UC San Diego - Do not distribute without permission

Acceleration of Cosmic Rays
Maximum energy attainable by diffusive 

shock acceleration is set by when B-fields 
can no longer confine CR.

gyroradius > scale of system

p = momentum
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Acceleration of Cosmic Rays

Supernova shocks have long 
been thought to be the best 

candidate for CR acceleration. 

Recently, first direct evidence…
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Acceleration of Cosmic Rays
Accelerated protons 

create pions when they 
run into the surrounding 

ISM. Pions decay and 
produce gamma rays.

Fermi confirmation of  
gamma-ray spectrum following 

pion decay prediction for 
some SNRs in the MW. 
(Ackermann et al. 2013)
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The Warm/Hot Ionized Medium

Name T (K) Ionization frac of volume density (cm-3) P ~ nT (cm-3 K)

hot ionized 
medium 106 H+ 0.5(?) 0.004 4000

ionized gas (HII & 
WIM) 104 H+ 0.1 0.2-104 2000 - 108

warm neutral 
medium 5000 H0 0.4 0.6 3000

cold neutral 
medium 100 H0 0.01 30 3000

diffuse molecular 50 H2 0.001 100 5000

dense molecular 10-50 H2 10-4 103-106 105 - 107

in MW, approx. 23% ionized, 60% neutral, 17% molecular
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The Diffuse Ionized Medium

Two key tracers of diffuse ionized gas:  

1) dispersion of pulses from pulsars 
propagating through ionized gas

2) faint optical emission lines from the 
diffuse ISM seen throughout the MW
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Diffuse Ionized Gas
Dispersion of Pulsar Signals

From the Handbook of Pulsar Astronomy, by Lorimer & Kramer

EM waves traveling through a 
plasma with electron density ne 
satisfy the dispersion relation:

with plasma frequency:
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Dispersion of Pulsar Signals

From the Handbook of Pulsar Astronomy, by Lorimer & Kramer

A pulse travels with the “group 
velocity” (i.e. the velocity of the 
envelope of the wave packet)

Diffuse Ionized Gas
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Dispersion of Pulsar Signals

From the Handbook of Pulsar Astronomy, by Lorimer & Kramer

“dispersion measure”

arrival time of a pulse:

Diffuse Ionized Gas
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Dispersion of Pulsar Signals

From the Handbook of Pulsar Astronomy, by Lorimer & Kramer

“dispersion measure”

arrival time of a pulse:

Diffuse Ionized Gas
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From the Handbook of Pulsar Astronomy, by Lorimer & Kramer

If you know the distance, 
you can measure DM!

Diffuse Ionized Gas



© Karin Sandstrom, UC San Diego - Do not distribute without permission

Cordes & Lazio 2003

The NE2001 model of Cordes & Lazio (2003)

Diffuse Ionized Gas
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The NE2001 model of Cordes & Lazio (2003)

Diffuse Ionized Gas
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The NE2001 model of Cordes & Lazio (2003)

Diffuse Ionized Gas
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The NE2001 model of Cordes & Lazio (2003)

Diffuse Ionized Gas
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The Warm/Hot Ionized Medium
Optical Emission from Ionized Gas


