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Astronomy 126 – Interstellar Medium Seminar

Class 10: November 14, 2001

Rabi will bring the seminar snacks this week.

I think I was able to convince you last week that shock phenomena are complex, but that there is a simple, universal structure to all shocks.  This week, we’re going to finish up the derivation of the shock-jump conditions. 

We’ll see how this very simple model of a propagating and evolving shock wave can be applied to a supernova explosion.  Supernova explosions are not only responsible for an significant fraction of the material recycled back into the ISM, but also for a majority of the energy. 

This week's reading: 

The rest of those Astro 145  notes (passed out in class last week). 

Also read sec. 7.3-7.5 in Dyson and Williams (pp. 129 – 140) 

Questions:

1. Starting from the equations of mass, momentum, and energy conservation across a shock front, derive the Rankine-Hugoniot shock jump conditions (the boxed equations on p. 4.19 of the Harvard notes, or the results in sec. 6.3.4 of Dyson and Williams).  Note, the derivations are laid out for you in both Dyson and Williams and the Harvard notes.  I want you all to be able to do the derivation smoothly, showing each step, and be able to compare the treatment in the book versus that in the notes.  The notes treat the general case of arbitrary , while the book takes =5/3.  You will do this derivation as a group on the board (with a “scribe” and the rest of the class yelling out instructions from your seats).   Please make sure you’re comfortable with the starting conservation equations: 
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Where this last equation could be written in terms of the enthalpy (e+P/), although the total internal energy, e, was called U in last week’s problem 5, and the sum of all three terms was called the total specific energy and was denoted .

2. Show that for a strong adiabatic shock, the pressure and temperature behind the shock can be written in terms of the shock speed VS as
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What shock velocity is required to raise a plasma to T=106 K, and thus make it a good X-ray emitter? What shock speed is required to heat gas to a typical H II region temperatures? 

3. Isothermal shocks: If the conditions are such that radiative cooling can take place in a relatively short time, the temperature behind the shock may return to its equilibrium value within a short distance behind the shock.  In this case, we can treat the jump across the shock as isothermal, rather than adiabatic, with T2=T1 replacing the energy equation.  (The jump conditions coming from mass and momentum conservation are the same.) Show that in this case, 

[image: image3.wmf].

Where cs is the isothermal sound speed, and M=v/cs is the Mach number. In this case, the density jump can be arbitrarily high, not just a factor of four.  What physical explanation can you give for this? 
I’d like each one of you to do each of the following problems.  You guys decide how to split them up.  To one extent or another, they follow the derivations in the notes and the book; please be prepared to derive what’s asked for in the questions. The theme is the four stages of a supernova shock.

4. Free Expansion: The ejecta expand at a constant velocity.  From momentum considerations, the speed will not change significantly until the swept up mass approximately equals the ejecta mass.  For a supernova that ejects 4 Msun at 5000 km/s into a medium of density 10 cm-3, find the radius and time at which this free expansion phase ends. 
5. Sedov (or energy conserving) phase: 
(a) If a supernova shell is expanding at 5000 km/s at the beginning of the Sedov phase, what is the temperature behind the shock then? 

(b) Show that the temperature behind the shock varies with time according to the expression T=At-6/5 and express the constant A in terms of the supernova energy ESN, the initial density no of the surrounding medium, and atomic parameters. 
6. Snowplow Phase: When the temperature of the gas falls to about 1 million K, cooling by line radiation of ions becomes important.  The gas behind the shock cools quickly, and pressure forces are no longer important.  The shell enters the momentum conserving (snowplow) phase.  Consider a case of a supernova shell with ESN=1050 ergs expanding into a medium of density 10 cm-3.  
(a) At what time does the temperature fall to 106 K?

(b) What is the radius and expansion speed then?
(c) What mass has been swept up?
(d) What fraction of the supernova energy is kinetic energy at this time?
7. Decay into the ISM: When the expansion velocity reaches a speed of about 10 km/s, that of the random motions of the interstellar clouds, the shell will lose its identity and merge into the interstellar medium.  For the parameters above: 
(a) How long does this take after the initial explosion? 

(b) What fraction of the supernova energy is in kinetic energy now?
(c) The energy in the ISM in the form of turbulent motions is about 5X10-13 erg cm-3, How many supernovae of the above type would be needed to provide this energy density over a volume equal to the disk of the galaxy (radius 15 kpc, thickness 0.2 kpc)?  What is the corresponding rate of supernova production over the whole galaxy?  Is it reasonable to think that supernovae might provide this energy? 
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