Tutorial: Kilonova heating

August 11, 2018
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Beta decay heating rate

(i) Compute the total energy generation rate for 0.03Mg, of r-process elements by using the
energy generation rate per nuclide:
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where tp ~ 8600s. Here you can use the mean mass number A ~ 200.

(2) Perform the following integration in the three regimes (i) Ey > 1 and n < 1, (ii) Ey < 1
and n < 1, and (iii) By < 1 and n > 1:

p(FEo)
f(Eo.Z) = /0 dpF(Z, E)p(E — Eo)*, 3)
F(Z,E) = %{7_%”) (4)

where p is the electron’s momentum, Ey = Ey — 1, Eg is the total disintegration energy, F is the
electron’s kinetic energy, and n = Za/f3, and f is the electron’s velocity. Here all the quantities are
in units of m. and c.

(3) Calculate the fraction of the electron kinetic energy to the total disintegration kinetic energy:
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for the three above regimes.

(4) Derive the electron energy generation rate of statistical assembly of radioactive nuclides in
the above three regimes by using
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where e is the Euler number and you can use the relation between Ey and ¢:
F(Eo, Z)t = —_tp. (8)
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The fraction of the electrons’ energy is given by the question (3). Here one may take (|My|?) & 0.05,
Z =70, and A = 200.

Thermalization efficiency

(5) Estimate the time scale on which the ejecta becomes transparent to v-rays of energy 10 keV,
0.1MeV, 1 MeV, and 10 MeV by using the Compton scattering cross section per electron
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where o is the Thomson scattering cross section and z = hv/m.c?. Consider two ejecta pa-
rameters (i) supernova-like ejecta (Mej, v) = (3Mg, 0.01¢) and (ii) kilonova-like ejecta (M, v) =
(0.03M¢, 0.2¢). The density is roughly p3MeJ/47rv .t3. One may use the ejecta is composed of
atoms of Z/A = 0.5 for supernovae and 0.3 for kllonovae After this time, y-rays no longer interact
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with the ejecta material so that the efficiency of v-ray heating drops exponentially.
(6) Do the same excise as question (5) but for photoelectric absorption
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where O(z) is the Heaviside function.
And pair production
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(7) Consider the energy loss of an electron with velocity v by colliding electrons bound by ions
of Z. Derive the stopping power [erg - cm?]
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where by = h/mev, by = v/v, and (I) = hv.
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(8) Consider the electron thermalization in r-process ejecta composed of ions with A and Z and
calculate the time when the thermalization efficiency of electrons with £ ~ 0.5 MeV and v ~ ¢
becomes in efficient, tineg e, corresponding to the dynamical time equals the energy loss time of

electrons:
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eg., Z/A= 0.3, (I) =10 eV, M ~ 0.03Mp, and ve; = 0.2c.

(9) Derive the y-ray and electron heating rate of beta decay including the thermalization ef-
ficiency by using the energy generation rate (problem 4, the regime: Ey < 1 and n > 1). Here
assume the ~-ray energy generation rate is two times the electron’s and the mean energy of -ray
energy is 1 MeV. One can use the thermalization efficiencies:
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where 7., is the Compton optical depth of the ejecta. You can use the same ejecta parameters of
problem (8).

(10) Calculate the kilonova light curves by using the heating rate derived in problem (9) and
compare them with the observed bolometric data.



