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HEUTRINO FLOW AND THE COLLAPSE OF STELLAR COBES* 

James R. Wilson 

Introduction 

Neutral current theories of neutrino interactions predict a scattering 
crosa section for heavy nuclei proportional to th square of the nuclear 
mass (Freedman 197U). Wilson (1971*) has (shown that this high cross section 
may make it possible for the hot neutron star newly "ormed in stellar collapse 
to emit enough neutrinos to blow off the iron envelope vhich would surround 
the newly formed neutron star. The present work io:an effort to repeat the 
above calculations with a better model for the neutrino interactions. 

Arnett and Scramm (1975) and Mazurek ( W ^ ! have criticized Wilson (197s* > 
for not including degeneracy effects of electrons and neucrinos aatl for not 
iaposing the jonservation of lepton number. The neutrino cross sections in 
Wilson (197b), while of the correct magnitude, did not fit to any particular 
neutrino model. 

Equation of State 

The material is assumed to be composed to two principle species: heavy 
nuclei of weight A and free baryons. The number and weight of the free baryons 
is determined as follovs. From the density of material A „ and Z (the A and 

ea. eq 
Z are the atomic veight and charge for material in its lowest energy state at 
zero temperature) are selected. A and Z are then found as a function of time 
fi-om 

(i) . , 
z, - - (z -zj 
A T v eg. A' 

* This work was performed under the auspices of the United States Atomic 
Energy Commission. 
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Using the values of A and Z found from equation(1) and the energy 

of formation of the nucleus of weight A a Saha type equation 1B solved for 
eq 

the fraction -Z.K of baryons in heavy nuclei. The mean charge, Z, per free 
baryoo .,1s found from the neutrino transport equations and will be discussed 
in the next section, the pressure and energy are calculated by assuming all 
tha particles are perfect Fermi gases. 

Heuttlno equations 

In the capture of neutrinos by heavy nuclei given by equation (1) 
the emitted neutrinos are assumed to have an energy equal to the chemical 
potential, <r, of the electrons. These neutrinos are added to the neutrino 
field, F , and no temperature change is made. 

Only three other neutrino absorption processes are considered at this 
» 4- — 4. ~. — 

time: P + e + * n + v , n + e *-»• P + •»• and e + e +* v + v (plasma neutrino 
production is included in the latter process). The energy exchange between 
neutrinos and electrons from elastic scattering is treated by a Fokker-Planck 
type equation. This treatment assumes /Av'K,\r < < 1> In the present circum
stances fjr~i^T ** 1/2. The diffusion coefficient uses a transport mean 
free path, X, that includes the above processes (except pair production) 
together with the nuclear scattering which is assumed to have a cross section 

2 proportional to A . The neutrino degeneracy effects In the pair production 
formula are not quite correct; however, they are of such form that neutrino 
states will never be over filled. 

The equation for density of electron neutrino energy la: 

(2) ^ ( r . v . t ) - ^ ^ ^ ) -ZA«(v-« 

+ 1 
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\ » ' / | . V /T + 1 e \l + e - v / T J 6 • % + J|M 
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Where D is diffusion coefficients v is neutrino energy, $ is electron e 
chemical potential, n, is density of free baryons, M is density of electrons 

of energy v, ¥ is density of electron antineutrion energy, E*.' is the energy 

production rate for the emission of electron neutrino pairs, T is the material 

temperature, t is the electron-neutrino scattering time, and V is the 

material velocity. The energy difference between neutrons and protons is 

ignored. Bote all numerical factors have been suppressed. The diffusion 

coefficient is given by: 

D = r= 

It has been assumed that all pairs are emitted in the form pair v**?1* where 
T 9 e v/T + 1 E . is the total energy emission rate. The readsorption is then 

taken so that detailed balance will obtain. Hansen (1968) fits to pair production 

are used for E , for the old C„, theory and then these fits are modified by pair *f*v 
the prescriptions of Dicus (197b), Arnett and Schramm <19T5). 

Similarly the equation for antineutrino density F is given by 

*V-.*)-irW»- W*-??-^J- (*fj A e T'- 3r 



- I t -

+ -b <W jd-z) ».• v - * 7, . (l • ^ 7 7 ( ^ j 

+ /^alAiv"^ - - / 1 f V v A T" \1 1 

\ T« / U * + 1 F 4 r 7 e ^ J T TZTJ]™ 

Mu neutrinos are only made by pair production so the equations for mu neutrinos 
are simply: 

gp VD 3F 
F = i - l _ (-2 j , _ E ) + ._E. - J . _ L . 1 - { ? r 2 F ) 
V r 2 »r K r % 3r ' + Yp 3r r 2 »r W r V 

• (5fiilMj££ y ( 1 f¥JL.h>-J* \ l 
V T* ' | e > + 1 » \ X + e - % / 6 e v/T + l / j 

Dicus (1972) is used to obtain the relation of Ew to E e for pairs . 

The above equations for neutrino changes lead to the following temperature 

changes, 

•Jf p V -/ l°P + e' zn - v - (1 - z) 2 F 
e e 

a J.»* J ( l - z) n + v - z 2 F n+e+ J e e 

\*8 T 9 / I e v /T • 1 e v / T + 1 6 (1 • e - v / T ) \ *> e V e ' e V / j 
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./.fcffiw55-',-(^-3).,.(1-^)j«. 

and the following composition changes 

- • „ . . • (»-•>»„»-=-. ^ ^ ^ ( H ^ ) ) ) ] ^ 
x e T+ 1 ' 

These equations together with the hydrcdynamic eq.uati~.Ts are solved on a 

computor using finite difference approximations. Cross sections are from 

Weinberg theory, Bicua (1972) and Freedman (l97fc). 

Results 
The initial stellar model used is a EOdel ,;iven by Barkat {same as in 

Wilson (19710. It consists of an iron core of 1.5 solar masses with silicon 
and carbon envelope of low density. The temperatures are taken a little under 
equilibrium values so that collapse starts immediately. Two calculations have 
been made so far. In the first the neutrino couplings vere determined by the 
Weinberg theory with a coupling constant a Q = .1(5. In the second calculation 
all cross sections remained the same except the nuclear scattering cross 
section was raised a factor of 6. In neither calculation did an explosion 
result. From figures la and b it can be seen that shock wave from the bounce 

http://eq.uati~.Ts
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at a time of .23 seconds doeB not proceed out very far. The bounce was 
considered Important in previous calculations for starting the material 
outward. 

Figures 2 a, b show the central temperatures, densities, compositions 
(Z and £ ) , chemical potentials and the liminosities at the outside. The 
density and temperature at bounce are a low. The previous calculations 
(Wilson loj't) bounced with central densities of about 3 x 1 0 1 3 gm/cc and 
temperatures of 30 KeV. The luminosity is less than half the luminosity of 
the previous calculations. The spectrum is about 30% cooler than before, 
see figures 3 a, b. With a scattering cross section of 1.7 x 10 - l f l* vjj-
A 2 cm 2 and a mean neutrino energy of lk MeV and A = 56 as found in these 
calculations the luci»;?sity necessary to overcome gravity (Eddington limit) 
is 6.6 x 1 0 5 3 ergs/sec. From figure 2 we can see that the luminosity is 
too low to produce a radiation driven blow off. At early times the electron 
neutrinos .from the electron captures are the dominant luminosity source (see 
figure b) later antineutrinos become important but still considerably less 
Important than neutrinos (see figure 5). At late times the core is very opaque 
so that mu neutrinos with their smaller cross sections are becoming the doninate 
source of luminosity. While only 10j> of the neutron star binding energy has 
been emitted at the end of the calculations, since the luminosity is not rising 
rapidly, it ha9 been assumed nothing will happen later. 
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Discussion 

These calculations were performed Just before the meeting and so there 
is still a chance of error. These results should be considered preliminary. 
Since an earlier model gave an explosion and the present calculation came 
close to producing an explosion, it is necessary to do the calculations very 
carefully. 

It also should be remembered that at present the theory of neutral 
currents allow several possibilities. The model of Freedman (197b) yields 
the weakest nuclear scattering. For comparison, Freedman's model requires a 
luminosity of about 1 x 10 S I* ergs/sec to overcome gravity. A model proposed 
by Sakurai (197M would require about one quarter that luminosity. Adler's 
(197't) would require about half again that luminosity. Barshay's (197'-') 
light scaler meson coupling model yields the sane luminosity requirement as 
Freedman for gradient coupling and about L = 1 0 5 0 ergs/sec for simple coupling. 
Bernabeu .(I97!i) has a model in which the required luminosity is only 1 0 5 2 ergs/ 
sec. Tliis seems like a large variety of models. However, as the nuclear 
scattering cross section is increased a point is reached where further increases 
do no good since the luminosity of the neutron core will be limited by nuclear 
scattering. Future calculations should find this limit. 

Work was done in collaboration with R. Couch, S. Cochran, and J. Le Blanc, 
with the initial stellav model provided by Z. Barkat. 
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FJKure Captions 

- The lines are the radius time trajectories of every fifth zone 

in the calculation, a) is example with a 2 = .2. b) is example 

with a 2 = .2 for al] cross sections except nuclear scattering 

which uses a 2 = 1.2 in Freedman's formula for coherent scattering, o 

- Central temperature T, central density, p, central fraction of 

heavy nuclei,J/,, central charge of free baryons z, and luminosity 

L at outside of star as functions of time, a and b have same 

meaning as in figure 1. 

- Time integrated neutrino fluxes outside the star as functions of 

the neutrino energy, a and b have same meaning as in figure 1. 

- The specta of the various neutrinos in the central zone at a 

time of .226 seconds for example a of figure 1. 
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