
. ­40561-072-INT92-00-23 • 

C 

STELLAR NEUTRlNOS 11-1 
11-1_11""==c:::=:i 
c !!!!!!!I 
c-

W. C. Haxton ..1-I', • 
c <-,...1- , 

~ ""= ru= . #It,JPhysics Department, FM-15, and Institute for Nuclear Theory, HN-12 
~- > 

~J
University of Washington, Seattle, WA 98195 ­

t--_-.......~6li:.~; ,~~,-~J 

"''''AJ''~ IIO'A·",,· .•• ti~" ,.' .:v",';.: 1'- ,tl\ 11\...:l'J 

~-

.......--

" 

-".-.-.,,'.~ 

~"-"~-". 

-=~~--- ~~:~~~ 

_~.w,·,.'~""_'""'.'_''''~'' l'~'-~-. 

...........J.~ ~.~ .. , " .. ~ .:r 'f ... \.. """,. ",,""!I-"''l.V''.~~ "'- ~ 


~,~,., ."'-~''''''.' ,-""~..........,.,,.~... ;L_,.~"",. j
~ 

••.•-..~•• " •••.H.......''''....,~.wj _.".. 
 " 

. '- ,--- ~" .!''-:'>L''_~ J 

... ,.. ~.".,,-.,."",.,._.....~_""""""Aor~,_._lTalk presented at the Benjamin Franklin Symposium , r 

~ .·'....... ···1·.-.....~.-.--~ I

in celebration of the Discovery of the Neutrino 

...-.,••- ""'''''--, ~U ..._~_ 

Drexel University, Philadelphia, PA, April 29-May 1, 199 .' '.---.. ,.. ".. ~ I~ 
r 1 ,\ i" ! ~ 

PREPARED FOR THE U.S. DEPARTMENT OF ENERGY 

This report was prepared as an account of work sponsored by the United States 
Government. Neither the United States nor the United States Department of En­
ergy, nor any of their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes any legal li­
ability or responsibility for the product or process disclosed, or represents that its 
use would not infringe privately-owned rights. 

By acceptance of this article, the publisher and/or recipient acknowledges the U.S. 
Government's right to retain a nonexclusive, royalty-free license in and to any copy­
right covering this paper. 



STELLAR NEUTRINOS 

W.C. HAXTON 
Department of PhYJicJ, FM-15 and InJtitute for Nuclear Theory, HN-U 

UniverJitll of WaJhington, Seattle, WaJhington 98195 

ABSTRACT 
Neutrinos provide an important diagnostic of behavior deep inside the 
solar core. They also playa major role in the evolution of red giants, 
horizontal branch stars, and core-collapse supernovae. I discuss some of 
the interesting neutrino physics issues that have arisen in studies of stellar 
evolution. 

1. Introduction 

It is a great pleasure to participate in this symposium in honor of Fred Reines. 
Fred's lifelong fascination with the neutrino illustrates more clearly than I can ex­
press the deep connections between terrestrial experiments and astrophysical neu­
trinos. Fred's discovery of neutrinos in a reactor experiment 1 led to his appreciation 
of the importance, both in nuclear/particle physies and astrophysics, of measuring 
the flux and spectra of neutrinos from our sun' and from distant supernovae.3 As 
this symposium illustrates, this quest remains an exciting one. 

2. Solar and Red Giant Neutrinos 

Previous talks have described the importance of solar neutrino research in 
testing the standard solar model predictions of conditions in the sun's core. Thanks 
to Mikheyev, Smirnov, and Wolfenstein4, we also appreciate the sun as a marvelous 
regenerator, enhancing the effects of oscillations throngh adiahatic level crossings, 
and thereby greatly extending the ranges of neutrino masses and mixing angles 
that we c:an plausibly explore. Despite all of this, the impact of neutrino physics 
on our sun's evolution is not a dramatic one: the energy carried away by neutrinos 
represents about 2% of the core's output, while the remainder is transported to the 
solar surface by radiation and convection. Furthermore, the only solar neutrino flux 
we have definitely observed, the 8B neutrinos, is of relatively recent origin, having 
been less than half its contemporary value when the sun was 80% of its current age, 
according to the standard solar mode1.5 Thus, through most of the sun's lifetime, 
these neutrinos have played no role. 

In contrast, neutrino emission can be the dominant mechanism for energy trans­
port in other classes of stars, such as red giants (RG). A red giant is a star that has 
exhausted the hydrogen in its core, leaving a dense 4 He core that supports itself by 
the degeneracy pressure. Surrounding this core is a hydrogen mantle, with H burn­
ing taking place in a narrow shell just outside of the 4He core. As the star evolves, 

more 4 He is added to the core until finally it f('aches the density/temperature con­
ditions that permit 4 He ignition. The mass of the core at ignition is crucial in 
determining the subsequent evolution of the star along the horizontal branch (HB). 

Ignition depends delicately on conditions in the RG core, since the rate for 
30 -+ I~C varies roughly as ""' p2 T JO -40, where p and T are the density and 
temperature of the core. The primary mechanism for transporting I'nergy out of 
the core is the decay of a plasmon into a vii pair.6 This neutrino physics deter­
mines the point where the helium flash occurs, thereby fixing the core mass that 
governs the subsequent horizontal branch evolution, including the star's brightness 
and longevity on the HB. 

Particle and nuclear astrophysicists have long understood that RG and HB age 
and brightness observations could be used to constrain anomalous cooling mech­
anisms that might compete with or enhance vii emission. One example is axion 
emission via Compton production off electrons, Primakoff production off nuclei, or 
emission by nuclear decays. Arguments based on RG energetics and on our under­
standing of the metallicity dependence of RG and HB evolution have been used to 
exclude axions with masses ~ 1 eV.1 Similarly, our most stringent limits on diagonal 
and transition neutrino magnetic and electric dipole moments comes from the direct 
plasmon -+ vii cooling that such moments would generate. The recent analysis of 
Raffelt8 yielded I'ij ~ 3 .1O-12 I'B, where IJ.B is an electron Bohr magneton. This in 
turn forces one to a.''!sume enonnously strong magnetic fields in the sun's interior if 
one wishes to invoke neutrino magnetic moments as a possible source of variability 
in the solar neutrino flux. 

3. The Supernova Mechanism 

Another example where neutrinos play a major role in stellar evolution is 
core-collapse supernovae. Because of Fred's role in the first detection of super­
nova neutrinos3 , this seems like an appropriate focus for my talk. Neutrino physics 
is important to the evolution of the presupernova star, affecting the star's entropy' 
budget and determining parameters, such as the mass and lepton Humber of the 
homologous core, that are crucial in theoretical models of the supernova explosion. 
After core bounce neutrinos playa major role in nucleosynthesis (because of nuclear 
reactions very similar to those recorded in the 1MB and Kamioka II detectors) and 
very likely in powering the explosion itself. 

Consider a massive star, M ~ lOM0 , burning its core hydrogen in hydrostatic: 
equilibrium. If one takes M ""' 25M0 as typical of a supernova progenitor, this burn­
ing phase is completed in about 7 My, alter which the core hydrogen is exhausted, 
having been burned to 4He. The core, lacking an energy source to maintain the 
electron gas pressure, contracts until conditions are reached where 4He ignition call 
occur. This cycle, fuel exhaustion, contraction, and subsequent ignition of the ashes 
of the previous burning cycle, repeats through carbon, neon, oxygen, and silicon 
burning, with this final burning stage producing in about one day an inert iron core. 

Sillce iron is the most stable nucleus, no further burning reactions are possible. 



Thlls not.hing is availahlf' t.o halt t,}1f' cont.radion of thf' iroll corf' ('" 1.2 - 1.5 Me). 
As tllf' collapSf' of thf' iron corf' proCf'MS, matter is heatf'd, I(~adillg to the photo­
dissociat.ion of iron into alphas and nUdf'OIlS. This in turn accelerates t.hp weak 
captllrf' of f'lectrons by free protons, producing neut,rons and escaping II~S, and 
fnrU)('r rf'ducing the gas pressure. Thus the collapse is rapid, procee(ling at about 
0.6 of the frf'c-fall velocity according to numerical simulations.D•lo 

1012At a densit.y p '" g/cmJ til(' emitted II~S, which up to this point have 
streamed through the star's mantle, carrying away some of the star's lepton num­
her, hecome "trapped" by their neutral current scattering off nuclei. That is, elastic 
scattering If'ads to a diffusion time for the neutrinos that is longer than the time 
reqllirf'd for the collapse to be completed. Trapping thus means that the gravita­
tional f'nergy released by the remainder of the collapse remains in the core until 
well aft.f'r the core bOllnce. 

The velocity of sound in nuclear matter increases with increasing density. The 
homologolls core is the inner portion of the iron corp, usually 0.6· 0.9 Me, where 
thf' sound v('locity exceeds the infall velocity. Since the sound velocity is then 
sltfficif'nt to smooth out prf'SSllre variations on the timescale of the collapse, it is 
not, surprising that the density profile of the homologous core is unchanged during 
the collapsf'. 

As nuclear density is reached (p '" 3 . 1014 g/cm3 ), the nuclear equation of 
st,atf' takes over, providing a nf'W source of pressure that can halt the collapse. 
The innermost shell of matter at, tllp center of the homologous core compresses to 
about, twice nuclear density (df'IH'lIding on the details of the equation of state), 
wit.h the rf'hound producing a pressure wave that starts to propagate back out 
through til(' homologous core. Successivf' shells repeat this process, producing new 
wavf'S that follow the first. These collf'ct at the edge of the homologous core, where 
lI.onnd lIinfail. A shock wave is relea..-;ed 3."l the edge of the homologous core comes"J 

to rf'st, and begins to propagate t.hrough the outer portion of the iron core. 
As· the shock wave propagates outward, iron faUing through the shock front is 

heatf'd and mdts, consuming about 8 MeV/nucleon. The freed nucleons undergo 
enhancC'd df'ctron capture whilf', at the same time, the neutrino opacity of this 
matf'rial has bf'Cn reduced by about l/Z because the nuclear coherence has been 
lost.. Thus, M the shock wave approaches the trapping density of '" 1012 g/cm3 , 

there is a sudden incre8."le in the st.ar's electron neutrino luminosity (sometimes 
rcff'rred t,o 3.<; the ddeptonization pulse) to values in excess of 1054 ergs/sec. The 
duration of t,his pulse, a few millisewnds, is comparable to the time required for 
shock wavf' propagation (lI.hod '" 0.2 c) from the edge of the homologous core ("" 50 
kill) to the trapping radius ('" 100 km). The deleptonization burst carries, perhaps, 
3 .1O~1 f'rgs. Over the next", ten seconds the neutron star cools by emitting pairs 
of Ilelltrin~s of all flavors, which carry off the bulk (?:, 99%) of the'" 3· 1053 ergs 
rf'lf'aSf'd hy the collapse. A plot of the Ilf'utrino luminosity is given in Fig. 1. (Note 
thf' hroken t,ime scale.) 

Precisely how the mantle of the star is ejected is still a matter of some con­
trovf'rsy. Heroic efforts have hf'f'1l invested in numerical codes for modeling the 
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Fig. 1. 	 Schematic representation of the neutrino luminosity of a core-collapse su­
pernova (modified from the results of Ref. [9]). Note the broken scale. 
The first 0.2 sec corresponds to infall; the 4 InS period represents the time 
hetween core bounce and shock breakout at the neutrinosphcre; 1 sec is 
the time from propagation to the edge of the iron core; and 10 sec is the 
neutron star cooling time. 

hydrodynamics of shock wave propagation and the diffusion of neutrinos. While 
initially the shock wave has an energy far in excess of that needed to eject the man­
tic, the heating and neutrino losses it experiences in the outer iron core are severe. In 
the "prompt mechanism" the shock wave survives these losses with enough energy 
to power a successful explosion." Previously it was thought that this mechanism 
could be successful in smaller stars (M~ 15 Me), provided the nuclear equation of 
state is soft, permitting the "rebound" to occur at very high nuclear densities. The 
inclusion of neutrino "dowllscattering" mechanisms II in the infall stage (im'lastic 
reactions by which superthermal electron neutrinos producpd in electron capture 
can equilibrate with the matter, efff'ctively lowering the average neutrino opacity) 
reduces the lepton number trapped in the core, which in turn leads to a smaller 
homologous core, a weaker shock wave, and a larger outer iron core (or th(' shock 
wave to penetrate. As a result, the prompt model now appears to work only for 
rather extreme choices of the equation of state. In the "delayed mechanism", the 



•shock wav~ stalls aft~r - 200 km, going into an acreHon mode. 10 It is revived ahout 
0.5 sec later due to neutrino heating of dissociated nucleons behind the shock front. 
This mechanism is still poorly umlerstood and appears to depend on the detailed 
modeling of convection that occurs in the hot "bubble" that forms betwl.'en the 
neutron star surface and the stalled shock front. 10 

These explosion models have been and are being improved through more realis­
tic treatments of the hydrodynamics, neutrino diffusion, and neutrino interactions. 
I would like to discuss several theoretical efforts on the last topic that give one some 
hope that the inclusion of additional physics in the hydrocodes could lead to a more 
robust mechanism. 

I previously' mentioned that the infall epoch sets the "initial conditions" for the 
core bounce, including the trapped lepton number YL that governs the size of the 
homologous core, The star radiates lepton number in the conversion e- +p - n+lIt • 

The rate of electron capture varies at TS, where T is the matter temperature, with 
T rising as the infall phase proceeds. Furthermore, lepton number losses cease once 
trapping density is reached, p"" 1012 g/cm3. Thus, as can be seen from Figure 2, 
a narrow window in density exists where T is sufficiently high but p is sufficently 
low that significant losses in YL occur. In fact, the YL loss depends critically on 
processes by which superthermal lItS produced in electron capture, which have larger 
coherent cross sections, can scatter into lower energy states, which have an easier 
time escaping. If one turns off the inelasticities lit +e -t lI~ +e' and lit +A - lI~ +A', 
YL of the homologous core remains large, "" 0.41.12 But either of these inelasticities is 
sufficiently robust that it can fill the phase space of low-energy unoccupied neutrino 
states as quickly as they are emptied by diffusion, leading to a final YL "" 0.38 (see 
Fig. 2). 	 Such small values of YL imply a smaller homologous core, a thick outer 
iron core, and great difficulties for the prompt explosion model. 

It is therefore important to examine processes that might slow this lepton num­
ber loss. One helpful bit of physics emerged from recent calculations of Bruenn and 
Haxton '2 , who rediscovered a result known earlier to Cooperstein and Wambach. 13 
Electron capture prior to trapping is conventionally modeled as a heating proces~: 
shell model arguments (an 17/2 proton becomes all IS/2 neutron) suggest that most 
of the beta decay strength in iron-like isotopes is carried by excited states residing 
-3 MeY above the Fermi surface in the daughter nucleus. I" Thus shell modelover­
laps are maximized by the capture of an electron on a "cold" parent nucleus, with 
the production of a "hot" daughter and an escaping neutrino. In fact, the more 
detailed calculations mentioned above demonstrate that phase space is a much more 
important factor than the nucleon overlaps in realistic nuclear calculations. Typical 
del!ays proceed from highly excited initial nuclear states ( '" 6kT) to low lying states 
('" lkT) in the daughter, thereby producing a large energy release. 12 Thus, weak 
interactions tend to maintain a low-entropy collapse, which of course slows electron 
capture and contributes to a larger trapped YL. 

Similarly, Haxton and Leels and Fuller and Meyer l6 have pointed out that 
neutral current f3 decay, A' A + II + ii, with the neutrinos escaping, will cool the 
star without lepton number loss. This process is not included in present hydrody­
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Fig. 2. 	 Trapped lepton number YL as a function of density for a moving mass 
element near the core.12 The solid curve shows the results for a collapse 
without neutrino downscattering (i,e., with omission of neutral current 
scattering off nuclei and of neutrino-electron scattering), while the dashed 
lines show the effects of turning on the lit +e -t lI~ +e' and lie +A -t lI~ +A' 
inelasticities. 

namic models of the supernova mechanism. In the allowed limit, the rat.e would 
be determined by the distrihution of Ml strength neaI' the HllcleaI' groundstate. 
As YL drops to '" 0.41 0.42, several odd-mllss nuclei (Illy, 1I3Cr, SSMn) b('('ome 
important species in nuclear equilibrium, comprising about 10% of the matier. 16 

These nuclei do have strong low-energy Ml gamma transitions. Recently Horowitz 
has estimated plasmon enhancements of neutral current beta decay, which are very 

(, 
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important. for dpdr1c transitions and timC"-like momentum transfers. 16 Thus it is 
possi!>lr that forhidd('n transitions (E1, E2) ('ould prove to dominate ncut,ral cllfrent 
Ii d('('ay ratf's. 

As t.hf' propf'r modding of electron ('aptllfe and nrntral current fJ decay will help 
maintain a low('r entropy during collapse, their inclnsion in numerical simulations 
might \w import,ant. However, it is not yet known whether the effects suhstantially 
aitrr t.hr rvolntioll. 

In the late-stage model, where the shock stalls at a radius of about 200 km, 
thf' rC"heating of the electron and nucleon gM behind the shock front is thought to 
powrr t.he shock wave revival. The heating proc("sses ilicluded ve + p -+ n + e+ and 
thC" qllasielastic scatt('ring of neutrinos of any flavor off nucleons, v + N -+ v' + N', a 
r('action that transfers only a few MeV, typically. Haxton and Lin have discussed a 
new proc('ss, inelastic neutral current scattering off correlated nucleon pairs, which 
depmds on the second-order polarization inSf'rtioll at low densities. 17 It will be 
interrst,ing to see whether this and other neutrino heating mechanisms lead to a 
mor(' rohust delayed m('chanism, 

4. The Neutrino Process 

The analog of this process for nudei, inela.s l j. scattering of neutrinos, plays 
an important role in nucleosynthesis, a..<; Woosley, Haxton, and collabomtors18 have 
recent.ly shown. As this work is puhlished, the description here will be very brief. 
The importan('e of these reactions can be seen immediately. Consider the neon 
shell, whi('h resides at '" (1 - 3)· 104 km from the center nf the star. The higher 
tempt'rat.l1fe vI's and VT'~ have cross sections for inelastic s('attering of '" 3 10-41 

cm2 , wit.h typical energy transfers nf '" 20 MeV. (The Gamow-Teller and various 
dipol(' rcsonan('cs dominate the scattering.) The total neutrino fluence at 2 .104 

km is '" 1038 /nn2. Thus we discover that approximately 0.1% of the neon nuclei 
are excil,eo ahove particle breakup by the neutrinO's emitted by the cnnling neutron 
star. 

The only st.ahle isotope nf fluorinf', 19F, has a solar abundance relative to Ne of 
19F/20Ne 1/3100. The astrophysical site for production of this isotope, however, rv 

had h('(,11 und('ar. When excit,ed to '" 20 MeV, 2°Ne'" decays intO' 19F +p ('" 2/3 
branch) and 19Ne + n ('" 1/3 branch), with 19Ne decaying into 19F. Thus we 
conclude, from the flucnce and r:ross section given above, that the 19FpONe ratio 

in the neon shell, were all the 19F to survive, would he about 8 times 
solar ratio. IThus 19F would be overprnduced if Type II supernovae are the 

principal site for 2°Ne productinn.} 
ollt a key issue is the survival of 19F. In the first 10-8 sec after decay into 19Ne 

+ n, t.he ('oprodu('cd neutron is absorbed by one of the important neutron poisons, 
19Ne(n, 0')160, 2°Ne(n,1')21Ne, 19Ne(n,p)19F, etc. The react inns that 
a(,(,OImt for'" 70% of this processing. 

In '" 10-6 s('c protons produced by 2°Ne'" -+ 19F+p are ahsorbed 
15N(p,0')12C, 19F(p,O)160, 21Na(p,o)20Ne, etc., with the competition hetween 

latter two depending on the metallicity of the star. 
The 19F t,hat sl1fviv('s this processing can still he destroyed by the heating 

accompanying shock wave passag<', 19Fh,o)15 N. The peak explosion t('mperature 
spans the range (2.5 - 1.0) .109 K over the neon shell (R '" (1 3).104 km). The 
survival temperature for 19F is 1.7.109 K. Thus only that 19F produced at large R 
survives the passage of the shock wave. 

Table 1. Neutrino process production l9 of 19F relative to 2°Ne, normalized to the 
solar ratio, M 8. function of the Vp./vT temperature. For simplicity, Fermi-Dirac 
neutrino spectra have been used. 

[l9F /2°NeJ/[l9F j2°Ne10 T,,~ (MeV) 

0.14 4 

0.6 6 

1.2 8 

1.1 10 

1.1 12 

The net results fnr the 19F/20Ne ratiO', normalized to the solar abundance, are 
given in Tahle 1 M a functi.on of the v,,/vT temperature Til". Excellent agreement 
with the solar abundance is obtained provided T,,~ ;::, 7 MeV, a value in good accord 
with theory. Interesting, although the nuclear crnss sect inn rises extremely rapidly 
with T",., the production plateaus above 8 MeV. This reflects the competition be­
tween the prnton pnisons 19F and 21Na: if 19F is too abundant, it becomes the 
dnminant capturing nucleus, thereby destroying itself. Thus a rather interesting 
prediction emerges: the "neutrino process," in the CMe of 19F, is nnt really pri­
mary, M stars with higher metallicities will be richer in Na and thus mnre efficient 
factories for 19F. It follows that the galactic production of 19F shnuld track Na, an 
interesting nucleosynthetic correlation that may be testable. 

Detailed netwnrk calculations have been carried out for the neutrino process, 
with the result that liB, 7Li, 19F, 138La, and 18°Ta all appear to' be produced at 
abnut their galactic abundance. 19 The production of abnut 15 other odd-A isotopes 
is also quite robust, enough so that, within Mtrnphysical uncertainties, the neutrino 
prncess could also be the primary source nf these nuclei. It thus appears that the 
neutrino process is an important nucleosynthetic mechanism that contributes, along 
with explosive burning, to the production of many of the less abundant elements. 
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5. Conclusions 

It is remarkable that the supernova neutrinos Fred Reines has studied on earth 
also play an important role in the explosion mechanism and in nudeosynthesis. 
In fact, the abundance of elements like 11 Band 19F appear to constrain the flux 
and temperature of those heavy-flavor neutrinos we did not detect from SN1987 A, 
thereby adding to the information we gleaned from 1MB and KalIlioka II. It is 
no accident that simultaneously we are making great strides in understanding the 
supernova mechanism, unraveling the pattern of the elements, and detecting cosmic 
fluxes of neutrinos. The unifying theme is the quest to better understand the 
interactions of neutrinos in matter. 

This work was supported in part by the U.S. Department of Energy and by 
NASA under grant #NAGW 2523. 
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