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Much of nucleosynthesis driven by neutron sources

❏ Big Bang:   neutrons post beta-equilibrium
           - capture in a proton-rich environment

❏                         beta decay in main sequence stellar evolution
          - regulates He synthesis, stellar evolution timescale

❏ s- and r-processes
          - neutron-rich environments created by compression of
            nuclear matter, or by pre-existing sources like 13C

Otherwise, neutrons are bound in metals, generally not available
for driving nucleosynthesis

Neutrino process:  SN neutrino sources can overcome nuclear binding
                            energies, generating new nuclei and producing fluxes 
                            of spallation neutrons, protons 

p+ p ! d+ �



Neutrino process

❏ most of the interesting examples come from free-steaming
    neutrinos irradiating the C, Ne, He zones 

❏ typically cross sections are dominated by neutral currents

    typical energy transfers are 15-20 MeV  (giant resonances)

    heavy-flavor fluence through the middle of the Ne zone
                            

❏ consequently productions at the level of 1/300th of the
    major He-stable isotopes expected 
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One of the original examples is 19F

❏ abundance relative to Ne:   

❏ giant resonance excitation leads to breakup

    typical energy transfers are 15-20 MeV  (giant resonances)

                            

❏  must follow the chemistry in a network calculation

❏  burn-up when shock  passes   
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TABLE I: Heavy ν-process candidate reactions as derived
form a 25 M⊙ stellar model 3.85 s after core bounce. σ⊙,42

is the cross section in 10−42 cm2 that would be required for
solar production of the isotope.

product σ⊙,42 parent process

51V 3.0 52Fe (νe,e− n)
55Mn 2.0 56Ni (νe,e− p)
78Kr 11; 29 80Kr (ν,ν′ 2n); (νe,e− 2n)
84Sr 19; 50 86Sr (ν,ν′ 2n); (νe,e− 2n)

102 85Rb (νe,e
− n)

138Ce 33; 88 140Ce (ν,ν′ 2n); (νe,e
− 2n)

180Ta 58 182Hf (νe,e
− 2n)

118 181Hf (νe,e
− n)

22 182W (ν̄e,e
+ 2n)

196Hg 74 198Pb (ν,ν′ 2n)
191 198Pb (νe,e

− 2n), (ν̄e,e
+ 2n), . . .

neutrino cross section σ⊙, required to produce the so-
lar abundance of each isotope Y⊙, measured with re-
spect to 16O, when averaged over all ejecta: σ⊙ :=
4πY⊙Mejecta/nν

∫
ejecta

Yparentr−2dm. In this integration
we use the progenitor radial coordinates r to locate the
various shells, which would underestimate the needed
cross sections for isotopes produced dominantly after
shock wave passage (when the shell is expanding out-
ward). We note the two most favorable candidates
(smallest required cross sections), 51V and 55Mn, were
produced at significant levels in the ν-process work of
[4]: those calculations used an interpolation method to
generate neutrino cross section estimates for all nuclei in
the network. (However, the 51V and 55Mn were made as
51Mn and 55Co by the neutral current reactions (ν, ν′p)
off of 52Fe and 56Ni, respectively, not by the charge-
current reactions listed in the table.) The remaining re-
actions in Table I will be explored in future, once the
needed neutrino cross sections are evaluated.

Our full ν-process calculations included all dynamics,
explosive and γ-process [13] nucleosynthesis, and all net-
work reactions destroying parent or daughter isotopes
involved in ν-process synthesis. Supernova calculations
were done with the KEPLER code [14], starting from the
15 and 25 M⊙ models S15 and S25 of [7]. We assume a
total energy of 5 × 1052 erg per species with a luminos-
ity exponentially decaying after onset of core collapse on
a time-scale of 3 s and constant neutrino temperature of
4 MeV for the νe and ν̄e and of 6 MeV for the νµ, ν̄µ, ντ ,
and ν̄τ , with zero degeneracy parameter (α = 0).

We evaluated neutral current reactions and two par-
ticle cascades for 12C, 14N, 16,18O, 20,22Ne, 24,26Mg,
28,30Si,139La and 181Ta. For charged current reactions we
include two particle cascades for 138Ba and 180Hf (Fig-
ure 1). Figure 2 shows that the 2n channel is important
for these nuclei.

It was recently argued by Goriely et al.[15], follow-

FIG. 3: Production of 138La in a 25 M⊙ star. We give the
production of 138La without neutrinos, with the charged cur-
rent reaction 138Ba(νe,e

−), with the neutral current reaction
139La(ν,ν′n) and with both reactions. Additionally, we show
the SN shock temperature, the pre-SN density, and the neu-
trino energy fluence FE,ν assuming a total neutrino energy of
3×1053 erg.

TABLE II: Production factor relative to solar normalized to
16O production as a function of Tνe (for charged current only)
and using 6MeV for the µ and τ neutrinos.

star product (no ν) (no νe) 4MeV 6MeV 8MeV

11B 0.011 1.509 1.899 3.291 —–
15N 0.396 0.480 0.486 0.530 —–

15 M⊙
19F 0.375 0.577 0.643 0.914 —–

138 La 0.190 0.279 0.974 1.734 2.456
180 Ta 0.599 1.016 2.751 4.628 6.026

11B 0.004 0.828 1.170 2.384 —–
15N 0.039 0.112 0.118 0.157 —–

25 M⊙
19F 0.105 0.300 0.366 0.643 —–

138 La 0.106 0.192 0.901 1.604 2.244
180 Ta 1.382 2.360 4.238 6.238 7.102

ing the suggestion first made in [4], that charged cur-
rent reactions on 138Ba would dominate the production
of 138La. We confirm this, finding the γ-process contri-
bution is small and the neutral current reaction on 139La
is insignificant (Figure 3). Sufficient 138La is made for
about solar co-production with 16O in massive stars (Ta-
ble II). The key is the enhancement of 138Ba by the
s-process prior to the SN (Figure 4). Conversely, charge-
current production of 191Pt is insignificant because of the
destruction of the parent 191Ir in the s-process.

charge current products

Heger, Kolbe, Haxton, Langanke, Martinez-Pinedo,Woosley,  



The r-process puzzle

• Metal-poor halo stars:  r-process 
distribution for Z >56 (A >130) 
matches solar abundances

• Explorations of supernova 
neutrino winds as a site -- 
frequency/yield and mixing 
consistent with observation

• Chronometer argument for 
possible multiple sites -- or 
distinct phases

H. Schatz

Nuclear Physics in the r-process

Masses (Sn)
(location of the path)

-decay half-lives
(abundance and
process speed)

Fission rates and distributions:
• n-induced
• sponatneous
• -delayed-delayed n-emission

branchings
(final abundances)

n-capture rates
• for A>130

in slow freezeout
• for A<130

maybe in a “weak” r-process ?

Seed production
rates ( , n, 2n, ..)

-phyiscs ?
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Progress:

Cowan, Sneden,...

Woosley, Hoffman; Meyer; Fuller...

Qian, Wasserburg

Cowan et al.

Schatz

From Schatz

Renewed interest in nu-process:  r-process motivation



❏  entropies higher than those typical produced in simulations needed
                                 J. Witti, H.-T. Janka, and K. Takahashi,  A. & A. 286 (1994) 841
                                            K. Takahasi, J. Witti, and H.-T. Janka, A. & A. 286 (1994) 857

❏  fast dynamic timescales to inhibit three-body seed-forming reactions
                                                                   B. S. Meyer, Ap. J. Lett. 449 (1995) 55

      

❏  the α-process:  the very same νs that are driving the wind and thus
     responsible for the ejection, destroy the neutron excess
                                                    G. M. Fuller and B. S. Meyer, Ap. J. 453 (1995) 792

      every ν reaction destroys two neutrons

   
 ❏  productions may be limited to N=50 closed-shell nuclei 
                                                    L. Roberts, S. Woosley, R. Hoffman

(↵↵↵, �)12C (↵↵n, �)9Be

⌫e + n! e� + p 2p + 2n!4 He + �

Neutrino-wind supernova r-process

P. Banerjee, WH, Y-Z Qian, PRL 106,  201104 (2011)



neutron star merger: Flash Center, U of Chicago

Neutron star mergers: alternative site, very neutron-rich



20/Myr

D. Argast, M. Samland, F.-K. Thielemann, and Y.-Z. Qian,  
A. & A. 416 (2004) 997

galactic
chemical
evolution

constraints



Both kinds of events have similar ejection energies, mixing volumes

But NS mergers thought to be  102-103 times less frequent
        consequently they must produce proportionately more r-process
        material, and thus yield local larger local enrichments early
        in our galaxy’s history, before it was chemically mixed
                 
Europium statistics uncertain, but perhaps suggest a frequency
of nucleosynthetic events in the early galaxy closer to SN rates than
to NS merger rates            Qian and Wasserburg

Thus a combination of arguments led us to examine the scenario:
       - NS mergers manufacturing the bulk of galactic metals,
         with the vast majority of synthesis occurring at [Fe/H] > 0.01
       - SNe contributing an early times, where the neutron/seed ratio
         is favorable, through a mechanism that avoids seed proliferation



Key ideas:
       - the well-known physics of BBN, where neutrons introduced in
         He persist for long times due to the absence of A=5
       - that the figure of merit, n/seed ratio, is easier to achieve at
         very low metallicity 

ECH mechanism of a neutrino-driven r-process in the SN’s He shell,
but with better nuclear physics and focused on environments where
[Fe/H] << 0.01 [Fe/H]⦿
                 
parameters:                                       (quasi-static process)

                                                         (mostly pre-shock)

                                                            (products survive)

neutron production primarily via:   

⌧
collapse

⇠ 100 sec

⌧
shock

⇠ 22 sec

E1/2
50

Tpeak ⇠ 2.4⇥ 108 K

4He(⌫̄e, e
+n)3H



As the standard MSW “atmospheric” crossing occurs in the C zone,
the mechanism is sensitive to oscillations, potentially enhanced 
given an inverted hierarchy

The path is a cold one:                      equilibrium

Neutron abundances are modest: 

Neutron lifetimes are very large, to and beyond  100 sec

Thus the abundance is established in the explosion, then depleted 
over much longer times

The neutrons are consumed in all scenarios:  e.g., absorbed on metals
(smoothing distributions), banked as 13C, … 
                        

⌫̄
x

$ ⌫̄
e

(n, �) $ ��

⇠ 1019/cm3



Three parameters can be played off against one another
        - the effective      temperature:   production scales as T5

        - the radius of the He shell:  
        - the metallicity:   n/Fe ratio plus competing poisons

                        

⌫̄e
� ⇠ 1/R2

Ref. [10]. The outer He shells of these models are at radii
r! 1010 cm, for which the gravitational collapse time is

!coll !
1

"

ffiffiffiffiffiffiffiffiffiffiffi
r3

2GM

s
! 102

"
0:6

"

#"
M"
M

#
1=2

r3=210 s; (1)

where "! 0:6 is the ratio of the infall velocity to the free-
fall velocity,M! 2:4–33M" is the mass enclosed within r,
and r10 is r in units of 10

10 cm. For such large !coll, we can
assume that the radius, density, and temperature of the He-
shell material stay constant before the SN shock arrives.
We take the time of shock arrival to be approximately
given by the Sedov solution [8]

!sh ! 21:8
"
M#MNS

M"

#
1=2 r10

E1=2
50

s; (2)

where MNS ! 1:4M" is the mass of the neutron star pro-
duced by the core collapse and E50 is the explosion energy
in units of 1050 erg. Following the passage of the shock,
both the temperature and density of the material first
increase rapidly and then decrease on time scales compa-
rable to !sh. The peak temperature (in units of 108 K) of the
shocked material is [8]

Tp;8 ! 2:37E1=4
50 r#3=4

10 : (3)

For such low temperatures, photodissociation of heavy
nuclei will not occur [8]. Other effects of shock-wave
passage are helpful to the r process (see discussion below).

During the several seconds following core collapse, an
intense flux of #s irradiates the He zone. While the zone’s
radius, density, and temperature are unchanged, # reactions
must induce and maintain a free-neutron density nn *
1018=cm3 to drive an r process. We take the # luminosity
to be L#ðtÞ ¼ L#ð0Þ expð#t=!#Þ for each of the six flavors,
with L#ð0Þ ¼ 1:67' 1052 erg=s and !# ¼ 3 s, so that the
total energy carried off by #s is 3' 1053 erg. We use
Fermi-Dirac # spectra with zero chemical potential. We
adopt nominal temperatures T#e

, T !#e
, and T#x of 4, 5.33,

and 8 MeV, respectively, where #x stands for any heavy
flavor, but explore the temperature dependence. Our nomi-
nal parameters are typical of earlier SN models (e.g., [11]).
The spectra at the He zonewill be affected by # oscillations
[12], as the # mass splitting j$m2

13j! 2:4' 10#3 eV2

produces a level crossing for a 20 MeV # at %! 1:6'
103 g=cm3, a density characteristic of the carbon zone. The
consequences for the r process depend critically on the
assumed # mass hierarchy.

We evaluated the nucleosynthesis for models u11–u75
and for various # oscillation scenarios. As an example of a
successful r process, we present detailed results for zone
597 of u11, assuming an inverted #mass hierarchy (IH, full
!#e $ !#x conversion). Zone parameters are r10 ¼ 1:10,
M ¼ 2:43M", % ¼ 50:3 g=cm3, and T8 ¼ 0:848. The
zone is nearly pure 4He: the initial mass fractions of 12C
and 14N are X12 ! 1:39' 10#5 and X14 ! 1:35' 10#6.

The total mass fraction of A ( 16 nuclei is !3:52' 10#7

(! 3:15' 10#8 from 56Fe). A big bang nucleosynthesis
network [13] was modified to follow the ECH mechanism,
with NC and CC # cross sections taken from Ref. [14],
which agree well with those of Ref. [7]. As the network
stops at 16O, neutron capture onA ( 16 nuclei was approxi-
mated by a constant loss rate corresponding to the initial
abundances of such nuclei. As discussed below, the evolu-
tion of the neutron number fraction Yn is not significantly
altered by neglecting changes in the A ( 16 composition.
Figure 1(a), the number-fraction evolution with time t,

can be readily understood. (1) The extremely efficient
reaction 3Heðn; pÞ3H immediately consumes all neutrons
produced by the NC reaction 4Heð#;#nÞ3He. Each NC
reaction thus yields one proton and one 3H. (2) The
neutron-producing reaction proposed by ECH,
3Hð3H; 2nÞ4He, is inefficient. Instead, 3H is destroyed by
abundant 4He via 3Hð4He;&Þ7Li. Neutron restoration
by 7Lið3H; 2nÞ24He is ineffective for the conditions of
Fig. 1(a). (3) Neutron production is dominated by the CC
reaction 4Heð !#e; e

þnÞ3H. (4) The principal neutron sinks
are 7Li, 12C, and A ( 16 nuclei. (5) Protons are not a
significant neutron sink as pðn;&Þ2H is immediately
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FIG. 1 (color online). #-induced nucleosynthesis in u11, zone
597. (a) Number fractions YiðtÞ of A < 16 nuclei, and
(b) r-process yields at t ¼ 7, 10, 15, and 20 s compared to solar
r pattern (squares).
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r = 1.1 1010 cm
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= 8 MeV



Ref. [10]. The outer He shells of these models are at radii
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where "! 0:6 is the ratio of the infall velocity to the free-
fall velocity,M! 2:4–33M" is the mass enclosed within r,
and r10 is r in units of 10

10 cm. For such large !coll, we can
assume that the radius, density, and temperature of the He-
shell material stay constant before the SN shock arrives.
We take the time of shock arrival to be approximately
given by the Sedov solution [8]
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where MNS ! 1:4M" is the mass of the neutron star pro-
duced by the core collapse and E50 is the explosion energy
in units of 1050 erg. Following the passage of the shock,
both the temperature and density of the material first
increase rapidly and then decrease on time scales compa-
rable to !sh. The peak temperature (in units of 108 K) of the
shocked material is [8]
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For such low temperatures, photodissociation of heavy
nuclei will not occur [8]. Other effects of shock-wave
passage are helpful to the r process (see discussion below).

During the several seconds following core collapse, an
intense flux of #s irradiates the He zone. While the zone’s
radius, density, and temperature are unchanged, # reactions
must induce and maintain a free-neutron density nn *
1018=cm3 to drive an r process. We take the # luminosity
to be L#ðtÞ ¼ L#ð0Þ expð#t=!#Þ for each of the six flavors,
with L#ð0Þ ¼ 1:67' 1052 erg=s and !# ¼ 3 s, so that the
total energy carried off by #s is 3' 1053 erg. We use
Fermi-Dirac # spectra with zero chemical potential. We
adopt nominal temperatures T#e

, T !#e
, and T#x of 4, 5.33,

and 8 MeV, respectively, where #x stands for any heavy
flavor, but explore the temperature dependence. Our nomi-
nal parameters are typical of earlier SN models (e.g., [11]).
The spectra at the He zonewill be affected by # oscillations
[12], as the # mass splitting j$m2

13j! 2:4' 10#3 eV2

produces a level crossing for a 20 MeV # at %! 1:6'
103 g=cm3, a density characteristic of the carbon zone. The
consequences for the r process depend critically on the
assumed # mass hierarchy.

We evaluated the nucleosynthesis for models u11–u75
and for various # oscillation scenarios. As an example of a
successful r process, we present detailed results for zone
597 of u11, assuming an inverted #mass hierarchy (IH, full
!#e $ !#x conversion). Zone parameters are r10 ¼ 1:10,
M ¼ 2:43M", % ¼ 50:3 g=cm3, and T8 ¼ 0:848. The
zone is nearly pure 4He: the initial mass fractions of 12C
and 14N are X12 ! 1:39' 10#5 and X14 ! 1:35' 10#6.

The total mass fraction of A ( 16 nuclei is !3:52' 10#7

(! 3:15' 10#8 from 56Fe). A big bang nucleosynthesis
network [13] was modified to follow the ECH mechanism,
with NC and CC # cross sections taken from Ref. [14],
which agree well with those of Ref. [7]. As the network
stops at 16O, neutron capture onA ( 16 nuclei was approxi-
mated by a constant loss rate corresponding to the initial
abundances of such nuclei. As discussed below, the evolu-
tion of the neutron number fraction Yn is not significantly
altered by neglecting changes in the A ( 16 composition.
Figure 1(a), the number-fraction evolution with time t,

can be readily understood. (1) The extremely efficient
reaction 3Heðn; pÞ3H immediately consumes all neutrons
produced by the NC reaction 4Heð#;#nÞ3He. Each NC
reaction thus yields one proton and one 3H. (2) The
neutron-producing reaction proposed by ECH,
3Hð3H; 2nÞ4He, is inefficient. Instead, 3H is destroyed by
abundant 4He via 3Hð4He;&Þ7Li. Neutron restoration
by 7Lið3H; 2nÞ24He is ineffective for the conditions of
Fig. 1(a). (3) Neutron production is dominated by the CC
reaction 4Heð !#e; e

þnÞ3H. (4) The principal neutron sinks
are 7Li, 12C, and A ( 16 nuclei. (5) Protons are not a
significant neutron sink as pðn;&Þ2H is immediately
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As one turns down          , the synthesis remains interesting, but
falls short of a full r-process

If one requires the A=130 mass peak to form, e.g., then

forms a minimum baseline.

Oscillations with a normal hierarchy turn off the production entirely.

Total yields of r-process material is typically 10-8 M⦿

  
Under metallicity conditions that rule out an r-process, the net 
increase in heavy mass would remain 10-8 M⦿     

                        

[Fe/H] ⇠ 10�4 T e↵
⌫̄e

⇠ 5 MeV

T e↵
⌫̄e



9Be production

Long-running debate about the original of the rare light isotopes LiBeB

Classic explanation has been cosmic-ray production: high-energy
protons interacting with C, O in the interstellar medium, fragmenting
the target

The neutrino process, however, was found to produce a great deal
of 11B and very significant 7Li

As a high-energy process, the CR mechanism tends to produce 
comparable amounts of the various isotopes, e.g., 

Neutrino process is low-energy, produces 

Observed abundance ratio is       

10B/11B & 0.5

10B/11B ⇠ 0.1

10B/11B ⇠ 0.24

P. Banerjee, Y-Z Qian, WH, A Heger, PRL 110,  141101 (2013)
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contribute about one-half the solar 7Li abundance (also see 
Fig. 4). 

3.3.2. UB 
The evolution of elemental boron (whose dominant isotope 

is1 !B) as a function of [Fe/H] is shown in Figure 9. The calcu- 
lated boron abundance is shown as the solid line, while the 
dashed lines depict factors of 2 variation in the ^-process yields. 
Boron is very difficult to measure in stars because it is a trace 
element, and all of its usable transitions are in the ultraviolet. 
As a result there have been very few boron abundance deter- 
minations in stars. The solar boron abundance (Anders & 
Grevesse 1989) is also shown in the figure. 

Boesgaard & Heacox (1978) determined the atmospheric 
boron abundances in 16 B and A field stars from high-resolu- 
tion (AX ^ 0.05 A) phototube spectra of the singly ionized 
1362 Â feature. The effective temperatures and surface gravi- 
ties of the survey stars were taken from the literature. Unfortu- 
nately, the iron abundances for the survey stars were not re- 
ported. In plotting their observations in Figure 9, we used the 
compilation of Cayrel de Strobel et al. (1992) to determine 
some of the [Fe/H] values. Preference was generally given to 
the most recent entry in the compilation. Boesgaard & Heacox 
( 1978 ) generally found a solar abundance of boron in the sur- 
vey stars. 

Duncan, Lambert, & Lemke ( 1992) examined the surface 
boron abundances in the halo dwarfs HD 19445, HD 140283, 
and HD 201891 using high-resolution (R ~ 25,000), moder- 
ate-noise (S/N ^70) digital spectra of the ultraviolet B i reso- 

Fig . 9.—Evolution of boron relative to hydrogen as a function of the 
metallicity [Fe/H]. The calculated boron abundance is shown as the solid 
line, while the dashed lines depict factor of 2 variations in the boron yields. 
Boron abundances in stars are very difficult to measure because boron is a 
trace element, and is only detectable through its ultraviolet resonance lines. 
The few abundance determinations of boron in disk and halo dwarfs, and 
the solar value, are shown in the figure (see text). Recent investigations 
have suggested non-LTE correction factors of about 0.3 dex for the three 
most metal-poor stars shown, along with Procyon. These corrections have 
been applied. Linearity of the boron abundances with [Fe/H] strongly sug- 
gests that boron is produced in lockstep along with the other metals. The 
fit to the observations spans over two orders of magnitude, and includes 
the solar abundance (also see Fig. 4). 
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nance line near 2497 Â. The effective temperature, surface 
gravity, microturbulence, and metallicity of the three survey 
stars were taken from the literature. An LTE absolute analysis 
was used with experimentally measured BI oscillator strengths, 
and line blanketing from millions of iron peak spectral lines 
were included in the analysis. The results of Duncan et al. 
strongly suggest a linear relationship between boron abun- 
dances and [Fe/H] in the halo. The linearity implies that bo- 
ron must be synthesized along with other metals (Walker et al. 
1993; Fields, Schramm, & Truran 1993). 

Lemke, Lambert, & Edvardsson ( 1993) studied the atmo- 
spheric boron abundances in the F dwarfs Procyon, 6 UMa, 
and L Peg using high-resolution (R ^ 80,000), low-noise (S/ 
N ~ 100) digital spectra of the ultraviolet B i resonance line 
near 2497 A. The abundance analysis was very nearly the same 
as that of Duncan et al. ( 1992 ). They concluded that the boron 
abundance, N(B)~ 2.3, of 6 UMa and i Peg was similar to the 
Boesgaard & Heacox (1978) abundances. Procyon, which has 
a nearly solar [Fe/H], was found to be depleted in boron by a 
factor of 3. 

However, Kiselman (1994) and Edvardsson et al. (1995) 
have recently reinvestigated the formation of the neutral boron 
resonance lines taking into account various departures from 
LTE (i.e., deviations from detailed balance). They find that 
the blue and ultraviolet radiation field in solar-type dwarfs has 
a hotter radiation temperature than the local electron temper- 
ature, which drives the line source function above the Planck- 
ian value. This makes the absorption lines weaker than in LTE, 
hence increasing the derived boron abundance. The effect is 
insignificant for the Sun, but increases for more metal-poor 
stars. They suggest that the boron abundances of the three 
metal-poor dwarfs in Figure 9, along with Procyon, should 
have their boron abundances increased by roughly 0.3 dex. 
These non-LTE correction factors have been applied to the 
data sets shown in Figure 9. 

Most of the attention for producing l0B and nB has focused 
on the spallation events, even though the cross sections can be 
measured and calculated with much greater precision than the 
very uncertain flux history. Closed or leaky box cosmic-ray 
models have had reasonable success at producing the isotope 
10B, but these models generally predict a solar ratio of nB/ 
10B = 2.5 (Reeves et al. 1970; Meneguzzi, Audouze, & Reeves 
1971; Meneguzzi & Reeves 1975; Austin 1981; Read & Viola 
1984; Walker et al. 1985; Abia & Canal 1988; Walker et al. 
1993; Reeves 1994). To obtain the correct solar ratio of nB/ 
10B = 4.6, an unobserved, low-energy component of the cos- 
mic-ray spectrum has been commonly postulated. The cross 
sections of 10B and 1 ^ in this low-energy regime differ enough 
to lead to a larger isotopic ratio. A difficulty with this ad hoc 
spallogenic origin of nB is that the resulting lithium produc- 
tion considerably exceeds the observed values in halo dwarfs 
(Prantzos, Cassé, & Vangioni-Flam 1993). The difficulties in 
producing the observed 11B/10B ratio have often prompted 
suggestions that there may be an alternative nucleosynthetic 
origin site for 11B. 

The fit to the observations shown in Figure 9, which span 
over two orders of magnitude and include the solar abundance, 
is encouraging. When comparing the nB calculations with the 
observed elemental boron abundances, one is assuming that 
nB dominates over 10B throughout the Galactic history. The 
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Growth of B abundance roughly linear with [Fe/H], at least at low
metallicity:  more consistent with a primary process (like the ν 
process) than a secondary process (like CR spallation)



Perhaps the most consistent explanation would be roughly equal
contributions from the two processes, the     process likely 
dominating at early times, the CR process turning on later:

Isotopic ratios like 10B/11B and 6Li/7Li then might evolve in
interesting ways

The counterargument to this has been the rarest isotope 9Be - 
thought to be a CR product exclusively, and thus requiring 
the CR process to operate in the early galaxy

Yet log(Be/H) runs linearly (with a slope of 0.9-1.0) with
log(O/H),  log(Mg/H),  log(Ti/H),  log(Fe/H), all primary CCSN 
products

In fact, two SN mechanisms for producing 9Be emerged from the
recent  ν process studies

⌫



2

temperatures Tνe , Tν̄e , and Tνx = Tν̄x (x = µ, τ).
A large set of calculations was performed to assess

the sensitivity of the nucleosynthesis to the explosion
energy, ν spectra, and flavor oscillations. CCSN simu-
lations using progenitors similar to u8.1 produce weak
explosions with energies of Eexpl ! 0.1B [11], while ob-
servations suggest Eexpl ∼ 1B for more massive progeni-
tors of ∼13–20M⊙ (Fig. 1 of [12]). Below we discuss re-
sults for Eexpl ∼ 0.06–0.3B (u8.1) and 0.1–1B (u11/u15).
Two sets of ν temperatures were used: (Tνe , Tν̄e , Tνx) =
(4, 5.33, 8)MeV (H) and (3,4,6) MeV (S), which represent
the harder and softer spectra obtained from earlier (e.g.,
[13]) and more recent [14] ν transport calculations, re-
spectively. For an inverted ν mass hierarchy, ν̄e ↔ ν̄x
oscillations occur before νs reach the He shell, which
greatly increases the rate of 4He(ν̄e, e+n)3H [8]. We will
explore the case of full ν̄e ↔ ν̄x interconversion. We label
the nucleosynthesis calculations by the progenitor model,
the ν spectra, and the explosion energy in units of B,
with, e.g., u8.1H.1 indicating progenitor model u8.1, the
harder ν spectra H, and Eexpl = 0.1B. Calculations in-
cluding ν̄e ↔ ν̄x oscillations are denoted by a bar above
the H or S. The abundances of 28Si and 32S in the He
shells of u11 and u15 are ∼10–30 times larger than those
found in the older models of [10]. Consequently, we also
considered modified models u11* and u15* in which the
He-shell abundances of 28Si and 32S were reduced to their
former values. Representative total mass yields of 9Be,
7Li, 11B, and Fe are given in Table I.

TABLE I: Yields of 9Be, 7Li, 11B, and Fe in M⊙

model 9Be 7Li 11B Fe

u8.1H.06 1.57(−10) 2.77(−7) 1.47(−7) 1.89(−3)
u8.1H.1 1.97(−10) 2.97(−7) 1.35(−7) 1.75(−3)
u8.1H.1 1.20(−10) 2.47(−7) 1.34(−7) 1.79(−3)
u8.1S.1 5.02(−11) 1.11(−7) 5.67(−8) 1.79(−3)
u8.1S.1 2.55(−11) 8.19(−8) 5.05(−8) 1.80(−3)
u8.1H.3 2.56(−10) 3.03(−7) 1.06(−7) 1.45(−3)
u11H.1 1.43(−9) 2.0–2.3(−7) 2.2–8.7(−7) < 7.73(−2)
u11*H.1 9.14(−9) 1.5–1.9(−7) 2.6–9.5(−7) < 7.68(−2)
u11*H.3 9.81(−10) 3.26(−7) 1.09(−6) < 8.75(−2)
u15H.1 < 5.20(−10) < 3.33(−7) < 1.34(−6) < 4.42(−2)
u15*H.1 < 2.92(−9) < 3.15(−7) < 1.36(−6) < 4.42(−2)
u15*H.3 7.21(−10) 1.69(−7) 9.50(−7) < 4.62(−2)

Note: X(Y ) ≡ X × 10Y

Progenitors of ∼8M⊙ have a steeply-falling density
profile outside the core and He-shell radii r ∼109 cm, in
contrast to ∼1010 cm for progenitors of " 11M⊙. We
use Zone 95 in u8.1H.1 to illustrate 9Be production in
such progenitors. Prior to shock arrival, the radius, tem-
perature, and density of this zone are 1.58 × 109 cm,
2.21×108K, and 279 g/cm3, respectively. The three most
abundant nuclei are 4He, 12C, and 16O with initial mass
fractions of 0.948, 0.043, and 0.009, respectively. The
time evolution of the number fraction Yi for various nu-
clei is shown in Fig. 1. Upon being shocked at t ∼ 0.7 s,

Zone 95 reaches a peak temperature of ∼8 × 108K, so
that any 9Be produced previously is burned up. By
t ∼ 5 s the shocked material has expanded and cooled to
∼2× 108K, effectively turning off the principal destruc-
tion reactions 9Be(p, 4He)6Li and 9Be(p, d)24He. Yet
as the material is still close to the PNS and the time
still relatively early in units of τν , the flux of νs can
efficiently drive the breakup reactions 4He(ν, ν′n)3He,
4He(ν, ν′p)3H, and 4He(ν̄e, e+n)3H. Production of 9Be
occurs through 4He(3H, γ)7Li(3H, n0)9Be. Note that 9Be
must be produced in the ground state (hence n0) because
all of its excited states are unstable to breakup. We took
the rate for 7Li(3H, n0)9Be from [15].
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FIG. 1: Time evolution of the number fraction Yi for various
nuclei in Zone 95, a typical zone producing 9Be in u8.1H.1.

The yield of 9Be decreases by a factor of ∼4 from
u8.1H.1 to u8.1S.1 (Table I). This reflects the high
thresholds of the breakup reactions 4He(ν, ν′p)3H and
4He(ν̄e, e+n)3H, and consequently, their sensitivity to
the high-energy tails of the ν spectra. The presence of
neutral-current production of 3H reduces the sensitivity
to ν̄e ↔ ν̄x oscillations: other factors being the same,
oscillations increase the yield by up to a factor of ∼2.
We also explored different explosion energies based on
current CCSN models [11]. The change from u8.1H.1
to u8.1H.06 (u8.1H.3) produces a 20% decrease (30% in-
crease) in the 9Be yield primarily through the expansion
rate of the shocked He-shell material: a higher Eexpl re-
sults in faster cooling to ∼2 × 108K and hence, more
9Be. The 9Be production in progenitors like u8.1 depends
on the sharply-falling density structure outside the core:
the He shell is shocked, expands, and cools on timescales
comparable to τν , and thus before the ν flux has dimin-
ished significantly. In such progenitors the yield is essen-
tially independent of the initial metallicity.
As in the u8.1 models, any 9Be produced prior to shock

arrival in the inner He shells of the u11/u15 models is
destroyed by shock heating. The subsequent ν-induced
replenishment of 3H and thus 7Li that leads to 9Be pro-
duction in the rapidly expanding and cooling He-shell
ejecta of the u8.1 models is not replicated in the u11/u15

7Li(n, �)8Li(n, �)9Li(e�⌫̄e)
9Be

Low metallicity, weak explosions yields a kind of mini-r-process: 
        
that operates prior to shock arrival, survives shock hearing 

But also                         after shock arrival, in the expanding wind

4He(3H, �)7Li

7Li(3H, n0)
9Be



The data and available mechanisms seem to suggest:

1. early production of 9Be in SN, with a linear growth in the 
integrated yield

2. later production by CRs, which could lead to a steeper growth 
with metallicity

3. comparable yields for the two processes, to account for the Li and 
B isotopic ratios

the last would suggest that the isotopic ratios evolve with metallicity



A Supernova Trigger for Solar System Formation?

Suggestion by Cameron and Truran, prompted by the observation of
very large enrichments of 26Mg, daughter of 26Al                   ,
in solar system solids  

The shock wave from the parent SN would then be the event that
triggered collapse of  the SS’s primordial gas cloud

Scenario consistent with simulations

But the pattern of SLRs (short-lived radioisotopes) confusing, when
compared to theoretical studies employing (typically) CCSN models
              

Problems:

(⌧ ⇠ 1 Myr)

& 15M�

P. Banerjee, Y-Z Qian, A Heger, WH, submitted to Nature Comm.



1) excessive isotope shifts in stable isotopes - Mg, Si, Ca, Fe, Ni

2)  difficulties is matching the relative abundances of  10Be, 26Al,
     41Ca - with 10Be assumed to be a spallation product from an
     early solar system episode of intense radiation, also affecting
     26Al, 41Ca

3)  significant overproduction of 53Mn, 60Fe

Most of these problems due to assumptions in previous work
      - earlier studies focused on the wrong class of supernovae
      - assumed 10Be synthesized by intense irradiation/spallation, 
        when in fact it is produced readily by 

   process production remains high in low-mass Fe-core SNe - lower  
C-zone masses compensated by more favorable 1/R2

12C(⌫, ⌫0pp)10Be

⌫



Simulations done with Kepler

Explosion modeled by a piston, with the velocity matched to the
explosion energies from more sophisticated calculations

Neutrino temperatures:  

T⌫e ⇠ 3 MeV, T⌫̄e ⇠ T⌫µ ⇠ T⌫⌧ ⇠ T⌫̄µ ⇠ T⌫̄⌧ ⇠ 5 MeV
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Figure 1: Yield as a function of the CCSN progenitor mass for 10Be, 41Ca, 53Mn, 60Fe, and
107Pd, normalized to the 11.8 M� model.
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60Fe, 53Mn overproductions + small stable isotope anomalies +
10Be all seem to point to a very light iron-core SN
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Figure 2: Relations between f and � obtained from the early SS meteoritic data for 10Be, 41Ca,
and 107Pd, including uncertainties. The filled circle at f ⇠ 5 ⇥ 10�4 and � ⇠ 1 Myr is the
approximate best-fit point within the overlap region.
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11.8 M⦿ 

occurring 1 Myr
before SS solids
formed



This scenario seems to improve every aspect of the fit to the data

And the overall picture simplifies - no need, for example, for an
additional mechanism for 10Be

Still some issues:  while the overproduction of 53Mn is significantly
mitigated - reduced by an order of magnitude - there remains an
overproduction by a factor of 60

This requires more work:  53Mn originates from very deep within
the star — the innermost 0.01 M⦿ of the ejecta

No other production is associated with this inner material.

More realistic simulations might be able to test whether this material
is indeed ejected



Summary

The Cameron-Truran observation that SN-associated isotopes 
in SS solids suggests a trigger for SS formation, appears to be in
much better shape than previously believed

Several lines of argument suggest a very low mass progenitor

The one clear and remaining discrepancy is 53Mn - though even that
problem is now less severe

This isotope is unusual in its production, a fact that might motivate 
more sophisticated explosion modeling

THANKS to my collaborators!   P. Banerjee, Y.-Z. Qian, A. Heger
(and to Sanjay’s TC that triggered these collaborations)


