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νp process? 
weak r process? 
weak s process? 
LEPP? 

Arnould, Goriely (2003) 
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Many rare nuclear species whose origins are not fully understood 
are formed either directly by neutrino interactions or in neutrino-rich 
environments 
 
LBNE science goals are linked to some of the key open questions 
in nuclear astrophysics 
 
Here will focus on: 
 

 How do supernovae contribute to the galactic inventory of rare 
 nuclear  species? 
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Bulk of output -> 
explosive 
nucleosynthesis 
 
Si, S, Ca, Fe peak, etc. 

photon-induced spallation 
 
(γ,α) α elements (Ne, Mg, Ca) 
(γ,n) p process 
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figure by A. Arcones 

main r process? 

neutrinos and supernova nucleosynthesis 

νp process? 
weak r process? 

ν process: 7Li, 11B, 19F, 138La, 180Ta, etc. 



supernova neutrino emission 

PNS 
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Müller and Janka (2014) 
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Figure 1. Total energy loss rates (“luminosities‘’), Ltot (left column), and mean energies, 〈E〉 (right column), of the emitted neutrinos for models u8.1, z9.6, s11.2,
s15s7b2, s25, and s27 (from top to bottom). Black, red, and blue curves are used for electron neutrinos, electron antineutrinos, and µ/τ neutrinos, respectively.
Note that a different scale is used prior to a post-bounce time of 30 ms in order to fit the neutrino shock-breakout burst into the same plot as the signal from the
accretion phase: During the burst phase, the luminosities have been scaled down by a factor of 5, i.e. the reader should understand that the actual luminosity is
higher by that factor. A dashed vertical line marks the onset of the explosion (defined as the time when the average shock radius reaches 400 km) in exploding
models.
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Formation of rare light nuclear 
species and rare odd-odd 
nuclei through (ν,ν’n), (ν,ν’p), 
(νe,e-), (νe,e+) reactions 
 
Domogatsky et al (1978), 
Woosley et al (1990) 

ν process 

ν process: 7Li, 11B, 19F, 
138La, 180Ta, etc. 
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Two flavor mixing in matter with a high neutrino flux: 
 
 
 
 
 
 
 
 
 
 
 

  
  

θ      mixing angle  
δm2  mass difference squared 
E     neutrino energy 
Ve    effective potential due to matter 
Vν    neutrino self interaction potentials 
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At V!mi j
2 /(2E), the off-diagonal terms can be neglected

and the Hamiltonian !43" becomes diagonal:

H#Diag!V ,m$!$!
2 ,m%!%!

2 ". !44"

That is, the basis states (&e ,&$! ,&%!) are the matter eigen-
states. These are the states that arrive at the conversion re-
gions as independent !incoherent" states and transform in this
region independently.
Notice that a difference between the potentials of &$ and

&% appears in the second order in the weak interactions due
to difference of masses of the $ and % charged leptons '48(:

V$%#V
3GFm%

2

2!2)2Y e
! lnmW

2

m%
2 "1#

Y n

3 " #10"4V , !45"

where m% is the % mass, mW is the W-boson mass, and Y e and
Y n are the numbers of electrons and the neutrons per nucleon
respectively. Therefore a complete form of the matrix of po-
tentials is V#Diag(V ,0,V$%).
The potential V$% becomes important at high densities.

One has

V$%*+matm
2 /2E#2m$%

2 /2E at ,$%*107– 108 g/cc.

At ,!,$% , and in particular in the region of the neutrino-
sphere, the potentials V and V$% dominate over the other
terms in the Hamiltonian, and the Hamiltonian becomes ap-
proximately diagonal: H#V#Diag(V ,0,V$%). This means
that at high densities the flavor states coincide with the
eigenstates in medium.
Let us recall that the non-electron neutrinos are produced

in the neutral current processes which are flavor blind; i.e.,
they produce a coherent mixture of matter eigenstates. This
coherence, however, disappears in the evolution that follows.
The &e departs from the coherent state due to the large po-
tential V, whereas the coherence of &$ and &% is broken by
V$% .
In the interval of densities where V$%$+matm

2 /2E$V ,
the potential V$% can be neglected, so that we arrive at the
Hamiltonian !43" with eigenstates (&e ,&$! ,&%!). In the re-
gion V$%*+matm

2 /2E , the level crossing occurs in the an-
tineutrino channel '25(, which leads to the transitions & $

→& %! and & %→& $! . In the neutrino channel, we have &$

→&$! and &%→&%! .

Since the initial fluxes of &
(")

$ and &
(")

% are equal (Fx
0), we

get that the fluxes of &
(")

$! and &
(")

%! will be also equal (Fx
0).

Therefore (&e ,&$! ,&%!) with fluxes (Fe
0 ,Fx

0 ,Fx
0) and corre-

spondingly (& e ,& $! ,& %!) with fluxes (Fe 
0 ,Fx

0 ,Fx
0) can be

considered as the initial state in our task.
The Hamiltonian !43" allows us easily to construct the

level crossing scheme. In Fig. 5, we show the generic level
crossing diagrams for the normal and inverted mass hierar-
chies, for small -! !SMA" as well as large -! !LMA or

VO". The diagonal elements of the Hamiltonian !43",
Hii(ne) (i%e ,$!,%!), determine the energies of the flavor
states shown by the dotted lines. The crossing of these levels
indicates a resonance. H and L are the two resonances at
higher and lower densities respectively, Eqs. !23" and !24".
The solid lines represent the eigenvalues of the Hamiltonian
!43".
In the case of antineutrinos, the effective potential V for

the & e has the opposite sign: V%"!2GFne . The antineutri-
nos can then be represented on the same level crossing dia-
gram, as neutrinos traveling through matter with ‘‘effec-
tively’’ negative ne . The half-plane with positive values of
ne then describes neutrinos and the half-plane with negative
values of ne describes antineutrinos.
The neutrinos !antineutrinos" are produced inside a super-

nova in regions of high matter density. On their way towards
the Earth, they travel through a medium with almost mono-
tonically decreasing density, towards the vacuum where both
neutrinos and antineutrinos have vanishing effective poten-
tials. This corresponds to starting at the right !left" extreme
ends of the ne axis in Fig. 5, and moving towards ne%0.
The H resonance lies in the neutrino channel for the nor-

mal hierarchy and in the antineutrino channel for the inverted
hierarchy. The L resonance lies in the neutrino channel for
both the hierarchies as long as the solar neutrino solution is
SMA or LMA. For the VO solution, the L resonance may lie
in either of the two channels, neutrinos or antineutrinos.

FIG. 5. The level crossing diagrams for !a" the normal mass
hierarchy and small -! , !b" the inverted mass hierarchy and small
-! , !c" the normal mass hierarchy and large -! , !d" the inverted
mass hierarchy and large -! . Solid lines show the eigenvalues of
the effective Hamiltonian as functions of the electron number den-
sity. The dashed lines correspond to energies of flavor levels &e ,
&$! , and &%! . The part of the plot with ne&0 corresponds to the
antineutrino channel.
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neutrino oscillations 
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Dighe and Smirnov (2000) 
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Mathews et al (2012), Kajino (2013) 

3.1. Weak Interaction Cross Sections
As for the ν-induced reaction cross sections, there are only LSND experimental data for ν-
12C [18]. We should therefore totally rely on the theoretical estimate of neutrino-nucleus cross
sections. We calculate neutrino-nucleus cross sections for 4He, 12C, 138Ba, 180Hf and many other
nuclei in order to study the ν-induced nucleosynthesis of LiBeB isotopes, 138La, 180Ta and
r-process elements. For this purpose, we use nuclear shell model [19] and quasi-particle random
phase approximation (QRPA) [20]. Nuclear shell model is one of the most reliable models to
describe the Gamow-Teller (GT) and spin-dipole transitions at relatively low excitation energies,
while QRPA is suitable at relatively high excitation energies. Therefore, we need both models to
calculate not only the GT but also the spin-dipole and higher-multipole transition probabilities
for the supernova neutrinos energy up to 100 MeV. See refs. [19, 20] for details of calculations
and applications of the cross sections to several astrophysical weak nuclear processes.

3.2. Neutrino Mixing Parameters
Neutrino-flavor matter oscillations affect the nuclear reactions induced by charged current
interactions, νe-A and ν̄e-A, while the neutral current interactions do not change. Flavor
oscillations are described by three mixing angles θ12, θ23, and θ13 plus a CP-violating phase
δCP . Solar, atmospheric, and reactor neutrino oscillation measurements [21, 22, 23, 24, 25, 26]
have provided information on the neutrino mass differences, i.e ∆m2

12 ≡ |m2
1−m2

2| = 7.9× 10−5

eV [25] and ∆m2
13 ≈ |∆m2

23| ≈ 2.4 × 10−3 eV2 [26, 22]. However, these cannot determine the
mass hierarchy, i.e. whether ∆m2

23 > 0 (normal) or ∆m2
23 < 0 (inverted) is the correct order.

Mixing angles θ12 and θ23 were also determined precisely. θ13 has become available
only recently. The three best current measurements are sin2 2θ13 = 0.092 ± 0.016(stat) ±
0.005(syst) [27], sin2 2θ13 = 0.113 ± 0.013(stat.) ± 0.019(syst.) [28], and sin2 2θ13 = 0.086 ±
0.041(stat.)± 0.030(syst.) [29]. These results are consistent with the previously reported upper
limit sin2 2θ13 < 0.12(0.20) from the MINOS collaboration [26] for the normal (inverted)
hierarchy, and with 0.03(0.04) < sin2 2θ13 < 0.28(0.34) at the 90% C.L. from the T2K
collaboration [30]. However, the data do not yet determine the mass hierarchy.
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Figure 3. Nucleosynthesis path of light
elements 7Li and 11B during supernova
explosions [5].
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Janka (2006) 
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 neutrinos and primary nucleosynthesis 

p+νe ↔ n+ e+

n+νe ↔ p+ e−
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p+νe ↔ n+ e+

n+νe ↔ p+ e−
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‘alpha effect’  
Fuller and Meyer (1995) 



p+νe ↔ n+ e+

n+νe ↔ p+ e−
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 early-time supernova neutrino emission 

PNS 

ν 

Eνe ≈ Eνe
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Conditions proton rich if: 
 
 

Arcones and Janka 
(2007) 

14 Arcones et al.: Neutrino-driven supernova outflows

Fig. 8. Time evolution of different quantities for a set of simulations with different progenitor stars, M10-l1-r1, M15-l1-r1, M20-
l1-r1, and M25-l5-r4. Shown are the baryonic mass, Mbar, and gravitational mass, Mgrv (Eq. 7), neutron star radius, neutrino-wind
expansion timescale according to Eq. (15), wind mass-loss rate, electron fraction, and entropy per nucleon (left, from top to bottom),
radius of the supernova shock, radius of the reverse shock, and pressure, density, temperature, and entropy per nucleon downstream
of the reverse shock.

vealing a slightly longer expansion timescale, lower mass-loss
rate, and higher entropy for model M20-l1-r1 with its more

massive neutron star (see also Table 2). The electron fraction
shows a somewhat wider variation because of its strong sensi-

p+νe ↔ n+ e+

n+νe ↔ p+ e−
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in recent calculations [77, 4, 74, 16]. There exist deficiencies in astrophysical modeling and the
employed nuclear physics. Recent investigations have shown that there are still considerable
uncertainties in the description of nuclear properties governing the relevant photodisintegration
rates. This has triggered a number of experimental efforts to directly or indirectly determine
reaction rates and nuclear properties for the γ-process [78]. Here it is important to investigate the
the sensitivity of the location of the γ-process path with respect to reaction rate uncertainties.

80 100 120 140 160 180 200
0.01

0.1

1

10

M
o-

-

92

H
g-

19
6

P
t-
19

0

O
s-

18
4

W
-1

80

H
f-
17

4

Y
b-

16
8

E
r-

16
2D
y-

15
8

D
y-

15
6

S
m

-1
44

C
e-

13
8

La
-1

38
C

e-
13

6
B

a-
13

2
B

a-
13

0

X
e-

12
6

X
e-

12
4

T
e-

12
0

S
n-

11
4

S
n-

11
2

In
-1

13
S

n-
11

5C
d-

10
8

C
d-

10
6

P
d-

10
2

R
u-

96

M
o-

94

R
u

-
98

S
r-

84

K
r-

78

N
O

R
M

.O
V

E
R

P
R

O
D

U
C

T
IO

N
F
A

C
T
O

R
<
F
(i)

>
/F

(0
)

MASS�NUMBER A

S
e-

74

Updated�REACLIB
Previous�REACLIB

Figure 1. Normalized
overproduction factors of p-
process nuclei derived with
the [74] (open squares) and
[16] (full squares) reaction
library. In addition, the re-
sults from a range of stel-
lar models (10-25M!) from
[80] are given for compari-
son. A value equal to unity
corresponds to relative solar
abundances.

Concerning the astrophysical modeling, only a range of temperatures has to be considered
which are related to the explosive Ne/O-burning zones of a supernova explosion, i.e. 2-3×109K.
The γ-process starts with the photodisintegration of stable seed nuclei that are present in the
stellar plasma. During the photodisintegration period, neutron, proton, and alpha-emission
channels compete with eachother and with beta-decays further away from stability. In general,
the process, acting like “spallation” of pre-existing nucei commences with a sequence of (γ, n)-
reactions, moves the abundances to the proton-rich side. At some point in a chain of isotopes,
(γ, p) and/or (γ,α)-reactions become faster than neutron emissions, and the flow branches and
feeds other isotopic chains. At late times photodisintegrations become less effective, when
decreasing temperatures shift the branching points and make beta-decays more important.
Finally the remaining unstable nuclei decay back to stability. The branchings established by the
dominance of proton and/or α-emission over neutron emission are crucial in determining the
radioactive progenitors of the stable p-nuclei and depend on the ratios of the involved reaction
rates. Numerous experimental and theoretical efforts have been undertaken to improve the
reaction input, especially with respect to open questions in optical potentials for alpha particles
and protons [32, 43, 44, 102].

Applications of p-process network calculations to the temperature profiles of initiated
explosions have been performed [80, 74, 16]. Here we present the results of a 25M! mass
model [16] with two reaction rate libraries without and with inclusion of all experimental
improvements, existing at that point. It is noticed that the nuclear uncertainties cannot change
the underproduction of especially the light p-nuclei. Another process seems to be required to
supply these missing abundances.

4. The νp-Process
Neutron-deficient nuclei can be produced by two astrophysical nucleosynthesis processes: the
rp-process in X-ray bursts (which, however, does not eject matter into the interstellar medium

4

Thielemann et al (2006) 
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lower than 1:5 ; 109 K. The middle panel of Figure 7 shows nu-
cleosynthesis in such a trajectory. The largest overproductions
have shifted to the heavier p-nuclei of Sn, but the p-nuclei of Ru
andXe have been reduced, and all species are now beingmade as
themselves. Since the only difference between the trajectories rep-
resented by the middle and top panels of Figure 7 is the evolution
of radius with time at low temperatures, all differences in nucleo-
synthesis arise from late-time neutron production. It is seen that a
couple of neutrons produced at the wrong time can be detri-
mental to the synthesis of some p-process isotopes.

The bottom panel of Figure 7 shows the influence of a great
number of neutrons produced at low temperatures. Again, this was
studied by modifying just the radial profile at temperatures less
than 1.5 billion degrees of the entropy-doubled version of trajec-
tory 6. In this trajectory about 20 free neutrons are created per
heavy nucleus at low temperatures. The radioactive progenitors
of Ru, Pd, and Cd are now all neutron-rich, providing for the
production of the r-only nuclei 110Pd, 116Cd, and 122, 124Sn. It is
perhaps remarkable that some second-peak r-isotopes can be syn-
thesized in these proton-rich environments. Itmay be difficult, how-
ever, to have ejecta that are both cold enough and close enough
to the neutron star to experience the necessary neutrino irradiation.

3.5. Details of the Nuclear Flows

In all trajectory studies, regardless of initial electron fraction
or entropy, nucleosynthesis begins with 12C produced early-on

by the reaction sequence ! (!n, ") 9Be(! , n) 12C. By the time
T9 ! 3 the iron group has already been assembled. Strong (! , ")
and pairs of ( p, ") and (! , p) reactions continue to populate the
even-Z even-N ! -nuclei up to 56Ni and 60Zn. The flow mostly
travels along the Z ¼ N line and does not stray more than two
neutrons from it for any element up to zinc. This continues until
the charged-particle reactions freeze out (T9 ! 1:5).
Characteristics of the nucleosynthesis at lower temperatures

depend sensitively on the influence of neutrino captures. To il-
lustrate the influence of p (#̄e; eþ)n reactions, we beginwith a dis-
cussion of nucleosynthesis in trajectory 6, which is characterized
by the weak production of a few neutrons per heavy nucleus.
Important nuclear flows occurring when material in this trajec-
tory has a temperature T ¼ 2:05 ; 109 K are shown in Figure 8.
It can be seen that the dominant flows (red arrows) are due to
proton-capture ( p, ") reactions. These can proceed until a proton
unbound (denoted by a white square) or small (blue) proton sepa-
ration energy (Sp) is encountered. Unlike the rp-process, here we
have a neutron abundance and, although small, it allows (n, p)
reactions to populate the next lowest isobar. The ( p, ") flow is
governed by the separation energies.
The end result for this trajectory is the production of the light

p-process nuclei from Kr to Pd. The (n, p) reactions can continue
to carry the flow even at low temperatures, because such reac-
tions on targets a few neutrons to the proton side of stability typ-
ically have positive Q values (i.e., no thresholds). The flow to

Fig. 8.—Net nuclear flows in the (Z, N ) plane from zinc to tin when material in the unmodified wind outflow of trajectory 6 has a temperature T9 ¼ 2:05 and density
$ ¼ 2:7 ; 104 g cm$3. The net nuclear flow (in units of s$1) is defined as the product of abundance, density, and reaction rate in the forward (charge or mass increasing)
direction minus a similar quantity for the inverse reaction. Strong and electromagnetic flows begin at the center of a target nucleus and end as an arrow in the product
nucleus. Any flow that starts off center represents weak decay. Net nuclear flows are plotted in three strengths: red (strong), green (intermediate), and blue (weak), with
values that are between a factor of 1.0 to 0.1, 0.1 to 0.02, and 0.02 to 0.01 of the value of the largest flow in the figure, respectively. The largest flow here is 61Zn( p, ")
62Ga(1:75 ; 10$4 s$1). Stable species are represented by a filled black square in the upper left corner. Each nucleus is color coded according to the legend by the value of its
proton separation energy. Proton unbound nuclei are colored white. Nuclei with Sp > 5 MeVare colored gray. A ‘‘T’’ is plotted in the upper right-hand corner for nuclei
whose binding energy was extrapolated from measured masses (Audi & Wapstra 1995). Production factors at the time shown are given in the inset (the stable isotopes
depicted include the abundances of all radioactive progenitors that will eventually decay to them). As discussed in the text, the classical rp-process waiting points (64Ge,
68Se, 72Kr, and 76Sr) are bypassed by (n, p) reactions.
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heavy elements built up by proton captures 
(p,γ) and beta decays; waiting points 
bypassed by (n,p), (n,γ) with neutrons 
produced via 

€ 

p + ν e → n + e+

Frohlich et al (2006), Pruet et al 
(2006), Wanajo (2006) 
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Two flavor mixing in matter with a high neutrino flux: 
 
 
 
 
 
 
 
 
 
 
 

  
  

θ      mixing angle  
δm2  mass difference squared 
E     neutrino energy 
Ve    effective potential due to matter 
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Collective flavor transformation: 
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Vν ≈
δm2

4E
cos(2θ)
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e.g. talks by B. Balantekin and G. Fuller and references therein 
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Figure 1: upper panel: ν̄e and ν̄µ,τ spectra fν̄e and fν̄µ,τ
based

on the simulations of ref. [3] as given in table 1 of ref. [11]. The
ν̄e spectra have been arbitrarily normalized to one while the ν̄µ,τ
spectra are normalized to 1.3 to keep the relative ratio of the number
luminosities. lower part: modified spectra f̃ν̄e and f̃ν̄µ,τ

, including
the effects of collective neutrino oscillations, which induce a swap of
the ν̄e and ν̄µ,τ spectra for energies above Es ≈ 18 MeV based on
the normal mass herarchy calculations of ref. [13] .

high-neutrino-density environment surrounding the neu-
tron star, see [15] for a recent review. Several studies [13,
16, 17, 18] have shown that collective neutrino oscillations
swap the spectra of ν̄e and ν̄µ,τ neutrinos in certain energy
intervals bounded by sharp spectral splits. The split en-
ergy depends on the relative fluxes of ν̄e and ν̄µ,τ and on
the neutrino mass hierarchy [19, 20]. In the following, as
illustrated in Fig. 1 we assume that collective neutrino fla-
vor oscillations exchange the spectra of ν̄e and ν̄µ,τ above
a certain split energy as found by Dasgupta et al. [13] in
the case of normal mass hierarchy.

In general, ν̄µ,τ have a larger mean energy and a larger
high-energy tail than ν̄e. This is caused by the fact that,
besides their interactions by neutral-current reactions, ν̄e
also interact with the dense neutron star matter by charge
current reactions (which is energetically not possible for
supernova ν̄µ,τ antineutrinos) and hence decouple at slightly
larger radii and lower temperatures. Due to the high-
energy enhancement of ν̄e, collective neutrino flavor os-
cillations are expected to increase the neutron production
rate by antineutrino absorption on protons during the νp
process and hence its efficiency to synthesize heavy ele-
ments.

We assume that collective neutrino flavor oscillations
do not change the Ye value which is determined by elec-
tron neutrino and antineutrino absorptions on nucleons
close to the neutron star surface. Furthermore, we assume

that collective neutrino oscillations occur before the onset
of νp-process nucleosynthesis at distances of ∼ 500 km.
These assumptions are consistent with the recent multi-
angle calculations of ref. [16]. Furthemore, there are no
free neutrons present and N ∼ Z nuclei are practically
innert to neutrino absorptions. Hence, the impact of col-
lective neutrino flavor oscillations on νp-process nucleosyn-
thesis is to modify the rate of antineutrino absorption on
protons and hence the neutron production rate.

The relevant absorption rate at distance r from the
neutron star center is defined as follows,

λν̄e =
1

4πr2

∫ ∞

0

dEσν̄e(E)fν̄e(E), (2)

with σν̄e(E) the absorption cross section for antineutri-
nos of energy E. For the neutrino spectra we adopt the
following distribution [21]:

f(α, E) =
Ln

Γ(1 + α)

(

1 + α

〈E〉

)1+α

Eα exp

(

−
(1 + α)E

〈E〉

)

,

(3)

with the neutrino number luminosity,

Ln =

∫ ∞

0

dEf(α, E) (4)

and 〈E〉 the mean neutrino energy. The parameter α is
fixed by the relation:

〈E2〉 =
α+ 2

α+ 1
〈E〉2.

It has been shown that such an α distribution gives a good
description of the neutrino spectra calculated in supernova
simulations [21].

With the assumptions above, the ν̄e spectrum, f̃ν̄e ,
modified by collective neutrino oscillations is

f̃ν̄e(E) =

{

fν̄e(E), E < Es

fν̄µ,τ
(E), E > Es.

(5)

According to ref. [13], we expect the split energy, Es, to
be around 18 MeV (see Fig. 1).

The modification of the antineutrino spectrum will af-
fect the neutron production rate by antineutrino absorp-
tion on protons, which in turn will alter the νp-process
nucleosynthesis. To quantify these effects, we define the
change in the neutron production rate as:

Γ =

∫∞

0
σν̄e(E)f̃ν̄e(E)dE

∫∞

0
σν̄e(E)fν̄e(E)dE

. (6)

To calculate the Γ factor we approximate the antineutrino
absorption cross section by

2

Martínez-Pinedo 
et al (2011) 

J. Phys. G: Nucl. Part. Phys. 41 (2014) 044003 C Fröhlich

Figure 6. Final abundances for a sample trajectory from an 8.8 M! model [55]. The
calculation without neutrino flavor oscillations is shown with circles (red). Calculations
including collective flavor oscillations are shown with triangles: up-facing (blue) for
normal neutrino mass-hierarchy and down-facing (cyan) for inverted neutrino mass-
hierarchy. Due to the steep density profile of these low-mass progenitors, the expansion
is rapid and the νp-process is inefficient. Note that there is no difference in the final
abundances between normal hierarchy and inverted hierarchy. There are only small
differences between the case without oscillations (red circles) and the cases with
oscillations (triangles).

number A = 108 is very sensitive to collective neutrino oscillations. Here, we are concerned
with the impact of collective flavor oscillations on the nucleosynthesis in the explosion of
an 8.8 M! supernova model [55]. The neutrino flavor oscillations are calculated in a post-
processing approach using the density profiles and detailed neutrino information from the
hydrodynamical simulation. Then, the nucleosynthesis in the proton-rich ejecta is calculated
both without and with including flavor transformations in the rates for νe + n → p + e− and
for νe + p → n + e+. Normal and inverted neutrino hierarchies are considered. We do not find
large changes in the final abundances between the different cases (without oscillations, with
oscillations assuming normal hierarchy, and with oscillations assuming inverted hierarchy)
[96], see also figure 6. The flavor oscillations lead to small changes in the (low) abundance of
free neutrons, which causes some slight abundances changes between neighboring isotopes of
low and intermediate-mass elements. We expect larger effects for the more massive progenitor
models, which have a less steep density profile and hence less rapid expansions following the
explosion.

5.6. Other (non-supernova) sites

The νp-process in proton-rich outflows of supernovae contributes to the production of light
p-nuclei, as discussed above. Similar conditions are also found in the wind-like outflows from
the accretion disc surrounding a black hole featuring a gamma-ray burst. The temperature
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Figure 2: Relative change Γ of the neutron production rate with
respect to the split energy Es, calculated for the antineutrino spectra
shown in the upper part of Fig. 1.

σν̄e(E) =

{

0, E < ∆

9.3× 10−44
(

E−∆
MeV

)2
cm2, E > ∆

(7)

where ∆ = 1.293 MeV is the neutron-proton mass differ-
ence. This approximation suffices to calculate Γ. However,
for the nucleosynthesis studies we use a cross section which
also considers weak magnetism and nucleon recoil correc-
tions [22]

Our nucleosynthesis calculations are based on the su-
pernova simulations of a 15 M" star [3] and its associ-
ated nucleosynthesis [8, 11]. In particular, luminosities
and spectra parameters for all neutrino flavors are given
in table 1 of ref. [11]. We have approximated these spec-
tra by an α-distribution, see Eq. (3). For the ν̄e spectrum
we find the parameter αν̄e = 2.3 and an average neutrino
energy 〈Eν̄e〉 = 14.56 MeV, while for the ν̄µ,τ flavor these
parameters are αν̄µ,τ

= 2.3 and 〈Eν̄µ,τ
〉 = 15.44 MeV.

These spectra fν̄e(E) and fν̄µ,τ
(E) are plotted in the up-

per part of Fig. 1. The lower panel shows the modified
ν̄e spectrum including the effect of collective neutrino os-
cillations. We observe the increased flux of ν̄e neutrinos
with E > Es in the modified spectrum. Due to the en-
ergy dependence of the neutrino absorption cross section,
see Eq. (7), this increase of high-energy neutrinos will en-
hance the neutron production rate. This is demonstrated
in Fig. 2 that shows the neutron production rate to be
increased by a factor Γ ≈ 1.4 due to collective neutrino
oscillations. Importantly, we also observe that Γ is rela-
tively insensitive to the unknown split energy Es, in the
range up to 25 MeV. This allows us to describe the effect
of collective neutrino oscillations in νp-process nucleosyn-
thesis studies by scaling the antineutrino absorption rate
by a constant factor Γ. We have considered this scaling for
radii larger than 500 km, corresponding to temperatures
smaller than 3 GK at which the νp process operates.

Adopting Γ = 1.4 from Fig. 2 we have performed a
nucleosynthesis calculation using a sufficiently large nu-
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Figure 3: Comparison of overproduction factors calculated in νp-
process nucleosynthesis studies with Γ = 1.4, hence considering col-
lective neutrino oscillations, and Γ = 1.0. The lower panel shows the
ratio of overproduction factors for the two nucleosynthesis studies as
function of mass number.

clear network considering rates for reactions mediated by
the strong, electromagnetic and weak interaction and in-
volving nuclei in the mass range up to the europium iso-
topes (see ref. [23] for additional details). The evolution
of temperature, density and Ye corresponds to the trajec-
tory labelled “1116 ms” shown in figure 3 of ref. [8]. The
abundance distributions of elements heavier than A = 64
are compared to those obtained in a calculation, in which
we choose Γ = 1.0 and kept all other quantities the same.
This study hence corresponds to a standard νp-process
calculation without consideration of collective neutrino os-
cillations. In Fig 3, we show the calculated ‘overproduc-
tion factors’ for both nucleosynthesis studies defined by
the ratio Mi/(M ejXi,"), where Mi is the produced mass
of isotope i and Xi" is its solar mass fraction. The total
mass ejected in the supernova simulation, M ej, is taken
from [8]. The enhanced neutron production due to collec-
tive neutrino oscillations has two interesting consequences.
Firstly, it increases the abundances of nuclei heavier than
A = 80. In particular, the abundances of light p-nuclides
(92,94Mo, 96,98Ru), whose production might be attributed
to the νp process, are enhanced by factors 2–3. The in-
crease becomes more significant for nuclides with A > 96.
This is due to the fact that the enhanced rate for neutron
production increases the number of neutrons that can in-
duce (n, p) reactions on heavy nuclei. In particular, it re-
duces the timescale of this reaction on the N = 50 nucleus
96Pd which acts like a “seed” for the production of nuclei

3

Fröhlich et al (2014) 



 late-time supernova neutrino-driven wind 

PNS 

ν 

€ 

p + ν e ↔ n + e+

n + ν e ↔ p + e−

€ 

Eν x
≥ Eν e

> Eν e

late-time ν fluxes from Keil et al (2003) 

e.g., Meyer et al (1992), Woosley et al (1994), Takahashi et al (1994), Witti et al (1994), Fuller & Meyer 
(1995), McLaughlin et al (1996), Meyer et al (1998), Qian & Woosley (1996),  Hoffman et al (1997),  
Cardall & Fuller (1997), Otsuki et al (2000), Thompson et al (2001), Terasawa et al (2002), Liebendorfer et 
al (2005), Wanajo (2006), Arcones et al (2007), Huedepohl et al (2010), Fischer et al (2010), Roberts & 
Reddy (2012), etc., etc. 
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Key quantities: 
 
     electron fraction Ye 
     entropy s/k                                         neutron to seed ratio R 
     dynamic timescale t 

Meyer and Brown (1997) 

supernova r-process conditions 
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Key quantities: 
 
     electron fraction Ye 
     entropy s/k                                         neutron to seed ratio R 
     dynamic timescale t 

Meyer and Brown (1997) 

14 Arcones et al.: Neutrino-driven supernova outflows

Fig. 8. Time evolution of different quantities for a set of simulations with different progenitor stars, M10-l1-r1, M15-l1-r1, M20-
l1-r1, and M25-l5-r4. Shown are the baryonic mass, Mbar, and gravitational mass, Mgrv (Eq. 7), neutron star radius, neutrino-wind
expansion timescale according to Eq. (15), wind mass-loss rate, electron fraction, and entropy per nucleon (left, from top to bottom),
radius of the supernova shock, radius of the reverse shock, and pressure, density, temperature, and entropy per nucleon downstream
of the reverse shock.

vealing a slightly longer expansion timescale, lower mass-loss
rate, and higher entropy for model M20-l1-r1 with its more

massive neutron star (see also Table 2). The electron fraction
shows a somewhat wider variation because of its strong sensi-

Arcones and Janka 
(2007) 
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14 Arcones et al.: Neutrino-driven supernova outflows

Fig. 8. Time evolution of different quantities for a set of simulations with different progenitor stars, M10-l1-r1, M15-l1-r1, M20-
l1-r1, and M25-l5-r4. Shown are the baryonic mass, Mbar, and gravitational mass, Mgrv (Eq. 7), neutron star radius, neutrino-wind
expansion timescale according to Eq. (15), wind mass-loss rate, electron fraction, and entropy per nucleon (left, from top to bottom),
radius of the supernova shock, radius of the reverse shock, and pressure, density, temperature, and entropy per nucleon downstream
of the reverse shock.

vealing a slightly longer expansion timescale, lower mass-loss
rate, and higher entropy for model M20-l1-r1 with its more

massive neutron star (see also Table 2). The electron fraction
shows a somewhat wider variation because of its strong sensi-

Arcones and Janka 
(2007) 

Roberts, Reddy & Shen (2012) 
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Argast et al (2004) 
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Compact object mergers have plenty of neutrons, but do not evolve on 
short enough timescales to explain the halo star data 
 
Core-collapse supernovae evolve on the correct timescale to explain the 
halo star data, but may not produce enough neutrons 
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Compact object mergers have plenty of neutrons (???), but do not evolve 
on short enough timescales to explain the halo star data 
 
Core-collapse supernovae evolve on the correct timescale to explain the 
halo star data, but may not produce enough neutrons 
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Compact object mergers have plenty of neutrons (???), but do not evolve 
on short enough timescales to explain the halo star data 
 
Core-collapse supernovae evolve on the correct timescale to explain the 
halo star data, but may not produce enough neutrons 

        
   this depends sensitively on the neutrino physics 
  



 active-sterile mixing and a supernova r process 
R Surman 
LBNE workshop 
2014-04-26 
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ν e ↔ν s ,   ν e ↔ν s Peltoniemi (1992), Nunokawa et al (1997), 
McLaughlin, Fetter, Balantekin, and Fuller (1999) 

€ 

n + ν e ↔ p + e−

p + ν e ↔ n + e+

McLaughlin, Fetter, Balantekin, and Fuller (1999) 

Beun, McLaughlin, Surman, and Hix (2006) 
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δm2 = 2 eV2

sin2 2θν = 0.07



 collective oscillations and a supernova r process: toy model 

No ν for T < 9×109 K 

No oscillations 

Test swap at seed assembly 

Test swap at alpha assembly 

Duan, Friedland, McLaughlin & Surman 
(2011) 
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α
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n
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Figure 7: Shows mass fractions of neutrons (solid lines) and alpha particles (dashed lines) as a
function of radius r in km for the three simulations from Fig. 6. In the single-angle calculation,
the flavor transformations occur early and influence the initial free neutron abundance, while in the
multiangle calculation the transformations occur as the alphas are assembling into seeds.

– 23 –

 collective oscillations and a supernova r process 

Duan, Friedland, McLaughlin & Surman (2011) 
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collapsars and black hole accretion disks (AD-BHs) 

e.g., Woosley (1993), Paczynski (1993), 
MacFadyen and Woosley (1999) 

AD-BH disk outflows have been 
studied in: 

e.g., Pruet, Thompson, & Hoffman (2004), 
Surman & McLaughlin (2004), Surman, 
McLaughlin, & Hix (2006), Metzger, Thompson, 
& Quataert (2008), Nakamura et al (2011), 
Wanajo & Janka (2012) 

jet (?) 

outflow 
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accretion 
disk 
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Neutrino emission from black hole accretion disks (AD-BH) is similar to that 
from a PNS, but there are key differences: 

     � primarily νe and νe (vs. all flavors in a PNS) 

     � emission surfaces not spherical 

     � νe emission surface much larger than that for νe 

As a result, antineutrino emission can dominate over neutrino emission close to 
the disk, but neutrino emission can dominate farther out 

_ 

_ 

R Surman 
LBNE workshop 
2014-04-26 black hole accretion disk neutrino emission 

Disk models from Chen and Beloborodov 
(2008), neutrino calculation from Surman 
and McLaughlin 
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Two flavor mixing in matter with a high neutrino flux: 
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δm2  mass difference squared 
E     neutrino energy 
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black hole accretion disk neutrino oscillations 

vacuum terms 

matter 

neutrino self interaction 

Malkus, McLaughlin, Kneller, Surman 
(2012) 
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AD-BH neutrino oscillations: consequences for nucleosynthesis 

no oscillations 

single angle ν 
oscillation 
calculation 

Malkus, McLaughlin, Kneller, Surman (2012) 
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Many rare nuclear species whose origins are not fully understood 
are formed either directly by neutrino interactions or in neutrino-rich 
environments 
 
LBNE science goals are linked to some of the key open questions 
in nuclear astrophysics 
 
In order to build a full picture of the origin of the elements we need: 
 

 Neutrino mixing parameters and mass hierarchy 
 

 As much spectral information as possible from the next galactic 
  supernova 

 
 


