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Heavy elements
Relative abundances of the iron group 
elements can be well predicted by 
statistical equilibrium arguments (Hoyle, 
1946) 

Abundances above the iron peak have 
to be produced in dynamical processes 

Main mechanism is neutron capture, not 
suppressed by the Coulomb barrier 
(Burbidge, Burbidge, Fowler and Hoyle 
1957; Cameron 1957) 

Most of the elements heavier than iron 
are indeed synthesized in this way, by 
the s- and r- processes



P-rich nuclides: an enduring mystery
A number of naturally occurring, proton-rich isotopes are bypassed by s- and 
r-processes, must be produced by different mechanisms [already noted in 
B2FH (1957); review, in, e.g. Rauscher et al (2013)]CONTENTS 4
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Figure 1. The p-isotopes are shielded from r-process decay chains by stable
isotopes and are bypassed in the s-process reaction flow.

sections 6.1, 6.2, and 6.3. Experimental approaches are reviewed in section 7, more
specifically photodisintegration reactions and their limitations (section 7.1), charged-
particle induced reactions (section 7.2), elastic scattering (section 7.3), and neutron-
induced reactions (section 7.4).

2. The case of the missing nuclides

In the first detailed analysis of solar abundances published by [1], it was already
indicated that at least two types of processes may be required to produce the
abundance distribution above iron, one leading to neutron-rich isotopes and a different
one for neutron-deficient nuclides. Only one year later [2] (B2FH) and [3] made
detailed studies on suitable processes and their constraints, based on the data by [1]
and additional astronomical observations and nuclear data. It turned out that two
types of neutron-capture processes were required to explain the abundance patterns of
intermediate and heavy nuclei, the so-called s- and r-processes [4–6]. They also realized
that a number of proton-rich isotopes can never be synthesized through sequences of
only neutron captures and β− decays (figure 1) and required the postulation of a third
process. It was termed p-process because it was initially thought to proceed via proton
captures at high temperature, perhaps even reaching (partial) (p,γ)-(γ,p) equilibrium.
This nucleosynthesis process was tentatively placed in the H-rich envelope of type II
supernovae by B2FH but it was later realized that the required temperatures are not
attained there [7, 8]. This also shed doubts on the feasibility to use proton captures
for producing all of the nuclides missing from the s- and r-process production.

It is somewhat confusing that in the literature the name ”p-process” is sometimes
used for a proton capture process in the spirit of B2FH but also sometimes taken as
a token subsuming whatever production mechanism(s) is/are found to be responsible
for the p-nuclides. For an easier distinction of the production processes, here we prefer
to adopt the modern nomenclature focussing on naming the nuclides in question the
p-nuclides (they were called “excluded isotopes” by [3]) and using different names to
specify the processes possibly involved.



P-nuclei 
abundances
Most p-nuclei are at a percent 
level or less of the corresponding 
s- and r-nuclei 
But not all: about a quarter of 
molybdenum comes in the form 
of two p-isotopes, 92Mo and 94Mo
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Fig. 1. Schematic representation of some simple possible nuclear routes through which seed s- or r-nuclides (black dots)
can be transformed into a p-nuclide (black square). Unstable nuclei are represented by open dots. Routes (1) and (2)
are made of a succession of (p,!) and (!,n) reactions leading directly to the p-nuclide. Slightly more complicated chains
involve (p,!) reactions followed by "-decays (Route (3)), or a combination of (!,n) and (!,p) or (!;#) and "-decays
(Route (4)). More complicated !ow patterns involving combinations of the represented ones can also be envisioned. The
p-nuclide destruction channels are not represented.

through a (chain of) "-decay(s). Fig. 1 displays in a very schematic way some possible nuclear
routes through which seed s-(r-)nuclides can be transformed into p-nuclides.
The relative importance of the various ways to make p-nuclides from more neutron-rich seeds

depends critically on temperature. This relates largely to the properties of the photodisintegration
rates, as it will be made apparent in Section 3. In fact, values typically in excess of about 1:5 ×
109 K are required for the photodisintegrations to take place on time scales commensurable with
stellar evolutionary ones. It is also mandatory for these reactions to freeze-out before a too strong
photoerosion of the heavy nuclides, which would leave iron peak nuclei as the main end products.
In practice, this forces temperatures not to exceed about 3:5 × 109 K during a short enough time
only, this limitation becoming more explicit in the following. These three constraints (abundant
enough seed nuclei, high enough temperatures, short enough time scales for the hot phases) are
obviously complemented by the necessity of considering proton-rich layers if (p,!) captures are
indeed envisioned.
It has been considered by [1] that the aforementioned constraints could be best satis"ed in the

H-rich envelopes of Type II supernova explosions, which represent the end stage of the evolution of
massive stars (supernovae are in fact classi"ed as Type II when they show H-lines in their spectra
at maximum light; see [8,9] for the classi"cation scheme of supernovae). This scenario has been
put to its limits by [10]. At the end of the 1960s already, it was realized that the required high
temperatures are very unlikely to be reached in the envelopes of massive star explosions. This is why
[11,12] suggested to locate the p-process in the deep O–Ne-rich layers of massive stars either in their
pre-supernova or supernova phases. The most actively pursued avenue of research on the p-process
concerns without any doubt Type II supernova explosions. The possible role of other massive stars
has also been explored. This concerns more speci"cally those exploding as pair-creation supernovae.
It has also been proposed that the p-process could develop in the C-rich zones of Chandrasekhar-mass
white dwarfs exploding as Type Ia supernovae following the accretion of some amount of matter
from a companion (in contrast to Type II supernovae, Type I explosions do not show H-lines in their

Gamma process

Some of the p-nuclides can be 
made in secondary processing 
of s- and r- isotopes 

However, solar s-process 
abundances of heavier 
elements are not enough to 
explain 92,94Mo and 96,98Ru 

We are thus led to consider 
proton capture

CONTENTS 5

Figure 2. Comparison of the solar abundances for the p-nuclei [9, 10]; the
connecting lines are drawn to guide the eye.

Historically there were 35 p-nuclides identified (figure 2 and table 1), with
74Se being the lightest and 196Hg the heaviest. It is to be noted, however, that
this assignment depends on the state-of-the-art of the s-process models (just like
the ”observed” r-abundances depend on them) and also on estimates of r-process
contributions (e.g., to 113In and 115Sn [11, 12]). Almost all p-isotopes are even-even
nuclei, with exception of 113In (Z=49), 115Sn, 138La, and 180Tam. The isotopic
abundances (table 1) are 1 − 2 orders of magnitude lower than for the respective
r- and s-nuclei in the same mass region, with exception of 92,94Mo and 96,98Ru.

The two neutron-magic p-isotopes 92Mo (neutron number N = 50) and 144Sm
(N = 82), and the proton-magic (charge number Z = 50) Sn-isotopes 112,114Sn
exhibit larger abundances than the neighboring p-nuclei (figure 2). The abundance
of 164Er also stands out and already B2FH realized that it may contain considerable
contributions from the s-process. It was indeed found that there are large s-process
contributions to 164Er, 152Gd, and 180Ta [13], thus possibly removing them from the
list of p-isotopes. If also the abundances of 113In and 115Sn can be explained by
modifications of the s-process and/or contributions from the r-process [12], this would
leave only 30 p-isotopes to be explained by other processes.

The nuclei 138La and 180mTa do not fit well the local trend and have much
lower abundance than their neighbors. This indicates a further process at work,
also because the standard photodisintegration process cannot synthesize them in the



Proton capture conditions
Synthesis by proton capture requires a specific temperature window 

1.5 GK < T < 3 GK 

High enough to overcome the Coulomb barrier, but low enough 
so that gammas don’t dissociate the nuclei (QSE with the iron 
group) 

This suggests an environment in which the material expands and 
cools, passing through the desired temperature band 

But typical timescales are  sec, while the chain based on 
proton captures and beta decays has a number of waiting points 
(slow beta decays)

≲ 1



process: an elegant proposalνp−

 

-process is an attractive proposal [Frohlich et al (2005), Pruet et al (2005), Wanajo (2006)]. 
Site: in a neutrino-driven outflow from the surface of PNS 

The outflow is proton-rich and expands in the presence of a large flux of neutrinos 

Key observations: neutrinos will convert some of the protons into neutrons. These neutrons 
are immediately captured on proton-rich seeds, helping bypass the waiting points 

νp



Decade of careful studies identified a 
number of problems

Difficult to reproduce observed ratios of  and  [Fisker:2009,Bliss:2014,Bliss:2018] as 
well as  and  [Bliss:2018] 

Neutrons can drive the composition to the neutron-rich side [Arcones et al 2012] 

The absolute production rates seem to be too low to explain the Solar System abundances 
[Bliss:2018]. 

Relative production rates of different p-isotopes seem to be incompatible with observations 
[Bliss:2018] 

Especially dire with the recent calculations [Jin et al, Nature (2020)] that took into account in-
medium effects enhancing the rate of the triple-  reaction.

92Mo 94Mo
96Ru 98Ru

α



Field in crisis?
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Figure 6. Reaction flows in the γ-process producing 92Mo and the extinct
radionuclide 92Nb. Size and shading of the arrows show the magnitude of the
reaction flows f on a logarithmic scale, nominal p-nuclides are shown as filled
squares. The nuclide 92Nb can be produced by the γ-process but it cannot be
produced by the rp- and νp-processes (or any process involving a decay of proton-
rich nuclei contributing to 92Mo) as it is shielded from contributions by these
processes by the stable 92Mo. The presence of 92Nb in meteorites indicates that
proton-rich processes did not contribute much to the nucleosynthesis of Mo and
Ru p-isotopes [81].

these extinct radionuclides in the early solar system. However, it is well documented
that state-of-the-art γ-process calculations underproduce 92Mo, 94Mo, 96Ru and 98Ru
(section 3.2), isotopes that are in similar abundance to s-process isotopes of the same
elements. What if other processes, such as the rp-process or the νp-process, had
produced the missing p-isotopes of Mo and Ru? This implies that ∼ 10% of 92Mo
would be produced by the γ-process while ∼ 90% would be produced by the rp- or
the νp-process. However, 92Nb cannot be produced in these processes because it
is shielded from a contribution by proton-rich progenitors during freeze-out by the
stable 92Mo (figure 6). If 90% of 92Mo had been made by processes that cannot
produce 92Nb, this would have decreased the effective 92Nb/92Mo production ratio
by a factor of ∼ 10. The predicted 92Nb/92Mo ratio in the early solar system would
also be lower than the ratio measured in meteorites by a factor of 10. A significant
contribution to Mo-Ru by any process that does not make 92Nb can therefore be
excluded [81]. Independently, another study concluded that a significant contribution
to Mo p-isotopes from a νp-process was unlikely, based on the inferred 94Mo/92Mo
isotope ratio in this process [88].

The calculation outlined above can also be done the other way around, by
using the 92Nb/92Mo ratio in meteorites to calculate its production ratio. The
146Sm/144Sm ratio indicates that the 3-phase ISM mixing timescale must be small;
for the purpose of simplicity we assume that it is zero. Taking a non-zero value
would result in a higher inferred 92Nb/92Mo production ratio, therefore our estimate
corresponds to a conservative upper limit. We find the 92Nb/92Mo production ratio
to be 0.0015+0.0012

−0.0009 (or higher). Models should take this value as a fundamental

92Nb: a no-go theorem for -process?νp

92Nb is shielded from beta-
decays from the proton-rich 
side by stable 92Mo 

Its presence in meteorites is an 
argument against rp- and nu p-
processes [Dauphas et al 2003, 
Rauscher et al 2013]



Outflow dynamics

The -process involves several stages, nontrivial matching required 

Hydrodynamics of the outflow is known to be important  

Existing studies start with a wind profile with a termination shock, vary 
parameters, such as entropy S and Ye.

νp



Physics of the neutrino-driven outflow
Neutrino heating in the outer layers, , is not 
balanced by reemission, .  

Gain radius, essential for understanding the 
explosion mechanism 

Energy deposited is removed by matter outflow 

To unbind a nucleon,  

entropy per baryon,    

 

Seconds after the explosion is launched

∼ G2
FT6

ν
∼ G2

FT6

GNmNMPNS /RPNS ∼ T4/nN

S ∼ T3/nN

S ∼ (mN /T)(GNMPNS /RPNS) ≳ 50

3.2. O-shell Perturbations, Shock Revival, and Explosion
Asymmetry

We mainly concentrate on the 2° model M_P3D_LS220_m−,
which was followed with PROMETHEUS-VERTEX until 1.675 s
after bounce, and compare some aspects with the 4° model
L_P3D_LS220_m−, whose evolution was tracked until 1.884 s,
also using the VERTEX neutrino transport. By applying the neutrino
HC scheme mentioned in Section 2.2, we continued model
M_P3D_LS220_m− (maintaining 2° angular resolution) from
1.675 s until 7.035 s, when the shock had entered the He layer at
r= 52,000 km and an enclosed mass of 4.45Me, with a velocity of
∼8000 km s−1 (Figures 1 and 2). The run extended from 1.675 s to
7.035 s is named M_P3D_LS220_m-HC in Table 1.

M_P3D_LS220_m− and L_P3D_LS220_m− employ the
same microphysics (LS220 EoS and no muons), are both based
on the 3D progenitor model, and differ only in their angular
resolutions. In Appendix A, we compare the evolution of their
average shock radii as functions of time. We also show these
results for the corresponding 1D SN runs, without and with
artificial explosion, and for the 3D SN runs of L_P1D_LS220_
m−, and M_P1D_LS220_m−, all of which were started from the
1D progenitor data. Moreover, the two high-resolution cases of
H_P1D_LS220_m− and H_P3D_LS220_m−, which are based
on the 1D and 3D progenitor data, respectively, are added for
comparison of the evolution prior to the onset of the SN
explosion.

External forcing by infalling O-shell perturbations acts as an
additional driver of large-scale, nonradial fluid motions (con-
vective overturn or SASI) in the postshock layer besides neutrino
heating and thus supports shock revival. This can be quantified
by an increase of efficiency factors for the conversion of neutrino
heating to turbulent kinetic energy, defined as

[( )( )]
( )�h =

- n

E M

R R Q M
1i

i
conv,

kin, g

s g g
2 3

(Müller & Janka 2015; Müller et al. 2017a), where i denotes
radial (r) or nonradial (θ plus f) motions. The Ekin,i are the
corresponding turbulent kinetic energies (Equations (10) and

(11) in Müller et al. 2017a), Mg is the mass in the gain layer, Rs
and Rg angular averages of shock radius and gain radius,
respectively, and �nQ the integrated neutrino-heating rate in the
gain layer. Between tpb≈ 200 ms until shortly after the
explosion begins at tpb≈ 400 ms, we find efficiency factors
between 0.3 and 0.4, in rough agreement with values obtained in
SN simulations with a 3D progenitor by Müller et al. (2017a).
The large-scale density variations in the infalling O-shell trigger

a highly asymmetric explosion (Figures 3 and 4) with the shock
expanding faster in directions of lower ram pressure (Figure 5).
The largest expanding bubble is located close to the negative y-
direction, and although the shock dipole vector drifts considerably
during the first second and finds a stable position only after a few
seconds, the deformation of the shock remains stable during the
whole simulation, characterized by a huge outward bulge in the
negative y-hemisphere (close to the dipole direction) and a second
large plume between the positive y-axis and negative z-axis
(Figure 5). Since the low-resolution model L_P3D_LS220_m−
was started from the same asymmetric 3D progenitor conditions,
the most prominent plume driving the shock expansion develops
also in the negative y-direction of this model (see Figure A2 in
Appendix A). However, there is a second, smaller plume growing
between the positive y-axis and positive z-axis, which lies in the
periphery of the wide ram-pressure “depression” extending around
the positive x-direction in the upper left panel of Figure 5, just as
the secondary plume does in model M_P3D_LS220_m−.

3.3. Explosion Energy

The blast-wave energy increases continuously from the onset
of the explosion until several seconds later. The diagnostic
energy, Eexp

diag (which is the integrated internal plus gravitational
plus kinetic energy of all postshock matter with a positive value
of this total energy), effectively saturates at ∼5 s, whereas the
explosion energy that accounts for the negative binding energy
of overlying stellar layers (“overburden,” abbreviated OB),

-Eexp
OB , rises further to nearly converge to the diagnostic energy

at a value around 0.98 B at 7.035 s (Figure 2). During all this
time, a “classical” spherically symmetric neutrino-driven wind

Figure 1. Explosion dynamics and neutrino emission of model M_P3D_LS220_m- and its extension M_P3D_LS220_m-HC. The time axes are chosen for optimal visibility.
Left: mass shells with entropy per nucleon color-coded. Maximum, minimum, and average shock radii, gain radius, and the mass shells of Si/O shell interface and final NS
mass are marked. The vertical white line separates VERTEX transport (left, time linear) and HC neutrino approximation (right, time logarithmic). Right: emitted luminosities and
mean energies of νe, n̄e, and a single species of heavy-lepton neutrinos. The time axis is split as in the left panel. Right of the vertical solid line, we show neutrino data from the
artificially exploded 1D simulation. The neutrino data are evaluated at 400 km for a lab-frame observer at large distance (i.e., gravitationally redshifted to infinity).
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Neutrino-driven outflows 
in a SN are special!
We had previously studied the outflow profiles for modeling 
neutrino signals in DUNE (matter profile matters for 
oscillations!) 

Fixing the neutrino heating and the PNS gravity, one can look 
for solutions as a function of the surrounding pressure P 

At high P, a family of smooth subsonic curves. 

As P approaches a critical value, the velocity curve develop a 
kink 

As P is further reduced, the kink turns into a step: a 
termination shock develops. 

A remarkable fact about supernova conditions is that the 
outflows are near-critical, both subsonic and supersonic 
regimes are possible, depending on the progenitor mass. 
More plowed mass -> higher surrounding pressure P.

A.F., Mukhopadhyay, PLB (2022)



Nozzle flows
A similar phenomenon occurs in an 
entirely different physical system: a flow 
of a compressible gas through a nozzle 

Different geometry, no gravity 

By regulating ambient pressure in the 
lab, can go from subsonic to transonic 
flows 

Of course, in the lab, conditions can be 
fine-tuned to be near-critical



Densities features in the hot bubble

The profiles of Wilson et al are pretty smooth in the hot bubble 

In contrast, in the simulation by Arcones et al, 2006, wind termination 
shocks



Near-criticality in numerical simulations

 progenitor from Fischer et al (2009) 

Subsonic outflow at 1 sec. Termination shock appears at 3 sec!

10.8M⊙



Wind termination shock in 3D

3D simulation from Stockinger et al (2020)

2052 G. Stockinger et al.

Figure 7. Planar slices of our 3D models showing the entropy colour-coded at tmap. The left-hand panels display the plane of largest shock deformation,
whereas the right panels present the plane of smallest shock expansion. The coordinate directions of the plots (indicated by the tripods in the top right corners)
have no association with the coordinates of the computational grid. Note the almost spherical morphology of model e8.8 and the deformed ejecta morphology
of models s9.0 and z9.6. For better visibility of the small-scale structures of model s9.0, we choose a different colour representation in this case. The white
dashed line marks the shock surface. This line is missing in the top two panels because in model e8.8the shock is at more than 20 000 km at this time already,
far ahead of all explosion asymmetries.

the LESA phenomenon (Tamborra et al. 2014b), can accelerate
the PNS opposite to the direction of the largest total neutrino-
energy flux. LESA manifests itself in a dominant and stable ! = 1
spherical harmonics mode of the lepton-number emission and a
corresponding energy-emission dipole amplitude of several per cent
compared to the monopole (see Tamborra et al. 2014a, 2014b,

and Section 4.2). LESA is observed in both simulations conducted
with VERTEX-PROMETHEUS. The almost spherical explosions of the
ECSN-like progenitor yield very low hydrodynamic kick velocities
by the ‘gravitational tug-boat effect’ (Gessner & Janka 2018).
Anisotropic neutrino emission cannot be evaluated in our simulation
of model e8.8, because of the spherical treatment of the central

MNRAS 496, 2039–2084 (2020)
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Need to explore all possible outflow 
regimes

Strategy: 

Do not start with detailed multi-d simulations 

First survey possible regimes to identify optimal conditions [see Bliss, Arcones, Qian 
(2018) for similar approach] 

Do not constrain the outflow type by an ansatz (remember near-criticality!) 

Do not vary parameters ad hoc 

Vary physical properties of the system: PNS mass and radius, progenitor mass, 
neutrino spectra, etc. Solve for the outflow self-consistently. 



Here are results of Jin et al (2020) 
Yields obtained for 
parametrized outflow 
profile with entropy 
( ) that has been 
used in Jin et al (2020) 

Reproduced by us using 
SkyNet for comparison.  

Huge thanks goes to Jonas 
Lippuner and the authors of of 
the Nature paper for making 
the codes public 
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92
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Instantaneous yields in subsonic and supersonic 
outflows (computed self-consistently)

 The yields of Mo and Ru in a 
subsonic case are more than 
an order of magnitude higher  

With the triple- enhancement, 
we obtain the ratio 

, consistent 
with the measured ~ 1.57.  

The ratio  is 
also consistent with measured 
solar ratio of ~ 2.91 

 92Nb? How come?

α

92Mo/94Mo ∼ 1.5

96Ru/98Ru ∼ 2.45

 model has  (later)13M⊙ MPNS = 1.8M⊙



Simulation



Stage I: seed formation

12C
4He

56Ni



Stage II: proton and neutron capture

12C
4He

56Ni

92Mo
96Ru



Stage III: late-time neutron capture

12C
4He

56Ni

92Mo
96Ru

92Nb



Stage IV: final beta decays

12C
4He

56Fe

92Mo
96Ru

92Nb



Why does it work?
For successful nu p process to make Mo and Ru, need about to make about 10 neutrons per seed nucleus 

In-medium effects create more carbon by de-exciting the Hoyle state 

Do we have enough neutrons at stage II? 

In a subsonic outflow, the material remains significantly closer to the protoneutron star. The result is up to 3 
times more neutrons produced compared to the supersonic case 

What about neutrons made after T<1.5 GK? The process regulated by falling neutrino luminosities + material 
receding with the expanding front shock 

3-5 neutrons per seed during stage III. Not enough to make the composition neutron rich 

But enough to drive it closer to the valley of stability and make some 92Nb. Not by beta decays, but by late 
neutron capture!



Why does it work?
What parameters do we adjust for this? 

 and  fluxes to get  (pinched-thermal spectra, see, e.g, Keil et al, Hudepohl et al) 

Progenitor mass , to obtain subsonic outflows 

, to control entropy per baryon 

Sets carbon production (density at T ~ 0.3-0.5 MeV) 

 No additional parameters left to adjust for stage III. 92Nb just works.

νe ν̄e Ye ∼ 0.6

Mprog ≳ 12M⊙

MPNS ∼ 1.8M⊙

S ∼ (mN /T)(GNMPNS /RPNS) ∼ 85 − 90



Footnote

Skynet out of the box does not produce 92Nb.  

Turns out, any 92Nb made decays to 92Mo on the timescale of 102 seconds, 
contradicting data. The actual half-time of 92Nb is about 37 Myr, making it a 
famous cosmochronometer.  

The issue was traced to a mistake in reactlib. This mistake is crucial in our 
analysis, as it reenforces the prejudice that 92Nb is shielded by 92Mo. 



Time integrated yields, 13Msun 
progenitor (subsonic)
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Most of the yields are produced before 2 sec after shock revival



Time integrated yields, 9.5Msun 
progenitor (supersonic)
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Protoneutron star mass
Calculations favor PNS heavier than the 
Chandrasekhar value of  

This is understood analytically as a 
requirement of sufficiently high entropy per 
baryon (S ~ 80) 

Modern simulations for progenitors of 
 indeed predict this, because of 

an extended accretion stage 

These progenitors are predicted to have 
subsonic outflows by our criterion, 
necessary for successful process 

Nontrivial consistency!

1.4M⊙

≳ 13M⊙

νp−



Protoneutron star radius
Optimal yields during the first 1-2 
seconds after shock revival (2-3 
seconds post bounce).  

PNS simulations favor radius in 
the range  km  

Notice that we are not interested 
in the final radius 

Sensitivity on nuclear EOS, 
cooling dynamics need to be 
systematically explored

∼ 18 − 20
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What can we see in neutrinos from the 
next galactic supernova?



Neutrino oscillations
Neutrino oscillations are sensitive to the matter profile  

Evolving matter profile imprints time-dependent 
features on the nu_e signal that can be detected at 
DUNE 

These features are different for subsonic and 
supersonic profiles (termination shock is a non 
adiabatic feature) 

We combine the MSW and collective effect 
computed in a multiangle, spherically symmetric 
framework.

ν-sphereCollective

MSW 

MSW 



Signal as a function of time 

Signals can appear as early as 1.3 sec ! 
And continues throughout the burst duration ! 

Spectacular non thermal features



Conclusions
A quarter of molybdenum in the solar system comes in the form of two neutron-poor isotopes, 92Mo and 94Mo. 
This fact is very hard to explain.  

Nu p process strongly depends on the hydrodynamics of the outflow 

Neutrino-driven outflows in a supernova possess a special property of near-criticality. We must consider both 
subsonic and supersonic regimes self-consistently 

Sufficiently massive progenitors have subsonic outflows, heavier PNS. Both of these properties nontrivially 
combine to produce the right amount of p-nuclei up to 102Pd, both in absolute and relative amounts 

92Nb is also produced in the right amount, thanks to late-time neutron capture (no free parameters) 

PNS properties at 2-3 seconds post-bounce are crucial. Interesting to understand the nuclear physics uncertainty 

Neutrino detection at DUNE can provide a nontrivial check that the conditions are right


