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Looking inside a core-collapse 
supernova at DUNE: are conditions 

right for nucleosynthesis?νp−

More specifically

Supernova 1987A    
23 February 1987     



Why all the interest?

Core-collapse supernovae are some of the most 
important players in our universe


Create and spread many key elements


Seed formation of new stars


Make galaxies look like they do


They are also unique laboratories for particle and 
nuclear physics, since conditions in a SN core 
cannot be reproduced in the lab
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The physics of core-collapse supernovae
Supernovae are nature’s grandest explosions and an astrophysical laboratory in which unique conditions exist that

are not achievable on Earth. They are also the furnaces in which most of the elements heavier than carbon have been

forged. Scientists have argued for decades about the physical mechanism responsible for these explosions. It is

clear that the ultimate energy source is gravity, but the relative roles of neutrinos, fluid instabilities, rotation and

magnetic fields continue to be debated.
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Few events in nature match the grandeur of
supernovae. None surpasses their raw power: about
1053 erg s−1 (equivalent to 1046 J s−1) is released as
neutrinos from a ‘core-collapse’ supernova, which is
as much instantaneous power as all the rest of the
luminous, visible Universe combined. Viewed on a
cosmic scale, supernovae light up galaxies with
spectacular fireworks that stir the interstellar and
intergalactic media. They make most of the elements
of nature, including those that form our own planet
and bodies, and they give birth to the most exotic
states of matter known — neutron stars and black
holes. Supernovae have been at the forefront of
astronomical research for the better part of a century,
and yet no one is sure how they work.

From the outset, one must distinguish two kinds
of supernovae, corresponding to two kinds of star
death: type Ia, thought to be the thermonuclear
explosions of accreting white dwarf stars1; and all the
rest (type II, Ib, Ic and so on), which happen when
the iron core of a massive star collapses to a neutron
star or black hole. Observationally, type I is defined
by a lack of hydrogen lines in its spectrum, lines that
type II has. Type Ia supernovae happen in all types of
galaxies, with no preference for star-forming regions,
consistent with their origin from an old or
intermediate-age stellar population. The rest happen
only in star-forming regions where young massive
stars are found. Here we will discuss just the latter
variety, the ‘core-collapse supernovae’ — the most
frequent kind of supernovae in nature.

CORE COLLAPSE: THE GRAVITY BOMB
Since 1939, when Baade and Zwicky first suggested
that supernovae are energized by the collapse of an
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Figure 1 The evolution of the temperature and density for the
centre of two massive stars, 15 and 25 times heavier than the
Sun. Labels show the location where the star pauses to burn a
given fuel (Table 1). Overall, the evolution of a massive star is a
continued contraction to higher density and temperature, a
contraction that only ends when a neutron star or black hole is
formed. During most of the evolution the density is proportional to
the cube of the temperature, as expected for an ideal gas in
hydrostatic equilibrium, but there are deviations caused by nuclear
burning and the partial quantum-mechanical degeneracy of the
electrons. Reprinted with permission from ref. 58. Copyright (2002)
by the American Physical Society.

ordinary star to a neutron star2, scientists have tried
to understand in detail how they work. The starting
point is a star heavier than about 8 solar masses that
has passed through successive stages of hydrogen,
helium, carbon, neon, oxygen and silicon fusion in
its centre (Table 1). With the passing of each stage,
the centre of the star grows hotter and more dense.
Indeed, the evolution of the inner parts of a massive
star can be thought of as just one long contraction,
beginning with the star’s birth, burning hydrogen on
the main sequence, and ending with the formation of
a neutron star or black hole (Fig. 1). Along the way,
the contraction ‘pauses’, sometimes for millions of
years, as nuclear fusion provides the energy necessary
to replenish what the star is losing to radiation and
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Life of a massive star

Gravitational 
contraction paused 
by nuclear burning
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Table 1 Evolution of a 15-solar-mass star.
Stage Timescale Fuel or Ash or Temperature Density Luminosity Neutrino

product product (109 K) (gm cm−3) (solar units) losses
(solar units)

Hydrogen 11 Myr H He 0.035 5.8 28,000 1,800
Helium 2.0 Myr He C, O 0.18 1,390 44,000 1,900
Carbon 2000 yr C Ne, Mg 0.81 2.8×105 72,000 3.7×105

Neon 0.7 yr Ne O, Mg 1.6 1.2×107 75,000 1.4×108

Oxygen 2.6 yr O, Mg Si, S, Ar, Ca 1.9 8.8×106 75,000 9.1×108

Silicon 18 d Si, S, Ar, Ca Fe, Ni, Cr, Ti, . . . 3.3 4.8×107 75,000 1.3×1011

Iron core ∼1 s Fe, Ni, Cr, Ti, . . . Neutron star >7.1 >7.3×109 75,000 >3.6×1015
collapse∗

∗ The pre-supernova star is defined by the time at which the contraction speed anywhere in the iron core reaches 1,000 km s−1 .

neutrinos. Each time one fuel runs out, the star
contracts, heats up and then burns the next one,
usually the ashes of the previous stage. After helium
burning, the evolution is greatly accelerated by
neutrino losses. For temperatures approaching a
billion degrees or more, a large thermal population
of electrons and positrons is maintained. When the
electrons meet and annihilate with positrons, a
neutrino–antineutrino pair is occasionally produced.
These neutrinos escape the star with ease and force
the burning to go faster to replenish the loss.
Although the fusion of hydrogen and helium takes
millions of years, the last burning phase — silicon
burning — lasts only two weeks.

Eventually, a core of about 1.5 solar masses of
iron-group elements is produced. Because the
nuclear binding energy per nucleon has its
maximum value for the iron group, no further
energy can be released by nuclear fusion, yet the
neutrino losses continue unabated, exceeding the
Sun’s luminosity by a factor of about 1015. At such
high temperatures and densities, two other processes
also rob the iron core of the energy it needs to
maintain its pressure and avoid collapse: electron
capture by nuclei, and an endoergic process called
photodisintegration. At densities above 1010 g cm−3,
electrons are squeezed into iron-group nuclei, raising
their neutron number. As electrons supply most of
the pressure that holds the star up, their loss robs the
core of both energy and support. At the same high
temperature, radiation also begins to melt down
some of the iron nuclei to helium — this is
photodisintegration — partially undoing the last
million years or so of nuclear evolution and sapping
the core of still more energy. Soon the iron core is
falling nearly freely at about a quarter of the speed of
light. Starting from the size of the Earth, the core
collapses to a hot, dense, neutron-rich sphere about
30 km in radius. Eventually the repulsive component
of the short-range nuclear force halts the collapse of
the inner core when the density is nearly twice that of
the atomic nucleus, or 4–5×1014 g cm−3.

The abrupt halt of the collapse of the inner core
and its rebound generates a shock wave as the core’s
outer half continues to crash down. Once it was
thought that this bounce might actually be the origin
of the supernova’s energy3–5, that the outward
velocity of the bounce would grow as it moved into
the outer layers of the core and eject the rest of the
star with high velocity. Now it is known that this

does not occur. Instead, the shock wave stalls because
of photodisintegration and copious neutrino losses.
A few milliseconds after the bounce, all positive
velocities are gone from the star and the dense, hot
neutron-rich core (commonly called a
proto-neutron star; PNS) is accreting mass at a few
tenths of a solar mass per second. If this accretion
continued unabated for even one second, the PNS
would be crushed into a black hole and no
supernova would ever explode.

However, the PNS emits a prodigious luminosity
of neutrinos. Over the next few seconds, if it does not
become a black hole, it will radiate about 10% of its
rest mass (about 3×1053 erg), eventually settling
down as a gigantic neutron-rich nucleus of 10 km
radius — a neutron star. This neutrino emission is
actually the chief output of the event which is
overwhelmingly a gravity-powered neutrino
explosion. But how can this be used to turn the
collapse of the rest of the star into the explosion that
we see with optical telescopes? This is the part of the
problem that has caused theorists the greatest
difficulty for 40 years6. A typical core-collapse
supernova has 1–2×1051 erg in kinetic energy, far
less than that released as neutrinos during
neutron-star formation. But the neutrinos streaming
out from the core have a small cross-section for
energy deposition and, to make matters worse, a
large part of the energy that they do deposit is
radiated away again as neutrinos (neutrinos deposit
their energy chiefly by the reactions p+ν̄ → n+e+

and n+ν → p+e−, where p, n, e+ and e− are the
proton, neutron, positron and electron respectively;
they are radiated away by the inverse of these same
reactions). The efficiency for absorption and
re-emission depends on the density and temperature
structure around the neutron star, and this, in turn,
depends on some complicated fluid mechanics7.
There is also a threshold of energy that must be
deposited in a brief time to overcome the ‘ram
pressure’ of the infalling matter, which, as we noted,
is rapidly accreting8.

The current frontier in research into
core-collapse supernovae centres on
multidimensional simulations of the contracting
PNS and neutrino energy deposition in its
immediate surroundings. If this neutrino-powered
model is to work, neutrino energy deposition must
inflate a large bubble of radiation and
electron–positron pairs surrounding the neutron
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The last stage is 
especially dramatic

As the Fe core mass reaches a critical value, degenerate 
electrons become relativistic -> unstable to collapse 
(Chandrasekhar). 


In natural units,


MCh ~ MPl3/MN2 ~ M⊙ (!!) 


An accurate calculation keeping all coefficients yields 
~ 1.4 M⊙


The collapse is interrupted only when nuclei run into 
each other. The bounce occurs shortly before the object 
would form a BH.



Energetics
Core collapse to a neutron star, 

 


If  

(neglect GR for a moment) 

3 * 1053 erg if R~11 km (neutron 
star radius) 


More than enough energy to 
unbind the envelope  km 
and launch with  (?)

103 km → 101 km

1.4M⊙ →
3
5

GNM2/R

≳ 103

v ∼ c/7
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
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(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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Supernova 1987A    
23 February 1987     Such explosions are 

indeed observed, but with 
v that is smaller by an 

order of magnitude 


The culprit is neutrinos.

They freely stream from 

the surface of the 
collapsed core 

( ), sapping 
energy. Over 99% of it!
ρ ≲ 1011g/cm3



3D simulations
• Simulating the heart of 

the supernova

• Neutrino heating just 
above the PNS surface 
diverts ~0.5% of all 
neutrino energy into the 
visible explosion!

• Movie by the Garching 
group (K.Kifonidis                         
http://www.mpa-
garching.mpg.de/~kok/)

http://www.mpa-garching.mpg.de/~kok/
http://www.mpa-garching.mpg.de/~kok/


Gravity-powered 
neutrino bomb

’s are the carrier of energy and lepton number, 
dictate the timescales


’s are essential for nucleosynthesis, convert  


CCSN is a laboratory for neutrino oscillations in 
dense gases 


’s are a real-time diagnostic of the developing 
explosion 


How to read the detected signal? 

ν

ν n ↔ p

ν



MSW transformations in 
the envelope

Neutrinos of all flavors 
stream from the nu-sphere


MSW transformations 
occur at two resonant 
densities (solar and atm 
splittings)


In the beginning, these 
occur at large radii, where 
the progenitor profile has 
not yet been perturbed by 
the explosion

ν-sphereν-sphereν-sphere Collective

atm res

solar res

νe νμ ντ

νe νμ ντ
_ _ _

0.5s



Oscillations modulated by 
changing matter profile

Several seconds into the 
explosion, the front shock 
reaches the MSW layers. 


The shock changes flavor 
oscillation probabilities 
(maximally nonadiabatic)


R. Schirato and G. Fuller 
(2002)


Using simulations by J. 
Wilson group of a 
heavy progenitor



Is this observable?
Do emitted spectra of all flavors 
become the same at several 
seconds? Then oscillations wouldn’t 
leave a visible imprint


Actual results from modern 
simulations [Bollig et al 2021]


Antineutrinos are indeed close. 
But  are sufficiently 
different from . -> 
Oscillation effects visible 


’s are a specialty of DUNE. DUNE 
is uniquely positioned to study 
physics that may be revealed with 
oscillation effects

νe
νx

νe
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Asymmetry
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which was followed with PROMETHEUS-VERTEX until 1.675 s
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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
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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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Density behind the 
shock

We should also ask 
what happens behind it


The resonant density 
crossed multiple times 
there 


Why is there rarefied 
region?


Are the crossings 
adiabatic?



Hot bubble

The low-density region 
around the PNS is called the 
“hot bubble” [H. Bethe, S. 
Woosley, others]


It is formed by neutrino 
heating, the same mechanism 
that launches the explosion


The hot bubble could be a 
nucleosynthesis site


Can neutrinos probe density 
features in the hot bubble?



Why hot bubble?
Neutrino heating, , 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,   


∼ G2
FT6

ν
∼ G2

FT6

mNGNMPNS /RPNS ∼ T4/nN

S ∼ T3/nN

S ∼ (mN /T )(GNMPNS /RPNS) ≳ 50
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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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Densities features in the 
hot bubble

The profiles of Wilson were pretty smooth


However, not so for other simulations [Arcones et al, 
2006]: 


Notice the wind termination shock



Densities features in the 
hot bubble

Contact Discontinuity (C.D.): pressure matching between the inside and outside 
of the hot bubble requires T=const, . It is unstable to 
convection and washed out in multi-D.


Wind termination shock (T.S.) arises when the outflow is accelerated to 
supersonic speeds and plows into the slowly expanding ejecta. Can be present 
in multi-D

ρ2/ρ1 = S1/S2 ≳ 10

C.D.T.S.



Wind termination shock 
in modern simulations

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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What do we make of 
these simulations?

Some simulations show termination shocks and 
some don’t. It’s not a priori obvious that the 
different simulations could be reconciled.


If we could understand the physical criterion for 
the shock formation, it would make the neutrino 
signatures of the termination shock a sensitive 
probe of the physical conditions near the PNS. 


Its neutrino signals could serve as a new 
diagnostic of the explosion!



Key physics: a phase 
transition

Fixing neutrino heating and gravitation, 
we look for solutions as a function of the 
surrounding pressure P


At high P, a family of smooth subsonic 
curves


As P is reduced, the smooth velocity 
curves develop a kink


As P is further reduced, the kink turns 
into a step -> termination shock!


The kinky curve is the critical flow, 
separating the subsonic and transonic 
regions



P0 Pe

Distance along the nozzle

Rocket engine nozzle dynamics - similar to 
supernovae systems



Outflows in supernova 
are near-critical!

In the lab, the far pressure can be fine-
tuned to the critical value


The real surprise is that the conditions in a 
supernova are also fine-tuned and the 
system is on the edge of shock formation.


This is extremely unusual in astrophysical 
systems. For example, the solar wind has 
termination shock at 94 AU.



Condition for critical 
flow







Can be understood analytically


Relate the existence of the termination 
shock to the fundamental parameters of 
the problem: Mplowed(R), neutrino L and E, 
and PNS M and R


In particular, you may infer the mass of 
the PNS

Tf,crit ≃ (112 keV)L0.702
52 E1.404

ν20 M−0.96
1.4 R0.08

20 ,

ρf,crit ≃ (8.1 × 103 g/cm3)L2.61
52 E5.2

ν20M−4.0
1.4 R1.03

20

Subsonic

* the scaling laws obtained here include the actual variation of  with Tg⋆



Reconciling simulations 

These allow us to reconcile published 
simulations, make predictions for future 
simulations


For example, with luminosities and PNS 
parameters of Fischer et al 2009, 
termination shock formation is expected for 
progenitors of .≲ 12M⊙



Shock passage signatures at DUNE 



High neutrino luminosities

Strong termination shocks

A.F., P. Mukhopadhyay (2022), to appear 

Event rates in 40 Kt DUNE 
detector

Modulation signal can appear as 
early as 1.3 sec and continue for 

the burst duration ! 

Neutrino signals of shocks in DUNE



Time-energy signature of modulation signals

Strong termination shocks Subsonic breezes and 
intermittent shocks 

Neutrino time signatures in DUNE sensitive to outflow hydrodynamics
Can be observed with 5-sigma confidence for any SN in the galaxy



Finally, a few words on 
nucleosynthesis



Nu-p process

While most of the elements heavier than iron are 
synthesized by the s- and r- processes, a number 
of naturally occurring, proton-rich isotopes must be 
produced by different mechanisms [Rauscher (2013)]


-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

νp



Overabundant in the Solar System

Proton-rich ( )nucleip−



State-of-the-art 
calculations  argue that 
the process in 
CCSN neutrino driven 
outflows does not work 

νp−

State-of-the-art results on the  
process

νp−



Link for the press release: MSU Nature 

Field in crisis

https://msutoday.msu.edu/news/2020/supernova-surprise-creates-elemental-mystery


Near-criticality to the 
rescue

We have studied the profiles in the hot bubble for 
modeling neutrino signals. Can this help with the 
nucleosynthesis?


We learned that the outflow profiles in the hot 
bubble can have qualitatively different character, 
depending on the details of the explosion (near-
criticality!) Hence, it’s dangerous to draw conclusions 
based on a single ansatz of the outflow. 


We should see if any of them works!



Reproducing results of 
Jin et al (2020) 

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


Huge thanks goes to Jonas 
Lippuner and the authors of of 
the Nature paper for making 
their codes public 
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Here are the results in 
our subsonic outflow

 Subsonic outflows do the 
trick!


They can enhance yields by 
more than 2 orders of 
magnitude 


Both the absolute and 
relative abundances of 

 and  agree 
with Solar System 
measurements. 

92,94Mo 96,98Ru

A.F., P. Mukhopadhyay, A. Patwardhan, to appear
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Further observations

The desired entropy per baryon indicate the mass of 
the PNS above the Chandrasekhar value, 


This is exactly what is seen in recent simulations of 
massive progenitors, 


These are the progenitors that we predict will have 
subsonic flows -> a nontrivial check!


The radius of the hot PNS has implications for the 
nuclear equation of state. Also agree with recent 
trends in the field.

≳ 1.7M⊙

≳ 13M⊙



Conclusions

Neutrino-driven outflows in a supernova possess 
a special property of near-criticality


Near-criticality makes neutrino signatures of 
termination shocks at DUNE a powerful 
diagnostic of the physical conditions in the hot 
bubble 


Our study points out a possibility to infer from 
neutrino observations whether the conditions in 
the hot bubble are optimal nu-p nucleosynthesis




