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Dear Ewald, Happy (belated) 65th 

Birthday

The Scientist: 304 publications, h=56, main fields of research:
Hydrodynamics and its instabilities, neutrino heating, convection, rotation, supernovae and 

their remants, jets, magnetohydrodynamics and strong magnetic  fields, gravitational waves, 

ĐoŵďustioŶ ….. quite an achievement!



Almost the same happened to me, finished my PhD in early 1980 and went

off to Chicago and Caltech,

Ewald took off for Chicago a year later to work with Dave Arnett.



I spent time in Chicago and Caltech:

A group photograph at Caltech



Ewald worked worked with Dave Arnett in Chicago on combustion (in type 

Ia supernovae), and later – with strong involvement of Bruce Fryxell - on 

the multi-D hydrocode Prometheus (also applied to core-collapse SNe)



Back at MPA (Photo was taken for the Director, Prof. Kippenhahn, when he was hospitalized).

Afterwards our paths departed: Ewald stayed at MPA, I took off for Illinois, Harvard, and finally Basel.



Early Ringberg Meetings on Nuclear Astrophysics



A Friendship for more the 40 years

For 2.5 years sharing the basement office in the brick building in Darmstadt

Many joint festivities in Darmstadt

Having furnished rooms with the same eldery family after the move to Munich

Stopover almost every Saturday noon at Wallbergweg

Biannual parties organized by Ewald/Esther or myself

I had formally my German address at Wallbergweg during my 10 years in the US 

(and suitcases in Ewald's and Esther's basement)

A great joint trip from Chicago to Aspen via North Dacota, Wells Pharmacy, the 

Badlands, Mount Rushmore …

As we had worked on different things during master thesis and PhD (Ewald on 

strong magnetic fields in neutron stars and the supernova explosion mechanism, I on 

nucleosynthesis and nuclear reactions for astrophysics) and I left almost 

immediately thereafter, we had started different collaborations and we somehow 

never got together again (but with my Basel group we tried later also to address these 

issues … see below)

Two exceptions: Publications in the same journal of the German Physical Society







Nucleosynthesis in

massive stars, their explosive

endpoints, and explosions in

binary stellar systems

adopted from
C. Kobayashi

BBN makes 1,2H, 3,4 He, 7 Li

CCSNe/HN: O..Ca..Ti , Fe/Ni .. Zn

SNeIa: Si..Ca..Ti , Mn, Fe/Ni

s-process

r-process

but there were motivational

overlaps!

While Ewald worked generally on the ecplosion mechanism, my main field of interest 

was the resulting nucleosynthesis



How do we understand: low metallicity stars ...
galactic evolution?

Average r-process (Eu) behavior
resembles CCSN contribution, but
large scatter at low metallicities!!



binary systems with accretion onto one compact object can

lead (depending on accretion rate) to explosive events with

thermonuclear runaway (under electron-degenerate conditions)
- white dwarfs (novae, type Ia supernovae= single degenerate )

Possible explanations: WD mergers (Röpke … double degenerates ), He-accretion caused

(double) detonations (Bildsten ...), & collisions (Rosswog, Pakmor, Raskin, Cabezon)

Chandrasekhar mass models (single degenerates)

subclasses from

recent surveys

Taubenberger 2017

Ewald worked with Dave Arnett

and Bruce Fryxell (and later Khoklov

and Höflich) on 3D combustion

in type Ia supernovae



I worked on simpler things via spherically symmetric
explosions with simplified approximations for the 

burning front propagation

56Fe

56Ni

54Fe

N
S
E

Mn comes in form of its only stable isotope 55 Mn, and is the decay product of 55 Co, produced in incomplete

and complete Si-burning under optimal conditions with Ye=Z/A=0.491 . In alpha-rich freeze-out, deter-

mined by entropy S ∝ T 9
3/ρ, with values of T9 and ρ8 exceeding T9³/ρ8>180, 55 Co is moved to 59 Cu (→ 59 Co).

In the inner zones of Mch-models this Ye is attained via electron capture (electrons are degenerate with

high Fermi energy) ,

in the outer zones it can be approached by metallicity CNO→ 22 Ne, leading for [Fe/H]=- ∞ ,0,025,0.5 to Ye=

0.5, 0.499, 0.498, 0.496 (also characterized by the appearance of 54 Fe (moved to 58Ni in alpha-rich

freeze-out). See for more details Seitenzahl and Townsley (2016)

I worked on simpler things via spherically symmetric explosions with simplified 

approximations for the burning front propagation
Near Chandrasekhar Models (deflagrations W7, Nomoto, Thielemann, Yokoi et al.
1984), delayed detontaions (Iwamoto+ 1999, Brachwitz+ 2000, Seitenzahl+2013)



Evolution of [Mn/Fe] as function of [Fe/H] (Mishenina et al. 2015)

[Mn/Fe] from CCSNe results in about -0.4. The old W7-model predicts for SNe Ia ejecta

[Mn/Fe]=0.067, 0.227, 0.30, 0.38 at [Fe/H]=- ∞ ,0,0.25,0.5. Seitenzahl+13 find [Mn/Fe]=0.4

already for [Fe/H solar values and conclude that Mch models have to contribute in order to

explain the observed trend. (see also Kobayashi, Nomoto 2009, 2015 50%defl., 50%He-det)



Core-Collaps-Supernovae and Neutron Stars as

End Stages of Massive Stars

Main products: O, Ne, Mg, S, Ar, Ca, Ti and some

Fe/Ni: How about heavier nuclei (Zn .. Sr, Y, Zr)

and the r-process ?????



Summary of

Ewald's

PhD thesis,

still in quasi-

spherical

symmetry

(while he worked

later in great

detail on the

neutrino-driven

explosion

mechnism in 

multi-D, his thesis

was about

explosions driven

by strong 

magnetic fields, 

still in 1D)



It is shown that MHD effects are 

important; models in 2D and 3D are 

neccessary



Other investigations (before and after):  LeBlanc & Wilson 1970, Meier et al. 1976, Kundt 1976,

Bisnovatyi-Kogan et al. 1976, Moiseenko & Bisnovatyi-Kogan 2008, Fujimoto et al. 2008,

Takiwaki et al. 2009, Nagataki, Winteler, Mösta & Ott, Nishimura et al. ….



3D Collapse of Fast Rotator with Strong Magnetic Fields:
15 M

sol
progenitor (Heger Woosley 2002), shellular rotation with period of 2s 

at 1000km, magnetic field in z-direction of 5 x1012 Gauss,
results in 1015 Gauss neutron star

3D simulations by C. Winteler,  R. Käppeli, M. Liebendörfer et al. 2012, Eichler et al. 

2015 (we also made jets – but no no large scale behavior like for AGNs, as done in 

Ewald’s activities)

s



Nucleosynthesis results, utilizing Winteler et al. (2012)

model with variations in nuclear

Mass Model and Fission Yield Distribution

(Eichler et al. 2015)

FRDM

deep troughs are gone!

FRDM 2012 might solve this

problem completely

Fission-cycling environments permit n-capture due to fission neutrons in 

the late freeze-out phase and shifts peaks, but effect generally not strong 

and overall good fit in such “weak“ fission-cycling environments!

Ejected matter with A>62

Different nuclear mass models

FRDM and HFB as well as

fission barriers



25 M
sol

progenitor (Heger+ 2000), magnetic field in z-direction of 1012 Gauss

Another 3D Study (Mösta et al. 2014, 2015)

Kink instability,

but r-process matter

probably ejected



Full MHD calculations resolving the magneto-rotational 

instability MRI (Nishimura, Sawai, Takiwaki, Yamada, 

Thielemann, 2017)

Dependent on the relation between neutrino luminosity and magnetic fields the nucleosynthesis behavior 

changes from regular CCSNe to neutron-rich jets with strong r-process. Could this be the explanation of 

the lowest- metallicity behavior in the Milky Way???

Measuring the ratio of magnetic

field strength in comparison to

neutrino heating

entropies



Blue band: Mg/Fe observations (95%), red crosses: individual Eu/Fe obs.

Rare events lead initially to large scatter before an average is attained!

Data from SAGA

database



Neutrino-driven Core Collapse 

Supernovae

H.-T. Janka



Present Situation for Neutrino-Driven 

Supernova Explosions:
Solving the Core-Collapse Supernova Problem in a 

Self-Consistent Way
There exists a growing set of 2D and 3D CCSN explosions, 

see e.g. reviews by (and talks at this meeting):

Janka (2012, Ann. Rev. Nucl. Part. Sci.), 

Burrows (2013, RMP),

Foglizzo+ (2015, PASA)
active groups:

Garching/Belfast/Monash (Janka+, Müller, Müller), 

Princeton/Caltech/MSU (Burrows, Ott, Couch),

Oak Ridge (Mezzacappa, Hix, Lenz ..)

Tokyo/Kyushu (Takiwaki, Nakamura, Kotake),

Paris (Foglizzo+),

Basel (Liebendörfer, Cabezon, Kuroda, Pan)

but in order to provide complete nucleosynthesis predictions from self-

consistent multi-D simulations it is still a bit too early!!!



Eichler et al. (2017, back with the referee) (axis-symmetric
simulations by Nakamura et al. 2015/16)

This example features a nice/strong νp-process 

caused by Ye>0.5 conditions for a 11.2 Msol

star, but large-scale nucleosynthesis predictions

are presently still made in induced spherical

explosion models.



Basel activities with IDSA (Isotropic

Diffuions Source Approximation) in 

Multi-D

A code comparison paper coming out soon!!!



A 40 Msol model run in 1D and 2D for different equations of state,

(leading - in most cases - to BH formation), predictions of gravitational wave

emission 

(K.-C. Pan et al. 2017, in prep.)



Multi-D Simulations of a 40 Msol Progenitor Star

K.-C. Pan et al. (2017, in preparation)

This is a 2D simulation, which is typically more favorable than full 3D models,

shows the collapse to a black hole. Due to convective blobs of material the

maximum of the shock radius (Rsh,max) seems to oscillate with time, and it recedes 

with time. SFHo is the specific Equation of State (EoS) for hot and dense matter 

utilzed here,



Predicted Gravitational Wave strength, when utilizing different EoS for the 

simulations (K.-C. Pan et al. 2017, in preparation)

Possibility to detect with 

LIGO (KAGRA) at 10kpc 

distance



Ewald worked on the real stuff, but other groups, interested in 
nucleosynthesis and galactic evolution, needed to do something simpler

When still performing 1D simulations:

How to invoke induced explosions for nucleosynthesis purposes? (the 

simplified method used up to recently)

position of Fe-core / oxygen shell

without a self-consistent mechanism nucleosynthesis can only be calculated with  induced
explosions. Woosley & Heger position a piston with 1.2B at S=4k

B
/b, Nomoto/Umeda/Thielemann 

and Limongi/Chieffi applied thermal bomb and integrated from outside until expected 56Ni-yield.



prior results made use of initial stellar structure (and Y !) when

Nucleosynthesis problems in “induced” piston or thermal bomb models

utilized until present to obtain explosive nucleosynthesis yields with induced

e

inducing artificial explosion. This neglects the effect of the
explosion mechanism on the innermost zones, causes strange
overproductions of Ni isotopes and does not go much beyond Ni!

Three aspects
(o) consistent explosion energy?

(i) even in spherical symmetry neglecting neutrinos -> Y e

(ii) multi-D

explosion energies of 1051 erg

- high alpha-abundance prefers alpha-rich

nuclei ( 58Ni over 54Fe) , measures energy/

entropy of explosion

- Y e determines Fe-group isotopes.

“pragmatic“
solution:

mixing/

fallback

to minimize

inner Ye effects

or create

C-rich ejecta



Interim Approaches
Trying to mimic multi-D neutrino heating in a spherical approach, for more

appropriate predictions of the explosion energy, mass cut between neutron

star and ejecta, as well as nucleosynthesis (including the effects of neutrinos

on Ye, the proton/nucleon ratio):

- Fröhlich et al. (2006,2007) multiplying neutrino-capture rates by a

factor to obtain observed explosion energies

- Neutrino light bulb models (Iwakami et al. 2009, Yamamoto et al. 20013)

- Ugliano et al. (2012), Ertl et al. (2015) – a tuned (parametrized PNS accretion), 

time-dependent central neutrino source that approximately captures the essential 

effects of (3D) neutrino transport – PHOTB
- Perego et al. (2015), Ebinger et al. (2017, PhD and in preparation – utilizing 

energy in muon and tau neutrinos as an additional energy source that 

approximately captures the essential effects of (3D) neutrino transport - PUSH



Outcome of Collapse: SN-Explosion or BH with PHOTB

(Sukhbold + 2016): Does this tell us something about explosion

models or pre-collapse stellar models? (red bars - explosions, 

black bars – black hole formation)

compactness!!!!???



What determines the neutron/proton or proton/nucleon=Ye ratio?

If neutrino flux sufficient to have an effect (scales with 1/r 2 ), and total

luminosities are comparable for neutrinos and anti-neutrinos, only

conditions with E av,ν -E av,ν >4(m n -m p) lead to Ye <0.5!

Otherwise the interaction with neutrinos leads to proton-rich conditions.

The latter favors improvements in the Fe-group composition Sc, Ti, Co,

including the production of 64 Ge (→ 64 Zn!), and the νp-process, which can

produce nuclei up to Sr, Y, Zr and Mo. (Fröhlich, Pruet, Wanajo ..Eichler)



Improved Fe-group composition and production beyond

Models with Y
e
>0.5 lead to an alpha-rich 

freeze-out with remaining protons which 
can be captured similar to an rp-process. 
This ends at 64Ge, due to (low) densities 
and a long beta-decay half-life (decaying to
64Zn).
This effect improves the Fe-group 
composition in general (e.g. Sc) and 
extends it to Cu and Zn! (Fröhlich et al., 
Pruet et al.)

Anti-neutrino capture on protons provides 
always a small background of neutrons 
which can mimic beta-decay via (n,p)-
reactions.(Fröhlich et al., Pruet et al., 
Wanajo); also strong over-abundances can 
be obtained up to Sr and beyond (light p-
process nuclei). Further analysis by 
Wanajo et al. (2010), Arcones et al. 
(2011). 

1996
2006



Stellar evolution progenitor conditions

(compactness) and observational 

constraints



Additional Heating in the «Gain» Regions in 1D Modeling (Perego, Hempel, Fröhlich, Ebinger, ..2015-17)

With PUSH the mass cut is obtained from the simulations, the PNS as well as the electron flavor neutrino 

luminosities are computed self-consistent at all simulation times, and no changes of the involved electron 

neutrino and anti-neutrino cross sections are made. To achieve successful explosions in otherwise non-

exploding models in spherical symmetry, we rely on the neutrino-driven mechanism. In this mechanism of 

CCSNe electron neutrinos and anti-neutrinos are able to heat matter behind the stalled shock front in the 

gain region sufficiently to induce a shock revival that ultimately leads to an explosion. It has been found that 

for efficient heating by neutrinos behind the shock, multi-dimensional effects, as convection, are crucial. In 

our siŵulatioŶs we tap the eŶergy of the μ− aŶd τ−ŶeutriŶo luŵiŶosities that otherwise streaŵ out of the 
system and like this increase the effective heating by neutrinos in regions where electron flavor neutrinos 

heat the matter. This enables us to successfully induce physically motivated parametrized neutrino-driven 

CCSNe in spherically symmetric simulations with a realistic SN equation of state (EOS) and without artificial

boundaries (Perego et al. 2015, Ebinger et al. 2017).



Results with PUSH (Ebinger et al. 2017)



Explosion energy increases with compactness, and similarly entropy and N=Z 

burning products (56Ni, 44Ti), other isotopes (57,58Ni) depend on Ye.



What do we expect from observations?

according to Nomoto et al. (2015):

Analysis of Supernova Observations:

1. Beyond 25-30 Msol there is (on avaerage) a

transition from regular CCSNe with neutron 

stars to black hole formation

2. The explosions get less energetic and black 

holes form -> fainter and fainter supernovae

3. In rare cases for fast rotation (and possibly 

large magnetic fields) a black hole forms ,

combined with a long-duration gamma-ray

burst (hypernova)

(for models without rotation 2. should be 

obtained)

Additional data by Smartt+ 2015, Bruenn+ 2016)



A fit for the compactness dependence of the additional 

neutrino heating parameter kpush (Ebinger 2017)

Constraints:

1. Fitting the blue supergiant for SN1987A

2. fitting explosion energies and ejected Ni-masses for observed supernovae

(including only the faint – not the hypernova - branch) 



Explosion energies as 

function of stellar 

progenitor mass for 

different sets of stellar

models

Solar (2002) Solar (2007)

10-4 (2002)Z=0 (2002)



Metal-poor star HD 84937
Sneden+16

Comparison of low metallicity star HD 84937 with predicted 20Msol yields
Integration over initial mass function in prepration at NCSU



While Ewald did not concentrate on neutron star mergers, others at MPA did (Ruffert, Janka, 

Oechslin, Just ..)

For this presently exploding field, related also to electromagnetic afterglows/counterparts

and gravitational wave emission, exists a large literature (Lattimer, Schramm, Symbalisty, 

Meyer, Eichler, Piran, Davies, FKT, Benz, Panov, Eichler, Ruffert, Janka, Rosswog, Oechslin, 

Bauswein, Korobkin, Goriely, Just, Wu, Arcones, Martin, Perego, Martinez-Pinedo, Hotokezaka, 

Sekiguchi, Kiuchu, Wanajo, Fryer, Fernandez, Metzger, Kasen, Quaetert, Ramirez-Ruiz, Radice, 

Lippuner, BarŶes, … Malkus, McLaughliŶ, SurŵaŶ, Zhu, FreŶsel…..) 

see e.g. also recent reviews

(Fernandez & Metzger, ARNPS 2016, Metzger, Living Rev. Relativity 2017, 

Thielemann+, ARNPS 2017, in press),

But there is one open question: 

Can the (r-process!) yields of neutron star mergers show up early enough in galactic evolution 

in order to explain high Eu-values in low metallicity stars? Simple IGCE models, which only mix 

matter via Sedov-Taylor blast waves, can not, but there exist options (large-scale turbulent 

mixing, different SFRs in galactic substructures, neutron star kicks) to solve these problems.

If they do not do so, we need magneto-rotational supernovae as pioneered by 

Ewald in his 1979 thesis!!!!!!!



Backup Slides



Argast, Samland, Thielemann, Qian (2004): But do neutron star mergers

show up too late in galactic evolution, although they can be dominant

contributors in late phases?

This is the main question related to mergers,  ([Fe/H] can be shifted by different SFR in

galactic subsystems),  Is inhomogenous galactic evolution implemented correctly??

The problem is that the neutron star-producing SNe already produce Fe and shift to higher

metallicities before the r-process is ejected!!! (neutron star kicks?)



Update by Wehmeyer et al. (2015), green/red different merging time scales, 

blue higher merger rate (not a solution, but (i) turbulent mixing would shift the

onset to lower metallicities, (ii) different SFR in initial substructures can do so)



Inhomogeneous Chemical Evolution with SPH (van de Voort et al. 2015),

Left ejecta mixed in 5x106 Msol, right high resolution mixed in 5x104 Msol,

leading also to a late emergence of [Eu/Fe] (see also Shen et al. 2015)

If large-scale turbulent mixing would occur, this feature could be moved to lower metallicities!



The role of sub-halos, i.e. substructures with

different star formation rates (treated within the 

instantaneous mixing approximation IMA of ejected 

matter)

Ishimaru, Wanajo, Prantzos (2015)

The average over a finally merged galaxy could

possibly explain observations?



=> in either case, the strong r-process which also produces the
actinides is a rare event!!!!!!!!!!!!!
(see also Van de Voort+, Shen+, Hirai, Ishimaru+, Cescutti+)

Combination of NS mergers and magneto-rotational jets

in (stochastic) inhomogeneous GCE

Wehmeyer, Pignatari, Thielemann (2015)


