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The Evolution of Massive Stars and Formation of

Compact Stars: from the Cradle to the Grave
2020/2/26~28@Waseda Univ.

Topics

Formations of massive stars

Multi-dimensional evolutions of massive stars

Evolutions of massive stars in binaries and multiple systems

Mechanism of core-collapse supernovae

Neutrmo and nuclear physms of relevance for the formation and evolution of compact objects

Visit our web page:
http://www.heap.phys.waseda.ac.jp/Conference _waseda_ 2020/index.html
for registration.

David Vartanyan (Unmiversity ot Calitornia)

Fabian Schneider* (Heidelberg University)

Giuseppina Fiorella Burgio (INFN Sezione di Catania)

Jim Fuller (California Institute of Technology)

Kei Kotake (Fukuoka University)

Kei Tanaka (Osaka University)

Masatoshi Takano (Waseda University)

Naoki Seto (Kyoto University)

Peter S. Shternin (Ioffe Physical-Technical Institute, St.-Petersburg State Polytechnical University)
Sherwood Richers (North Carolina State University)
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Core-Collapse Supernovae

core bounce

v trapping

SN explosion shock propagation shock formation &
in envelope propagation in core

- (




Neutrino Heating Mechanism

v The shock generated at core bounce
IS not strong enough to push through
Fiite-lnes the core and stagnates in the core
iIn almost all cases.

Post-Shock v The stalled shock need to
ne revived somehow.

v Neutrino heating is
supposed to be the most
promising.



Neutrino Heating Mechanism

v The shock generated at core bounce
IS not strong enough to push through
Flfer i the core and stagnates in the core

Core .
in almost all cases.
Post-Shock absorption
i em IO v v The stalled shock need to
------ Q ne revived somehow.

-

v Neutrino heating is
supposed to be the most
promising.



Numerical Investigations of CCSNe

v Nearby supernovae, that allow us to probe
deep inside the core directly in real time via
v and/or GW, are rare (~1 in 100 yrs).

v We have to rely on theoretical studies, in
particular numerical simulations.

v |In so doing, both macro- and microphysics
are important.

- multi-dimensional (magneto)hydrodynamics

- (general relativistic) self-gravity

- multi-energy & multi-angle neutrino transport
- nuclear EOS and weak interactions



Progress in CCSN Modeling

*:modified from Nagakura’s slide
Dimensionality Neutrino

(fOF Hyd rO) Boltzmann/ Transport

A

\ Aruncated moment
~ 15 years ago

~9 years ago

termediate

Most advanced

=HON
Weak Interactions

Full GR

Gravity

v In the last decade, most of the world major groups
modeling core-collapse supernovae (CCSNe)
numerically have proceeded to

- neutrino transport with the truncated moment method with
some closure relation imposed by hand



Recent 3D Simulations

e 3 spatial dimensions
e truncated-moment approximation to v transfer

e monopole GR correction to self-gravity
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The latest 3D simulations are still unable -
to reproduce observed explosion energies.




Progress in CCSN Modeling

*modified from Nagakura’s slide
Dimensionality Neutrino

(for Hydro) Bolzmann  Transport

K %uncated
~15 years ago 2D /

rxy
Neyé / Bruenn set

/ \
pseUdO 4 / II Iter“lediate

=HON
Weak Interactions

moment

Gravity

v We have stuck to the
- 2 spatial dimensions under axisymmetry



Numerical Models Run So Far
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Basic Equations

v Relativistic Boltzmann eqgs. are solved with Newtonian
gravity and hydrodynamics.

Neutrino distribution function | s, a & a
el [(Z")f]
f(t,r,0,¢;¢, ,u,9) B '

1 0 1

Boltzmann Equation — ——(f wo) + —= (sm of w@))
v? Qv sinf O

dr’ of | dii_(éf ) L]
collision

dA ax"  dAap' \ oA, 20 03 (f W@)) = Srads

v Lorentz transformations between the fluid-rest frame
and Iaboratory frame are properly taken into account.

Lagrangian Remapping Grid
(Fluid-rest Frame)

Fluid velocity

@)

Hamilton et aI ‘10 Nagakura et al. ‘14



Tracking of Proper Motion of PNS

World line of coordinate origin




Progress in CCSN Modeling

*modified from Nagakura’s slide
Dimensionality Neutrino

(for Hydro) Bolzmann  Transport
+ runcated
~15 years ago 2D\//

Neyéli'c‘ / Bruenh set

~ \
pseuy ) / Intérmediate
GR

Full GR N Most advanced

| EOS
Gravity Weak Interactions

v We have stuck to the

- 2 spatial dimensions under axisymmetry
- currently pushing for full GR and 3D



Probing Momentum Space

v Neutrino distributions in momentum space are
in general even in 2D in space.

Rapid Rotator: Qi = 6rad/s

100

normal ——
mirrored

Slow Rotator: Qi = 1rad/s
Harada et al. ’19 Nagakura et al. ’19

v The Boltzmann solver enables us to study
In detalil.

v It will help us calibrate the closure relation.



Probing Momentum Space

Y In the truncated moment method, some closure
relation is imposed by hand on the Eddington tensor.

EV — /dQV Ev fu(gyy Qu)

_|FY
= E
:/ ng/nyfl/ vy 1/)
P
— v Ey N1y, fy 51/7QV) D = _ v
.= Jan n
nF:FV/’FI/‘
_ 344f°
. 54 2+/4 — 3f2

v Since the Eddington tensor is a second order
symmetric tensor, it may be characterized as ellipsoid.



Probing Momentum Space

lwakami et al. ’19
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~

Comparison of Eddington-Tensor between
the M1 method and the Boltzmann transport

lwakami et al. ’'19
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Probing Momentum Space

v The principal axes

v M1 closure does a good job but is not perfect.

The Boltzmann solver puts us also in a unique position

in the study of neutrino oscillations in CCSNe.

» The feeds on the angular distribution
difference between v, and v, .



Fast Neutrino-Flavor Conversion

v The fast flavor conversion is self-
sustained without the mass term and
Pre-Shock may occur near the neutrino sphere

and Very rapldly Sawyer ‘05
v-potential: p ~ \@GF N,

Gain Radius | v If true, it may affect the

supernova explosion,
nucleosynthesis and the

absorption observation of v.

T~ absorption .
v It feeds on the difference

In angular distributions
of v.and 7, .



Crossing in v Angular Distributions

v The fast flavor conversionis BRI R -
a nonlinear phenomenon but .S SR R

Density Matrix (in 2-flavor approx.)
p= fv. + fu. fve = fu. (sp Sp )

+

2 2 Sp —Sp

EOM for the small off-diagonal component
(0 +v-Vy)Sy =vH (A, +D,)S5, — /dT'v“v;LGvrSvf

=3

Dispersion Relation (DR)

D(w,k) =0

v The angular distributions are
the important ingredient for the
fast flavor conversion.

Delfan Azari etal ‘19



Crossing in v Angular Distributions

DR depends on the
direction of k.

v The sign change of Gv, or the

....................................................

.................................................

crossing in angular distributions,g

seems indeed to be the
indication of the fast flavor
conversion.

G, = V3G, / "ff“ f,. (E.V) = f,(E.V)

We will hence look for the “ ‘ ‘
crossing first.

Delfan Azarl et al. ‘19




We have spotted three possible cases.

v Inside v sphere v Pre-Shock Region
Delfan Azari et al. ‘19 | Morinaga et al. ‘19
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Fast Flavor Conversion in

the Post-Shock Region

v We found the ELN crossing
at top = 200ms in one of our latest 2D simulations

for 11.2M model.
v 4 i

—_— o
= 21 M@

s

— - 15 Mo

P 4
— B a— IR
| attimer Furusawa  Furusawa
: & <
Swesty Shen Toaashi
v In this model, PNS starts to move southward at
around the same time.




Asymmetric v Emissions and

Proper Motion of Proto Neutron Star
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In some cases, a strong
asymmetry in v emission
IS sustained, in association

with a proper motion of
PNS.
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v Interplays between PNS motions
and asymmetric neutrino emissions
in operation

1. Breaking of up-down symmetry in matter
distributions by PNS motions

2. Appearing of sustained lateral circular matter
motion in the envelope of PNS

3. Sustained asymmetries in the Ye distribution
and neutrino emissions




Locations of Fast Flavor Conversion
In the Post-Shock Region
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The domains of possible fast flavor conversion are
expanding with time in the direction of the stronger
shock expansion.



ELN Crossings in the Post-Shock Region
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cos 6, cos 6,

: \ v 7.is dominant in the outward direction
‘* at r ~ 50km, since it is more
forward-peaked.

v It is dominant in the inward direction
at r = 100km, since it is emitted or
scattered more frequently.

v It is dominant in the
atr ~ /75km.



Linear Growth rates of Fast Flavor Conversion
in the Post-Shock Region
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Fast Flavor Conversion
Ahead of Shock Wave

v We found the sign change in ELN for the
at too = 100ms in our
1D simulations.

241.0km

outgoing

500 1000
Energy [MeV] Radius [km]

v  We found it also in the 1D models of the MPA group
that Tamborra et al. 17 employed in their survey.



Morinaga et al. 19

v It turns out that the crossing is induced by coherent
back-scatterings of neutrinos on heavy nuclei.

Bulb Model

outgoing component

bulb _ —1 50 km LV
%" (n) =2em ( R, 10°2 erg/s

)
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Shock front

Ingoing component
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o dI!f L, E, <L, E, ,then ELN becomes negative.
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v When the coherent scattering is turned off in the
simulation, then the ELN crossing disappears.

v Interestingly, the
irrespective of the phase velocity and hence the
flavor conversion may have an observational impact.



Fast Flavor Conversion inside
the Neutrino Sphere

v  We found the ELN crossing
(r ~15-20km) at tpb = 200ms in one of our
2D simulations for 11.2M model.
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Summary

v We have been developing the radiation-
nvdrodvnami 0de that solves the Boltzmann

v The occurrence of the fast conversion is one
thing and its consequences are quite another!

v The latter will be the next focus.

» identification of modes
» honlinear evolution and saturation
» feedback to transport and hydrodynamics

» observational implications
further investigations.

- pre- and post-shock regions, inside v sphere



