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Why are Neutrinos so Important for SNe?

(a) The observation of 24 neutrinos from SN1987A in Kamiokande,
IMB, and Baksan confirmed the general idea of stellar core collapse.
The neutrinos transport information about buried layers to the outside.

(b) Neutrino physics determines the condition of matter in the

supernova: Most regions are in nuclear statistical equilibrium. Free
parameters to specify the fluid state are only the

1 density 2 temperature or entropy 3 electron fraction Ye=np/(np+nn)

For example
(e-) +p<==>n+ve reduces Ye reduces entropy
(e+) + n<==>p + vebar  increases Ye reduces entropy

2 degrees of freedom: weak equilibrium & thermal balance

(c) They are responsible for the explosion in the v-driven mechanism
(distorted view! - actually they are responsible for the failure:
- without neutrinos, Chandrasekhar mass ~ Ye”™2 ~ 1.2 solar Masses
- homologous collapse, bounce, dissociation & explosion!)
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Lattimer & Swesty equation of state (1991)

The Equation of State

for hot dense matter, with

representative nucleus in NSE

free alpha particles

free neutrons and protons
electrons, positrons and photons
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- bulk incompressibility

- bulk and surface symmetry
energies

- symmetric matter surface
tension

- hucleon effective mass

with phase transition to uniform
nuclear matter
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Stellar evolution
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FIG. 6 Energy history of a 22 M star as a function of time till core collapse. The y-axis defines the included mass from the
center. Hydrogen and helium core and shell burning are major energy sources. In the later burning stages, following oxygen
core burning, neutrino losses related to weak processes in the stellar interior become increasingly important and can dominate
over the nuclear energy production. Convection plays an important role in the envelope outside the helium burning shell, but
also in shells during oxygen and silicon burning (from Heger and Wo osley, 2001).
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Electron Capture in Core Collapse
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Input Physics Improvements

Old standard e capture rates: New improved e capture rates
(independent particle model) (thermal excitations and correlations)
1/2 Electron capture
e < 3246n g2 4[)»
— 3/2 Beta decay 20

1f 15
15

20+8p | 4o ‘0*:

E (MeV)
E (MeV)

10

0

(Z+1,A)
Langanke & Martinez-Pinedo, 2002



Input Physics Improvements

Old standard e capture rates: New improved e capture rates
(independent particle model) (thermal excitations and correlations)
0.5_
1/2 r Electron capture
2 < /3246n _ 5/ 0.4: S
— 32 ol Beta decay 20
1f 0.3 e
F 15
20+8p | 45 10

o
E (MeV)

10

E (MeV)

e-capture on nuclei always
dominates, deleptonization

. -4 . . . . n e : 2
faster than norm trajectoryl oo oz oz os e 2 @1
Langanke et al., Hix et al. 2003 Langanke & Martinez-Pinedo, 2002

velocity (10* km s™)
o

'
w

0



Input Physics Improvements

Old standard e capture rates:
(independent particle model)

0.5

1/2 -

® - 32+6n _ 5/2 04f

— 3/2 S

1f 03F
20+8p | 2/

o

'
—_

e-capture on nuclei always

dominates, deleptonization ]

faster than norm trajectory! ™o oz oi “oe " s 1o e
Langanke et al., Hix et al. 2003

velocity (10* km s™)
o

A b

ion-ion correlations for scattering opacities:

Mar'clak et Ial. as1‘lr'o-phl/0504|1291 Horowitz 1997

Bruenn & Mezzacappa 1997

1.2

....... Shen_ion_o
___Shen_ion_Hor
___Shen_ion_Itoh

—_
o

— T
|

controversy on
treatement of

_._..Shen_ion_mix

s kp/baryon
o
(o0
T

B ion mixture

0k 1 unresolved!
' Ttoh et al., ApJ 611, 2004
0.4[ Sawyer astro-ph/0505520

10° 10 10" 10" 10" 10™ 10"
. g/em?

New improved e capture rates
(thermal excitations and correlations)

Electron capture

R
Beta decay

20
15—+

15

10

E (MeV)
E (MeV)

0

(Z+1,A)
Langanke & Martinez-Pinedo, 2002



Input Physics Improvements

Old standard e capture rates: New improved e capture rates
(independent particle model) (thermal excitations and correlations)
0.5_
1/2 r Electron capture
2p < 32+6n _  5/2 0.4: S
—  3/2 W Beta decay 20
1f 0.3 e
F 15
20+8p | 45 10

o

10

E (MeV)
E (MeV)

e-capture on nuclei always
dominates, deleptonization

faster than norm ftrajectoryl oo oz of  os a2 @1
Langanke et al., Hix et al. 2003 Langanke & Martinez-Pinedo, 2002

velocity (10* km s™)
o

A b

0

ion-ion correlations for scattering opacities:

Marek et al. astro-ph/0504291 Horowitz 1997 ] .
1'2: NI ] Bruenn & Mezzacappa 1997 Inelas"rlc SCGTTZI“IF}Q of
[ __ Shen_ion Hor ] neUTr'anS on nUC|e|
10 " Shen ion Itoh 1 controversy on h lizati
5 I -.—..Shen ion_mix ] 1_ 1_ en.r Of -=> 1- erma IZGTIOH
g o8l 1l . = _em Bruenn & Haxton 1991
R lon mixture h 5 il
- | ! unresolved! a\;e nlo’r een update
' Itoh et al., ApJ 611, 2004 Sarel
0.4[ Sawyer astro-ph/0505520

10° 10 10" 10" 10" 10™ 10"
. g/em?



Part I: Summary

- Chandrasekhar mass
- evolves by e-capture, diffusion, thermalization
- all three processes show(ed) potential for improvement

- e-capture on free protons provides deleptonization if
alternative channels are closed
--> convergence to "norm" trajectory

- most recent input physics predicts faster deleptonization
by continued e-capture on nuclei

- bounce at twice nuclear density

- dissociation at the shock and neutrino losses lead to
a stalled shock, no hydrodynamic prompt explosions

- accretion front continues to expand for ~100 ms
after bounce
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Metric in spherical symmetry:
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Stress-energy tensor:
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GR Hydrodynamics Equations

Metric in spherical symmetry:
™ 2
ds* = —a’dt* + G,—) da* + r*(dd* + sin*ddp?), (1)

Stress-energy tensor:

T =p(l + e+ J),
T =T =Hp
T =p 4 pK,

. 1
T = v =p+5p(J - K). (2)

Conservation quantities: o
kinetic

A

2 1 m 1] "
=T Y [l e H 4) <«— "total energy
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I
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GR Hydrodynamics Equations

Metric in spherical symmetry:

iy 2
ds* = —a’dt* + (%) da* + r*(d* + sin*dde?), (1

Stress-energy tensor:

T =p(l14+e+J),
T — T — Hp
Taa =F+PK‘-

, 1
T" =T% =p+ 5 (] = K).

Conservation quantities:

S=u(l +e+J)+TH.

(2)

(3)
(4)

(5)

N

Einstein
equations

Filter

"continuity equation”

a1y 3, 3
E(ﬁ) = 5{4?&' ﬂru}._

¥

¥

Ot i

"energy equation"

= —— [4zrrrzct{up + upk + FF‘H):;'-

(6)

(7)



Neutrino Transport

Metric in spherical symmetry:

.i'" 2
ds* = —a’dt’ + (F) da* + 1 {di + sin®ddp?), (1)

General relativistic Boltzmann equation
in comoving coordinates:
[Lindquist, Ann. Phys., 1966; etfc.]

energy @ infinity
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gravitational
potential



Neutrino Transport

Metric in spherical symmetry:

energy @ infinity
€

ds* = —a’dt’ + ( ) da* + 1 {di + sin®ddp?), (1) E

b impact
parameter

General relativistic Boltzmann equation
in comoving coordinates:

. . gravitational
[Lindquist, Ann. Phys., 1966; etc.] botential
CI+DE+DF+DE+GF+GE:CE} (15)
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Neutrino Transport

Metric in spherical symmetry:

energy @ infinity
€

ds* = —a’dt’ + ( ) da* + 1 {di + sin®ddp?), (1) E

General relativistic Boltzmann equation

in comoving coordinates:
[Lindquist, Ann. Phys., 1966; etc.]

with
Lagrangian time C — OF
derivative YT adt!
spatial
advection D, = o ﬂa (4“'2‘1PF}

7|
angular p =I‘(————)_ | — 2 Fl,
advection rooo dr ) oy [[ ‘”'} ]

b impact
parameter

gravitational
potential

(15)
1 dee 1 0O
gravitational D = -”‘Pﬂ_, ar E2OE (E°F), (19)
frequency shift

o > 5 In 2 3_”) H'
D::)Lg?er 8= [# ( Ot T Ez OE {EGF} (20)
frequency shift

9 0, = (Lp2+2) Ll -2F. @)

angular r
aberration

nuclear physics

(18) L _\F =
collision ferm C P XF: = input (22)
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Neutrino Transport

Methods

- Multi-Group Flux-Limited Diffusion (Bruenn, DeNisco, Mezzacappa 2001)
= Diffusion equation + interpolation to free streaming

- Variable Eddington Factor (Rampp & Janka 2000/2, Thompson, Burrows, Pinto 2003)
= Angular moments equations + closure from formal Boltzmann equation

- Discrete Ordinates (SN) (Liebendorfer et al. 2001/4, Sumiyoshi et al. 2005)
= Discretization of neutrino phase space and direct solution of transport equation

Challenges

- resolution of space
- resolution of neutrino phase space (energy groups, propagation direction)
- large contrast in densities and energies (10753 ergs versus 10751 ergs)

- large contrast in tfime scales of processes (1km/c~3E-6s versus 1s)
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time expectation
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because € is conserved along phase flow!



Microscopic Transport --- Macroscopic Properties

Interest in time evolution of macroscopic quantities,
e.g. the evolution of neutrino energy:

Laboratory

d Many cancellations among partial derivatives
- FE*dEdy.
frame: ot f(r +up) H

because € is conserved along phase flow!
time expectation

derivative  value

Strongly simplyfied for the example:

Discretized s N fir = fi 0 - f ... distribution function
. [ = . i H
transport equation: ot dx; c.. POl o
- X ... space, angle, or energy dimension




Microscopic Transport --- Macroscopic Properties

Interest in time evolution of macroscopic quantities,
e.g. the evolution of neutrino energy:

Laboratory

T Et_/.ll‘T + up) FEdE dy. Many cancellations among partial derivatives

because € is conserved along phase flow!
time expectation

derivative  value

Strongly simplyfied for the example:

Discretized aff f.' — fi_1 _o - f ... distribution function
transport equation: o ¢ dn "B < PR o
- X ... space, angle, or energy dimension
/ - g(x) ... any microscopic particle property

PRE " o :
{_-_{'Ekz gf"-ﬁ'ldxf = Z gt édxﬂ = = Z gf.l{_f‘a' —f‘ﬂ_l}
=1 i=1 i=1

evolution of
macroscopic
property



Microscopic Transport --- Macroscopic Properties

Interest in time evolution of macroscopic quantities,
e.g. the evolution of neutrino energy:

Laboratory

T Et_/.ll‘T + up) FEdE dy. Many cancellations among partial derivatives

because € is conserved along phase flow!
time expectation

derivative  value

Strongly simplyfied for the example:

Discretized er ﬁa — fir1 0 - f ... distribution function
transport equation: ot *¢ axy, - -C.particle speed o
- X ... space, angle, or energy dimension
/ - g(x) ... any microscopic particle property

o D 0 =gy dse = =3 6ulfy ~i-)

]'_
evolution of j \
macroscopic n—1

property S Z gufe + Z gi 1 fo
=1 =l



Microscopic Transport --- Macroscopic Properties

Interest in time evolution of macroscopic quantities,
e.g. the evolution of neutrino energy:

Laboratory

T Et_/.ll‘T + up) FEdE dy. Many cancellations among partial derivatives

because € is conserved along phase flow!
time expectation

derivative  value

Strongly simplyfied for the example:

Discretized aff f.' — fi_1 _o - f ... distribution function
transport equation: o ¢ dn "B < PR o
- X ... space, angle, or energy dimension
/ - g(x) ... any microscopic particle property

PRE " o :
{_-_{'Ekz gf"-ﬁ'ldxf = Z gt édxﬂ = = Z gf.l{_f‘a' —f‘ﬂ_l}
=1 i=1 i=1

-1
evolution of - .
macroscopic - Z gifir + ; i1 fi
property =1 i

Z 9';-'+| f relx — (Q'n"+lﬁ"’ - Q‘n"+|"ﬁ3']'



Microscopic Transport --- Macroscopic Properties

Interest in time evolution of macroscopic quantities,
e.g. the evolution of neutrino energy:

Laboratory

T Et_/.ll‘T + up) FEdE dy. Many cancellations among partial derivatives

because € is conserved along phase flow!
time expectation

derivative  value

Strongly simplyfied for the example:

Discretized aff f.' — fia _o - f ... distribution function
transport equation: o ¢ d "B < PR o
- X ... space, angle, or energy dimension
/ - g(x) ... any microscopic particle property

PRE " o :
{_-_{'Ekz g;'-"ﬁFtiIf = Z gt édxﬂ = = Z gf.l{_f‘a' —f‘ﬂ_l}
=1 i=1 =1

—1
evolution of - .
macroscopic - Z gifir + ; i1 fi
property... =1 i

g;
» Z +I f el — (gn"+lﬁ'i" - gﬂ"+|"ﬁ3"}'
Chain rule and integration by parts
in discrete space! .. as function of expectation value



Microscopic Transport --- Macroscopic Properties

Interest in time evolution of macroscopic quantities,
e.g. the evolution of neutrino energy:

Laboratory

T Et_/.ll‘T + up) FEdE dy. Many cancellations among partial derivatives

because € is conserved along phase flow!
time expectation

derivative  value

Strongly simplyfied for the example:
Discretized er fa — fir1 _o - f ... distribution function

transport equation: o ¢ d "B < PR o
- X ... space, angle, or energy dimension

- g(x) ... any microscopic particle property
a n n aﬁf n
c_:f!r; Giufirdxi = ; git ﬁ‘ﬁﬂ = = ; g fy —fir-1)

—1
evolution of - .
macroscopic - Z gifir + ; i1 fi
property... =1 i

macroscopic operator
inherits finite differencing
from advection term

g;
» Z +I f el — (gn"+lﬁ'i" - gﬂ"+|"ﬁ3"}'
Chain rule and integration by parts
in discrete space! .. as function of expectation value



Microscopic Transport --- Macroscopic Properties

Interest in time evolution of macroscopic quantities,
e.g. the evolution of neutrino energy:

Laboratory i Many cancellations among partial derivatives
E—— vl f{r + up) FE*dE djs. e gp
' ot because € is conserved along phase flow!
time expectation
derivative  value A
Cancellations
Discretized e  fo—fia don't happen
. 4 ¢ = (). . . .
transport equation: ot dx;: in discretized
/ world!

A\ 4

macroscopic operator
inherits finite differencing
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Comparison of Methods

Comparison of spherically symmetric simulations
between Oak Ridge/Basel group and Garching group:

Liebendorfer, Rampp, Janka, Mezzacappa, ApJ 620 (2005)

includes datafiles.tar.gz with different conditions
at different time slices during simulations.
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Comparison of spherically symmetric simulations

between Oak Ridge/Basel group and Garching group:

Liebendorfer, Rampp, Janka, Mezzacappa, ApJ 620 (2005)

includes datafiles.tar.gz with different conditions
at different time slices during simulations.

--> very good agreement!
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(2) dissociation of infalling material

Neutrino heating is driving the shock outward to a radius of about
150km, where the shock stalls? --> NO: no neutrino heating (yet)!

Following the neutrino burst is a phase of ~45ms, in which accreted
matter piles up on the protoneutron star

48ms after bounce

:> neu.‘.r.ino COOIing deTermines » s153?b2,ElectmnP.ntineutrino,tl=48ms

compactification and inflow i

. fluid .
waiting for element T

Entropy [kaBaryon]
~

i

er}rrropy 1

CQUIIIbr‘Ium neu'rrt|no CITA (2004

--> Ye(equil.)

--> S(equil.) el

N
baCkground i 45 67 10 15 22 33 50 T4 110 1685 246

15

eqpilibrium

1z




Liebendorfer et al. 2001
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Four reasons, and then?
Liebendorfer et al. 2001
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A side-effect? A surface-effect?

"It is important to note that one is not obliged to unbind
the inner core ... as well; the explosion is a phenomenon of
the outer mantle at ten times the radius (560-200 kilometers)."

Burrows & Thompson 2002

e ——
- ==
- ~

V 4 vV.+n—p+¢ R
& V.+p—=n+e* N
/ \
7 ™\ X\
/ Y. i ne p I ¢, Gain Radius

Shock N P \
// \
\

| ‘ ‘ \
| |
|—> —> <« S ol
|
\ :
\\ /’
\ v-Spheres /

~
~ —
IS -

* v-Luminosity matter in -
—  Matter Flow heutrinos out
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"It is important to note that one is not obliged to unbind

the inner core ... as well; the explosion is a phenomenon of

the outer mantle at ten times the radius (560-200 kilometers)."
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Feedback in a strongly coupled
one-dimensional region

Postbounce situation: - hot shock-heated matter
- free nucleons and alphas
- hydrostatic structure

- convectively instable

Collapse phase:

- cold matter, S~1kB/baryon
- heavy nuclei

- dynamical infall

- rotational?
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Feedback in a strongly coupled
multi-dimensional region

Postbounce situation: - hot shock-heated matter
- free nucleons and alphas
- hydrostatic structure
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Feedback in a strongly coupled

multi-dimensional region

Postbounce situation: - hot shock-heated matter
- free nucleons and alphas
- hydrostatic structure
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Convective turnover in the heating region
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Improved models of
stellar core collapse
and still no explosions:
what is missing?

R. Buras, M. Rampp,
H.-Th. Janka, K. Kifonidis,
Phys. Rev. Lett., 2003

Snapshots of the stellar
structure for the rotating
model s15r at 198 ms after
shock formation. The panels
display the rotational velocity
(top) and the entropy (in kB
per nucleon) as functions of
radius. The arrows indicate
the velocity field, the white
line marks the shock front.
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line marks the shock front.
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Magneto-Rotational Instability as source of viscosity, leading
to additional heating

Kotake et al. 2004:
Magentic field leading to asymmetries in the propagation of the
shock front

Heger, Woosley, Spruit:
Progenitor field estimate 5x10”9 G, almost no rotation?
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Part IT: Summary

- neutrinos determine and couple dynamics in the
hot mantle of the protoneutron star

- neutrinos influence the explosive nucleosynthesis

- neutrinos carry important information about the
physics under extreme conditions to the Galactic
observer

- established and reliable
- explore input physics changes
- reasonable computation time

- current edge of research
- does the SN mechanism work as suggested?
- explore dynamical instabilities
- explore role of magnetic fields



