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Regions of semi-transparent neutrino transport
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compact
time scale: & instablel
1/sqrt( 6*10711 g/cm” 3)
~ 12 ms
fast!

--> relativistic effects



Stellar core collapse
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Electron Capture in Core Collapse
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Neutrino Escape

Emission & Inelastic Isoenergetic
Absorption Scattering Scattering
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heutrinos are.

trapped and degenerate
Fermi surface is relevant

thermalizing
thermalization time scale
is relevant

diffusing
opacities and neutrino energies
are relevant

free streaming
productions rate is relevant

Martinez-Pinedo et al., astro-ph/0412091



Weak interactions

In supernova (Bruenn, ApJS 58, 1985)
example:
Collapse Process
source
opacity Coherent scattering of neutrinos on nuclei Liquid drob equation
thermalization \ v+ (A, Z) = v+ (A 2) ’ of S‘ll:')a‘l'ce7
Neutrino absorption on nuclei (Lattimer-Swesty 1991)
Breakout vet+(4,2) = e +(4,Z+1)
source , _ Y
absorption Neutrino absorption on nucleons ﬁ)
opacity Ve+n — € +p
ve+p = et +n
) | « e+
. eutrino-nucleon scattering
Accretion > TN = p+N
source
absorption Neutrino-electron scattering e-
opacity v+e —= v+te ©
0
s source Neutrino production from pair annihilation
absorption B " _
opacity / e +e" = v+rv
thermalization Nucleon-Nucleon bremsstrahlung (Thompson et al. 2002)

Electron-v pair annihilation --> muon-Vv pair creation (Buras et al. 2003)



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!)



Boltzmann Neutrino Transport
in Spherical Symmetry
AGILE-BOLTZTRAN

Liebendarfer ef al. 2004 = time-implicit in three phase-space dimensions
Newtonian general
& O(v/c) relativistic
p
>
C
= Mezzacappa & Bruenn
(@)
prans 1993 Yamada, Janka
..g & Suzuki 1999
Direct calculation of the distribution -2 Burr;géoef o
function f(time,radius,angle.energy). S
Dimensionality: d
® ~30°'000 time steps Rampp & Janka Wilson
102 adaptive mass zones o A0 b
6 propagation angles g Mezzacappa et al. Liebendorfer et al.
12 energy groups < 2001 2001
® GR dynamics and energy conserv. © R“"‘Pzpo%g e
® GR redshift Thogg;c;r;, ggggows Liebendorfer et al.
® GR light bending L 2004




Boltzmann Neutrino Transport
in Spherical Symmetry

AGILE-BOLTZTRAN
Liebendérfer et al. 2004 = fime-implicit in three phase-space dimensions

General Relativistic Shock Trajectories
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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)
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GR Boltzmann Equation

energy @ infinity

€ A
Neutrino distribution function:
impact

f(tgagbjg) parameter

NN '

time , energy @
enclosed  impact infinity r
mass parameter gravu‘ra"ruonal
(location) potential

Derivatives with respect to b and ¢ vanish along phase flow
--> Boltzmann transport equation is very simple ?22?

Laf I af  4dar
EE—F"{LFF &H+F+zf,t£

small tferms coming from
<«—— extended mass-energy in --> neglect!

X ;Lp(]—l—e—l—g)—(]-l-ﬁz]q
N e
X

—e—+b— :j ‘|‘Xf. (43) Liebendorfer, Mezzacappa, Thielemann 2001

comparison to point mass
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GR Boltzmann Equation

Boltzmann equation energy @ infinity

for decoupled — - g
momentum phase impact
space: b parameter

Lo  Taf .

EE—I_ ;E_}—i_’]{f' (44}

gravitational

For neutrino-matter interactions on right potential
hand side comoving frame is preferred:

dV
dNZf{r,a,;a,E)EEdEd;LT = F(t,a, i, EYE*dE du da.

vIi—
The transformation bz?‘ﬁ CGICL.'Icllee all
to the comoving U L partial derivatives .
(5o S A for Boltzmann equation
g v e=(T"+up)E. in comoving frame...



GR Boltzmann Equation

The transformation

to the comoving energy @ infinity
frame is given by: A - r
b impact
M — , parameter .
bh=r A r
I'+uu 4 u
e=(I'+up)E.
gravitational
Transport equation in comoving coordinates: potential
[Lindquist, Ann. Phys., 1966; etfc.]
Ci+Da+Dy+Dp+0p+ O =0C,, (15)
. B 10 1 0, 4
with gravitational De = _“Pﬂ_a_ﬁ_'la_ (E°F), (19)
frequency shift
Lagrangian time _OF _ [ 2f0lmp 3w\ u] 1 8
derivative Ci= eddt’ Dci:;glltar' Ok [,u (aﬂt * r r| E2 OE (EJFL (20)
: frequency shift
spatial D (dm,z& o dlnp  3uy O
. : pF), (17) — ( L4 ) 1 — i 2\F 21
advection T Ek: angular O, wor T 7 o [p(1 = p)F], (21)
1 18a\ 8 aberration i
angular D _1"(————) 1 —p?)F], 18 _J_
advection roadr)ou (=) F] (18) Ce= XF. (22)

collision term 2



Microscopic Transport --- Macroscopic Properties

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

VT—p?
h=1
I'+up
e=(I+up)E. dN = F(t,a, 1, E)E*dE du da.
operator occupation
probability
Laboratory o .
frame: E]{T + up)FE°dE dy.
time expectation
derivative  value Chain rule for time derivative
oF
C.r = &_{?I’

Ci+Dy+ Dy 4+ Dg+ 0+ O = C,, GR Boltzmann equation



Microscopic Transport --- Macroscopic Properties

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

Numerically, these are trouble,

not beautifull
Laboratory 5 \ +

time expectation | Many cancellations among partial derivatives
derivative ~ value because € is conserved along phase flow!

From microscopi¢/GR From macroscopic
Boltzmann equation: Einstein equations:
a d or d
0= (L +ull) + 5, [4nrap(uk + TH)] o =g T alw twK £ TpM)], o (7)
P 2 {1 m
+4:rm:rp(l+e+—)H i
P r=Tle+)+ C+1 (2”2 r)'”i{’ (4)

—al f(% - x) E*dEdy + uuf xFE dEpdy.  (27)

Of course, conservation equations exist because of conservation of energies in the
laboratory frame! They are only expressed in terms of comoving frame quantities.



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

n

d < af n
{_-_{'Ekz g;'-"ﬁFtiIf = Z gt édxﬂ = = Z gf.l{_f‘a' —f‘ﬂ_l}
=1 i=1 =1

—1 .
evolution of " " from advection term
macroscopic - = E gufo + §_=ﬂ:§ﬂ+|ﬁ’
property... =1 i

) = ZI w#:g?ﬁuﬁﬂ _— (gn.l_l_lﬁ.If —_ gﬂ"+l".ﬁ:|'l}'

Chain rule and integration by parts
in discrete space! .. as function of expectation value



Microscopic Transport --- Macroscopic Properties

Reason Suggesting Problem
Discrete Ordinates Discretization of Low resolution
- adaptive mesh refinement all dimensions
- parallelization
Implicit time integration First order Inaccurate evolution
- reactive equilibria advection of expectation values
- stationary state e.g. diffusion limit
Comoving coordinates Large cancellations Inaccurate evolution
- evaluation of collistion tferm In labora‘ror‘y frame
- general relativistic curvature e.g. conservation laws

These problems have been solved in spherical symmetry by tuning of the coefficients
in front of partial derivatives to reproduce the diffusion limit and conservation laws.
e.g. Liebendorfer et al., ApJS, 2004 and references therein

? And for more-dimensional neutrino transport simulations ?
e.g. Cardall & Mezzacappa, PRD, 2003



Microscopic Transport --- Macroscopic Properties

Reason Suggesting

Discrete Ordinates Discretization of

- adaptive mesh refinement all dimensions

- parallelization

Implicit time integration Fir der

- reactive equilibria ady€con
- stationary state

inates

collistion term
tic curvature

Comovi

- evaluation
- general

Solution 1: Solve macroscopic equations
and add microscopic information

Variable Eddington Tensor Method, e.g. Burrows et al., ApJ, 2000
Rampp & Janka, A&A, 2002

MGFLD with geometric flux limiter, e.g. Bruenn et al., ApJ, 2001

Problem

Low resolution
D W S W W

Inaccurate evolution
of expectation values
e.g. diffusion limit

Inaccurate evolution

in laboratory frame
e.g. conservation laws

- Solution 2 -

- hydrodynamics
- diffusion limit

Adaptive mesh Adaptive algo-
refinement rithm refinement

- Transport
- free streaming



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).



Neutrino-Driven Supernovae?
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This is a cross-view stereogram: Cross your view to see four blurry pictures in the background. Now relax the
viewing angle until the inner two overlap. Then wait for focus without changing the viewing angle.



Time: 0.00500s Time: 0.00500s

z [cm]
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Entropy [kB/baryon] Entropy [kB/baryon]

This is a cross-view stereogram: Cross your view to see four blurry pictures in the background. Now relax the
viewing angle until the inner two overlap. Then wait for focus without changing the viewing angle.



3D MHD simulations

3D MHD (Pen, Arras & Wong, ApJS 2003)
TVD second order, energy-conserving and
divergence free

o

Velocity [km/s]

g @ g 8 @ N B2
T T T T T T T

New MPTI implementation and velocity decomposition, ;

loosely based on (Trac & Pen, astro-ph/0309599)

smooth bulk velocity field combined with entropy equation
turbulent local velocities combined with energy equation

Entropy per Baryon [kB]
- N w N 3] o ~ ©

o T

1D

Lattimer-Swesty (1991)
equation of state

600km

Shperical gravity,
all Newtonian

Parameterization
of neutrino physics
for collapse phase

parameterization

Electron fraction

600x600x600 zones

Liebendérfer, Pen, & Thompson
Nucl. Phys. A 2005; astro-ph/0504072

. velocity
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Time evolution of mass flux

Liebendorfer et al. 2001
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"Tt must be

| suspected
-~ that excessive

neutrino emission
in the cooling layer,
causing mass and
energy loss from
the gain layer, may
have been the main
reason why spheri
cally symmetric

- simulations ulti-
-~ mately failed to
- produce explosions"

Janka 2001



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

\\\\\\\\\\\\\\\ Extended layer with high neutrino opacities at

y N subnuclear densities (roughly 10712 g/cm”3)
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This layer is convectively unstable in simulations
\ v-Spheres | that explode (e.g. Wilson & Mayle 93,
\\\ / Herant et al. '94) and convectively stable in
\ p ~ // simulations that don't (Buras et al. '03)
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Convective Turnover in the Heating Region

Neutrino heating is strongest at
the base of the gain region:

Heating/Cooling [erg/g/s]
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The negative entropy gradient
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leads to hydrodynamical instability

Entropy per Baryon, s [kB])

1
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1D GR simulations very pessimistic!

(Herant et al., ApJ, 1994)

- grey transport (Miller, Wilson & Mayle, 1993)

- grey transport (Burrows, Hayes & Fryxell 1995)

- parameter study (Janka & Mueller, 1996)

- energy dependent imported neutrino transport
(Mezzacappa et al., 1998)



Current state-of-the-art

axis of § 1
symmetry K
< ray

R. Walder, A. Burrows, C.D. Ott,
2D MGFLD E. Livne, |. Lichtenstadt, M. Jarrah,
—ph/O4__12187_

2D + ray-by-ray

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.

Entropy

Fig. 4.— Color map of the entropy (per baryon per Boltzmann's constant). with the r-z

' velocities (arrows) superposed, of the fast rotating model A (© = 2.68 s7). Shown is the
O 50 100 150 200 . (arrows) superposed, of the gmodel A (0 = 2685 )
, inner 600 km on a side at times 40 ms (upper left panel), 85 ms (upper right panel), 130 ms
ower left panel); and 175 ms (lower right panel) after bounce. The entropy in the polar
Radius [km] lower left panel), and 175 ms (lower right panel) after b Th in the pol

direction is about a factor of two higher than in the equatorial regions at the same radius.

Milestones 2D Boltzmann Simple neutrino physics Parameterized neutrino physics
- Cardall & Mezzacappa, PRD, 2003 - Fryer & Warren, ApJ, 2002/4 - Scheck et al., PRL, 2003
- Livne et al., ApJ, 2004 - Kotake et al., PRD, 2004 - Liebendorfer et al., Nucl. Phys. A,

2005, astro-ph/0504072



Conclusions

- Semi-transparent neutrino transport in astrophysics
happens in small volumes and on fast time scales!

- Discrete Ordinates techniques on large volumes suffer
from the combination of low resolution, low-order advection,
and artificially created cancellation of large quantities.

@ - donel
- difficulties can be fixed, even in GR.

- different methods (MGFLD, VEF, SN) have been compared
and give similar results on the scale of physical relevance.

- continue to be useful as reference and to explore new input
physics.

- on the path to success.
- different methods/approximations are being implemented.

- significantly more realistic than 1D, but still only weak explosions.
- How are results compared? How is stochastic information separated
from deterministic information?

- Explorations...
- feasible when based on approximations.

- interesting for MHD and the study of possible dynamo action.
- adaptive mesh refinement not sufficient, adaptive algorithms are needed!



