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The 2014 International School on AstroComputing

July 21 - August 1, 2014 
San Diego Supercomputer Center

University of California, San Diego

HTTP://HIPACC.UCSC.EDU/ISSAC2014.HTML
The interplay of frontier research in neutrino physics, nucleosynthesis, abundance 
observations, and high-performance computing lies at the heart of efforts to 
understand core collapse supernovae, compact object mergers, and the mass assembly 
history of galaxies.  New observations are driving exciting new developments in these 
fields.  THIS SCHOOL WILL PROVIDE THE BACKGROUND FOR ADDRESSING THESE ISSUES, 
INCLUDING USE OF SEVERAL OF THE RELEVANT COMPUTER CODES.  THE SCHOOL WILL BE 
HOSTED AT THE SDSC, WHOSE DATA-INTENSIVE COMPUTING FACILITIES, INCLUDING THE 
NEW GORDON SUPERCOMPUTER WITH A THIRD OF A PETABYTE OF FLASH STORAGE, ARE 
AMONG THE BEST IN THE WORLD.  ALL STUDENTS AT ISSAC 2014 WILL HAVE ACCOUNTS ON 
GORDON, AND WILL PARTICIPATE IN HANDS-ON CODE SESSIONS IN THE AFTERNOONS WITH 
LECTURES IN THE MORNINGS.

DIRECTOR: GEORGE FULLER (UCSD)

SPEAKERS WILL INCLUDE:
MAIN LECTURERS                                                                 ADDITIONAL LECTURERS
BAHA BALANTEKIN (University of Wisconsin)                         JOHN CHERRY (Los Alamos National Lab)
JOE CARLSON (Los Alamos National Lab)                                  VINCENZO CIRIGLIANO (Los Alamos National Lab) 
HUALYU DUAN (University of New Mexico)                                GEORGE FULLER (UC San Diego)
ALEX FRIEDLAND (Los Alamos National Lab)                           MARK PARIS (Los Alamos National Lab)
DAN KASEN (UC Berkeley/Lawrence Berkeley Lab)          JOEL PRIMACK (UC Santa Cruz)       
EVAN KIRBY (UC Irvine)
TONY MEZZACAPPA (Oak Ridge National Lab)
CHRISTIAN OTT (Caltech)
YOnG-ZHONG QIAN (University of Minnesota)

 PRESENT

HOUSING: students will be staying at conference housing near sdsc on the UCSD campus

the registration fee for ISSAC 2014 will be $300;  payment will be required at the time of 
acceptance.  UC-HiPACC will cover lodging for all students, and some financial 
assistance may be available for travel expenses.

apply by april 14, 2014, at the website http://hipacc.ucsc.edu/issac2014.html 
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Why	
  are	
  the	
  neutron	
  star	
  merger	
  and	
  	
  
core	
  collapse	
  supernova	
  environments	
  so	
  sensi5ve	
  	
  
to	
  neutrino	
  flavor/spin	
  physics	
  ?	
  

In	
  a	
  nutshell:	
  	
  
	
  
Core	
  collapse	
  supernovae	
  are	
  cold,	
  	
  
highly	
  electron	
  lepton	
  number	
  degenerate	
  systems.	
  
	
  
They	
  are	
  exquisitely	
  sensi(ve	
  to	
  lepton	
  number	
  violaKng	
  processes.	
  

Macroscopic	
  effects	
  in	
  SN	
  physics	
  or	
  signal	
  from:	
  
flavor	
  oscilla9ons:	
  very	
  sensiKve	
  to	
  neutrino	
  mass	
  hierarchy;	
  
spin	
  coherence:	
  sensiKve	
  to	
  Majorana/Dirac	
  nature	
  of	
  neutrinos	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  &	
  absolute	
  neutrino	
  masses	
  



Calculating neutrino flavor transformation in the core collapse 
supernova/merger environment is a vexing problem, 
but one whose solution may lie at the heart of many aspects of 
the physics of stellar collapse, nucleosynthesis, and the n	
  signal. 

neutron	
  star	
  

high	
  density	
  EOS,	
  
neutrino	
  interacKons	
  

neutrino	
  
SN	
  burst	
  
detecKon	
  	
  
at	
  earth	
  

neutrino	
  
	
  heaKng,	
  
nucleo-­‐	
  
synthesis	
  

neutrino	
  flavor	
  oscillaKons	
  

We	
  need	
  the	
  fluxes	
  and	
  energy	
  spectra	
  of	
  each	
  flavor/type	
  of	
  neutrino	
  
at	
  all	
  epochs	
  and	
  at	
  all	
  radii.	
  

�e + n ⌦ p + e�

�̄e + p ⌦ n + e+
�e +

40Ar ! 40K⇤ + e�

⌫
x

+ 40Ar ! 40Ar⇤ + ⌫
x

neutrino-­‐nucleus	
  interacKons	
  



simulaKons	
  of	
  core	
  collapse	
  supernovae	
  are	
  very	
  sophisKcated:	
  
mul9-­‐dimensional	
  radia9on	
  hydrodynamics;	
  
Boltzmann	
  neutrino	
  transport,	
  and	
  detailed	
  microphysics/EOS	
  .	
  .	
  .	
  	
  

The	
  state	
  of	
  collapse/merger	
  modeling	
  	
  

Our	
  understanding	
  of	
  the	
  effects	
  of	
  nonzero	
  neutrino	
  mass	
  
(flavor	
  oscillaKons;	
  spin	
  flip),	
  though	
  numerically	
  sophisKcated,	
  
is	
  crude,	
  and	
  difficult	
  to	
  incorporate	
  into	
  the	
  SN	
  simulaKons,	
  
probably	
  even	
  at	
  the	
  exascale.	
  
	
  
There	
  are	
  unseBled	
  issues	
  in	
  the	
  story	
  of	
  supernova	
  neutrinos.	
  	
  

One	
  thing	
  we	
  can	
  say	
  for	
  certain	
  is	
  that	
  the	
  current	
  	
  
collapse/merger	
  simulaKons	
  leave	
  out	
  many	
  features	
  of	
  	
  
neutrino	
  mass	
  and	
  flavor/spin	
  physics	
  that	
  we	
  know	
  are	
  there	
  



We	
  must	
  follow	
  quantum	
  mechanical	
  phases	
  and	
  high	
  frequency	
  complex	
  amplitudes	
  
if	
  we	
  want	
  to	
  compute	
  neutrino	
  mass/flavor/spin	
  physics.	
  
	
  
	
  
	
  
This	
  is	
  an	
  essenKal	
  difference	
  between	
  neutrino	
  flavor/spin	
  astrophysical	
  simulaKons	
  
and	
  convenKonal	
  radiaKon	
  hydrodynamics	
  treatments.	
  
	
  



Neutrino energy (mass) eigenstates |�1�, |�2�, |�3�

are not coincident with the weak interaction (flavor) eigenstates

|�e�, |�µ�, |�� �

The	
  main	
  take-­‐away	
  message	
  from	
  the	
  experiments:	
  



We know the mass-squared differences: 

We do not know the absolute masses or the mass hierarchy: 

Neutrino Mass: what we know and don’t know 

�m2
atm ⇡ 2.4⇥ 10�3 eV2

�m2
� ⇡ 7.6⇥ 10�5 eV2



4	
  parameters	
  

P-­‐Maki-­‐Nakagawa-­‐Sakata	
  matrix	
  

⇥12, ⇥23, ⇥13, �

Um = U23 U13 U12 M

�12 ⇡ 0.59+0.02
�0.015

�23 ⇡ 0.785+0.124
�0.124 ⇡ ⇥

4
�13 ⇡ 0.154+0.065

�0.065

� = CP violating phase =?



in medium it’s a different story . . .�
neutrinos	
  can	
  sca\er	
  on	
  any	
  parKcles	
  that	
  carry	
  weak	
  charge,	
  
including	
  other	
  neutrinos,	
  and	
  this	
  generates	
  potenKals	
  that	
  
can	
  make	
  the	
  neutrinos	
  change	
  flavors	
  
	
  
like	
  photons	
  acquire	
  an	
  index	
  of	
  refrac9on	
  when	
  traveling	
  through	
  glass	
  
	
  
	
  
But,	
  unlike	
  for	
  photons	
  .	
  .	
  .	
  	
  
	
  
PotenKals	
  that	
  govern	
  how	
  a	
  neutrino	
  changes	
  its	
  flavor	
  
depend	
  on	
  the	
  flavor	
  states	
  of	
  neutrino:	
  NONLINEAR	
  



How	
  Quantum	
  Mechanical	
  Systems	
  Evolve	
  –	
  The	
  Rules	
  

when	
  you	
  make	
  a	
  measurement	
  you	
  have	
  to	
  get	
  an	
  eigenvalue	
  
and	
  system	
  is	
  “collapsed”	
  into	
  the	
  corresponding	
  eigenstate	
  

two	
  ways	
  system	
  can	
  evolve	
  in	
  Kme:	
  
	
  
Schroedinger-­‐like	
  evoluKon	
  	
  	
  	
  	
  	
  SMOOTH/ConKnuous	
  
	
  
state	
  reducKon	
  (“wave	
  funcKon	
  collapse”)	
  because	
  of	
  a	
  “measurement”                          	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ABRUPT	
  (sca\ering	
  can	
  be	
  like	
  a	
  “measurement”)	
  

The	
  neutrino	
  flavor	
  problem	
  in	
  SN/Mergers	
  	
  
forces	
  us	
  to	
  seek	
  a	
  unified	
  treatment	
  	
  
of	
  these	
  5me	
  evolu5on	
  modes	
  
	
  



|⌫e� = cos ✓|⌫1�+ sin ✓|⌫2�
|⌫µ⇥ = � sin ✓|⌫1⇥+ cos ✓|⌫2⇥

Simple	
  Example:	
  two-­‐by-­‐two	
  	
  	
  
vacuum	
  neutrino	
  oscillaKons	
  

Coherent Neutrino Oscillations �
 measurement at this location could yield a ⌫e

scattering-induced �
de-coherence �

 scattering event is like a measurement
flavor “wave function collapse”

 �mfp !

|� (t = 0)⇥ = |⇥µ⇥ = � sin �|⇥1⇥+ cos �|⇥2⇥

|� (t)⇥ = � sin � e�iE1t |⇥1⇥+ cos � e�iE2t |⇥2⇥



Quantum	
  Kine5c	
  Equa5ons	
  

Schroedinger-­‐like:	
  
	
  
	
  
	
  
@	
  “low”	
  density	
  where	
  	
  
neutrinos	
  propagate	
  coherently	
  

Boltzmann	
  equaKon	
  
	
  
@	
  “high”	
  density	
  where	
  
inelasKc	
  sca\ering	
  dominates	
  

A.	
  Vlasenko,	
  G.M.F.,	
  V.	
  Cirigliano	
  (2013),	
  	
  arXiv:1309.2628	
  

separation of scales ??�

iD ˆf �
h
ˆH, ˆf

i
� ˆU

h
ˆ�
i
= collision terms

⇣
ˆf, ˆ¯f

⌘

where f̂ and ˆ̄f are 3⇥ 3 Hermitian density operators for neutrinos and antineu-
trinos, respectively, and �̂ is a 3⇥ 3 complex matrix encoding spin coherence.

and where

ˆH &

ˆU give neutrino interactions with matter and other neutrinos

i
⇥|��
⇥t

= Ĥ |�� with |�� = (�e,�µ,�� )



The	
  advent	
  of	
  supercomputers	
  has	
  allowed	
  us	
  to	
  follow	
  
neutrino	
  flavor	
  transformaKon	
  in	
  core	
  collapse	
  supernovae,	
  
including	
  the	
  first	
  self-­‐consistent	
  treatment	
  of	
  nonlinearity	
  stemming	
  
from	
  neutrino-­‐neutrino	
  forward	
  sca\ering.	
  

The	
  results	
  are	
  startling.	
  Despite	
  the	
  small	
  measured	
  	
  
neutrino	
  mass-­‐squared	
  differences,	
  collec5ve	
  neutrino	
  	
  
flavor	
  transformaKon	
  can	
  take	
  place	
  deep	
  in	
  the	
  supernova	
  envelope	
  
	
  

Pushing	
  the	
  fron5er	
  of	
  high	
  performance	
  compu5ng	
  
	
  	
  	
  	
  	
  with	
  a	
  unique	
  new	
  kind	
  of	
  transport	
  problem	
  



   •  Anisotropic, nonlinear quantum coupling of 
all neutrino flavor evolution histories 

Must	
  solve	
  many	
  millions	
  of	
  coupled,	
  nonlinear	
  parKal	
  differenKal	
  equaKons!!	
  	
  



survival probability	
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consequences	
  of	
  neutrino	
  mass	
  and	
  quantum	
  coherence	
  in	
  supernovae	
  
H.	
  Duan,	
  G.	
  M.	
  Fuller,	
  J.	
  Carlson,	
  Y.-­‐Z.	
  Qian,	
  Phys.	
  Rev.	
  Le\.	
  97,	
  241101	
  (2006)	
  astro-­‐ph/0606616	
  

norm
al m

ass hierarchy 
inverted m

ass hierarchy 

Spectral Swap 



Toward	
  Quantum	
  KineKcs	
  

(a)	
  Effects	
  of	
  a	
  small	
  amount	
  of	
  direcKon-­‐changing	
  sca\ering	
  	
  
	
  	
  	
  	
  	
  on	
  the	
  neutrino	
  flavor	
  transformaKon?	
  –	
  The	
  “Halo”	
  

(b)	
  Spin	
  Coherence:	
  neutrino-­‐anKneutrino	
  inter-­‐conversion	
  
 



The Neutrino Halo

r � R⌫ ) h1� cos �iji /
✓
R⌫

r

◆2

⇠ 10

�3
of all ⌫0s

R⌫

r ⌫i

⌫j

✓ik

⌫k⌫k0

✓ij

h1� cos ✓iki ⇡ 1

J.	
  Cherry,	
  A.	
  Friedland,	
  G.	
  Fuller,	
  J.	
  Carlson,	
  A.	
  Vlasenko,	
  Phys.	
  Rev.	
  Le\.	
  108,	
  261104	
  (2012)	
  1203.1607	
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How large is the Halo effect for free 
nucleons?

J. F. Cherry, A. Friedland, G. M. Fuller, J. Carlson, and A. Vlasenko, Phys. Rev. Lett.108, 261104 (2012), 1203.1607.

�
coherent

⇥ A2 � H
halo

⇥ ⇤A⌅

to	
  potenKal	
  governing	
  
flavor	
  transformaKon	
  



the	
  Halo	
  of	
  sca`ered	
  neutrinos	
  converts	
  the	
  	
  
coherent	
  neutrino	
  flavor	
  evolu5on	
  problem	
  
from	
  an	
  ini(al	
  value	
  problem	
  into	
  
a	
  boundary	
  value	
  problem	
  	
  
(quantum	
  flavor	
  informaKon	
  coming	
  down	
  from	
  outer	
  regions	
  of	
  star)	
  
	
  
	
  
and	
  moreover	
  couples	
  in	
  nuclear	
  composi5on	
  
in	
  a	
  completely	
  new	
  way	
  



the	
  Halo	
  converts	
  the	
  	
  
neutrino	
  flavor	
  evolu5on	
  problem	
  
from	
  an	
  ini(al	
  value	
  problem	
  into	
  
a	
  boundary	
  value	
  problem	
  	
  
(quantum	
  flavor	
  informaKon	
  coming	
  down	
  from	
  outer	
  regions	
  of	
  star)	
  
	
  
	
  
and	
  moreover	
  couples	
  in	
  nuclear	
  composi5on	
  
in	
  a	
  completely	
  new	
  way	
  

stability	
  analyses	
  suggest	
  li\le	
  effect	
  from	
  Halo	
  during	
  shock	
  re-­‐heaKng/accreKon	
  phase	
  
(S.	
  Sarikas,	
  I.	
  Tamborra,	
  G.	
  Raffelt,	
  L.	
  Hudepohl,	
  H.T.	
  Janka	
  PRD	
  85,	
  113007	
  (2012)	
  1204.0971;	
  
	
  	
  A.	
  Mirizzi	
  &	
  P.D.	
  Serpico,	
  PRD	
  86,	
  085010	
  (2012)	
  1208.0157)	
  –	
  But	
  these	
  studies	
  leave	
  out	
  much	
  of	
  the	
  halo	
  
and	
  do	
  not	
  capture	
  the	
  composiKon/inhomogeneous	
  effects	
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O-­‐Ne-­‐Mg	
  Core	
  Collapse	
  –	
  very	
  centrally-­‐condensed,	
  
so	
  we	
  can	
  model	
  the	
  Halo	
  with	
  our	
  iniKal	
  value	
  code:	
  
quantum	
  mechanical	
  informaKon	
  all	
  coming	
  from	
  
below	
  region	
  of	
  collecKve	
  oscillaKons!	
  

Dispersion/de-­‐coherence	
  in	
  Halo	
  
causes	
  neutrino	
  trajectory-­‐dependent	
  swap	
  energy,	
  
which	
  could	
  have	
  consequences	
  for	
  a	
  	
  
detected	
  neutrino	
  signal	
  

With Halo fewer high energy ⌫e’s are transformed

) more ⌫e-induced events in detector

J.	
  Cherry,	
  J.	
  Carlson,	
  A.	
  Friedland,	
  G.M.F,	
  A.	
  Vlasenko,	
  PRD	
  87,	
  085037	
  (2013).	
  arXiv:1302.1159	
  	
  



2

4
f11 f12 f13
f21 f22 f23
f31 f32 f33

3

5F =


f �
�† f̄T

�

H =


H H⌫⌫̄

H†
⌫⌫̄ �H̄T

�

iD [F ]� [H, F ]�
�
�HF� � F� �H†� = i C [F ]

C =


C C�

C†
� C̄T

�

Quantum	
  Kine5c	
  Equa5ons	
  	
  	
  	
  	
  

iD [F ]� [H, F ] ⇥ i C [F ]

f(x, p) and

¯

f(x, p) are neutrino/antineutrino

density operators, so they are 3⇥ 3 matrices )

a	
  6X6	
  matrix	
  formulaKon	
  

and	
  the	
  Hamiltonian	
  is	
  

Collision terms )

with	
   H⌫⌫̄ =
�1

|�p |

⇣
�+ m⇤ + m⇤ �+T

⌘

with �+ spacelike potentials
orthogonal to neutrino trajectory

Here � is a new dynamical quantity
encoding neutrino spin/helicity

Boltzmann limit )

2

4
f11 0 0

0 f22 0

0 0 f33

3

5

) collision terms mix di�erent energy & flavor states,
averaging out the o�-diagonal terms, so f diagonal

) no coherence [f,H] = 0

) mass terms small enough to discard,
but must be careful because of nonlinearity

pµ

E
⇤µf� = �+

� (1� f�)���
� f� with � = e, µ, ⇥

� functions ) usual Boltzmann gain-loss terms
(depend on matter and ⌫ densities)

i
pµ

E
�µf � [H, f ] = 0 with H = �� +

m† m

2E

i
pµ

E
�µf̄ �

⇥
H̄, f̄

⇤
= 0 with H̄ = �� � m† m

2E

Coherent Limit

low densities ) potentials small, � ⌧ m,
collision term smaller still, so drop �2 and maybe m� terms.
Then � decouples and we have

This is the Schrödinger Equation for the wave functions | � given earlier.

) particles must have mass

) need anisotropic matter/neutrino potentials,

with components ? to neutrino momentum

) spin coherence density � must be present

neutrino-­‐anKneutrino	
  transformaKon	
  

H⌫⌫̄ � m

E
· (weak magnetic vector potential)

A.	
  Vlasenko,	
  G.M.F.,	
  V.	
  Cirigliano	
  (2013),	
  	
  arXiv:1309.2628	
  



Neutrino-­‐An5neutrino	
  inter-­‐conversion	
  

interesKng	
  analogy	
  to	
  Majorana	
  neutrino	
  spin	
  precession	
  in	
  a	
  real	
  magne(c	
  field	
  
	
  	
  
A.	
  de	
  Gouvea	
  &	
  S.	
  Shalgar	
  arXiv:1301.5637	
  showed	
  that	
  
standard	
  model	
  neutrino	
  transi9on	
  magne9c	
  moment	
  (	
  ~	
  10-­‐24	
  Bohr	
  magnetons)	
  
could	
  engender	
  collec9ve	
  neutrino-­‐anKneutrino	
  oscillaKons	
  –	
  require	
  ~	
  1012	
  Gauss	
  fields	
  

similar	
  process	
  with	
  QKE	
  spin	
  coherence,	
  but	
  no	
  magneKc	
  field	
  required	
  
-­‐-­‐-­‐	
  sensiKve	
  to	
  Majorana/Dirac	
  nature	
  of	
  neutrinos,	
  absolute	
  mass	
  

neutrino-­‐an5neutrino	
  conversion	
  
potenKally	
  very	
  important	
  for	
  nucleosynthesis	
  	
  
because	
  the	
  relaKve	
  mix	
  of	
  neutrinos	
  and	
  anKneutrinos	
  	
  
determines	
  neutron-­‐to-­‐proton	
  raKo	
  


