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Design decisions

The DUNE experimentalists ask: what should 
we try to measure?
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Recent discussions

SLAC, November 23-24, 2015

stanford.edu/~alexfr/SN4DUNE/Nov2015/SN_theory_for_DUNE.htm

DUNE experimentalists + external experts in 
simulations, nuclear physics, oscillations

Virginia Tech, March 11-12, 2016

cnp.phys.vt.edu/SNatDUNE/

Externally organized, a number of DUNE participants

DUNE Collaboration meeting, Rapid City, 19-22 May 2016
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Physics list
Neutrino Physics/Particle Physics

Absolute neutrino mass

Mass hierarchy

Collective oscillations

Spin flip

Exotic particles, cooling

Majorana vs Dirac

Collective oscillations

Sterile neutrinos

Earth matter effect

Supernova Physics

Presupernova evolution

Progenitor structure

Neutronization, trapping 

Shock waves, turbulence effects

Supernova core type, core mass, EOS

Convective transport

Black hole formation

Explosion

Accretion to cooling transition

SASI

LESA

Neutron star "tomography"

Quark stars

QCD phase transition

Lepton number

Post BH accretion

Other Physics

Nucleosynthesis

 ...
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To be converted into 
actionable items

Basic detector characteristics

Photo detection system

Charge lifetime (LAr purity)

DAQ design: what information is written out, 
buffer size, etc

Time resolution, event reconstruction, etc

Cross sections on Ar
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Stages of the explosion
Supernova Neutrinos 397

Fig. 11.1. Schematic picture of the core collapse of a massive star (M ∼>
8M⊙), of the formation of a neutron-star remnant, and the beginning of a
SN explosion. There are four main phases numbered 1−4 above the plot:
1. Collapse. 2. Prompt-shock propagation and break-out, release of prompt
νe burst. 3. Matter accretion and mantle cooling. 4. Kelvin-Helmholtz
cooling of “protoneutron star.” The curves mark the time evolution of several
characteristic radii: The stellar iron core (RFe). The “neutrino sphere” (Rν)
with diffusive transport inside, free streaming outside. The “inner core”
(Ric) which for t ∼< 0.1 s is the region of subsonic collapse, later it is the
settled, compact inner region of the nascent neutron star. The SN shock
wave (Rshock) is formed at core bounce, stagnates for several 100ms, and
is revived by neutrino heating—it then propagates outward and ejects the
stellar mantle. The shaded area is where most of the neutrino emission
comes from; between this area and Rν neutrinos still diffuse, but are no
longer efficiently produced. (Adapted from Janka 1993.)

Neutrino trapping has the effect that the lepton number fraction
YL is nearly conserved at the value Ye which obtains at the time of
trapping. However, electrons and electron neutrinos still interconvert
(β equilibrium), causing a degenerate νe sea to build up. The core of
a collapsing star is the only known astrophysical site apart from the
early universe where neutrinos are in thermal equilibrium. It is the
only site where neutrinos occur in a degenerate Fermi sea as the early
universe is thought to be essentially CP symmetric with equal numbers
of neutrinos and antineutrinos to within one part in 109. When neutrino
trapping becomes effective, the lepton fraction per baryon is YL ≈ 0.35,

Fig by G. 
Raffelt,

based on
T. Janka 
(1993)
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60-year-old problem

How does the shock get restarted? Why don’t 
people find robust explosions?

The Astrophysical Journal, 766:43 (21pp), 2013 March 20 Müller, Janka, & Marek

Table 1
Model Setup

Model Progenitor Neutrino Treatment of Simulated Angular Explosion Time of EOS
Opacities Relativity Post-bounce Time Resolution Obtained Explosiona

G8.1 u8.1 Full set GR hydro + xCFC 325 ms 1.◦4 Yes 175 ms LS180
G9.6 z9.6 Full set GR hydro + xCFC 735 ms 1.◦4 Yes 125 ms LS220
G11.2 s11.2 Full set GR hydro + xCFC 950 ms 2.◦8 Yes 213 ms LS180
G15 s15s7b2 Full set GR hydro + xCFC 775 ms 2.◦8 Yes 569 ms LS180
S15 s15s7b2 Reduced set GR hydro + xCFC 474 ms 2.◦8 No . . . LS180
M15 s15s7b2 Full set Newtonian + modified potential 517 ms 2.◦8 No . . . LS180
N15 s15s7b2 Full set Newtonian (purely) 525 ms 1.◦4 No . . . LS180
G25 s25.0 Full set GR hydro + xCFC 440 ms 1.◦4 No . . . LS220
G27 s27.0 Full set GR hydro + xCFC 765 ms 1.◦4 Yes 209 ms LS220

Note. a Defined as the point in time when the average shock radius ⟨rsh⟩ reaches 400 km.

explode rather early and exhibit convective activity only on a
moderate level after the onset of the explosion. The 11.2 M⊙
model G11.2 shows a much slower expansion of the shock and
several violent shock oscillations before the explosion takes
off. Model G15 develops a very asymmetric explosion as late as
∼450 ms. The more massive 25 M⊙ and 27 M⊙ models G25 and
G27 differ from the other models by more clearly discernible
SASI activity, visible as strong periodic sloshing motions of
the shock in Figure 1, which lead to an explosion in the case
of G27. We note that no explosion develops in the simulations
without general relativity and/or the full neutrino rates (M15,
N15, S15).

A summary of all nine models considered in this paper is
given in Table 1. For a detailed discussion of models G11.2 and
G15, see Müller et al. (2012b), and for details on G8.1 and G27,
see Müller et al. (2012a).

3. GRAVITATIONAL WAVE EXTRACTION

The xCFC approximation used in Vertex-CoCoNuT does
not allow for a direct calculation of GWs as the correspond-
ing degrees of freedom in the metric are missing. We therefore
need to extract GWs in a post-processing step with the help
of some variant of the Einstein quadrupole formula (Einstein
1918). Modified versions of the Newtonian quadrupole for-
mula (exploiting ambiguities concerning the identification of
Newtonian and relativistic hydrodynamical variables) have been
found to be reasonably accurate even in the strong-field regime
(Shibata & Sekiguchi 2003; Nagar et al. 2007; Cordero-Carrión
et al. 2012). For the gauge used in Vertex-CoCoNuT and the
typical conditions in a supernova core, it is possible to derive a
modified version of the time-integrated Newtonian quadrupole
formula (Finn 1989; Finn & Evans 1990; Blanchet et al. 1990)
directly from the field equations (see Appendix A). Assuming
axisymmetry, we obtain the quadrupole amplitude AE2

20 in non-
geometrized units for spherical polar coordinates as

AE2
20 = 32π3/2G√

15c4

∫
dθ drφ6r3 sin θ

×
{

∂

∂t
[Sr (3 cos2 θ − 1) + 3r−1Sθ sin θ cos θ ]

− [Ṡr,ν, (3 cos2 θ − 1) + 3r−1Ṡθ,ν sin θ cos θ ]
}
. (1)

Here φ is the (dimensionless) conformal factor for the three-
metric in the CFC spacetime, and Si denotes the covariant

components of the relativistic three-momentum density (in non-
geometrical units, i.e., Sr is given in g cm−2 s−1 and Sθ in
g cm−1 s−1) in the 3 + 1 formalism, which is given in terms
of the rest-mass density ρ, the specific internal energy ϵ, the
pressure P, the Lorentz factor W, and the covariant three-velocity
components vi as

Si = ρ(1 + ϵ/c2 + P/ρc2)W 2vi. (2)

Ṡi,ν denotes the momentum source term for Si due to neu-
trino interactions (which must be subtracted from ∂Si/∂t as
explained in Appendix A). In practice, these neutrino source
terms do not yield a significant contribution to the integral in
Equation (1).

AE2
20 determines the dimensionless strain measured by an

observer at a distance R and at an inclination angle Θ with
respect to the z-axis (see, e.g., Müller 1998),

h = 1
8

√
15
π

sin2 Θ
AE2

20

R
. (3)

In the following, we will always assume the most optimistic case
of an observer located in the equatorial plane, i.e., sin2 Θ = 1. In
addition to the GW signal from the matter, we compute the GW
signal due to anisotropic neutrino emission using the Epstein
formula (Epstein 1978; Müller & Janka 1997) for the GW
strain hν ,

hν = 2G

c4R

∫ t

0
Lν(t ′)αν(t ′) dt ′. (4)

Here Lν is the total angle-integrated neutrino energy flux, and
the anisotropy parameter αν can be obtained as

αν = 1
Lν

∫
π sin θ (2| cos θ | − 1)

dLν

dΩ
dΩ (5)

in axisymmetry (Kotake et al. 2007). hν can be converted into
an amplitude AE2

20,ν by inverting Equation (3).
The energy EGW radiated in GWs can be computed from

AE2
20,ν as follows (see, e.g., Müller 1998):

EGW = c3

32πG

∫ (
dAE2

20,ν

dt

)2

dt. (6)

4

SUBMITTED TO APJ ON 2015 NOVEMBER 23 O’CONNOR & COUCH

Table 1

Reference Gravity EOS Grid ⌫ Treatment s12 s15 s20 s25
Exp? texp [s] Exp? texp [s] Exp? texp [s] Exp? texp [s]

Bruenn et al. (2013) GREP LS220 Spherical MGFLD RxR+ Yes 0.236 Yes 0.233 Yes 0.208 Yes 0.212
Hanke (2014) GREP LS220 Spherical VEF RxR+ Yes 0.79 Yes 0.62 Yes 0.32 Yes 0.40
this work GREP LS220 Cylindrical MG M1 No – Yes 0.737 Yes 0.396 Yes 0.350
Dolence et al. (2015) NW H. Shen Cylindrical MGFLD No – No – No – No –
Suwa et al. (2014) NW LS220 Spherical IDSA RxR Yes 0.425 No – No – N/A N/A
this work NW LS220 Cylindrical MG M1 No – No – No – No –

Note. — GREP gravity is used to denote Newtonian hydrodynamic simulations with an effective, spherically symmetric, GR potential instead of the Newtonian
monopole term. NW gravity is pure Newtonian gravity. The LS220 EOS is the Lattimer & Swesty (1991) K0 = 220MeV EOS while H. Shen is the EOS from
Shen et al. (2011). The neutrino treatment in Bruenn et al. (2013) is multigroup flux-limited diffusion (MGFLD) and in Hanke (2014) is a two moment scheme
with the closure solved by a model Boltzmann equation. Both of these transport schemes use the the ray-by-ray+ (RxR+) approximation for the multidimensional
transport treatment where the transport is solved only in the radial direction (along rays). The ‘+’ refers to the addition of advection of neutrinos in the lateral
direction in optically thick regions. Dolence et al. (2015) use MGFLD as well, but solve the multidimensional transport directly. Suwa et al. (2014) employ
the isotropic diffusion source approximation, akin to MGFLD, and use the ray-by-ray approximation. Bruenn et al. (2013) defines the explosion time as the
postbounce time when the shock reaches 500 km. We use this definition for extracting the explosion time from Suwa et al. (2014). Hanke (2014) only shows
shock radius data to 400 km, therefore we use the postbounce time when the shock reaches this radius. However, this makes no qualitative difference since the
shock expansion is quite rapid at this time. We also show the results of this work. We use the abbreviation MG M1 to denote multigroup M1 neutrino transport.

moment evolution equations (i.e. ↵ = 1;@i� = 0). Finally,
⌘, a, and s are the neutrino emissivity, absorption opacity,
and scattering opacity, respectively, which depend on the lo-
cal density, temperature, and electron fraction as well as the
neutrino species and energy. For the remainder of this sec-
tion we describe the numerical techniques used to solve these
equations and the microphysics used to compute the neutrino
interaction coefficients.

Closure: To close the hierarchy of moment evolution equa-
tions after the first two moments, we must specify a closure
relation for the Eddington tensor Pi j in terms of the two lower
moments E and Fi. We choose the common M1 closure. In
regions where the radiation is isotropic, Pi j ⌘ Pi j

thick = �i jE/3
and in regions far from the source, Pi j ⌘ Pi j

thin = E(FiF j/F2).
Therefore, for our Eddington tensor, we choose a common
interpolation between these two limiting regimes,

Pi j =
3(1 -�)

2
Pi j

thick + 3�- 1
2

Pi j
thin , (12)

or, using the expressions mentioned above,

Pi j =


3(1 -�)
2

�i j

3
+ 3�- 1

2
FiF j

F2

�
E . (13)

In these equations � is taken to be

� =
1
3

+ 2
15

(3 f 2 - f 3 + 3 f 4) , (14)

where f ⌘ (FiFi/E2)1/2 is the flux factor. f is equal to 0 if the
radiation is isotropic, which gives a � = 1/3 and Pi j = Pi j

thick. f
is 1 if the radiation is fully forward peaked in some direction.
For this case, � = 1 and Pi j = Pi j

thin.
Explicit Fluxes: For computing the spatial flux terms on the

left hand side of Eq. 7-Eq. 11, we use finite differencing,

@x[↵rmFx] =
(↵rm)(k+1/2)F(k+1/2) - (↵rm)(k-1/2)F(k-1/2)

�x
, (15)

and

@x[↵rmPxi] =
(↵rm)(k+1/2)P i

(k+1/2) - (↵rm)(k-1/2)P i
(k-1/2)

�x
, (16)

where m is either 0,1,2. To obtain the interface fluxes F(k+1/2)
and P i

(k+1/2), we use the standard HLLE Riemann solver for

hyperbolic equations. For the flux evaluation at an interface
(k +1/2), we reconstruct E and Fi/E to both sides of the zone
interfaces using 2nd-order TVD (total variation diminishing)
interpolation. On both sides of the interface we recompute
the closure via Eq. (13) to obtain the cell interface values of
Pi j. The characteristic speeds for the Riemann solver are cal-
culated in a similar way as the closure in that we interpolate
between the optically thick and optically thin limits. First,
for each interface (characterized here by the direction k), we
determine the minimum and maximum speeds on each side
of the interface in both the optically thin and optically thick
limits. For the optically thick limit the choice is clear,

�(k)
thick,min = - 1p

3
;�(k)

thick,max = + 1p
3
. (17)

For the thin limit, and our choice of closure, the maximum
and minimum characteristic speeds are (Shibata et al. 2011)

�(k)
thin,min/max = min/max

✓
±Fk

p
FiFi

,E
Fk

FiFi

◆
. (18)

Next, to determine the maximum and minimum speed on each
side of the interface we interpolate between the optically thick
(�(k)

thick) and free streaming (�(k)
thin) regimes via,

�(k)
min/max =

3(1 -�)
2

�(k)
thick,min/max + 3�- 1

2
�(k)

thin,min/max . (19)

The final step to determine the minimum and maxi-
mum speeds for the Riemann solver is to take �(k),+ =
max(�(k),(R)

max ,�(k),(L)
max ) and �(k),- = min(�(k),(R)

min ,�(k),(L)
min ). Where

(R) and (L) denote the right and left side of the interface, re-
spectively.

With the reconstructed moments and minimum and maxi-
mum characteristic speeds in hand, the HLLE Riemann solu-
tion for the fluxes at the interface is then,

F(k+1/2),HLLE =
�(k),+Fk,(L) -�(k),-Fk,(R) +�(k),+�(k),-(E (R) - E (L))

�(k),+ -�(k),-
(20)

and

P j
(k+1/2),HLLE =

�(k),+P(L)
k j -�(k),-P(R)

k j +�(k),+�(k),-(F (R)
j - F (L)

j )
�(k),+ -�(k),-

(21)

4
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Need direct probes

Just observing 
remnants in photons 
may not be enough

Need to look inside 
the engine as the 
explosion happens

In particular, need to 
observe when the 
accretion stage ends
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Cooling

Accretion

(no2oscillations)

CC

NC

≈“Shock2
Revival”

Evolution of the explosion is reflected 
in neutrinos (illustration from Messer)
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All stages can in principle 
be seen in neutrinos

Inés Gil Botella - Low Energy @DUNE

DUNE: 40 kton LAr (SN @10 kpc)
28

Time-dependent signal
Expected event spectrum 

integrated over time
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Neutronization burst
23

FIG. 6.— Lνe (thick solid line), Lν̄e (thin solid line), and Lνµ
(dotted line) measured at the outer edge of the grid in erg s−1 as a function of time for the fiducial

M= 11 M⊙ progenitor. Time is measured relative to bounce. Note that we define t = 0 as the time of hydrodynamical bounce. The finite light travel-time to the
edge of the grid creates a ∼ 7ms offset between hydrodynamical bounce and the initial dip before the large νe breakout pulse.

Thompson, Burrows, Pinto, astro-ph/0211194 

41

FIG. 24.— Integrated number of νe events as a function of time via absorption on Argon (labeled ‘νeAr→ K∗ + e−’, solid line), including the Fermi and Gamow-
Teller transitions to 40K∗ (see §8.3), and via νe-electron scattering, labeled ‘νee− → νee−’ (solid line). The total number of νe neutrinos detected via these channels
is the thick solid line. The thick dashed line (labeled ‘All Others’) shows the contribution to the total neutrino signal from ν̄e, νµ, ν̄µ, ντ , and ν̄τ neutrinos via
scattering on free electrons. For reference, we also show the νe detection frequency (dN/dt, dotted line) during νe breakout and the first 100ms after bounce.

12



Update from Oak Ridge
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2D - νe  total counts vs. time

shock lift-off

accretion-powered  
evolution

rapid shock  
expansion - Si-Si/O

C15-2D, angle-averaged, SNOwGLoBES Ar17kt, 10 kpc 

Messer, Devotie, et al. In prep.
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Internal evolution

Fig by G. 
Raffelt

based on
Borrows & 
Lattimer 
(1986)

398 Chapter 11

not much lower than the initial iron-core value, i.e. not much of the
lepton number is lost during infall. The conditions of chemical and
thermal equilibrium dictate that neutrinos take up only a relatively
small part (about 1

4) of the lepton number (Appendix D.2). A typical
YL profile after collapse is shown in Fig. 11.2

The collapse is intercepted when the inner core reaches nuclear den-
sity (ρ0 ≈ 3×1014 g cm−3), a point where the equation of state stiffens.
Because the inner core collapse is subsonic, the information about the
central condition spreads throughout, i.e. the collapse of the entire ho-
mologous core slows down. However, this information cannot propagate

Fig. 11.2. Snapshots of the profiles of temperature T and lepton number
fraction YL in the collapsed core of a massive star. The indicated times are
in seconds after collapse. The shaded arrows in the upper panel indicate
the motion of the temperature maximum. For a soft equation of state the
maximum temperature can be up to about 70MeV. (Adapted from Burrows
and Lattimer 1986.)

Notice that the 
center is initially 
cold (low entropy 

per baryon)
It heats up as 
lepton number 
diffuses out
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Update (from Luke 
Roberts)Long	Term	PNS	Evolution
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12 Luke F. Roberts and Sanjay Reddy

This result, albeit arrived at with some approximation, clearly reveals the micro-
physics. The dependence on T , µe, and ∂YL/∂Yn is made explicit and we discuss
later in section 3 how the dense matter EoS directly affects these properties.

We can also estimate the amount of Joule heating in the core (see equation 19)

Ė joule = �nbµn
∂YL

∂ t
⇡ nbµn

∂YL

∂Yn

Yn ,0
tD

, (25)

where we have used Eq. 23 to express the result in terms of the deleptonization time.
For typical values of the deleptonization time tD ⇠ 11 s, and ∂YL/∂Yn ⇠ 5, we find
the heating rate per baryon Ė joule/nb ⇡ µnYn ,0/3. At early times when µn ⇠ 150
MeV and Yn ,0 ⇠ 0.05 the heating rate ⇡ 2 MeV per baryon per second will result in
a similar rate of change in the matter temperature. This, coupled with the positive
temperature gradients, results in a net heating of the inner core when t < tD.

After deleptonization when the core begins to cool, the second term in Eq. 19
can be neglected and the energy flux

Hn ⇡ T 3

6p2 D4
∂T
∂ r

. (26)

Energy transport is dominated by nµ , n̄µ ,nt , n̄t and n̄e neutrinos since their charged
current reactions are suppressed and therefore they have larger mean free paths. For
typical conditions where nucleons are degenerate and neutrino degeneracy is negli-
gible, elastic neutral current scattering off nucleons is dominant source of opacity
and (see section 3.1)

k⇤
s (En) ' 5

6p
G2

F c2
A Ñ0 kBT E2

n , (27)

where Ñ0 = Âi=n,p ∂ni/∂ µi is the effective density of nucleon states at the fermi
surface to which neutrinos couple, and cA ' 1.2 is the axial vector coupling. Using
Eq. 27 the diffusion coefficient D4 in Eq. 26 can be written as

D4 =
p3

G2
F c2

A Ñ0 (kBT )3 . (28)

Substituting Eq. 28 in Eq. 26, Eq. 19 can be solved with the separable ansatz
T (r, t) = Tcy(x)f(t) to find a self-similar solution. We find that the temporal part
f(t) = 1� (t/tc), where

tc ⇡ 2pG2
F c2

A
b

⌧
N0

3nb

p2
∂ s
∂T

�
kBTc R2 ' 10 s

kBTc

30 MeV
hn2/3

b i
n2/3

0

✓
R

12 km

◆2
, (29)

where hi denotes a spatial average, the numerical constant b ⇠= 19, and n0 = 0.16
fm�3. Additionally, we have used ∂ s/∂T = p2N0/3nb and N0 = M(3p2nb)1/3/p2,
which hold for a non-relativistic, degenerate gas. The spatial averages and numerical
value of b are obtained by solving for the function y(r).

See	Prakash	et	al.	‘9715



0 100 200 300 4000

100

200

300

400

500

600

700

Time after Bounce (milliseconds)

M
ea

n 
Sh

oc
k 

R
ad

iu
s 

(k
m

)

Melson (2015) 3Ds
Melson (2015) 2Ds
Melson (2015) 3Dn
Melson (2015) 2Dn
Lentz (2015) 3D
Lentz (2015) 2D
Lentz (2015) 1D

20!M!

15!M!

Similari;es'in'the'qualita;ve'behavior'of'2D'models,'and'3D'models,'obtained'by'the'MPA'and''
Oak'Ridge'groups'is'evident'in'the'above'graph.'

3D is harder to explode that 2D (Mezzacappa)
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3D vs 2D luminosities 
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Large-scale,  
episodic accretion in 2D

Only small-scale differences 
 in accretion in 3D

different time variations in 2D vs 3D (Messer)
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2D turbulence is artificial (illustration from Ott)
18



$large$enough$to$make$MSW$resonances$adiabaLc,$small$enough$to$ignore$mixing$$

$channels$

Or maybe the signal suddenly 
stops, a black hole forms (O’Connor)

19



It is already clear that one needs DAQ with a big 
enough buffer to store all the events, for at least 
20-30 seconds

Good timing resolution, ~ 1 ms, to study time 
features (neutronization burst, SASI modulations, etc) 

Next, good energy resolution

Good photodetection system

Long charge lifetime (Argon purity)

20



Oscillations

In the normal hierarchy, almost the entire 
neutronization burst would oscillate away!

Why?

21



Sun: 2-state oscillations

The evolution is adiabatic (no level jumping), since losc << 
density scale height (|d lnρ/dr|-1)

Hint: for most of the Sun, the density scale height is Rsun/
10, while losc is comparable to the width of Japan 
(KamLAND)

P2(⇥e � ⇥e) = sin2 � sin2 �� + cos2 � cos2 ��

cos2 ��

sin2 ��

cos2 �vac

sin2 �vac

VacuumCore
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SN ν oscillations: 2 MSW 
densities 

ν-sphere

“regular MSW”νe νμ ντ

νe νμ ντ
_ _ _
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SN MSW transformations, 
schematics

➡ Given the scale height in 
the progenitor, the 
evolution is very adiabatic

➡ the adiabaticity of the 
atmospheric resonance 
is controlled by theta13 

➡ Prediction for the nue 
signal during the 
neutronization burst is 
critically dependent on the 
sign of MH

For inverted hierarchy, the same happens in antineutrinos.

sin2 ��

cos2 ��

sin2 �13

F (�µ,⇥ )

F (�e)

F (�µ,⇥ )

sin2 ��

cos2 ��

sin2 �13
F (�µ,⇥ )

F (�e)

F (�µ,⇥ )

--
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Dynamical density profile

• Front shock reaches the regions where “atmospheric” and “solar” 
transformations happen, while neutrinos are being emitted

• See Schirato & Fuller (2002)       astro-ph/0205390 
25



Moving shock and MSW 
transformations

➡  The shock is 
infinitely sharp from 
the neutrinos’ point 
of view (photon 
mean free path). 

➡ When it arrives at 
the resonance, the 
evolution becomes 
non-adiabatic.

For inverted hierarchy, the same happens in antineutrinos.

sin2 ��

cos2 ��

sin2 �13
F (�µ,⇥ )

F (�e)

F (�µ,⇥ )

sin2 ��

cos2 ��

sin2 �13
F (�µ,⇥ )

F (�e)

F (�µ,⇥ )
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3D simulations show 
turbulence

3d simulations of the 
accretion shock instability 
Blondin, Mezzacappa, & 
DeMarino (2002)

See http://
www.phy.ornl.gov/tsi/
pages/simulations.html

extensive, well-developed 
turbulence behind the 
shock

27
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Reproduced in a backyard 
water experiment

Foglizzo, Masset, 
Guilet, Durand, Phys. 
Rev. Lett. 108, 051103 
(2012)

Made PRL cover and 
APS Viewpoint 
highlight

28



Turbulence in realistic 
simulations

• The level-jumping probability depends on 
fluctuations

• relevant scales are small, O(10 km)

• take large-scale fluctuations from simulations, 
scale down with a Kolmogorov-like power law 

• turbulence should cause observable flavor 
depolarization, when large-scale fluctuations are

for details, see Friedland & Gruzinov, astro-ph/0607244;
http://public.lanl.gov/friedland/info07/INFO07talks/FriedlandINFO07.pdf

�nL/nL & 0.07✓1/313 ⇠ 4%

29
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SN ν: summary physics 
cartoon 

ν-sphere Collective

turbulence
front shock

“regular MSW”

νe νμ ντ

νe νμ ντ
_ _ _
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Collective oscillations: new D.O.F.s 
can lead to new instabilities

2-flavor trajectory can 
be unstable in the 3-
flavor space

At Δm⊙
2=0, 2-flavor 

result is reproduced

As soon as Δm⊙
2≠0, 

the answer jumps

adding new d.o.f. can lead 
to new instabilities and 
very different answers

3
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FIG. 2: Investigating the role of the solar mass splitting, by
decreasing it, on the neutrino spectra at 1000 km.

For the matter profile at r ⇤ 100 � 1000 km we assume
a neutrino driven wind with ⇤ = ⇤0(10 km/r)3. We take
⇤0 = 2⇥ 106 g/cm�3, and Ye = 0.5.

Our three-flavor calculation is carried out with the fol-
lowing parameters: �m2

atm = �2.7⇥ 10�3 eV2 (inverted
mass hierarchy), �m2

⇥ = 7.7⇥10�5 eV2, �13 = 0.01, and
sin2 �12 = 0.31. In the two-flavor calculation, we set the
solar mixing angle �12 to zero and drop the state that
in vacuum is separated from the predominately ⇥e (⇥̄e)
state by the solar splitting.

We perform a multi-energy, single-angle calculations of
the evolution, starting at 40 km and ending at 1000 km.

4. Results: comparison of two- and three-flavor runs. –
The resulting spectra at 1000 km are presented in Fig. 1.
The top panels show the two-flavor calculations, the bot-
tom ones, the corresponding three-flavor runs. The ⇥e
spectra are on the left, and those for ⇥̄e are on the right.
The dashed and dotted curves show the corresponding
initial spectra (see legend). The animations showing the
complete evolution of the spectra as a function of the
distance from the center are available at [51].

The results of the two-flavor calculations appear to be
in very good agreement with the inverted hierarchy cal-
culations of [48]. Since we and [48] use similar initial
spectra, this agreement can be used to validate our code.

The important point is that the three-flavor calculation
results are significantly di⇥erent: (i) the high-energy split
in the neutrino channel is gone; (ii) in the antineutrino
channel, the flavor swap probability is neither zero, nor
one, but increases gradually with neutrino energy.

5. Discussion. – Both of these results appear surpris-
ing. How can the presence of the solar splitting, which
is only ⇤ 3% of the atmospheric splitting, completely re-
verse the e⇥ect of the latter at high energies? And what
explains the spectrum of the antineutrinos, which does
not follow either of the dashed curves (i.e., initial ⇥̄e or
⇥̄x spectra)? While split spectra seem to be ubiquitous
in self-refraction calculations, the flavor swap probabil-
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FIG. 3: Investigating the role of the solar mass splitting, by
varying it, on the antineutrino spectra at 500 km.

ity is usually zero or one. Instead, we find a “mixed”
spectrum, which means the swap is incomplete.
First of all, we can rule out any important role of the

conventional MSW e⇥ect. The atmospheric level cross-
ing does occur here, but for the chosen parameters it is
strongly non-adiabatic (flavor preserving). Moreover, it
occurs when r � 600 km, by which point the neutrino
self-refraction e⇥ects have ceased. The small MSW ef-
fects are seen in the ⇥̄e channel as small wiggles.
As a next step, we can investigate what happens if

we artificially turn down the value of the solar splitting.
The results are shown in Fig. 2. These at first may be
even more surprising: when �m2

⇥ is exactly zero, the
two-flavor spectrum is reproduced, but as soon as it is
nonzero, even very small, the high-energy split disap-
pears. Since for �m2

⇥ = 7.7 ⇥ 10�7 eV2 (1% of its true
value) the corresponding oscillation length is 104 km –
much longer than the scales in the problem – one might
think the two-flavor limit should be reached. Instead, the
spectrum in this case is closer to the realistic three-flavor
one than to the two-flavor one.
To understand what is going on, let us consider the

evolution as a function of radius [49, 51]. Neutrinos,
initially in the flavor eigenstates, develop an instability
which leads to large collective oscillations. This insta-
bility is in fact well-known, first observed by Kostelecky
and Samuel in 1993 [27] and elaborated on recently in
[37] and [38]. The initial configuration is unstable, like
an inverted pendulum [27], in fact, in the simplest bi-
polar model [29, 30, 37] it is exactly like it [38]. What
is interesting in our case is that, shortly after the oscil-
lations develop between the “atmospheric” eigenstates,
the third state joins in. Just like the initial configuration
is unstable, the two-flavor trajectory is also unstable. A
small nonzero�m2

⇥ is enough to displace the system from
the “two-flavor ridge” and let it run away into the three-
flavor space (driven primarily by �m2

atm). The outcome
of the oscillations there (the final resting point of the pen-

For details, see A.F., PRL (2010);
2-flavor Dasgupta, Dighe, Raffelt, Smirnov,  PRL (2009)
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 * oscillations by Duan & Friedland, PRL 2011 
 * detector modeling by Kate Scholberg & team

* See LBNE science document

WC

LAr
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Another smoking-gun feature. 
Tracking the shock in real time

The neutrino spectrum is modulated, but not 
antineutrinos (simultaneously observed by SK/HK) 

multiangle 
collective 

oscillations + 
moving 
shock
by A. F.

Detector 
model by K. 
Scholberg

Figure 7–5: Observed spectra in 34 kton of LAr for a 10 kpc core collapse, representing

LBNE science document 
arXiv:1307.7335v3
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Accretion phase: neutrinos 
scattering above ν-sphere?

ν-sphere

νe νμ ντ

νe νμ ντ
_ _ _

0.5s

Cherry, Carlson,  
Friedland, Fuller,  
Vlasenko, PRL 

(2012); PRD (2013)
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More on detection
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See talk by Ines Botella 
at VTech for more

Inés Gil Botella - Low Energy @DUNE

Eνe > 7.48 MeV

• Elastic scattering (ES) on electrons 

• Charged-current (CC) interactions 
on Ar 

• Neutral current (NC) interactions 
on Ar

Low-energy neutrino signal in LAr

νe + 40Ar → 40K* + e-

νe + 40Ar → 40Cl* + e+

ν + e- → ν + e-

ν + 40Ar → ν + 40Ar* 

Eνe > 1.5 MeV

Eν > 1.46 MeV

Possibility to separate the different channels by a classification of the associated 

photons from the K, Cl or Ar de-excitation (specific spectral lines for CC and 

NC) or by the absence of photons (ES)    

_ _

31

SN ν cross sections on Ar

hep-ph/0307222 
JCAP 10 (2003) 009 
JCAP 08 (2004) 001 

I.G-B & A.Rubbia
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MARLEY: Model of Argon 
Reaction Low-Energy Yields

Talk at the SLAC 
meeting by Bob 
Svoboda (+ hours of 
discussion)

Talk in Rapid City by 
Christopher Grant for 
recent results

^ŝŵƵůĂƚŝŽŶƐ ŽĨ �ŚĂƌŐĞĚͲ�ƵƌƌĞŶƚ ^ƵƉĞƌŶŽǀĂ Ğ
�ǀĞŶƚƐ ŝŶ Ă >ŝƋƵŝĚ �ƌŐŽŶ dŝŵĞ WƌŽũĞĐƚŝŽŶ
�ŚĂŵďĞƌ
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�W^ �Ɖƌŝů DĞĞƚŝŶŐ
�Ɖƌŝů ϭϴ͕ ϮϬϭϲ
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Goal: determine whether “every 40K∗ e– little thing 
gonna be all right” for SN neutrino physics in LArTPCs
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Gammas, neutrons, 
protons at high Eν

�ƌĞĂƚŝŶŐ ĂŶ ĂĐĐƵƌĂƚĞ ŵŽĚĞů ĨŽƌ Ğ�ƌ�� ĞǀĞŶƚƐ
ƌĞƋƵŝƌĞƐ ĐŽŶĨƌŽŶƚŝŶŐ ƐĞǀĞƌĂů ĐŚĂůůĞŶŐĞƐ
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Notice that theory and 
experiment don’t match at all

D�Z>�z ƵƐĞƐ ƚĂďƵůĂƚĞĚ &Ğƌŵŝ ĂŶĚ 'd ƐƚƌĞŶŐƚŚƐ
ƚŽ ĐŽŵƉƵƚĞ Ğ�ƌ�� ĐƌŽƐƐ ƐĞĐƚŝŽŶƐ
ͻ �ŽŶƐŝĚĞƌŝŶŐ ŽŶůǇ ĂůůŽǁĞĚ ƚƌĂŶƐŝƚŝŽŶƐ ŐŝǀĞƐ ƵƐ ƚŚĞ ƚŽƚĂů ĐƌŽƐƐ ƐĞĐƚŝŽŶ
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QRPA from Cheoun, et al. (2012)
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Ar40  on   eνIntegrated Gamow-Teller Strength for CC    

ͻ �ǆƉĞƌŝŵĞŶƚĂů ƐƚƌĞŶŐƚŚƐ
ĂǀĂŝůĂďůĞ ƵƉ ƚŽ �ǆ ϴ DĞs

ʹ ϰϬdŝ ĂŶĂůŽŐ ĚĞĐĂǇ

ʹ ;Ɖ͕ŶͿ ƐĐĂƚƚĞƌŝŶŐ

ͻ �ǆƉĞƌŝŵĞŶƚƐ ŚĂǀĞ
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ϲ
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e– + γs Event 
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Neutron ejected 
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Huge distortion at high energy. 
Looks like a spectral split from 

collective oscillations!
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In Summary
The next supernova will allow us to look inside the core 
collapse, observing the engine in real time

This should help unravel the explosion mechanism, while 
also presenting a laboratory for particle and nuclear 
physics unavailable on earth

But we need to be prepared! All stages carry important 
physics information. Events are complicated; missing 
photons and gammas could be a big problem

Measurements of cross sections and robust DAQ design 
now would pay off handsomely when SN2029a goes off
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