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Prelude and disclaimer

• I come to CERN wearing two hats


• I’m a theorist interested in neutrino physics and astrophysics


• I’m also a convener (w/ Kate Scholberg and Ines Gil-Botella) of the SNB/LE 
working group on DUNE


• This is not a DUNE talk 

• I won’t show any ongoing, internal work or plots from the WG or the 
collaboration (DUNE members in the audience, please come tomorrow 
morning!)


• Here, I want to discuss some of the physical signatures that would be great to 
see in the next SNB. The focus is on the time-dependent features of the signal.



Setup

• Suppose a large, modern experiment is in the final design stages


• They come to you and ask:


• We know there is no standard model of the explosion. We want to learn 
about the explosion from our data. Can you give us some simulated fluxes 
with interesting features, so that we may benchmark different design 
decisions? 

• You start with the obvious: Measure total number of events, energy spectrum


• But then you think: Since they have enough statistics to make time slices of 
the data, they definitely should look for the time evolution of the signal



Inés Gil Botella - Low Energy @DUNE

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

Time-dependent signal
Expected event spectrum 

integrated over time

DUNE 40 kt LAr  
(SN @10kpc)

Disclaimers: one particular 
simulation, perfect detection, no 
oscillations



Evolution of the explosion is reflected in neutrinos

• The neutrino signal clearly shows different stages of the explosion: 
neutronization burst, accretion through stalled shock, PNS cooling


• Importantly, these are different for different progenitor massesafter 350 ms post bounce for the 10.8 and 18 M� progenitor models are due to the shock propagation over the position
of 500 km, where the observables are measured in a co-moving reference frame.
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Figure 2: Neutrino luminosities and energies with respect to time after bounce for the 8.8 M� O-Ne-Mg-core progen-
itor model from Nomoto (1983,1984,1987) (left panel) and the 10.8 M� and 18 M� Fe-core progenitor models from
Woosley et al. (2002) (middle and right panels respectively), measured in a co-moving frame at 500 km distance.

3.2 The O-Ne-Mg-core
A special star is the 8.8 M� progenitor model from Nomoto (1983,1984,1987). The central thermodynamic conditions
at the end of stellar evolution are such that only a tiny fraction of about 0.15 M� of Fe-group nuclei are produced, where
nuclear statistical equilibrium (NSE) applies (see Fig. 3 (a) top panel). Instead, the central composition is dominated
by 16O, 20Ne and 24Mg nuclei. Because temperature and density increase during the collapse, these nuclei are burned
into Fe-group nuclei and the NSE regime increases (see Fig. 3 middle panel). The core continues to deleptonize, which
can be identified at the decreasing Ye in Fig. 3. We use our nuclear reaction network as described in §2.2 to calculate
the dynamically changing composition, based on the abundances provided by the progenitor model. The size of the

Fig from Fischer, Whitehouse, Mezzacappa, Thielemann, Liebendörfer, arXiv:0908.1871

http://arxiv.org/find/astro-ph/1/au:+Fischer_T/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Whitehouse_S/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Mezzacappa_A/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Thielemann_F/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Liebendorfer_M/0/1/0/all/0/1


What are these stages?

• Shock forms inside collapsing 
core, breaks through the 
neutrino-trapping sphere


• Shock stalls at ~ 200 km, while 
the material keeps raining onto 
the core, releasing graviational 
binding energy in neutrinos


• Shock is pushed out, the 
central, dense region cools, 
losing energy and trapped 
lepton number; settles into a 
neutron star (or a BH!)

after 350 ms post bounce for the 10.8 and 18 M� progenitor models are due to the shock propagation over the position
of 500 km, where the observables are measured in a co-moving reference frame.
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Figure 2: Neutrino luminosities and energies with respect to time after bounce for the 8.8 M� O-Ne-Mg-core progen-
itor model from Nomoto (1983,1984,1987) (left panel) and the 10.8 M� and 18 M� Fe-core progenitor models from
Woosley et al. (2002) (middle and right panels respectively), measured in a co-moving frame at 500 km distance.

3.2 The O-Ne-Mg-core
A special star is the 8.8 M� progenitor model from Nomoto (1983,1984,1987). The central thermodynamic conditions
at the end of stellar evolution are such that only a tiny fraction of about 0.15 M� of Fe-group nuclei are produced, where
nuclear statistical equilibrium (NSE) applies (see Fig. 3 (a) top panel). Instead, the central composition is dominated
by 16O, 20Ne and 24Mg nuclei. Because temperature and density increase during the collapse, these nuclei are burned
into Fe-group nuclei and the NSE regime increases (see Fig. 3 middle panel). The core continues to deleptonize, which
can be identified at the decreasing Ye in Fig. 3. We use our nuclear reaction network as described in §2.2 to calculate
the dynamically changing composition, based on the abundances provided by the progenitor model. The size of the



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.



Update from the Oak Ridge group
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Messer, Devotie, et al. In prep.



Map data ©2016 Google 2 mi 

Final Neutron Star, M~1-2 M⊙ Grav. binding energy ~ 10% of 
its rest mass, getting close to BH



Black$Hole$FormaLon$

• Neutrino$response$in$water,$Liquid$Argon,$ScinLllator$with$
SNOwGLoBES$$

IH#NH#
θ13$large$enough$to$make$MSW$resonances$adiabaLc,$small$enough$to$ignore$mixing$$

8$10$kpc$$
8$Ignores$collecLve$oscillaLons$
8$Includes$all$SNOwGLoBES$channels$
8$Dominated$by:$

8  Water:$Inverse$β$decay$
8  Argon:$νe$capture$on$40Ar$
8  Scint:$Inverse$β$decay$

8 No$shocks$at$resonances$

Dighe$&$Smirnov$(2000)$
Or maybe a black hole forms: 

the signal is very bright and 
suddenly stops

(credit: Evan O’Connor)



Evolution of the explosion is reflected in neutrinos

• Caution I: toy models! 1d simulations, artificially exploded


• There is no 3d model w/ state-of-the-art nu transport and hydro that 
computes nu fluxes for the duration of the burst


• Caution II: no oscillation effects included!

after 350 ms post bounce for the 10.8 and 18 M� progenitor models are due to the shock propagation over the position
of 500 km, where the observables are measured in a co-moving reference frame.
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Figure 2: Neutrino luminosities and energies with respect to time after bounce for the 8.8 M� O-Ne-Mg-core progen-
itor model from Nomoto (1983,1984,1987) (left panel) and the 10.8 M� and 18 M� Fe-core progenitor models from
Woosley et al. (2002) (middle and right panels respectively), measured in a co-moving frame at 500 km distance.

3.2 The O-Ne-Mg-core
A special star is the 8.8 M� progenitor model from Nomoto (1983,1984,1987). The central thermodynamic conditions
at the end of stellar evolution are such that only a tiny fraction of about 0.15 M� of Fe-group nuclei are produced, where
nuclear statistical equilibrium (NSE) applies (see Fig. 3 (a) top panel). Instead, the central composition is dominated
by 16O, 20Ne and 24Mg nuclei. Because temperature and density increase during the collapse, these nuclei are burned
into Fe-group nuclei and the NSE regime increases (see Fig. 3 middle panel). The core continues to deleptonize, which
can be identified at the decreasing Ye in Fig. 3. We use our nuclear reaction network as described in §2.2 to calculate
the dynamically changing composition, based on the abundances provided by the progenitor model. The size of the

Fig from Fischer, Whitehouse, Mezzacappa, Thielemann, Liebendörfer, arXiv:0908.1871

http://arxiv.org/find/astro-ph/1/au:+Fischer_T/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Whitehouse_S/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Mezzacappa_A/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Thielemann_F/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Liebendorfer_M/0/1/0/all/0/1


SN ν oscillations: very rich physics 

ν-sphere Collective

turbulence
front shock

“regular MSW”

νe νμ ντ

νe νμ ντ
_ _ _



Part I: MSW transformations, 2 level crossings

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


➡the adiabaticity of the 
atmospheric resonance is 
controlled by theta13 


➡For NH, the nue flux during the 
neutronization burst is swept 
into the nu3 state, largely 
disappears, from ~300 to ~6 
events (by sin2θ13)


➡For IH, from ~300 to ~90

sin2 ��

cos2 ��

sin2 �13

F (�µ,⇥ )

F (�e)

F (�µ,⇥ )

sin2 ��

cos2 ��

sin2 �13
F (�µ,⇥ )

F (�e)

F (�µ,⇥ )

--



The key word there was “initially”

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


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



Part II: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


➡Now, original νe spectrum mixes 
in the ν2 mass state, making it 
colder 


➡The transition sweeps from low to 
high energies, in about a second

For IH, 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,⇥ )



If we observe this modulation

• We would be monitoring shock propagation in real time, measure its speed 
and the stellar density profile (-> the type of the progenitor star)


• Would immediately know the mass hierarchy


• Seen either in neutrinos or in antineutrinos, hence need both LAr and WC


• With both channels, by observing modulation in one while not in the other, 
can exclude the effect of thermal physics at the neutrinosphere.



But what about the region behind the shock?

• The resonance is potentially crossed more than once



Multi-d simulations show extensive turbulence 
behind the expanding shock

Blondin, Mezzacappa, & DeMarino (2002)



Update in Lentz et al, ApJ (2015)



Multi-d simulations show extensive turbulence 
behind the expanding shock

Foglizzo, Masset, Guilet, Durand (2012)



Neutrino signal at a few seconds

• Neutrino transformations depend on the how densities 
behind and in front of the shock compare.


• Can be even different for different directions in the 
same simulations.


• Needed: high-resolution simulations the explosion to 
several seconds!



Part III: Neutrino oscillations in turbulent matter

• In 3D, energy is pumped on large scales, dissipated on small scales


• Between these two scales (in the “inertial range”), a turbulent cascade is formed, 
carrying energy from large to small scales


• Fluctuations scale as a power law of their size 

• The relevant scales for neutrinos are tens of km (neutrino osc. length) and shorter


• These are not going to be resolved directly, but the existence of the cascade 
could be verified in a good simulation


• Given the cascade the problem can be treated analytically, see Friedland & 
Gruzinov, astro-ph/0607244



What are we looking for?

• Time-varying modulation of the signal, neutrinos vs antineutrinos

Modeling 
multiangle 
collective + 
shock and 
turbulence 

by A. F. 

Detector 
model by K. 
Scholberg

7–154 Chapter 7: Core-Collapse Supernova Neutrinos

Figure 7–5: Observed ‹e spectra in 34 kton of LAr for a 10 kpc core collapse, representing
about one second of integration time each at one second intervals during the supernova cooling
phase. The solid line represents the best fit to a parameterized pinched-thermal spectrum. Clear
“non-thermal” features in the spectrum that change with time are visible, on the left at around
20 MeV and on the right at around 35 MeV. Error bars are statistical. These features are present
only for normal mass hierarchy.

for their presence, whether that is as a direct background with the capacity to obscure the
supernova neutrino signal or as a systematic e�ect in energy calculations.

The radioactive background budget will have many components, each of which will fall into
one of two categories: intrinsic radioactive contamination in the argon or support materials,
and cosmogenic radioactivity produced in situ from cosmic ray showers interacting with the
argon or the support materials. The former is dependent on the materials comprising the
detector itself, and is therefore independent of far detector site depth. The latter is strongly
coupled to the cosmic ray flux and spectrum, so any depth dependence to the background
model will play a role here. Both of these background categories are of course in addition
to the direct energy depositions from cosmic rays themselves and associated showers. Those
have been discussed and well-studied elsewhere, so we will simply refer to their existence
here.

7.3.1 Intrinsic Backgrounds

Intrinsic backgrounds in the far detector come from the radioactive material that is ubiq-
uitous in the materials comprising the detector (both active and instrumentation/support
materials), the cryostat, cavern walls, and dust. The isotopes of interest will largely be “the
usual suspects” in experiments where radioactive backgrounds must be controlled: 232Th and
238U (and their associated decay chains), 40K, and 60Co. In addition to these, there will also
be a large component from 39Ar, which is present in natural argon harvested from the atmo-

Scientific Opportunities with LBNE

LBNE Science document, 
arXiv: 1307.7335v3 (April 22, 2014)



Neutrino “self-refraction”
• Neutrinos undergo flavor 

conversion in the background 
of other neutrinos

• The neutrino induced 
contribution depends on the 
flavor states of the 
background neutrinos

• One has to evolve the 
neutrino ensemble as a whole

• Very rich many-body physics, 
with  many regimes 

3

Hamiltonian,

HFCNC =

√
2GF n2

2

[

const +

(

ϵ′ ϵ
ϵ −ϵ′

)]

, (4)

where GF is the Fermi constant and n2 is the number
density of scatterers in the medium.

As a toy example, consider a beam of electron neutri-
nos incident on a thin slab of matter of thickness L made
of FCNC interacting particles, as illustrated in Fig. 1.
Assume that the neutrino masses are sufficiently small so
that the effects of vacuum oscillation can be neglected.
The flavor conversion rate in the slab can then be found
using the following straightforward physical argument.
Let f be the amplitude for an electron neutrino to scat-
ter as a muon neutrino in a given direction on a particle in
the target. If the scattering amplitudes for different tar-
get particles add up incoherently, the flux of muon neutri-
nos in that direction is ∝ Ns|f |2, where Ns is the number
of scatterers. In the case of forward scattering, however,
the scattering amplitudes add up coherently and, hence,
the forward flux of muon neutrinos is ∝ N2

s |f |2. Indeed,
in the small L limit Eq. (4) gives

PFCNC
νe→νµ

≃ ϵ2(GF n2L)2/2 , (5)

which has the form PFCNC
νe→νµ

∝ N2
s |f |2, since ϵ ∝ f . No-

tice that by choosing a small L limit we were able to
ignore the secondary conversion effects in the slab, i.e.,
to assume that for all elementary scattering events the
incident neutrinos are in the νe state.

To summarize, for small enough L, the flavor conver-
sion rate due to coherent FC scattering in the forward
direction is proportional to the square of the modulus of
the product of the elementary scattering amplitude and
number of scatterers. This quadratic dependence on Ns

is what makes the coherent forward scattering important
even when the incoherent scattering can be neglected.

Notice that exactly the same arguments apply if one
considers the usual flavor-diagonal matter term due to
the electron background in a rotated basis, for instance,
in the basis of vacuum mass eigenstates. In this basis,
the matter Hamiltonian has off-diagonal terms, resulting
in transitions between the vacuum mass eigenstates.

B. Neutrino background: physical introduction

We seek the same description for the case of neutrino
background. Let us therefore modify the setup in Fig. 1
and replace the slab by a second neutrino beam, such
that the neutrino momenta in the two beams are orthog-
onal (see Fig. 2). To keep the parallel between this case
and the FCNC case, we will continue to refer to the orig-
inal beam as “the beam” and to the second beam as “the
background”. The neutrinos in each beam can be taken
to be approximately monoenergetic [31]. We again as-
sume that the neutrino masses are sufficiently small so

"Beam"

"Background"

νe

νe νµ

νx = cos ανe + sin ανµ
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that, although flavor superposition states could be cre-
ated outside the intersection region, the effects of vacuum
oscillation inside the intersection region can be neglected.
Any flavor conversion that takes place in the system is
therefore due to neutrino-neutrino interactions in the in-
tersection region.

Let us first compute the amount of flavor conversion
in the beam using Eqs. (1,3). The conversion is expected
because of the presence of the off-diagonal terms in these
equations. The result depends on the flavor composition
of the background. If the background neutrinos are all
in the same flavor state

νx = cosανe + sinανµ (6)

and their density is n2, the Hamiltonian for the evolution
of a beam neutrino takes the form

H =
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2GF n2
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const +

(

cos 2α sin 2α
sin 2α − cos 2α

)]

. (7)

3

Hamiltonian,

HFCNC =

√
2GF n2

2

[

const +

(

ϵ′ ϵ
ϵ −ϵ′

)]

, (4)

where GF is the Fermi constant and n2 is the number
density of scatterers in the medium.
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nos incident on a thin slab of matter of thickness L made
of FCNC interacting particles, as illustrated in Fig. 1.
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PFCNC
νe→νµ

≃ ϵ2(GF n2L)2/2 , (5)

which has the form PFCNC
νe→νµ

∝ N2
s |f |2, since ϵ ∝ f . No-
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that the neutrino momenta in the two beams are orthog-
onal (see Fig. 2). To keep the parallel between this case
and the FCNC case, we will continue to refer to the orig-
inal beam as “the beam” and to the second beam as “the
background”. The neutrinos in each beam can be taken
to be approximately monoenergetic [31]. We again as-
sume that the neutrino masses are sufficiently small so
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that, although flavor superposition states could be cre-
ated outside the intersection region, the effects of vacuum
oscillation inside the intersection region can be neglected.
Any flavor conversion that takes place in the system is
therefore due to neutrino-neutrino interactions in the in-
tersection region.

Let us first compute the amount of flavor conversion
in the beam using Eqs. (1,3). The conversion is expected
because of the presence of the off-diagonal terms in these
equations. The result depends on the flavor composition
of the background. If the background neutrinos are all
in the same flavor state

νx = cosανe + sinανµ (6)

and their density is n2, the Hamiltonian for the evolution
of a beam neutrino takes the form
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Simplest toy problem 
• Start with neutrinos of different energies, all initially in the same 

flavor superposition state cosθ0 |νe> + sinθ0 |νμ>

• Take the self-coupling to be large initially (much larger than the 
vacuum oscillation terms for these neutrinos).

• Gradually relax the self-coupling to zero. What is the final state of 
this system? 
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Simplest toy problem: 
spin picture

~S

~Hvac(E⌫)

decrease
self-coupling

• as self-coupling is gradually taken to zero, spins 
align or anti-align along the external field

~si(E⌫)

~si(E⌫)



SN ν oscillation 
cartoon again
ν-sphere Collective

turbulence

front shock

“regular MSW”

νe νμ ντ

νe νμ ντ
_ _ _



Part IV: collective oscillations

• Collective oscillations are usually computed for a fixed moment in 
time


• A single such calculation by itself is already a serious computing 
project 


• Question: can’t the changing conditions in an evolving supernova 
lead to interesting modulations of the signal by collective 
oscillations, just like the shock/turbulence effects?



Yes, and here is an explicit example

• t=1.2 s



Yes, and here is an explicit example

• t=1.4 s



Yes, and here is an explicit example

• t=1.6 s



Yes, and here is an explicit example

• t=2.0 s



Different pattern in the mass basis (for aficionados)

• t=1 sec



Different pattern in the mass basis (for aficionados)

• t=2 sec



Development of the 
oscillations
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What does this mean for detection?

SNOwGLoBES, Ar17kt, 
stock smearing matrices 



Detection in LAr 101



MARLEY Simulation by UC Davis 
group (Credit: S. Gardener et al)
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Different observed spectra, 
depending on what’s detected



So, what’s the strategy?

• One can supply experimentalists a library of oscillated fluxes


• choosing simulations with different interesting time signatures encoded


• They can then process them under different detector performance 
assumptions


• Energy resolution, efficiency as a function of energy, different reconstruction 
abilities (only electrons, also some de-exitation gammas, also some 
neutrons, etc)


• See if this is different from another possible extreme scenario: complete 
incoherent mixture of all flavors (for example, due to fast collective oscillations)


• You contributions very welcome here!



Final thoughts

• Supernova neutrino burst contains in it imprints of the developing explosion


• You may see when the shock stalls and restarts, what happens in the post-shock 
region, different patterns of collective oscillations, etc


• Having both LAr and WC is essential to read these signals


• Need a library of benchmark scenarios to assess how detector performance affects 
physics that can be extracted


• No Standard Supernova model. The plan is to use the data to tell us what 
happens. The question is how to read the signal and what characteristics of 
the detector are desirable


• Decisions now will affect what we will see for SN2025 


