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Abstract

The high-statistics observation of the neutrino signal from a future
galactic supernova (SN) may beusedto discriminate betweendi�eren t
neutrino mixing scenarios. Since the 
a vor-dependent di�erences of
the emitted neutrino spectra are small and rather uncertain, such a
discrimination hasto rely on observablesindependent of poorly known
SN parameters. We discusstwo complementary methods that allow
for the positive identi�cation of the masshierarchy without knowledge
of the emitted neutrino 
uxes, provided that the 13-mixing angle is
\large" (sin2 #13 � 10� 5). These two approachesare the observation
of a modulation in the neutrino spectra due to Earth matter e�ects
or due to the passageof shock waves through the SN envelope. If
the value of the 13-mixing angle is unknown, using additionally the
information encoded in the prompt neutronization � e burst might be
su�cien t to �x both the neutrino hierarchy and to decidewhether #13

is \small" or \large."

1 In tro duction

Despite the enormousprogressof neutrino physics in the last decade,many
open questionsremain to be solved. Among them are two, the masshier-
archy { normal versus inverted massspectrum { and the value of the 13-
mixing angle #13, where the observation of neutrinos from a core-collapse
supernova (SN) could provide important clues[1, 2, 3]. The proliferation of
existing or proposedlarge neutrino detectorshas considerablyincreasedthe
con�dence that such a SN neutrino signal will eventually be observed with
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high-statistics. However, in contrast to terrestrial experiments, large uncer-
tainties associated with the neutrino 
uxes produced inside the SN makes
a straight-forward extraction of the neutrino mixing parametersimpossible.
While the di�erent interaction strength of � e, �� e and � x = f � �;� ; �� �;� g with
matter guaranties that their 
uxes arenot identical, the exactextent of these
di�erences variesin di�erent simulations. Therefore,only featuresin the de-
tected neutrino spectra that are independent of unknown SN parameters
should be usedin such an analysis.

The two most promising sourcesfor such features are the detection of
modulations in the neutrino spectra causedby the Earth matter or by the
passageof shock waves through the SN envelope. In the �rst case,matter
e�ects on SN neutrinos traversing the Earth give rise to speci�c frequencies
in the energyspectrum of theseneutrinos, which are analytically known and
dependonly on the neutrino propertiesand the distancetraveledthrough the
Earth [4, 5]. In the other case,the passageof the SNshock wavesthrough the
density regioncorresponding to resonant neutrino oscillationswith the atmo-
sphericneutrino massdi�erence imprints speci�c time- andenergy-dependent
modulations on the neutrino energyspectrum [6, 7], di�cult to be mimicked
by other e�ects. Only the amplitude of both modulations, and thus the
statistical con�dence to detect them, dependson how di�erent the emitted
neutrino 
uxes are,while the speci�c shapeof the modulations is independent
from the 
uxes.

Case Hierarchy sin2 #13 Earth Shock � e burst
A Normal >� 10� 3 Yes No No
B Inverted >� 10� 3 No Yes Yes
C Any <� 10� 5 Yes No Yes

Table 1: The presenceof Earth-matter and shock wave e�ects in the �� e

spectra and the � e burst for di�erent neutrino mixing scenarios.

In the following sectionswe will concentrate on three di�erent neutrino
mixing schemes(A, B, C), cf. Tab. 1, where modulations by Earth or SN
shock e�ects are clearly separated. For an inverted hierarchy and interme-
diate valuesof the 13-mixing angle,10� 5 <� sin2 #13 <� 10� 3, both e�ects can
be present. In this case,modulations by Earth and SN shock e�ects even
o�er the possibility to restrict the rangeof #13.

If at the time of the SN detection the valueof #13 is known to be \large,"
then the neutrino masshierarchy canbe identi�ed observingthe modulations
inducedeither by the SN shock wave propagation(caseB in Tab. 1) or by the
Earth matter e�ects (caseA). If the value of #13 is still unknown and Earth
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matter e�ects are observed, an ambiguity betweencaseA and C exists. In
sec.4, we discusshow this degeneracycan be broken using the information
from the prompt � e neutronization burst.

2 Iden tifying signatures of the SN shock
wave propagation

The neutrino spectra F� i arriving at the Earth are determined by the pri-
mary neutrino spectra F 0

� i
aswell asthe neutrino mixing scenario,F� i (E; t) =

P
j pj i (E; t)F 0

� j
(E; t), where pj i is the conversion probability of a � j into � i

after propagation through the SN mantle. The probabilities pj i are basi-
cally determined by the number of resonancesthat the neutrinos traverse
and their adiabaticity. Both are directly connectedto the neutrino mixing
scheme. In contrast to the solar case,SN neutrinos must passthrough two
resonancelayers: the H-resonancelayer at � H � 103 g/cm3 corresponding to
� m2

atm , and the L-resonancelayer at � L � 10 g/cm3 corresponding to � m2
� .

Whereasthe L-resonanceis always adiabatic and in the neutrino channel,
the adiabaticity of the H-resonancedepends on the value of #13, and the
resonanceshows up in the neutrino or antineutrino channel for a normal or
inverted masshierarchy respectively [1].

During approximately the �rst two secondsafter core bounce, the neu-
trino survival probabilities are constant in time and in energy for all three
casesA, B, and C. However, at t � 2 s the H-resonancelayer is reached by
the outgoingshock wave, seethe left panelof Fig. 1. The way the shock wave
passagea�ects the neutrino propagation strongly depends on the neutrino
mixing scenario: casesA and C will not show any evidenceof shock wave
propagation in the observed �� e spectrum, either becausethere is no reso-
nancein the antineutrino channelas in scenarioA, or becausethe resonance
is always strongly non-adiabatic as in scenarioC. However, in scenarioB,
the suddenchange in the density breaks the adiabaticity of the resonance,
leading to observable consequencesin the �� e spectrum.

The key ingredient to observe signaturesof the shock wave propagation
is the time and energydependenceof the neutrino survival probability. In
the right panel of Fig. 1, we show �p(E; t) � p�� e �� e averagedwith the energy
resolution function of Super-Kamiokande, for the casewith a forward and
a reverseshock. The latters forms when a neutrino-driven baryonic wind
develops and collides with the earlier, more slowly expanding SN ejecta.
Although the exact propagation history depends on the detailed dynamics
during the early stagesof the SN explosion, a reverse shock forms in all
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Figure 1: Left: Shock and reverse-shock propagation. The density pro�le
is shown at the indicated instancesafter core bounce. The density region
� H corresponds to resonant neutrino oscillationswith the atmosphericmass
di�erence, � L to the solar one [7]. Right: Survival probability �p(E; t) as
function of energyat di�erent times [7].

models which were computed with su�cien t resolution [7]. The presenceof
two shocks resultsin a dip in �p(E; t) at thoseenergiesfor which the resonance
region is passedby both shock waves. All these structures move in time
towards higher energies,asthe shock wavesreach regionswith lower density.

A useful observable to detect e�ects of the shock propagation is the av-
erage of the measuredpositron energies,hEei . In Fig. 2, we show hEei
together with the onesigmaerrors expectedfor a megatonwater Cherenkov
detector and a SN in 10 kpc distance, with a time binning of 0.5 s: Both
panels contains the casethat no shock wave in
uences the neutrino prop-
agation, the caseof only a forward shock wave and of both forward and
reverseshock wave. The left and right panelsshow two di�erent models for
neutrino 
uxes: G1 assumesdi�erent averageenergiesof the emitted neu-
trinos, hE0(� x )i =hE0( �� e)i = 1:2, and similar 
uxes, � 0(� e)=� 0(� x ) = 0:8,
while G2 assumesidentical energy spectra, hE0(� x )i =hE0( �� e)i = 1, and
� 0(� e)=� 0(� x ) = 0:5.

The e�ects of the shock wave propagationareclearly visible, independent
of the assumptionsabout the initial neutrino spectra. Moreover, it is not
only possibleto detect the shock wave propagation in general,but also to
identify the speci�c imprints of the forward and reverse shock versus the
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forward shock only case.The signatureof the reverseshock is its double-dip
structure comparedto the one-dip of a forward shock only. To study the
dependenceof the double-dip structure on the value of #13, we show hEei
as function of time for di�erent 13-mixing anglesin the left panel of Fig. 3.
Even for assmall valuesas tan2 #13 = 5 � 10� 5 the double-dip is still clearly
visible, while for tan2 #13 = 1 � 10� 5 only a bump modulates the neutrino
signal.

Figure 2: The averageenergyof �� p ! ne+ events binned in time for a static
density pro�le (magenta), a pro�le with only a forward shock (red) and with
forward and reverseshock (blue). The error bars represent 1 � errors in any
bin, from Ref. [7].
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In the right panelof Fig. 3, weshow the number of events binnedin energy
intervals of 10 MeV as function of time for the caseof a reverseshock. We
can observe clearly how the positions of the two dips changein each energy
bin. It is remarkable that the double-dip feature allows one to trace the
shock propagation: Given the neutrino mixing scheme,the neutrino energy
�xes the resonancedensity. Therefore, the progressof the shock fronts can
be read o� from the position of the double-dip in the neutrino spectra of
di�erent energy. Thus, the observation of shock wave e�ects doesnot only
identify caseB (inverted hierarchy, large#13), but givesalsoaccessto physics
deepinside the SN.

3 Earth-matter e�ects

During the �rst two secondsafter post-bounce, during which roughly half
of all neutrinos are emitted, the dependenceof the probability to reach the
Earth on the neutrino energyE is very weak. However, if neutrinoscrossthe
Earth before reaching the detector, pij may becomeenergy-dependent and
induce modulations in the neutrino energy spectrum. These modulations
may be observed in the form of local peaksand valleys in the spectrum of
the event rate � F D

�e plotted as a function of 1=E. Thesemodulations arise
in the antineutrino channelonly in casesA and C. Thereforeits observation
would excludecaseB. This distortion in the spectra could be measuredby
comparing the neutrino signal at two or more di�erent detectorssuch that
the neutrinos travel di�erent distancesthrough the Earth before reaching
them [2, 8]. However theseEarth matter e�ects can be also identi�ed in a
singledetector [4, 5].

The net �� e 
ux at the detector may be written in the form

F D
�e = sin2 #12F 0

�x + cos2 #12F 0
�e + � F 0

7X

i =1

�A i sin2(ki y=2) ; (1)

wherey is the \in verseenergy"parametery � 12:5 MeV=E, � F 0 � (F 0
�e � F 0

�x )
dependsonly on the primary neutrino spectra, whereasthe �A i depend only
on the mixing parametersand are independent of the primary spectra.

The last term in Eq. (1) is the Earth oscillation term that contains up
to seven analytically known frequencieski in y, the coe�cien ts � F 0 �A i being
relatively slowly varying functions of y. The �rst two terms in Eq. (1) are
alsoslowly varying functions of y, and hencecontain frequenciesin y that are
much smaller than the ki . The frequencieski are completely independent of
the primary neutrino spectra, andcanbedeterminedto a good accuracyfrom
the knowledgeof the solar oscillation parameters,the Earth matter density,
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Figure 3: Left: Time dependenceof hEei for a pro�le with a forward and
reverseshock for several valuesof tan2 #13 as indicated. Upper: Number of
events binned per energydecadeas function of time for forward and reverse
shock, from Ref. [7].
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Figure 4: Upper: Realistic power spectrum from a single simulation [5].
Lower: Comparisonof p95 as a function of nadir angle � using a \
oating
cut" as discussedin Ref. [5] for a 32 kton scintillator (SC) and a megaton
water Cherenkov (HK) detector.
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and the position of the SN in the sky [5]. The latter can be determinedwith
su�cien t precision even if the SN is optically obscuredusing the pointing
capability of neutrino detectors[9].

The power spectrum of N detectedneutrino events is

G(k) �
1
N

�
�
�
�
�

NX

i =1

eik yi

�
�
�
�
�

2

: (2)

In the absenceof Earth e�ect modulations, G(k) has an averagevalue of
one for k >� 40. The region k <� 40 is dominated by the \0-p eak," which is
a manifestation of the low frequency terms in Eq. (1). Identifying Earth
e�ects is equivalent to observing excesspower in G(k) around the known
frequencieski , cf. Fig. 4. The area under the power spectrum betweentwo
�xed frequencieskmin and kmax is on an average(kmax � kmin ). In the absence
of Earth e�ects, this areawill have a distribution centered around this mean.
The Earth e�ect peakstend to increasethis area. The con�dence level of
peak identi�cation, p� , may then be de�ned asthe fraction of the areaof the
background distribution that is lessthan the actual areameasured.

In the right panelof Fig. 4, weassumethe modelG1 for the neutrino 
uxes
and comparethe results obtained with a 32 kton scintillator detector and a
megaton water Cherenkov detector. In the latter case,as neutrinos travel
moreand moredistancein the mantle the peakmovesto higher k values,and
due to the high k suppression,the e�ciency of peak identi�cation decreases.
When the neutrinos start traversing the core, additional low k peaks are
generatedand the e�ciency increasesagain.

The identi�cation of Earth matter e�ects excludescaseB, and it thus
complementary to the observation of shock wave e�ects.

4 Neutronization � e burst

The possibleambiguity between casesA and C cannot be resolved by the
observation of Earth matter e�ects alone, if the value of #13 is unknown.
In this case,the additional information encoded in the � e neutrinos emitted
during the neutronization burst might �x the range of #13 as well as the
neutrino masshierarchy.

The neutronization burst lasts about 10 millisecondsand reachesa peak
luminosity L � 1053 erg/s. Despitethis enormousluminosity, the duration of
the burst is soshort that the number of events expectedis small. Moreover,
the uncertainty of SN models is still so large that this number has a rather
large incertitude [10]. However, the time-dependenceof the peak is rather
model-independent [11], seealso the left panel of Fig. 5.
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The observation of the neutronization � e burst as a tool for determining
the neutrino parameters o�ers also one important advantage: during the
burst, the SN is emitting essentially just neutrinosof one
a vor, � e. Thus the
observation of such a peak in a detector sensitive to � e via chargedcurrent
reactions, like SNO or liquid Ar detectors, would rule out caseA (where
p� e � e � 0) [11, 12].

For an identi�cation of the neutronization burst, it is necessaryto follow
the time evolution of the peak,insteadof simply consideringthe total number
of events in the early-phaseof the SN: the latter is too model-dependent
and should be thereforenot usedas observable. Binning the events in time
requireshowever a largeenoughnumber of events, and thereforewe consider
instead of SNO the caseof a megatonwater Cherenkov detector.

Main background to the reactionwe are interestedin, elasticscatteringof
� e on electrons,areinversebeta decays �� ep ! ne+ . It canbestrongly reduced
by using a cut in the forward direction and/or by tagging it with Gadolin-
ium. The irreducible background comesfrom the other elastic scattering
reactions on electrons,namely from � x via neutral current and �� e. There-
fore we consideras observable the number of all elastic scattering events on
electrons.

In the right panelof Fig. 5, weplot the number of elasticscatteringevents
in �v e time bins for two SN models with 13 and 25M � progenitor masses,
and for the casesA and C. Although all neutrino 
a vors contribute to the
observable, the method turns out to be rather powerful in disentangle A and
C: While in the caseC a clear peak structure is visible, with a signi�cant
decreasein the number of events in the fourth bin, in caseA this structure
is practically absent.

Thus the detection of the neutronization � e peak breaksthe degeneracy
betweenA and C for unknown #13. The model-dependenceof the absolute
valuesof the neutrino 
uxes can be avoided, if enoughevents are observed
so that the peak structure of the neutronization burst can be resolved.

5 Summary

A reliable determination of neutrino parametersusing SN neutrinos should
be independent from our poor understandingof the primary neutrino 
uxes
produced inside the SN. Earth-matter e�ects and the passageof SN shocks
through the H-resonanceboth introduceunique modulations in the neutrino
energyspectrum that allow onetheir identi�cation without knowledgeof the
primary neutrino spectra. While the observation of Earth-matter e�ects in
the �� e energyspectrum rulesout caseB, modulations in the �� e time spectrum
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Figure 5: Upper: Neutrino luminosities as function of time for di�erent
progenitor masses,from [13]. Lower: Event number expected in megaton
water Cherenkov detector binned in time.
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identify caseB. If the value of #13 would be know to be large, then the
neutrino masshierarchy would be identi�ed. Otherwise, the detection of the
neutronization � e peak can break the remaining degeneracybetweenA and
C.
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