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Earth effects on supernova neutrinos and their implications for neutrino parameters

Keitaro Takahashi
Department of Physics, University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan

Katsuhiko Sato
Department of Physics, University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan
and Research Center for the Early Universe, University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan
(Received 9 October 2001; published 19 August 2002

We perform a detailed study of the Earth matter effects on supernova neutrinos with neutrino oscillation
parameter LMA and smalp,;. The Earth effects show significant dependences on the neutrino path length
inside the Earth and the value Afnfz. We investigate rather optimistically the possibility that we can probe
the value ofAmZ, by the Earth effects. We assume tifigj and the direction of the supernova are known with
enough accuracy and that the resonance that occurs at higher density in supernova envelope is completely
nonadiabatic. Further the neutrino spectra before neutrinos go through the Earth are assumed to be known.
Then we show that, making use of these dependences, we can obtain an implication for the mﬁgw
comparing the observed energy spectrum to the predicted one. When SK detects neutrinos from supernova at
10 kpc which traveled through Eartimadir angle<80 °), Amf2 can be determined with an accuracy of
~10%. In much of the neutrino-detection-tindan?, plane,Am3, might be determined with an accuracy equal
to or better than-0.5x 10" %eV?2,
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I. INTRODUCTION angle(LMA), small mixing anglgSMA), low Am? (LOW),
and vacuum oscillatiofivVOs):
A type-ll supernova is a prodigious source of neutrinos.

Almost all of the binding energyE,~10°® erg, is radiated (LMA)AmZ~(1-10)x10 °eV?,
away as neutrinos. These neutrinos carry information about
both the core collapse process and intrinsic properties of the Sinf265~0.7~0.95, 2
neutrinos. In fact, the detection of the neutrino burst from SN
1987A[1,2] induced a number of studies on these areas (SMA)AmZ ~(4—10)x 10 %eV?,
[3-6].
Neutrino oscillation, which is confirmed by the observa- Sinf2605~(2~10)x 103, 3
tions of solar and atmospheric neutrinos, can affect the en-
ergy spectrum of the supernova neutrino drastically. Neutri- (LOW)Amé~(O.5— 2)x 10" "eV?,
nos of all flavors are produced in the high dense region of the
iron core[7] and interact with matter before emerging from Sinf26,~0.9~1.0, (4)
the supernova. The presence of nonzero masses and mixing
in vacuum among various neutrino flavors results in strong (VO)Améw(O.G— 6)x 10 1%\?,
matter-dependent effects, including conversion from one fla-
vor to another. Hence, the observed neutrino flux in the de- sif260,~0.8~1.0. (5)

tectors may be dramatically different for certain neutrino fla-

vors and for certain values of mixing parameters, due tqror 6,5, the mixing angle between mass eigenstatevs,
neutrino oscillation. Similar matter effect occurs in the Earth,only upper bound has been known from reactor experiment
too. [12] and combined three generation analy€i8—15. Also

These oscillation effects on neutrino spectra depenghe nature of neutrino mass hierardmprmal or inverteglis
strongly on neutrino oscillation parameters: mixing anglesstill a matter of controversj16,17.
and mass spectrum. Some of them are firmly established but Supernova is a completely different system from solar,
others are not. All the existing experimental results on thestmospheric, accelerator, and reactor neutrinos in regard to
atmospheric neutrinos can be well described in terms of th@eutrino energy and flavor of produced neutrinos, propaga-
v, v, vacuum oscillation with mass squared difference andion length and so forth. Then neutrino emission from a su-
the mixing angle given bys8] pernova is expected to give valuable information that cannot
be obtained from neutrinos from other sources.

There have been some studies on the supernova neutrino
as an oscillation parameter prober. Dighe and Smifi@}
have studied the role the supernova neutrinos can play in the
In contrast, for the observed, suppression of solar neutri- reconstruction of the neutrino mass spectrum. Dettal.
nos four solutions are still possibl@—11]: large mixing [19] showed numerically that the events involving oxygen

2
AmGn,

~7%x10 %eV?, sirf26~1. (1)
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TABLE |. Sets of mixing parameter for calculation.

Model sirf26;, Sinf26,5 Sinf26,5 AmZ, (eV?) AmZ, (eV?) ve problem
LMA-L 0.87 1.0 0.043 7.¢10°° 3.2x10°° LMA
LMA-S 0.87 1.0 1.x10°8 7.0x10°° 3.2x10°° LMA
SMA-L 5.0x10° 2 1.0 0.043 6.¢10°° 3.2x10°3 SMA
SMA-S 5.0<10°° 1.0 1.0<10°® 6.0x10°° 3.2x10°3 SMA

targets increase dramatically when there is neutrino mixingwhere s;; =sin é; ,c;=cosé; for i,j=1,2,3(<j). We have

We have shown in our previous wofR0] that the degen- here put theCP phase equal to zero in the Cabibbo-

eracy of the solutions of the solar neutrino problem can bé&obayashi-Maskaw&CKM) matrix. InH(t), the first term is

broken by the combination of the SuperKamiokari®) the origin of vacuum oscillation, and the second tek(t),

and SNO detections of a future Galactic supernova. which is the only time-dependent term k(t), is the origin
The Earth effects have also been studied by several awf MSW effect.

thors. In our previous work21], we analyzed numerically

the time-_in_t_egrated energy sp_e(_:tra in a simple case gnd found || DETERMINATION OF NEUTRINO OSCILLATION

the possibility to probe the mixing angtg ;. Lunardini and PARAMETERS

Smirnov[22] performed a study of the Earth effects taking

the arrival directions of neutrinos into account and showed In this section we summarize our previous studies on the

that studies of the Earth effects will select the solution of theeffects of neutrino oscillation on supernova neutrino and

solar neutrino problem, probe the mixitd,; and identify ~ show that future detection of neutrino from Galactic super-

the hierarchy of the neutrino mass spectrum. In this papenova allows us to break the degeneracy of the solutions of

we perform a detailed study of the Earth matter effects orthe solar neutrino problem and to probBe;.

supernova neutrinos and show that the detection of Earth In Ref.[20], three-flavor neutrino oscillation in the star is

matter effects allows us to probﬁniz more accurately than studied. We calculated the expected event rate and energy

by solar neutrino observations. spectra, and their time evolution at the SuperKamiokande
(SK) and the Sudbury Neutrino Observatd§NO). For the
Il THREE-FLAVOR EORMULATION calculations of them, we used a realistic neutrino burst model

based on numerical simulations of supernova explosions
In the framework of three-flavor neutrino oscillation, the [7,23] and employed a realistic density profile based on a
time evolution equation of the neutrino wave functions canpresupernova mod¢PR4]. The distance between the super-

be written as follows: nova and the Earth was set to 10 kpc.
By solving numerically the differential equatio® from
Ve Ve the center of supernova to the outside of supernova, we ob-
i—| v, | =H®)| v |, 6) tained conv_ersion probabilitieB(v,_.z), i.e., probabilities
dt that a neutrino of flavowr produced at the center of super-

Vr Vr nova is observed as a neutrino of flaver We assumed

normal mass hierarchy and used four sets of mixing param-
0 0 0 eters shown in Table I. Herg,, andAmf2 correspond to the
H(t)=uU| O Am§1/2E 0 u? solutions of solar neutrino problem arigs andAm'f3 corre-
0 0 Amgl/ZE spond to the'solution of atmosphgric neu'grino problem. The
value of 6,3 is taken to be consistent with current upper
bound from reactor experimertl2]. These models are
named after their values of mixing angle: LMA-L means that
' @) 61, is set to be LMA of solar neutrino problem artd; is
large.

We then found that when there is neutrino oscillation,
where A(t) = V2Ggng(t), G is Fermi constantng(t) is  neutrino spectra are harder than those in absence of neutrino
the electron number densit:gs.mizj is the mass squared dif- qgcillation. This is because average energieg,aind v, are
ferences, andE is the neutrino energy. In case of an- gmaller than those of, (either of v,, v,, and their anti-
tineutrino, the sign ofA(t) changes. Here U is a unitary neytrinog, and neutrino oscillation produces high eneigy
83X 3 mixing matrix in vacuum and v, which was originallyr, . This feature was used as a
criterion of magnitude of neutrino oscillation. We calculated

€113 S12013 S13 the following ratio of events at both detectors:
U=| —S120237C12523513 C1C23~ 512523513  S2xCa13 |,
<
$1285237C12C23513  — C125237S12C23513  C23Ci13 number of events at 30E<70 MeV

) Rsk= umber of events at BE<20 MeV’ ©)
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FIG. 1. The plot ofRgk Vs Rgyo for all the modelg20]. The FIG. 2. The distance which neutrinos travel in the Earth as func-
error-bars represent the statistical errors. tions of the arrival time of neutrino burg22]. We assume a super-
nova which located in the Galactic center. We fixed) as the time
at which the star is aligned with the Greenwich meridian.
number of events at 25E<70 MeV g
Rsno= (10

humber of events at SE<20 MeV Another ambiguity is the direction of supernova. The tra-

jectories of neutrinos change according to the location of the
The plots ofRgk Vs Rgyo are shown in Fig. 1. The errorbars supernova, the position of the detector and the tiroéthe
include only statistical errors. The difference among the fol-day at which the burst arrives at the Eaf2g]. Figure 2
lowing three groups is clear{])LMA-L and LMA-S,  shows the dependence of the lengtbf neutrino trajectory
(2 SMA-L, and(3)SMA-S and no oscillation. on the timet for the three detectors SK, SNO, and LViis

In Ref.[21], the Earth effects on the energy spectra aréin unit of the diameter of the Earth. Neutrino trajectory can

studied using the result of Rf20]. For mass squared dif- also be described by the nadir angjeof the supernova with
ferences in Table I, the supernova neutrinos arrive at Earth ifrespect to the detector. In the next section, we perform a
mass eigenstates. This is because neutrino eigenstates witbtailed study of the Earth matter effect.
different masses lose coherence on the way from the super-
nova to the Earth. Since the eigenstates of Hamiltonian in
matter differ from the mass eigenstates in vacuum, supeiV. DETAILED STUDY OF THE EARTH MATTER EFFECT
nova neutrinos begin to oscillate again in the Earth. The

numbers of neutrinos of each mass eigenstates at the surfaceln tt?:s Zectlonoi we cor]c\c:tt:lntrgte tﬁn mct)tdel Lle/IAt-S arlﬂ d'g.’
of the Earth are determined by neutrino oscillation in theCUss the dependence of the arth matter eflect on the dis-

supernova21]. tance which neutrinos travel in the Earth akohf,. We con-

We analyzed numerically the time-integrated energy Spec§ider three detectors: SK, SNO, and LVD. But energy spectra

tra of neutrino in a mantle-core-mantle step function modeft SK and LVD in model LMA-L are the same as in model

of the Earth’s matter density profile. We assumed that neutMA-S, sin'ce most.of the events at SK and LVD are i.nduced
trino arrived at the detectors after traveling through the Earttpy ves which are influenced by the Earth matter in both

along its diameter. We then found that the Earth matter aftMA-L and LMA-S. The dependence oAm?, is expected
fects thev, spectrum significantly in model LMA-S an;le bgcause the oscillatiqn length in the Earth between mass
spectrum slightly in model LMA-S and LMA-L. In other €igenstatess; and v, is comparable {1000 km) to the
models, there are no significant Earth effects. We concludegliameter of the Earth in LMA-S modéP1]. ,

that we can differentiate LMA-L from LMA-S, by observing ~ Here we use the realistic Earth density prof#&], while

the Earth matter effect im. we gsed a steplike model in our previous wd K. By

Thus we can distinguish all the four models in Table 1.S0IVing Eq.(6) along the Earth density profile numerically,
But there are some ambiguities in addition to statistical erWe obtain conversion probability?, ., , i.e., probability
rors. One is the mass of the progenitor star. Supernovae witthatith mass eigenstate at the surface of the Earth is detected
different progenitor masses may result in different originalas neutrino of flavor. Then combining these probabilities
neutrino spectra and neutrino oscillation effects. Studies omith the result of neutrino oscillation in supernoj20], we
this point are now in progress. But dependence of shape afbtain neutrino flux and at each detector.
neutrino spectra on progenitor mass is not so la&%¢ and
we would still be able to distinguish the models.

Supernova model which we use does not consider rotation
of the progenitor star. In general, however, stars rotate SuperKamiokand€SK) is a water Cherenkov detector
through their lives and recent numerical simulation indicatesvith 32 000 ton pure water based at Kamioka in Japan. The
that the rotation facilitate supernova explosf@6]. Rotation  relevant interactions of neutrinos with water are as follows:
of the progenitor star can affect its density profile and the .
dynamics of the neutrino oscillation in supernova. vet+p—n+e” (CO), (17

A. Neutrino events at SuperKamiokande
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where CC and NC stand for charged current and neutral cur-
rent interactions, respectively. For the cross sections of these Energy(MeV)
mteSrlicitéoEcs)i g\?agl(;ft?Iret?]oRV\?[gSl to the unfortunate accident FIG. 3. Nadir angle dependence of energy spectrum at SuperKa-
. - . miokande. Neutrino oscillation parameters are set to the values in
[29] but is expected to be restored within the year. Since th(ren 2 _ 5 o2
- - odel LMA-S exceptAmi,=2X10"° eV-.
number of photomultiplier tube®MTs) will decrease to half
the original, energy threshold and energy resolution will be-
come worse. The detection efficiency is expected to be 90%

at 8 MeV[30]. In the above interactions, thep CC inter-
action[Eqg. (11)] has the largest contribution to the detected
events at SK. Hence the energy spectrum detected at S
(including all the reactionsis almost the same as the spec-
trum derived from the interaction E¢L1) only.

C. Neutrino events at LVD

The Large Volume DetectdtVD) in the Gran Sasso Un-
derground Laboratory is a observatory mainly designed to

udy low energy neutrinos from gravitational stellar col-
apse. LVD consists of two kinds of detectors, namely, liquid
scintillator, for a total mass of 1840 tons, and streamer tubes
for a total surface of about 7000 ?m

The bulk of events is due to the capture reaction
B. Neutrino events at SNO

Sudbury Neutrino Observatory(SNO) is a water vetp—nte’, n+tp—d+ ., yev- (21)

Cherenkov detector based at Sudbury, Ontario. SNO g her about 5% of the events are due to neutral current
unique in its use of 1000 tons of heavy water, by which both,eractions with2C which deexcites emitting a 15.1 MeV

the charged-current and neutral-current interactions can be_ Moreover, 3% of events are due to elastic scattering of all
detected. The interactions of neutrinos with heavy water ar%eutrino fla\;ors on electrons, and less than 1% to charged

as follows: . . — .
current interactions of, and v, with %C nuclei. For the
vetd—p+p+e  (CO), (17) cross sections, we refer to R¢82]. The appropriate detec-
tion efficiency curve is also taken into acco(igg].
vetd—n+n+et (CO), (18 _
D. Nadir angle dependence of energy spectra

ve+td—n+p+rv, (NC), (19 Figures 3, 4 and 5 shows the nadir angle dependence of
neutrino spectrum at SK, SNO, and LVD, respectively. Neu-

vy+d—n+p+v, (NC). (20
5 SNO N o ddirect

The two interactions written in Eq$17) and (18) are de- §4'j i 30 degres — _ —
tected when electrons emith€renkov light. These reactions § 35 60 degree —-—
produce electrons and positrons whose energies sensitive to & '3
the neutrino energy, and hence the energy spectra of elec- §
trons and positrons give us the information on the original 8§ 25
neutrino flux. In this work, we mainly take into account these & 2
two charged current interactions, since the number of neutral £ 1.5
current events does not change by neutrino oscillation. For @ 1
the cross sections, we refer to RE31]. The efficiency of 05 o
detection is set to be 1, because we have no information 0 ——

0 10 20 30 40 50 60 70

about it. energy(MeV)

The SNO detector has also 7000 tons of light water which
can be used to detect neutrinos. This can be considered to be FIG. 4. Nadir angle dependence of energy spectrum at SNO
a miniature of SuperKamiokand@2 000 tons of light wa- taking only CC events into account. Neutrino oscillation parameters
ter). Then the number of events detected by light water atre set to the values in model LMA-S exceptm:,=2
SNO is 7/32 of that at SuperKamiokande. X1075 eV2.
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FIG. 5. Nadir angle dependence of energy spectrum at LVD. FIG. 7. Amj, dependence of energy spectrum at SNO taking
Neutrino 050||Iat|02n param_egers are set to the values in modepnly CC events into account. Neutrino oscillation parameters are set
LMA-S exceptAmi,=2x10"> eV”. to the values in model LMA-S exceptm?,. Nadir angle is set to

trino oscillation parameters are set to the values in mode? '
LMA-S exceptAm3,=2x10"° eV2. Since the oscillation
lengths are comparable to the radius of the Earth, the Ear
effects are strongly dependent on the nadir angle.

tWe neutrino scattering on electrofi33,34. Other param-
eters of neutrino oscillation excepim?, are also assumed to
be known with enough accuracy. But in fagy; does not
affect the Earth matter effects armg; affects only the mag-
nitude of the Earth matter effects through the adiabaticity of
the H resonance in supernova enveldds]. If sin6,,

A. Method =107°, the H resonance is completely nonadiabatic for
broad range oAmZ, and in this case the Earth matter effects
do not depend on the value @f;. So what we need with
enough accuracy i8,, only if we assume the H resonance is
completely nonadiabatic.

V. AM%, DEPENDENCE OF ENERGY SPECTRA AND
DETERMINATION OF AM?Z,

Figures 6, 7, and 8 show thkemfz dependence of energy
spectrum at SK, SNO, and LVD. Neutrino oscillation param-
eters are set to the values in model LMA-S excAph?,.

. . o 2 . .
][\Iadw angle |s_”set'F o .O tﬁ The Iargélmlztresu_lttrs], N hlghtetr— th Comparing the observed neutrino spectra to the predicted
requency oscitation in the energy spectra with respect to %pectra of various values afm?,, we can determine the

energy. This is because the neutrino oscillation length is pro- 2 . . i
portional to the inverse afm?. value of Am{,. We perform Monte Carlo simulation to ob

As can be seen, there is significant dependence of tht@in the expected observed spectra at each detector. Here we
2 . . take statistical fluctuation in number of neutrino events and
Earth effect onAm7,. Making use of this dependence, we

. energy resolution of each detector into account. Energy spec-
can probeAmf?_ by the observations of the supernova neu- 9y gy sp

. 1 a are then binned according to the energy resolution. For
trino spectra more accurately than by the observations

. . ; o . the value of the energy resolution, we refer to R&g] but
solar neutrino, if neutrino oscillation parameters are as INhat of SK after restoration is expected to {2 times as bad
model LMA-S.

as before the accide80]. The energy resolution of each

We assume that the direction of the supernova is given b etector is shown in Fig. 9.

direct optical observations or by the experimental study o

450 - 35 P "
r direct direct
a0t SK 7 1*107(-5) VA2 — — . LVD 1*107(-5) VA2 — — .
— 4 3*10/(-5) eVA2 —. —~ 30 3*10/(-5) eVA2 —.
2 350 5*10%(-5) V"2 - - = 5*10%(-5) V"2 - -
s s 25
= 300 S
T 250 € 20
3 3
§ 200 § 15
< 150 =
c c
b g 10
> 100 >
()] ()] 5
50 s
s
% 10 20 30 40 50 60 70 %0 10 20 30 40 50 60 70
Energy(MeV) Energy(MeV)

FIG. 6. Ami2 dependence of energy spectrum at SuperKamio- FIG. 8. Amf2 dependence of energy spectrum at LVD. Neutrino
kande. Neutrino oscillation parameters are set to the values inscillation parameters are set to the values in model LMA-S except
model LMA-S exceptAm3,. Nadir angle is set to 0°. AmZ,. Nadir angle is set to 0°.
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7 2] TABLE Il. Properties of the detectors.
> -
S §f LT Detector SNO SK LVD
g 5 g Main event Ve, Ve Ve Ve
'-g at e e Number of event$10 kpg 300 10000 800
re) e Energy resolution <3 MeV <6 MeV <7 MeV
a | SK -~ LVD
@ 3 R L
T e
> 1 e
g 2 PRSI SNO AmZ,. The nadir angle is set to be 0 ° at each detector and
qC) 1 ,4.’--"' the x? method is performed with the data of each detector
4 only.
09 10 20 30 40 50 60 70 As can be seen, if t_he supernova occur atzthe direction
energy (MeV) which the nadir angle is 0 ° at SK or SN@mj, can be

determined with a high accuracy (460.07)x10 ° eV?
or (4.00£0.20)x10°° eV? in the case of SK and SNO,
respectively. However, in case of LVD, it is difficult to de-
termineAmZ,. The difference in the accuracy of determina-
The simulated spectrum is compared to the predictedion of Ami, is due to the difference in the properties of the
spectrum with a? method. The definition of the reducgd, detectors. Here the properties of the detectors mean the en-
which is a function with respect tam?,, is ergy resolution, the detectability of, and the number of
events.
Since the Earth effects are large i channel and rela-

tively small in v, channel, SK and LVD, at which most of

events ares,, are disadvantageous. But the statistical error is
very small at SK due to the large event numbet0 000(10
kpo), and SK is the most efficient to identify the Earth ef-
fects. SNO is also efficient due to its high energy-resolution
and detectability ofv, although the number of events is
small. Then LVD is not favorable for detecting the Earth
effects. The properties of the detectors are summarized in the
Table II.
It should be noted that the effectiveness of determining
We make 1000 “supernovae” and “observe” the neutrino AmZ?, depend on the value afm?, itself and nadir angle.
spectra assuming that the true value Afm?, is 4  These dependences are discussed in the following subsec-
X 107° eV2. Figure 10 show the representative results oftion.
AmZ, determination by the method described above. These
are relative frequencies that the observed spectrum is identi-
fied with the theoretical spectrum with the various values of

FIG. 9. Energy resolution at each detector: $6lid), SNO
(dotted, and LVD (dashed [22].

d sim__ njpre 272
amy= L3 MNP AT
dist NPamdy)

: (22

whered is the number of bins anN®™ andNP"{(Am?,) are
the simulated and predicted number of eventsitim bin,
respectively. TheAmZ, with the leasty?(Am3,) is consid-
ered to be the value determined by this method.

B. Representative results

C. Determination of Am?,

Figure 11 shows the relative frequencies at SNO
that the simulated spectrum based on the theoretical spec-

SK— trum with Am2,= 2 (solid), 4 (dashed, 6 (long-dashey
0.9 SNO ——— X 107° eV? is identified with the theoretical spectrum with
(Y > J— . 2 ) . N
0.8 t the various values ahm3,. The nadir angle is set to be 0°.
L true value 5 . S
0.7 When AmZ, is large, the oscillation in energy spectrum be-
0.6 comes rapid and then statistical errors make it difficult to
0.5 identify the Earth effect and determinemZ,. However, at
0.4 SK, its large number of events allows us to determing?,
0.3 rather accurately irrespective of the true valueMJlﬁf2 (Fig.

0.2 I 12)'. . . .
01t Al Figure 13 shows the relative frequencies at SNO at vari-
ST I B — e, ous nadir angles: 1%solid), 80 (dasheg, and 85 (long-

0 2 3 5 6 7

dashedl The value ofAmZ, is set to be 410> eV?. Since

FIG. 10. Relative frequencies that the simulated spectrum basedi€ oscillation length of 60 MeVw in Earth matter is

on the theoretical spectrum withm2,=4x10"° eV? is identified
with the theoretical spectrum with the various valued\af?,. The
nadir angle is set to be 0° at each detector andythenethod is

performed with the data of each detector only.

~6000 km[21], the Earth effects do not appear unless nadir

angle is smaller thanr-80 °.

Now we consider the problem of how accurately we can

determineAmZ, when the true value akm3, and the arrival
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FIG. 11. Relative frequencies at SNO that the simulated FIG. 13. Relative frequencies at SNO at various nadir angles: 15
spectrum based on the theoretical spectrum wicthnf2 (solid), 80 (dashed, and 85(long-dashel The value ofAmf2 is set
=2 (solid), 4 (dashed), 6 (long-dashed)0 ° eV? is  tobe4x107° eV2
identified with the theoretical spectrum with the various values of

2 H H o
Amg,. The nadir angle is set to be 80°. spectra to the predicted one. In much of the titmes,

lane,Am3, can be determined with an accuracy equal to or

etter than=0.5x10 ° eV?. When SK detect neutrinos
from supernova at 10 kpc which traveled through the Earth
(nadir angle<80°), Am3, can be determined with an accu-
racy of ~10%. This accuracy is amazing compared to that
rflzom current solar neutrino experiments, which determine
only the order ofAmZ,. But as we stated beforé;, and the

time of neutrinos are given? As discussed above, when th
nadir angle at SK is smaller than 8(fme = 0—8 and 19-24
h), the value ofAm3, can be determined accurately using
only the SK data irrespective of the value Afn?, in the
allowed region of the solar neutrino problem. When the nadi
angle is smaller than 80° at SNO and greater than 80° at S

. _ _ 2 . _
(tme =10 .19 b, the value OfAml? can be determlngd_ac direction of the supernova need to be known with enough
curately using only the §5NO ozlata if the true v_alueflm?lz IS accuracy. How much our results are affected by the uncer-
smaller than ~4x10°> eV®. However, if Ami,>4  tjinties of the other parameters will be our future work.
x10°° eV?, the single data of SNO is not sufficient. We Amiz can also be probed by KamLAND experiméas].
performed t_hen &* method combining data of various de- If the solution of solar neutrino problem is LMAAmf2 is
tectqrs for t'm.e: 8-19 h. . expected to be known by three-year data taking as precisely
Flgure214 is the contoqr map of the probability that theas by supernova neutrino discussed above. There is some
value Amj, can be diaéerm;ned with an accuracy equal to ofyggihility that we can know it from a Galactic supernova
better than=0.5<10 > eV". The probability is more than  pefore the completion of the KamLAND experiment. Even if

. . 2 . . .
0.7 for three fifths of the timeéxm, plane. the results of KamLAND experiment is earlier than future
galactic supernova, it is important to cross-check the results
VI. DISCUSSION AND CONCLUSION of ground-based experiments by astrophysical observations.

. . Furthermore, it is meaningful itself to notice that we can
In this paper, we performed a detailed study of the Earthobtain implication forAm? from supernova neutrino.

matter effects on supernova neutrinos with neutrino oscilla- . : .
tion parameter LMA and small,s. We showed that we can We assumed in this paper that the neutrino spectra at the

probe Ami2 accurately by comparing the observed energy

N
1 s Pt
%* Af_ A —_— ’ .
> 0.9 SK 2*10/\( 5) eVAZ = 7 '/!f 08———-
2 08 4"10°(-5) V"2 ---- 26 [1f 0.7 ———-
S 07 I 6*107(-5) gVA2 —=-- S 5 il o - - - -
o [ — l ! | IR —
D 06 ! \ = i\ 0.5
o 05 :" l“ o Y 0-4
£ 04 h i\ £ 3
@ 'R I [$)
© 03 ) ! [ % 2
02 ' I 1 : : : .
o L I I © Yo 5 10 15 20
' i s\ time (hour)
% 2 3 4 5 6 7 8 9
delta m*2 (107(-5) eV"2) FIG. 14. Contour map of the probability that the valkm?, can
be determined with an accuracy equal to or better thab5
FIG. 12. The same as in Fig. 11 for SK. X107% eV?.
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surface of the Earth were given. But since the original fluxes Furthermore, supernova neutrino spectra depend on the
based on the numerical supernova model have some amhiass of the progenitor star. However, we will be able to
guities, the sensitivity tamj3, might be worse than our es- reconstruct the neutrino fluxes at the surface of the Earth
timation. Estimation of uncertainties of the numerical super{from the data from the detector which detect the neutrinos
nova model is hard because there is currently no successfdlrectly from the supernova. Although the statistical errors
simulation other than that by the Lawrence Livermore groupthen become larger and the accuracy of the determination of
[23]. There are, however, some studies about the temperarm?, becomes worse, the Earth effects on the supernova
tures of the produced neutrinos. According to them, they argeytrinos will still give valuable information which cannot
typically [36], be obtained from the other neutrino sources.

(E,)=10-12 MeV, (E;)=14—17 MeV,
e €
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On the other hand, in the model that we used they are

(E,)~13 MeV, (E,)~16 MeV, (E,)~23 MeV,
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