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Introduction



Why study Earth'’s Interior?

Knowledge of the
composition and inner
structure is essential for
understanding basic
geological phenomena,
such as volcanology,
earthquakes, plate
tectonics, and mountain
building.

Among other
applications are the
extraction of minerals
and the location of oll

fields.




Mains sources of information
o

COLAZ Seismic Waves generated by the 2002
PFO-Z Denali Fault, Alaska, Earthquake
CTAO-Z Screen capture from Alan Jones' Seismic
DRl Waves program, which is freely available
LBTB-Z from his web site.

AK: 2002 Denali Earthquake, Alaska — ourface
Nov. 3, 2002

22:12:41 g A — S A
Depth: b5 T L
Mag: 7.9 < b : PFO

Mantle:
SSPA:_/

Outer . Core:

dnner. h

Earth Cross-Section




Earth Model



Earth’s inner structure
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Our Model

14

12

10

p [g/cm?3]

1I0NS.

o,
N N I S N Y N R O S N N S B N B B N N B N
I N [ T NN N N TR NN N N NN MO MO NN N N M A N A

A A N T N TN N N N T T N NN NN NN N AN N TN T N O I I O I
1.000 2.000 3.000 4.000 5.000 6.000 7.000
r [km]

55-layer approximation of the PREM profile
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Mg = §szi(R?+1 — R}) = Mic + Moc + My, + My, + Mc = 5.9724 x 10*" g
i=1

(1)
= Irc + Ioc + Ly, + Iy, + Ic = 5.9724 x 10** gcm?
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Table 1 Compositions of the main Earth layers

Layer n? of shells Rinf - Rsup [km] Z/A

Inner core 7 0-1221.5 0.4691
Outer core 13 1221.5-3480 0.4691
Lower mantle Ny, —21 3480—R 1, 0.4954
Upper mantle 49-N 1, Ry, —6346 0.4954
Crust 63466371 63466371 0.4956




Our Model

To modify the densities of the outer core and the lower and upper mantle, we multiply the densities of all
shells within each of these layers by the respective rescaling factor, f ... ,fM1 and,sz.This is done in such a

way that neither M_ nor I_changes.

M :MIC‘|‘focMoc‘|‘fM1MM1 ‘|‘fM2MM2‘|‘MC

(2)
[@ — [IC T focloc T fMllMl -+ fM2[M2 - Ic

Equating Egs. (1) and (2), we obtain the following homogeneous system of linear equations:
OocMoc + 5M1MM1 T 5M2MM2 = 0, (3)
500100 - 5M1]M1 - 51\42]1\42 = 0,

Where 0, = for — 1. 0y, =/, — L. and 9,, =
core, lower mantle, and upper mantle, respectively.

M, 1 are the relative changes of the densities in the outer
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The value of the radius R, set the

we can change the number of shel

position of the boundary between the regions M, and M, and by varying it

I

s within each of these layers. This in turn modifies the values of MMlz and L,

and makes the quantities 51,2 dependent on RMl. The above graphs show the relative changes in the densities of

layers M, and M, as a function of the relative change in the density of the outer core for three different

positions of the boundary between M, and M,.



Atmospheric neutrino oscillations



tau neutrino

D\

Neutrino oscillation in matter

cosmic rays

When neutrinos propagate in a medium, the coherent

forward scattering with electrons is different for v, and v, _,

resulting in different refraction indexes for the electron
neutrino and the other flavors.

Consequently, neutrino oscillations can be modified in
matter compared to oscillations in vacuum, and new
resonance enhancement effects appear.

These effects are sensitive to the density and composition
of the medium, and we will take advantage of this to
examine the inner parts of our planet through the oscillation
of atmospheric neutrinos.

i



Let a neutrino v, that enters the solid terrestrial matter at time 7,. At any time ¢ > 1, the state of
the system |w(?)) can be expressed as |y(f)) = A 1, t) |w(ty)), where |y(ty)) = |v,) and
GZA[(I, Iy) is the evolution operator. The probability of having a neutrino of flavor f inside the Earth,
at adistance ¢ ~ t — 1, (h = ¢ = 1) from the entry point, is

Pyo—vy (0) = |Uga (0)|7 (4)

d o~ s ~
Mantle Z@Z/f(é) — H(Z) (8) (5)
Outer Core H(¢) = UHoU' + Vo (0)Y (6)
"""" U = Og3TO13015 (7)
Voo = \/iGFne(f) — \/iGF Iir(f) i(g) (8)

R;. (Inner Core’s radius)
-------- Ry (Outer Core’s radius)

R, (Mantle’s radius)
Re (Earth’s radius) Hy = diag((), A21, Agl) Y = diag(l, 0, O)
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Neutrino events and test of
Earth’'s composition
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Sensitivity zones
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Results and final comments
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Inverted Ordering



°(V/Z)

—
T T ] T T T [ T T T [ T T T [ T T 1 o
i NANN = =~ |
oNoNoNoNe
— | | | | I || —
SO 8T %
[ Qoumnomno 1o
— =M=l M -
| | | I | I ||
B QOO -
B I - 7
RN 13
S — nUp]
L \\\l‘ll i )
Rl 3
u -7 _ el
7 — ~
R o M
- \ —
e -~ -
B J \\\ 4 O
e / <)
- \s \\ \\\\\l
ss Y \\\\\
- / /7 - -
’ /7 e
¢ V4 \\\
- ~\ \\ \\\\ al
U4 4
a / / 1o
~§ \ ~~ Or
B / / ; i
H / ‘
o | I H _
H | H
o I | i _
H I :
IR I N A T [ NN N A -1 MO N N OV AN M B L1 o
— o0 O < N o
o < < < Q
o o o o
[am] °°H
S o ©
n._lm =
ed X O
O) QQ C o
O C - (q0] a
v © O QO
T O Y -
> = 0 c 9O
L 0% 0O w
5 o8 23
P »w O
c 8 € O ?
= 0 O X
O 9 = ¢
® c 0°
L - =
O
I I I O R i o
i A+ 15
B A I_Mr
- A A -
i A i
Q
u aOo _
Y
| ) . S
)] n -
| c | M
lm Om
- b -
5.0 -
. g = i
w S
i mnmmJ IENEEENE . «F i
B k“.'m ++ A 15
wnu +HHH <
I al —
©J8 U <)
n n S TR
u - _
u .. _
e b b b b b b b 1 S
SR S S S S R
S © o v ¢ ¥ & "N o

a=0.1

llllllllllllllllllllllll
II-.

—— T e

— e — il P

0,6 —

_

N =
LY

~

1,4

_
>
S
[ VOUO-S1e3A0T 1

D"’ layer

T
- l\\\\\ -
- I‘\\\ III-_
I’\\\ llllllll \\\\ —
R n _
N=H

B QOO )
B n i .
— ST & —
u | _
u | _
u I _
e
i oo by by by by |

A N = * 2

~ ~ Qo o

[ VYOUO-SIEdA0T ] ®

0,4 0,5 0,6 0,7 0,8 0,9
(Z/A)p-

0,3

0,2

18

0,5 0,6

0,4

N
S

(Z/A)p-



Conclusions

« We have studied the possibility of conducting an oscillation tomography of the Earth based on the
matter effects on the flavor oscillations of atmospheric neutrinos.

- Using the u-like events in a generic large Cherenkov detector as physical observables and making a

Monte Carlo simulation of the energy and azimuthal angle distribution of these events, we tested
possible variants with respect to a geophysical reference model with the densities as given by PREM
and a different composition in the outer core and lower mantle.

» As seen in the previous graphs, an experiment like ORCA has somewhat limited potential to reveal

the Earth's non-standard composition and density. This worsens at 2 and 3 ¢ and for the inverted
ordering.

- We paid particular attention to the D" region. Since the thickness of this remote interface between
the rocky mantle and the iron core is relatively thin, changes in density and composition have little
effect on our observable.

- Clarifying other questions about neutrinos' properties can improve this spectroscopy technique. The
most favorable scenario is when we have a normal mass ordering and 6,; = 45°.
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