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Solar Neutrino Puzzle
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Less neutrinos detected on earth than emitted
by the Sun (30% a 2.5)

4

Transport of neutrinos from central Sun

Distribution of energy of the neutrinos

Interaction cross sections between neutrinos
and detectors 4
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HELIOSEISMOLOGY
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Unique discipline to check the hypotheses of
stellar modelling »

Since 1970, important progresses
GOLDEN AGE with SOHO satellite since 1995

jw constraints on-rotation, magnetic fields

e

agd mixing . “

resent informations on thégolar eore

x »
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Radio emission

Core

Thermonuclear reactions
Coronal loops 14.000.000 K
- Prominence .
Radio radiations ,.!j/’
3 ) icles _ _ o~
SRR pavie Bright spots and short lived magnetic regions

X and v radiations




(F=7)DSM - DAPNIA
PROGRESS IN SOLAR (STELLAR) INTERIOR

MODELLING
. Astero
#+  Theoretical assumptions based on > (Heliﬂseismology: Very ambitious
gravity, electromagnetism, weak or ~ task -

strong interaction

-r }.J . » L .

>  Advanced physics: atomic, Verification of the assumptions

nuclear, plasma physics |
| ' >~ (o beyond the minimal hypotheses,

%

> One dimensional calculatibn | effect of rotation and magnetic field
showing the great stages of evolution,
- static star - >~ Static vision -> Dynamical vision

—

- Observations: colours, '
- photospheric abundances | } Where are we and why 2
>

1 o
;}fn mass, radius, age

Sylvaine TURCK-CHIEZE IAU2000 August,7th 2000



Equations de structure

i S N
t=0 : arrivée sur la
séquence principale

e = e e
'rHypg[hégeq- ) rFlﬂgré*::!iﬂ:-:fzr*ats du code: |
-équilibre hydrostatique -équation d'etat
-pas de perte de masse -opacités
-symétrie sphérique -abondances
_-réactions nucléaires

-pas de rotation |
-pas de champ magnétique
-abondances initiales # surfacd

\ | ' _ ¥ ‘t=t+d t\

Résolution des équations
T(r), p(r), M(r),
P(r), &(r), Xi(r) "

de structure
lux de neutrinos
Oscillations solaires

, |
t=4.5 109 ans : L=Lobs 7
R=Rops ?
— —
Eq hyd: - dP/ dr = - M(r) G /r2 p
Cons masse: dM/dr =4rn r2p :
Eq thermique: dL/dr =4nr2p(€pucl - TdS/dt)
Régime radiatif: dT/dr = -3/4ac kp(r)/ 4mr2

Régime convectif: dT/dr (rz-1)/r2 T/P dP/dr
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I'IG. 2. This figure is adapted from Pig. 9 of Arpesella et al. (1997), a recent paper by the
LUNA Collaboration. The measured S(F) factor for the “He(®He, 2p)*He reaction is shown and a
fit with a screening potential U, is illustrated. The solar Gamow peak is shown in arbitrary units.
The data shown here correspond to a bare nucleus value at zero energy of 5(0) = 5.4MeV b and
a value at the Gamow peak of S(Gamow Peak) = 5.3 MeV b.
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S, [eV-b]

140 |- 7Be (p, 'y)" BB _m
¢ Parker(1968)
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"Be(p,y)°B

o~ 45 -
L0 :
| 40 . fit Descouvemont up to 1.4 MeV
- _fit Barker up to 1.4 MeV
- fit Csoto up to 0.5 MeV
)
30

10
- ‘ - SRR E——
0 0.2 0.4 0.6 0.8 ] 1.2 1.4
Ecm (MeV)

from Hammache et al. 1999

S(0) = 19.2 +- 1.3 keV.b
S(18 keV) = 18.8 keV.b

Extrapolation must be constrained by the quadrupole moment measurement

Screening effect
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Fi1G. 3.—Comparison of the screening factors given by the various formalisms for the (p, '*N) reaction, in central stellar conditions, vs. the screening strengtn
parameter A; f, is 554 WS, f_. is the extended WS, f(0) is Mitler's prescription, fgvy and fgp, are respectively SVH and GDGC screening, and f,(r) is the
enhancement factor obtained with radial-dependent formalism. '
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FiG. 4—Same representation as in Fig. 3, for the (p, "Be) reaction.
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DEVIATION FROM MAXWELLIAN DISTRIBUTION

Many physical mechanisms can lead to a depletion of the i
Maxwellian tail at high energy : | )
E JEY
f(E) o< ﬂ{- i ﬁ:] ]
IS 10'3 T I T . T "|T e o
oEl/ KT eb AVE
1.0 107

50104

0010°C 1
0 2

and

() = 5aFen(9)

With : kT =1, E, =10, 8 = 0.01

Eos = 0.87 Eo
AE; = 0.77 AE

G(Eos) = 0.37 G(Eo)
(ri2)s=030ry;



Feor for some reactions of the p-p chain
At T=15 10°K

20

1.5
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Turck~ - 20
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(Leibacher et al 1985 )

Soleil objet a symetrie sphérique_
développement en terme d'harmoniques spheriques :

Xf,m,n-( r.D, ¢5 1) = Xl,m,n (r)Ylm(QE ¢)€_iwl,m,nf

mode repéré par 3 nombres quantiques :
- 1: degré du mode. |

-m: -1 < m < +] .Ordre azimutal.

- n: ordre radial



Sensitivity of the modes to the solar structure

Acoustic modes: sensitivity to the surface, 5% to the nuclear core

0.0 0.2 0.4 0.6 0.8 1.0
' r/Re

Gravity modes: sensitivity to the nuclear core, 75% from the nuclear core
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Saclay, September 1999
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WHICH ACCURACY DO WE NEED ?

ATIT=+13% AWPL=+34% A cle=-9%

T T T I T T T I T T T I T T T I

= - = = t=08x10" ans

- t=to

ll.l.llll.l.lll.ll.ll]

I_ll_l_ll.ll.llll lllll!llllllll]'l]]lllll
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From SuperKamiokande

Neutrino detection/Neutrino prediction = 0. 5
AT/T=2% =>Aclc=1% orless accuracy about lif !

Av core/v tot=1-5%

Turck-Chieze, Brun, Garcia, Venice 1999
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Table I. Sensitivity of the sound speed to the physical processes

Ac? /¢? variation

Quantity variation

T 1 % 1% £ —

K 1 % 0.1 %

X Fe 4 % 0.1 %

X’He 25% 0.1 %

(p,p) reaction rate 1% + 0.1%

(3He, 3He) reaction rate -25 % -0.1 %

(3'He, 4He) reaction rate -25% +0.2%

(p, ' Be) reaction rate 10% cfione> i
(p, 10) reaction rate v  -50% - 0.1-0.2 % just at the center
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- 2.— Relative differences between (a) the square of the sound speed and (b) the density
uced for the Sun using the GQLF/MDI frequencies described in section 3 and those of
rrent Saclay solar models. The models are: Reference model (continuous curve), model
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Figure 1. a) Internal rotation profile from MDI ér&m Kosovishev et al. 1997). b) Sound speed square
difference between the Sun seen by GOLF + MDI instruments aboard SOHO and solar models. The

full line corresponds to a reference model where the microscopic diffusion is included, the other models
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Turbulent Convection in Rotatln? Spherical Shells
(A S. Brun Unlverslty of Colo

rado)
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CEEIDSEM -DAPNIA

Impact of magnetic field on neutrinos ?

> Measurement of the magnetic field : 20 kG just below the
phostosphere

>~ Base of the conveétive zone : <10° G

>> Tubes of fluxes on the limits of the supergranulation
cells: about 4kG, everywhere at the surface

>~ Above the magnetic field spreads everywhere

. L] -
g B « 4 -'"'.E;! ‘5{?
. b i .I"’-J

t
1

= " During activities: CME idem, but more localized

CEA/DS ‘Hd PN1 SAp | Sylvaine Turck-Chiéze, IAP, November 15th 2000
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15 channel spectrometry on Na D1 sodium line Ce—:] m d m

D1 Livingston (786) 4 smooth.: 25 mA core: .050 S Ap
D1 Becker et al.(76) 10 mA 25 mA 056 |
memmmns | 1 e T T T T .
-250 0 +250 m/s
50 m/s # 1 mA | C-shape _
. ..
Photosph.
1 altitude
0.6 [-
- | ~60 km
) 1 ~100 km

0.4 |
I | 5 | ~150 km
1 : C-shape dué] to
| = |4 4 granulation

02 |- \ ~200 km

| 1 :
: | - ,}h - romosphe | ~300 km
 2km/s # 40 mA| | > |

bt T J
«— 500 km

-20 -10 D 10 km/s

1

CEA/DSM/DAPNIA/SAp | R&T Modes-G Tenenfe 2-6 October 2000 2



CE0) DSM - DAPNIA
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5 Aband pass filter
centered on 5875 A.
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APS (Active Pixel

Sensor) detector

1

Tenenfe 2-6 October 2000

R&T Modes-G

CEA/DSM/DAPNIA/SAp
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=ddington. Stellar evolution
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~Habitable planets




Eddington
Two Major Science Goals

*kliable tested theory Detection of habitable
stellar evolution to be  Earth-like planets - their
iEcd In astrophysics frequency and properties

% es of stars, structure, Properties of other planets
dgemical evolution and planetary systems

ellar oscillations Planetary Transits
iSteroseismology

21gh precision long duration photometry from space




