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From the initial to the present Sun
Known solar data

- Sun is very ordinary star of average mass and in H-MS since about 4.6 Gy.

Solar properties

Quantity Value Method

Mass (1.9891 & 0.0004) x 103% g Kepler's 359 Taw

Radius 695, 508 & 26 km angular diameter plus distance

Luminosity (3.846 £ 0.01) x 10%? ergs~—"  solar constant

Effective temp. 5TT94+2 K Stefan-Boltzmann law

Z[X 0.0245 £ 0.001 meteorites and solar spectrum

0.0165 (new determination)

Age 4.57 4+ 0.02 Gyr radioactive decay in meteorites
Base Brepth of conv. env.  0.713 £ 0.001 R helioseismology

Env. helium content 0.246 4 0.002 helioseismology

- One of the current hottest topics in solar physics: solar abundance Z.

From the initial to the present Sun
Known solar data

Element GN93  AGS05 meteorites

H 12.00 12.00 825
C 8.55 8.39 7.40
N 797 7.78 6.25
(o] 8.87 8.66 8.39
Ne 8.08 7.84 -1.06
Na 6.33 6.17 6.27
Mg 7.58 7.53 7.53
Al 6.47 6.37 6.43
Si 7.55 7.51 7.51
S 721 714 7.16
Cl 5.50 5.50 5.23
Ar 6.52 6.18 -0.45
Ca 6.36 6.31 6.29
Ti 5.02 4.90 4.89
Cr 5.67 5.64 5.63
Mn 5.39 5.39 5.47
Fe 7.50 7.45 7.45
Ni 6.25 6.23 6.19
Z/X 0.0245 0.0165

- One of the current hottest topics in solar physics: solar abundance Z.




From the initial to the present Sun
Known solar data

Asplund et al. (2009) solar composition —» Zg,,= 0.0134

Z Z.] X,
Caffau et al. (2009) 0.0156 +£0.0011  0.0213
Houdek & Gough (2011) | 0.0142 4+0.0005 0.0186
revised: Asplund et al. (2009) 0.0134 0.0181
Grevesse & Noels (1993) 0.0179 0.0244
old: Grevesse & Sauval (1998) 0.0169 0.0231

- One of the current hottest topics in solar physics: solar abundance Z.
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From the initial to the present Sun

. o mixing-length
Choosing the initial solar model

parameter o

-With M, R, L, T and “Z” known (measured) we have to assume values for Yand

2 free parameters
- Finding a solar model for given Z/X, Mg,Re, Lo, Terr@ and age tg:
start solving (numerically) stellar equations in complete equilibrium for trial values of Y and ¢,
evolve model until “given” solar age tg,
repeat evolution run with new values for ¥ and « until model @t matches Rg and Lg,

L

1l o i.e. until finding a ZAMS model B such that
Ll © C

after tg (= model C) will match the observed Sun (D);

lg

changing « leads to a (small) change of R (almost only);

changing Y changes u and consequently L~z4.
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From the initial to the present Sun From the initial to the present Sun

mixing-length A standard solar model
parameter o

Z/X=0.0245 (Grevesse & Noels 1993).
-With M, R, L, T and “Z” known (measured) we have to assume values for Yand

Choosing the initial solar model

Re, Lo agree within 1 part of 10

2 free parameters t.uc (linear evo- @t=28.3 Myatransient  pre main-sequence
lutionary path) convective core develops  contraction on the

- Finding a solar model for given Z/X, Mg,Re, Lo, Tefre and age te: 4570 because of & thermal timescale t
: . L o . lg UL, / o0/ «
start solving (numerically) stellar equations in complete equilibrium for trial values of Y and ¢, 25 . S o
evolve model until “given” solar age tg, ) 0.00—
repeat evolution run with new values for Y and « until model @t matches Rg and Lg, 2.0 1
[ i 6
Partial derivatives of column quantities . 1.5 —jozs age tin10°y
oL D f t (ts) solar model initial values [T [TTITprTT]
Il & ¢ or a present (fg) solarmodel -G, 1.0 = 377 376 375 374
tm/Hp Yi~ 27 0.5 -
L/Lg 0.038 8.515 -38.60 '
B R/RG -0.129 2.019 -7.05 0.0 emerging radiative core
Y (Z/X)/(Z/X)a| 0.043 0.523 56.0 slows down evolution
‘7_,__}}“ ZAMS for TTT T[T T T T[T T T T[T T T T[T 17T
v slightly 3.75 3.70 3.65 3.60
— g T different Z

<« IgT
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Solar evolution Solar
R, evolution
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Solar Solar
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From the initial to the present Sun
A standard solar model

Z/X=0.0245 (Grevesse & Noels 1993). X; = 0.7058, Y; = 0.2743,

and Z; = 0.0199.

Z/X=0.0282.
Element abundance in a solar model
3
0.8 X=0.7377
c
e
8
v: ] Z,/X:=0.0282+2/X=0.0245
é 0.4+ 3He x 100 due to settling (diffusion) of Z
B 1zx10 &
X=0.3387, ____________.__.‘.'_____@
1 n 7=0.0181
0.0 T T T T >

00 02 04 06 08 1.0
m/M

From the initial to the present Sun

A standard solar model

T rises by > 102 >90% of L is
>80% of M within outer reached within
within 40% of R 20% of R inner 20% of R

m IgT € L,

/R g=——>
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Results from helioseismology Results from helioseismology

Non-radial modes
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Results from helioseismology

Inversion techniques

Results from helioseismology
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Observed solar frequencies Observed solar frequencies

4000
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v (uHz)

m-averaged frequencies from MDI instrument on SOHO
1000 o error bars

m-averaged frequencies from MDI instrument on SOHO
1000 o error bars
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Results from helioseismology

Inversion techniques (sound speed)
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Results from helioseismology

Inversion techniques (density)
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Results from helioseismology Results from helioseismology
Relativistic electrons in the Sun Relativistic electrons in the Sun
0.004 . B 0.004 5 Including relativistic effects f\ B
0.002 . 0.002 - .
= 0.000F ] 5 0.000 :
—0.002F ] ~0.002| -
0.004F ] ~0.004 .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
r/R I‘/R
Elliot & Kosovichev (1998; ApJ 500, L199) Elliot & Kosovichev (1998; ApJ 500, L199)
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Classical pulsating stars (Delta Scutis, Cepheids)

How stellar evolution and pulsation can improve macrophysics

0.80

0.75

Hl/HO

0.70

0.651

[ o) Slcutis
[t

N
~
new opacities® |
including nearly all  ~~
bound-bound states >
- of heavy elements
OPAL (1992)

-1 0 1
log 11, (days)

Christensen-Dalsgaard, Petersen (1992)

10/12/2016

se?/c?

0.030 F
0.020
0.010F

0.000F

Results from helioseismology

Solar abundance of heavy elements

(Sound speed)? difference

Sun - model
g .
i € revised (Asplund et al. 2005)
0.0 0.2 0.4 0.6 0.8 1.0

Christensen-Dalsgaard et al. (2010)
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Solution: opacity changes?

dlnk

0.05F

0.00L

Change needed to recover
GN93 model

6.4 6.6 6.8 7.0

logT

Opacity contributions

0.25F .

dlnk /0lnX,;
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Solar neutrinos

maintain charge balance

Hydrogen burning/. (conserve lepton number)
(a)ppchain:  4'H — *He + 2™ + 20y no 4-body reactions—»sub-reactions

{ H+ g - 2H +et+ v, (controlled by weak interaction) —» 14 % 1()” ¥
2H+IH-—>3HC+7 6s

105y 3He+ *He -»*He +2'H 3He + *He — "Be ++

(ppl) ‘/\
Qpp1 = 26.73 — 2 x 0.263 MeV

1'Be+t:_—>-"Li~i»V(: 7Bc+1H—+8B+'y

"Li+ 'H — *He + ‘He 8B - ®Be+et +u,
_____ (z ;32_)_ - 8Be — “He + *He
Qppa = 2647 —0.80MeV  — T T T T T T T T
! B (ep3)
Qpp3 = 2647 — 7.20 MeV

Neutrinos

Neutrinos, they are very small.

They have no charge and have-no mass
And do not interact at all. near

The earth is just a silly ball

To them, through which they simply pass,
Like dustmaids down a drafty hall.

At night, they enter at Nepal

And pierce the lover and his lass

From underneath the bed—you call

It wonderful; | call it crass.

—John Updike

From TELEPHONE POLES AND OTHER POEMS
(Knopf) © 1960, 1988 John Updike.
Originally in The New Yorker. All rights reserved.
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Solar neutrinos

Neutrino Flux
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Solar neutrinos Solar neutrinos
(Chlorine experiment) (Super-Kamiokande detector)
37 - 37 Uses scattering of neutrinos on electrons in WATER
v+ ' Cl—>e + 7 Ar

in a tank of 50 000 tons of water!

380 000 liter C,Cl,
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PERKAMIOKANDE DETECTOR Elctronics i i
I Facio Catching Neutrinos
About once every 50 minuires, a neulring interacts in the detector
chamber, generating Cherenkow rackation. This cptical equivalent of
f kght that is registened on the
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nos interacted and in which direction

at line the
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thay were hoaded.

Access
Control tunnel
room (2 kmj

12.5 million gallon
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Mountains fiter cut other signals
that mask neutrino detection.

Afew neutrinos interact
within the huge tani of super
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cone of light.
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Solar neutrinos
(Super-Kamiokande detector)

Uses scattering of neutrinos on electrons in WATER

in a tank of 50 000 tons of water!

Experiment sensitive to neutrinos with energies
> 6.5 MeV, i.e. mostly 8B neutrinos
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Neutrino-oscillations

Ve <> Uy <> Ur

Produced neutrinos: ve
Detected neutrinos:

e 37CI, " Ga : e

® HQOI Ve
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Solar neutrinos (neutrino oscillations)
Mikheyev-Smirnov-Wolfenstein (MSW) effect

Sudbury Neutrino Observatory (SNO, Canada)

s | measures high-energy neutrinos (8B) through
@WAN. reactions with deuterium (2H) in heavy water.

Two relevant reactions with 2H:

1) sensitive only to v, (charged-current reactions)

(2) sensitive to all three types (neutral-current react.)

l

Comparison of (1) with (2) provides measure
of flavour change between v, v.and v,.

Measurements agree with solar-model
predictions within error bars
(Ahmad et al. 2002).
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Neutrino overview

Total Rates: Standard Model vs. Experiment
Bahcall-Serenelli 2005 [BS05(0P)]
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