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The Sun is the best known star

But we do not know its initial mass so
its real influence on the planets in
formation

We are not able to predict its degree
of activity of the next 20 years and its
real impact of the Earth environment

We do not explain up to now as we
will see the recent observations
without doubt ....

Nevertheless, its knowledge has
reached an impressive level that
transforms it in a real laboratory of
physics

Sylvaine TURCK-CHIEZE Observatoire de Paris 21/7/2011 2



Can it tells us something about dark
matter in stars ?
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Could we put some indirect
evidence from the precise
observation of the Sun?

or some limits on their properties ?

This idea appears in the eighties:
Spergel & Press 1985 at a time
where people was trying to solve
the “solar neutrino problem”

In this case it was CDM, it could be
also sterile neutrinos
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If WIMPs exist, they may be trapped
inside the stars

* If these particles exist and are present everywhere in
the Universe, they are also trapped in stars.

* Due their mass, they could migrate toward the stellar
centre with time and interact with the present nuclei,
very weakly.

 Depending on their interaction, they play a role of
conduction in the core and slightly cool the core of
OUR SUN in the real central region.



Today, and for the first time, we get a very
good knowledge of the solar core thanks to
neutrinos and first detected gravity modes

* The solar neutrinos: a good test of the central
temperature

* The gravity modes: a good test of the central
density

* The WIMPs properties constrained by Sun
observations



The solar neutrinos: a good test of
the central temperature of the Sun

4p ->‘He + 2e* +2v_+E

Ray Davis, Nobel Prize with
Koshiba in 2002
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Normalized flux (dFx/dr)

Boron neutrinos: 'Be+p ->°B +v_
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These neutrinos have been measured
extremely precisely this last decade
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SNO: For the first time the emitted
neutrmos have been ALL detected

5.27 +0.27+ 0.38 10° neutrinos/cm2/s

ES:v,+e-->v, +e-x=e-, U, T
CC: v,+D->p+p+e-

NC:v,+D->p+n+v,

SNO detects the sum of all the
emitted neutrinos coming from the
Sun and appearing on Earth in the
form of v, v, v,

SNO confirms also the
SuperKamiokande results

Ahmad et al. Phys, Rev. Lett, 7 (Ro01) 071301 + 2002,
Aharmim et al, 2008
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Are they easy to predict ? No

* Boron neutrinos are extremely dependent to
the detailed microscopic physics

Year Boron fux T.

bt

Problem solved

0

1988 38+11 156 0276 CNO opacity, "Be(p,~)

1993 44+1.1 1543 0.271 Fe opacity, screening

1998 4.82 15.67 0.273 Microscopic diffusion

1999 482 15.71 0.272 Turbulence in tachocline

2001 498 +0.73 1574 0.276 Seismic model

2003 5.07+£0.76 15.75 0.277  Seismic model +magnetic field

2004 3.98.+1.1 1554 0.262 - 30% in CNO composition
|:> 2004 5.314+0.6 1575 0.277 Seismic model + updated ingred.

SNO results 5.27 + 0.27 £ 0.38 (2004)

Turck-Chicze and Couvidat, 2011 Report in progress in Physics, 74
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So how to be sure of the number of
emitted neutrinos

Sylvaine

e Of course generally people

use the Standard Solar Model
(SSM) predictions but

* Are the equations of the SSM

representative of the real
Sun ?

e Certainly not

* Helioseismology can help
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SoHO satellite:

1995 -2015 !

Millions of acoustic
modes w ,,from the
surface down to the
core which allow to
reconstitute the
internal sound speed
In comparing them to
the modes calculated

by a model

KDy % <+ RS () op <r>
0

dr+Q, G(a)nl)




Extraction of the sound speed from
acoustic modes and compared to the
sound speed coming from models

0.03F
0.02F

0.01 |

§c?/c?

0.00F

—-0.01 f A
0.0 0.2 0.4 0.6 0.8 1.0

Turck-Chicze et al. 2001, 2004, Rasu et al.
009 Turck-Chicze et al. 2010

Red: SSM

Green: SSeM

seismic model

Using the same
equations than the
SSM but that
reproduces as properly
as possible the
observed sound speed



SSeM predictions agree with all the neutrino
detections but not the SSM predictions

Predictions without Predictions with
neutrino oscillation neutrino oscillation
HOMESTAKE 2.56 £+ 0.23 SNU
Standard model 2009  6.315 SNU 2.24 SNU
Seismic model 7.67 £1.1 SNU 2.76+0.4 SNU
GALLIUM detectors GALLEX 73.4 + 7.2 SNU
GNO 62.9 + 5.4 + 2.5 SNU
GALLEX + GNO 67.6 = 3.2 SNU
SAGE 65.4 +£ 3.3 £ 2.7 SNU
GALLEX+GNO+SAGE 66.1 + 3. SNU
Standard model 2009  120.9 SNU 64.1 SNU
Seismic model 123.4 + 8.2 SNU 67.1 + 4.4 SNU
BOREXINO "Be 3.36 + 0.36 10°cm2s™!
Standard model
Seismic model 4.72 10%cm 257! 3.045 + 0.35 10%cm 257!
Water detectors  Predictions or Detections B® electronic neutrino flux
SNO 5.045 + 0.13 (stat)+ 0.13 (syst) 10°cm?s!
SNO +SK 5.27 + 0.27 (stat)+ 0.38 (syst) 105cm~2s~!

Standard model 2009 4.21 + 1.2 105cm—2s~!
Seismic model 5.31 + 0.6 10%cm—2s~!

Turck-Chicze and Couvidakl, 2011 Report i progress in Physics, 74



NO BS/(NEXP)pred new

Could sterile neutrinos be forgotten ?

11
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arXiv:1101.2663 - It could be possible
Effect of about 7%
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But the real center is not really
explored by acoustic modes
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One has noticed that the central
temperature of SSeM is greater than
the central temperature of the SSM

Year Boron flux 1. Yo Problem solved

1988  38+1.1 156 0276 CNO opacity, "Be(p.~)
1993 44+1.1 1543 0.271 Fe opacity, screening

1998 4.82 15.67 0.27: Microscopic diffusion

1999 4.82 1571 0.272 Turbulence in tachocline
2001 498 +0.73 1574 0.276 Seismic model

2003 5.07 £ 0.7 ' 277  Seismic model +magnetic field
2004 3.98. + 62 - 30% in CNO composition
2004  5.31 77 Seismic model + updated ingred.

5.27 + 0.27 £ 0.38 (2004)

Can we confirm the sound speed profile near the center and the
supposed increase of the temperature thanks to gravity modes?
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* The gravity modes: a good test of

the central density
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GOLF french-
spanish instrument
aboard SOHO
Global Oscillations
at low frequency
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Dipolar gravity modes integrated on more
than 10 years: m=%1

Grarcia et al, 2007, Turck-Chicze et al. 2010, Grarcia et al.
2011

20007 " v i

6 detected modes in integrating the signal on at least 10 years: velocity of several mm/s



Comparison of model predictions and
GOLF observations
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The WIMPs properties constrained by
Sun observations

Cox, Guzik and Raby, 1990, Giraud-Herraud...Turck-
Chidze et al, 1990, Dearborin, Griest and Roffell, 1991,
Kaplan ... T-C et al. 1991

Lopes and Sillk, 2010, Apd, 722, LO§ and Science;
Taoso et al, 2010, ApY;

Turck-Chicze, Grarcia, Lopes, Sille et al, 2011, ApJlett
submitted



dN . T
X _C_ 2ANX ENX C: Capture rate .A. ann|h|lat.'|on
dt rate, E: evaporation rate, this last
R 5 dCl- term is negligible above 4 GeV
C = E4nf0 r dr
i dV WIMPs thermalize inside the Sun
Jc. | V2 within typically 1 day for a mass of
Lo Oy i Pi 1y Px 10 GeV ; 42 =270 km/s
l
dv M, Myv

Rapid equilibrium between capture
and annihilation

A= | (If e r>4mp(r)dr

Negligible evaporation

1/2 ]
kT (r) r dTy(r)
My, dr

Etrans = L d f(?‘)h(?‘)K(l’)NX(I”)l(}’)(
p(r) dr

Gould and Roffelt, 1990
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(mn)

P GOLF and P annih. WIMPS model —P SSM

Annihilation: o, = 10%/cm?
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CONCLUSION

* The core of the Sun is now scrutinized with both
neutrinos and gravity modes

 We do not see significant evidence for dark matter
through WIMPs interaction, if we would like to say

something on sterile neutrinos, one needs to reduce
the predicted fluxes below 5%, this could be possible

 We can already put some limits on properties of
WIMPs

M,> 10 Gev and 0;< 5 103°cm?



Interpretation of the present discrepancies
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More than 1000 stars are now studied through £ it et mgtln sur o B ool 2 Tutulntpumping o/ 8 tld o ochocirecr

structures by large scale (radial and latitudinal) shear in hacline (7 ga-effect”); 3" Surface shear

layer, Sub surface weather (SSW), surface dynamics of sun spot?; 4: Toraidal field hecames unstable to

asteroseismology, so one may find different cases to it or 2 longitudinal mscailty (Parker ), 5. Rise (i) rotson ) of aisto toroal swuctures;

6: Recycling of weak field in CZ or; 7: Emerg of bipolar at the sutface; 8: Internal waves
P ing in RZ and p ibly ing angular ;9: b ion b Ty indi !
I O O k fo r d a r k m a tt e r field and inner (fossil?) field in the tachocline along with shear, turbulence, waves, etc...
LR 10: Instability of inner field (stable configuration?) + shearing via omega-effect at nuclear core edge?

Is there a dynamo loop realized in RZ?
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