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(Standard) Solar models

Solar neutrinos
current status
origin of solar luminosity

Helioseismology
solar abundance problem
energy transport (opacity)
opacity — composition degeneracy

Near-term prospects for CNO neutrinos measurement
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Basic facts about the Sun

Luminosity - L 3.842x1033 erg/s
Radius - R 6.9598x101° cm
Mass - M 1.9891x1033 g
Age (solar system oldest 4.57x10° yr

meteorites) -t

Surface metal to hydrogen | 0.018 - 0.024
abundance ratio - (Z/X)

The Sun is a typical middle aged low-mass star
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Quantitative predictions: Solar models

Compute the evolution of a 1M stellar model
initial homegenous composition
evolve up to T

Adjust initial composition (two parameters) and one free parameter of convection to match

Luminosity - L 3.842x10% erg/s
Radius - R 6.9598x10%° cm
Mass - M, 1.9891x1033 g
Age (solar system oldest meteorites) | 4.57x10° yr

-1

Surface metal to hydrogen 0.018 - 0.024

abundance ratio - (Z/X)

Result: model of present day structure of the Sun — internal thermodynamic profiles
Two main ways to test models: solar neutrinos & helioseismology
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Hydrogen burning & solar neutrinos

4p -- > “He + 2v_ + 2e*
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Hydrogen burning — pp-chains

Several pathsto:  4p -- > “He + 2v_ + 2e*

|p+p—>2H+e++ve p+e-+p—>2H+ve|

‘H+p—>3He+y
Y I Y
I 3He +3He — “He + 2p I *He +“He —'Be +y I 3He +p —>“He +e* +v, I
‘Be+e-—7Li+v, ‘Be+p—=>28B+y
I ‘Li+p—2°He I I 88 — %Be* +e* + v, I
pp-chains ppl pplI pplIII Dominant in the Sun
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Hydrogen burning — pp-chains

Five different neutrino sources

PP |p+p—>2H+e++ve I

| pt+e+p—=>2H+y, I pep

99.76%

0.24%

‘H+p—>3He+y

84.6%

15.4% 2.5%10%

I

3He +3He — “He + 2p

I 1

He + “He —7Be +y I3He+p—>“He+e++ve I hep

i

99.89% 0.11%
Y
7Be | ‘Be+e-—7Li+v, I ‘Be+p—B+y
‘Li+p—2°He I 8B—>"Be’-‘+e++ve I 8B
ppI ppII ppIII
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Hydrogen burning — CNO-cycles

CNO-cycles — dominates at higher temperatures (more massive stars)
Marginal in the Sun

Three different neutrino sources
Catalyzed by C+N(+0O) abundance

13N
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H 13C+p > 14N+Y I

BN > BC+et+v, I

RC+p = BN+y

N

14N +p -> 150 +Y

505N + e+ v,

150

I 170 +p —>14N+4He H

F > Y0 +e*+ v,

I 17F

160 +p > UF +y

N

N +p ->12C +*He

> 15N +p > 160+Y




Solar neutrino spectrum

10"
Flux SFII-GS98 [cm_Qs_l}
1012 pp [i 060/0] pp 598 X 1010
» pep 1.44 x 108

10 hep 8.04 x 10
= 10" Be [+ 6%] "Be 5.00 x 10°
o .9 5B 5.58 x 10°
g 10 pep [+ 1%] 13N 2.96 x 108
< 108 0 2.23 x 108
= ; 17p 5.52 x 109
g 1 8 o
=R B [+ 12%)]
3 10
C
E 105 /
B /
» 10* i

3 hep [+ 30%]
10
102 _—
/I//
107 1 10

Neutrino energy [MeV]

IWDMS - 2018



50 years of solar neutrinos experiments

Homestake (Cl) Gallex/SAGE (Gl) t»

NZl No+ GeCl,
-

A\ NN |



Coming full circle

How does the Sun shine?
Which is the solar core temperature?

Radiochemical experiments

Solar vs as sensitive Kamiokande

probes of solar core

Solar neutrino problem

SuperK & SNO
v oscillations

Standard model(s) crises!

Helioseismic inference of
solar structure - agreement with solar models
—> Physics solution (circa 1996)
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Solar neutrino spectrum

Homestake

1013 >_
10" op [ 0.6%] Gallex/GNO - SAGE >

7
Be [+ 6%] Kam, SuperK, SNO

pep [+ 1%)]

®B [+ 12%]

Solar neutrino flux [cm? s]

hep [+ 30%)]

1
Neutrino energy [MeV]
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How does the Sun shine?

Probability

Global analysis of all solar v data
Parameters: solar neutrino fluxes and v oscillation parameters (Am2,,, 6,,, 6,5)

Non-solar v experiments providing info on oscillation parameters
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How does the Sun shine?

No luminosity constraint

fop = 1.04 £ 0.08 [F023]
free = 0.9740:05 [+0.12],
Foep = 1.05 4+ 0.08 [10-23]
fian = L7EEG [F16],
fisp = 061-81 (< 2.6],
firp < 15[47].

Probabiity B o rexino Global analysis of all solar v data
Be Parameters: solar neutrino fluxes and v oscillation parameters (Am2,,, 6,,, 6,5)
5 Non-solar v experiments providing info on oscillation parameters
=09
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How does the Sun shine?

Simple linear relation linking all neutrino fluxes to nuclear energy generation rate

o; depend only on Q values of reactions and shape of neutrino spectra

4 Xlt(} Z i ®
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How does the Sun shine?

Simple linear relation linking all neutrino fluxes to nuclear energy generation rate

o; depend only on Q values of reactions and shape of neutrino spectra
IlU.C Oé
(]
47(AU)? Z

Purely experimental result — no solar model information

(03]  and

Lpp—chaJn = 1. 03+0 08

LCI\O
+0.005 [+0.014
Lo ~0.07 = 0.008Z o4 [

L@ 0.007! -

Ly (neutrino-inferred) 104 [+0_07] [+0.20

—0.08] [—0.18

L

Bergstrom et al. 2016
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Latest results from Borexino

Data taking for more than 10 years

Observed neutrino spectrum — Caccinaga et al. 2018 (Borexino Collaboration)

a N
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Latest results from Borexino

Table 2 | Borexino experimental solar-neutrino results

Solar neutrino Rate (counts per day per 100 t) Flux (cm=2s-1) Flux-SSM predictions (cm~2s1) OSC' I Iatlon pa ra mete rS
pp 1344108, (6.14+0.53%) x 10'° 5.98(1.0+0.006) x 10'°  (HZ)

6.03(1.0+0.005) x 10 (L2) Normal Ordering (best fit)
Be 48.3+1.175% (4.99+0.117338) x 10° 4.93(1.0+£0.06)x 10°  (H2) bfp 1o 30 range

4.50(1.0+0.06)x 10° (L2 — o012

sin? 615 0.30670:013 0.271 — 0.345

pep (HZ) 2.43+0.36%913 (1.27+0.19759%) x 108 1.44(1.04£0.01)x 108 (H2) :

1.46(1.0£0.009) x 10°  (L2) 012/° 33.5610 77 31.38 — 35.99
pep (L2) 2.65+0.36'333 (1.39+0.19°59%) x 108 1.44(1.040.01)x 108 (H2)

1.46(1.0+£0.009)x 10°  (L2) sin? faz 0.44175:927 0.385 — 0.635
&Bherd 0.13673313+3953 (5.777388+812) x 10° 5.46(1.04£0.12) x 10°  (H2) s

4.50(1.0+0.12)x 105 (L2) 023/° 41.67775 38.4 — 52.8
EBheral 0.087+3:389+9.00% (5.56732293% x 10° 546(1.0+0.12)x 10 (H2) 5

20,010 064 . +0.00075

450(1.0£012)x 105  (L2) sin® 613 |0.021667000072  0.01934 — 0.02392
®Brer 0.2237381278.66¢ (5.6870337669 x 10° 546(1.040.12)x 10°  (H2) 013/° 8.461915 7.99 — 8.90

4.50(1.0+£0.12) x 10°  (L2) ,
CNO <8.1(95% C.L) <7.9 % 108 (95% C.L) 4.88(1.0£0.11)x 108 (HZ) _Ama 7.5010:19 7.03 — 8.09

3.51(1.0+0.10)x 108 (L2) 10-5 eV? -0
hep <0.002 (90% C.L) <2.2% 10%(90% C.L) 7.98(1.0+£0.30)x 10°  (HZ) AmZ, 0,030

8.25(1.0+0.12)x 10°  (L2) 10=5 oV +2.5247 5050 +2.407 — +2.643

Esteban et al. 2017

Experimental results after
accounting for v oscillations Borexino experimental result

Lyue(neutrino-inferred) _ 101 [ 40.09

Caccianaga et al. 2018 L —0.11
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How does the Sun shine?

Lyyuc(neutrino-inferred) _ 101 [ +0'09] Lyue(neutrino-inferred) _ 104 [ +0.07] [+0.20]

—0.11 —0.08] [—0.18

Lo Lg

Standard solar models

oL

Lo = om

—dm = / €nuc,v + gg)dm /Enuc,udm — L@ — Lnuc
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How does the Sun shine?

Lyyuc(neutrino-inferred) _ 101 [ +0'09] Lyue(neutrino-inferred) 104 [ +0.07] [+0.20]

—0.11 —0.08] [—0.18

Lo Lg

Standard solar models

oL

Lo = om

—dm = / €nuc,v + gg)dm /Enuc,udm — L@ — Lnuc

But, what if there is an energy source/sink not recognized in standard solar models ...

L@ — / (EIIUC,I/ + €g + €w)dm — Lnuc + La: — L@ 7& Lnuc
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How does the Sun shine?

Lyyuc(neutrino-inferred) _ 101 [ +0'09] Lyue(neutrino-inferred) 104 [ +0.07] [+0_20]

—0.11 —0.08] [—0.18

Lo Lg

Standard solar models

oL

Lo = om

—dm = / €nuc,v + 5g)dm /Enuc,udm — L@ — Lnuc

But, what if there is an energy source/sink not recognized in standard solar models ...
L@ — / (EIIUC,I/ + €g + €w)dm — Lnuc + La: — L@ 7& Lnuc

A complete measurement of solar neutrino fluxes offers the only model independent limit on
non-standard energy sources in the Sun (and stars)

Present-day limit: 8%
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How does the Sun shine?

Non standard solar models x particles escape from the star,
e. <0 carrying away energy, analogous to

neutrinos, e.g. axions — Lg <L,

oL x particles produce energy in the star,
5'— = €nuc,v + Eg + (:l:Ex) > g > 0 e.g. self-annihilating DM — L, > L,
m

transport of energy within the star, <0
Ex > 0 and Er < 0 where energy is extracted and > 0 where
it is deposited, e.g. non-annihilating DM

talks today by P. Scott and A. Vincent
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Helioseismology

Global solar oscillations — acoustic waves

Key quantities: ¢, p, r, I';
10° non-radial individual modes
cm/s amplitudes in radial velocity

ppm amplitudes in brightness

frequency, mHz

MDI Medium—! Power Spectrum

0 50 100 150 200 250 300
angular degree,
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Helioseismology

Global solar oscillations — acoustic waves

Key quantities: ¢, p, r, I';
10° non-radial individual modes
cm/s amplitudes in radial velocity

ppm amplitudes in brightness

Inversion methods allow reconstructing internal profiles

frequency, mHz

80, (i & .
=KL T O [k . "

P (1)

IWDMS - 2018

MDI Medium—! Power Spectrum

0 50 100 150 200 250 300
angular degree,




Back to solar models:

solar composition

Luminosity - Lg

3.842x10%3 erg/s

abundance ratio - (2/X),

Radius - R 6.9598x10%° cm
Mass - M, 1.9891x10% g
Age (solar system oldest 4.57x10° yr
meteorites) -t

Surface metal to hydrogen 0.018 - 0.024

IWDMS - 2018



Solar composition

Change of paradigm in solar composition:
Grevesse & Sauval 1998 - Asplund et al. 2005, 2009, Scott et al. 2015 — Caffau et al. 2011

» 3D solar atmosphere models
» refined atomic data and line selection
> non-LTE treatment of line formation

Impact of SSM calibration

Lg

R

(Z/X)e

Omlt
YEni
Zini

0.06
2.35

-0.19
0.56

(\ 0.73] -014  [1.11

0.06
0.08

Elem. GS98 AGSS09met Change

C 8.52+0.06 8.524+0.05 23%

N 7.92+0.06 7.834+0.05 23%

O 8.83 +£0.06 8.69 +0.05 38%
Ne 8.084+0.06 7.93+0.10 41%
Mg 7.58+0.01 7.53+0.01 12%
Si 7.56+0.01 7.51+0.01 12%

S 720+ 0.06 7.15+0.02 12%

Fe 7.50 £0.06 7.454 0.01 12%
(Z/X)a 0.0229 0.0178 29%

IWDMS - 2018

Z/X determines solar model
composition: Z,; & Y,




Solar models - helioseismology

Sound speed inversion

oc/c
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0.015

0.010

0.005

0.000

~0.005F
0.0

| GS98

Helioseismic uncertainties

- AGSS09met

Solar model uncertainties

inyoles ¢t al. 2017
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Solar models - helioseismology
0.015 T
| GS98
- AGSS09met
0.010}

Vinyoles et al. 2017

Other helioseismic probes:

0.005 ] Density inversion

Depth of convective envelope

oc/c

0.000f

- Solar core through frequency ratios
~0.005F . ]
0.0 0.2 0.4 0.6 0.8 1.0
RR.,,
Qnt. B16-GS98 B16-AGSS09met Solar
Ys 0.2426 + 0.0059 0.2317 + 0.0059 02485 £ 0.0035 | o L e
Rez/Ro 07116 +0.0048  0.7223 + 0.0053 0.713 + 0.001 o pancy
(6c/c) 0.0005+3:999 0.0021 + 0.001 0*

Discrepancy between solar models (new composition) and all helioseismic inferences:

solar abundance problem (lots of literature about this)
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Solar composition: neutrinos

Environmental (temperature) uncertainties
composition, opacity, age, luminosity, etc

1.4
1.2
GS9
&
£10
=
<
0.8 GSS09met
0.6
0.8 09 1.0 1.1 1.2
¢Be/¢Be,exp
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+ nuclear rate uncertainties

1.4 B16 solar models — Vinyoles et al. 2017

—
[\®)

¢B/ ¢B ,exp
o

o
)

o
o

Plots courtesy of F. Villante
Experimental results Bergstrom et 3

e
%
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Solar composition: neutrinos

Environmental (temperature) uncertainties + nuclear rate uncertainties
composition, opacity, age, luminosity, etc
1.4 1.4 B16 solar models — Vinyoles et al. 2017
Plots courtesy of F. Villante
1o 12 Experimental results Bergstrom et 3
N GS9 .
$10 $10
< <
0.8 GSS09met 0.8
0.6 0.6
0.8 0.9 1.0 1.1 1.2 0.8 09 1.0 1.1 1.2
¢Be/¢Be, exp ¢Be/¢Be, exp

Composition - affects pp-chain fluxes through T_ change
- determines opacity
- pp-fluxes sensitive to opacity (i.e. temperature, only indirectly to composition)
—> composition and atomic opacities are degenerate in pp-chain fluxes (and helioseismology)
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Solar models — overall status

High-Z models favored by helioseismology

AGSS09met
Case dof X2 p-value (o) X2 p-value (o)
Ys + Rcz only 2 0.9 0.5 6.5 2.1
dc/c only 30 58.0 32 76.1 4.5
dc/c no-peak 28 34.7 1.4 50.0 2.7
®("Be) + ®(®B) 2 0.2 0.3 1.5 0.6
All v-fluxes 8 6.0 0.5 7.0 0.6
Global 40 65.0 2.7 94.2 4.7
Global no-peak 38 40.5 0.9 67.2 3.0

Vinyoles et al. 2017
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Solar models — overall status

AGSS09met
Case dof x> p-value (o) X2 p-value (o)
Ys + Rcz only 2 0.9 0.5 6.5 2.1
dc/c only 30 58.0 32 76.1 4.5
dc/c no-peak 28 34.7 1.4 50.0 2.7
®("Be) + ®(®°B) 2 0.2 0.3 1.5 0.6
All v-fluxes 8 6.0 0.5 7.0 0.6
Global 40 65.0 2.7 94.2 4.7
Global no-peak 38 40.5 0.9 67.2 3.0

v—fluxes comparably good agreement
(model uncertainties dominate)
because they are from pp-chains

Vinyoles et al. 2017
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Solar models — overall status

GS98 AGSS09met
Case dof X2 p-value (o) X2 p-value (o)
Ys + Rcz only 2 0.9 0.5 6.5 2.1
dc/c only 30 58.0 32 76.1 4.5
dc/c no-peak 28 34.7 1.4 50.0 2.7
®("Be) + ®(®B) 2 0.2 0.3 1.5 0.6
All v-fluxes 8 6.0 0.5 7.0 0.6 Global comparison favors high-Z models
Global 40 65.0 2.7 94.2 4.7 . _ .
Global no-peak 38 40.5 0.9 67.2 3.0 i.e. models with (P, p) or (T, u) profiles
consistent with high-Z models

Vinyoles et al. 2017

But interpretation in terms of solar composition is hampered by
degeneracy between composition and opacity
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Energy transport: Metals & Opacity

In solar interior (R < 0.7 R) energy transport by radiation — radiative opacity fundamental quantity
Lack of metals = lack of opacity : hard to disentangle

Convectiv§ boundary

Energy producing
03 region (R<0.3R,)

0.6

TS

75% opacity from metals

In x / 0ln Z;

\

35% opacity from metals

00

Intrinsic uncertainty + composition induced variation Ok = 0Ky + Z d log “

(6 = fractional variation)

0 log zZ
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Solar opacity from vs and helioseismology

035

0.30

Helioseismology fixes the tilt

0.25

0.20

k(1)

0.15

Solar neutrinos and Yg the o

scaling (core) 0_053’

098 [.1 02 03 0.4 05 06 0.7

Villante et al. 2014
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Solar opacity from vs and helioseismology

O0log K
dk, is an unknown function - Gaussian Process T 551 + E —g(Szi
0 log z;
30 ' '
—Total GP OP Bayesian analysis — composition free to vary

- --Mean B16-GS98
o0 | ——Mean B16-AGSS09-met

Opacity solar profile (posterior distrib)
Very close to that from GS98 model (unsurprisingly)

If AGSS09 composition =2 20% opacity increase at
base of convective zone

Few % opacity increase in solar core

Song et al. 2018

IWDMS - 2018

Determine ‘effective’ opacity profile: cannot
disentangle contributions (atomic, composition, other
mechanisms, e.g. dark matter)




Opacities — Experimental result

Z-pinch experiment at Sandia Lab
First ever measurement at conditions close to base of the solar convective envelope

Bailey et al. 2015

IWDMS - 2018



Opacities — Experimental result

First ever opacity measurement at conditions close to base of the solar convective envelope

Fe opacity @Sandia Lab -- > 7% increase of Rosseland mean opacity

T~Te,
N, ~ 1/4 Ne,

Opacity (x10* cm2 g')

Bailey et al. 2015

Wavelength (A)

Experimental hint of higher opacity than theoretical calculations predict — but situation unclear

IWDMS - 2018



CN-vs and solar composition

\ 4
AN

BC+p > “N+y 70 +p >N + *He

BN = 13C + e*+ V, 14N +p > 150 + Y 17F > 170 + et+ Ve

2C+p = BN+y 150 BN +et+v, 0 +p > VF+y
A A

\l
> N +p > 1°0 +y }7

N

5N +p —>12C +*He

CN-cycle marginal in the Sun - intrinsic changes in its rate do not alter background state (e.g. T, p, X)

- linear dependence on core C+N abundance and S, ,, (for °0)

(I)(15O)HZ . (I)(15O)LZ

~ 4
®(150) 1.z 0%
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CN-vs and solar composition

Converting ®('°0) measurement into C+N core measurement — use ®(8B) as thermometer
®(®°B) o< T2°> — SuperK+SNO — 6T../T. ~ 0.1%

Removes many solar model uncertainties (environmental) in predictions of CN neutrino fluxes

IWDMS - 2018



CN-vs and solar composition

Converting ®('°0) measurement into C+N core measurement — use ®(8B) as thermometer

¢(150) [ ¢(8B) ]0.785 0.794 0 212D0 172

$(150)SSM/ | 4SSM(8B) To
5 [L%515O—0.016A0.308] 3> Temperature dependence
x [S7! -0.831 §0.342 §-0.685 §—0.785 G0.785 50995 > Nuclear rates
X [m%OO%NE M 003$s10'001~”3s_ 0‘001:13%301:1:%;3003] > Temperature dependence

(opacity)

Serenelli et al. 2013
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CN-vs and solar composition

Converting ®('°0) measurement into C+N core measurement — use ®(8B) as thermometer

$(*°0) [ ¢(°B) ]0'785 0,794,,0.212 1)0.172

$(150)SSM/ | 4SSM(8B) To
5 [L%5150—0.016A0.308] > Temperature dependence
[31_10 .831 §9;342 3740.685 —o 785 S0.785 S?i%%] > Nuclear rates
X [m%OO%Ng M 00353810'0015’35_ 0‘001:139,;301:1:%;3003] > Temperature dependence
(opacity)
Reduces to
6(1°0) [ o(B) 1" C+N
$(150)SSM/ | 4(8B)SSM = | C55W 5 NSM (1+0.4% (env) £ 2.6% (D) £+ 10% (nucl))

Nuclear uncertainty dominant: S, ;, (7%) & S;; (5%) — can be potentially reduced further

(Almost) direct measurement of C+N in solar core

Serenelli et al. 2013
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CN-vs at Borexino

N
100 200 300 400 500" 600 700 800 900

S "_'HC' Y CN flux hidden below 21°Bi background
10 21 ;
pp 210F0 --- pile-up
- — Bl o eXt bkg . 210D; .
=< 1 Be _ 85, Indirect measurement of #1°Bi by evolution of
= — Total fit: p-value=0.7 | 210pg (V/jllante et al. 2011) provided
= AL ' . 210Bj -- > 210pg only source of ?1°Po
S CNO pep B
o] C Tl
> - - o i | 1 ’|| | / 25
-2 [ : ~ — -
gl | W 00| TP Bl
S r \\ | m yr 4
I-u10‘3 :— y e \\'v 5 g i .}?"Jﬂw ; /}/
= T ﬁW "y, f o NG L 206 T|fis32,2°¢ Pb
4 i 10"0 15c')lbh‘ sk '2(")'(';'0' o 251)00 206 | |izom stable Smirnov @ Neutrino 2018
Energy [keV]
81 82 83 84

But, slow convection in the scintillator was bringing 2'°Po from the nylon vessel to the fiducial volume
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CN-vs at Borexino

Po Time Evolution (example)

100 ot
90 — PO rate
80 supported term
70
60
50
40
30
20
10
O ~~7100 200 300 400 500 _ 600 700
time (days)

?1°Po rate (cpd/100 t)

toy-MC, not real data
Borexino coll.
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CN-vs at Borexino

02/03/14 02/05/14 02/07/14 01/09/14 01/11/14 31/12/14 02/03/15 02/05/15 02/07/15

Guffanti 2018 (Borexino coll.) @ 5% International Solar Neutrino Conference
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» The Sun shines by pp burning : 1.03 £ 0.08 L — all neutrino experiments

» Open question: pp neutrinos measurement to 1% needed to test other energy sources in the Sun

» Precise determination of solar opacity profile from vs (core opacity) and seismic data

»  First experimental opacity measurement @ solar conditions
hints of higher Fe opacity at right place : 7%
not enough : ~20% needed

» CN fluxes remain necessary and only way to break degeneracy
Whatever the result, very important measurement - core C+N abudance

40% solar abundance problem, 15% chemical mixing processes in the Sun (surface/core difference)
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SSM — neutrinos

No luminosity constraint — purely experimental result

LCNO

Le

Lpp—chajn — 1.03+0.08 [t0.21

— +0.005 [4-0.014
L@ —0.07 1-0.18 and - 0'008—0.004 [—0.007 :

L (neutrino-inferred)
norinfered) _ 1 oap+45)+439)

With luminosity constraint — L, = Lnuc

Lo chai L
pp-chain +0.005 (+0.008 cNO 4+0.004 [+0.013
_L@ = 0.991"5 004 [L0013] = Lo 0.009" 4 005 [ 0008

Global analysis with more recent data needed, e.g. Borexino — see lanni’s talk Bergstrom et al. 2016
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Neutrinos: theory vs experiment

v rates: SSM vs. Experiment

B16(GS98) v fluxes: Solar models vs. Borexino
14+0.12
7.84+0.81 ——140.12 125.64+3.7
0.96£0.04
L 1.00:£0.006 1.00£0.01 1 00£0.06 1004012
0.694:0.06
)
050£0.07 g5 44 g OT:255 0544009 0.66+0.02
’ o 0.47+0.03
0.42+0.01 A )
2.5640.23
0.31£0.02
SAGE GALLEX SNO
Homestake  SuperK Kamiokande + GNO Ve All v
Cl HyO Ga D20

pp I "Be I )
Theory s Borexino I
pep B
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Solar core temperature - solar models

Strong T dependence of v-fluxes

®(®B) x T?* — SuperK+SNO — §T. /T, ~ 0.1%
®("Be) o< T — Borexino — 0T /T, ~ 0.4%

But this determines only precision — actual T determination requires solar models
Problems start here — models depend on inputs

Solar composition
Radiative opacities

Nuclear reaction rates
Chemical mixing (gravitational settling + other mixing processes)

Equation of state
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How does the Sun shine?

Probability

Now including the luminosity constraint (AU)2 Zaz

202000
00290

D0Y7ON0

& 50
o

0
0.98
2 0.94
> 09
25

00 09 1 1.10.98 1 1.02 0 5 10 0 2 0 50 0.88 0.92 096 O 5

fpp fTBc fpcp f“‘N f‘50 f”F f’*B fhcp
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pp

Probability

Now including the luminosity constraint

pep

dr (AU)2

With luminosity constraint

4+0.05 [+0.12
frBe = 0.96 704 [Lo:11] 5

Foep = 1.005 £ 0.009 [F9:929]

flSN - 1 7+ [+

fiso = 0. 6+82 [*2 6]’

frirp < 15 [46],

frep = 2.47715[< 5.9],

How does the Sun shine?

Y

— +0.006 [+0.012
f = 0.999 —0.005 [—0.016 ’

fsp = 0.92 +0.02 [+£0.05]

D0D7ON0

fPP
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Opacities — new calculations

Old generation
» OPAL - Iglesias et al. 1996
» Opacity Project (OP) — Badnell et al. 2005

New generation

» OPAS - Blancard et al. 2012 — now available Mondet et al. 2015 (only for AGSS09 composition)
» Los Alamos (OPLIB) — Colgan et al. 2016 — Most complete set from new generation

Mo esor Solid — GS98
m OPLIB-OP

josf  "OPALOP Dashed — AGSS09

Too low in solar core [y S
Ruled out by vs L~

70 68 66 64 62 60
logsoT [K]
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Opacities — new calculations

Old generation
» OPAL - Iglesias et al. 1996
» Opacity Project (OP) — Badnell et al. 2005

New generation

» OPAS - Blancard et al. 2012 — now available Mondet et al. 2015 (only for AGSS09 composition)
» Los Alamos (OPLIB) — Colgan et al. 2016 — Most complete set from new generation

Mo esor Solid — GS98
m OPLIB-OP

josf  "OPALOP Dashed — AGSS09

Not guaranteed that newer
opacity models lead to
higher opacity values

+ 5% variations

Too low in solar core [y S
Ruled out by vs I : :
y T T T T T Current situation unclear
7.0 6.8 6.6 6.4 6.2 6.0

logoT [K]
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SSM with new opacities

1'1 T L S — 110_ T T T T T T T
E - ] OPAS-OP
- oOP = _ = OPLIB-OP
- OOPAL ] . wOPAL-OP
1.0 xOPLIB r 1.05
. F AOPAS ] :
_3 - o solar ] g
@ 09F = 5 1.90F
g : £
M E 3 vy r g
£ 08F E 95|
S - i
07 E 0.&{

AGSS09

0.85
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090 095 100  1.05 N_70_“68 66 64

®("Be)/d('Be).,, logoT [K]

Solar Vs rule out OPLIB opacities for low Z models
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g-modes detection (finally?)

g-modes probe inner regions — but strongly damped in the surface — tiny amplitudes & high background

o
et
7oy

7NN

ORI
s 2y

direct searches for g-modes have failed (despite claims in Garcia et al. 2007)
Fossat et al. 2017 use new method: long term modulations in p-mode spectrum

Claim detections of more than 200 g-modes of angular degree | =1, 2

IWDMS - 2018



g-modes detection (finally?)

Two important claims in Fossat et al. 2017

1) Asymptotic period spacings for =1, 2

—1
22 Rez gy 1 dlogp dlogp)
M= = N N = _
NI /o r] g(rl dr dr

Fossat et al. P,=1443.1+0.5s -P,=832.8+0.7s
GS98 SSMs: P,=1525-1540s -P,=880-890 s

AGSS09 SSMs: P, =1535-1560s -P,=886-900s

2) Rotational splitting -- > solar core rotation ~ x3 faster than intermediate regions
Maybe some impact for chemical mixing in the core — but in direction of lowering V-fluxes
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g-modes detection (finally?)
Two important claims in Fossat et al. 2017

1) Asymptotic period spacings forI=1, 2

and data-analysis perspectives — to give unambiguous detections of individual g modes.

The review ends by concluding that, at the time of writing, there is indeed a consensus

amongst the authors that there is currently no undisputed detection ot solar g modes.

Maybe some impact for chemical mixing in the core — but in direction of lowering V-fluxes
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SSM — B16 models

Flux B16-GS98 B16-AGSS09met Solar® Chg.
(140.006)

®(pp) | 5.98(1+£0.006)  6.03(1 = 0.005) 5.9721_0,005; 0.0
®(pep) | 144(1+0.01)  146(1+0.009) 1457 000 0.0
®(hep) | 7.98(14£0.30)  8.25(1+0.30) 195705 0.7
®("Be) | 4.93(14£0.06)  4.50(1 & 0.06) 4.so§1jg;g§;g§ 1.4
$(°B) | 546(1+£0.12)  450(1+0.12) 516, 0077 (2.2
G(BN) | 2.78(1+£0.15)  2.04(1 +0.14) <13.7 6.1
$(*P0) | 2.05(14+0.17)  1.44(1+0.16) <28 -8.1
o(1TF) | 5.29(14+0.20)  3.26(1+0.18) <85 4.2
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New SSMs - changes in some nuclear rates
(Vinyoles et al. 2017)

5(0) Uncert. % AS(0)/5(0)
Sy | 4.03-107%° 1 +0.5%
Si7 | 2.13-107° 4.7 +2.4%
Si14 1.59-1073 7.5 -4.2%

Small changes 7Be-®B (S,-S;;)

Larger for 13N-150 (S,4-S;14)



SSM — B16 models

New SSMs - changes in some nuclear rates
(Vinyoles et al. 2017)

Flux B16-GS98 B16-AGSS09met Solar® Chg.
D(pp) | 5.98(1+0.006)  6.03(1 % 0.005) 5.97§}f g;gggg 0.0 S(0) Uncert. % AS(0)/5(0)
®(pep) | 1.44(1£0.01)  1.46(1£0.009) 1.45010099 (¢ Si1 | 4.03-107% 1 +0.5%
R Si7 | 213-107% 47 +2.4%
O(hep) | 7.98(14+0.30)  8.25(1+030) 190 0.7 AN - : ;
(%2 Si14 | 1.59-1073 7.5 -4.2%
®("Be) | 4.93(1+£0.06)  4.50(1 = 0.06) 4.805170;046; 1.4
$(°B) | 546(1+0.12)  450(1+0.12) 516, 007 (2.2 Small changes "Be-8B (S;;-S;)
G(13N) | 2.78(1+£0.15)  2.04(1 +0.14) <137 6.1
$(50) | 2.05(14+0.17)  1.44(1+0.16) <28 8.1 13Nl 15
(F) | 529(14+0.20)  3.26(1 % 0.18) < 85 4.2 Larger for "> N-"°0 (S;;-S;4,)
0.012 0 014 ; ‘ T T T T T T ‘ ;
ootol v data fit I :
1 AGSS09 0012F ]
0.008 - ] ngs 0.010F i
S 0.006]- ] g 0.008- ]
bR
- 0.006 |- 3
0.004 ] .
B16 models o.004- ]
0.002:— 1 o002] ]
0.000L___ ‘ __1 Older models ;000 . \ |
0.6 0.8 1.0 1.2 14 = ssssssssssssssass 0.4 0.6 0.8 1.0 1.2 1.4 1.6
@('Be)/®('Be)g,, D(°B)/D(°B)e,

Revision of global analysis including new Borexino data needed
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SSM — B16 models

Small changes in helioseismic probes

T T T T T T T T T

___ B16-GS98 1
0010 ___ B16-AGSSO09met i

L 0.005+-

Q

©

0.000
0.0 0.2 0.4 0.6 0.8
r/R
sun

Qnt. B16-GS98 B16-AGSS09met Solar
Ys 0.2426 +0.0059  0.2317 £0.0059  0.2485 4 0.0035

Rez/Re | 0.7116 +0.0048  0.7223 +0.0053  0.713 £ 0.001
(5¢/c) | 0.0005+0.0004  0.0021 % 0.001 —
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Opacities

Helioseismic probes and pp Ns depend on “effective” opacity profiles: opacity models + composition
details in F. Villante’s talk

Status of opacity models in 2014 @ “A special Borexino Event”

OP vs OPAL OPAS vs OP (blue)

T e 1 Tl

098

Percent
(4] o
(=}
P
=3
(5]
1
*+ =
W
~— |
P
=
~—
S |
n
(=2
[=)
e, % e
3

10 F
0.96

1 1 1 1 1 1 1
35 4 45 5 55 6 6.5 7 7.5
Log(T)

Few percent differences in solar
interiors

Only theorefical calculations available
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SSM with new opacities

GS98 AGSS09
0.010¢ ' ' ' r ' ' : 0.010F r ' , , , :
0.008 58FAL ] 0.008 |
- = OPLIB 1 i
0.006 . 0.006
0.004 0.004 |

dc/c

0.002}
0.000 Fr~-ec-:

0.002
0.000
-0.002

~0.002F

0.1 02 03 04 05 06 07 08

New opacities lead to some variations in sound speed profiles but
nothing too dramatic
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SSM with new opacities

0.09F - Solar (BISON)
- OPAL ]
: OPLIB (LA) ]
0.08F or -
0.07F E
oosk  GS98 3

1000 1500 2000 2500 3000 3500 4000
Freq. [uHz]

loz

009 = Solar (BISON) 1
OPAL ]

. OPLIB (LA) .
0.08F op 3
OPAS .

0.07F 3

1000 1500 2000 2500 3000 3500
Freq. [uHZz]

New OPLIB opacities lead to indecisive results for helioseismic probes

not all agree (disagree) with high(low) Z solar models
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P(°B)/P(°B)gyn
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SSM with new opacities

GS98
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SSM: the need for CN(O)

New opacity calculations do not alter state-of-the-art or complicate matters more

Most robust way to break the opacity < -- > composition degeneracy is through CNO Ns

35 T T T T T T T T T T T

(7]

Q
N< moderate T
2 evidence v-experiments only
N

(@]
i)

151 5% Bergstrom et al. 2016

L 1 1 IS I S B 1 1 1 |
0

1% 10% 100%
Measurement error

Discriminating power can improve if model information is added (Haxton et al. 2008)
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Extra slides

r/'R

0.77

0.0 0.18
2: !

0.32  *"0.50

= v(10)=1407.48 pHz
=2496.14 pHz
=3574.90 pHz

S vz

0.67
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