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Coming full circle

How does the Sun shine?
What 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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How does the Sun shine?

Global analysis of solar v data: Cl, Ga, 3 phases of SNO, SK I-IV, Borexino Phase 1&2

Probability

fipe
o .
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Parameters: solar neutrino fluxes and v oscillation parameters (Am?,,, 6,,, 6,5)

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

Probability

Borexino
Be

Global analysis of solar v data: Cl, Ga, 3 phases of SNO, SK I-IV, Borexino Phase 1&2

Parameters: solar neutrino fluxes and v oscillation parameters (Am?,,, 6,,, 6,5)

Non-solar v experiments providing info on oscillation parameters

SK & SNO
8B

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].
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How does the Sun shine?

Probability

Now including the luminosity constraint (AU)2 Zaz

fPP
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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]
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SSM — neutrinos

No luminosity constraint — purely experimental result

LCNO

Le

L .
pp-chain __ +0.08 [40.21

_ +0.005 [+0.014
0.18 and = 0.0087 00z [Z0.007] -

L (neutrino-inferred)
Lo

= 1.04[Z508] [£0.38]

Bergstrom et al. 2016
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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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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

NDM2018



Solar composition

Change of paradigm in solar composition:

Grevesse & Sauval 1998 - Asplund et al. 2005, 2009, 2015 — Caffau et al. 2011

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

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%
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Solar composition

Change of paradigm in solar composition:
Grevesse & Sauval 1998 - Asplund et al. 2005, 2009, 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

Lo Ro (Z/X)o
Q' lt 0.06 -0.19 0.06
Yini 2.35 1 0.56 0.08
Zini

20.73] -0.14 [ 1.11

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%
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Solar models - helioseismology

oo15( —— — T~ — T T T T T T T T ]
- /?82,8309 ¢ Helioseismic uncertainties
i me 1
0.010 A A
L 0.005F .
© L i
0.000 -~ ~<- oo =
~0.005 - Solar model uncertainties _
0.0 0.2 0.4 0.6 0.8 1.0
R/Rsun B16 solar models — Vinyoles et al. 2017
Qnt. B16-GS98 B16-AGSS09met Solar
Ys 0.2426 + 0.0059 0.2317 £ 0.0059 0.2485 + 0.0035 23 ¢ discrepancy for low Z
Rcz/Rs 0.7116 £ 0.0048 0.7223 + 0.0053 0.713 £+ 0.001
(6c/c) 0.00053:0008 0.0021 + 0.001 0*
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Solar models - 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

Plots courtesy of F. Villante
Experimental results Bergstrom et 3
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Solar models - 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 N
$10 $10
3 3
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 — neutrinos

New Borexino ’Be and 8B — A. lanni’s talk today
1.4
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Solar models — overall status

High-Z models favored by helioseismology

GS98 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
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Solar models — overall status

GS98 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)
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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
d("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

NDM2018

Global comparison favors high-Z models

i.e. models with (P, p) or (T, u) profiles
consistent with high-Z models

But interpretation in terms of solar composition is hampered by
degeneracy between composition and opacity




Metals & Opacity

Convectiv? boundary

Energy producing
08} region (R<0.3R,)

o
=N

Oln k / dIn Z;

35% opacity from metals

S

75% opacity from metals

0.0

Intrinsic uncertainty + composition induced variation

(6 = fractional variation)

NDM2018
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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

NDM2018



Solar opacity from vs and helioseismology

O0log K
dk, is an unknown function - Gaussian Process Ok = 551 + E & 527/
0 log z;
30 ' '
—Total GP OP Bayesian analysis — composition free to vary

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

Song et al. 2018

NDM2018

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

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

Improvements wrt Villante et al. 2014

» arbitrary 0k, function
» all relevant metals free to vary




Solar opacity from vs and helioseismology

. . . Olog Kk
Sk, is an unknown function = Gaussian Process 0k = 0ky + g ———0z;

30

- --Mean B16-GS98
- ---Mean B16-AGSS09-met

—Total GP OP

o.o% : ‘ -

~—~  --Statistical Error

% - Systematic Error
S —Combined Error

7 6.8 6.6 6.4

Song et al. 2018 log |, T(K)

NDM2018



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~Tey
Ne ~ 1/4 Ne,

2.26 x 108K, 4 x 10?2 cm™®

Opacity (x10* cm? g™')

Wavelength (A)

Bailey et al. 2015
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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]

NDM2018




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 : £
o E 3 vy r g
£ 08F E 95|
S - i
07 E 0.&{

AGSS09

NDM2018

0.85

Il

090 095 100  1.05 N_70_“68 66 64

®("Be)/®('Be).,, logoT [K]

Solar Vs rule out OPLIB opacities for low Z models

6.2 6.0



CN-vs and solar composition
@ (P, 7) >@< (p, ) @

m (p,v)m
) o [ No [
(p, ) (P, )

1za<w 15? VJEO

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

)
=
)
2

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

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

NDM2018

~ 40%




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

NDM2018



CN-vs and solar composition

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

$(*°0) $(*B) 17 o704 232120172
$(150)SSM/ | $SSM(8B) =Zc
5 [L%5150—0.016A0.308] > Temperature dependence

[S_O .831 SO .342 ¢—0.685 —0 785 SO .785 SO.995]
11

34 114 > Nuclear rates

5 [x%°°3xN2 005"3M?g oosmSio.omxS-o.omx%?monéoos] s> Temperature dependence
Reduces to
$(1°0) ¢(*B) 1" C+N
S(50YSSM/ | GER)SSH = | ossM - yssM (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

NDM2018



» The Sun shines by pp burning : 1.03 £ 0.08 L,

» adding luminosity constraint: CN < 1% at 3o
> New theoretical opacities: OPLIB: excluded by v measurements and surface helium
» Precise determination of solar opacity profile from vs (core opacity) and seismic data

Solar abundance/model problem remains: opacity <-> composition degeneracy
Exporting abundance/opacity problem to other stars: systematic errors in ages by 10-15%

» 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)
First experimental opacity measurement @ solar conditions
- hints of higher Fe opacity at right place : 7%
- not enough : ~20 %
Opacity model calculations have differences ~10% - need improvements

Bonus (not included): Tentative discovery of g-modes — potential disagreement with SSM predictions?
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Blank page
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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

NDM2018



g-modes detection (finally?)

Two important claims in Fossat et al. 2017

1) Asymptotic period spacings for =1, 2

—1
2 Rez 1 dlo dlo
I, — 27 / Nﬁ N =g gp gp
VI +1) | Jo r I'y dr dr
Fossat et al. P,=1443.1+0.5s -P,=832.8+0.7s

GS98 SSMs: P,=15625-1540s -P,=880-890s

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

NDM2018



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

NDM2018



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

NDM2018

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
NDM2018




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 —

NDM2018




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

NDM2018



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

NDM2018



P(°B)/P(°B)gyn

NDM2018

SSM with new opacities

GS98

TTTTTTTTITTTTT

o OP
o OPAL
x OPLIB
© solar

0.90

0.95

1.00

@('Be)/®("Be),,,

1.05

1.10

®(°B)/P(°B)gyn

11E

©
©

o©
N

AGSS09

-
o

e
)

o OP

o OPAL
x OPLIB
A OPAS
© solar

0.85

0.90 0.95 1.00 1.05

®('Be)/®('Be),,



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
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The role of radiative opacities

Helioseimic probes and ns from pp-chains not directly sensitive to Z, but to
radlatlve opacity -- > degeneracy exists between composmon and k

Christensen Dalsgaard/ et al 2009 AGSS09 + opacity increase (15 to 20%)

6of - - - ;1 Also frequency ratios ry,, 15

I Aot : Sound speed and pp-chain neutrinos
[ sFwacssoo 4k : -- > recover GS98 “like” values
Ng 5.0 _;
m%' 4.5 —f
- e E All probes sensitive to

35: | | | ] temperature-m profile

3 a o S 6 7 not to detailed composition




I
_Opacity Kernels

Treatment of opaC|ty uncertainties — opacity Kernels (Trlpathy & JCD 1998) |
6Q = [ T Ko(T)sn(T)

Sr(T) = C5(T — To)

o
Kq(To) = g

7.0 6.8 6.6 6.4 6.2
log,T(K)

7.0 6.8 6.6 6.4 6.2 Z0 6.8 6.6 6.4 6.0
log,T(K) log,, T(K)



B 0
_Solar models vs data

Including for correlations in models

GS98 AGSS09met R A

Case dof| x* p-value (o) x? p-value (o) ooioL g:: nggggogmet ]

Ys + Rcz only 2 0.9 0.5 6.5 2.1 i 1

5c/c only 30 |58.0 3.2 76.1 4.5 I ]

dc/c no-peak | 28 |34.7 1.4 50.0 2.7 g 00051 ]

®("Be) +®(®B)| 2 | 0.2 0.3 1.5 0.6 i R 1

all v-fluxes | 8 | 6.0 0.5 7.0 0.6 0.000 . A .

global 40 [65.0 2.7 94.2 4.7 [ e T _' ]

global no-peak | 38 |40.5 0.9 67.2 3.0 . ]
0.0 0.2 0.4 0.6 0.8

Looks can be deceiving — GS98 better but not excellent
correlation in models very important
linear variation of opacity “too rigid”



A more general approach to error function: gaussian process

What is the true opacity error function? Linear, OP-OPAL, etc?

Linear model

I 2 sigma uncenainly] [ 2 sigma uncertainlyl

0.05

opacily shitt
=)
opacity shift

-0.05

-0.1

Posterior

6.3 6.4 6.5 6.6 6.7 6.8 6.9 7 71 7.2
10g,4(T)



A more general approach to error function: gaussian process

Let the data decide. Well... as much as possible
f(x) ~ N(m(x),C(x,z’)) Locally a gaussian function of mean m

e.g. 2% center or 7% at BCE
p(z,a’) = e—lo—a'?/2r?)  SBP °

Correlation between two points
L correlation length

Define sensible priors for L
determine posterior from data



A more general approach to error function: gaussian process
Let the data decide. Well... as much as possible

f(x) ~ N(m(x),C(x,z’)) Locally a gaussian function of mean m
e.g. 2% center or 7% at BCE

oz, z') = e—l=—='I2/(2L?)

Correlation between two points
L correlation length

Define sensible priors for L
determine posterior from data

Obtain “best” opacity fit

Song et al. in preparation

opacty shit, L= 1

opacty shit, L =0.2

0.1

0.05

-0.05

[ 2 sigma uncertainty I

e

opacity shift, L = 0.33333

opacity shift, L = 0.1

[

2 sigma uncertainty I

1=1/3 |

2 sigma uncertainty |
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AGSS15ph [0.0018 0.0022 0.0020 -




N v calculations: | cSMie

AGSS0O9met

GS98

0.004 - - - - 0.010F - -
=oP E = OP
OPAL L
0.003 =oPAL o.008f IS
0.002 /\ 0.006 |
o _ o u

0.015 . 0.004 .
ATOMIC 0.002 F

oPAL Colgan et al. oo
0.01 2016 1 oo0at

AMOS
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"/ Raun
AGSS15ph
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]
| Vinyoles 2017
| in preparation
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New opacities — OPAS & Los Alamos (ATOMIC/OPLIB)
Marginal improvement in dc/c
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S09ph [0.0016 0.0020 0.0017 0.0017
515ph {0.0018 0.0022 0.0020 -




Temperature dependences can be

T
Slope=0.785

-0.75 RSP S .

_CN.Nn fluxes
1200 - 4 7
4 ks NO Comp- error Canca“onl At icina 8R
1000 . - 0.75
2 800 ' B 0.50
38
e 600 — T
E ~ 0.25
400 - - 2"
, m& 0.00
200 - / - =
o 14 = _o.2s
1. 3.5
—0.50
oy 1.0F 6=0.32%
®(1°0) OCB) 177 a0 0210 —
(50 SSM [W] xRN [1 £ 0.003(env)) £ 0.10(nucl)]
o (5 B) 0.785 Ne + Nu
TEL)ST NSV | NESM

] [1 = 0.003(env) = 0.10(nuc)J50 ~0-25 .00 0.25 0.50 0.7
SSM

Discriminates compositions to better than ~ 3-s before adding CN experimental error




