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

OP vs OPAL OPAS vs OP (blue) 

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

Few percent differences in solar 
interiors 
Only theoretical calculations available  
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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 ~ TCZ 
 
Ne ~ 1/4 NeCZ 

Bailey et al. 2015	
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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 ~ TCZ 
 
Ne ~ 1/4 NeCZ 

Encouraging but insufficient:  
“missing opacity” at ~20% 
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Solar opacities – intrinsic error 
What	is	the	true	opacity	error	function?	Linear,	OP-OPAL,	etc?	

Linear	model	

Prior	 Posterior	
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Solar opacities – intrinsic error 

Locally	a	gaussian	function	of	mean	µ		
e.g.	2%	center	or	7%	at	BCE	

Correlation	between	two	points	
L	correlation	length	
	
Define	sensible	priors	for	L	
determine	posterior	from	data	
	
Use	data	to	extract	posteriors	
of	all	solar	input	parameters,		
including	shape	of	opacity	function	

L=1	

L=0.1	L=0.2	

L=1/3	

Song	et	al.	2018	



ISSI – 2019 

Solar opacities – test the models 

Song	et	al.	2018	

Linear	 Gaussian	process	
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Solar opacities – test the models 

Song	et	al.	2018	

Linear	 Gaussian	process	
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Solar opacities – test the models 

Song	et	al.	2018	

Linear	 Gaussian	process	
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Solar opacities – what data tell us 

Wiggles	in	the	sound	speed	
profile	(blue)	



ISSI – 2019 

Solar opacities – what data tell us 
Posteriors	for	all	input	parameters	including	opacity	intrinsic	changes	

Total	opacity	uncertainty	determined	from	solar	data	(&	SSM	physics):	<	5%	
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SSM 

L� R� (Z/X)�
�mlt 0.06 -0.19 0.06
Yini 2.35 0.56 0.08
Zini -0.73 -0.14 1.11

mij =
� log ci
� log pj

constraints	ci	

parameters	pj	
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SSM 

mij =
� log ci
� log pj

Z/X determines solar model composition 
Zini & Yini 

But it is in fact opacity (κ(Z) + Z) 

L� R� (Z/X)�
�mlt 0.06 -0.19 0.06
Yini 2.35 0.56 0.08
Zini -0.73 -0.14 1.11
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Solar Neutrinos – experimental results 

ν rates: SSM vs. Experiment

B16(GS98)

Cl

7.84±0.81

Homestake

2.56±0.23

1±0.12

H2O
Kamiokande

0.50±0.07

SuperK

0.42±0.01

125.6±3.7

Ga

GALLEX

+ GNO

67.2±5

SAGE

65.4±4

1±0.12

D2O

0.96±0.04

SNO

All ν

SNO

νe

0.31±0.02
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Solar Neutrinos – Borexino 

Muon PMTs Stainless Steel Sphere

Internal PMTs

Water Tank

Nylon Vessels

Scintillator

Non-scintillating Buffer

8B	flux	negligible	for	energetics	(<0.01%)	
	

Other	fluxes	more	relevant:	7Be,	pep,	pp	

Detector:	organic	liquid	scintillator	
		high	light	output	
		very	low	energy	threshold	~	100keV	
		initial	target:	7Be	

Extreme	technical	difficulty:		
•  many	sources	of	background	from	radioactive	nuclei	
•  high	radiopurity	needed	
•  scintillator	produces	its	own	background:	11C,	14C	
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Solar Neutrinos – Borexino 
Data	taking	for	more	than	10	years	-	Observed	neutrino	spectrum	
(published	2	weeks	ago)	– Caccinaga	et	al.	2018	(Borexino	Collaboration)	
	
Signal	shown	in	red	– measured	spectrum	in	black	
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Solar Neutrinos – Borexino 
⌫ fluxes: Solar models vs. Borexino

1.00±0.006

0.69±0.06

1.00±0.01

0.54±0.09

1.00±0.06

0.66±0.02

1.00±0.12

0.47±0.03

Theory
pp

pep

7Be

8B
Borexino

No	oscillations	included	–	pure	measurement	
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Solar Neutrinos – Borexino 

experimental	fluxes	after	oscillations	
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Solar neutrinos – all experimental data 
Global analysis of solar n data: Cl, Ga, 3 phases of SNO, SK I-IV, Borexino Phase 
1&2 – but no Borexino 2018 results (won’t change much) 
Parameters: solar neutrino fluxes and n oscillation parameters (Δm2

21,	θ12,	θ13)	
Non-solar n experiments providing info on oscillation parameters  

No lum. constraint 

Bergstrom et al. 2016 
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No lum. constraint 

Bergstrom et al. 2016 

SK & SNO 

Borexino 
Global analysis of solar n data: Cl, Ga, 3 phases of SNO, SK I-IV, Borexino Phase 
1&2 – but no Borexino 2018 results (won’t change much) 
Parameters: solar neutrino fluxes and n oscillation parameters (Δm2

21,	θ12,	θ13)	
Non-solar n experiments providing info on oscillation parameters  

Solar neutrinos – all experimental data 
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With lum. constraint 

Bergstrom et al. 2016 

Now including the luminosity constraint 

Solar neutrinos – all experimental data 
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With lum. constraint 

Bergstrom et al. 2016 

Now including the luminosity constraint 

Solar neutrinos – all experimental data 
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No luminosity constraint – purely experimental result 

With luminosity constraint – L8 = Lnuc 

Bergstrom et al. 2016 

Solar neutrinos – all experimental data 
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Solar neutrinos – all experimental data 

Φ(8B)

Φ
(7
Be
)
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Opacities – new calculations 
Old generation 
Ø  OPAL – Iglesias et al. 1996 
Ø  Opacity Project (OP) – Badnell et al. 2005 

New generation 
Ø  OPAS – Blancard et al. 2012 – now available Mondet et al. 2015 (only for AGSS09 composition) 
Ø  Los Alamos (OPLIB) – Colgan et al. 2016 – This is the most complete set from new generation 

Solid – GS98 
 

Dashed – AGSS09ph 

Not	guaranteed	that	newer	
opacity	models	lead	to		
higher	opacity	values	
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SSM with new opacities 

New opacities lead to some variations in sound speed profiles but 
nothing too dramatic 
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SSM with new opacities 
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New OPLIB opacities lead to indecisive results for helioseismic probes 
  
 not all agree (disagree) with high(low) Z solar models 
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SSM with new opacities 
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SSM with new opacities 

Solar νs strongly disfavor OPLIB opacities 
especially if low-Z accepted 
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pp-chain neutrinos and Π1 

Blue	–	GS98	
	
Black	–	AGSS09	
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pp-chain neutrinos and Π1 

Blue	–	GS98	
	
Black	–	AGSS09	
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pp-chain neutrinos and Π1 

Blue	–	GS98	
	
Black	–	AGSS09	



CNO	fluxes	

14N	+p									15O	+	γ	

15O						15N	+	e++	νe	

15N	+p							12C	+4He	

13N								13C	+	e++	νe	

13C	+	p									14N	+	γ

12C	+p									13N+	γ	

17F								17O	+	e++	νe	

16O	+	p									17F	+	γ	

15N	+p								16O	+	γ	

17O	+p						14N	+	4He	

�CNO ⇡ 8.24⇥ 1025⇥XXCNOT
�2/3
9

e�15.231/T 1/3
9 �(T9/0.8)

2

erg g�1s�1

Core	temperature	fixed	by	8B	(very	sensitive)		
	
εCNO	measured	by	neutrinos	--	>	determine	XCNO	



CNO	in	Borexino	

Difficulty:	210Bi	background	
	
One	way:	determine	210Bi	by	measuring	210Po		







N.	Rossi		
@	Neutrino	2016	
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Solar opacities – what data tell us 
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Power-law dependences 
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Power-law dependences 
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Power-law dependences 
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Solar Neutrinos – Borexino 

experimental	fluxes	after	accounting	
for	oscillations	 Esteban	et	al.	2017	
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SSM – the problem 
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SSM – the problem 
Core structure as seen by frequency separation ratios 
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All helioseismic probes show consistent 
results: 

Given current input physics, low-Z models are 
disfavored 
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SSM – B16 models 
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YS 0.2426± 0.0059 0.2317± 0.0059 0.2485± 0.0035
RCZ/R� 0.7116± 0.0048 0.7223± 0.0053 0.713± 0.001
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Small changes in helioseismic probes 
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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   
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moderate 
evidence n-experiments only 

 

Bergstrom et al. 2016 

Discriminating power can improve if model information is added (Haxton et al. 2008) 
Next talk by F. Villante   
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g-modes detection (finally?) 
g-modes probe inner regions – but strongly damped in the surface – tiny amplitudes & high background 

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 l = 1 , 2  
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g-modes detection (finally?) 
Two important claims in Fossat et al. 2017 
 
1)  Asymptotic period spacings for l= 1 , 2 

�� =
2�2

p
⇥(⇥+ 1)

"Z RCZ

0
N

dr

r

#�1

N = g

✓
1

�1

d log p

dr
� d log �

dr

◆

Fossat et al.  P1 = 1443.1 ± 0.5s  - P2 = 832.8 ± 0.7s 
 
GS98 SSMs:  P1 = 1525 – 1540 s  - P2 = 880 – 890 s 
 
AGSS09 SSMs:  P1 = 1535 – 1560 s  - P2 = 886 – 900 s  

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 n-fluxes 



CN	n	fluxes	

No	comp.	error	
Temperature	dependences	can	be	
cancelled	out	using	8B		

�(15O)

�(15O)SSM
=


�(8B)

�(8B)SSM

�0.785
x0.749
C x0.212

N [1± 0.003(env)± 0.10(nucl)]

�


�(8B)

�(8B)SSM

�0.785 
NC +NN

NSSM
C +NSSM

N

�
[1± 0.003(env)± 0.10(nucl)]

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


