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Outline

Solar Models 101
Current Standard Solar Models
solar composition

finding a best fit SSM — reference model for particle physics

Revisiting solar limits on axions and axion spetrum



. Calibration of SSM

3 free parameters 3 observational constraints

convection parameter - o, 1 solar radius — R,

initial helium =Y, . solar luminosity — L,

initial metallicity — Z, . surface metal to hydrogen abundances ratio — (2/X)
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Rs and L, well known — (Z/X) ., has changed dramatically (> 30%) in last 15 years



. Solar abundances based on 3D atmospheres (+NLTE + atomic data)
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Ne 8.08 7.93
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= Ar 6.40 6.40
- 8 Fe 7.50 7.45
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°T log(n,/n,)+12
4 Extroma .. “Sub-solar” solar metallicity
- Down —---—
71 SR IR AR BN CNO(Ne)~30-40%
-0.5 0.0 0.5 1.0 1.5
Depth [Mm] refractories~10%

Magic et al. 2014

Fluctuations around mean + nonlinearity of Planck function (T) and line formation (T & p)

-- > spectral analysis in 3D cannot be represented by 1D (Uitenbroek & Criscuoli 2011)



. Solar Abundance Problem

Discrepancies with low-Z solar composition show up in: Vinyoles et al, 2016
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Solar neutrinos
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.. Luminosity constraint: Lo =L, .

.. Experimental uncertainty

Vinyoles et al. 2016
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. Robust inferences from SSMs?

Helioseismology and pp-chain neutrinos sensitive to temperature profile

--> T-profile well constrained by data

Construct a SSM that best fits available data
--> physical dependence included through linear expansions around
reference SSM
--> allow SSM input parameters vary: 2 parameters for composition
& 10 parameters for nuclear rates, etc.
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. Best-fit SSM

Even better than the real thing !!

Pulls from systematics of order 1 (1-0) + free variation of composition
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" Best fit SSM - reference for particle studie;as
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Good reference for particle studies IF emissivity depends predominantly on
Temperature and Density



Limits on axion-y coupling

Loy = garyB - Ea
Ja~vy = g10 10_10 GeV_l

Schlattl et al. 1999 -g,,< 10
Sound speed at R = 0.1 R —equivalent to L,< 20% L,

Gondolo & Raffelt 2009 —g,, < 7
8B flux < 1.5 ®B.,, (3-0) — equivalent to L,<10% L

Maeda & Shibahashi 2013 -g,,< 2.5
8B flux constrained by sound speed (1-0)
seismic (not evolutionary models — neglect basic physics)

Vinyoles et al. 2015 - g,,< 4 (3-0)
helioseismic + neutrino data
extend the method used to construct best-fit SSM



Limits on axion-y coupling

Gafy X g§7T7F(lﬁ;2) ~ gcsz(S No explicit composition dependence
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Limits on axion-y coupling

Variations in sound speed without variations in composition and pulls

axions
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Limits on axion-y coupling
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Limits on axion-y coupling

Relative changes are similar
for both compositions




Limits on axion-y coupling

Variations in other quantities without variations in composition and pulls
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Changes due to axions and “zero point” of SSM to be accounted for by
composition and systematics (pulls)



Limits on axion-y coupling
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Limits on axion-y coupling
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A model independent test is possible using pp v flux — needs measurement to 1%
currently at 10%



Limits on axion-y coupling
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Limits on axion-e™ coupling

Gondolo & Raffelt 2009 - g, < 2.8 x 10!
8B flux < 1.5 8B, (3-0) — equivalent to L,< 10% L,
free-free transitions & Compton scattering

Redondo (2013) --g,. < 2.3x 10!
based on same constraint
incl. free-bound & bound-bound

By adding other solar constraints such as helioseismology and the method
described above, the limit can be pushed down by ~ x 2
E.g. for photon coupling, L.< 3% L.,



Limits on axion-e™ coupling

Redondo (2013) — Atomic structure leads to prominent features in spectrum
Based on atomic opacity calculations — scale factor with w, dependence
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Limits on axion-e™ coupling

Tests with different atomic opacity calculations
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ISummary

e Solar models offer a robust lab for particle physics — provided composition
dependence not directly relevant

e Combination of solar neutrinos + helioseismic constraint more powerful
than if considered individually -- > lower limits typically by factor of 2

e Extra cooling in the Sun=<0.03 L,

* g, <4x 1019 (3-0)
e g.<2.3x107%3 (butonlyfrom0.1 L;)—so it can be lowered

 Current bounds for g, and g,, from WDs, RG, HB much tighter -- >

e Solar axion production does not affect its internal structure, i.e. no indirect
way possible to determine axion properties






