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Solar abundance problem

The Sun

core

radiation zone

convection zone

X high temperature

X large magnetic �elds
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Solar abundance problem

Standard solar model

input: τ�, M�, L�, R�, (Z/X )�, κ (ρ,T ,Xi ), ε (ρ,T ,Xi )

dP
dr

= −GMρ
r2
, . hydrostatic equilibrium

dM
dr

= 4πr2ρ, . continuity
dL
dr

= 4πr2ρ (εnuc − εν) , . energy production

dT
dr

=

−
3κρL

64πr2σT 3 , ∇rad < ∇ad

∇ad · TP
dP
dr
, ∇rad ≥ ∇ad

. energy transfer

P = ρT
µmH

. equation of state

�t: Yini , Zini , αMLT

output: T (r), P(r), ρ(r), M(r), L(r), Xi (r), Φν,i
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Solar abundance problem

Solar physics in the XXI century

Solar physics � rapidly developing �eld of science

Solar neutrinos

Non-equilibrium 3D models of the atmosphere → chemical

composition AGSS09

Opacity function: calculations and experiment

Helioseismology: new data
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Solar abundance problem

Helioseismology

Solar oscillations spectrum is used to determine:

sound speed pro�le

surface helium abundance

depth of the convection zone

density pro�le

di�erential rotation pro�le

NB! L/M3 ∼ µ4/κ
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Solar abundance problem

Solar abundance problem

Helioseismological sound speed pro�le does not agree with the

Standard solar model calculations, signi�cance 4.7σ (Vinyoles'16)
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Solar abundance problem

Attempts at the solution

Opacity increase (no physical mechanism known)

Rotation with enhanced gravitational settling (no physical

mechanism known)

Additional di�usive energy transfer in the core by DM (partial

solution; required dipole moments excluded by direct search

experiments)

Accretion, 3D models, �fth force etc. � no solution
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Luminous �ux power pro�le

Non-di�usive energy transfer

Emission of particles and absorption of energy → varition of ε (m).

l (m) = ξ1

m∫
0

(
εnuc (m̄)− εν (m̄) +

∑
i

εi (m̄)

)
dm̄, l (1) = 1

∑
i

εi =
∑
i

ε̃i + ε̄ , ε̄ ≡
1∫

0

dm
∑
i

εi

E�ects:∑
i ε̃i −→ variation of the shape of l (m)

ε̄ −→ change in nuclear reactions rates εnuc − εν
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Luminous �ux power pro�le

Two models: part I

switch to the mass coordinate

p′ ∝ −m/r4, t ′ ∝ −κl/(r4t3) =⇒ l ∝ m t3 t ′/(κ p′)

κ ∝ ρα t−β , OPAL tables, composition AGSS09
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two models: Standard and corrected, δ ≡ di�erence

δρ/ρ, δcs/cs , δµ/µ, δt/t, δr/r , δp
′/p′ � 1

δl

l
= 2·(3 + β)

δcs

cs
−(α + 1)

δρ

ρ
+(4 + β)

δµ

µ
+
cs

c′
s

[(
δcs

cs

)′
+

1

2

(
δµ

µ

)′ ]
−
[
p

p′

(
δρ

ρ

)′
+ 2

p

p′

(
δcs

cs

)′ ]
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Luminous �ux power pro�le

Two models: part II

two models: Standard and with increased opacity (Villante'15)

variation of l (m) now only in the core: δ̄l (m) = δ̄lnuc (m),

δ̄lnuc/lnuc � 1

κ ∝ mt3t ′/(lp′) =⇒

δ̄κ

κ
= 3

δ̄t

t
+
δ̄t ′

t ′
− δ̄p′

p′
−
(
δ̄l

l

)
nuc

helioseismology: δcs = δ̄cs è δρ = δ̄ρ ⇒ δp′ = δ̄p′, as

well as

δµ

µ
=
δ̄µ

µ
+

(
δµ

µ

)
nuc

,
δ̄µ

µ
=

5 δYs

8− 5Y
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Luminous �ux power pro�le

Luminous �ux power pro�le

Inside the radiation zone and the core: [∀ x : (x)nuc ∝ ε̄ ]

(δl)ε̃ = l ·
(
δ̄κ

κ
+ 2β

δcs
cs
− α δρ

ρ
+ β

δ̄µ

µ
+ (4 + β) ·

(
δµ

µ

)
nuc

+

cs

2 c ′s

(
δµ

µ

)′
nuc

+

(
δl − δ̄l

l

)
nuc

)

Preliminary

Helioseismology & Neutrino fluxes, ε = 0
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Preliminary

Model with the 10% energy loss from m ~ 0.98

Helioseismology & Neutrino fluxes, ε = 0.1
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Inside the convection zone: δl = 0 −→ energy emission
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Luminous �ux power pro�le

Rescaling of the opacity

Global rescaling of opacity does not in�uence sound speed pro�le:

κ → (1 + C ) · κ, r → r (R� = const)∫
dmGm/r = 2·3/2

∫
PdV = 3

∫
dmP/ρ ∝

∫
dm c2s ⇒ cs → cs

Analogue of the proposed DM solutions:

Preliminary

Helioseismology & Neutrino fluxes, ε = 0, C = -0.26
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Particle physics model

Model

Consider vector extension of SM with kinetic and mass mixing:

L0 = −1
4
F1µνF

µν
1 −

1

4
F2µνF

µν
2 −

δ

2
F1µνF

µν
2 ,

L1 = J ′µA
µ
1 + JµA

µ
2 ,

LMass = −1
2
M2

1A1µA
µ
1 −

1

2
M2

2A2µA
µ
2 −M1M2A1µA

µ
2 .

After diagonalization the interaction is:

L1 =
1√

1− 2δε+ ε2

(
ε− δ√
1− δ2

Jµ +
1− εδ√
1− δ2

J ′µ

)
A
µ
M+

1√
1− 2δε+ ε2

(
Jµ − εJ ′µ

)
Aµγ .
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Particle physics model

Emission of dark photons

radiation zone boundary → M = 12 eV � dark photon mass

emitting region is a sphere

power emitted:

lγ′ = 0.26 ·
(

δ

1.5 · 10−13

)2

beyond constraints

(Redondo'13)

M � mc → decay to millicharges
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Particle physics model

Capture inside the Sun

capture due to millicharge ε ≡ ε e ′/e:

rL =

√
ω2
c −m2

c

εe′B
= 0.01R� ·

( ωc

keV

)(
B

0.7MG

)−1 ( ε

7 · 10−15
)−1

Ferraro law and helioseismology → magnetic �eld con�nement

(Lang'10)

(
~B ~∇
)
~Ω = 0 + =
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Particle physics model

Capture inside the Sun

capture due to millicharge ε ≡ ε e ′/e:

rL =

√
ω2
c −m2

c

εe′B
= 0.01R� ·

( ωc

keV

)(
B

0.7MG

)−1 ( ε

7 · 10−15
)−1

requirement on α′:

Mth =
ω′pl√
γc

=

√
4πα′ · 2nc
γcmc

'
√
1.5α′Tc , Mth � M ⇒ α′ � 0.7

(
M

Tc

)2

α′ � 10−4
(
Tc

keV

)−2
energy of the ultrarelativistic millicharge gas increases until the heat

�uxes are equilibrated, the present-day system is stationary
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Particle physics model

Solar plasma heating

millicharges + electrons, Coulomb: σ ∼ α2ε2

energy transfer: ∆ωc = ωc
me
· (ξT − ωc) · (1− cos θ)

cross section:

dσ =
ε2e4

8πω2
c

·(1− x/2) dx

(x + ψ)2
, x = 1− cos θ, ψ = ω2

pl/(2ω2
c )

heating:

Q = 2nenc

〈∫
∆ωc dσ

〉
=
ε2e4nenc
4πme

·
(
T

Tc

− 1

)
·K

(
4T 2

c

ω2
pl

)

K (a) ≡ 2

3ζ(3)

∞∫
0

dx
x2
(
ln ax2 − 1

)
ex + 1
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Particle physics model

Variation of the luminous �ux power pro�le

Calculate luminous �ux change due to the heating:

δlc(r) = −
4πR3

�
L�

·
r∫

0

Q(x) x2 dx

Fit parameters of the model to the solar data:

Preliminary

Model; ε = 7 · 10
-15

, Tc = 1.8 keV, C = -0.07

Helioseismology & Neutrino fluxes
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Conclusions

To summarize

We studied the general energy transfer solutions to the solar

abundance problem

We found the variation of the luminous �ux power pro�le that

is required to solve the solar abundance problem

We showed that solely the emission of particles cannot solve

the problem, moreover helioseismology cannot provide bounds

on such emission from the tachocline region

The example of a physical model was suggested which can

alleviate the discrepancies
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Conclusions

Thank you for your attention!
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In addition

Exclusion plot for millicharges
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