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L Solar interior structure modelling

(a simple overview)

Structure and
evolution equations

dr 1
dm — 4wr2p
dP Gm
dm — Adwrt
dL d /u P dp
dm [§ (E) _?5]
3K L
E B  4acT3 16727
dm 'y —1T7TdP
[, Pdm
dX
E = TFx .
Solar boundary conditions
At m= Mg, t =14
L=Lg,r=Re,T=TE,. .. )
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Solar interior structure modelling

(a simple overview)

- . Structure and
Additional input s evolution equations

Constant parameters
dr 1
« Elemental abundances (X)) dm  4nrZp
-MB22 — Z/X =0.02249 AP Gm
-AAG21 —» Z/X = 0.01866 -— = ——
dm 4qrrd
* Nuc. reaction rates — S-factors dL . [d (u) P d,o]
) 2 d_ - - & 0 _2 E
Si’j(O), g m'(O)’ § M(O) " 3K ’ Lp
. . . dT  4acT3 16727
Physical quantities relations I = Iy— 17T dP
e« EOS — p(P,T,) I's Pdm
dX
. Opacity = k_(p,T,X,) T - "X
Solar boundary conditions
At m = M@, t= To
L=Lg,r=Re,T=TE,. ..
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Solar interior structure modelling

(a simple overview)

.. . - Structure and - Solar structure and
Additional input evolution equations observables

Constant parameters |
dr 1 - Radial profil \
- Elemental abundances (X)) am — imZp adial profiles v
-MB22 — Z/X =0.02249 apP Gm « Sound speed profile
-AAG21 —» Z/X = 0.01866 -— = — 0 <> Helioseismology
dm 47rrd
* Nuc. reaction rates — S-factors dL . [ d ( E) P d_,o] « Neutrino outflows
S (0), & (0), S” (0) dm dt \p/) p*dt pp. pep, hep, 'Be, B, ..
K K K 3k L
: - : d7T T 4acT3 16728 « Calibrated parameters
Physical quantities relations I = Iy— 17T dP o R_,Y,, ..
e« EOS — p(P,T,) I's Pdm
dX
. Opacity = k_(p,T,X,) T - "X
Solar boundary conditions
At m = M@, t= To
L=Lg,r=Re,T=TE,. ..
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Solar interior structure modelling

(a simple overview)

Additional inout Structure and Solar structure and
i P . evolution equations - observables
Constant parameters % =
dr 1 — -  Radial profiles
« Elemental abundances (X)) & dm  4mrZp o\
-MB22 — Z/X =0.02249 AP Gm Q;{/ « Sound speed profile
-AAG21 —» Z/X = 0.01866 e <> Helioseismology
« Nuc. reaction rates — S-factors . [d ( u) P dﬂ} « Neutrino outflows
, ” dm At \p/ pPdt 7Be, 8
S.(0), &§,(0), $” (0) m NP P PP, pep, hep, 'Be, °B, ..
3K L
h - — : - AT T 4acT3 16728 * Calibrated parameters
Physical quantities relations I [y— 17T dP a, o R Y
- EoS — p(PT.,...) I Pdm
dx é@ Hard-coded in Fortran
. Opacity = k_(p,T,X,) P — recompile each time
Solar boundary conditions i @ Few hours per thread
(GARching STellar Evolution Code)
At m = M@, t= To
L=Lg,r=Re,T=TE,. ..
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Solar interior structure modelling

(a simple overview)

Additional inout Structure and Solar structure and
) P . evolution equations . observables
Constant parameters % P - ,,
£ tal abundances (X) dr 1 —  Radial profiles
« Elemental abu . T A2 =
i dm dmrep
-MB22 — Z/X =0.02249 AP Gm @ » Sound speed profile
-AAG21 —» Z/X = 0.01866 e <> Helioseismology
« Nuc. reaction rates — S-factors ar _ __ [ d ( E) P d_p} « Neutrino outflows
) 2 d 3 B - dt 2 df 7 8 e
S.(0), &§,(0), $” (0) m PP PP, pep, hep, "Be, °B,
Ik L
E o dT T 20T 16n2,8 « Calibrated parameters
Physical quantities relations am Ty— 1T dP a,w R Y
-« EoS - p(PT,...) I, Pdm
dX % Hard-coded in Fortran
. Opacity = k_(p,T,X,) R — recompile each time
- J L J B
Sun as lab for new physics? ( Solar boundary conditions \ =" @ Few hours per thread
(GARching STellar Evolution Code)
« Exotic particles — energy-loss /zt mL: M®>§%: ;9 et
= Lo, = g, =15y

e = e-0¢ N . 6
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Solar interior structure modelling

(a simple overview)

Additional inout Structure and Solar structure and
i P . evolution equations - observables
Constant parameters | b@ =
® - . A
dr 1 — - « Radial profiles 2
« Elemental abundances (X)) & dm  4mrZp o\  {
-MB22 — Z/X =0.02249 AP Gm Q;{/ « Sound speed profile
-AAG21 —» Z/X = 0.01866 e <> Helioseismology
» Nuc. reaction rates — S-factors S_L _ [ di ( E) a iz i_ﬂ} - Neutrino outflows
) P 4 t i 7 8
S.(0), &§,(0), $” (0) m . Lﬂ pp, pep, hep, 'Be, °B, ...
MPhveical — lati S ar T 4acT3 16728 » Calibrated parameters
ysical quantities relations ! T = Dy~ 17dP oy R, Y
e« EOS — p(P,T,) I's Pdm
dx % Hard-coded in Fortran
. Opacity = k_(p,T,X,) P — recompile each time
Sun as lab for new physics? | Solar boundary conditions  |f . @ Few hours per thread
® ® (GARching STellar Evolution Code)
* Exotic particles — energy-loss jzt:mLz ]7‘442 7;: ;9: Ten ] 9 Uncertainties
s 5 PRI ® o

E = €-0¢ 7
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Standard Solar Model variations

Input Solve Output
parameters (const.) equations (parameters or functions)
(pl,.,.,pn) ] Qj[ph--.,pn](x); j=1,...,N; :C:’I“/R@
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Standard Solar Model variations

Input Solve Output
parameters (const.) equations (parameters or functions)
(pl,.,,,pn) ] Qj[ph--.,pn](x); j=1,...,N; :C:?“/R@
X2l

{Bi =pi+ Apitizi, . n  — Q15 ..5,)(¥) = Qj[py,..p] (2) + AQ; ()
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Standard Solar Model variations

Input Solve Output
parameters (const.) equations (parameters or functions)
(ph.,,,pn) ] Qj[pl,---,pn](x); j=1,...,N; :C:T/R@
) R ol® )
{pz’ = p; + Api}i:l,...,n e Qj,[ﬁl,---,ﬁn](x) = Qj,[pl,...,pn](x) + AQJ(x)
: : P —~ 0Q,(z) 2
Linear approximation: Small enough Ap; = AQj(z)~ ) oo Ap; + O(A?)
i=1 1 [pl,...,pn]

Much simpler linear system \_ =L 6)

10



e
, e Standard Solar Model a Y. Herrera - herrera@ice.csic.es

EXCELENCIA
MARIA
DE MAEZTU

Standard Solar Model variations

Input Solve Output
parameters (const.) equations (parameters or functions)
(pl,...,pn) ) Qj[pl,---,pn](x); j=1,...,N; xIT/R@
~ Xig=i®
. . . . ik 8Q](.CE) 2
Linear approximation: Small enough Ap;, — AQ;(z)~ Z . Ap; + O(A%)
, Pi
1,:1 [pla"'apn]
Much simpler linear system \_ T3
Small Ap; one at a time AN SRS 0Q,(z) ~ AQ,(z)
: . > O, - Ap.
(numerical approach) n times Pi ip1,....pn] pi
11

(*) See F. Villante’s talk for the analytical approach (LSM)
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SSM theoretical uncertainties

pi = Pi x 0y, !__)? Qj = Qj +oq,
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SSM theoretical uncertainties

pi = Pi x 0y, !__)? Qj = Qj +oq,

n-dim normal distribution
of samples (M-C)

(p!:[k]7' A 7pn])7

k=1,...,10°

13
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SSM theoretical uncertainties

pi = Pi x 0y, !__)? Qj = Qj +oq,

n-dim normal distribution
of samples (M-C)

(P, ..., ply; N WG :iﬁQj(x)Ap,Ek]

k=1,...,10° = Opi

14



chETEC . Standard Solar Model and variations \ Y. Herrera - herrera@ice.csic.es

EXCELENCIA
MARIA
DE MAEZTU

SSM theoretical uncertainties

pi=Dit Op; !—_)? Q] = QJ + 9Q; Corr <Qj7 Qj’>

n-dim normal distribution Standard
of samples (M-C) deviation

k=1 ,...,10 = Op

15
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SSM theoretical uncertainties

pi = Di £ op, 1—? Qj=Qj*+0q, Corr (Qj,Qjr)

n-dim normal distribution Standard
of samples (M-C) deviation
(K] K]y. n :
(Py ""’pgl]>’ q AQj(x)[k] :Z—aQﬂ(z)Ap[k]
i (2
k=1,....10° = Opi
Input uncertainties (SF-Ill) Neutrino flux prediction uncertainties
3 . : ®[v s~lem™2] (MB22) v s~ 'em™?] (AAG21)
g‘idgj: %_ff;f%n L e b | 5.950- 107 (1 £ 6.408 - 10-°%) | 6.000- 10™ (1 = 5.644 - 10-%9)
1 y 34y el ’ eps E

pep | 1.422-10° (14 1.312-10-92) | 1.447-10% (1 4 1.089 - 10-92)

&R A R hep | 7.934 -10% (1 +3.047-107°1) | 8.161-10% (1 +3.051-107°1)
C, N, O, Ne, Mg, Si, S, Ar, Fe * 7Be | 4.875-10% (1+8.128-10792) | 4.517-10% (1 £ 7.346-10~92)
el el 8B | 5.074-10% (14 1.456-10-°1) | 4.309 - 10° (1 4+ 1.254-10~%1)

e Other parameter: 13N | 3.102 - 10°8 (1 & 1.509 - 10 °1) | 2.221 . 108 (1 & 1.315- 10—°2)

7, diff. coef., L, k4, kB

) (
150 | 2.304 - 10°% (1 +1.795-10791) | 1.577-10% (1 4+ 1.586 - 10~91)
17F | 4.699 - 10% (1 & 1.686 - 10-°1) | 3.401 - 10%¢ (1 £ 1.573 - 10~91)

16
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"GS98"

"AGSS09"

"C1"

"AAG21"
"MB22m" ::

"MB22p"

Barcelona 2023 SSM

cp.;ﬁ;; ". ChETEC-INFRA WP8: Astronuclear Library @
\l:i_ff,& Part of EU Open Resedfch Repository

Standard Solar Models B23 / SF-IlI

Herrera, Yago!-23 (®); Serenelli, Aldo!-22 ()

DOI:10.5281/zenodo.10822316

Input data

> S-factors:
Solar Fusion Il

> Solar abundances:
GS98, AGSS09, C11,
AAG21, MB22...

:: Grevesse & Sauval (1998), Space Sci. Rev., 85, 161.
:: Asplund et al. (2009), ARA&A, 47, 481.

i Caffau et al. (2011), Sol. Phys., 268, 255.

:: Asplund et al. (2021), A&A 653, A141.

Magg et al. (2022), A&A 661, A140. (Meteoritic)

:: Magg et al. (2022), ARA 661, A140. (Photospheric)

Output data

Y. Herrera - herrera@ice.csic.es

> Radial profiles (physical,
chemical, neutrino, etc)

> Neutrino outflows at 1AU
+ uncert + corr

> Partial derivatives
(power laws)

17
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Barcelona 2023 SSM + parameter variation routine

Input variations (in dex) for nuclear reactions S-factors,

elements abundances, and other solar parameters:
m (Edit these values in the script INPUT section)
511 533 534 Se7 S17 Shep 5114 5116 Age Diff Lumi OpacA OpacB
0.0

Ap [dex] - 6.6 0.0 0.0 0.8 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0
— ) [ N [} Ne Hg 5i 5 Ar Fa
cheTec_. ChETEC-INFRA WP8: Astronuclear Library @ 6.0 01 0.1 0.0 00 0.0 0.0 00 0.8
s SEEE e Computing output variations...

Results written to: RESULTS/nu_fluxes_new.dat
Results written to: RESULTS/prof_Csound_new.dat
Results written to: RESULTS/var_Csound_new.dat

Standard Solar MOdG'S B23 / SF-"l Pote soved tor FEBATS/FIons Comund mewertr o

Meutrino generation rates, surface He. and convective zone base radius
G598 AGSSD! €11 AAG21 HEZ2m HE22p
bp  5.95177e+10 6.00170e+10 5.98173e+10 5.99172e+10 5.94179e+10 5.94179e+10
1,23 . i 1,23 ep 1.42074e408 1.44800e+08 1.43735e+08 1.44334e+408 1.41840e+08 1.41840e+08
Herrera, Yago!-23 @®; Serenelli, Aldo!-2-3 (® hep 7.902210403 8. 174150403 8053690403 6, 115980403 7.877950403 7.690010+03
output @ be7 4.92039e+09 4. 48958e+09 4.66381e+09 4.57668e+09 4.96372e+09 4.93940e+09
v b8 5.16345e+06 4.25678e+06 4.61589e+06 4,43553e+06 5.27796e+06 5.22332e+06

Nl3 2,94498e+08 2, 14920e+08 2,61127e+08 2, 33056e+08 3.28304e+08 3, 26619e+08
015 2.22147e+08 1.54906e+08 1.90477e+08 1.69134e+08 2.49036e+08 2.47106e+08

. 17 6.92202e+06 4.24153e+06 5.34028e+06 4.39166e+06 6.11717e+06 6.06683e+06
DOI . 1 0 . 52 8 1 / ZenOdO . 1 0 82 2 3 1 6 y5 2.439438-01 2.33503e-01 2,37925¢-01 2,35757e-01 2,45446e-01 2.448136-01

rez 7.06758e-01 7.16665¢-01 7.10821e-01 7.14221e-01 7.06814e-01 7.07119¢-01

25 [z

Input data Output data e
Sound speed profile variations Sound speed profile normalized deviations from solar
> S-factors: > Radial profiles (physical,
Solar Fusion Il chemical, neutrino, etc) g || & '\
. . - g / ]
> Solar abundances: > Neutrino outflows at 1AU
GS98, AGSS09, C11, + uncert + corr 2 1 ', g
AAG21, MB22... 3 | i
> Partial derivatives s ] - .
"GS98" G & Sauval (1998), S Sci. Rev., 85, 161. = 29 H
"AGSS09" :: A;:TEZ? et afu{‘;ooel, AR&&p::: Z?,mam.ev (pOWGI’ IaWS) : =
"G i Caffau et al. (2011), Sol. Phys., 268, 255, e
"AAG21" : Asplund et al. (2021), A&A 653, A141. ar o ) - o 00 0z R 08 .
"MB22m" : Magg et al. (2022), A&A 661, A140. (Meteoritic) i ) h

| 7{Rgun
"MB22p" :: Magg et al. (2022), A&A 661, A140. (Photospheric) e 18
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SSM function variations

Exotic particles — extra energy-loss

Sun as lab for new phySICS? (axions, hidden photons, etc)

Discrete set of parameters <> Function of continuous variable(s)
{Pi =pi +Apiti=1,..n £=¢—d¢ de ;== Af(Q;(x)) “small” A

19
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SSM function variations

Exotic particles — extra energy-loss

Sun as lab for new phyS|CS? (axions, hidden photons, etc)

Discrete set of parameters <> Function of continuous variable(s)
{Pi =pi +Apiti=1,..n £=¢—d¢ de == Af(Q;(x)) “small" X

Partial derivatives < > Functional derivatives (Kernels)

- i\& 1) ~ 5@(%) c :Ul 2
£Q () ~ 0 291 Ap; AQ(r) = / 5e(ar) ) O

. Op; D
i 7 [p1l,..., n)
! el AQ(z) ~ | Ko(z,2') f(z') da'
D

20
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SSM function variations

. Exotic particles — extra energy-loss
Sun as lab for new phy5|cs? (axions, hidden photons, etc)

Discrete set of parameters <> Function of continuous variable(s)
{Pi =pi +Apiti=1,..n £=¢—d¢ de == Af(Q;(x)) “small" X

Partial derivatives < > Functional derivatives (Kernels)

- i\& 1) ~ 562(:17) c 33/ 2
AQj(z) =~ Z%p(l) Ap; AQ( )_/ Se(z') de(z") + O(X7)

D
AQ(x) ~ i Ko(z,2') f(z') da’

[p1,...,pn]

PD calculation > Kernel calculation & 9% - _®

Small Ap; one at a time Localized perturbation: f(z') = Cod(x’ — o) =~ Coye(z' — x,)
e S (k] —1 [k] 7
Op; [p1,....pn] - Ap; KQ(xamo ) ~ Co AQ(x)

k=1,...,n~0"" Careful with borders!

0
To— | ~0O

21
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SSM energy-loss Kernels
Localized perturbations Kernels
- — . 1.2
56 . Af(Q] (Z’)) 4108
1.0
/ /
f(z")=0C, go(z' —x,), o =0.01 Ll 08
g
. S 2x108 = 06
n = 100 4+ 10 (border correction) 5 ®
i 1x10° T L%
L = £ o
CO:O'OlM_% = A <0.04 0 Sl
]
L0 X * 2 it 02
1.4 0.9 —2x10° ~04
H 0 01 02 03 04 05 06 07 08 09 1.0 . 12 0. : . . A . . .
n 0.8 ntlmeS 4 0 01 02 03 04 E}E{IOG 07 08 09 10
0.7 8x10°
= 10 5
i_:‘.-g 0.6 7x10 Fmg
o na 05 = 6105
2 06 0.4 I 5x10° S 2x10°
0.3 £aa0 &
0.4 1 1x10°
02 g 3x10° &
: K of
= J o 2x10° :
0 ] 1x10°
0 01 02 03 04 05 06 07 08 09 1.0
r/Ry i ~1x10°
0 01 02 03 04 05 06 0.7 08 09 10 0 01 02 03 04 05 06 07 08 09 1.0
r/R: /R

22
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SSM + v-Axions energy-loss
with Kernels method

4 - Axions _ 9y T7

€gry = F(k?),
energy-loss ' 4r p =)

F(r?) = 1.842(x2/12)031, &%= m;—ﬁ (Ye +2.2 Y;')
7

intheory: AQ(x) ~ /DKQ(x,x’) €ary(2') da’

Numerically — discrete sum + iteration [ ¢ ]

AQW (z) ~ ZKQ(LU,LBk) €ary (Q[i_” (z)) Azy

k=1

QU = QU1 £ AQl, QO] = QSSM

23
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SSM + v-Axions energy-loss
with Kernels method

0.4 o

v-Axions = _ 9,17
energy-loss ' 4r p

F(x%), i

e(erg/(gs))
g

F(r?) = 1.842(x2/12)031, &%= m;—ﬁ (Ye +2.2 Y;')
7

0.03

in 1:heory AQ (x) = /1) KQ (x7 x/) ea’)’ (:U,) dx/ o : e i

Numerically — discrete sum + iteration [ ¢ ] 8 aos | 8 Kars

AQW (z) ~ ZKQ(LU,LBk) €ary (Q[i_” (z)) Azy

k;— 1 20405 |

QU = QU1 £ AQl, QO] = QSSM

vep (g8)
vree (8)"

@
<
o
@
Il

0.002 i

dobooooo §

S3233388 &
111 1
T

aR=
1l

. Vil b B
-0.002 e

1/ Rsun 1/ Rsun 2 4
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= SSM energy-loss Kernels
+ integration routine (beta)

iie]| Vi so0u07
2en0do 1 it
03 - m Phys
= LI _ 4e+07
cheTec . ChETEC-INFRA WP8: Astronuclear Library © :g 0z Easer |
@A Part of EU Open Research Repository _% S|
I p i By 250407 |
Energy-loss kernels and integration routines for Standard gl
Solar Model variations. 00 -
0.04 AT 20-04
Herrera, Yagol-22 (@; Serenelli, Aldo%22 @ 0.0d:) |—J D‘,ﬁ 1
0.02 i 1e-04 |
0.01 il i -_ 2004 1 -
0.00 - ..i_:.___,.. - ..r.. — ..].. e ‘.. S r j\:g:: I.‘. r i ‘ r
DOI:10.5281/zenodo.15624062
Models Models
Se+05 4 . Kerlt ® KerDl
+ Scripts: o] S
- lterative Kernel * E-loss integration, b CRY | — . R
{Z) ~ 10 sec per iteration, % soas ®
- Neutrino outflows integration o g 100000
- Plotting scripts 1
* Model/Kernels data: 1205 1 Geae
- B23 SSM_MB22 (expanded for Kernels) e )
- Kernels 0004 - P 0,006 —
- SSM+gAxion (g10=1-10) v . Bt 35 o0z -
- SSM+hidden photons (hp=1-6) ] a2

° Seve ral exam pl es: 00 0z 0.4 0.6 08 oo 0z E 0.4 0.6 08
Energy-loss functions, input, output, etc /Reun /o 25
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csic 1€

= SSM + ~-Axions
with Kernels method

Integrated energy-loss and neutrino outflows

Axion model fr. variation (AQ/Q) Kernel models fr. residuals
14 0.02
1.2 0
—
— 1 , — X
1 7)) '002 U pp
= 08 2 ¥
n g 04 nu_pep
n 0.6 = -0. m— NU_hep
~ ) ™ — U_7Be
o 04 OI -0.06 nu_8B
E o m— u_13N
0.2 x -0.08 nu_150
0 01 —nu_17F
1 2 4 6 8 10 1 2 4 6 g 10 ~ futow
g10 gl0

Y.Herrera, F. Villante, A. Serenelli, M. Maltoni?, C. Sanchez-Garcia? (article in preparation) 26
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Thank you!

Pl -
cheETec - ChETEC-INFRA WPS8: Astronuclear Library @ e . I
edich i cheTEc - ChETEC-INFRA WP8: Astronuclear Library @
@A Part of EU Open Res Repository Q‘l_‘/ﬂ-ﬁ Part of EU Open Research Repository

Standard Solar Models B23 / SF-I1II Energy-loss kernels and integration routines for Standard
Solar Model variations.
m‘ﬁgglﬂ @‘ w’wuﬁ @ Herrera, Yago %2 {@: Serenelli. Aldo'-2.2 (@
DOI:10.5281/zenodo.10822316 DOI:10.5281/zenodo.15624062

I’'m for hire!!

Yago Herrera @
0000-0002-6469-1942
27
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