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ABSTRACT

Nuclear reaction rates are a fundamental yet uncertain ingredient in stellar evolution models.
The astrophysical S-factor pertaining to the initial reaction in the proton—proton chain is un-
certain at the 1% level, which contributes a systematic but generally unpropagated error of
similar order in the theoretical ages of stars. In this work, we study the prospect of improv-
ing the measurement of this and other reaction rates in the pp chain and CNO cycle using
helioseismology and solar neutrinos. We show_that when other aspects of the solar model are
improved, then it shall be possible using current solar data to improve the precision of this

measurement by nearly an order of magnitude, and hence the corresponding uncertainty on
the ages of low-mass stars by a similar amount.
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1 INTRODUCTION

Just over one hundred years have passed since Arthur Eddington’s
speculation that stars primarily gain their energy not by contraction,
but by tapping into their sub-atomic energy (Eddington 1920). As
of the work of Henyey et al. (1955) and Schwarzschild et al. (1957)
we understand the Sun and other low-mass stars to use the proton—
proton chain as their principal energy source, the net reaction of
which is the conversion of hydrogen into helium. Relying primarily
on this process over the past 4.57 Gyr, the Sun has by now exhausted
approximately half of its central hydrogen supply.

The proton—proton chain predominately begins with the fusion
of two protons into deuterium, emitting a positron and an electron
neutrino: p(p, e*v)d (hereinafter denoted pp). The rate at which the
Sun evolves depends on the rate at which this and its other nuclear
reactions occur, and hence their cross sections (or astrophysical S-
factors, see e.g., Kippenhahn et al. 2013). However, the S-factor of
the pp reaction is approximately 4 X 10722 keV barns (b), which is
too small for modern laboratories to measure. Consequently, stellar
evolution models rely on a theoretical estimate, which has an un-
certainty of approximately 1% (Adelberger et al. 2011). Theoretical
ages of low-mass stars are controlled by this reaction and hence
inherit this uncertainty.

Precise measurements of the solar age, mass, radius, and lu-
minosity make the Sun a promising laboratory for improving mea-
surements of the pp rate and the rates of other nuclear reactions
ongoing in the Sun. Further constraints come from helioseismic
measurements of the Sun’s global oscillations, which have revealed
the solar interior structure (for reviews, see Basu 2016; Christensen-
Dalsgaard 2021), as well as neutrino fluxes from various reactions,
which have been measured in detail by several experiments (e.g.,
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Bellerive 2004; Agostini et al. 2019; Hyper-Kamiokande Proto-
Collaboration et al. 2018). These ingredients taken together tightly
constrain the space of possible solar evolution models, and hence
the possible rates of nuclear reactions.

Using 6 months of helioseismic data, Antia & Chitre (2000)
constrained the pp rate to 6%. In this work, we aim to show that by
using the full data set, in combination with solar flux measurements,
this constraint can in principle be improved to 0.14%. Similarly,
solar data can be used to improve the current level of uncertainty on
both the 3He(3He, 2p)a and "Be(p, y)®B rates by a factor of five or
more. The pp chain and a summary of some of the findings of this
paper are shown in Figure 1.

Helioseismic measurements have shown that a standard stellar
evolution model at the solar age matches the internal density profile
of the Sun within 1%. While significant differences do remain be-
tween the model and the observations, this level of agreement instils
some confidence that the standard model of the Sun is essentially
right, and points toward small adjustments in the microphysics used
to construct the model as being the cause of the discrepancies. In
particular, these discrepancies lie mainly at the base of the solar
convection zone, which is suggestive that the main improvements
needed to the solar model are needed in the calculations of radiative
opacities (Pain et al. 2017). Additionally, longstanding problems
still remain regarding the abundances of the solar atmosphere (e.g.,
Bergemann & Serenelli 2014) though a solution has very recently
been claimed (Magg et al. 2022).

Under the assumption that the remaining problems with the
standard solar model can be resolved, we aim here to quantify the
level of improvement that current measurements of the solar data
can provide to measurements of nuclear reaction rates. We will first
assume a standard solar model to be generally correct in its construc-
tion. Then, we determine how well these rates can be constrained
via stellar evolution theory using the present uncertainties in the
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Figure 1. The proton—proton chain, with branching ratios indicated. We
show in this work that the Sun can in principle be used as a laboratory to
improve current uncertainties on estimates of the pp, He—>He, and "Be—p
reaction rates by factors of 7, 6, and 5, respectively.

solar data: the solar age, radius, luminosity, metallicity, observed
neutrino fluxes, and low-degree helioseismic observations.

Improved measurements of nuclear reaction rates are useful
for improving the predictions of stellar evolution theory, which
are important for related fields that rely on accurate stellar ages,
such as galactic archaeology (e.g., Miglio et al. 2017). Additionally,
improved measurement of the pp rate in particular has the potential
to drive down uncertainties in electroweak theory, which underpins
its current estimate. Acharya et al. (2016) quantified the theoretical
uncertainties of pp fusion in the context of chiral effective field
theory and found that the dominant contribution stemmed from the
uncertainties in low-energy constants, i.e., the parameters of the
nuclear interaction model, which they obtained from the analysis of
Carlsson et al. (2016). These parameters are constrained by fits to
low-energy experiments, and can in principle be predicted by the
theory of quantum chromodynamics (Barnea et al. 2015). A precise
measurement of the pp rate from the Sun may then be useful in
driving down the uncertainties in these low-energy constants and
hence improve our understanding of the relevant theories. A conflict
between the predictions of these theories and stellar evolution would
furthermore be indicative of underlying issues or missing physics in
one or the other (such as non-standard interactions, e.g., Suliga et al.
2021), as was the case with the solar neutrino problem and neutrino
oscillations (Bahcall & Bethe 1990), and hence also potentially
drive progress.

The paper is organised as follows. Section 2 describes the
construction of our solar models. Section 3 gives the observational
constraints from helioseismology. Section 4 shows the effects of
changing various nuclear reaction rates on the solar structure and
resulting observations, and derives simple lower bounds on the
possible solar constraints on the rates. Section 5 performs a similar
analysis using the neutrino flux measurements. Section 6 presents
a full Markov chain Monte Carlo (MCMC) analysis of all known
sources of uncertainty to the solar model and provides more accurate
estimates on the possible constraints. Finally, Section 7 explores the
implications for stellar ages, and Section 8 summarises the work.

2 STANDARD SOLAR MODELS

In this work we make use of standard solar models (SSMs, see e.g.,
Bahcall & Sears 1972). These are 1 Mg stellar evolution models
defined as having the solar radius, solar luminosity, and solar surface
metallicity at the solar age. To achieve this, we use the Aarhus
Stellar Evolution Code (Astec, Christensen-Dalsgaard 2008a) and
calibrate the convective mixing length parameter apr as well as
the initial helium abundance Y and initial metallicity Zy using
numerical optimisation.

The calculations use the OPAL equation of state (Rogers et al.
1996; Rogers & Nayfonov 2002), OPAL opacities (Iglesias & Rogers
1996) at temperatures above 10* K and low-temperature opacities
from Ferguson et al. (2005). Nuclear reaction rates were obtained
from Adelberger et al. (2011), assuming electron weak screening
(Salpeter 1954). The atmospheric structure is represented by a re-
lation between optical depth and temperature approximating Model
C of Vernazza et al. (1981).

We include the effects of element diffusion, as approximated
by Michaud & Proffitt (1993), representing heavy elements by fully
ionized oxygen. Further details on solar modelling are provided by
Christensen-Dalsgaard (2021).

We assume the GS98 solar composition (Grevesse & Sauval
1998) as it currently yields the solar model in closest agreement
with helioseismic inferences, although as our goal is a differential
analysis, the specific solar composition should have little effect.
Similarly, the exact values of the assumed global solar properties
are not important for the analysis. That being said, we assume the
following solar parameters:

mass Mo = 1.989 x 103 ¢

radius R = 6.9599 x 10'° cm

033

luminosity Lo = 3.828 X 10”7 erg 7!

heavy mass fraction (Z/X)e = 0.02307
age 7o = 4.57 X 10° yI.

For our initial analysis, we shall regard these values as being fixed;
in Section 6, however, we propagate their uncertainty as well. The
calibration using these values results in a SSM with Yy = 0.2754,
Zy =0.01847, and ap T = 1.9118.

3 HELIOSEISMIC DATA

We have obtained low-degree solar oscillation data from the Birm-
ingham Solar Oscillations Network (BiSON, Davies et al. 2014).
From these measurements we calculate the frequency separation
ratios of Roxburgh & Vorontsov (2003), which probe the interior
conditions of the Sun (Oti Floranes et al. 2005) and facilitate a
comparison of theory and observation:

Vn,0 — Vn-1,2 Yn,1 = Vn-1,3

n
roa(n) = ——=, ri3(n) = .
02(n) Vn,1 =~ Vn-1,1 13() Vn+1,0 ~ Vn,0

€]

Here v, ¢ refers to the frequency of the mode with radial order n,
which in the observations ranges from 9 to 27, and spherical de-
gree ¢, which ranges from O to 3. As is evident by these equations,
the ratios are correlated; here we calculate the covariance matrix
via 100,000 Monte Carlo iterations.

We have used the Aarhus adiabatic oscillation package
(AprpLs, Christensen-Dalsgaard 2008b) to calculate the theoreti-
cal frequencies of our models. A comparison of the observed he-
lioseismic frequency separation ratios to the theoretical frequency
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Figure 2. Frequency separation ratios rp, and r3 (Equation 1), observed from helioseismology and computed from a standard solar model. The top panels
show the ratios themselves, and the bottom panels show the relative differences in the ratios, here defined as (observed—model) /model. The rightmost panel
visualises the correlation matrix of the measured frequency separation ratios shown in the left panels, ordered also in increasing frequency.

Table 1. Astrophysical S-factors of Solar Nuclear Reactions

Reaction S(0) Uncertainty
[keV b] [keV b] [%]
p(p,e*v)d 4.01x1072  0.04x 10722 1.0%
3He(*He,2p)a 5.21x 108  0.27x10°  5.2%
3He(a,y)’Be  0.56 0.03 5.4%
"Be(p, v)®B 2.08x1072  0.16x1072  7.7%
“N(p, y)1*0 1.66 0.12 7.2%

Note. S-factors and uncertainties obtained from Adelberger et al. 2011.

separation ratios of a SSM are shown in Figure 2. Qualitatively,
the match is good. As is well-known, however, there is significant
tension between the observed and computed ratios. Indeed, the ra-
tios differ by up to 140, with the largest differences being at low
frequency. This arises because, as mentioned, while the internal
structure of a standard solar model is close to that of the Sun, they
are not exactly the same.

4 NUCLEAR REACTION RATES

In this work, we consider the variation of five nuclear reaction
rates, which are tabulated along with their astrophysical S-factors
in Table 1. For an initial analysis, we have considered the effect of
changing each rate in isolation by factors of its standard deviation o-.
We then calibrate a new SSM corresponding to each value.

Figure 3 shows the corresponding changes to the internal struc-
ture of the SSM in terms of the differences in density p and squared
adiabatic sound speed c%. These are the most relevant quantities to
inspect because they determine the solar oscillation spectrum. The
sound speed is essentially determined by the balance of the temper-
ature and the mean molecular weight. Unlike the other reactions,
modifications to the pp reaction result in differences to the mean
molecular weight that peak away from the centrepoint, which causes
the sound speed differences to behave similarly. On the other hand,
the differences to the temperature change sign at a fractional radius
of ~ 0.3 across all of the reactions, approximately corresponding to
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the point beyond which nuclear reactions become very inefficient,
thus explaining why the differences across the various reactions pass
through zero at essentially the same point. Overall, the largest dif-
ferences to the solar structure are caused by changes to the pp rate,
in which an increase of 1o~ causes a change of 0.5% to the central
solar density. In order to maintain the solar parameters, increasing
the pp rate by 1o requires a 0.05% decrease to the protosolar metal-
licity, a 0.03% decrease to the protosolar hydrogen abundance, and
a 0.2% increase to the mixing length parameter. Changes to the
other rates result in smaller differences because, despite their larger
uncertainty, the resulting changes to the solar structure are smaller.

As is well-known, the largest discrepancy between the solar
structure and SSMs is at the base of the convection zone (e.g.,
Basu et al. 2009). In all of the cases investigated here, the greatest
changes to the sound speed are near to the solar centre. Therefore,
inaccurate nuclear reaction rates cannot be the dominant explanation
of the discrepancies between the Sun and standard models.

Now we turn our attention to the helioseismic effects of these
changes. Figure 4 shows the changes to the frequency separation
ratios due to changes in nuclear reaction rates. In this figure it
can be seen that increasing the pp rate by 1o decreases each of
the ratios by lo-, which implies that a strong constraint can be
obtained on this rate from helioseismology. Here it is also evident
that changing the rates of the 3He—>He and 3He—a reactions have
effects of similar magnitude, but opposite sign on the helioseismic
observations, likely owing to their opposing effect on the pp chain.
Since changes to the 3He—a reaction imparts the largest change the
central sound speed, improved precision to the measurements of
high-frequency modes will especially help constrain its rate.

Figure 4 also reveals an oscillation in the changes to the ratios
due to changes in the pp rate, which gives it a potentially unique
signature. This change can be attributed to a difference in the sound
speed at the base of the convection zone. While changes to any of the
rates perturb the structure there, the magnitude of the effect from the
pp rate is several times larger than from any of the others. In order to
confirm this as the source of the oscillatory behaviour, we perform
a linear perturbation analysis (Monteiro et al. 1994; Roxburgh &
Vorontsov 1994). The difference in an oscillation mode frequency
v between a pair of solar models can be estimated through the
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Figure 3. The effects of modifying nuclear reaction rates (listed atop each
panel) on the squared adiabatic sound speed profile (top panels) and the
density profile (bottom panels) of a standard solar model. Each line corre-
sponds to a standard solar model, with the relevant rate of that model being
multiplied by some factor of its standard deviation (cf. Table 1) as shown
in the colourbar. The dashed vertical line shows where the sound speed
differences change sign.
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Figure 4. The effects of modifying nuclear reaction rates (listed atop each
panel) on the frequency separation ratios rq, (top panels) and ;3 (bottom
panels) of a standard solar model. Each line corresponds to a recalibrated
standard solar model, with the relevant rate being multiplied by some factor
of its standard deviation (cf. Table 1) as shown in the colorbar. The shaded
background shows the uncertainties in the helioseismic ratios (cf. Figure 2).
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Figure 5. Artificial perturbation to the sound speed profile at the base of
the convection zone (top panel) and resulting perturbations to the frequency
separation ratios computed through the structure kernels (bottom panel).

differences in their internal sound speed and density profiles:

ov _ /R K(CZ,P)E +K(P,Cz)5_p dr )
v 0 c2 P
where K are kernels obtained through the linear perturbation anal-
ysis (e.g., Gough & Thompson 1991). We introduce a small per-
turbation to the sound speed at the base of the convection zone
and calculate resulting differences the frequency separation ratios
using this equation, assuming no change to the density. The result,
shown in Figure 5, is an oscillation corresponding to the shift with
changing frequency in the phase of the eigenfunctions at the base
of the convection zone in the ratio differences with approximately
the right periodicity and within an order of magnitude of the right
amplitude.

4.1 Reaction rate uncertainties from helioseismology

We now seek to determine constraints on the nuclear reaction rates
that would be possible with current data if the SSM were otherwise
correct in its construction. We do this by comparing each of the
SSMs calibrated with different nuclear reaction rates to the SSM
with the nominal values, which we call the reference model. As
these changes are here considered in isolation, and only consider
the random errors in the measurements, they represent the most
optimistic case.
We define the goodness-of-fit metric x2 to be

Y’=R'=7'R, R, =D;-M;. 3)

Here D are the frequency separation ratios (c¢f. Eqn. 1) of the ref-
erence model, M are the ratios of a SSM with changed nuclear
reaction rates, and X is the variance—covariance matrix of the mea-
sured frequency separation ratios (visualised in Figure 2). The 1o
uncertainty is obtained when Yr=1

Figure 6 shows the comparisons of the models and furthermore
the theoretical improvement from helioseismology to the S-factors
of the pp, *He—>He, and 3He—« reactions. The other two reactions
listed in Table 1 are not improved with current helioseismic data. It

MNRAS 000, 1-8 (2022)
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Figure 6. The agreement with helioseismology as a function of differences
in the astrophysical S-factors for three nuclear reactions, made under the
assumption that the reference model is otherwise correct. The shaded region
shows y2 < 1. The width at y2 =1 gives the theoretical minimum mea-
surement uncertainty o that would be possible from present helioseismic
observations. These uncertainties reduce the Adelberger uncertainties listed
in Table 1 by factors of 30, 7, and 16, respectively. Helioseismology offers
comparatively little improvement to the other rates considered and so are
not shown.

Table 2. Neutrino Fluxes from Solar Nuclear Reactions

Flux @ [10'0 cm™2 s71]

Source  SSM Measured Uncertainty Tension
pp 5.977 5.971 0.035 0.20
pep 1464 x 1072 1.448x 1072  0.013x 1072 120
"Be 0.511 0.480 0.023 1.30
8B 561 x107* 516x107*  011x10* 4.1o

Note. Measurements obtained from Bergstrom et al. 2016.

can be seen in this figure that helioseismology offers more than an
order-of-magnitude improvement to the pp and 3He-a rates as well
as a factor seven improvement to the >He—>He rate.

5 NEUTRINO FLUXES

We shall now perform a similar analysis as in the preceding sections,
but here making use of neutrino flux measurements. We have ob-
tained the observed solar neutrino fluxes after correction for flavour
mixing from Bergstrom et al. (2016) and tabulated the relevant val-
ues in Table 2. We have also calculated the corresponding fluxes
from our reference SSM by integrating the neutrino flux per unit
mass over the mass of the model. Note that while the pp, pep, and
"Be fluxes are in good agreement with the SSM, the flux from 8B
has tension exceeding 40-.

Figure 7 shows the change in neutrino fluxes from changes to
the nuclear reaction rates. The best constraint is provided by 8B
as its flux is significantly impacted by all of the shown reactions.
For example, a 1o~ change to the 7Be—p reaction rate produces a
30 change to the resulting 8B flux. On the other hand, the pp and
pep fluxes do not constrain the reaction rates at all. This figure also
demonstrates that, unlike helioseismic data, neutrino fluxes can be
used to distinguish changes between 3He—3He and *He—c. Lastly,
from the uncertainties shown in this figure, it is again evident that
a constraint on nuclear reaction rates is possible with current solar
neutrino flux data. This is illustrated in Figure 8, which shows the
constraints to the solar nuclear reaction rates given by neutrino flux
measurements. These measurements clearly have the potential to
reduce the uncertainty in the the pp, 3He-a, and 7Be—p reactions,
in the last case with an improvement by a factor of 3.6.

MNRAS 000, 1-8 (2022)
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Figure 7. Changes to the SSM neutrino fluxes (rows) due to changes in
nuclear reaction rates (columns). The horizontal axis shows changes to the
S-factor of each reaction, listed atop each panel, in terms of its standard
deviation as listed in Table 1. The vertical axis shows the corresponding
change to the flux @ from each source, listed on the right. The results are
coloured by the slope of a linear fit as given in the colourbar, with blue
indicating that increasing the S-factor increases the neutrino flux, and red
indicating the opposite. The grey background shades regions of 3 standard
deviations and higher, indicating regions that are ruled out by the observa-
tions: the absicssa corresponds to the uncertainties in the reaction rates (as
provided in Table 1) and the ordinate corresponds to the uncertainties in the
observed fluxes (Table 2).
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Figure 8. The agreement with neutrino flux measurements as a function of
differences in the astrophysical S-factors for three nuclear reactions, made
under the assumption that the reference model is otherwise correct. These
uncertainties reduce those listed in Table 1 by factors of 1.3, 2.3, and 3.6,
respectively.

6 FULL ERROR PROPAGATION WITH MCMC

In the previous sections, we explored how each nuclear reaction
rate affects the resulting helioseismic data and neutrino fluxes. We
furthermore used these relations to derive optimistic lower bounds
on the constraints that can be placed on the astrophysical S-factors
of each rate.

In this section, we aim to propagate all uncertainties in the solar
data, and combine the helioseismic and neutrino flux data in order
to obtain realistic uncertainties on the S-factors. This is similar to
the analysis of Song et al. (2018), except that we shall here assume



6  E. P. Bellinger & J. Christensen-Dalsgaard

the SSM to be correct, in order to determine how precisely solar
data will be able to measure nuclear reaction rates.

To that end, we use Markov chain Monte Carlo (MCMC, Good-
man & Weare 2010) to estimate the posterior distributions of the
nuclear reaction rates. For priors on the input solar data, we assume
the following uncertainties, which are discussed in more detail in
the review on solar structure and evolution of Christensen-Dalsgaard
(2021). From Bahcall et al. (1995) we adopt an age uncertainty of
0.006 Gyr. From a comparison of the Asplund et al. (2009) abun-
dances with meteoric data, we adopt an [Fe/H] uncertainty of 0.04.
From Haberreiter et al. (2008) we adopt an uncertainty on the so-
lar radius of 0.00002 Rg. From the variation in solar irradiance
over a solar cycle (Frohlich & Lean 2004), we adopt a luminosity
uncertainty of 0.001 L.

As nearly everywhere in the calculations the solar mass ap-
pears along with the gravitational constant, the product of which is
extremely well known, we keep both quantities fixed at their cen-
tral values. The resulting estimate will therefore be optimistic, but
only very slightly so. We also do not consider uncertainty pertain-
ing to the equation of state, opacities, or the ratio of heavy mass
elements. The latter is, however, partially considered through the
adopted uncertainty on [Fe/H].

The likelihood function we adopt for the analysis is again
Eqn. 3, only extended to include the differences in the neutrino
flux data, the solar radius, luminosity, and [Fe/H]. We used the
emcee (Foreman-Mackey et al. 2013) package in Python and ran
the analysis for 350,000 iterations.

6.1 Results

The results of the MCMC analysis are presented in Table 3. It can
be seen that an improved solar model will be able to reduce the
uncertainty on the astrophysical S-factor of the pp rate by a factor
of 7, of the 3He—>He rate by a factor of 6, and the "Be—p rate by a
factor of 5.

It is notable that some, but not all, of the nuclear reaction rates
measured using solar data shall in fact be highly correlated. For
example, the correlation coefficient between the S-factors of the
pp and 7Be—p reactions is 0.66. This is likely due to the fact that
increasing the pp rate requires a lower central temperature in order
to maintain the luminosity, and hence requires an increase to the
7Be—p rate to match the observed 8B flux. The correlations between
other pairs of reactions are shown in Figure 9. One can here also see
anti-correlation between 3He—>He and 3He-a, which likely arises
due to the opposite effect on the branching ratio (cf. Figure 1). The
anti-correlation between ' Be—p and He—a is also expected in order
to maintain the 8B neutrino flux. The correlations between all the
parameters of the model are shown in Figure 10. One sees here for
instance that the mixing length parameter is correlated with the pp
rate, and the flux of the pep reaction is correlated with the age of
the Sun.

7 TURN-OFF AGES

Accurate stellar ages are vital for numerous purposes, such as de-
termining the evolution of the galaxy (e.g., Miglio et al. 2017;
Grunblatt et al. 2021; Borre et al. 2021), dating exoplanets (e.g.,
Campante et al. 2015; Bellinger et al. 2019), and providing con-
sistency checks for cosmological theory (e.g., Boylan-Kolchin &
Weisz 2021). The main-sequence turn-off in particular is an impor-

Table 3. Posterior Uncertainties from MCMC Analysis of Solar Data and
Factors of Improvement Over Priors Listed in Table 1

Uncertainty of S(0)

Reaction Improvement factor

[keV b] [%]

p(p,e*v)d 0.023x 10722 0.14% 7
3He(*He,2p)a 0.24 x 103 0.89% 6
3He(a,y)’Be  0.016 5.2% 1
"Be(p, v)®B 0.074x 1072 1.7% 5
“N(p, y)150 0.11 4.2% 2

3He(3He, 2p)a
7
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Figure 9. Scatterplot matrix showing the MCMC results for various pairs of
nuclear reaction rates as constrained by solar data. Significant correlations
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minimum uncertainties that are possible from solar data (blue shading).

tant astrophysical clock for determining the ages of stellar clusters
(e.g., Chaboyer 1995).

Based on the theoretical evolution of the Sun until core hydro-
gen exhaustion, Figure 11 compares the age spread at equivalent
central hydrogen abundance that one gets with current uncertainties
on the pp rate to those that may be possible with solar data. The
differences in age at the end of the main sequence with current un-
certainties span approximately 70 Myr at 1o, thereby imposing a
systematic uncertainty of about 0.44%. The measurements that may
be possible from solar data reduce this uncertainty by an order of
magnitude, down to 0.044%.

We have also investigated the age uncertainties correspond-
ing to the other rates, but found them to be rather negligible in
comparison to the pp uncertainty, despite their larger fractional un-
certainties. The *He—a reaction contributes only 0.14% uncertainty
to the turn-off age of a solar-mass star, and >He—>He only 0.074%.

8 CONCLUSIONS

In this work, we have quantified the constraints that solar measure-
ments are able to place on the rates of nuclear reactions. We found
that helioseismic data are highly sensitive probes of the pp and
3He—3He reactions. Measurements of the 8B neutrino flux mainly
constrain the possible rate of the 7Be—p reaction, but also has some
sensitivity to the pp and 3He-a reactions.

Through an MCMC analysis, we combined the helioseismic
and neutrino flux data, and found that each of the pp, *He—>He,
and 7Be—p reactions can in principle be improved by more than a
factor of five using present solar data. The analysis showed that solar
measurements of the pp and 7Be—p rates will be highly correlated,
with smaller or no correlations between other pairs of reactions.
Future measurements of solar g modes may further improve the
possible constraints on the reaction rates (Salmon et al. 2021).
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