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Abstract The Sun, the closest and most well studied of stars, is generally used as a standard
that other stars are compared to. Models of the Sun are constantly tested with helioseismic
data. These data allow us to probe the internal structure and dynamics of the Sun. Among
the main sources of the data is the SOHO spacecraft that has been continuously observing
the Sun for more than a solar cycle. Current solar models, although good, do not include
all the physical processes that are present in the Sun. In this chapter we focus on specific
inputs to solar models and discuss generally neglected dynamical physical processes whose
inclusion could result in models that are much better representatives of the Sun.
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1 Introduction

The Sun is the closest star and hence used as a benchmark to study other stars. In contrast
with other stars, its radius, luminosity and mass are known with great accuracy, allowing us
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to make very precise models of the Sun. The current mass of the Sun (1M�) is estimated to
be 1.98892(1±0.00013)×1033 g (Cohen and Taylor 1987), the radius (1R�) is 6.9599(1±
0.0001)× 1010 cm (Allen 1973), the luminosity (1L�) is 3.8418(1 ± 0.004)× 1033 ergs s−1

(Fröhlich and Lean 1998; Bahcall et al. 1995). The age of the Sun as determined from
radioactive dating of meteorites is 4.57(1 ± 0.0044) Gyr (Bahcall et al. 1995).

One of the more important concepts in modelling the Sun is that of the Standard So-
lar Model (SSM). The Sun is modelled in a manner somewhat different from other stars
since its age, luminosity and radius are known independently. To be called a solar model,
a 1M� model must have a luminosity of 1L� and a radius of 1R� at the solar age. The
stellar structure equations are solved to satisfy the mass, radius and luminosity constraints.
This is done by varying the mixing-length parameter α and the initial helium abundance Y0

until we get a model with the required characteristics. Mathematically speaking, we have
two unknown parameters (α and Y0) and two constraints (radius and luminosity) at the so-
lar age, and hence this is a well defined problem. The definition of an SSM is somewhat
more stringent, with the exception of the mixing-length parameter, the construction of an
SSM cannot include any physical quantity or effect that has free parameters in its imple-
mentation. Thus for instance SSMs do not include any effects that solar dynamics (rotation,
meridional and zonal flows, etc.) may have on solar structure. SSMs are sometimes modified
to include a specified amount of convective overshoot, however, since there is no consensus
on how overshoot is implemented, this is not common. Just like any other stellar model, an
SSM depends on a number of inputs such as radiative opacities, equation of state, nuclear
reaction rates, etc. These ingredients have been refined with time as observations from the
solar interior (acoustic modes, solar neutrino fluxes) have become more and more accurate.
A description of these and other inputs can be found in the review of Turck-Chièze et al.
(1993). The observed value of the solar metallicity is also used as a constraint.

SSMs model solar structure very well by the standards of astronomy. For instance, the
discrepancy in the sound-speed profile is within a few percent. As helioseismic analyses
have shown (see e.g. Christensen-Dalsgaard 2002), the structure of an SSM is in remarkable
agreement with the Sun, although the degree of agreement does depend on what we assume
the solar metallicity to be. In this chapter we discuss two sources of uncertainty in SSMs—
the metallicity, and the equation of state.

The standard solar model, while extremely useful and popular, does not represent all
aspects of the Sun. For example, it does not include differential rotation, nor does it include
magnetic fields that cause the solar activity cycle and its associated irradiance change (the
Schwabe cycle; Schwabe 1844) of about 0.1 % (Fröhlich and Lean 1998). While a 0.1 %
change is small, it is still a factor of about 105 larger than the change in the luminosity
of standard solar models over the same period (Turck-Chièze and Lambert 2007). Without
dynamical effects and the effects of magnetic fields one could not hope to model these subtle
effects.

In parallel with SSMs, there has also been the development of so-called seismic models
of the Sun (see e.g., Antia 1996; Takata and Shibahashi 1998; Turck-Chièze et al. 2001).
These are models of the present-day Sun that are forced to satisfy the helioseismic con-
straints. Some of these are evolutionary models, some others not. For instance the Antia
(1996) model is not an evolutionary model, but those of Turck-Chièze et al. (2001) and
Couvidat et al. (2003) are evolutionary models obtained by changing opacity and/or reac-
tion rates within their uncertainties. The aim of these models is to predict the thermodynamic
properties of the solar core and to estimate neutrino fluxes more accurately. An example of
the agreement between the Sun and solar models, one an up-to-date SSM and one seismic,
is shown in Fig. 1.
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Fig. 1 The difference between the squared sound speed and density profiles of the Sun and two models,
one an SSM constructed with Asplund et al. (2009) composition (red dashed lines) and the other the seismic
model of Turck-Chièze et al. (2011) (black continuous lines). The errorbars are from the inversion described
in Turck-Chièze et al. (2001). See Turck-Chièze et al. (2012) for the list of the values

We have organised this chapter as follows: We first describe the reliability of the data
used in determining properties of the solar interior and discuss what we have learned of
solar structure thus far. We then discuss the question of solar abundances and describe how
the more-recent set of abundances were derived. In the same section we look at the effect
of the abundances on SSMs and how they fare in helioseismic tests; we also discuss several
attempts that have been made to determine solar metallicity through helioseismic analyses.
Next we examine the solar equation of state and review tests of the different equations of
state. We then turn our attention to the details of the solar radiative zone and core to discuss
what other physics may be needed to model these regions properly. And finally, we discuss
angular-momentum transport which is perhaps the most neglected process in solar models.

2 Helioseismic Insights into the Solar Radiative Zone

It is generally believed that SSMs should describe the radiative zone of the Sun reason-
ably well since, unlike in the convection zone (CZ), dynamical motions are supposed to be
negligible in that region. One of the successes of helioseismology has been the ability to
determine the structure of the Sun right to the core. MDI (Michelson Doppler Image; Scher-
rer et al. 1995) and GOLF (Global Oscillations at Low Frequency; Gabriel et al. 1995) are
two instruments on board the Solar and Heliospheric Observatory (SoHO) that complement
each other. MDI observations have been used to determine solar acoustic-mode frequencies
of degree � of 0 to 300. GOLF was built specifically to obtain high-precision data on the
solar low-degree modes that allow us to probe the solar core. Combining MDI and GOLF
data allows one to determine the sound-speed and density profile of the Sun down to about
0.08 (Basu et al. 2000; Turck-Chièze et al. 2001).

A precise helioseismic description of the solar radiative zone in its entirety presupposes
that solar acoustic waves are sensitive to all regions. This however, is not the case. Acoustic
modes are by their very nature sensitive to the outer layers of a star because of the lower
sound speed (and hence a longer time spent there by the modes) than in the core. They
also have higher amplitudes there. Thus even the frequencies of low-degree modes that
penetrate deep inside are largely influenced by the outer layers. Easily detectable low-degree
modes (i.e., those with frequencies ≥2 mHz) contain information of the core (their lower
turning points are in that region), however, these modes are also affected by solar-cycle
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related changes in the outer layers of the Sun (Gelly et al. 2002; Salabert et al. 2009; Basu
et al. 2012; Simoniello et al. 2013). This variability is frequency-dependent, and the change
of frequency (up to 0.5 µHz at the maximum of the cycle) is of the same order than the
information coming from the core, and thus one needs to correct for this effect or avoid
it.

The advantage of GOLF is its very low intrinsic instrumental noise which allows a rapid
detection of the lower-frequency part of the spectrum (<1.6 mHz). An extensive discussion
of this, as well as a list of the modes, can be found in Turck-Chièze and Lopes (2012). These
low-frequency low-degree modes are not visibly affected by magnetic variability in the outer
parts of the Sun since the upper turning points of these modes are located below the region
that is most affected by magnetic fields. Combining low-degree modes from GOLF with
higher-degree MDI frequencies obtained during the solar minimum has led to the determi-
nation of sound-speed and density profile in the solar radiative zone down to about 0.08.
Results can be found in Basu et al. (2000), where the frequencies that were used were deter-
mined using asymmetric Lorentzian profiles for the modes, and Turck-Chièze et al. (2001)
where the frequencies had been corrected for magnetic bias. Low frequency acoustic modes
are also detectable in ground-based observations collected over decades. Low-degree mode
frequencies measured with the Birmingham Solar Oscillation Network (BiSON) when com-
bined with MDI data result in a solar sound-speed profile (see Basu et al. 2009) that agrees
with that obtained with the GOLF-MDI combination of data.

The solar sound speed and density profiles are extracted first by determining the sound-
speed and density differences between a solar model (the ‘reference model’) and the Sun
and then using the known sound speed and density of the model to reconstruct solar values.
The sound-speed and density differences are determined from the frequency differences be-
tween the model and the Sun, though a correction needs to be applied, commonly known as
the ‘surface term’, that accounts for the fact that solar models do not describe the solar near-
surface layers correctly. Details of the procedure can be found in Christensen-Dalsgaard
(2003). The reference model is usually an SSM. Of course SSMs have evolved because
of improvements in input physics, as well as changes in solar composition. Some of these
changes have improved the match between SSMs and the Sun, while others have degraded
the match. Several groups have regularly constructed and compared SSMs to the Sun. Pub-
lished SSMs include those of Christensen-Dalsgaard et al. (1996), Bahcall et al. (2001),
Turck-Chièze et al. (2001), Christensen-Dalsgaard (2002), Turck-Chièze et al. (2004a), Bah-
call et al. (2005), Guzik and Mussack (2010), Turck-Chièze and Couvidat (2011), Turck-
Chièze and Lopes (2012), etc.

In Fig. 2, we show a detailed view of sound-speed and density in the solar core. The
results, with corresponding uncertainties, can be found in Turck-Chièze and Lopes (2012).
The details of the difference between the Sun and the models depend on the data used and
of course the model, but most groups agree that there are statistically significant difference
between the Sun and models throughout the radiative zone. Thus it can be reasonably as-
sumed that SSMs match the Sun only to a few percent. The precision of the seismic probes
is such that it impels us to determine the origin of these discrepancies that are small, but
statistically significant.

3 The Issue of Solar Abundances

The heavy-element mass fraction (i.e. mass fraction of elements heavier than helium), Z,
of the Sun is one of the fundamental inputs to solar models. Z affects energy transport
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Fig. 2 The sound speed in the solar core, and density in the radiative zone. Note the better agreement with
a seismic solar model in black (the vertical errorbars on the points are too small to be visible) than with
the SSM or with the solar model with modified energy production (red), see Turck-Chièze et al. (2011) for
details. The horizontal errorbars are a measure of the resolution of the inversions and denote the width of the
resolution kernels

through its effect on radiative opacities. The abundance of some specific elements, such
as oxygen, carbon, and nitrogen, can also affect the energy generation rates through the
CNO cycle. The effect of Z on opacities changes the boundary between the radiative and
convective zones, as well as the structure of radiative region; the effect of Z on energy
generation rates can change the structure of the core. Although, the main effect of heavy
element abundances is through opacity, these abundances also affect the equation of state.
In particular, the adiabatic index Γ1 is affected in regions where these elements undergo
ionisation. The importance of the solar heavy-element abundance does not merely lie in
being able to model the Sun correctly, it is often used as the standard against which heavy-
element abundances of other stars are measured. Thus the predicted structure of those stars
too become uncertain if the solar heavy-element abundance is uncertain. As analysis tech-
niques have changed, there have been related changes in the solar heavy element abun-
dance.

A decrease by 30 % of the photospheric iron abundance that was announced in the 1990s
had deteriorated, slightly, the agreement between the sound-speed profile obtained from he-
lioseismic analyses and that of solar models (Turck-Chieze and Lopes 1993). Indeed until
about 2002, the reported abundances were such that solar models constructed with those
abundances matched the structure of the Sun to an amazing degree (see e.g., Turck-Chièze
et al. 2001; Christensen-Dalsgaard 2002; Basu and Antia 2008, and references therein).
Since then however, there has been a steady decrease in the reported value of solar metallic-
ity, and this has resulted in models that do not agree with the Sun (see e.g., Basu and Antia
2004, 2008; Bahcall et al. 2005; Turck-Chièze et al. 2004a, and references therein). While
lower abundances, particularly lower oxygen abundance, have led to models that do not
agree with the Sun, the lower solar abundances, if correct, also mean that the solar oxygen
abundance is no longer higher than that of other nearby stars (Turck-Chièze et al. 2004a).
Some of the authors of this chapter have been involved on opposite sides of this debate; thus
we present below a detailed view of both why the new abundances are considered better
than the old ones (Sect. 3.1) and what helioseismic analysis tells us about the newer heavy-
element abundance determinations and that helioseismic analyses generally yield higher Z

(Sect. 3.2).
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3.1 Determining Solar Abundances

When one examines the evolution of the solar chemical composition during the last two
decades, looking at different reviews, one sees that the progress has, essentially, been due to
progress in the accuracy of the atomic data, mostly the transition probabilities. The result-
ing changes in Z were small. The situation has, however, changed recently with the rather
severe downward revisions of the abundances of a few elements. The new analyses of the
solar chemical composition are summarised in the reviews by Asplund et al. (2009), Caffau
et al. (2011, see also the references in those two reviews). The new photospheric results are
significantly smaller for the most abundant elements like C, N, O, and Ne than those rec-
ommended in the widely used compilations of Anders and Grevesse (1989), Grevesse and
Noels (1993) and Grevesse and Sauval (1998). They are generally only somewhat smaller
for the other elements. As the solar metallicity is essentially dominated by oxygen (43 %),
carbon (18 %), neon (10 %), and iron (10 %), the older metallicities from these three compi-
lations, from Z = 0.02 to Z = 0.017 (iron reduction), decrease to Z = 0.0134 with the new
solar mixture of Asplund et al. (2009).

We briefly review the changes of the last 15 years and discuss the main reasons for the
downward revisions of the abundances of the important elements like O, C and Ne.

3.1.1 The New Analysis

Asplund et al. (2009) re-determined the abundances of nearly all available elements. The
authors used a new 3D hydro-dynamical solar model atmosphere instead of the classical
1D models of the photosphere used for many decades. They did a careful and demanding
selection of the spectral lines and when possible, replaced the often used LTE hypothesis
by non-LTE analyses. In the cases of C, N and O, they used many different indicators of
the abundances, atoms as well as molecules. From the available atomic and molecular data,
they only used those that they considered to be the most reliable. These points are discussed
below, along with the solar spectra that are the basis of all the analyses.

3.1.2 Solar Spectra

The most commonly used optical disk-center intensity spectra of the quiet Sun are the so-
called Jungfraujoch or Liège atlas (Delbouille et al. 1973, after its locations of observation
and production, respectively) and the Kitt Peak solar atlas (Neckel and Labs 1984). The
spectral resolution of the latter is slightly higher, whereas the former is less affected by tel-
luric absorption owing to the much higher observing altitude. There are also corresponding
IR disk-center intensity atlases observed from Kitt Peak (Delbouille et al. 1981) and from
the Atmospheric Trace Molecule Spectroscopy (ATMOS) experiment flown on the space
shuttle (Farmer and Norton 1989; Abrams et al. 1996), as well as from the recent ACE
spacecraft experiment (Hase et al. 2010). In the new analyses, although excellent quality
solar flux spectra were available, the authors avoided using such spectra because the lines
are formed higher in the atmosphere, in regions that are more sensitive to departures from
LTE that are still difficult to estimate in many cases. When possible, they also avoided using
lines in the blue or near UV, because the density of spectral lines per unit wavelength in
these spectral regions is very large, and the probability of unknown blends therefore very
high. All solar atlases agree very well with each other except for spectral regions afflicted
by telluric features. Thus, the quality of observations is in general not a source of significant
error in solar abundance analyses.
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3.1.3 Solar Photospheric Models

The new analyses of the solar chemical composition (Asplund et al. 2009; Caffau et al.
2011, see also the references in these two reviews) were driven by the availability of three-
dimensional (3D), time-dependent, hydrodynamical models of the solar atmosphere that
were successfully applied to the solar spectrum line formation. Various classical 1D mod-
els of the photosphere are also used for comparison. The empirical model of Holweger and
Mueller (1974) has been used in a large number of solar abundance analyses since more
than 30 years. In addition, Asplund et al. (2009) applied theoretical models like MARCS
(Gustafsson et al. 2008) and Kurucz (see http://kurucz.harvard.edu). In stellar abundance
analyses, such models are often used. When comparing stellar and solar results, data have to
be obtained with the same type of model since abundances might be very model-dependent.
They also used a mean 3D model, 1DAV (1D averaged) that is a result of temporarily and
horizontally averaging the 3D model mentioned on surfaces of equal optical depths. Com-
paring 3D and 1DAV results, actually shows the role played by the heterogeneities.

Details of the main characteristics of the 3D models can be found in Stein and Nordlund
(1998) and Nordlund et al. (2009). To summarise, the models successfully reproduce a wide
range of observational constraints. The observed heterogeneous and ever changing nature
of the photospheric granulation is successfully modelled. These 3D models have enough
realistic physics that allow one to reproduce the solar line profiles as they are really observed
in the solar spectrum: all the line profiles are asymmetric, the bisectors of the unblended lines
show a delicate C-shape, and the wavelength of the centres of the lines are shifted to the blue.
These subtle characteristics in the shapes of the lines result from the motions of matter in
the photosphere caused by convective-overshoot from the solar convection-zone into the
photosphere. 1D models cannot reproduce these subtle but important properties of the line
profiles, leading to unshifted, symmetric lines. Furthermore, the widths of the spectral lines
are predicted naturally with the 3D models without invoking any fudge parameters like
micro- and macro-turbulence needed with 1D models. The new generation of 3D models
reproduce in detail the observed centre-to-limb variation of the continuous intensity and the
absolute intensity.

3.1.4 Selection of the Lines, Non LTE-Molecules

Asplund et al. (2009) selected lines keeping in mind that inclusion of blended lines increases
the abundance scatter and skews the results towards erroneous larger abundances. Thus the
shape of each line profile was compared to the ideal shape computed with the 3D model.
This resulted in discarding a number of good candidates that did not show obvious traces of
blends, but that were probably slightly blended since their shape do not obey the C-shape
rule. It was also found that many lines do not obey the local thermodynamic equilibrium
(LTE). Non-LTE analyses were done when possible i.e. when the atomic data were available.
Generally missing are accurate values for the cross-sections of the collisions with the neutral
hydrogen atoms. This is the main source of uncertainty for lines that show large non-LTE
corrections. To determine the abundances of C, N and O, molecular lines of CH, C2, CO,
CN, NH and OH were used. Many of these lines (except for C2) are in the IR where they
are not blended at all. For these elements, the molecular lines are better indicators of the
abundances, than the high-excitation lower levels of the atoms, since there is more C, N and
O in molecules.

http://kurucz.harvard.edu
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3.1.5 Differences Between New and Old Solar Mixtures

The largest downward revisions that occur for the most important elements, O and C are
discussed below. Also discussed is the abundance of Ne, since the solar Ne abundance is
derived from the Ne/O ratio that can only be measured in the corona.

Both O and C have low excitation forbidden lines and very high excitation permitted
lines (O I and C I) as well as a large number of very good molecular lines. In the old so-
lar mixtures of Anders and Grevesse (1989), Grevesse and Noels (1993) and Grevesse and
Sauval (1998), as well as in the new one of Asplund et al. (2009) the abundances of O
and C are determined from these indicators. However, in the old analyses, the solar pho-
tospheric model was the popularly used 1D model of Holweger and Mueller (1974), and
the LTE hypothesis was also adopted. The solar data were essentially the same as the ones
used nowadays. The main characteristics of the results of the three older analyses are the
following: the results from the various indicators, permitted and forbidden atomic lines and
molecular lines, agree within about 0.1 dex, leading to abundances of O between 8.8 and 8.9
(the abundances are given in the usual logarithmic astronomical scale relative to hydrogen,
where logN(H) = 12) and the evolution from 1989 to 1998 is essentially due to progress
in the atomic and molecular data used to derive the abundances. The differences between
the new, 8.69 (Asplund et al. 2009) and old oxygen abundance, 8.83 (Grevesse and Sauval
1998, as mentioned in the review presented in Vol. 5 of the Space Sciences Series of ISSI)
can be explained as follows. The decrease of the abundances derived from the three forbid-
den lines is due to the presence of blends unknown 15 years ago. The authors estimated the
importance of these blends in a purely empirical way independent of any model atmosphere.
The results from these forbidden lines are not sensitive to any non-LTE effects nor to the
model. The decrease of the abundance derived from the very high excitation permitted O I
lines is due to departures from LTE affecting those lines. These non-LTE effects could not
be computed 15 years ago because of the lack of the required atomic data. The decrease
of the abundance from the molecular lines is the result of the new 3D model—the mean
temperature of the 1D model used 15 years ago (Holweger and Mueller 1974), is a bit too
high in the somewhat higher layers where the molecular lines are formed, leading to anoma-
lously large abundances. The new final abundances from the 3 different indicators are in
agreement, the differences being less than 0.01 dex. The old values also agreed but with a
larger scatter, of order 0.1 dex, between the various indicators. The situation for C is very
similar to that of O. For the same reasons as for O, the abundance of C has also decreased
by about 25 %.

The abundance of neon, derived from the ratio Ne/O, also decreased accordingly. The
coronal Ne/O ratio, derived from far UV and X-ray lines, has been measured by different
authors (Young 2005; Schmelz et al. 2005; Robrade et al. 2008) and has values between
0.15 and 0.20.

Only minor changes are observed between old and new values for heavier elements.

3.1.6 Differences Between Recent Solar Mixtures

Caffau et al. (2011, and references therein) have also recently revisited the solar abundances
of a few elements using their own 3D model of the solar photosphere. The results from these
authors are slightly larger than those of Asplund et al. (2009): for oxygen, 8.76 compared
with 8.69, and for carbon, 8.50, compared with 8.43. The main reasons for these differences
are not related to the use of different 3D models. Their somewhat larger O value comes from
the forbidden lines and should decrease if the blends were more accurately estimated, the
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value from the permitted lines could also somewhat decrease if their solar data as well as the
non-LTE results were updated. For carbon, the dispersion in their results is clearly produced
by the use of many strong C I lines that are slightly blended leading to a somewhat too large
abundance estimate.

In conclusion, Asplund et al. (2009) recommend to use their new solar mixture and dis-
card the old solar mixture of Grevesse and Sauval (1998) that had been used with so much
success in the past. Although helium is an important ingredient, it cannot be measured
directly in the solar atmosphere and is usually determined helioseismically (e.g. Dappen
and Gough 1986; Dziembowski et al. 1991; Kosovichev et al. 1992; Antia and Basu 1994;
Richard et al. 1998; Basu and Antia 2004). Assuming a helioseismically determined value
of the helium abundance, the new abundance yields a present day solar metallicity of
Z = 0.0134 with an uncertainty of about 12 %. This uncertainty has been estimated, for
the main contributors to Z, by taking into account the combined uncertainties due to the
model, to the heterogeneities and to the departures from LTE as recommended by Asplund
et al.

Very recently, new 3D models have been built that take solar photospheric magnetic fields
into account (Fabbian et al. 2010, 2012; Thaler 2012). These new models might have an in-
fluence on the solar abundance results. First estimates of their impact on the O abundance
for example, shows a very small increase for the results from the atomic lines and a some-
what larger increase on the abundances derived from the molecular lines. We however need
to wait for more severe tests of these new 3D models before being able to really quantify
their actual impacts on solar abundances

The problems caused by the lower abundances for solar models and attempts to determine
solar abundances using helioseismic data are discussed next.

3.2 Solar Abundances and Helioseismology

Heavy-element abundances affect solar models in a number of ways although the effects
are indirect. The main effect is on radiative opacities—higher metallicity implies higher
opacities. Opacity in turn affects the position of the base of the outer convection zone and
the structure of the radiative zones. Effects of metallicity are also visible in thermodynamic
quantities, particularly in the ionisation zones. C, N and O abundances also affect the flux
of neutrinos emitted by CNO reactions in the solar core, though the effect is small since
CNO reactions account for <2 % of the energy emitted in the Sun. In the case of calibrated
SSMs, heavy-element abundances also change the amount of helium required to model the
Sun. The changes in the initial helium abundances in SSMs, and the reason, for the change,
can be found in Table 6 of Turck-Chièze and Couvidat (2011). Serenelli and Basu (2010) re-
cently determined what the solar initial helium abundance should be by first determining the
dependence of the current and initial helium abundance on input parameters and marginal-
ising over them. Assuming the helioseismic Ysurf = 0.2485 ± 0.0035 (Antia and Basu 1994)
and a 20 % uncertainty in the diffusion rate, they find Yinitial = 0.273 ± 0.006 independent
of the reference model used. Of course, the analysis was limited to SSMs, and non-standard
physics could change the results.

The most dramatic manifestation of the change of metallicities is the change in the posi-
tion of the convection-zone base, which changes the sound-speed difference between solar
models and the Sun. In Fig. 3 we show the relative sound-speed and density differences
between several solar models of the Sun. The models were constructed with different solar
metallicities, but all other inputs were the same. We compare models with the composition
of Grevesse and Sauval (1998; henceforth GS98), Asplund et al. (2005; henceforth AGS05),
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Fig. 3 The sound-speed and density differences between the Sun and standard solar models constructed with
different heavy-element abundances. The differences are shown by the lines and the ticks show 1σ errorbars.
For the sake of clarity, errorbars are shown only for one result

Table 1 Properties of models with different heavy-element mixtures

Mixture Z/X RCZ YCZ Y0

Helioseismic – 0.713 ± 0.001a 0.2485 ± 0.0034b 0.273 ± 0.006c

GS98 0.023 0.7139 0.2456 0.2755

AGS05 0.0165 0.7259 0.2286 0.2586

AGSS09 0.018 0.7205 0.2352 0.2650

CAF10 0.0209 0.7150 0.2415 0.2711

LOD10 0.019 0.7136 0.2412 0.2665

aBasu and Antia (1997)

bBasu and Antia (2004)
cSerenelli and Basu (2010)

Asplund et al. (2009; AGSS09), Caffau et al. (2010, 2011, CAF10) and the compilation of
Lodders (2010, Lod10). As can be seen, the AGS05 abundances result in the worst model
in terms of sound-speed and density profiles. The newer AGSS09 abundances fare better,
but are still less satisfactory compared with the older GS98 abundances or the Caffau et al.
(2011) abundances. It is interesting to notice that the Caffau et al. abundances are lower than
the GS98 one; however, the sound-speed and density profiles are almost as good because
the relative abundances are such that the total opacity is about the same.

The difference in the sound-speed and density is mainly caused by differences in the
convection-zone depth. The position of the base of the solar convection zone is known
precisely from helioseismology (0.713 ± 0.001 R�; Basu and Antia 1997 and references
therein), and the lower-Z models do not match that. Also different are the current and initial
helium abundances. These are listed in Table 1. As can be seen, the low-Z models also have
low helium, lower than what has been determined through helioseismic analyses (see, e.g.,
Kosovichev et al. 1992; Antia and Basu 1994; Basu and Antia 2004, etc.).
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Fig. 4 The dimensionless
sound-speed gradient of models
constructed with different
compositions compared with the
solar value as determined using
data obtained by GONG, the
Global Oscillation Network
Group. The model
CAF10+Ne·1.4 is a model
constructed with CAF10
metallicities where the neon
abundance has been increased by
a factor of 1.4

There are also, more subtle, signatures in the ionisation zone. In Fig. 4, we show the
dimensionless sound-speed gradient of the Sun and the models constructed with different
metallicities. This quantity, W(r) defined as

W(r) = r2

Gm

dc2

dr
, (1)

is sensitive to the changes in the adiabatic index in ionisation zones of various elements. As
can be seen, the low-Z models do not agree with the Sun even in the ionisation zones.

As described in Basu and Antia (2008), many attempts have been made to reconcile
the new abundances and resulting solar models with the structure of the Sun as determined
with helioseismology. Many solution have been suggested, such as modifying opacities,
increasing the rate of gravitational settling that increases the heavy-element abundance at
the convection-zone base thereby increasing opacities locally, accretion of low-Z material
so that the CZ has lower Z than the interior, etc. None of these steps solve all issues. For
instance increasing opacities can bring the CZ base to normal, but that does not change
W(r); additionally the opacity changes needed have to be fine-tuned. Increasing the rate of
diffusion decreases the convection-zone helium abundance even more. As a result, attempts
have been made to determine the solar abundance through helioseismic analyses. This is
not simple, since solar oscillation equations do not directly involve abundances, and one has
assume that the inputs to solar models, such as opacity and equation of state, are correct.

Delahaye and Pinsonneault (2006) using helioseismic constraints on the position of the
solar convection-zone base and the convection-zone helium abundance first demonstrated
that the position of the CZ and the CZ helium abundance of an SSM have different sensi-
tivities to different elements. They used this difference to find that the logarithmic number
density of Fe/H = 7.50 ± 0.0045 ± 0.003 and O/H = 8.86 ± 0.041 ± 0.025, where the
second error term is the uncertainty in the overall abundance scale from errors in the C, N,
and Ne. This work assumes that the uncertainties in opacities are given by the difference
between OPAL and OP opacities.

To avoid the issue of uncertainties in opacities, Antia and Basu (2006) avoided using
constraints sensitive to opacities, and looked to the EOS instead. They assumed that the
EOS is correct and calibrated the difference W(r) as a function of a model’s metallicity and
determined the metallicity for which the W(r) is the same as that of the Sun. They found
Z = 0.0172 ± 0.002.

Basu et al. (2007) had shown that the so-called small frequency spacing and frequency
ratios between � = 0 and � = 2, and � = 1 and � = 3 modes are sensitive to the metallicity
of the solar core. The frequency ratios are determined by the sound-speed gradient in the
core, which in turn is determined by the mean molecular weight and its gradient. Chaplin
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Fig. 5 The relation between the averaged difference of the frequency separation ratios between a solar model
and the Sun and the average mean molecular weight in the core of solar models as well as Z for the models.
Only results for the (0,2) separation ratios are shown, results for the (1,3) ratios are similar. The best-fit
straight lines are also shown. The hashed region around these lines represent uncertainties in μc and Z.
These were obtained from the Monte Carlo simulations of Bahcall et al. (2006). Errors in 〈�r0,2〉 are of the
size of the points

et al. (2007) expanded on this work to use this to determine solar metallicity. They com-
pared the average frequency separation ratios of models with those of the Sun as determined
with BiSON data. Chaplin et al. (2007) constructed two sets of test models. The models in
each set had different values of Z/X, but one sequence of models was constructed with the
relative heavy element abundances of GS98, while the second sequence was made with the
relative heavy-element abundances of AGS05. To fix the Z/X of a given model in either
sequence, the individual relative heavy element abundances of GS98 (or AGS05) were mul-
tiplied by the same constant factor. They found that the mean difference of the separation
ratios between the Sun and the models was a linear function of lnμc and lnZ, where μc is
the mean molecular weight in the inner 20 % (by radius) of the Sun, and Z is the metallicity
in the convection zone. This relation can be seen in Fig. 5. This monotonic relationship led
the authors to argue that lnμc and lnZ for the model that lead to perfect match between the
separation ratios of the model and the Sun would be a good estimate of lnμc and lnZ of the
Sun. They found that the relative abundances of GS98 yielded a solar Z of 0.0178 and the
AGS mixture a solar Z of 0.0161.

Thus most helioseismic analyses thus far have yielded high solar metallicities, bringing
them into conflict with some of the new spectroscopic measurements that have been dis-
cussed earlier. It should be noted though that some analyses yield a low metallicity (see e.g.,
Vorontsov et al. 2013).

As mentioned earlier, changing the most obvious inputs does not bring models with low
abundances back in concordance with the Sun. There are ongoing efforts that assume that
the new abundances are correct and look to neglected physics, such as those discussed in
Sects. 5 and 6 to bring solar models back in agreement with the Sun.

4 The Solar Equation of State

The ability of helioseismology to probe the solar interior in such detail has allowed us not
just to determine solar structure and dynamics, but also to use the Sun as a laboratory to test
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Fig. 6 Left: The scaled frequency differences between the Sun and SSMs constructed with different EOSs.
The factor Qnl corrects for the fact that frequencies of modes with low inertia change more for the same
perturbation than frequencies of modes with high inertia. Right: The relative sound speed differences be-
tween the Sun and the models. Note that the models were constructed with the Grevesse and Noels (1993)
abundances

different inputs that are used to construct solar models. One of these inputs is the equation
of state (EOS). The EOS provides a relation between pressure, temperature, composition
and abundances. It is a description of the fundamental properties of matter. The equation
of state determines the structure of the ionization zones and the convection zone and as a
result, determines the structure of the model.

Equations of state that are used as inputs in stellar models are results of extremely
complicated theoretical calculations. Thus there is no certainty that they are correct, and
hence they need to be tested. An indirect way to examine whether an EOS is correct is
to construct an SSM with the EOS and examine its frequencies and sound-speed profile.
An example of this is shown in Fig. 6. In these figures we show the frequency difference
between the Sun and the models constructed with different EOSs but otherwise identical
inputs. These are the Eggleton, Faulker and Flanerry (EFF; Eggleton et al. 1973) EOS, a
relatively simple EOS that is still used by many stellar modellers, the Coulomb Corrected
EFF (CEFF; Christensen-Dalsgaard and Daeppen 1992) EOS which is basically the EFF
EOS but with Debye-Hückel Coulomb corrections that rectifies its absence in EFF EOS,
the so-called MHD equation of state (Dappen et al. 1987; Hummer and Mihalas 1988;
Mihalas et al. 1988) and the OPAL equation of state (Rogers et al. 1996; Rogers and Nay-
fonov 2002). The last two are results of complex theoretical calculations.

As is clear from Fig. 6 (left) we can see that the model with EFF EOS fares very badly.
The other EOSs are better, the differences between them appear smaller, and the frequency
differences alone are not enough to indicate whether the EOS are good since the frequency
differences are dominated by differences in the near surface layers. Hence in Fig. 6 (right)
we show the sound-speed differences between the models and the Sun. Note that one can
see that OPAL models do better than MHD and CEFF. CEFF looks marginally better. The
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Fig. 7 Left: The Γ1 profiles of models constructed with different EOSs. Right: The intrinsic Γ1 differences
between the Sun and models constructed with different EOSs

CEFF EOS is however not fully thermodynamically consistent (see Christensen-Dalsgaard
and Daeppen 1992).

The sound-speed profile is an indirect way to test the EOS. A somewhat more direct way
is to examine the profile of the adiabatic index Γ1. The adiabatic index was used by Elliott
and Kosovichev (1998) to show that the then available versions of OPAL and MHD were
deficient under conditions present in the solar core. It was found that Γ1 for the solar core
was less than 5/3 while that of the models was 5/3. The decrease in Γ1 in the solar core
was attributed to the relativistic tail of the velocity distribution of electrons. The deficiency
in the input EOSs has since been rectified (Turck-Chièze et al. 2001; Gong et al. 2001;
Rogers and Nayfonov 2002).

The ionisation zones are good regions to study the equation of state since the process of
ionisation changes Γ1. This is particularly true for the He II ionisation zone which leaves
a marked dip in Γ1 (see Fig. 7[left]). The He I ionisation zone is less useful since the H I
ionisation zone merges with it. However, Γ1 also depends on the helium abundance of the
models (which we cannot specify), and the ionisation zone also depends on other structural
quantities. Basu and Christensen-Dalsgaard (1997) proposed a way of studying the part of Γ1

(what they called the “intrinsic” Γ1) that is independent of structure and helium abundance.
The intrinsic Γ1 differences between the Sun and several EOS are shown in Fig. 7(right).
Note that we find again that EFF is very deficient, that OPAL does better than MHD in the
deeper layers, however, closer to the surface MHD does better. Basu et al. (1999) confirmed
that MHD indeed does better than OPAL in the outermost layers and could attribute that to
the treatment of H II.

As we can see above, none of the input equations of state describe the EOS of the
solar material perfectly and more work needs to be done in this regard. One of the
biggest drawbacks of both MHD and OPAL EOSs is that they are both constructed with
a fixed relative-abundance of heavy metals. This makes testing new abundances difficult.
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CEFF allows the flexibility to changing relative-abundance, however, it is not a com-
pletely thermodynamically consistent EOS and this shows up as discrepancies in the deeper
layers of the Sun. Fortunately for abundance tests, the outer layers of the Sun are de-
scribed well by the CEFF EOS. There are some analytic EOS that have been developed
in recent years and these are not-only thermodynamically consistent, but also allow the
Z mixture to be changed. These include the SIREFF EOS (Guzik and Swenson 1997;
Guzik et al. 2005). The use of this EOS shows that changing the relative abundance in the
EOS does not change the sound-speed profile of the models enough to alleviate the problem
with the low abundances (Guzik and Mussack 2010).

5 Towards a Better Description of the Solar Radiative Zone

Helioseismology has given us new, detailed information about the solar radiative zone that
exposes the limits of SSMs. In this section we discuss some of the differences between the
Sun and SSMs which could be connected to the limitations of these standard models and
the equations used to construct them. In particular we focus on questions related to energy
transport. The next section is dedicated to dynamical processes.

5.1 The Energy Balance, Neutrino Fluxes and the Central Composition

It is instructive to compare the central conditions obtained in SSMs with those of seismic
models that reproduce the solar sound speed and density profiles. Seismic models suggests
that the central temperature of the Sun is slightly greater than the central temperature of
current SSMs and that the Sun also has a slightly greater central density (Turck-Chièze et al.
2011). The 1.5 % difference in temperature has important consequences for the prediction
of the Boron neutrino flux which has an extremely high temperature-dependence (a factor
of about 20). This flux has been measured by the SNO detector and is directly comparable
to predictions unlike other neutrino fluxes that require neutrino flavour-transformations to
be taken into account. The prediction of the seismic model is in perfect agreement with this
detection: 5.31 ± 0.6 for a detected value of 5.045 ± 0.18 × 106 cm−2 s−1 but the SSM pre-
diction is a bit too low 4.5 ± 0.5 (Turck-Chièze and Couvidat 2011). This difference could
be interpreted as an energy-generation related problem in SSMs that neglect any motion
in the whole radiative zone; this energy difference is easy to quantify. Since p-p reactions
dominate solar nuclear burning, one can estimate a maximal difference of 5–6 % between
the energy production and its release at the surface between the Sun and SSMs. SSMs as-
sume that the produced energy is transported only by photons. Assuming this is correct, the
discrepancy between the sound speed and density profiles between the radiative zones of the
Sun and models can be explained as being partly due to a redistribution of the produced en-
ergy through other energetic phenomena that are not included in SSMs. Possible candidates
include magnetic energy, kinetic energy, meridional circulation energy in the radiative zone,
gravity wave energy, and dark matter energy that can be additional channels for the transport
of energy.

Making progress on these points is difficult, but this may be possible in the near future
thanks to some complementary observables: a better detection of gravity modes (see the
description of the instrument called GOLD in the chapter dedicated to future projects) for a
much improved determination of the dynamics of the core and the use of the neutrino spec-
troscopy to determine the electron density totally independently (Lopes and Turck-Chièze
2013). The transport of energy by photons and microscopic diffusion in the radiative zone
will be checked by the 13N and 15O neutrino fluxes; the accurate measurement of the pep

neutrino flux will constrain the energy produced by the p-p chain.
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Fig. 8 Main contributions of heavy elements to the total opacity for: Left: the GS98 composition, and Right:
the AGS05 composition. ‘BCZ’ marks the base of the convection zone. From Turck-Chièze et al. (2009)

5.2 Energy Balance and Dark Matter

Twenty years ago, the idea that weakly interactive massive particles (WIMPs) could
slightly lower the solar central temperature had been explored to help solve the so-
lar neutrino problem. Today these particles remain very good candidates for dark mat-
ter, but the problem is reversed. Since the core of the Sun shows no evidence of cool-
ing, the absence of WIMPs’ signatures put some limits on their mass: masses ≤12 GeV
are excluded for currently accepted interaction cross sections (Turck-Chièze et al. 2012;
Turck-Chièze and Lopes 2012). This result is also supported by other studies and the mass
of these particles is mainly assumed around 100 GeV, a value that is not easy to detect.

Other particles, like axions and sterile neutrinos, are also considered to be potential can-
didates for dark matter. If these particles are present in the Sun, they will act very differently
on the solar interior. They will indeed transport energy in the whole radiative zone but their
very low mass means that they will not migrate to the most central regions; however, they
could modify the gravitational field in the radiative zone. This justifies a dedicated study to
determine their specific density and interactions.

5.3 The Transport of Energy by Photons

The equations governing SSMs only consider the production of energy by nuclear reaction
and the instantaneous energy loss by neutrinos. The energy is transported by photons in the
radiative zone of the Sun. This transport is calculated using Rosseland mean opacity tables
which result from calculations using the local mixture of elements. Current SSMs use the
work derived by Iglesias and Rogers (1996) or those of the OP consortium (Badnell et al.
2005). These calculations represent the best estimates of such complex calculations. The
recent revisions of solar metallicity have deteriorated the earlier good agreement between
the sound-speed and density profiles of the Sun, mainly through modification of opacity
because of changes in O and Fe (Christensen-Dalsgaard et al. 2009; Turck-Chièze et al.
2009).

Figure 8 shows how the changes in relative abundances modifies the role of the main
contributors to the total opacity. The contribution of oxygen was at the level of iron for
the GS98 composition in a large part of the radiative zone; when the oxygen abundance is
reduced, the iron contribution becomes dominant. The newer AGS09 composition gives rise
to an intermediate situation. The shape of the oxygen contribution has the opposite shape
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of the change in the sound-speed differences between the Sun and models with GS98 and
AGS05 compositions (see Fig. 3), this is not completely surprising, since ultimately the
change in the O abundance is the main reason for the difference in sound speed between the
two models.

The opacity calculations have never been validated through measurements made for solar
conditions. New possibilities for making such measurement exist today using the Z machine
(Bailey et al. 2007) and large laser facilities (Turck-Chièze et al. 2009). In parallel, new
detailed calculations of opacity are being performed to better describe the transport of energy
and for the microscopic diffusion of elements that can change local opacities (Blancard et al.
2012; Turck-Chièze and the OPAL consortium 2013). Another effort is underway to improve
the grids of calculated opacities for conditions near the base of the convective zone, as well
as improve interpolation between the grids.

6 A Dynamical View of the Inner Sun

SSMs and most stellar models ignore dynamical processes and hence avoid issues such as
the transport of angular momentum from one part of the star to another. However, the Sun
and solar-type stars are dynamical and magnetic objects, and hence, rotation and magnetic
fields could modify their evolution as well as their interaction with their external environ-
ment. We know, for example, that differential rotation induces “non-standard” mixing pro-
cesses, which modify their lifetime, their late stages of evolution and their nucleosynthetic
properties (e.g., Maeder 2009). Since we now have strong constraints on the Sun’s inter-
nal rotation (e.g. Schou et al. 1998; García et al. 2007, 2011a; Turck-Chièze and Lopes
2012) and on more evolved low-mass stars (e.g. Beck et al. 2012; Deheuvels et al. 2012;
Mosser et al. 2012), it is time to construct solar and stellar models that account for magneto-
hydrodynamic effects on both dynamical and secular time-scales. In this section, we describe
recent progress that has been made in the detection and modelling of secular exchanges of
angular momentum in the Sun and low-mass stars interiors focusing on mechanisms that
act in the radiative core. Readers are referred to Brun (2011) for processes in the convective
region.

6.1 The Role of the Turbulence

While dynamical processes are generally not included in SSMs, one process, namely con-
vection, has to be included, and this is usually done using the “mixing length theory,” or
MLT (Böhm-Vitense 1958). MLT assumes that the full range of turbulent eddies can be
parametrized with a single parameter, the mixing length parameter α. In the case of the Sun,
this parameter can be calibrated by requiring the Sun to have its observed radius and lumi-
nosity at it current age. The solar calibrated value of α is normally used for all other stars,
although there is increasing evidence that the solar α should not be used in other stars (see
Bonaca et al. 2012, and references therein). In addition to the large-scale convective motions,
turbulence is present in two regions: the base of the convection zone and the subsurface lay-
ers. The high-precision of the available seismic data justifies paying more attention to these
regions.

6.1.1 Turbulence Below the Convective Envelope

There are two possible sources of turbulence in this region:
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– Dynamical shear-induced turbulence caused by the horizontal shear imposed at the top
of the stably stratified radiative zone by turbulent flows in the surrounding convective
envelope (Zahn 1992; Spiegel and Zahn 1992), this case is discussed in Sect. 6.2.

– Turbulence due to the penetration of convective flows into the radiation zone because of
their inertia, commonly referred to as convective overshoot (e.g. Zahn 1991; Brun et al.
2011).

An interesting point is that both sources of turbulence may lead to efficient mixing at the
base of the convective envelope that reduces the differences between the sound-speed profile
of a solar model and the Sun (e.g. Richard et al. 1996; Brun et al. 1999; Zhang et al. 2012).

6.1.2 Turbulence in the Subsurface Layers

Treating this region correctly is particularly important in improving predictions of acoustic-
mode frequencies and also in understanding the 2-year modulation (Fletcher et al. 2010)
and 11-year cycles (Elsworth et al. 1990; Libbrecht and Woodard 1990, etc.) seen in solar
acoustic mode frequencies. SSMs do not include the effects of turbulence on solar structure,
and this leads to the large frequency-dependent discrepancy between the solar frequencies
and those of the models (see Fig. 6[Left]). Realistic 3D simulations of the convection zone
show that turbulent pressure plays a role in an extended region just below and just above
the surface (e.g., Nordlund et al. 2009) with a consequent modification of density and ther-
mal structure. This leads to a direct effect on the predicted radius and in the predicted fre-
quencies. This significantly reduces the frequency differences between models and the Sun
(Rosenthal et al. 1999; Li et al. 2002, etc.). Additionally one can introduce magnetic field
in the 3D code to study how the solar radius evolves with activity. First results, using the
strength of the toroidal field as determined by Baldner et al. (2009) from seismic observa-
tions, can be found in Piau et al. (2014).

6.2 The Solar Rotation Profile

Early helioseismic results had shown that the surface latitudinal differential rotation (25 days
around the equator up to 32 days at 75 degrees) is maintained throughout the convective zone
but disappears in the turbulent layers called “tachocline” located at the transition between
radiative and convective zone, A more or less rigid rotation in the radiative zone is observed
down to the limit of the core (Eff-Darwich and Korzennik 2012).

It is well known that acoustic modes contain very little information about the rotation of
the solar core. This is because they have their largest amplitudes close to the surface and
very few modes penetrate to the core. By contrast, gravity (or g) modes are the natural way
to probe the solar core but due to their evanescence in the outer convective zone, they are
particularly difficult to detect. Their predicted amplitude is at the level of mm/s at the surface
(Belkacem 2011).

The unique performance of the GOLF instrument at low frequencies (see Turck-Chièze
and Lopes 2012) and its exceptionally long stretch of observations has made GOLF observa-
tions the prime dataset to look for g-modes. Some candidates have been found in the mixed
mode range after integration over more than 4 years of observations (Gabriel et al. 2002;
Turck-Chièze et al. 2004b). The most probable detections correspond to mixed modes of
� = 2, n = −3 that are believed to be the most easily excited in that range of frequencies
(Cox and Guzik 2004). The search was conducted again with more than 10 years of GOLF
data (García et al. 2008). Another search was done after adding the mode power spectra in
the asymptotic range where the modes are nearly equidistant in period (García et al. 2007)
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Fig. 9 Top: Comparison of the
solar rotation profile as obtained
with a combination of MDI and
GOLF data with different
predictions made by including
transport of momentum by
rotation. The data points with
errorbars are results obtained
using a combination of GOLF
and MDI data. The label S stands
for the STAREVOL code and C
for CESAM code. ‘A’
corresponds to a very slow initial
rotation, ‘B’ and ‘C’ correspond
respectively to initial rotation
rates of 20 km/s and 50 km/s; see
Turck-Chièze et al. (2010a) for
details. At the scale of the axes,
the latitudinal differential
rotation of the convective zone is
not visible clearly. Bottom: 2D
schematic of the solar internal
rotation profile obtained with
SoHO data

and then looking directly to the region located between 90 to 200 µHz (García et al. 2011b).
García et al. (2011b) claimed significant (>99.99 % confidence level) excess power that
they attributed to dipole modes (� = 1). The patterns were compatible with larger splittings
in the solar core region than those obtained from acoustic modes. The gravity mode split-
tings, combined with acoustic mode splittings obtained from GOLF and MDI observations,
lead to a first insight on the rotation profile in the whole Sun. The rotation rate in the core ap-
pears a factor between 5 and 8, depending on the detailed shape in the core, greater than the
rest of the radiative zone (see Fig. 9 top). Such results are also seen with asteroseismology
for other stars as mentioned earlier and motivate the construction more complete models of
the Sun that include the transport of momentum by rotational mechanisms as suggested by
Zahn (1992) and Mathis and Zahn (2004).

6.3 The Transport of Momentum by Rotation During the Sun’s Lifetime

One first needs to understand differential rotation and the associated large-scale meridional
circulation, and shear-induced turbulence (e.g. Zahn 1992; Maeder and Zahn 1998; Mathis
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Fig. 10 The transport loop in
stellar radiation zones when
differential rotation, the
associated large-scale meridional
circulation and shear-induced
turbulence are taken into account.
From Decressin et al. (2009)

and Zahn 2004). Rieutord (2006) and Decressin et al. (2009) give a global view of the
coupling of the various processes involved. First, viscous turbulent transport, stellar winds
and structural adjustments induce meridional currents. These currents advect heat and that
in turn leads to a latitudinal gradient of temperature. Because of the associated baroclinic
torque, a new differential rotation profile is built which can be understood looking at the
so-called thermal-wind equation, and this closes the transport loop (see Fig. 10).

The surface of the Sun rotates today slowly at about 2 km/s. However, it is generally
believed that young stars rotate fast, slowing down after several millions of years. This
slow-down is believed to be a result of magnetic braking and angular momentum is redis-
tributed through advection by the meridional circulation and diffusion by the shear-induced
turbulence (Zahn 1992; Maeder and Zahn 1998; Mathis and Zahn 2004). The first com-
parison of the solar rotation profile with detailed models that included rotation showed
that the observed rotation in the core is lower than thought theoretically (see Fig. 9).
The present rotation profile of the whole Sun also remains difficult to explain. Another
result is that the introduction of this dynamical process does not reduce the difference
between the observed sound speed profile and that of such models (Turck-Chièze et al.
2010a).

The main conclusions of Turck-Chièze et al. (2010a) can be summarized as follows:

– In the different cases that have been studied, and that vary in their initial rotation rate
(50 km/s, 20 km/s and extremely small), the meridional circulation of the radiative zone
becomes extremely slow in comparison with the observed meridional circulation in the
convective zone. Consequently, the tachocline appears naturally as a very turbulent re-
gion, with horizontal motions. Thus there exist two very different dynamical regimes in
addition to the two different regimes of transfer of energy. The calculated radiative-zone
meridional velocities are smaller than those used in existing 3D simulations; these sim-
ulations of course cannot yet handle the secular evolution of the transport of angular
momentum over Gyrs.

– In all cases, the transport of angular momentum was efficient mainly during the contrac-
tion phase (where core rotation increases rapidly) and during the pre-main-sequence. The
transport of momentum by rotation is largely reduced during the main sequence.

– When the initial rotation rate is high (20–50 km/s), the current core rotation is too high
compared with the observed value, so one possibility is that the Sun was a rather slow
rotator (5–10 km/s) and the other is that the rotation rate has been reduced by some other
process. Moreover, none of the calculations lead to the observed rigid rotation out of the
solar core. These two facts suggest that some additional transport of momentum had been
effective in the past and may be effective even today.
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Thus the present solar core rotation profile appears to be a relic of the first million years
of the Sun’s life and its knowledge requires a better description of the young Sun, in
particular, of the phases I and II of evolution as described by Lada (1987), Andre et al.
(2000).

Differential rotation and associated meridional currents and shear-induced turbulence, if
applied to the Sun and low-mass stars, are unable to reproduce the angular-velocity profile
of the radiative core of the present Sun (Pinsonneault et al. 1989; Turck-Chièze et al. 2010b).
They cannot reproduce light-element mixing in solar-type stars on the main sequence (e.g.
Talon and Charbonnel 2005) either. Nor can they reproduce the rotation profiles of the
central radiation zone of low-mass subgiant and red giant stars (Eggenberger et al. 2012;
Ceillier et al. 2012; Marques et al. 2013). Thus other processes, such as magnetic fields (e.g.
Rudiger and Kitchatinov 1997; Gough and McIntyre 1998; Garaud and Garaud 2008; Wood
et al. 2011) or internal waves excited by penetrative convection (e.g. Schatzman 1993a;
Zahn et al. 1997) must be studied.

6.4 The Transport of Momentum by Magnetic Fields

Another possible mechanism of angular momentum transport is the magnetic field that could
have been built when the Sun was young. This was an epoch when the Sun was certainly
much more active than it is today; the Sun at that epoch was fully convective as well. During
this phase, a dynamo effect could have amplified an initial field in the proto-stellar cloud.
At that time, when the star is a few Myrs old, mass loss could become largely greater than
accretion leading to a loss of angular momentum. Spectropolarimetry today shows complex
magnetic field configuration for such stars (Donati and Landstreet 2009). Eggenberger et al.
(2005) have also suggested that a fossil field in the Sun can lead to a strictly uniform core
rotation that matches with helioseismology in contrast to angular momentum extraction by
gravity waves. Of course, these two processes can act simultaneously in the present Sun
(Mathis 2013).

A reasonable model of the young Sun that contains all the phenomena observed in
the other young stars is not yet available. Such a model must contain not only an ap-
propriate, realistic, magnetic field configuration and its effect on the solar rotation, but
also mass loss. Such magnetic fields, if they subsist in time, will be subject to Ohmic
diffusion and to advection by the shear of differential rotation and meridional currents,
and will transport angular momentum to damp differential rotation in the whole radiative
zone. Some preliminary studies can be found in Duez et al. (2010b), Turck-Chièze et al.
(2011). Indeed this is the most accepted hypothesis for the origin of magnetic fields in
the cores of solar-type stars (Mestel 1965). One first needs to understand the field geom-
etry in the radiation zone since it affects angular momentum transport. This problem is
related to magneto-hydrodynamic relaxation processes, wherein an initial turbulent mag-
netic field is converted into a large-scale configuration thanks to a selective decay of
the ideal magneto-hydrodynamic invariants. The case of the high-β stellar radiation zone
plasma, where gas pressure dominates, has been studied both theoretically (Duez and Mathis
2010) and numerically (Braithwaite and Spruit 2004; Braithwaite and Nordlund 2006;
Braithwaite 2008). Roughly axisymmetric dipolar twisted configurations are obtained if
the initial magnetic energy is confined near the centre (Braithwaite and Nordlund 2006;
Duez and Mathis 2010), while one gets non-axisymmetric fields in the case where the en-
ergy is distributed in the whole radiation zone (Braithwaite 2008). The field is then organised
on large scales, mixed (poloidal and toroidal), non force-free configurations, which are ini-
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Fig. 11 Left: 3-D topology of an axisymmetric relaxed fossil magnetic field (from Duez et al. 2010a, 2010b).
In the case of such configuration, the angular velocity will be frozen along the lines of the poloidal (i.e. merid-
ional) component of the field. Right: Net extraction of angular momentum by internal waves in a solar-type
star. The braking applied by the wind induces the extraction of angular momentum along a front created
because of the propagation of retrograde waves deep in the core. Hatched areas indicate the convective enve-
lope. from Alvan et al. (2013)

tially stable as has been demonstrated by Braithwaite (2009) and Duez et al. (2010a) (see
Fig. 4 of Duez et al. 2010a).

Once the initial relaxed magnetic configuration has been established (see left panel of
Fig. 11), it interacts with differential rotation. In the case of axisymmetric configurations,
the rotation becomes uniform on poloidal (i.e. meridional) magnetic surfaces; this is the so-
called Ferraro-state (e.g. Brun and Zahn 2006; Spada et al. 2010; Strugarek et al. 2011a).
In the case of a non-axisymmetric field, the rotation will become uniform if the field is
strong (e.g. the oblique rotators case; see Moss 1992) while the case of a weak field is be-
ing explored (see Spruit 1999; Strugarek et al. 2011b). This picture could be modified by
magnetic instabilities if during the first phase of evolution the residual differential rotation
on each magnetic surface is able to generate a strong toroidal component of the field that
becomes unstable (e.g. Tayler 1973), and if this instability is able to trigger a dynamo ac-
tion through an α-effect. This question is strongly debated (Spruit 2002; Zahn et al. 2007;
Rüdiger et al. 2012).

Finally, let us examine the interaction of fossil fields with meridional currents. Merid-
ional flows in radiation zones are driven by internal viscous and magnetic stresses, by exter-
nal torques such as those due to stellar winds, and by structural adjustments during stellar
evolution. In the case where all these sources vanish, the meridional circulation dies after
an Eddington-Sweet time and the star settles in a baroclinic state described by the magnetic
thermal wind equation. When applied to magnetised radiation zones of a star without struc-
tural adjustments and external torques, the meridional circulation will thus be mainly driven
by the residual Lorentz torque until the star reaches a torque-free state and the advection
of angular momentum by meridional circulation balances the residual magnetic torque (see
Mestel et al. 1988; Mathis and Zahn 2005).
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6.5 Internal Waves

The last transport mechanism that we consider here is the action of internal waves propa-
gating in the stably stratified radiative cores of the Sun and solar-type stars. These are ex-
cited by turbulent convective flows at the radiation/convection border (e.g. Garcia Lopez
and Spruit 1991; Dintrans et al. 2005; Rogers and Glatzmaier 2005; Belkacem et al.
2009). These waves transport angular momentum, which is deposited where waves are
damped because of thermal diffusion (e.g. Zahn et al. 1997) or where they meet their
co-rotation layers (Goldreich and Nicholson 1989; Alvan and Mathis 2011). In case of
prograde waves, the momentum flux is of the same sign as that of energy flux leading
to a deposition of angular momentum. For retrograde waves, the momentum and energy
fluxes are of opposite signs leading to an extraction of angular momentum. Then, if a
negative gradient of differential rotation is initially present, a net extraction of angular
momentum is obtained because of the Doppler effect that leads to a stronger damping
of prograde waves which are thus damped closer to the excitation region. Then, differ-
ent angular momentum extraction fronts propagate from the interior to the exterior during
the evolution (see Fig. 11 [right]). This extraction, combined with the strong horizontal
shear-induced turbulence due to the stable stratification, is therefore a possible explana-
tion of the observed quasi-uniform rotation rate in the inner 0.2R� of the solar radiative
zone, as well as an explanation of mixing in low-mass stars (Charbonnel and Talon 2005;
Talon and Charbonnel 2005). Additionally, when the action of internal waves is efficient,
meridional circulation is strongly affected and becomes highly multi-cellular because of
Reynolds stresses.

Progress still needs to be made in the description of wave-excitation by turbulent convec-
tion (Brun et al. 2011; Alvan et al. 2012; Lecoanet and Quataert 2013) and on the impact of
rotation and magnetic fields on their propagation, dissipation and on the induced transport of
angular momentum. Indeed, the young Sun was rotating faster than the current Sun with an
internal differential rotation caused by contraction and braking. The tachocline is believed
to be the place of the large-scale toroidal magnetic field storage in the Sun (Browning et al.
2006). This is why the changes in the structure of the waves and their dissipation by differ-
ential rotation and by magnetic fields have been studied (Mathis et al. 2008; Mathis 2009;
Mathis and de Brye 2011, 2012). The waves become Magneto-Gravito-Inertial waves be-
cause of the three restoring forces: i.e. the buoyancy force, the Coriolis acceleration, and the
Lorentz force. Then, depending on the ratio between excited frequencies (σc), the inertial
frequency (2Ω , where Ω is the angular velocity) and the Alfvén frequency (ωA), the propa-
gation of these waves can be strongly modified. First, in the case of an axisymmetric toroidal
field (e.g. Schatzman 1993b; Kim and MacGregor 2003; Rogers and MacGregor 2011;
Mathis and de Brye 2011), waves become vertically trapped as soon as 1 − m2ω2

A/σ 2
c < 0

(where m is the azimuthal order). Next, for such a field geometry, low-frequency waves (for
example sub-inertial ones for which σc < 2Ω) become trapped in an equatorial belt below a
given critical latitude with a stronger trapping for prograde waves when the magnetic tension
force is taken into account. This modifies the transmission of energy from turbulent convec-
tion to waves which is reduced in the case of trapped waves. Moreover, the thermal diffusion
of waves is enhanced as soon as the rotation and the field amplitude is increased leading to
a damping closer to the excitation region. The efficiency of the induced transport of angular
momentum is thus a function of the rotation and of the field amplitude. It decreases as soon
as vertical and horizontal trapping of wave modify wave-dynamics, with a net bias in favor
of retrograde waves (see details given in Mathis and de Brye 2012).
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6.6 The Coupling of the Sun and Other Solar-Type Stars to Their Surroundings

As has been emphasised in previous sections, torques applied on a star’s outer envelope
modify internal transport processes: for instance they can drive the large-scale meridional
circulation (e.g. Zahn 1992). Therefore, one must get a coherent physical model of the inter-
action of the Sun and solar-type stars with their environment when their rotational evolution
is studied (Bouvier 2008). First, stellar winds must be carefully examined as a function of a
star’s rotation rate and of its magnetic field topology and amplitude (e.g. Kawaler 1988;
Pinto et al. 2011; Matt et al. 2012). Furthermore, if the star under scrutiny hosts a
planetary system, the coupling with the proto-planetary disk (Matt and Pudritz 2005;
Zanni and Ferreira 2013) and tidal interactions should be taken into account. For the latter,
the equilibrium tide applied to the hydrostatic adjustment of the star to the tidal excitation,
leads to a net torque applied on the outer convective envelope of solar-type stars (Zahn 1966;
Remus et al. 2012) and this modifies their rotational evolution (Zahn and Bouchet 1989).
Moreover, internal waves are also excited by the tidal potential at the radiation/convection
boundary and are able to transport angular momentum in the same way that those excited by
the turbulent penetrative convection: this is the so-called dynamical tide (see e.g. Zahn 1975;
Ogilvie and Lin 2007). Therefore, we find that one needs a detailed picture of the secular
exchanges of angular momentum to get a precise and exact picture of the structure and evo-
lution of the Sun and solar-type stars. Constraints from helio- and asteroseismology will
probably be our best guide.

7 Concluding Thoughts

The solar model is a work in progress. In this article we have tried to give a flavour of
some of the uncertainties in the model ingredients, such as abundances and the equation of
state, and discuss one of the most neglected physical properties, namely angular momentum
transport.

Abundances and equation of state are important ingredients for all solar models. We
have described the pain-staking analysis needed to measure solar abundances from solar
spectra. We have also discussed the current discrepancy between abundance estimates from
helioseismic analyses and spectroscopic analyses. We have also shown how equations of
state can be tested and the state of the currently used equations of state.

An examination of what seismic data reveals about the radiative zone and comparing the
results models reveals the limitations of standard solar models. The equations of standard
solar models need to be supplemented with equations that describe dynamical evolutions
and angular momentum transport. We have described some of the ways angular momentum
may be transported in the Sun. Seismic data also point the way to investigations into other
interesting processes that may play a role in transporting energy from the solar core, includ-
ing gravity mode propagation, neutrinos, plasma processes and perhaps even dark matter.
We except the next generation of observations and experiments to provide better constraints
on these ingredients.
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