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Received 2012 May 17; accepted 2012 July 25; published 2012 September 5

ABSTRACT

In our Sun, the magnetic cycle is driven by the dynamo action occurring inside the convection zone, beneath the
surface. Rotation couples with plasma turbulent motions to produce organized magnetic fields that erupt at the
surface and undergo relatively regular cycles of polarity reversal. Among others, the axisymmetric dynamo models
have been proved to be a quite useful tool to understand the dynamical processes responsible for the evolution of
the solar magnetic cycle and the formation of the sunspots. Here, we discuss the role played by the radial density
stratification on the critical layers of the Sun on the solar dynamo. The current view is that a polytropic description
of the density stratification from beneath the tachocline region up to the Sun’s surface is sufficient for the current
precision of axisymmetric dynamo models. In this work, by using an up-to-date density profile obtained from a
standard solar model, which is itself consistent with helioseismic data, we show that the detailed peculiarities of the
density in critical regions of the Sun’s interior, such as the tachocline, the base of the convection zone, the layers of
partial ionization of hydrogen and helium, and the super-adiabatic layer, play a non-negligible role on the evolution
of the solar magnetic cycle. Furthermore, we found that the chemical composition of the solar model plays a minor
role in the formation and evolution of the solar magnetic cycle.
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1. INTRODUCTION

The modeling of the Sun and its magnetic activity has been
a challenge that astrophysicists and solar physicists have been
addressing with a certain degree of success. The interest and
motivation is to better understand the evolution of our star, not
only to answer to fundamental questions about the physical
mechanisms operating in the interior of the Sun, but also to
explore the possibility that, in the near future, we will be able to
follow the Sun’s irregular magnetic activity. Ultimately, the solar
activity that regulates the space weather has a non-negligible
impact on Earth’s atmosphere and climate (e.g., Charbonneau
2010).

In the past 40 years, a tremendous advance has been made
in the comprehension of the mechanisms occurring in the Sun’s
interior, namely, the basic macroscopic structure of the solar
interior (Turck-Chieze & Couvidat 2011) as well as the dynamic
processes occurring in the different layers of the Sun (e.g.,
Howe 2009). Most of this progress is due to the field of
helioseismology, as well as solar neutrinos. The success of the
modeling of the solar interior has culminated in the definition
of the so-called standard solar model (e.g., Turck-Chieze &
Lopes 1993; Turck-Chieze & Couvidat 2011). Nevertheless,
there is still a major challenge to answer about the solar interior.
What are the physical mechanisms regulating the solar cycle
and magnetic activity? In recent years, an important effort was
done to try to understand such mechanisms, in particular the
role played by the magnetic field transport on the evolution of
the solar magnetic cycle.

The modeling of the solar magnetic cycle has been ap-
proached through different perspectives, among the different
studies of the solar dynamo, the so-called kinematic mean-field
axisymmetric model is very likely the most common and suc-
cessful method used to model the solar magnetic cycle (e.g.,
Charbonneau 2010). This model is one of the best tools to

understand solar observations and to test the more advanced
dynamo flux-transport simulations. Kinematic dynamo mod-
els have been quite successful in reproducing many of the
characteristics of the solar magnetic cycle (e.g., Dikpati &
Choudhuri 1995; Choudhuri et al. 1995; Durney 1997; Dikpati &
Charbonneau 1999; Nandy & Choudhuri 2001; Rempel 2006;
Guerrero & de Gouveia Dal Pino 2008; Muñoz-Jaramillo et al.
2009, 2011). By using a one-dimensional dynamo model as a
diagnostic tool of the axisymmetric models, Lopes & Passos
(2009) have succeeded in reproducing some of the main ob-
servational characteristics of the Sun’s spot data, including the
impact that fluctuations on the amplitude and frequency of the
meridional flow have on the strength of the solar cycle (Passos
& Lopes 2012).

Among others, Muñoz-Jaramillo et al. (2010), Chatterjee et al.
(2004), Yeates et al. (2008), and Nandy & Choudhuri (2002)
have been quite successful in including the meridional circula-
tion and differential rotation obtained from the helioseismology
data in the kinematic dynamo models. These types of studies
have shown that the structure and strength of the meridional cir-
culation determines the duration of the magnetic cycle, the rising
of magnetic tube fluxes, and the strength and the polarity rever-
sal of the magnetic field (Yeates et al. 2008; Hathaway 2011).
Helioseismology has succeeded in detecting the meridional flow
near the surface (Haber et al. 2002; Zhao & Kosovichev 2004).
However, the meridional return flow near the base of the con-
vective zone proposed by various theoretical dynamo models
(Dikpati & Charbonneau 1999; Chatterjee et al. 2004; Guerrero
& de Gouveia Dal Pino 2008; Bonanno et al. 2002) has not been
observed up to now.

Several authors have tried to determine the effective role and
the efficiency of the meridional circulation in the evolution of
the magnetic field (e.g., Dikpati & Gilman 2012; Dikpati &
Charbonneau 1999), namely, the meridional circulation influ-
ence on the polar magnetic field at the surface. Although, the
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large motions of fluids presently being included in the solar
dynamos have an important impact on the evolution of the
magnetic field, the polytropic density stratification usually as-
sumed can significantly mask the contribution of such dynamical
effects.

In this work, we follow a similar strategy to the previous
authors that attempt to include the helioseismology data in the
kinematic dynamo models (Chatterjee et al. 2004; Yeates et al.
2008; Nandy & Choudhuri 2002), but our work will be focused
on testing a density profile consistent with helioseismology data.
Using a publicly available solar dynamo code, we have tested the
impact of the radial density profile obtained from the standard
solar model (e.g., Turck-Chieze & Lopes 1993) on this type of
dynamo model. The solar density profile is in itself consistent
with helioseismic data. In this work, we propose a methodology
to include such a density profile in these types of solar dynamo
models, and discuss the implications of such modification on
the behavior of the solar magnetic cycle.

In the next section, we describe the current status of the solar
standard model and its consistency with helioseismology data.
In Section 3, we detail the basic features of the kinematic ax-
isymmetric model, which we refer to as the reference dynamo
model for which we consider the usual standard parameteriza-
tion. In Section 4, we describe the methodology for using the
helioseismic consistent radial density profile and discuss its im-
pact on the meridional circulation. In Section 5, we report the
new dynamo simulations and discuss the results in terms of the
butterfly diagram. In Section 6, we comment on the main results
using this improved helioseismic density profile, and discuss
the impact of such results for solar standard modeling and solar
dynamo models alike.

2. HELIOSEISMOLOGY AND THE SOLAR STANDARD
MODEL: THE CRITICAL LAYERS

The present seismic data allow the determination of the sound
speed and density to be obtained from the surface up to 6% of
the solar radius (Basu et al. 2009; Turck-Chieze et al. 1997).
Although for above 98% of the solar radius the inversion of
sound speed and density profiles cannot be done reliably, mainly
due to the complex interaction of acoustic waves with the upper
layers of the star (Lopes & Gough 2001), by comparing the
solar standard model with the helioseismic data, we found that
the sound speed difference is of the order of 2% (in most
of the radiative region), and the density difference is of the
order of 10% (in the convective zone). These differences in
the envelope of the star are mainly due to the uncertainties in
the microscopic physics of the solar standard model, as well
as uncertainties on the physical processes related to turbulent
convection, acoustic pulsation, and magnetic activity. Indeed,
the dynamics of the physical processes occurring in the upper
layers of the star, related to the magnetic activity and convection,
are quite complex and some of their effects can be observed in
the acoustic spectrum of oscillations (Rosenthal et al. 1995,
1999; Nordlund et al. 2009).

Another illustration of the uncertainty of the standard solar
model is the well-known composition problem, where the new
surface measurements of abundances of the chemical elements,
carbon, nitrogen, and oxygen have increased the difference
between the sound speed profile of the solar standard model
and the sound speed obtained from helioseismology.

Figure 1 shows the profile of the sound speed and density of
the solar standard model computed using the CESAM evolu-
tion code (Morel 1997) for the GS98 abundance composition

(Grevesse & Sauval 1998). This solar model is used as a ref-
erence in this work. Nevertheless, for completeness, we have
also calculated the solar standard model using the new AGS05
abundance composition (Asplund et al. 2005). Our version of
stellar evolution has an up-to-date refined microscopic physics
(updated equation of state, opacities, nuclear reactions rates,
and an accurate treatment of microscopic diffusion of heavy
elements), including the solar mixture of Asplund et al. (2005,
2009) or Grevesse & Sauval (1998). All the solar models are
calibrated to the present solar radius R� = 6.9599 × 1010 cm,
luminosity L� = 3.846 × 1033 erg s−1, mass M� = 1.989 ×
1033 g, and age t� = 4.54 ± 0.04 Gyr (e.g., Turck-Chieze &
Couvidat 2011). The models are required to have a fixed value
of the photospheric ratio (Z/X)�, where X and Z are the mass
fraction of hydrogen and the mass fraction of elements heavier
than helium. The value of (Z/X)� is determined according to
the solar mixture proposed. Our reference model is a standard
solar model (Turck-Chieze & Lopes 1993) that shows acoustic
seismic diagnostics and solar neutrino fluxes similar to other
solar standard models (Guzik & Mussack 2010; Serenelli et al.
2009; Bahcall et al. 2005; Turck-Chieze et al. 2010).

The inversion of the sound speed and density profiles used
in this study (cf. Figure 1) were done using the seismic data
of the BISON and GONG networks (Basu et al. 2009). These
seismic data are consistent with the previous high accuracy
measurements done by the GOLF and MDI instruments of
the Solar and Heliospheric Observatory mission (Turck-Chieze
et al. 1997). The clearly different signature in the composition
leads to a quite different structure of the upper layers, which in
turn can produce an observable effect on the evolution of the
solar magnetic cycle. Although the base of the convection zone
is quite different between the two models, their effect on the
evolution of the solar magnetic cycle seems to be quite small.

3. THE SOLAR DYNAMO: THE STANDARD CASE

The global solar cycle features observed in the Sun can be
described as being produced by a solar dynamo model driven
by an α-effect mechanism, described by the governing equation
for the evolution of the large-scale magnetic field B. From the
mean-field electrodynamics (Moffatt 1978; Krause & Raedler
1980), the induction equation with the additional α-effect term
reads

∂B
∂t

= ∇ × (U × B + αB − η∇ × B) , (1)

where U is the large-scale mean flow and η is the total magnetic
diffusivity (including the turbulent diffusivity and the molecular
diffusivity). To a first approximation, the large-scale magnetic
field in the Sun is axisymmetric about the Sun’s rotation axis,
and antisymmetric about the equatorial plane. This theoretical
hypothesis is supported by the existence of the sunspot butterfly
diagram, Hale’s polarity law, and synoptic magnetograms.
Therefore, the solar dynamo is usually described by a two-
dimensional axisymmetric mean-field model in a spherical-shell
domain such that Rb � r � Rt and 0o � θ � 90o where r, θ ,
and φ are the spherical polar coordinates. In our case, we choose
Rb = 0.55 R� and Rt = R�, if not stated otherwise. The choice
of domain is motivated by the direct numerical simulation of
convective dynamos (e.g., Mitra et al. 2011). Furthermore, the
dynamo is considered to be in the kinematic regime, such that
the mean flow U is given by U = Ucirc +Urot +Uwind, where Ucirc
and Urot are, respectively, the large-scale velocity meridional
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Figure 1. Comparison of the sound speed (left panel) and density (right panel) radial profiles between the solar standard model and helioseismology inverted data
(Basu et al. 2009; Turck-Chieze et al. 1997). The solar structure was computed for two different solar surface chemical abundances obtained by Grevesse & Sauval
(1998, GS98) and Asplund et al. (2005, AGS05). The continuous line corresponds to the AGS05 solar model and the green continuous line to the GS98 solar model.
The location of the base of the convection zone is indicated by a vertical line: 0.743 R� (blue dashed line) for the AGS05 solar model and 0.71 R� (green dashed
line) for the GS98 solar model. Our standard solar model is in agreement with the most current helioseismology diagnostics and other solar standard models published
in the literature (Turck-Chieze & Lopes 1993; Bahcall et al. 2005; Guzik 2011; Turck-Chieze et al. 2010).

(A color version of this figure is available in the online journal.)

circulation flow and the differential rotation flow. Uwind is a
flow term included to take into account the effect of the solar
wind in the outer region of the model through which the wind
flows, but extends the outer boundary beyond the convection
zone. Although Uwind, in general, is different from zero (at least
in the case of large magnetic activity), nevertheless, we will
consider its contribution to be negligible, as this term is much
smaller than other components. The two other components are
obtained from solar observations and helioseismology. Usually,
the differential rotation is Urot = Ω(r, θ ) r sin θ êφ , and the
meridional velocity Ucirc = vr êr + vθ êθ is given by

ρvr = 1

r2 sin θ

∂Ψ(r, θ )

∂θ
ρvθ = − 1

r sin θ

∂Ψ(r, θ )

∂r
, (2)

where Ψ(r, θ ) ≡ ψ(r, θ )r sin θ is the meridional circulation for
which ρUcirc = ∇ × (Ψeφ).

In this work, we compute the evolution of B, in the ax-
isymmetric kinematic dynamo approximation. Consequently,
the previous mean-field MHD equation (1) is written in a stan-
dard form (Chatterjee et al. 2004), resulting in a set of two
coupled equations, to describe the evolution of B. It follows that
B = B(r, θ )eφ + Bp where B(r, θ ) and Bp = ∇ × [A(r, θ )eφ]
are known as the toroidal and poloidal components of the mag-
netic field. In this approximation, the solar magnetic cycle is
interpreted as the result of the generation and recycling of these
two components of the magnetic field.

We model the evolution of the large-scale mean magnetic field
under the axisymmetric kinematic dynamo approximation by
using the publicly available solar dynamo code Surya, which has
been used in a multitude of applications (Nandy & Choudhuri
2002; Chatterjee et al. 2004; Choudhuri et al. 2007). This
axisymmetric dynamo code is similar to others used by several
authors (e.g., Charbonneau 2010).

The meridional circulation that is central to such types of
dynamo models is implemented by using a stream function
Ψ(r, θ ) as defined in Equation (2). As usual, Ψ(r, θ ) is chosen
to be a single-cell meridional circulation flow. Based upon
physical considerations, Ψ(r, θ ) can be analytically represented
(Chatterjee et al. 2004; Choudhuri et al. 2005). In this type of
dynamo model (cf. Equation (2)), the density stratification is
always assumed to be polytropic, such that the density ρpol(r) is
given by

ρpol(r) ∼ (Rt/r − γ )m, (3)

where γ = 0.95 is a constant and m is a polytropic exponent, for
which the values are fixed by choosing ρpol(r) to be the closest to
the solar standard model (as expected, m is of the order of 3/2).
In the remainder of the paper, we will call the stream function
Ψpol(r, θ ) if the density profile ρpol is used in the computation
of the stream function. Likewise for other variables, this model
will be referred to as the reference solar dynamo model.

Another quantity that plays a major role in the solar dynamo
is the total magnetic diffusivity. The diffusivity regulates the
strength of the toroidal and poloidal magnetic field components.
This complex physical process is very significant in most
of the convection zone. In this model, the total magnetic
diffusivity is represented by two components (poloidal (i = p)
and toroidal (i = t) components) that are radially dependent
on diffusivity profiles, given by ηi(r) = ηm + ζimκi1(r) −
ζioκi2(r), where κij (r) = 1 + erf[(r − rij )/ds] (with j = 1, 2)
and ζik = (ηio − ηk)/2 (with k = m, o). The parameters
of the function κij (r) and expression ζik are the following,
ds = 0.025 R�, rp1 = 0.7 R�, rt1 = 0.72 R�, and rp2 =
rt2 = 0.975 R�. In the radiative zone, we assume only the
existence of molecular diffusivity ηm = 2.2 × 108 cm2 s−1.
At the surface, both components of the diffusivity ηp and ηt

increase to high values (∼1012 cm2 s−1) in agreement with
surface flux-transport models and observational estimates, with
ηo = 2.0 × 1012 cm2 s−1, ηto = 4.0 × 1010 cm2 s−1, and
ηpo = 1.25 × 1012 cm2 s−1, if not stated otherwise. This
formulation is identical to Yeates et al. (2008).

In this version of the Surya code, the differential rotation pro-
file Ω(r, θ ) that describes the differential rotation in the solar
convection zone was obtained by fitting the data from helio-
seismology (Schou et al. 1998; Charbonneau et al. 1999). The
buoyancy algorithm to model the radial transport of magnetic
flux and the Babcock–Leighton α-mechanism follows the proce-
dure described in Nandy & Choudhuri (2001), Babcock (1961),
and Leighton (1969).

4. THE RADIAL DENSITY PROFILE IN THE
UPPER LAYERS AND THE BASE OF THE

CONVECTIVE ZONE OF THE SUN

The solar density profile, as determined by helioseismology,
is the best signature of the physical processes occurring beneath
the base of the convection zone, the convection zone, and the
most external layers of the Sun. Helioseismology, as well as the
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Figure 2. Variation of the function ε(r) and its derivative ε′(r) with the
solar radius, ε(r) determines the relative difference between the radial density
profile ρssm(r) obtained from a solar standard model and the polytropic
density profile used in the reference dynamo model ρpol(r), i.e., ε(r) =
(ρssm(r) − ρpol(r))/ρpol(r): left axis: ε(r) for the AGS05 solar model (black
continuous line) and the GS98 solar model (black dashed line); right axis:
|ε′(r)| for the AGS05 solar model (blue lines) and the GS98 solar model (green
lines). The two lines correspond to different dynamo models: model A with
Rt = 0.96 R� (dashed line) and model E with Rt = R� (dash-dotted line). It is
also shown the location of the base of convection zone as indicated in Figure 1.

(A color version of this figure is available in the online journal.)

standard solar model, shows an intricate radial profile of density
(cf. Figure 1) which is the consequence of the complex physical
processes occurring at the different regions of the solar envelope,
where the dynamo produces the solar magnetic field, not only
in the bulk of the convection zone but, more critically, in other
regions that we know play a crucial role on the regeneration of
the solar magnetic field. Among other layers, we should point
out the tachocline, the base of the convection zone, and the
super-adiabatic layer.

The density profile considered in the computation of the
magnetic field under the approximation of the axisymmetric
dynamo model follows a polytropic power law (Equation (3)),
which ignores most of the complex density variations related
with the microscopic and macroscopic variations of the solar
plasma, namely in the tachocline layer and in the super-adiabatic
region. This density profile (Equation (3)) is quite different from
the density ρssm(r) obtained from the standard solar model.

Figure 2 shows the relative difference between the polytropic
density ρpol(r) and the ρssm(r) in the layers where the solar
dynamo is taking place, i.e., beneath the base of convection
zone and the solar envelope. ρssm(r) is almost similar for both
solar chemical compositions (AGS05 or GS98), although there
are a few differences in the base of the convective zone. The
density difference for both abundances in certain layers is very
significant, namely, in the tachocline layer and near the surface,
more exactly, in the super-adiabatic region. These are also the
regions where the solar magnetic field is continuously destroyed
and regenerated.

To test the importance of the density stratification on the
formation and evolution of the solar magnetic cycle, the poly-
tropic density ρpol(r) used in the solar dynamo was replaced
by the density profile ρssm(r). Accordingly, the stream function
Ψ(r, θ ) was modified to accommodate ρssm(r). This alteration
was done in all the regions where the dynamo is operating,
Rb � r � Rt or 0.55 R� � r � R�. We note that, unlike
ρpol(r), ρssm(r) shows a variation of several orders of magnitude
from 10−1 g cm−3 up to 10−7 g cm−3.

For that reason, we choose to use in the dynamo models the
solar density profile ρssm(r) obtained from a standard model
with the solar composition of GS98. The new stream function

Table 1
Solar Dynamo Models

Model Rt
a T b Brs

c Angled

(R�) (yr) (G) (deg)

Polytropic 1.00 13.3 2950 40◦
A 0.96 14.3 2750 30◦
B 0.97 15.6 2400 20◦
C 0.98 18.6 2000 10◦
D 0.99 24.1 1360 <10◦
D∗ 0.99 27.0 2640 40◦
E 1.00 74.0 200 40◦

Notes.
a Rt—external layer of the solar dynamo model.
b T—the half-period of the magnetic cycle.
c Brs—the magnitude of the radial component of the magnetic field
at the surface.
d Angle of maximum de-placement of the magnetic field by eruption
at the surface.

Ψssm(r, θ ) was defined in such a way that the main properties of
the reference dynamo model are maintained. Ψssm(r, θ ) is given
by

Ψssm = Ψpol + ε(r)Ψpol, (4)

with ε(r) = (ρssm(r) − ρpol(r))/ρpol(r). This stream function
was chosen such that the meridional circulation of the new
dynamo model (with new ρssm(r)) is identical to the meridional
circulation of the reference dynamo model, i.e., vr (Ψssm) is
identical to vr (Ψpol).

In the following, we compute a succession of solar dynamo
models (using the new stream function Ψssm) for a different
external boundary Rt (see Table 1). Furthermore, all theses
models have the same maximum velocity (at mid-latitude) of
25 m s−1 in the surface, and the same cutoff values for the
turbulent diffusivity, with the exception of dynamo model E.
In this last model, we have changed other parameters of the
dynamo model to be able to maintain the same velocity at mid-
latitude. It is worth noticing that for model E, Rt is equal to R�, a
location where the value of ρssm is very small, and consequently
the toroidal and poloidal components of the diffusivity must be
reduced to compensate for such a dramatic variation of Ψssm. We
found that a stable periodic solution of the magnetic field can be
found if ηto = 5.0×109 cm2 s−1 and ηpo = 5.0×1010 cm2 s−1.
The coefficients are the same for ρssm obtained with any of the
solar compositions.

Figure 3 shows the difference between the components of
the meridional circulation of the new dynamo models and the
reference dynamo model. The vr and vθ components show
variations between dynamo models mainly related with the
choice of Rt. More significantly, the vθ component shows
variations that are related with the peculiarities of the new
density profile in several regions of the solar envelope, especially
in the super-adiabatic layer.

5. THE BUTTERFLY DIAGRAM

Our reference dynamo model has a half-magnetic cycle period
of 13.3 years which is slightly larger than the expected 11 years
of the averaged solar magnetic cycle. As usual, we consider that
the solar magnetic cycle in the dynamo model is considered to
be equal to the period of the toroidal component of the magnetic
field at the base of the convective zone (cf. Figure 4). Table 1
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Figure 3. Variation of the component of the meridional circulation vθ (m s−1) with radius at mid-latitudes (left panel), and with the latitude at the lower limit of the
tachocline (right panel). vθ (m s−1) is shown for the reference dynamo model (red line), as well as for several dynamo models (with the density profile ρssm(r)): A
(0.96 R�, dashed green line), B (0.97 R�, continuous black line) and C (0.98 R�, continuous black line), D(0.99 R�, continuous green line), and E(R�, dash-dotted
green line). The reference dynamo model was computed within an envelope, Rb = 0.55 R� and Rt = R�. In the case of dynamo models with the density profile
ρssm(r), the value Rt was chosen as indicated previously (see the main text for details).

(A color version of this figure is available in the online journal.)

Figure 4. Magnetic field evolution for the reference dynamo model
(Ψref—polytropic density profile ρpol) and a dynamo model with a realistic den-
sity profile (Ψssm—solar/helioseismology density profile ρssm for solar model
GS98—model E). Both models have been calibrated to have a v0 = 25 m s−1

at the Sun’s surface. The color scale shows the radial surface magnetic field
with negative and positive values shown as blue and red colors (the intensity
of the field is expressed in gauss). The contours show the positive (continuous
lines) and negative (dashed lines) values of the magnetic field at the base of
the convective zone. The butterfly diagram of latitudinal eruptions is shown as
“o” and “+” data points, indicating negative and positive values of the magnetic
field that arrives at the surface.

(A color version of this figure is available in the online journal.)

presents the results of several other models with different values
of Rt.

The difference between consecutive dynamo models A-to-
D follows from the progressive decrease vθ between Rp and
the position of the return flow approximately at 0.80 R� (cf.
Figure 3), which is more pronounced in the case of vθ as a
function of the latitude rather than vθ as a function of the radius.
Furthermore, we found that an increase of the magnetic field

Figure 5. Magnetic field evolution for a dynamo model with a realistic density
profile (Ψssm—solar/helioseismology density profile ρssm for solar model
GS98) and with Rt = 0.99 R� (model D; top panel) and Rt = 0.99 R�
(model D∗ modified; bottom panel). Both models have been calibrated to have
a v0 = 25 m s−1 at the Sun’s surface. The color scheme is the same as used in
Figure 4.

(A color version of this figure is available in the online journal.)

could be obtained if we reduce the total magnetic diffusivity by
a convenient choice of parameters, as can be seen in Table 1.
In the case of model D∗ (modified), for which ηto is reduced
to 1 × 1010 cm2 s−1, the magnetic field reaches a latitude of
40◦ with a half-magnetic period of 27 years (cf. Figure 5). In
this model, the magnitude of the polar magnetic field at the
surface is 10% of the value of dynamo model of reference.
Another interesting feature in such model is the enlargement of
the sunspot area with a strong asymmetry when compared with
the previous dynamo models.

We discuss the dynamo model E independent of the other
models, because the physical variation is somehow more
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Figure 6. Interval of time traveled by a magnetic field element in a function of
latitude, at the lower limit of the tachocline (cyan color) and near the surface
(at approximately 0.94 R�; magenta color). The dynamo models shown as the
following ones: model of reference (red plus), solar model GS98 (green cross),
dynamo model A (dashed line), dynamo model E (dashed point line), and
dynamo model D (continuous line).

(A color version of this figure is available in the online journal.)

complicated, due to the complex structure of the very upper lay-
ers of the Sun’s surface. By making this choice, we test the valid-
ity of this dynamo model to better understand its limitations. The
density profile of the standard solar model present at the surface,
r = R�, shows a large magnitude variation when compared with
the value of the density at r = 0.99 R�. As a consequence, the
vθ (as a function of radius or latitude) of model E (Rt = R�) is
very different from previous models, for example, model D (cf.
Figure 3). Consequently, to obtain a steady and periodic solution
for the solar dynamo for v0 = 25 m s−1, we had to change the
cutoff of the turbulent magnetic diffusion (for the poloidal and
toroidal components), ηto is reduced to 5×109 cm2 s−1, and ηpo

is reduced to 5 × 1011 cm2 s−1. Although the dynamo model E
has a period duration of 74 years, the high latitude surface radial
magnetic field is of the order of 200 G, similar to the model of
Dikpati & Charbonneau (1999) and much closer to the value of
10 G estimated from observations.

We found that in such new dynamo models, the period
of the magnetic cycle is regulated by the magnitude of the
meridional counterflow at the base of the convective zone, which
is consistent with the work of Muñoz-Jaramillo et al. (2010). The
variation of the total magnetic diffusivity in model D shows that
an increase of the period of the magnetic cycle, and an increase of
the magnitude of the toroidal component of the magnetic field
in the convection zone, was caused by the interplay between
the advection and the diffusion. Furthermore, we also found
that the increase in the magnitude of the toroidal field in the
lower convective zone causes a slight increase of the poloidal
component of the magnetic field produced at the surface, similar
to what was found in the dynamo simulations of Dikpati (2011).

Figure 6 shows the averaged time interval for the displace-
ment of the magnetic field from a latitude of 80◦ to a latitude
of 0◦ (equator), two specific layers, one in the lower limit of
the tachocline and a layer near surface (see Table 2). In the case
of model E, the magnetic field takes 109.19 years (in the lower
limit of the tachocline) and 16.34 years (near the surface) to
progress between the two latitudes, these values are in strong
contrast with the reference dynamo model, in which the values
are 24.04 years (in the lower tachocline) and 5.98 years (near
the surface).

Similarly, we obtained a reduction of the period duration of
all the dynamo models relative to the model of reference.

Table 2
Time Interval Travel by the Magnetic Field

Model TLRT
a TS

b T 
LRT T 

S

(yr) (yr) (%) (%)

Polytropic 24.04 5.98 . . . . . .

A 20.25 4.53 −15.79 −24.39
B 20.93 4.32 −12.94 −27.83
C 23.54 4.44 −2.130 −25.80
D 30.14 5.14 25.36 −14.08

Notes.
a TLRT—time interval at limit of the tachocline; T 

LRT variation of
TLRT in relation to the reference (polytropic) solar dynamo model.
b TS—time interval at surface; T 

S variation of TS in relation to the
reference (polytropic) solar dynamo model.

The computation of dynamo models with density profiles
using different abundances (GS98 and AGS05) leads to almost
indistinguishable results. The function ε(r) (and |dε(r)/dr|) is
identical to both density profiles, the exception being at the base
of the convection zone for which GS98 abundance composition
produces a deeper base of convection zone than the AGS05
abundance composition (see Figure 2). Nevertheless, this has
a minor effect on the evolution of the solar magnetic cycle.
The ρ(r) computed with the AGS05 abundance composition
increases the period of the magnetic cycle of models of A, B,
C, and D by 3% to 14.7, 16.1, 19.4, and 24.8 compared to
dynamo models for which ρ(r) was computed using the GS98
abundance composition. The maximum magnetic field occurs
at similar latitudes for both density profiles (GS98 and AGS05)
and approximately the same amplitude on both the components.
We also found from analyzing the dynamo models A-to-D that
the tachocline has a stronger influence in the period of the
magnetic cycle when compared with the case of the reference
solar dynamo (see Table 2). In model D (see Table 2), the time
interval relatively to the model of reference increases 25% as
opposed to other models. This is consistent with the results
presented in Figure 6.

6. SUMMARY AND CONCLUSION

The impact of the stratification density on the solar dynamo
could only be fully addressed by a self-consistent magnetic-
hydrodynamic numerical simulation of the magnetic field acting
in the Sun’s envelope, from below the convection zone up to
the upper-adiabatic layer. In particular, helioseismology has
shown that the magnetic field and the differential rotation can
visibly modify the structure of the upper layers of the Sun.
Unfortunately, the modeling of such physical process is very
complex. In this work, this problem was addressed in an indirect
way, by taking advantage of the fact that the contribution
of dynamical processes for the evolution of the Sun need
to be relatively small (e.g., Turck-Chieze & Couvidat 2011).
Preliminary studies of incorporating dynamical processes in
the stellar evolution such as the differential rotation have been
shown to have a small impact on the present structure of the Sun.
This result is confirmed by the helioseismology analysis (e.g.,
Turck-Chieze et al. 2010).

The solar axisymmetric dynamo model has been a powerful
tool in studying a diversity of properties of the solar magnetic
cycle. In such types of dynamo models, the meridional flow
is computed under the assumption that the stratification of the
convection zone follows a polytropic stratification (in this work,
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we called it the reference solar dynamo model). Unfortunately,
the polytropic stratification presents several shortcomings, this
description of the solar envelope is unable to represent properly
the complex structure of the upper layers of the Sun and of
layers beneath the base of convection zone. A problem common
to many other dynamo computations.

In this preliminary work, we investigated the impact that a
more realistic stratification (density profile) has on such a type
of solar dynamo. This was done by replacing the polytropic
density profile by a more realistic density profile obtained from
the standard solar model, which is in itself consistent with
helioseismology. We investigate how this density profile affects
the evolution of the solar magnetic cycle.

We found that, if the new solar dynamo model is restricted
to a region between 55% and 96% of the solar radius, then the
butterfly diagram of such a dynamo model is similar but not
equal to the butterfly diagram of the reference solar dynamo.
In this case, the difference between dynamo models is due
to the different density stratification beneath the base of the
convection zone, a region which plays an important role in the
regeneration of the solar magnetic cycle. The solar dynamo
models that take into account the density profile above 0.96 R�
have a quite different butterfly diagram, caused by a dramatic
change in the strength of the poloidal and toroidal components
of magnetic fields, and a significant increase of the period of the
solar magnetic cycle. This clearly establishes the importance
of the external layers in the evolution of the solar magnetic
cycle. In particular, the sunspots latitude distribution shows
an asymmetric pattern that is in qualitative agreement with
observations (cf. Figure 4). Finally, the chemical composition
(AGS05 or GS98) of the standard solar model leads to distinct
solar density profiles when compared with helioseismology
data. However, the impact of such density difference does not
significantly affect the strength of the magnetic field and the
time duration of the magnetic cycle.

In general, we found that the main properties of the solar
magnetic cycle are maintained. This shows that the applicability
of this type of dynamo model is larger than previously thought,
despite the fact that the upper layers of the Sun have a very
complex structure.

Finally, it is worth mentioning that the inclusion of a more
realistic density in the reference solar model must be considered
in future work, once its impact on the evolution of the solar
magnetic cycle is larger than other dynamical processes usually
included in the reference dynamo model. Furthermore, we
believe that much can be gained from a stronger interaction
between the research groups of the solar dynamo and the
modeling of the Sun as a star, not only to understand the features
behind the solar dynamo, but also to properly introduce into the
solar evolution models the dynamical processes related to the
magnetic field, which play a crucial role in the evolution of our
star.
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a Ciência e Tecnologia.” We also thank the authors of solar
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