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Focus of this talk: intrinsic structure 
changes due to magnetic fields

Change of equilibrium stellar structure in response to time-varying 
magnetic fields in the Sun and solar-like stars


Include magnetic perturbation in stellar evolution code


• Cumulative effects on climate on decades to millennia


• Constrain and improve solar dynamo theory


• Solar-stellar connection: Sun in time, habitability of exoplanets

WHAT:

WHY:

HOW:
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Mechanisms for magnetic 
variability in solar-like stars

1. Surface features  

timescales: days to a decade


2. Intrinsic structural changes


timescales: decades and longer
Surface 
features

Intrinsic 
variation
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Physical mechanisms for 
intrinsic variations

Direct dynamical effects 

Magnetic pressure contribution 
to hydrostatic equilibrium, 
changes to equation of state


Energy budget effects 

Inhibition of convective motions 
and convective energy transport, 
energy source/sink term
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Energy considerations
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Kinetic Energy

M.E. = 1039 erg
(Steiner & Ferriz-Mas,  
Astron. Nachr., 2005)
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Modeling magnetic variability:  
methods and challenges

• Magnetic fields introduced as perturbations in a standard 
1D stellar evolution code (Yale code, YREC)


• Increased precision requirements: 


1. The effects are small (10-3 luminosity, ~10-5 in radius)


2. The stellar code must run with time steps ≲ 1 yr


• All stellar structure equations are affected, both directly 
(i.e., new terms) and indirectly (changes to microphysics)
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Magnetic perturbation components

• Hydrostatic equilibrium: contribution of magnetic pressure


• Equation of state: density correction; modified thermodynamic 
derivatives


• Convective energy transport: modified convective instability 
criterion, convective temperature gradient


• Source/sink energy term: energy added/removed by time-
varying magnetic fields

Spada et al., A&A (under review)
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Radial profile of the magnetic fieldF. Spada et al.: Solar radius and luminosity variations induced by internal magnetic fields

Fig. 3. Perturbations of the interior structure in the G3 model (MDc = −7.26, σ = 0.17, B0 = 1.4 kG). The profile of the
magnetic field is shown in red in the upper left panel. In the other panels, the relative perturbations of structure variables
are plotted in blue; the location of the peak of B and the base of the convection zone are marked by vertical lines (solid red
and dashed black, respectively). Note that, in terms of the mass depth variable, MD, the surface (to the left) corresponds to
negative values, while the center is at MD = 0 (right).

where P0 and P refer to a non-magnetic and a perturbed
model, respectively. The perturbations are shown scaled to
the local values, e.g., ∆P/P = [P (r) − P0(r)]/P0(r), except
for the temperature gradients, ∇ and ∇ad, and the convec-
tive velocity, vc.

In our formalism, magnetic fields affect the stellar struc-
ture in a variety of ways (equations 2–7); as a result, the per-
turbations are not always limited to the immediate neighbor-
hood of the peak of the magnetic field distribution.

Figure 3 shows the local perturbations to the internal
structure for the magnetic configuration of model G3. The
general features observed in the Figure are also representa-
tive of the other Gaussian models.

Since the magnetic field is sharply peaked, the perturba-
tions of the main thermodynamic variables P , T , ρ, as well
as of the convective velocity, are closely associated with the
center of the magnetic layer. The luminosity, on the other
hand, is most affected by the changes near the bottom of the
convection zone. The radius perturbation is shaped like the
integral of f(r), i.e., an Error Function in this case, due to
the fact that the expansion of each mass shell also affects all
the layers above it, producing a cumulative effect towards
the surface (see also figure 2 of Sofia et al. 2005). Finally, the

perturbation of the temperature gradient roughly follows the
derivative of f(r), because the leading term of the perturba-
tion in equation (6) is proportional to ∇χ (see also figure 1 of
Schatten & Sofia 1981).

In contrast to the Gaussian models, the two dynamo pro-
files feature a deep-seated magnetic layer, peaking near the
bottom of the convection zone, and a broad component with
a gradual slope that extends towards the surface. Since mod-
els DB and DT have the same maximum field strength (i.e.,
the same B0), they differ mainly in the relative importance
between the peaked, deep component and the broad, shallow
one.

For model DT, the interior perturbations are shown in
Figure 4. The effect of the moderate gradient of the magnetic
field in the outer layers clearly dominates over that of the
deep peak; this is especially evident in the case of the radius
perturbation.

The results for model DB are qualitatively similar, but the
perturbations are a factor of ≈ 100 smaller in magnitude,
because they mostly arise from a magnetic field located at
deeper layers, but of similar strength of that of model DT.
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F. Spada et al.: Solar radius and luminosity variations induced by internal magnetic fields

Fig. 4. Same as Figure 3, but for the DT model: the profile of the magnetic field is shown in red in the upper left panel; in
the other panels, the relative perturbations of structure variables are plotted in blue; the location of the peak of B and the
base of the convection zone are marked by vertical lines (solid red and dashed black, respectively).

4.3. Time scales of the reaction to the magnetic
perturbation

At a given evolutionary time step, the changes to the surface
radius and total luminosity induced by the magnetic pertur-
bation are:

δR(t) =
R(t) −R0(t)

R0(t)
; δL(t) = L(t)− L0(t)

L0(t)
,

where R and L denote surface radius and luminosity, respec-
tively; the subscript 0 is applied to the parameters of the non-
magnetic model.

The stellar structure equations are a set of highly cou-
pled, non-linear equations, and their reaction to a pertur-
bation occurs through a hierarchy of timescales (see also
Kippenhahn & Weigert 1994). A perturbation of the hydro-
static equilibrium is restored within a dynamical timescale,
! 1 hour. The thermal energy transport by convection comes
into equilibrium with the background stratification within a
turnover timescale, ≈ 1 month. A much longer timescale, of
the order of 105 yr, is required for complete thermal relax-
ation of the convection zone. This composite time response,
which results from the coupling between the variables in
the stellar structure equations, is inherently resolved within
the framework of a standard stellar evolution code, such as
YREC (see the discussions in Gough 1981, 2002).

The response on rapid timescales is illustrated in Figure
5, where we compare the effect of the step-like and the peri-
odic time dependences over ≈ 100 years, or 10 magnetic field
cycles. The structure reacts very quickly to the inception of
the magnetic perturbation. In the case of a step-like pertur-
bation, δR and δL come into equilibrium with the pertur-
bation within the first few time steps (i.e., within less than a
year). In the periodic run, the radius and the luminosity fol-
low the magnetic field oscillation essentially without phase
lag. These results are not surprising. Indeed, the very long
response timescale of the convection zone as a whole (≈ 105

yr), which is a consequence of its very high thermal capacity,
does not prevent the perturbation from being felt on the two
faster timescales first.

To investigate the approach to the thermally relaxed
state, we have constructed a longer evolutionary sequence,
following the evolution for 106 yr after t0. This is shown in
Figure 6, again for model G2 to facilitate the comparison
with Figure 5.

The fast response to the perturbation produces oscilla-
tions of amplitude δL ! 10−5 and δR ! 6 · 10−6 (of course,
neither the initial response nor the single oscillations are well
resolved at the scale of Figure 6). A much slower readjust-
ment of the structure follows, with an e-folding time of the
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Interior structure perturbation

Gaussian-shaped magnetic field profile

Luminosity perturbation (rel.)

Radius perturbation (rel.)
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adiabatic temperature gradient  
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Radius and luminosity variations

• Peak field strength ~ 10s kG


• Total mag. energy ~ 1035-1039 erg


• Radius variations ~ 10-5 

• Luminosity variations ~ 10-3 

• Results sensitive to depth of the 
magnetic layer


• Radius and luminosity variations 
mostly have opposite phases

Spada et al., A&A (under review)
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Magnetic variability of solar-like stars
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CE controls the interior structure

to deep  

interior

High Teff (> 104 K): radiative envelopes  
- fully ionized layers 
- quick convergence to deep interior

Low Teff: convective envelope 
- partial ionization 
- inefficient convection 
- similar surface conditions, largely 

divergent interiors

Border of 
convection

Radiative solution that matches the  
zero boundary conditions: (P=0, T=0)
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Radius discrepancy in solar-like stars

• Linked to fast rotation, strong magnetic activity, lithium depletion


• Structural effects of magnetic fields natural explanation

5-10% effect
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Magnetic vs. non-magnetic tracks

• Gaussian magnetic field 
profile


• Surface magnetic field 
intensity in equipartition 
with surface pressure


• Perturbation added in 
early pre-main sequence

mass

Feiden, A&A, 2016
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Radius perturbation in PMS
mass

5-10% effect 
at 500 Myr
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Depth of the CZ
mass

2-5% effect 
at 500 Myr 

(15% for 0.3 M⊙)
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Lithium depletion pattern
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Conclusions

• Non-trivial radius changes are compatible with available 
constraints (e.g., magnetic energy, luminosity variations)


• Solar models with magnetic fields can independently test 
predictions of dynamo theory (e.g., magnetic layer depth)


• Models including magnetic fields can explain features 
observed in young active stars: inflated radii, suppressed 
lithium depletion




