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One of seven pages of Fe | and Fe Il lines and
factors.

their Landé

being Stenflo (1975), who also used the Stokes ¥ profiles of two lines, and

models presented in this thesis. The models using both Stokes J and V' represent just the magnetic regions

both), the

I” models by Uli Grossmann-Doerth.

In(dy /d;) vs. St diagram. It also reflects the different types of data on which the various models are based.
Usually the data come from more or less high spatial resolution Stokes I or continuum observations (and

Semi-empirical atmospheres of plage and net-
empirica

work magnetic flux tubes, also called the “Sami-
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On magnetic flux tubes (cont.)

142 The Photospheric Layers of Fluztubes

9.2. Basic Equations

If we neglect the transport of energy, then a magnetised gas with infinite conductivity (and a magnetic per-
meability of 1) in an external constant gravitational field can be described in the MHD approximation by the
equation of continuity, divergence freedom of B, the momentum transport equation, and the equation of state of
an ideal gas

2 4 Vi) =0, (0.1)
VB =0, (9:2)
& o pg—VP+-(VxB)xB+F (03)
pdt =P 1r ’ «
P = pRT/mp, (94)

where p is the density, v the velocity vector, B the magnetic field vector, g the acceleration due to gravity, I' the
vector of the viscous force per unit volume, P the gas pressure, R the universal gas constant, and m, the mean
particle mass.

For the stationary structure of a solar magnetic fluxtube in the absence of flows (cf. Sect. 7.2) we need use
only the magnetohydrostatic approximation, and the above set of equations reduces to

VB =0, (9.5)
VP= ﬁ(wn) X B + pg, 7 (0.6)
= pRT/mp. ©.7)

We now assume that the fluxtube is rotationally symmetric around the vertical z-axis, i.e. we reduce the
problem to two dimensions. Let r, 6, and 2 be ordinary cylindrical coordinates, In this geometry Eqs. (9.5) to
(9.7) become

., 4P aB, 4B, By 8
gy ( o )~ B, )
8B !
0= (rBe) + B, —= ", (9.9)
8P P\ _ 8B, 0B, 8By
i (3* H) =-B ( %z | Br ) Brge a0
14
0= i (9.11)
where By, By, and B, are the three compontents of the magnetic field, and H the scale height defined by
_ KT(3)RS
H(z) = Grg Mo (9.12)

k being Boltzmann’s constant, T' the temperature, Ry the solar radius, G the gravitational constant, and Mg
the solar mass. Fig. 9.1 illustrates some of the basic quantities.

Further calculations are simplified by transforming Eqs. (9.8)—(9.11) into non-dimensional form. To this end
we define the following non-dimensional quantities

z=r/H*, (9.13)
y=z/H", (9.14)
b=B/B", (0.15)
p= P[P, (9.16)
=TT, (9.17)

where B*, P*, and T* are the values of B, P, and T at the reference height 2 = 0 on the axis of the fluxtube
(Fig. 9.1), and
kT*R3
B =2 9.18
Gmy M, . (5:18)

9. An Ezpansion Model 143

Fig. 9.1 Schematic of fluxtube geometry
showing pertinent definitions.

Eqgs. (9.8)-(9.11) then become

9b,  8b,\ by @

(a_ - E) -5 2 (o, (0.19)
N ab
0= 6—( 0) + by —— 3y (9.20)
ap B ab, b, by .
"(a—ws)-‘“(a—y‘az)"*a—y' e
0 =——(zb,) +5 ab’ (9.22)
where
P'r

A= 411‘1"‘—2. (9.23)

We now expand all variables in a power series in z.

by = ho + hoz® + haz® + -+, (9.24)
be = fiz+ fas® + o, (9.25)
by = g1z + gaz® + - . (9.26)

We express b, by an even series in z, while b, and by are given by odd series. This is consistent with power
series expansions of potential fields and analytical force free fields (cf. Ferraro and Plumpton, 1966). For p and
o expansions containing only even terms are used as well, as suggested by the form of the Eqs. (9.19)-(9.22).

p=po+pas’ +pazt+ -, (9.27)

=00+ 032 + o4zt 4oL (9.28)

The gas density can be determined via the ideal gas equation (9.7) and need not concern us further in this
chapter.! Now Equations (9.19) - (9.22) assume the form

28(pa + 2paz® + - ) = (ho + haz® + ) ((fi + faz® + ) — (2ha + 4huz® + - )

(9.29)
o1+ a5+ ) (291 + 49057+ ),

t It is not required for radiative transfer calculations either.
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Approximate sketch by Jerry Pneuman, explaining even an odd power expansions for
B. and B,-, respectively.

Find proof in:

Ferriz Mas, A. and Schussler, M.: 1989, Radial expansion of the magnetohydrodynamic

equations for axially symmetric configurations, Geophys. Astrophys. Fluid
Dynamics 48, 217-234



On magnetic flux tubes (cont.)

Solution of a 2nd order ODE with the help

of a shooting method.

Sami shoots faster than Lucky Luke who

already shoots faster than his own

shadow.

LUCKY LUKE
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variation of B; and B, at different heights
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o

Fig. 9.6

9. An Ezpansion Model

T T T T T

0 100 200 300
radius (km)
Radial variation of B, and B, at different

heights for a typical fluxtube of initial ra-
dius equal to 100 km and a filling factor
of 0.1. For this case, the base gas pressure
is taken to be uniform. To interpret this
figure and others like it properly, visualize
the figure of the overall fluxtube geome-
try to be subdivided into groups of subfig-
ures placed at different heights in the tube.
Each subfigure contains three curves, At
the bottom is a horizontal line defining the
height. Above it is the radial variation
of B, shown dashed and, above that, the
variation of B, (solid). As in all figures
of this type, both B, and B, are normal-
ized to the value of B, on the axis. Here,
the axial field at the base is essentially uni-
form but then begins to decline outward as
the height increases. But, near the merg-
ing height, it approaches uniformity again,
consistent with a uniform vertical cross-
section.

(km)

600

400

200

variation of B; and B, ai diflerent heights

Fig. 9.7

151

0 100 200 300
radius (km)

The same as Fig. 9.6 but with a base gas
pressure increasing outward from the axis.
Now, the axial field is no longer uniform at
the base since its pressure gradient must
balance the inward gas pressure gradient.
At large heights, however, the gas pres-
sure is no longer important and the field
approaches uniformity as in Fig. 9.6.
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On magnetic flux tubes (cont.)
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. magnetic flux ... is typically structured into  Contrast profile and magnetic field strength of
larger, amorphous, “ribbons” which are not re-  a “ribbon” structure. From Berger et al. 2004.
solved into individual flux tubes.” From Berger

et al. 2004, A&A 428, 613.

“... the time-evolution is more that of a mag-
netic fluid than that of collections of flux-tubes.”
From Rouppe van der Voort et al. 2005, A&A

435, 327.

Flux Density, gauss
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log,,rho [g cm™]

On magnetic flux tubes (cont.)

B, [kG]
€ i
=3
0.2 .
[Mm] i 1
0.4} .
| [10"° erg cm™2 s7'ster™'] i |
| | N
2.0 2.5 30 35 4.0 0.0 0.2 0.4 0.6 0.8 1.0
' » [Mm]
T[10°K]

0.0 0.5 1.0 15 2.0
(Mm]

“This example ... demonstrates that results of idealized,

two-dimensional models are indeed relevant for the

explanation of some aspects of three-dimensional

magnetoconvection.” From Vogler et al. 2005. S s
0.0 0.2 04 i 0.6 0.8 1.0
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Vertical section through through a CO”BOLD simulation snapshot. Gray scales: vertical
magnetic field strength. Dashed curve: TR = 1 contour. Solid white curves: contours

of constant density. From



2. On irradiance

boundary

— \“\ ’,’ — TC:]_ ‘'solar surface’

200 km 1000 km
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On irradiance (cont.)

I/

A "quiet

T

= 1
o=t T T ~ U

Sketch of the optical surface of 7. = 1 in relation to isothermal contours and
corresponding contrast profile. Sketch derived from results of the stationary

magnetohydrodynamic model of Deinzer, Hensler, Schissler, and Weisshaar 1984a,b.

——toc —ref



On irradiance (cont.)

0 ) 10 15 20 25

Arcseconds
A single flux sheet/tube influences the radiative At heliocentric angle © = 0.54,
escape in a cross-sectional area that is much the facular size _L to the limb is
wider than the magnetic field concentration ~ 0.5"" and more. From Lites et
proper. al. 2004.
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On irradiance (cont.)

0.5}

ool ... .. e || N/ B a— T P -1 || E—

Radiative cooling (dark) and heating (bright) per unit mass, (Jrad / P, in a vertical slice

of a 3-D solar CO°BOLD model with 12 opacity bins and 4+1 ray inclinations .
From Steffen 2017.
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3 3 Stellar irradiance variability

Tbo/{Ibor}
0.65 0.80 090 1.00 1.10 1.20 1.35

- “Box in a star” simulations of the
surface layers of four spectral
types;

- Each simulation is run twice::

1750.0

1500.0

1250.0

with and without magnetic fields;
woo - |nitial vertical homogeneous
g field of 50 G and 100 G;

1750.0 —

- Multi-group radiation transfer

| using 5 opacity bins;

1250.0

- Numerical, non-stationary,

1| foo three-dimensional radiation
magnetohydrodynamics using
I the CO° BOLD code.

x [Mm] x [Mm] x [Mm]
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3. Stellar irradiance variability (cont.)

Ivol/ {Ibol)
0.65 0.80 090 1.00 1.10 1.20 1.35

K8V

Cbhbol rms —

5.6 %

K2V

Cbol rms —

| 9.8%

\ From Salhab
et al. (2017)
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3. Stellar irradiance variability (cont.)

Iboi/ {lbor)
0.65 0.80 0.90 1.00 1.10 1.20 1.35

2y ———] Ga2v

> | Cbolrms —

/ . | 15.3%

=== | F5V
LA "\II Cbolrms —
('
o ‘»‘;,f‘ 18.7 %
PR

\‘)‘, L ~ | From Salhab

L vt N etal (2017)
2 3 4 5 6 7 801 2 3 4 5 6 7 8
x [Mm] x [Mm]
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3. Stellar irradiance variability (cont.)

Magnetic flux
concentration

with optical

T.=1 ‘solar surface’

surface 7. = 1
(blue), and “Wilson
depression” WD.

Conclusion: B.(mg = 1) ~ 1550[G] is fairly
independent of spectral type
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3. Stellar irradiance variability (cont.)

Magnetic flux sheath in a

L O° L O°
K-type atmosphere G-type atmosphere.
Small depression of the 7. = 1 surface Large depression of the 7. = 1 surface
—> weak hot-wall effect. = strong hot-wall effect.
Weak evacuation Strong evacuation
—> faint facular granules. —> bright facular granules.
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3. Stellar irradiance variability (cont.)

spectral type K8V K2V G2V F5V

initial B, [G] 50 50 50 50
25 01y, [%] 0.25+02 0.68+09 0.88+1.1  0.53+08
26 O0p,,, [%] 0.39+02  0.86+09  1.154+11  0.95+408
27 Op,. — 01y (%] 0.14 0.18 0.27 0.42
30 WDy [km] 60 114 139 +34 232 +65 388 +113
31 WDw/H,(tr =1)[] 0.7=+o01 1.3 4023 1.4403 2.6 +0.7
15 pint/Pext(20) [-] 0.754002 0.544003 0.46+0.04 0.3640.05
16 B(20) [] 2.7 +0.2 1.3+01  0.74401  0.38+0.1

Radiative surplus of the magnetic over the field-free models, weighted mean

Wilson depression, and degree of evacuation of the flux concentrations.
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3. Stellar irradiance variability (cont.)

Conclusion: For spectral types K8V to F5V, the small-scale

magnetic fields produce a surplus in radiative intensity and flux.

It is most pronounced for G-type and early K-type stars.
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