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rms of energy transfer. Red arrows represent vertical convective and radiative energy flux below the solar
rface inside the flux tube (subscript i) and in the external medium (subscript e). Yellow arrows represent
orizontal influx of radiation through the walls of the flux tube (the blue thick lines outline the optical depth
nity, τ c = 1, surface, as seen from above). "Z represents the Wilson depression. Green arrows represent
echanical energy flux. The cloud sketches the hot chromospheric layers of the magnetic feature [roughly
llowing a sketch by Zwaan (1978)].

e surroundings into the tubes is represented in Figure 5 by the green horizontal arrows, whereas
e upward transport of the mechanical energy by waves is indicated by the vertical green arrow.
In particular, the longitudinal tube waves steepen as they propagate upward, due to the drop
density, finally dissipating their energy at shocks in the chromosphere (e.g., Carlsson & Stein
997; Fawzy, Cuntz & Rammacher 2012). Other forms of heating may also be taking place, but are
ot discussed further here. This leads to a heating of the upper photospheric and chromospheric
yers of magnetic elements, which explains their excess brightness in the UV and in the cores
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SATIRE-S vs PMOD composite
A.I. Shapiro et al.: Are solar brightness variations faculae- or spot-dominated?
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Fig. 1. The TSI from the SATIRE-S reconstruction (red curves) and from the PMOD composite (black curves) for the entire period of observations
(upper left panel), and for the annual intervals representing high, intermediate, and low levels of solar activity (upper right, lower left, and lower
right panels, respectively). Three black rectangles on the upper left panel constrain the time periods and TSI ranges shown in other panels.
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replicates over 92% of the observed TSI variability over the entire period of spaceborne
observations.

Fig. 1. The TSI from the SATIRE-S reconstruction (red curves) and from the PMOD composite (black curves) for the entire period of observations
(upper left panel), and for the annual intervals representing high, intermediate, and low levels of solar activity (upper right, lower left, and lower
right panels, respectively). Three black rectangles on the upper left panel constrain the time periods and TSI ranges shown in other panels.
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The increase of the TSI at maximum of the activity cycle compared
with minimum is directly attributed to the variability in spectral lines

Calculations of the spectra

temperature and density
structure of the atmosphere
904

D.M. Fluri & J.O. Stenflo: Continuum polarization in the solar spectrum

and radiative equilibrium wi
blanketing has been include
in the chromosphere becau
nisms are not included in th
Sun the temperature does inc
model atmosphere is useful
the chromospheric influence
3. Tests of the computer code

We have performed two tests to
first one, discussed in Sect. 3.1,
case, namely that of a perfectl
second test, the theoretical and o
intensity are compared in Sect.

3.1. Purely scattering atmosphe

Chandrasekhar (1960) has der
transfer equation for a purely sc
equilibrium, in which the angul
is controlled by the Rayleigh ph
refers to a conservative atmosp
which the whole opacity is du
sorption occurs. The Stokes I/
Fig. 1. Temperature as a function of geometric
height
for
the
nine
solar
from Fluri et al. 1999the intensity at disk center, and
model atmospheres considered.
uum radiation field at the top o
independent of frequency and o

Populations + chemical equilibrium

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophistication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν ) measures the contribution to the radially emergent intensity Iν (τν = 0, µ = 1) from layers with diﬀerent optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3

Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:
– radiative excitation;
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and radiative equilibrium with plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mechanisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3D MHD

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.
3.1. Purely scattering atmosphere

Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.
– AYFLUXT1 , AYP2 , AYCOOL8 : These model atmospheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the magnetic component of a plage model, AYP2 a plage model, and
AYCOOL8 the non-magnetic component of a plage region.
– MACKKL6 : This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continuous intensity spectrum over a wide wavelength range from
X-rays to radio waves.
– FALA7 , FALC5 , FALF4 , FALP3 : These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
three models describe the quiet Sun: FALA7 the supergranular cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).
– AND9 : This is model 2 of Anderson (1989). It is a theoretical, non-LTE solar model atmosphere in hydrostatic

18

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure absorption occurs. The Stokes I/Icenter , where Icenter denotes
the intensity at disk center, and Q/I components of the continuum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.
We have obtained a purely scattering atmosphere in our calculations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc , while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Nevertheless, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.
All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. Moreover, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.
3.2. Comparison with observed limb darkening
Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.
For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4 (µ) given
in Neckel (1996). It is not claimed that the function L4 (µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat

CHAPTER 2. BASIC RADIATIVE TRANSFER

The emergent intensity at the stellar surface

Eddington-Barbier approximation.
(τν = 0, µ > 0) is given by:
Iν+ (τν = 0, µ) =

!

0

∞

Sν (tν ) e−tν /µ dtν /µ.

(2.43)

Substitution of
Sν (τν ) =

∞
"

an τν n = a0 + a1 τν + a2 τν 2 + . . . + an τν n

n=0

and use of

#∞
0

statistical
equilibrium

xn exp(−x) dx = n! gives
Iν+ (τν = 0, µ) = ao + a1 µ + 2a2 µ2 + . . . + n! an µn .

Truncation of both expansions after the first two terms produces the important EddingtonBarbier approximation
Iν+ (τν = 0, µ) ≈ Sν (τν = µ)
(2.44)

which is exact when Sν varies linearly with τν . Likewise for the emergent flux:
Fν+ (0) ≈ πSν (τν = 2/3).

(2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophistication.
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and radiative equilibrium with plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mechanisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3D MHD

3. Tests of the computer code

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.
3.1. Purely scattering atmosphere
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field and the gas.
We have obtained a purely scattering atmosphere in our calculations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc , while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Nevertheless, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.
All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. Moreover, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.
3.2. Comparison with observed limb darkening
Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.
For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4 (µ) given
in Neckel (1996). It is not claimed that the function L4 (µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophistication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν ) measures the contribution to the radially emergent intensity Iν (τν = 0, µ = 1) from layers with diﬀerent optical depth τν . The
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Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.
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and radiative equilibrium with plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mechanisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3D MHD

3. Tests of the computer code

semi-empirical 1D models

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.
3.1. Purely scattering atmosphere

Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.
– AYFLUXT1 , AYP2 , AYCOOL8 : These model atmospheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the magnetic component of a plage model, AYP2 a plage model, and
AYCOOL8 the non-magnetic component of a plage region.
– MACKKL6 : This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continuous intensity spectrum over a wide wavelength range from
X-rays to radio waves.
– FALA7 , FALC5 , FALF4 , FALP3 : These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
three models describe the quiet Sun: FALA7 the supergranular cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).
– AND9 : This is model 2 of Anderson (1989). It is a theoretical, non-LTE solar model atmosphere in hydrostatic
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Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure absorption occurs. The Stokes I/Icenter , where Icenter denotes
the intensity at disk center, and Q/I components of the continuum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.
We have obtained a purely scattering atmosphere in our calculations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc , while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Nevertheless, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.
All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. Moreover, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.
3.2. Comparison with observed limb darkening
Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.
For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4 (µ) given
in Neckel (1996). It is not claimed that the function L4 (µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν ) measures the contribution to the radially emergent intensity Iν (τν = 0, µ = 1) from layers with diﬀerent optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
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and radiative equilibrium with plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mechanisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3D MHD

3. Tests of the computer code

semi-empirical 1D models

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.
3.1. Purely scattering atmosphere

Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.
– AYFLUXT1 , AYP2 , AYCOOL8 : These model atmospheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the magnetic component of a plage model, AYP2 a plage model, and
AYCOOL8 the non-magnetic component of a plage region.
– MACKKL6 : This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continuous intensity spectrum over a wide wavelength range from
X-rays to radio waves.
– FALA7 , FALC5 , FALF4 , FALP3 : These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
three models describe the quiet Sun: FALA7 the supergranular cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).
– AND9 : This is model 2 of Anderson (1989). It is a theoretical, non-LTE solar model atmosphere in hydrostatic

18

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure absorption occurs. The Stokes I/Icenter , where Icenter denotes
the intensity at disk center, and Q/I components of the continuum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.
We have obtained a purely scattering atmosphere in our calculations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc , while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Nevertheless, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.
All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. Moreover, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.
3.2. Comparison with observed limb darkening
Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.
For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4 (µ) given
in Neckel (1996). It is not claimed that the function L4 (µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν ) measures the contribution to the radially emergent intensity Iν (τν = 0, µ = 1) from layers with diﬀerent optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.
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and radiative equilibrium with plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mechanisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3D MHD

3. Tests of the computer code

semi-empirical 1D models

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.
3.1. Purely scattering atmosphere

Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.
– AYFLUXT1 , AYP2 , AYCOOL8 : These model atmospheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the magnetic component of a plage model, AYP2 a plage model, and
AYCOOL8 the non-magnetic component of a plage region.
– MACKKL6 : This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continuous intensity spectrum over a wide wavelength range from
X-rays to radio waves.
– FALA7 , FALC5 , FALF4 , FALP3 : These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
three models describe the quiet Sun: FALA7 the supergranular cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).
– AND9 : This is model 2 of Anderson (1989). It is a theoretical, non-LTE solar model atmosphere in hydrostatic
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Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure absorption occurs. The Stokes I/Icenter , where Icenter denotes
the intensity at disk center, and Q/I components of the continuum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.
We have obtained a purely scattering atmosphere in our calculations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc , while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Nevertheless, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.
All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. Moreover, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.
3.2. Comparison with observed limb darkening
Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.
For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4 (µ) given
in Neckel (1996). It is not claimed that the function L4 (µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν ) measures the contribution to the radially emergent intensity Iν (τν = 0, µ = 1) from layers with diﬀerent optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.
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and radiative equilibrium with plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mechanisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3D MHD

3. Tests of the computer code

semi-empirical 1D models

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.
3.1. Purely scattering atmosphere

Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.
– AYFLUXT1 , AYP2 , AYCOOL8 : These model atmospheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the magnetic component of a plage model, AYP2 a plage model, and
AYCOOL8 the non-magnetic component of a plage region.
– MACKKL6 : This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continuous intensity spectrum over a wide wavelength range from
X-rays to radio waves.
– FALA7 , FALC5 , FALF4 , FALP3 : These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
three models describe the quiet Sun: FALA7 the supergranular cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).
– AND9 : This is model 2 of Anderson (1989). It is a theoretical, non-LTE solar model atmosphere in hydrostatic
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Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure absorption occurs. The Stokes I/Icenter , where Icenter denotes
the intensity at disk center, and Q/I components of the continuum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.
We have obtained a purely scattering atmosphere in our calculations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc , while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Nevertheless, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.
All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. Moreover, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.
3.2. Comparison with observed limb darkening
Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.
For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4 (µ) given
in Neckel (1996). It is not claimed that the function L4 (µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν ) measures the contribution to the radially emergent intensity Iν (τν = 0, µ = 1) from layers with diﬀerent optical depth τν . The
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it lies at τν = µ.
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and radiative equilibrium with plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mechanisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3D MHD

3. Tests of the computer code

semi-empirical 1D models

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.
3.1. Purely scattering atmosphere

Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.
– AYFLUXT1 , AYP2 , AYCOOL8 : These model atmospheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the magnetic component of a plage model, AYP2 a plage model, and
AYCOOL8 the non-magnetic component of a plage region.
– MACKKL6 : This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continuous intensity spectrum over a wide wavelength range from
X-rays to radio waves.
– FALA7 , FALC5 , FALF4 , FALP3 : These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
three models describe the quiet Sun: FALA7 the supergranular cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).
– AND9 : This is model 2 of Anderson (1989). It is a theoretical, non-LTE solar model atmosphere in hydrostatic
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Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure absorption occurs. The Stokes I/Icenter , where Icenter denotes
the intensity at disk center, and Q/I components of the continuum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.
We have obtained a purely scattering atmosphere in our calculations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc , while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Nevertheless, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.
All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. Moreover, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.
3.2. Comparison with observed limb darkening
Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.
For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4 (µ) given
in Neckel (1996). It is not claimed that the function L4 (µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophistication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν ) measures the contribution to the radially emergent intensity Iν (τν = 0, µ = 1) from layers with diﬀerent optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.
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and radiative equilibrium with plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mechanisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3D MHD

3. Tests of the computer code

semi-empirical 1D models

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.
3.1. Purely scattering atmosphere

Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.
– AYFLUXT1 , AYP2 , AYCOOL8 : These model atmospheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the magnetic component of a plage model, AYP2 a plage model, and
AYCOOL8 the non-magnetic component of a plage region.
– MACKKL6 : This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continuous intensity spectrum over a wide wavelength range from
X-rays to radio waves.
– FALA7 , FALC5 , FALF4 , FALP3 : These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
three models describe the quiet Sun: FALA7 the supergranular cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).
– AND9 : This is model 2 of Anderson (1989). It is a theoretical, non-LTE solar model atmosphere in hydrostatic
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Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure absorption occurs. The Stokes I/Icenter , where Icenter denotes
the intensity at disk center, and Q/I components of the continuum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.
We have obtained a purely scattering atmosphere in our calculations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc , while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Nevertheless, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.
All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. Moreover, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.
3.2. Comparison with observed limb darkening
Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.
For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4 (µ) given
in Neckel (1996). It is not claimed that the function L4 (µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophistication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν ) measures the contribution to the radially emergent intensity Iν (τν = 0, µ = 1) from layers with diﬀerent optical depth τν . The
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and radiative equilibrium with plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mechanisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.

3D MHD

3. Tests of the computer code

semi-empirical 1D models

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.
3.1. Purely scattering atmosphere

Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.
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– AYFLUXT1 , AYP2 , AYCOOL8 : These model atmospheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the magnetic component of a plage model, AYP2 a plage model, and
AYCOOL8 the non-magnetic component of a plage region.
– MACKKL6 : This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continuous intensity spectrum over a wide wavelength range from
X-rays to radio waves.
– FALA7 , FALC5 , FALF4 , FALP3 : These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
three models describe the quiet Sun: FALA7 the supergranular cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).
– AND9 : This is model 2 of Anderson (1989). It is a theoretical, non-LTE solar model atmosphere in hydrostatic
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Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure absorption occurs. The Stokes I/Icenter , where Icenter denotes
the intensity at disk center, and Q/I components of the continuum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.
We have obtained a purely scattering atmosphere in our calculations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc , while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Nevertheless, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.
All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. Moreover, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.
3.2. Comparison with observed limb darkening
Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.
For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4 (µ) given
in Neckel (1996). It is not claimed that the function L4 (µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophistication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν ) measures the contribution to the radially emergent intensity Iν (τν = 0, µ = 1) from layers with diﬀerent optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.
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and radiative equilibrium with plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mechanisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.
3. Tests of the computer code

3D MHD simulations

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.
3.1. Purely scattering atmosphere

Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.
– AYFLUXT1 , AYP2 , AYCOOL8 : These model atmospheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the magnetic component of a plage model, AYP2 a plage model, and
AYCOOL8 the non-magnetic component of a plage region.
– MACKKL6 : This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continuous intensity spectrum over a wide wavelength range from
X-rays to radio waves.
– FALA7 , FALC5 , FALF4 , FALP3 : These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
three models describe the quiet Sun: FALA7 the supergranular cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).
– AND9 : This is model 2 of Anderson (1989). It is a theoretical, non-LTE solar model atmosphere in hydrostatic
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Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure absorption occurs. The Stokes I/Icenter , where Icenter denotes
the intensity at disk center, and Q/I components of the continuum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.
We have obtained a purely scattering atmosphere in our calculations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc , while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Nevertheless, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.
All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. Moreover, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.
3.2. Comparison with observed limb darkening
Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.
For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4 (µ) given
in Neckel (1996). It is not claimed that the function L4 (µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat
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Truncation of both expansions after the first two terms produces the important EddingtonBarbier approximation
Iν+ (τν = 0, µ) ≈ Sν (τν = µ)
(2.44)

which is exact when Sν varies linearly with τν . Likewise for the emergent flux:
Fν+ (0) ≈ πSν (τν = 2/3).

(2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophistication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν ) measures the contribution to the radially emergent intensity Iν (τν = 0, µ = 1) from layers with diﬀerent optical depth τν . The
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Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.
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and radiative equilibrium with plane-parallel geometry. Line
blanketing has been included. There is no temperature rise
in the chromosphere because non-thermal heating mechanisms are not included in the model. Although on the real
Sun the temperature does increase in the chromosphere, this
model atmosphere is useful for reference purposes to study
the chromospheric influence on polarization.
3. Tests of the computer code

3D MHD simulations

We have performed two tests to check the computer code. The
first one, discussed in Sect. 3.1, consists of calculating a special
case, namely that of a perfectly scattering atmosphere. As a
second test, the theoretical and observed CLV of the continuum
intensity are compared in Sect. 3.2.
3.1. Purely scattering atmosphere

Fig. 1. Temperature as a function of geometric height for the nine solar
model atmospheres considered.

coolest atmosphere, as may be seen from Fig. 1, which shows
the temperature as a function of geometric height.
– AYFLUXT1 , AYP2 , AYCOOL8 : These model atmospheres are based on models introduced by Ayres et al.
(1986) and Solanki et al. (1994). AYFLUXT1 is the magnetic component of a plage model, AYP2 a plage model, and
AYCOOL8 the non-magnetic component of a plage region.
– MACKKL6 : This semi-empirical solar model atmosphere,
constructed by Maltby et al. (1986), is representative of the
average quiet Sun. The temperature as a function of height
has been derived from observed CLV curves of the continuous intensity spectrum over a wide wavelength range from
X-rays to radio waves.
– FALA7 , FALC5 , FALF4 , FALP3 : These are models of
Fontenla et al. (1993). FALA7 corresponds to their model
A, FALC5 to model C, FALF4 to model F, and FALP3 to
model P. All models are semi-empirical and include effects
of particle diffusion in the transition region to explain UV
emission lines of hydrogen and helium correctly. The first
three models describe the quiet Sun: FALA7 the supergranular cell center, FALC5 the average quiet Sun, and FALF4 the
bright network. FALP3 is a plage model. FALC5 is based on
the MACKKL6 atmosphere, but in FALC5 the temperature
in the chromosphere has been raised to account for the UV
emission lines (see Fig. 1).
– AND9 : This is model 2 of Anderson (1989). It is a theoretical, non-LTE solar model atmosphere in hydrostatic

18

Chandrasekhar (1960) has derived the exact solution of the
transfer equation for a purely scattering atmosphere in radiative
equilibrium, in which the angular dependence of the scattering
is controlled by the Rayleigh phase matrix (8). Pure scattering
refers to a conservative atmosphere with constant net flux, in
which the whole opacity is due to scattering, so no pure absorption occurs. The Stokes I/Icenter , where Icenter denotes
the intensity at disk center, and Q/I components of the continuum radiation field at the top of the atmosphere turn out to be
independent of frequency and of all thermodynamic properties
because of the lack of thermal coupling between the radiation
field and the gas.
We have obtained a purely scattering atmosphere in our calculations in the following way: The scattering coefficient was
artificially redefined as the sum of the original κc and σc , while
the absorption coefficient was set equal to zero. The atmosphere
is no longer self-consistent after these redefinitions. Nevertheless, Chandrasekhar’s solution should be unrelated to the depth
dependence of the temperature, density, and pressure.
All solar model atmospheres do indeed render identical
center-to-limb variations of the polarization and the intensity
for all wavelengths considered, from 4000 Å to 8000 Å. Moreover, these curves reproduce precisely the exact solution, as
seen in Fig. 2. This verifies that scattering has been correctly
implemented in the code.
3.2. Comparison with observed limb darkening
Many observers have measured the solar limb darkening. The
CLV curves of the intensity so obtained are then fitted to suitable
analytical functions or limb-darkening laws, usually containing
up to five fit parameters. In general these parameters depend on
wavelength.
For the comparison of our calculations with observed CLVs
we have chosen the analytical limb-darkening law L4 (µ) given
in Neckel (1996). It is not claimed that the function L4 (µ) is
representative of the Sun, but it is expected to best describe the
average quiet Sun. Any new measurement will differ somewhat

CHAPTER 2. BASIC RADIATIVE TRANSFER

The emergent intensity at the stellar surface

Eddington-Barbier approximation.
(τν = 0, µ > 0) is given by:
Iν+ (τν = 0, µ) =

!

0

∞

Sν (tν ) e−tν /µ dtν /µ.

(2.43)

Substitution of
Sν (τν ) =

∞
"

an τν n = a0 + a1 τν + a2 τν 2 + . . . + an τν n

n=0

and use of

#∞
0

statistical
equilibrium

xn exp(−x) dx = n! gives
Iν+ (τν = 0, µ) = ao + a1 µ + 2a2 µ2 + . . . + n! an µn .

NLTE radiative transfer
code

Truncation of both expansions after the first two terms produces the important EddingtonBarbier approximation
Iν+ (τν = 0, µ) ≈ Sν (τν = µ)
(2.44)

which is exact when Sν varies linearly with τν . Likewise for the emergent flux:
Fν+ (0) ≈ πSν (τν = 2/3).

(2.45)

A formal derivation is given on page 85, a simple one in Exercise 2 on page 225. Figure 2.3
illustrates the Eddington-Barbier approximation simplistically, Figure 2.4 its application
to solar limb darkening, Figure 2.5 its application to line formation at increasing sophistication.
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Figure 2.3: The Eddington-Barbier approximation. Left: the integrand Sν exp(−τν ) measures the contribution to the radially emergent intensity Iν (τν = 0, µ = 1) from layers with diﬀerent optical depth τν . The
value of Sν at τν = 1 is a good estimator of the area under the integrand curve, i.e., the total contribution.
Right: for a slanted beam the characteristic Eddington-Barbier depth is shallower than for a radial beam;
it lies at τν = µ.

2.3

spectrum
synthesis

Line transitions

Bound-bound transitions between the lower l and upper u energy levels of a discrete
electromagnetic energy-storing system such as an atom, ion or molecule may occur as:
– radiative excitation;

THANK YOU!

