
The Astrophysical Journal, 762:84 (8pp), 2013 January 10 doi:10.1088/0004-637X/762/2/84
C© 2013. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

THE CHROMOSPHERIC SOLAR MILLIMETER-WAVE CAVITY ORIGINATES
IN THE TEMPERATURE MINIMUM REGION

Victor De la Luz1,2, Jean-Pierre Raulin3, and Alejandro Lara2
1 Instituto Nacional de Astrofisica, Optica y Electronica, Tonantzintla, Puebla, Mexico, Apdo. Postal 51 y 216, 72000, Mexico

2 Instituto de Geofı́sica, Universidad Nacional Autónoma de México, México 04510, Mexico
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ABSTRACT

We present a detailed theoretical analysis of the local radio emission at the lower part of the solar atmosphere.
To accomplish this, we have used a numerical code to simulate the emission and transport of high-frequency
electromagnetic waves from 2 GHz up to 10 THz. As initial conditions, we used VALC, SEL05, and C7 solar
chromospheric models. In this way, the generated synthetic spectra allow us to study the local emission and
absorption processes with high resolution in both altitude and frequency. Associated with the temperature
minimum predicted by these models, we found that the local optical depth at millimeter wavelengths remains
constant, producing an optically thin layer that is surrounded by two layers of high local emission. We call
this structure the Chromospheric Solar Millimeter-wave Cavity (CSMC). The temperature profile, which features
temperature minimum layers and a subsequent temperature rise, produces the CSMC phenomenon. The CSMC
shows the complexity of the relation between the theoretical temperature profile and the observed brightness
temperature and may help us to understand the dispersion of the observed brightness temperature in the millimeter
wavelength range.
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1. INTRODUCTION

The necessity of a two-component (hot and cold) model to
explain chromospheric solar observations was established by
Giovanelli (1949). A low-temperature zone in the chromosphere
was inferred by observations in different regions of the solar
spectrum in both line-emission (e.g., H and K of Ca ii in the
visible; Mg h and k resonance lines in the UV) and continuum
(e.g., the 135–168 nm in UV and the 33–500 μm in microwave
ranges). Moreover, by observing emission lines (Fe, Si, K1 of
Ca ii, and k1 of Mg) at the disk center, the height of the low-
temperature region was set at the lower part of the chromosphere,
very close to the photosphere (Athay 1970).

A considerable advance in the understanding of the chro-
mosphere was obtained by the so-called VAL models. Using
these models and based on adequate spatial resolution observa-
tions, Vernazza et al. (1973, 1976, 1981) found that a minimum
temperature can be modeled by assuming a plane-parallel at-
mosphere in hydrostatic equilibrium and considering non-local
thermodynamic equilibrium (NLTE). After that, Fontenla et al.
(1990) improved the VAL models by including several updates
(both observationally and theoretically), the most important be-
ing the ambipolar diffusion which removed the “plateau” of
temperature in the high chromosphere.

The most recent and advanced model is the so-called C7
model (Avrett & Loeser 2008), which also follows the common
assumptions of Vernazza et al. (1973). In particular, this model
predicts that the continuum emission at 500 μm comes from the
region where the temperature reaches its minimum value. The
temperature minimum region has been set by the mentioned
semi-empirical models at heights ranging between 400 and
600 km above the photosphere (Kuznetsova 1978; Ahmad &
Kundu 1981; Vernazza et al. 1981; Fontenla et al. 1990; Avrett

& Loeser 2008). In the literature, we also found purely empirical
models, for example, the SEL05 model (Selhorst et al. 2005),
which closely matches the observations made by Ewell et al.
(1993), Kuseski & Swanson (1976), Beckman et al. (1973), and
Linsky (1973).

Despite the fact that the chromosphere (where the temperature
reaches minimum) plays a fundamental role in the dynamics
and heating of the upper atmosphere (acting as the interface
between the lower photospheric layers where β, the ratio
between the dynamic and magnetic pressures, is much higher
than one and the higher dynamic atmosphere where β � 1),
this layer is not well understood. Recently, a renewed interest
on this fundamental layer has grown due to the advent of better
observational and reconstruction techniques applied to ground-
based as well as spaceborne telescopes that have provided access
to high space and time resolution observations of the solar
chromosphere.

In this context, the analysis of the aforementioned models
predicts that the millimeter and submillimeter (7.5–0.75 mm)
quiescent solar emission comes from a layer in the lower
chromosphere related to the minimum temperature (Vernazza
et al. 1981).

It is well established that the height and width of a radio-
emitting layer can be characterized using radiative transport
models (Avrett & Loeser 2008). However, in general, these
analyses consider only the upper layer (or final boundary) of the
emission region, i.e., the layer where the atmosphere becomes
optically thick. Therefore, the knowledge and understanding of
the local emission produced at lower layers remains neglected.
Note that the fact that these regions are not easily accessible to
radio telescopes does not prevent us from studying the possible
physical processes occurring inside them. To overcome these
limitations, in a previous analysis of the quiet chromosphere, we
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explored the local emission at 17, 212, and 405 GHz frequencies
and found that there are two main regions of emission; the first
one is close to the photosphere and the second is located at
∼1000 km over the photosphere (De la Luz et al. 2011).

In the present work, we continue to study the local radiative
transfer processes in different layers of the atmosphere (we
present a brief description of the model in Section 2; for details
see De la Luz et al. 2011) for the empirical model SEL05 and two
semi-empirical models, C7 and VALC (Section 3), but extend
our study to a larger range of frequencies from 2 GHz to 10 THz
(Section 4). In particular, we study the radio emission associated
with the minimum temperature and the lower chromosphere
(Section 5).

It is worth mentioning that the study of the solar spectrum
morphology, especially at submillimeter and infrared wave-
lengths, is also important for studies of dusty circumstellar disks
(Zuckerman 2001) because the emission from the chromosphere
of main-sequence solar-like stars at these wavelengths could be
comparable to that emerging from circumstellar material.

2. RADIO EMISSION MODEL

In order to compute the radio emission, we solve the local
radiative transfer equation. The amount of energy dIν passing
through the volume element characterized by the length ds is
equal to the absorption Iνκν plus the emission εν inside the
element, which is

dIν

ds
= −Iνκν + εν, (1)

where κν is the opacity function and εν is the emission function.
The solution of the radiative transfer equation can be represented
in a local cell as follows:

Ilcl = εabs + εemi, (2)

where Ilcl is also known as the contribution function (Gray
1976), and

εabs = I0 exp(−τlcl) (3)

is the local absorption and

εemi = Slcl(1 − exp(−τlcl)) (4)

is the local emissivity. In this case, I0 is the incoming radiation,
τlcl is the local optical depth, and Slcl is the local source
function. We remind the reader that the specific intensity,
Iν , can be converted to brightness temperature, Tb, using the
Rayleigh–Jeans approximation:

Iν = 2kν2Tb

c2
, (5)

where c is the speed of light and k is the Boltzmann constant.
Then we can rewrite Equation (2) using

Tblcl = Ilclc
2

2kν2
, (6)

where Tblcl is the local brightness temperature.
In order to characterize the local efficiency emission and

absorption of the atmosphere, we define

El = 1 − exp (−τlcl) (7)

as the local efficiency of emissivity and

Al = exp (−τlcl) (8)

as the local efficiency of absorbance. The values for El and Al
can vary between 0 and 1, where 0 means optically thin and 1
is optically thick.

Using the local emissivity and absorbance, we iteratively
compute the emission over a ray path by solving the radiative
transfer equation (De la Luz et al. 2010). Finally, the total
emission efficiency, in the altitude range (ξ ) from h1 up to h2, is

εT (h1, h2) = 1−exp

⎛
⎝−

h2∑
ξ=h1

τlcl(ξ )

⎞
⎠ = 1−exp(−τ (h1, h2)),

(9)
where τ (h1, h2) is the optical depth between h1 and h2.

3. THE SOLAR CHROMOSPHERIC
TEMPERATURE PROFILES

The temperature structure in the Sun, and in stars in general,
decreases monotonically with stellar (solar) radius. In the case
of the Sun, more elaborate models that include chromospheric
heating (Vernazza et al. 1981; Selhorst et al. 2005; Avrett &
Loeser 2008; VALC, SEL05, and C7 models, respectively)
indicate that the temperature reaches a minimum value at about
400 and 600 km above the solar photosphere (Figure 1). Above
this point, the temperature gradually increases up to coronal
temperatures (≈1 MK).

A comparison among the three above-mentioned models
shows only marginal differences in the temperature profile, but
quite significant discrepancies at greater heights, including the
value of the temperature minimum. For instance, the VALC
model predicts that the temperature at the minimum (Tmin)
is 4170 K and is located at 515 km above the photosphere.
Similarly the models C7 and SEL05 place the minima at 560
(Tmin = 4400 K) and 500 km (Tmin = 4407 K), respectively.

By inspection of Figure 1, one can see that the results from
the three models intersect at about 900 km. Above this point, the
models behave differently. The SEL05 profile increases linearly
with height until 7700 K, while the VALC model increases from
5800 to 7200 K but not linearly, C7 grows from 5800 to 6650 K
which remains almost constant for the next 800 km. Finally,
the VALC model presents a plateau in temperature (around
24500 K) between 2115 km and 2267 km.

In Figure 2, we plot the differences in the radial temperature
profiles between the three models, taking the C7 model as a
reference. We found three heights where the differences in
temperature are higher than 6%: around 400 km (6% in only
the VALC model), 750 km (8.5%), and 1100 km (6%). In these
cases, the differences with the C7 model are significant but
always less than 10%.

4. SYNTHETIC SPECTRUM

We use PakalMPI (De la Luz et al. 2011), an updated version
of the Pakal code (De la Luz et al. 2010) to compute a synthetic
spectrum of the solar emission from millimeter to infrared
wavelengths (from 2 GHz to 10 THz). PakalMPI solves the
radiative transfer equation with NLTE conditions, in a three-
dimensional geometry using a multiprocessor environment. As
a model of emission, we use “Celestun,” which includes three
opacity functions in the continuum: bremsstrahlung (Rybicki &
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Figure 1. Radial temperature profiles of three chromospheric models. The continuous line is the VALC model from Vernazza et al. (1981), the dashed line corresponds
to the model of Selhorst et al. (2005), and the dotted line is the C7 model from Avrett & Loeser (2008).
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Figure 2. Difference in the temperature profile between the C7 model (taken as a reference), and the VALC (continuous line) and SEL05 (dashed line) models.

Lightman 1986), neutral interaction (John 1988; Zheleznyakov
1996), and inverse bremsstrahlung (Golovinskii & Zon 1980).
The Celestun model also includes ionization stages of 20 ion
species considering H, H−, and ne in NLTE (see De la Luz
et al. 2011, for more details). The input parameters of PakalMPI
are physical quantities such as temperature, hydrogen density,
and metallicity. These parameters are taken from an atmospheric
model, in this case the VALC, SEL05, and C7 models mentioned
in the previous section.

In Figure 3, we show the differences between the final
brightness temperature (synthetic spectrum) for the three models
taking the C7 model as a reference. We show that below 90 GHz
the differences between the C7 and the VALC models exceed
20%. A comparison between C7 and SEL05 shows differences
of 30% or less in the entire frequency range under study, with
the points in frequency being around 8, 200, and 1200 GHz
which presents very similar brightness temperatures.

Figure 4 shows the computed optical depth (τ in Equation (9))
for each model at 10, 40, 200, and 800 GHz. For the C7
and the VALC models, between 480 and 1000 km over the
photosphere (marked with vertical lines), the optical depth
remains roughly constant. In other words, τlcl is very small
and the local emissivity is negligible (Equation (4)).

Using the SEL05 model, the local optical depth presents two
steps in the same region. This is due to the fact that this model
has an artificial peak enhancement of the hydrogen density
which causes an increment of the opacity at ∼600 km over
the photosphere (Figure 5). This artificial peak also modifies the
total and local efficiency. This region with hydrogen overdensity
is a consequence of the fully ionized gas approximation used
in the SEL05 model, which is not applicable at the low
chromosphere (De la Luz et al. 2011).

Figure 6 shows the contour plot of the total emission effi-
ciency (Equation (9)) as a function of frequency and height for
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Figure 3. Difference in the brightness temperature between the C7 model (taken as a reference), and the VALC (continuous line) and SEL05 (dashed line) models.

the C7 model. In particular, we are interested in the interface
between the optically thick and thin region (IOTT). The inter-
face can be defined as the region in height where the emission
efficiency is 0.9 > εT > 0.1.

This region is presented in the plot as the gradient ribbon
between red (optically thick) and blue (optically thin) colors.
We note that the final brightness temperature comes from the
total optical depth and is related to the total emission efficiency.
Analysis of the local emission and absorption process help
us to understand the process although it remains hidden in
observations.

In the case of the C7 model, one can see that the 10 GHz
emission comes from a layer situated at about 2100 km above the
photosphere, whereas the 100 GHz source is located at 1500 km
above the photosphere. The IOTT in the 2–500 GHz frequency
range is located in a large range of heights, between 1000 and
2100 km above the photosphere. On the other hand, inside the
500–2000 GHz frequency range, the IOTT remains roughly
constant with altitude, from 500 to 1000 km. This is a direct
consequence of the optical depth “plateau” shown in Figure 4.

The results for the VALC model are very similar to those
obtained using the C7 model. We can see a slow decrease of the
IOTT between 10 and 300 GHz, then an abrupt change around
400 GHz is observed.

At low frequencies, both the C7 and VALC models predict
a very low, and therefore unrealistic, altitude of the emitting
sources. This is due to the fact that these models do not take into
account the corona and the transition region.

For the SEL05 model, the effect of the hydrogen overdensity
in the emission efficiency is seen as a rapid shift of the IOTT
toward higher frequencies at ∼600 km over the photosphere,
where the peak of hydrogen is located (Figure 5). In this case,
the inclusion of ad hoc coronal physical conditions produces
an increment in the altitudes of the low-frequency sources
(<30 GHz), giving more realistic results for this range of
frequencies than the models without the corona (C7 and VALC
models).

In Figure 5 from De la Luz et al. (2011), we can observe the
brightness temperatures computed with these models and their
comparison with the observations (collected by Loukitcheva

et al. 2004). This figure shows that SEL05 provides the best
match (although their approximation in the low chromosphere
disagrees with the semi-empirical model predictions). The
results of the C7 and VALC models present opposite behaviors.
At lower frequencies, the predicted brightness temperature
differs from the observations; C7 shows lower and VALC shows
higher brightness temperatures in the same range of frequencies.
This situation is partially inverted around 400 GHz where both
models show a brightness temperature above that observed, but
C7 predicts higher brightness temperatures than VALC. If we
observe Figure 2, a direct relation between the differences in the
radial temperature models and the final brightness temperatures
cannot be easily established.

5. THE CHROMOSPHERIC MILLIMETER-WAVE CAVITY

De la Luz et al. (2010, 2011) reported that the emission
profiles in the 40–400 GHz range have two regions of enhanced
local emissivity. Remarkably, no attention has been paid to this
interesting behavior. For instance, in Figure 2 from Avrett &
Loeser (2008), we note that at 0.5 mm there are also two regions
of emission; unfortunately, the authors did not elaborate on
this result much. In this work, we present a detailed study of
this region.

We show in Figure 7 the contour plot of the local emission
efficiency (Equation (7)) as a function of frequency and height
for the C7 model, where El varies from an optically thin (blue) to
an optically thick (red) medium. There is a peculiar zone of low
emissivity centered at about ∼750 km above the photosphere.
This atmospheric zone forms a cavity starting at ∼40 GHz; its
width grows with frequency and ends at ∼400 GHz.

Between 40 and 400 GHz the cavity, surrounded by two
zones of enhanced local emission, is clearly seen. At a given
frequency within this range (for instance 100 GHz), and moving
outward from the photosphere, we first find a region where
the atmosphere emits efficiently (in red color between 0 and
600 km), then there is a region where the atmosphere becomes
thinner (in blue color between 600 and 900 km), and finally,
a second region of emission appears (red color between 900
and 1300 km), i.e., we have crossed the local interface between
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Figure 4. Optical depth computed for 10, 40, 200, and 800 GHz using the C7 (continuous line), VALC (dotted line), and SEL05 (dashed line) models. Note that the
optical depth for the C7 and VALC models remains almost unalterable at heights between 480 and 1000 km over the photosphere, forming an optical depth plateau.

the optically thick and thin regions (IOTTl) three times. In this
case, IOTTl is defined as the region in height where the local
efficiency of emissivity is 0.9 > El > 0.1. The IOTTl divides
the synthetic spectrum into three regions: between 2 and 40 GHz
(where the IOTTl once is crossed), the second region between
40 and 400 GHz (crossed three times), and between 400 and
10,000 GHz (crossed once).

The VALC and SEL05 models show the same characteristic.
The SEL05 model shows a more complex structure; in particular,
it has a characteristic peak around 600 km over the photosphere,
which has been discussed previously.

We call this region the Chromospheric Solar Millimeter-
wave Cavity (CSMC). This is a region of the solar atmosphere
where the opacity at millimeter and submillimeter wavelengths
is reduced, surrounded by two zones of enhanced opacity. As far

as we know, the presence of the CSMC has never been studied
or previously mentioned in the literature.

6. DISCUSSION AND CONCLUSIONS

The optical thickness of the solar atmosphere depends on
the opacity functions involved in the emission/absorption pro-
cesses. At millimeter wavelengths, the important processes are
the neutral interaction and the classical bremsstrahlung (De la
Luz et al. 2011). These mechanisms depend on the temperature
and the electronic and ion density.

In the chromospheric layers, close to the minimum temper-
ature, the rate of ionization is low, and therefore the number
of interactions between electrons and ions decreases, resulting
in locally thin atmospheric layers (at millimeter wavelengths).
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Figure 5. Hydrogen density profile from SEL05 model. The peak around 550 km is a consequence of the full ionized gas hypothesis.
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(A color in the online journal version of this figure is available.)

Around this region, the temperature rises, producing free elec-
trons and ions, and therefore these atmospheric layers become
optically thick. The interplay between the optically thick and
thin layers produces the CSMC.

We know (De la Luz et al. 2011) that in the first 500 km over
the photosphere the neutral interaction is the most important
mechanism in the emission and absorption process, and then
bremsstrahlung becomes the major contributor in the optical
depth. The second region of emission in the CSMC begins
around 700 km over the photosphere, and we can conclude that
the neutral interactions do not influence the resulting CSMC.

The morphology of the CSMC is a model-based phenomenon.
In this work, we have used two well-known semi-empirical
models (VALC and C7) and one ad hoc model (SEL05) and

all of them showed the CSMC structure but with small changes
in its morphology. We think that on average the models used
reproduce the physical conditions in the low chromosphere well
such that the computations in other regions of the spectrum
show consistency (Vernazza et al. 1981; Avrett & Loeser 2008).
However, the differences in the computed synthetic spectra at
millimeter, submillimeter, and infrared regions should be taken
into account not only to test the autoconsistence of the models
but also as a tool to improve the radial temperature profile.

The presence of the CSMC shows that the relationship
between the theoretical radial profile of temperature and the
observed spectrum is complex, contrary to the general idea
of a simple linear relationship as suggested by Avrett &
Loeser (2008). We think that the CSMC must be an intrinsic
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Figure 7. Contour plot of the local emissivity efficiency El computed using the C7 model, the white vertical lines mark the Chromospheric Solar Millimeter-wave
Cavity (CSMC).
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characteristic of the solar chromosphere and could help us to
better understand the brightness temperature spectrum from the
microwave to submillimeter range.

A comparison between the observations (collected by
Loukitcheva et al. 2004) and the brightness temperature com-
puted with C7 and VALC predicts higher brightness temper-
atures (Figure 5 from De la Luz et al. 2011) in almost the
entire frequency range, except in the interval between 90 and
400 GHz. The SEL05 model better fixes the same observations,
but in this work, we show that the SEL05 approximations cause
inconsistencies in the hydrogen density profile.

The IOTT and the IOTTl define different frequency re-
gions and heights of emission in the synthetic spectrum. The
IOTT presents three regions—2–500 GHz, 500–2000 GHz,
and 2000–10000 GHz—while IOTTl shows 2–40 GHz,
40–400 GHz, and 400–10000 GHz. Although the final bright-
ness temperature is directly related to the IOTT, the true cause
behind the shape spectrum is the IOTTl , i.e., the CSMC.

We can conclude that to fix the high brightness temperature
computed with C7 and VALC (after 400 GHz), we need to
decrease the local optical depth around the heights of the
second peak of local emission of the CSMC. The opacity
function at these altitudes mainly depends on the bremsstrahlung
process, i.e., lower temperatures than those published for C7
and VALC between 700 and 1500 km over the photosphere
could decrease the local opacity values and then decrease the
brightness temperature. In particular, we expect that the sources
of emission more sensitive to the CSMC are at frequencies
between 400 and 600 GHz, where the second peak of emission
of the CSMC ends. We expect that the height of the source
of emission may vary between 500 and 1000 km over the
photosphere, causing a large dispersion in the spectrum at these
frequencies.

On the low part of the spectrum, the inclusion of the transition
region and corona could fix the low brightness temperatures
predicted by C7 at frequencies lowers than 40 GHz. The VALC

plateau of temperature between 2115 and 2267 km over the
photosphere is responsible for the high brightness temperature
computed with this model, in particular in the centimetric
range. Submillimeter solar observations are needed in order
to confirm the presence of the CSMC particularly between 400
and 600 GHz.

Finally, as the CSMC is a direct consequence of the minimum
temperature layers (mostly of the gradual temperature rise in
the low chromosphere), it could provide new insight into the
structure of the solar atmosphere, and also it could be extended
to the case of solar-like stars.
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In Figures 4 and 6, we found an incorrect scale for the optical depth (τ in Equation 9). We provide replacement figures with the
corrected scale.

It does not affect the results and discussion in the published version of this paper.
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Figure 4. Optical depth computed for 10, 40, 200, and 800 GHz using the C7
(continuous line), VALC (dotted line), and SEL05 (dashed line) models. Note
that the optical depth for the C7 and VALC models remains almost unalterable
at heights between 480 and 1000 km over the photosphere, forming an optical
depth plateau.

2500

2000

1500

1000

500

0

H
ei

gh
t o

ve
r t

he
 p

ho
to

sp
he

re
 [k

m
]

102 101

101 102 103 104

100 10-1
Wavelength [mm]

Frequency [GHz]

1.0

0.8

0.6

0.4

0.2

0.0

E
_I

Figure 6. Synthetic solar spectrum from 2 GHz to 10 THz as a function of the
atmospheric height over the photosphere. The contours correspond to the
efficiency of the total emission (ET) computed using the C7 model (blue means
optically thick and white optically thin).
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