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Abstract. We present here the results of emission tomography studies, based on a new differential
deconvolution method (DDM) of Laplace transform inversion, which we use for reconstruction of the
coronal emission measure distributions in the quiet Sun, coronal holes and plage areas. Two methods
are explored. The first method is based on the deconvolution of radioemission brightness spectra in
a wide wavelength range (1 mm–100 cm) for temperature profile reconstructions from the corona
to the deeper chromosphere. The second method uses radio brightness measurements in the cm–dm
range to give a coronal column emission measure (EM).

Our results are based on RATAN-600 observations in the range 2.0–32 cm supplemented by the
data of other observatories during the period near minimum solar activity. This study gives results
that agree with known estimates of the coronal EM values, but reveals the absence of any measurable
quantities of EM in the transition temperature region 3�104 –105 K for all studied large-scale
structures. The chromospheric temperature structure (Te = 20 000–5800 K) is quite similar for all
objects with extremely low-temperature gradients at deep layers.

Some refraction effects were detected in the decimeter range for all types of large-scale structures,
which suggests the presence of dense and compact loops (up to Ne = (1–3) � 109 cm�3 number
density) for the quiet-Sun coronal regions with temperature Te > 5� 105 K.

1. Introduction

As is known from X-ray solar observations, large-scale coronal structures are a
conglomerate of loops at a variety of scales. Results of reconstruction for the
same object may be quite diverse in optical and radio waves because of the great
differences in opacities. For a true physical picture of the solar structures, combined
multi-wavelength imaging observations (Aschwanden, 1995) are required.

Such combined studies have revealed two related problems: a deficiency of
observed solar radio brightness (Chambe, 1978) compared to that expected from
EUV measurements (Raymond and Doyle, 1981) of differential emission meas-
ure (DEM) and the ambiguous nature of corona–chromosphere transition region
(CCTR) structure (Dere, 1982; Feldman, 1983). All attempts to smooth out the
first problem by EUV recalibrations (see Zirin, Baumert, and Hurford, 1991 for
review) had failed. New radio brightness calibrations (see Grebinskij, 1987, Zirin,
Baumert, and Hurford, 1991) only deepened the problem and led these authors to
the conclusion that a clue to its solution lay in the total absence of CCTR in the
observed radioemission. This position agrees with Feldman’s conclusions: EUV
observations (Feldman and Laming, 1994) suggest that there is no stratified CCTR
for the quiet Sun as a whole, nor for individual flux tubes.
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In this paper we attempt to shed light on these problems for large-scale solar
structures (quiet Sun, mean coronal holes, plages) using the deconvolution of free–
free brightness temperature spectra. This approach, known as emissive tomography
in medicine (Natterer, 1990) or image-spectroscopy in astronomy (Piddington,
1954; Bogod and Grebinskij, 1994; Gary and Hurford, 1994), leads to direct estim-
ation of the DEM distribution along the line of sight without any suppositions.
Together with stereoscopic techniques for estimating the heights and shapes of
active regions (Aschwanden and Bastian, 1994), it gives information independent
of that from optical and X-ray studies.

We present here a new, efficient deconvolution technique (differential decon-
volution method (DDM)) based on the Laplace transform, and give some recon-
struction results for the emission measure (EM) and temperature distribution in
large-scale coronal structures. Our results confirm Feldman’s statements about
CCTR. Also we have found clear observational signatures for the presence of a
strong refraction effect, which leads to a direct measurement of coronal electron
density fluctuations.

2. Differential Deconvolution Method (DDM)

We present here a new deconvolution technique based on the integral transform

f(p) =

1Z

0

y(t)e�t=p dt=p ; (1)

and use it to reconstruct solar atmospheric structures by deconvolution of brightness
temperature spectra Tb(�) from radio observations. The brightness temperature is
described by the radiation transfer equation in the Rayleigh–Jeans approximation,
as

Tb(�) =

�maxZ

0

Te(l)e
�� d�: (2)

Here the optical thickness �(l; �) is a function of depth l along a line of sight,
which for the case of free-free emission can be written

d� = �2 dt; dt = 2� 10�22N2
eT

�3=2
e dl ; (3)

where t is a normalized radio depth t(l) = �(l; � = 1 cm). After substitution of
an inverse function l = l(t) as an argument of Te(l) and introducing the definition
p = ��2, one gets from (2) the equation

Tb(p) =

tmax=pZ

0

Te(t)e
�t=pdt=p : (4)
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For any sufficiently optically thick astrophysical plasma, tmax=p � 1 and (4)
approaches the desired form (1). After solving the deconvolution problem for
transform (4) we can calculate a differential emission measure DEM(Te) of the
emission source from its definition (Raymond and Doyle, 1981)

DEM(T ) =

1:122TZ

0:891T

N2
e dl = 1:1� 1021T 5=2 dt(T )

dT
; (5)

where t = t(T ) is an inversion of reconstructed Te(t) distribution. After some sup-
positions relatingNe to Te (e.g. constant pressure or heat flux), one can reconstruct
the spatial distributions of Ne(l) and Te(l) by integrating Equation (3) as

dTe=dl = k0N2
e (Te)T

�3=2
e =(dt(Te)=dTe) .

It is instructive to represent Equation (1) as a smoothing transform at logarithmic
coordinate scales as

x = log t; s = log p; f(p)! �(s); y(t)! Y (x) ; (6)

�(s) =

1Z

�1

H(s� x)Y (x) dx; H(s) = eMs�eMs

; (7)

where M = Ln(10). From the plot of the kernel function H(s) (see Figure A1(a))
one can find a relatively large effective width WH = 1:0 at 0.5 level.

Many inversion methods for the Laplace transform in the form

g(") =

1Z

0

y(t)e�"t dt=" (8)

have been developed (see Piana, Brown, and Thompson, 1995 for review). We
wish to note that the form given in equation (1) is also equivalent to this form by
substitutions p = 1="; f(p) = p�2, and g(" = p�1). Thus, the literature cited by
Piana, Brown, and Thompson (1995) is relevant to this work also.

The basic idea of DDM differs from traditional algebraic approaches. We
describe it with a simple example (Grebinskij, 1985). Let y(t) be a power function
in Equation (1). Then we have from (1)

y(t) = a tn; f(p) = �(1 + n)a pn ; (9)

where a; n > �1 are the free parameters, �(x) – Euler gamma function. The
problem of deconvolution is to find the unknown y(t) using the known f(p). To
solve this problem we make use of exact equations in the case of power functions
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(9) of Equation (1). To achieve this goal we have to differentiate Equation (9) for
f(p) with respect to its argument p according to the number of free parameters.
For example, after one differentiation one can obtain all free parameters through
values of f(p) and its derivative:

n =
pf

0

(p)

f(p)
; a =

f(p)

pn�(1 + n)
: (10)

The next step is to substitute these expressions for n and a into Equation (9) for
y(t). Now we can introduce a differential reconstruction operator G(p),

G(p) =
1

�(1 + pf 0(p)=f(p))
: (11)

Changing the variables y(t = p) = y(p), we can express the solution through
the reconstruction operator G(p):

y(t = p) = G(p)f(p) : (12)

This is a fundamental definition for the Differential Deconvolution Method
(DDM). For the family of trial functions (Equation (9)) we have an exact solution
of the deconvolution problem with the reconstruction operator G = 1=�(1 + n).
The functional relation (12) is valid for all possible values of free parameters, so
there is no need to find out their real values for a given distribution of f(p). This
is the main difference with algebraic approaches, where we need to expand with a
polynomial or a series approximation for y(p), and different approximations may
give quite different results (see Chambe, 1978). We may stress this point further
by another example for a family of trial functions as an infinite power series

y(t) = a0 + a1t+ a2t
2 + a3t

3 + � � � ; (13)

with an exact reconstruction operator G as

G(p) = 1�
1
4
p2f

00

f
+

1
9
p3f

000

f
� � � � : (14)

There is a deep difference between these trial functions: the first (9) is a fully
adaptive one, but the other (13) is a rigid (fixed powers) and so much less effective
in reconstruction problems.

2.1. PRACTICAL REALIZATION

For practical implementations we use a higher-order trial function

Te(t) = a1t
n1 + a2t

n2 + a3t
n3 ; (15)
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with 6 free parameters. For that case the exact reconstruction operator is

G(p) = 1 + b1p
1T

0

b

Tb
+ b2p

2T
00

b

Tb
+ b3p

3T
000

b

Tb
: (16)

We would treat the three parameters ni (i = 1; 2; 3) as the known ones (see
below). In that case the unknown coefficients bi (i = 1; 2; 3) in Equation (16) are
independent from parameters ai of (15) and are determined by solution of the linear
equation system

nib1 + ni(ni � 1)b2 + ni(ni � 1)(ni � 2)b3 =
1

�(1 + ni)
� 1 : (17)

To optimize the deconvolution algorithm, one should choose appropriate values
for parameters ni (i = 1; 2; 3). As is seen from Equation (7), the inversion problem
is localized by the finite width of the kernel function: the bulk of the information
aboutY (x) at pointx = x0 is obtained from�(s = x0�W=2). For the 6-parameter
trial function family one can use as primary information the values of the measured
function �(s) and its derivatives at three points of argument s: one at the centre
and two on the borders of the region of influence: s0 = log t0; s� = s0 �W=2. To
achieve a full adaptivity, we chose indexes ni as spectral indexes n(p) of Tb(p) at
the mentioned values of s = log p. For details of the numerical code see Appendix.

2.2. DDM RESOLUTION ESTIMATES

For Equation (7) we can use image-restoration criteria (see, for example, Frieden,
1975). We take Y (x) as an ‘original-source’ function, and the restored function
~Y (x) = G�(s = x) as an ‘image’. The two are related by

~Y (s) =

1Z

�1

PSF(s� x)Y (x) dx ; (18)

where the point spread function (PSF) is an image of an original Y (x) as a �-
function. Resolution of DDM is described by an effective width WPSF of the
smoothing kernel PSF and its sidelobe level. There is a straightforward way to
calculate a PSF. For point source y0 = t0�(t � t0) in Equation (1) one gets the
response f0 = (t0=p) exp(�t0=p). After its deconvolution, one gets an image
~y(t0; t) = Gf0, which after a change to logarithmic scales (6) becomes a PSF.
A plot of this PSF(s) for the adopted numerical DDM code (see Appendix) is
shown in Figure A1(a) as H(s) plot. From these plots note that the PSF effective
width, WPSF = 0:5 is much less than for the primary H(s) smoothing kernel. A
low sidelobe level without any oscillations leads to great dynamic range of the
reconstructed images. There is some asymmetry of the PSF shape and a small
systematic displacement log(smax)� log(x0) = 0:15.
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The results of numerical simulations for the several step-wise model distribu-
tions of Te(t) are presented in Figures A1(b–d). The parameters of these 4-layer
simulations are chosen to match some expected properties of real atmospheric
brightness Tb(p) (see below).

2.3. DDM STABILITY ESTIMATES

To achieve a stable inversion for real problems with a noisy observed f(p) distri-
bution one should filter the primary data after changing them to double logarithmic
scales: f(p)! F (s), where F = log(f) as discussed in the Appendix. A random
noise r.m.s. level increases after deconvolution proportionally to spatial frequen-
cies KF = 2�=� of disturbances because of the growth of the spectral index
n = dF=dx (for example, n = �a cos(�x) for �� = a sin(�x)) and the great
nonlinearity of reconstruction operator G (see a case of G = 1=�(1 + n) as an
example). The solution disturbances grow infinitely for � ! 0, but filtration of
F (s) (in double logarithmic scales) at spatial scales � < WPSF would guarantee
restoration stability without changing its resolution.

3. Coronal Emission Measure Estimation by the Spectral Index
Deconvolution (SID) Method

We describe now the case when the observed radiation is the sum of optically thin
but hot and optically thick but cold layers. For this case there is an efficient way
to separate the parameters of the hot layer regardless of the presence and para-
meters of cold. For the two-layer model chromosphere–corona with 3 parameters
(Tchr; Tc; tc) and the brightness spectrum

Tb(p) = Tc(1� e�tc=p) + e�tc=pTchr ; (19)

one can get the exact solution for the coronal layer. After double differentiation of
both sides of the equation with respect to p, we have

tc = p(1 + n+m) ; (20)

Tc =
Tb(p)(1 +m)

(1 + n+m)
; (21)

htc Tci = (1 +m)pTb(p) ; (22)

where we introduced the first and second logarithmic derivatives of Tb(p)

n = n(p) = p
T 0b(p)

Tb(p)
; m = m(p) = p

n0(p)

n(p)
: (23)
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Here the coronal parameter htc Tci is the column emission measure of the coronal
layer weighted by T 0:5

c :

EM(Tc) = N2
e Lc = 5� 1021

htc Tci T
0:5
c : (24)

That estimate does not depend on wavelength range and may be used for coronal
EM calculations based on coronal brightness Tb(�) measurements at centimetric–
decimetric wavelengths, where the emission is not dominated by refraction effects
(contrary to meter-wave measurements). The temperature weighting function of
estimate (24) is quite different from that given by X-ray measurements, and there-
fore gives an independent source of information on the EM of solar corona relative
to X-rays.

4. Observational Data

The deconvolution methods developed above were put into practice to reconstruct
various structures of the solar atmosphere (quiet-Sun center, coronal holes and
plages) using data from the RATAN-600 in the wavelength range 2–32 cm. For
improvement of the calibration accuracy of quiet-Sun measurements, the OVRO
observations from Zirin, Baumert, and Hurford (1991) were as well. Where avail-
able, data from other instruments in a wider range (1 mm–3 m) were used also.

4.1. QUIET-SUN DISK CENTER

Here we use the RATAN 600 spectral measurements of the quiet Sun made during
the minimum phase of the solar activity cycle. The results of observations at
9 wavelengths (in the range of 1.8–31.6 cm) with one-dimensional resolution
2000–30000 were summarized by Borovik (1994), and OVRO measurements at 20
frequencies for the same range were presented by Zirin, Baumert, and Hurford
(1991).

In the short wavelength part of the spectrum (� < 1 cm) we have used the results
of fan-beam observations in the 1–9 mm band (Fedoseev and Chernishev, 1988),
which are well approximated by linear regression as Tb(�) = 5160+400� [mm]�
200 K.

In the longer wavelength part of the spectrum (� > 30 cm) there are no multi-
wave measurements made with a single instrument, which is why we use estima-
tions obtained with different instruments at various wavelengths made during the
minimum of solar activity (see Table I).

4.2. CORONAL HOLES

Our coronal hole study is based on the spectral data obtained through the cooper-
ative efforts of several observatories in the range 1–300 cm, which were compiled
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Table I
Meter–decimeter radiobrightness

� [cm] Tb [103 K] Reference

73.5 550 (Trottet and Lantos, 1978)
74.3 630 (Chiuderi-Drago, Avignon, and Thomas, 1977)
90 600 (Sheridan and McLean, 1985)

178 1150 (Trottet and Lantos, 1978)
247 1200 (Kundu, Gergely, and Erickson, 1977)
375 1000 (Dulk and Sheridan, 1974)
407 820 (Kundu, Gergely, and Erickson, 1977)

1140 470 (Kundu, Gergely, and Erickson, 1977)

by Papagiannis and Baker (1982). These estimates are consistent with RATAN-600
one-dimensional observations (Borovik et al., 1990).

4.3. PLAGE AREA

An excessive brightness of plage area in the active region AR 3804 was meas-
ured at 7 wavelengths (2–21 cm band) during VLA–RATAN-600 cooperative
observations (15 July 1982) by subtraction of the local source contributions to one-
dimensional radio scans (Akhmedov et al., 1987). These results are in agreement
with short-wave (up to � = 1 cm) brightness measurements, compiled by Urpo,
Hildebrandt, and Krüger (1987) and are consistent with early studies using the
RATAN-600 observations (Bogod and Gelfreikh, 1980).

4.4. DATA REDUCTION

All observational data for each wavelength were transformed to a function of para-
meter p = � [cm]�2 and smoothed in a double logarithmic scale log(Tb)� log(p)
by cubic spline regression (see Appendix for details). Final results are presented
in Table II with step d log(p) = 0:1 in the range log(p) = �5:0–2.1 (wavelengths
300 cm–1 mm) for the quiet-Sun center, coronal holes, and plage areas.

5. Tomography Reconstruction Results

We describe here the results of tomography studies of the quiet Sun, coronal holes,
and plage using both deconvolution methods on the data of Table II.

5.1. DIFFERENTIAL DECONVOLUTION METHOD

5.1.1. Quiet-Sun Disk Center
In Figures 1(a–d) we present the Te(t) reconstruction results by the DDM for the
quiet-Sun center based on the brightness temperature spectrum Tb(p) in the broad
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Table II
Observed radio brightness (smoothed)

log(p) f , GHz log(Tb) log(p) f , GHz log(Tb)
Sun Hole Plage Sun Hole Plage

�5.0 0.095 6.017 �1.4 5.98 4.183 4.122 4.475
�4.9 0.106 6.033 �1.3 6.71 4.155 4.100 4.411
�4.8 0.119 6.044 �1.2 7.53 4.129 4.080 4.351
�4.7 0.134 6.049 �1.1 8.45 4.105 4.062 4.296
�4.6 0.150 6.046 5.974 �1.0 9.48 4.085 4.046 4.247
�4.5 0.168 6.036 5.944 �0.9 10.64 4.061 4.031
�4.4 0.189 6.018 5.908 �0.8 11.94 4.043 4.017
�4.3 0.212 5.993 5.868 �0.7 13.40 4.026 4.004
�4.2 0.238 5.961 5.824 �0.6 15.03 4.010 3.990
�4.1 0.267 5.922 5.774 �0.5 16.87 3.994 3.977
�4.0 0.300 5.877 5.718 �0.4 18.92 3.978 3.964
�3.9 0.336 5.827 5.655 �0.3 21.23 3.962 3.950
�3.8 0.377 5.770 5.583 �0.2 23.82 3.946 3.937
�3.7 0.423 5.707 5.504 �0.1 26.73 3.932 3.925
�3.6 0.475 5.637 5.419 0 30.00 3.917 3.912
�3.5 0.533 5.561 5.329 0.1 33.66 3.903 3.900
�3.4 0.598 5.480 5.235 0.2 37.76 3.890 3.888
�3.3 0.671 5.396 5.139 0.3 42.37 3.876 3.875
�3.2 0.753 5.310 5.043 0.4 47.54 3.863 3.863
�3.1 0.845 5.223 4.948 0.5 53.34 3.851 3.851
�3.0 0.948 5.135 4.857 0.6 59.85 3.840 3.840
�2.9 1.06 5.049 4.771 0.7 67.16 3.829 3.830
�2.8 1.19 4.965 4.692 0.8 75.35 3.821 3.820
�2.7 1.34 4.884 4.621 0.9 84.55 3.813 3.813
�2.6 1.50 4.807 4.556 5.509 1.0 94.86 3.806 3.806
�2.5 1.68 4.732 4.499 5.411 1.1 106 3.800 3.800
�2.4 1.89 4.661 4.447 5.312 1.2 119 3.794 3.794
�2.3 2.12 4.592 4.399 5.216 1.3 134 3.789 3.789
�2.2 2.38 4.528 4.356 5.121 1.4 150 3.784 3.784
�2.1 2.67 4.469 4.317 5.029 1.5 168 3.778 3.778
�2.0 3.00 4.414 4.281 4.940 1.6 189 3.773 3.773
�1.9 3.36 4.366 4.249 4.855 1.7 212 3.767 3.767
�1.8 3.77 4.322 4.220 4.770 1.8 238 3.761 3.761
�1.7 4.23 4.282 4.193 4.691 1.9 267 3.754
�1.6 4.75 4.246 4.168 4.615 2.0 300 3.746
�1.5 5.33 4.213 4.144 4.543 2.1 336 3.736

range of wavelengths. The electron temperatureTe(t) distribution in the radio depth
range log(t) = �4:5–1.8 for different layers from corona to deep chromosphere
is presented. Because of the great dynamic range of the electron temperatures,
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these results are shown separately in Figures 1(a) and 1(b) for the corona and
chromosphere with different temperature scales.

Our chromospheric reconstruction results (see Figure 1(b)) represent the first
attempt to obtain direct information about temperature structure Te(t) by its own
radioemission in the deepest chromospheric layers up to radio depths t = 100
(normalized to wavelength 1 cm) and electron temperatures up to Te(t) = 5800 K.
As can be seen, the low chromosphere is highly isothermal with two slight but
distinctive temperature plateaus: one at Te = 7500 K (radio depth about t = 1)
and another at Te = 5900 K (radio depth about t = 10).

In the CCTR the reconstruction shows (see Figure 1(a)) a step-wise drop from
coronal to chromospheric temperatures. The validity of this picture may be evalu-
ated by taking into account the error spread of observed spectra (see Figure 1(d)).
It presents quiet-Sun Tb multifrequency measurements obtained by using two dif-
ferent instruments (Zirin, Baumert, and Hurford, 1991; Borovik, 1994). These
results are so close, that we have to amplify their dispersion by use of the equaliz-
ation factor p�0:5). The discrepancy is less then 2% at log(p) > �1 at centimeter
wavelengths and grows in the decimeter range with systematic and random errors
up to 10%. One can construct slightly different smoothed spectra Tb(p) within the
error bars using slightly different hardness of spline regression. Results of such cal-
culations are shown in Figure 1(a) for four variants of smoothing: hardness factor
0.97 (lowest curve, minimum smoothing), 0.96 (adopted values in Table II), 0.95
and 0.94 (maximum smoothing). Each of these spectra was deconvolved and the
results are presented also in Figure 1(a). As is seen, our deconvolution results are
weakly sensitive to the observational errors for chromospheric layers (in the region
with log(t) > �3), but in the CCTR the deconvolution results become unstable
without additional smoothing. As is seen from Figure 1(a), the degree of difference
log(G) = log(Tb(p = t))�log(Te(t)) is rather small at coronal and chromospheric
levels (log(G) < 0:5), but becomes extremely high (up to log(G) = 1:5) in the
CCTR.

From the data shown in Figure 1(a) one can evaluate the radio depth in the CCTR
where the temperature changes from chromospheric (log(Te) < 4:3) to coronal
(log(Te) > 5:5) values. This value is extremely low: log(tc) = �3:5�0:1. Because
the deconvolution procedure leads to smoothing of step-wise Te(t) distributions
with the displacement about d log(t) = �0:6 (see Figure 1(c)), we can evaluate
the real coronal opacity as about log(tc) = �4:1.

In the region of coronal layers we can use spectral data Tb(p) with minimal
smoothing (see Figure 2(b)) which reveal the existence of the bend point on recon-
structed Te(t) profiles at log(Te) = 5:7. This may be interpreted as evidence of
two distinctive coronal structures with the temperatures Te above 1:5� 106 K for
one and 5� 105 K for the other.

In the upper chromosphere, theTe(t) temperature profile is not monotonic. There
are two temperature maxima: first (log(Te) = 4:3 at log(t) = �2:8) and a second
(log(Te) = 4:2 at log(t) = �1:9). In Figure 1(c) we present the deconvolution



LARGE-SCALE STRUCTURE OF THE ATMOSPHERE 77

F
ig

ur
e

1.
D

ec
on

vo
lu

ti
on

re
su

lt
s

fo
r

th
e

qu
ie

t-
S

un
br

ig
ht

ne
ss

sp
ec

tr
um

.
(a

)
A

fa
m

il
y

of
de

co
nv

ol
ve

d
el

ec
tr

on
te

m
pe

ra
tu

re

~ T
e
(t
)

pr
ofi

le
s

as
a

fu
nc

ti
on

of
no

rm
al

is
ed

ra
di

o
de

pt
h

t
=

�
(�
=

1
cm

)
fo

r
th

e
sa

m
e

ob
se

rv
ed

br
ig

ht
ne

ss
sp

ec
tr

um

T
b
(p
=

�
�

2

)

fo
r

fo
ur

va
ri

an
ts

of
it

s
sm

oo
th

in
g.

(b
)

E
le

ct
ro

n
te

m
pe

ra
tu

re

~ T
e
(t
)

re
co

ns
tr

uc
ti

on
re

su
lt

s
fo

r
th

e
de

ep
ch

ro
m

os
ph

er
e

by
cm

–
m

m
w

av
el

en
gt

h
br

ig
ht

ne
ss

sp
ec

tr
um

T
b
(�
)

de
co

nv
ol

ut
io

n.
(c

)
A

si
m

ul
at

ed
st

ep
-w

is
e

T
e
(t
)

m
od

el
di

st
ri

bu
tio

n
to

m
at

ch
re

co
ns

tr
uc

tio
n

re
su

lts
in

(a
).

W
e

sh
ow

th
re

e
cu

rv
es

:(
1)

a
m

od
el

or
ig

in
al

T
e
(t
)

di
st

ri
bu

ti
on

,(
2)

it
s

br
ig

ht
ne

ss
sp

ec
tr

um

T
b
(�
),

an
d

(3
)

a
re

st
or

ed

�

T
e
(t
)

by

T
b
(�
)

sp
ec

tr
um

de
co

nv
ol

ut
io

n.
A

co
m

pa
ri

so
n

of
th

is
re

co
ns

tr
uc

ti
on

w
it

h
th

e
re

su
lt

s
fo

r
ob

se
rv

ed
sp

ec
tr

a
de

co
nv

ol
ut

io
n

(a
)

sh
ow

s
th

e
po

ss
ib

ili
ty

of
de

te
ct

io
n

of
no

n-
m

on
ot

on
ic

T
e
(t
)

di
st

ri
bu

ti
on

s
by

a
D

D
M

te
ch

ni
qu

es
.

(d
)

A
co

m
pa

ri
so

n
of

tw
o

qu
ie

t-
S

un
ce

nt
er

br
ig

ht
ne

ss
sp

ec
tr

a
ob

se
rv

ed
fr

om
th

e
tw

o
di

ff
er

en
to

bs
er

va
to

ri
es

.B
ot

h
of

th
e

sp
ec

tr
a

w
er

e
no

rm
al

is
ed

by
th

e
m

ul
tip

lic
at

io
n

fa
ct

or

p

0:

5
to

en
ha

nc
e

th
e

di
sp

er
si

on
.T

he
sy

st
em

at
ic

de
vi

at
io

ns
in

de
ci

m
et

ri
c

w
av

el
en

gt
hs

(l
og

(p
)
<
�

2)
ar

e
du

e
to

th
e

di
ff

er
en

t
ca

li
br

at
io

n
ap

pr
oa

ch
es

:
a

un
if

or
m

br
ig

ht
ne

ss
di

sc
(Z

ir
in

,B
au

m
er

t,
an

d
H

ur
fo

rd
,1

99
1)

an
d

ne
ar

li
m

b
br

ig
ht

ne
ss

en
ha

nc
em

en
t

by
B

or
ov

ik
(1

99
4)

.



78 V. M. BOGOD AND A. S. GREBINSKIJ

F
ig

ur
e

2.
E

le
ct

ro
n

te
m

pe
ra

tu
re

T
e
(t
)

pr
ofi

le
re

co
ns

tr
uc

ti
on

fo
rt

he
qu

ie
tS

un
,c

or
on

al
ho

le
s,

an
d

pl
ag

e
ar

ea
s

by
de

co
nv

ol
ut

io
n

of
an

un
sm

oo
th

ed
br

ig
ht

ne
ss

sp
ec

tr
a

T
b
(�
)

.(
a)

T
he

ob
se

rv
ed

br
ig

ht
ne

ss
sp

ec
tr

a

T
b
(p
)

w
it

h
a

m
in

im
um

of
ad

di
ti

on
al

sm
oo

th
in

g.
(b

)
T

he
re

st
or

ed
el

ec
tr

on
te

m
pe

ra
tu

re

~ T
e
(t
)

pr
ofi

le
s.



LARGE-SCALE STRUCTURE OF THE ATMOSPHERE 79

model based on a step-wise approximation of the tomography results above with
a cool layer between the corona and the chromosphere. These results confirm the
possibility of obtaining diagnostics of nonmonotonic temperature structures.

5.1.2. Coronal Holes and Plages
In Figure 2 we present tomography Te(t) reconstruction results for coronal holes,
plages and quiet Sun for direct comparison of atmospheric structure in these objects.
Brightness temperature spectra Tb(p) and Te(t) of these objects are presented in
Figure 2(a) and 2(b) respectively. As is seen, the deconvolution reveals a great
similarity of the atmosphere for all objects at chromospheric temperatures (Te <
104:3K): theTe(t) distributions coincide within deconvolution accuracy (see Figure
2(b)). So the major differences appear to lie in the coronal temperature layers.

5.2. SPECTRAL INDEX DECONVOLUTION

In Figures 3(a) and 3(b) we show the calculated values of the coronal parameter
< tcTc >, defined in Section 4, for the quiet Sun, coronal hole, and plage area
using the spectral index method (SID).

As was shown above, this approach is a good one for two-component (corona
and chromosphere) temperature Te(t) reconstructions. In that case, calculations
by expression (22) would give the same results (24) for EMc at any frequency.
This precondition is fulfilled in the real solar atmosphere (see above), so the
method is applicable. We have used here the brightness temperature spectra in the
frequency range (log(p) = �3:5–2.0, where the first deconvolution method has
lead to unstable Te(t) reconstruction results. The SID method gives quite stable
estimates of htcTci for all objects, and these values have only a weak dependence
on frequency (see Figure 3(b)) despite rather strong spectral index n(p) variations
(see Figure 3(a)).

The calculated values of htc Tci show that the coronal emission measure
is greatly enhanced in plages (htc Tci = 790 as compared to the quiet Sun
(htc Tci = 110) and is significantly diminished in coronal holes (htc Tci = 60),
see Figure 3(b)). This directly confirms the conclusion that most of the observed
brightness Tb(p) enhancement in plage areas and the corresponding depression in
coronal holes (see Figure 2(a)) is due to coronal emission variations.

For mean coronal temperatures of aboutTc = 1:5�106 K, we find coronal radio
depths through htcTci as log(tc) = �4.2, �4.45, and �3.3 for quiet-Sun center,
coronal hole and plage respectively. Column emission measure may be evaluated
by Equation (24). For quiet-Sun center we haveN 2

eLc = 4:1� 1026 cm�5, in good
agreement with the value EM = (3:7 � 0:5) � 1026 cm�5 from the brightness
distribution across the solar disk (see Lantos, 1979, for a review). The direct htci
estimation by deconvolution of the metric brightness spectra (see above) gives
essentially the same values of coronal radio depth. This is a rather unexpected
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result because the possible refraction and reflection phenomena in the solar corona
should be quite different at metric and decimetric wavelengths.

6. Discussion

Tomography is a sensitive tool for discovery of the most subtle details of the solar
atmosphere, which are totally masked in the usual spectral research. Our study
shows that the reconstructed temperature distribution consists practically of two
layers with chromospheric and coronal temperatures without intermediate ones.
This was also known before, but only for the quiet Sun (Grebinskij, 1987; Zirin,
Baumert, and Hurford, 1991). Now we suggest the same behaviour for structures
with quite different magnetic field topology (closed fields for plages, open for
coronal holes). As was stressed in these papers this indicates the presence of
extremely compact and closely spaced fine-scale loop structures in the CCTR.

Another important result is the deep temperature depression between the chro-
mosphere and corona, discovered for all of the reconstructed Te(t) profiles. This
may be a real manifestation of the presence of cold matter, as deduced from some
EUV observations (see Schmahl and Orrall, 1979; Pneuman and Kopp, 1978), but
here we have an alternative suggestion.

For a full explanation of the observed brightness temperature spectra one should
take into account refraction effects. Refraction phenomena in free–free radiation
transfer may be introduced through the refractive indexNref(�) = (1� �2

L=�
2) in

opacity (Zheleznyakov, 1970)

d�(p) = dt=p! dt=pn(p); n2(p) = 1� Pcr=p ; (25)

where Pcr = 10�13Ne.
Refraction effects lead to two opposite influences on the brightness temperature

Tb: (a) decrease of Tb at low frequences (p < Pcr) due to displacement of the
reflection point to a height in the atmosphere above where � = 1, and (b) increase
of Tb at the higher frequences p � Pcr near the local point of reflection (where the
index of refraction n < 1).

The second effect also leads to an increase in the slope (d log Tb=d log p) of
the spectrum in a relatively narrow band (where n ! 0) near the local plasma
frequency. We show the importance of refraction for the deconvolution in a simple
manner by introducing refraction in the second coronal layer of our trial model
(see Figure 1(c)) as

Tb cor(p) =

8<
:
T1(1� exp(�2t1=p)); p < Pcr

T1(1� exp(�t1=p)) + T2(1� exp(�t2=p n(p))); p > Pcr :
(26)
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Figure 4. Refraction effects simulations. All observed brightness spectra Tb(p = ��2) mentioned
have an extremely high spectral index values nmin(p) = �0:95–0.98, close to a breaking point
n = �1 in the decimetric wavelengths. There are two possible causes of this: a refraction effects in the
dense coronal loops or a deep temperature depression between chromosphere and corona. The DDM
reconstruction technique takes no account of the refraction and so leads to a fictitious temperature
minimum up to a full deconvolution break. We illustrate this with ~Te(t) reconstruction results of two
simulated brightness spectra Tb(p): the first one (a) for a model with a deep temperature minimum at
CCTR without refraction in the coronal layer, and the other one (b) with refraction effects in corona
but without a temperature minimum. In both cases the deconvolution of the simulated Tb(p) breaks
in the CCTR temperature range, as it takes place for unsmoothed observed spectra (see Figure 2).
We treat this break as an observational signature of the presence of refraction effects in the coronal
radioemission.

Here, for simplicity, we have neglected the reduction of effective opacity t1 at low
frequencies. For a value of the free parameter Pcr in our calculations, we adopted
Pcr = pmin, where pmin is the minimum point of the spectral index n(p) curve (see
Figure 3(a)). At that frequency range the enhancement of the brightness spectrum
slope due to refraction becomes greatest, because the steepest change of opacity
occurs at n = (1 � Pcr=p) ! 0. For observed quiet-Sun brightness spectra we
find log(pmin) = �3:5, so we assume Pcr = 10�3:5 in Equation (26) to match the
observations. The model brightness spectrum Tb(p) and its deconvolution Te(t) are
shown in Figure 4 for two cases: (a) refraction trial model without a chromosphere-
corona depression and (b) with depression but without refraction. As expected, the
inclusion of refraction solves the main problems: theTb(p) spectrum with refraction
effects becomes steeper at p � Pmin and the deconvolved Te(t) distribution has
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a deep minimum in the transition zone. Such simplified estimates confirm the
importance of taking into account refraction and scattering effects in the inner
corona as well as in the outer corona (see Bastian, 1992, for a review).

Comparison of observations with models including refraction effects may lead
to the possibility of directly measuring the characteristic number density through
the relation Ne = 1013Pcr. Our preliminary estimation Ne = (1–3) � 109 cm�3

may suggest the existence of high-density plasma in coronal regions, associated
with coronal loops. However, we will need much more sophisticated refraction
models before achieving a quantitative treatment of these problems.
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Appendix. DDM Numerical Code

The primary spectral data are a set of measured values of brightness Tb at discrete
wavelengths �i: Tbi = Tb(�i). A numerical deconvolution code includes three
steps.

(I) DATA REDUCTION

The practical restoration operator G(p), (16)–(17), includes only the logarithmic
derivatives. For data with a large dynamical range we should transform all data
to a double logarithmic scale after changing arguments � to p = � [cm]�2: Fi =
logTb(�i) and xi = �2 log(�i).

Next, we fit some continuous function F (x) by a cubic spline least-squares
technique for unequally spaced data and then digitize it by step �x = 0:1 as Fk.
The data set thus obtained is smoothed again by a 7-point moving cubic least-
square filter. Double smoothing with unequal and then equal spacings guarantees
that short-term disturbances are removed, while derivatives up to third order are
unchanged.

(II) CALCULATION OF DERIVATIVES

All derivatives in definition (16) of restoration operator G should be calculated
with maximum accuracy and stability. We use definitions:
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pf
0

=f = A; p2f
00

=f = A(A� 1) +B=M ;

p3f
000

=f = A(A2 � 3A+ 2) + 3B(A� 1)=M + C=M ;

whereM = Ln(10) andA = dF=dx,B = d2F=dx2,C = d3F=dx3 are calculated
on the same 5-point grid with step h = 0:2 by an enhanced accuracy code:

A(xk) = (Fk�2 � 8Fk�1 + 8Fk+1 � Fk+2)=(12h) ;

B(xk) = (�Fk�2 + 16Fk�1 � 30Fk + 16Fk+1 � Fk+2)=(12h2) ;

C(xk) = (�Fk�2 + 2Fk�1 � 2Fk+1 + Fk+2)=(2h3) :

The combination of an extended grid interval and a high accuracy code gives
both accuracy and stability of derivatives.

INDEXES AND FINAL SOLUTION

For the simplest estimation of spectral indexes ni = dFi=dx we take values at
three regions of the same 5-points grid as

n2 = A; n1 = (Fk�1 � Fk�2)=h; n3 = (Fk+2 � Fk+1)=h : (27)

For 1=�(1+n) we take a polynomial expansion 1=�(x) = x(1+x)(1+a1x+
� � �+a8x

8) forx = [�1; 1] and use the definition�(1+x) = x�(x) for extension to
anyx. After solving Equations (17) for bk, the inversion is completed by calculation
of G through (16) and final restoration of y(t) at the point log(t) = xk as Yk =
y(xk) by definition (12): log(Yk) = log(G) + Fk. The adopted code guarantees
the smoothness of f(p) and its derivatives up to third order and smoothness of the
solution y(t) up to its first order derivative.

As examples of reconstruction results, we show in Figures A1(b) and A1(c)
some numerical simulations for the model distribution

f(p) = T1(1� e�t1=p) + e�t1=pT2(1� e�t2=p) + e�(t1+t2)=pT3(1� e�t3=p) + T4

(28)

with T1 = 106:15; T3 = 104:2; T4 = 103:7 and t1 = 10�4; t2 = 10�2:5; t3 =
10�1. We undertake a reconstruction for three different values of parameters T2 =
104:2 (see figure A1(b)), T2 = 103:3 (see figure A1(c)) and T2 = 105:2 (see
figure A1(c)). On each figure we show plots of the original y(t), the resulting
observable spectrum f(p) and the restored ~y(t = p). We can interpret f(p) (28)
as the radio brightness Tb(p) of an atmosphere with a step-wise y(t) = Te(t)
electron temperature distribution for the parameters mentioned. From comparison
of original and restored Te(t) distributions one can see acceptable restoration results
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by DDM technique without significant oscillations for the quite different source
functions.
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