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ABSTRACT

Context. The 2D images obtained through rotational aperture synthesis with the Nancay Radioheliograph are suitable for quantitative
exploitation. First results are presented.

Aims. We study the variations of the quiet corona in brightness and size during an 8-year period and derive electron density and
temperature in the corona.

Methods. Images at 6 frequencies between 150 and 450 MHz for 183 quiet days between 2004 and 2011 were used. Measurements
of the brightness temperature T}, beyond the limb allowed coronal density models to be derived in both EW and NS radial direc-
tions, with a weak dependence on the electron temperature. The total ranges in the heliocentric distance r are 1.15-1.60 Ry (EW)
and 1.0-1.4 Ry (NS). The agreement between results from different frequencies, in the ranges of r where there is overlapping shows
the robustness of the method. The electron temperature, in turn, can be derived from the comparison of the observed mean spectra on
the disk with those predicted through transfer calculations from the density models derived from limb observations.

Results. The widths of the brightness profiles that were averaged yearly have minima at cycle minimum (2008-2009). These minima
are more pronounced for EW profiles than for NS ones. The derived yearly-averaged density models along equatorial and polar di-
ameters are consistent with isothermal and hydrostatic models. They are characterized by their density value n, extrapolated down to
the base of the corona and their scale-height temperature 7. Changes in ny and Ty with solar cycle are given for equatorial and polar
regions. The kinetic temperature T of electrons in the corona (~0.62 MK) is found to be significantly less than 7y (~1.5 MK). This
implies an ion temperature T; ~ 2.2 MK.

Conclusions. The yearly-averaged variations of these models are less than the dispersion between models derived from other tech-
niques, such as white light and EUV observations, partly because these two techniques are not time-averaged, and they refer to
particular days. The radio models are generally less dense, which is compatible with isothermal hydrostatic equilibrium in their range
of heliocentric distances, and they show different behaviors with the solar cycle in the equatorial or polar radial directions. The electron

kinetic temperature 7 is substantially less than Ty.

Key words. Sun: radio radiation — Sun: corona

1. Introduction

Electron density and temperature are basic variables for describ-
ing the solar corona and the physical processes that occur there.
In particular, the variations in density with height is a key pa-
rameter when modeling the acceleration of the fast solar wind,
giving some constraints on mechanical forces and local deposit
of energy in the low and medial corona (Lallement et al. 1986;
Fludra et al. 1999; Meyer-Vernet 2012).

Before space observations, coronal density measurements
relied only on white light observations. Eclipse observations al-
lowed the density to be derived down to low heliocentric dis-
tances, e.g. 1.05 times the solar radius (Ry) but were restricted
to eclipse times. Conversely, ground-based coronographic ob-
servations allowed continuous time coverage but were restricted
to larger heliocentric distances (typically >1.2 Ry). Since the
launch of Skylab (May 1973) and, more, recently of SoHO
(Dec. 1995), extreme-UV (EUV) and soft X-rays observations
were also used to derive coronal densities, with the follow-
ing limitations: i) they are generally limited to heliocentric dis-
tances <1.2 R for the quiet corona near the solar equator, less
in coronal holes, and must be completed at greater heliocentric

distances with white light observations, now also from space ob-
servations; ii) they are restricted to relatively short observational
campaigns and have limited statistical significance. Figure 1
gathers the results from various data sets for the heliocentric
range 1.0-1.5 Ry, and for quiet equatorial and polar regions.

Although not exhaustive, this set of models shows a disper-
sion of results over about one order of magnitude for both equa-
torial and polar regions. Moreover, if equatorial densities (Fig. 1
top) show similar decrease with height, this is not the case of
polar densities (Fig. 1 bottom) , which is possibly because mea-
surements are more difficult since densities are lower. It must
also be noted that there are no series of observations done with
the same instrument that give the evolution of the coronal density
during a large part of a solar cycle. These results show no clear
long time-scale trend with the solar cycle phase, for both equato-
rial and regions. This can be related to their being derived from
short observation campaigns and referring to particular (and not
mean) states of the corona.

In this paper, we derive electron coronal densities from
measurements of the radio brightness beyond the limb in im-
ages obtained with the Nancgay radioheliograph (NRH) in the
range 150-450 MHz. As seen later, this allows the coronal
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Fig. 2. Selected days. Fractional months of observations are indicated
in abscissa.

Table 1. Widths (EW x NS) of the NRH field of view for May, 10
(units Ry).
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Fig. 1. Density models for quiet corona in equatorial regions (fop) and
polar regions (bottom). For each set of observations, the time difference
relative to the nearest solar maximum is indicated in years, along with
the corresponding symbol.

density to be derived at heliocentric distances up to 1.6 R,
which includes both the ranges accessible with EUV observa-
tions, which are usually limited to 1.2 Ry and with white-light
coronagraphy, usually above 1.3 R,. We give yearly-averaged
models of density in equatorial quiet regions and in polar coro-
nal holes for the period 2004-2011, clearly showing an overall
evolution during a nearly complete solar cycle. We briefly dis-
cuss the significance of the differences with the density models
presented in Fig. 1.

2. Selection of observations and image production

Reliable brightness measurements beyond the limb require that
the images be quantitatively analysed, down to levels that are
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Freq (MHz) 432 327 236 150
Snapshot 30x32 4.0x42 55x%x59 8.6x92
Rot. synth. 50x32 6.6x42 92x59 14x9.2

much lower than those observed on the disk. This requires im-
ages with good enough quality and with a field that is much
larger than the optical disk. Snapshot NRH images are not suit-
able for this purpose for several reasons. They suffer from a lack
of sensitivity and from interference problems, because of the
short integration time. In addition, as explained in Mercier &
Chambe (2009, 2012, hereafter referred to as MC1 and MC2)
the instantaneous uv—coverage is poor and it limits both the field
of view (crucial for for measuring brightness beyond the limb)
and the resolution.

For these reasons, we used images obtained with the rota-
tional synthesis technique. These images are better and more re-
liable at low levels. They have higher resolution and a wider field
of view, especially in the EW direction, thanks to the long ob-
servation time (up to 7 h per day). The counterpart is that a low
level of non-thermal and variable radio emissions is required,
which imply a selection of observations. The images are opti-
mal in summer time, because the elevation of the Sun is too
low in winter, so we the used only images for days from May
to August. Table 1 displays the EW and NS half-widths of the
field of view at four frequencies on May 10 for both rotational
synthesis and snapshot images. Values for snapshot images re-
fer to observations at noon, when snapshot images are at best. It
will be seen in the following that all these half-widths are larger
than the maximum heliocentric distances for which the bright-
ness is measured at the different frequencies, and even much
larger at 327 MHz and below. The set of selected data (Fig. 2)
is the same as already used by MC2 in their work describing
the morphology of the quiet Sun in the range 150—450 MHz, but
extended to the year 2011. Typical examples of images are dis-
played in Fig. 3 during the decay, minimum, and growth of solar
cycle 23. Other examples are given by MC1 and MC2. The final
data set includes 183 days with none or small non-thermal ra-
dio emission during summertime from June 2004 to June 2011.
This many days allows to derive yearly-averaged density mod-
els. We had images at 150, 164, 236, 327, 410 and 432 MHz,
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410 MHz

Fig. 3. Examples of images of the Sun. From top to bottom and from left to right: i) during decay of cycle on May 27, 2004, at 410 and 150 MHz;
ii) during cycle minimum on July 20, 2009 at 432 and 150 MHz; and iii) during growth of cycle on May 26, 2011 at 432 and 150 MHz. For each
day, we note the differences between the aspects of the Sun in high and in low frequencies. The frame widths are 3.2 R.. Resolutions are given at

lower left corner. The light circle is the optical limb.

except for 164 MHz, which was not used in 2007. The bright-
ness accuracy in images is estimated to ~10—15 kK. The steps
of the data processing that are specific to the present study are
presented after the principle of the method.

3. Method for deriving coronal densities
3.1. Principle of the method

The method consists in measuring the decrease in the Sun’s
brightness beyond equatorial and polar limbs. The theory is par-
ticularly simple for a density distribution with local spherical
symmetry (considering separately equatorial and polar regions),
when restricting to brightness values below what is observed on
the disk (i.e., for optical depth 7 along the line of sight smaller
than unity), and when refraction effects are small. The justifica-
tion of this last point will be given in Sect. 5.1.

The electron density n has a scale height H = kBmZH < 1R,

where kg is the Boltzmann constant, g the local gravity, m =
0.6 myp, the mean particle mass for helium abundance 0.1, m,, is
the proton mass, and Ty is a temperature, which may differ from
the electron kinetic temperature T.. In a first step, the refraction
is not taken into account, and we consider a rectilinear propa-
gation for rays. A simple correction for the (weak) refraction is
introduced in a second step.

Neglecting first the refraction, we then consider a straight
path with an impact parameter r; in a corona with a spherical

electron density distribution. Taking the origin of the coordi-
nate x along this axis at the point of closest approach, the total
optical depth along this axis is

‘rl:f adx, D

&n’

zTg/Z
bremsstrahlung, & = 0.23 (CGS units), n the electron density,
T. the kinetic temperature of electrons, u the refractive index,
and f the observing frequency. Here and below, the subscript 1
refers to the variable values at r = rq,
Since a is proportional to n?, the integral in Eq. (1) is essen-
tially restricted to a height range H;/2 above the level r = ry.

In this narrow layer, we may represent n as n; exp — (_11_1:') and

where @ = is the absorption coefficient for thermal

assume that 7, = T, ;. Writing also = Irf +x2 = r(l+ %)
1
yields

T = 53/2 n% Vﬂlel- (2)

2Tel

Restricting this to heliocentric distances r; for which 7; < 1, we
can express the limb brightness temperature 7,1 = Te1 71 as

kg n° [T,
Tor = &4 L AL 3)
mg; f? Ty
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Measuring the apparent brightness 7} ; then merely yields n; as

0= (9
: ﬂkBrl

1/4 | T, 1/4
) @(THI) f (T2 )

In Eq. (4), T.1 and Ty are not known, and they depend on ry,
but their values are not critical since their ratio appears at quarter
power. Thus we assume, in the following, that they take the con-
stant values T, and Ty over the whole range of the heliocentric
distances concerned with our observations. We see below how 7.
and Ty can be chosen.

Even if the refractive index u is close to unity, the ray paths
beyond the limb are not strictly rectilinear. It follows that for
actual rays, the distance of closest approach is greater than the
impact parameter by an amount that may be not much less than
the scale height H;. However, as long as the curvature of rays
is small (i.e. if their curvature radius p is much larger than the
heliocentric distance), the integration of « in Eq. (1) along the
actual path is close to the integration along a straight line with
the same closest approach. In other words, instead of ascrib-
ing the density calculated with Eq. (4) to the observed helio-
centric distance ri, we must ascribe it to the heliocentric dis-
tance i, Which corresponds to the closest approach of the ray
with the impact parameter r;. From Snell’s law with spherical
symmetry u r sin(i) = cst., where i is the incidence angle on the
spherical isodensity layers, it follows that 7| /rmin = p(#min)- For
weak refraction, Ar is <r; (but not necessarily <<H;) and can
be calculated by assuming a density distribution. Using our ob-
servations, we can then deduce a new density model. Ideally,
this model should coincide with the model used for calculat-
ing Ar. If it is not the case, the procedure should be iterated,
taking this new model in order to calculate Ar. For convenience,
we took the density model obtained by neglecting refraction and
with Ty = 1.4 MK in the first iteration step. In the subsequent
steps, Ty was deduced by fitting the obtained density values to
an isothermal and hydrostatic model. The procedure converges
in a few steps since the corrections are small.

In summary, Eq. (4) shows that obtaining mean models for
the coronal density requires the mean brightness profiles 71,(7)
beyond the limb in the EW and NS directions and approximate
values of the electron kinetic temperature 7. These variables are
obtained as explained in Sects. 3.2 and 3.3.

3.2. Obtaining mean 1D EW and NS brightness profiles

Starting with our set of 2D images, the first aim is to pro-
duce one-dimensional (1D) profiles along the equatorial and po-
lar axes, averaged over each year of data. The procedure is as
follows:

— For each day, equatorial and polar strips are defined with re-
spect to EW and NS directions, as centering on the center of
the disk and with half-width 0.3 R. This width is chosen as
a compromise between averaging over several structures and
keeping the differences between regions above the equatorial
and polar limbs. The 2D brightness is then averaged over the
transverse axes of strips, giving 1D EW and NS profiles for
each day.

— Total widths of these daily profiles are measured at 12 bright-
ness levels Ty between 50 and 250 kK. The highest
value 250 kK, is less than the typical value 640 kK chosen
below for T}, gisk, and this ensures that the condition 7; < 1 is
fulfilled.
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— The yearly-averaged values Wgw(7Ty) and Wns(Tp) of the
EW and NS widths for these Ty, and the rms dispersions ogw
and og are derived for each frequency.

Because of the width of the EW and NS strips, the derived den-
sities are averages over a solar angle range of about 30 degrees.
This must be kept in mind when comparing our results with den-
sities derived from much higher resolution eclipse images that
allow, for instance densities to be to derived between polar coro-
nal plumes (e.g., Crifo & Picat 1980).

3.3. Obtaining the electron kinetic temperature T,

The electron kinetic temperature 7. can be tentatively deduced
from measurements of the mean brightness on the disk T} gisk
at several frequencies. As seen in Sect. 4.2, Tygisk increases
when the observing frequency f decreases from 445 MHz down
to 150 MHz and tends toward a limiting value ranging from 600
to 650 kK. The most attractive explanation is that this saturation
occurs because Ty gisk — T when the optical depth 7., gisk of the
corona on the disk, less than unity at 450 MHz, becomes larger
than unity at 150 MHz (before it again becomes less than unity
at ~60 MHz, as can be calculated from standard density mod-
els). For each day, Ty gisx Was estimated by averaging Ty, over a
disk of radius 0.9 R, and by excluding brightest areas around
active regions (if any) and dark coronal holes, especially near
polar regions. In practice we excluded from regions with bright-
ness temperatures outside the range 250—800 kK and regions at
latitudes larger than 60 deg. Since the value adopted for 7 in the
derivation of the coronal density n. through Eq. (4) is not crit-
ical, we give the results obtained by accepting 7. ~ 620 kK in
Sect. 4.3.

Another hypothesis is that 7. = Ty elsewhere in the corona,
meaning that 7y ~ 1.5 MK. Densities derived with this hypothe-
sis are higher merely by a factor ~1.3, according to Eq. (4). Both
possibilities for T, are discussed in Sect. 5, and it is shown that
the hypothesis that T, = Ty is not tenable.

4. Results

4.1. EW and NS widths of the Sun

Figure 4 shows the variations in the yearly-averaged apparent
EW and NS sizes of the Sun Wgw and Wys at several bright-
ness temperature levels and of their rms dispersion for 150, 236,
and 432 MHz. For clarity, the curves corresponding to high lev-
els (Ty > 400 kK) or to apparent widths smaller than for the
optical disk (not used in this work) are not shown. In spite of the
dispersion (indicated by the vertical bars) due to the changes in
coronal structures on time scales of some days, the continuous
curves clearly show that there is a general trend for both EW
and NS widths at all levels toward decreasing in 2004-2005 to a
minimum in 2008-2009 and to increasing again in 2010-2011.
This time range covers a large portion of solar cycle 23. Similar
plots (not shown) for the other NRH frequencies (164, 327,
and 410 MHz) show the same behavior. This trend is less pro-
nounced for NS profiles at 410 and 432 MHz. At these frequen-
cies, the dispersion at low levels is large, which can be partly
explained by the limited quality of the images far beyond the
limb, mainly because the uv-coverage is less dense than at lower
frequencies (CM1 and CM2).
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Fig. 4. Apparent widths of the Sun at several levels in EW (top) and NS (bottom) directions for three radio frequencies (150 MHz at left, 236 MHz
at middle, 432 MHz at right), between 2004 and 2011. The curves, labeled with the brightness temperature T}, (kK), give yearly-averaged values.
The vertical bars give the rms dispersions for each year. They are slightly shifted relative to each other in order not to overlap.
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Fig. 5. Examples of variation in the brightness temperature T} g« averaged on the disk versus the observing for 7 days in 2004 (just after cycle
maximum, left), and for 10 days in 2008-2009 (during cycle minimum, right).

4.2. Mean brightness on the disk

Figure 5 displays the variations in Ty gisk versus the observing
frequency for several days among the closest ones to the so-
lar maximum (2004 in our data, at left) and during solar min-
imum (2008-2009, to the right). In all cases, T} gisk increases

with decreasing frequency and tends toward a limiting value in
the range 600—650 kK. The trend is very similar for both sets, the

saturation effect since it is slightly more marked for 2004 than
for 2008-2009. The values for 77, are quite similar to those pre-
viously derived from radio observations in the same frequency
range: Alissandrakis et al. (1985) and Marqué et al. (1999)
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Table 2. Parameters of the equatorial and polar density models derived
in Fig. 6.

Year 1o EW onew  THEw g Ns ouns  TuNs
108 cm™3 % kK 108 cm™? % kK
2004 3.8 7 1350 063 10 2050
2005 1.70 10 1690 0.63 9 1960
2006 1.75 10 1580 0.53 9 1920
2007 1.37 8 1590 0.55 9 1840
2008 1.10 7 1630 0.56 7 1730
2009 1.09 8 1600 0.52 8 1650
2010 1.28 8 1580 0.64 8 1650
2011 1.86 12 1670 0.75 12 2240

with the NRH, Sheridan & Mclean (1985) with the Culgoora
Radioheliograph. See also the review by Lantos (1998).

Following the discussion in Sect. 3.3, we first adopt 7. ~
620 kK. This value is much lower than the value Ty derived
from the scale height with the hypothesis of isothermal and hy-
drostatic equilibrium (7g ~ 1.5 MK), for both current density
models and our models. In Sect. 5, we show that only this low
value for T, can allow predicting spectra on the disk in accor-
dance with those observed (Fig. 5).

4.3. Derived density models

Using the mean brightness profiles that correspond to Wew(7)

and Wys(Ty), the coronal densities can be obtained through the
procedure described in Sect. 3.1. In doing so, we have taken
r; = Wew(Ty)/2 as the impact parameter for the equatorial case
(resp. r1 = Wns(Ty)/2 for the polar case). This results in average
models between the models above the E and W limbs (resp. N
and S limbs).

Results for the yearly-averaged coronal densities in equato-
rial and polar regions over the period 2004-2011 are given in
Fig. 6 and summarized in Table 2. Values from the different
frequencies are plotted using different symbols and colors. The
range in the heliocentric distances r for each frequency is lim-
ited: i) downwards by the assumption that T, < T} gisk, resulting
from the assumption 7 < 1 (in practice 7 < 250/620 = 0.4); and
ii) upwards by the lowest level of significant measurement for
Ty, (in practice 50 kK). These ranges are shifted towards larger r
at decreasing frequencies. They are wide enough to produce par-
tial overlap and then give generally consistent density values.
This is particularly true from 2006 to 2009, near the minimum
of solar cycle, when the solar brightness distribution was rela-
tively simple. The sets of density values from all frequencies can
be fitted with isothermal and hydrostatic models (dotted lines in
Fig. 6), characterized by their density n at the base of the corona
and their temperature Ty. The rms relative dispersions o, gw
and o, s around the fits are also indicated.

There are, however, some cases that show less agreement
between frequencies: i) the observed decrease in EW densities
derived from 150 and 164 MHz in 2004 is stronger at ii) the
rms dispersion around the fits is larger in 2011 (Fig. 6, bottom
right). For this last year, two reasons can be given: i) images of
the Sun were particularly complex with an increased number of
extended structures (due to the growth of solar cycle 24), large
brightness contrasts, and different aspects at the various frequen-
cies, making the meaning of averaged brightness profiles more
questionable; and ii) instrumental problems, such as imperfect
tracking of antennas or interference effects, were more frequent
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than during the preceding years, reducing the quality of the im-
ages. Visual inspection of the images, however, suggests that this
effect is less than that the effect of the growth of the solar cycle.
It is nevertheless clear that the coronal densities increase signif-
icantly between 2010 and 2011.

It thus can be concluded that using several observing fre-
quencies between 150 and 432 MHz allows coronal densities
to be derived over heliocentric distance ranges that are much
greater than when using only one observing frequency. Table 2
summarizes the results for the yearly-averaged density models
in terms of the corresponding values for ng at the base of the
corona and of the scale-height temperatures Tygw and Tyns
(for equatorial and polar models) derived from fitting the de-
rived densities in Fig. 6 and using a mean electron temperature
T. = 620 kK. The rms relative dispersions o, gw and o, Ns of
results around these models are given in percentages. All val-
ues for Ty gw and Ty s are much larger than the value adopted
for T..

5. Discussion
5.1. Curvature of ray paths

The integration for obtaining the optical thickness along the
actual ray path was carried out from the actual minimum ap-
proach rpi, (not from the apparent one ry), but neglecting the
curvature of the ray. It must now be checked that this assump-
tion is valid. From Snell’s law, the local curvature radius p of the
ray path can be expressed as

1 14
== 2% inG).

p udr ©)

Setting ny as the electron density corresponding the a plasma
frequency equal to the observing frequency f, one gets

p:z(%f - 1) sinH(i).

(6)

For a given observing frequency f, the ratio n/n increases with
heliocentric distance with the same scale height H as the density
itself. The ratio H/sin(i) increases also, although more slowly.
Since the layer that essentially contributes to the integration
when calculating 7 has a thickness H/2 above the level of closest
approach rp,, we must evaluate p in this layer. Since H < rpip,
we can take sin(i) ~ 1. This leads in fact to a small underestima-
tion of p above the level r = rpip.

Table 3 displays the results for years 2004 and 2009 at four
frequencies. The first row gives the ranges for the heliocentric
distance r in the equatorial direction, which is involved in den-
sity derivation (units Ry). The following rows give the corre-
sponding ranges for the coronal density n, (units 10% cm™), the
refractive index y, and the radius of curvature p. The increase
in p along the ray path in the layer of thickness H/2 can be es-
timated ~50% from Eq. (6). Given the values of p in Table 3,
it follows that the integration of @ in Eq. (1) along a straight
line leads to overestimating 7 by a few percentage points for the
innermost rays (less for higher rays), which leads to underesti-
mating n. (through Eq. (4)) by the same amount. Furthermore,
when fitting the results from several observing frequencies with
the same model, this effect is reduced because the ranges of the
heliocentric distances overlap.

The situation is quite similar for the derivation of density in
polar regions.
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Fig. 6. Densities derived for years 2004-2011 from brightness measurements beyond the EW (top in each frame) and NS (bottom in each frame)
limbs. The dashed lines are the best fits for density distributions in isothermal hydrostatic models. The corresponding densities at the base of the
corona ny, with their relative rms dispersions o, gw and o, ns, and the hydrostatic temperatures Ty are given for EW and NS density profiles.

5.2. Mean spectra on the disk and electron kinetic
temperature

In this section we examine the consistency between the value
accepted for T, (620 kK or 1.5 Mk) in deriving density models
from brightness measurements beyond the limb, and the mean
spectra observed on the disk.

As a preliminary step, we evaluate the optical thickness 7.
of the corona at the center of the disk: 7. = fr D: R adr, using

our equatorial density models and with both hypotﬁeses for Te.

Table 4 displays the results at four frequencies for 2004 (dense
corona), 2007, 2008-2009 and 2010 (less dense coronas). The
first values refer to 7. = 1550 kK. Values in italics between
parentheses refer to 7. = Ty = 1550 kK. It appears that in
both cases, 7. at low frequencies largely exceeds unity near the
maximum of the cycle (in 2004). If we accept that T, = Ty,
it will then be difficult to avoid predicting values for 7}, on the
order of 1.5 Mk. Conversely during the minimum of the cycle
(2008-2009), 7.< unity at low frequencies (and much less at
high frequencies) and it will also be difficult to account for the
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Table 3. Ranges for the heliocentric distance r used at four frequencies e T oo = d n e R
and the corresponding 7., 1, and p for years 2004 and 2009 (see text). é 1.57 S é r PR
= =
f (MHz) 432 327 236 150 £ 101 / 15 1.0r ]
2004 - ] -
r 1.18-1.38  1.25-1.41 1.33-1.52 1.41-1.62 2 ; 2
Nle 0.67-0.19  0.42-0.17 0.26-0.10  0.17-0.06 = =
U 0.99-1.00 0.98-0.99 0.98-0.99 0.97-0.99 £ £
P 944 9-31 9-31 6-22
2009 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0 10 20 30 40 50
r 1L07-124  1.12-129  120-140 1.25-148 alitude (Mm) altitude (Mm)
ne 0.62-0.21 0.43-0.16  0.26-0.09  0.20-0.07 Fig.7. Examples of the adopted profiles for the electron an the scale-
i 0.99-1.00  0.98-0.99  0.98-0.99  0.96-0.99 height temperatures 7, and Ty in the transition region. In the left frame
P 10-40 9-32 9-33 5-21 the lower width s, and upper widths &, (resp. below and above the in-

Table 4. Calculated optical thickness 7. of the corona at the center of

the disk (see text).

f (MHz) 150 164 236 327
year

2004 16 42) 10 (5.0) 34 (1.7) 1.6 (0.8)
2007 1.9 (I.I) 15 (0.8 07 04 03 (0.2)
20089 1.1 (0.5) 09 (0.4) 04 (0.2) 02 (0.1)
2010 15 0.7) 12 (0.5) 05 (0.3) 03 (0.1)

observed saturation of spectra at low frequencies. We examine
the situation in more detail in the rest of this section. To this
purpose, we now solve the transfer equation using the density
models derived from brightness measurements beyond the limb
in either case. We recall that these models merely differ by a
factor ~1.3.

In the transfer equation,

T, = f T.e ds. (M)
ray path

7 is the current optical thickness and ds the differential length
along the ray path. For the sake of simplicity, we restrict the
computation of Ty, at the center of the disk, where the ray path is
radial.

In contrast to the method presented in Sect. 3.1, where only
the corona was concerned, we now need a model for the tran-
sition region (TR) since the rays along the line of sight toward
the center of the disk can reach the base of the corona, at least
at the highest frequencies. Using simple analytical forms (see
Appendix), we adopted temperatures profiles such as presented
in Fig. 7. These profiles fit with the chromospheric and coro-
nal values at the lower and upper limits of the TR. The thick-
nesses /; and hy below the inflexion point (Fig. 7) are consid-
ered as a free parameters. The density profile ntg in the TR is
then derived from the Ty profile under the assumption of hydro-
static equilibrium:

1n(”TR) =f l(@ + dﬂ)dz, (8)
Nchr o Tu\ks dz

where ngp, is the density at the top of the chromosphere, such
as nR fits with the density at the base of the corona.

Figures 8 to 12 show the comparison between the observed
spectra and the predicted ones. Assuming that 7, = Ty leads to
predicted spectra that are quite different from the observed ones
(Fig. 8), even for large widths %, of the upper TR, up to 100 Mm.
In 2004, the spectra saturates at low frequencies since the corona
is dense and optically thick, but at high values ~1.5 MK. There
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flexion point of the T profiles) are 0.4 and 0.8 Mm. In the right frame,
hy =50 Mm.

16F T T T 7
+—— min  2004-2009

R ~3e x— max  2004-2009-]

{MK)

Brightness temperature
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Frequency (MHz)
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n
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Fig. 8. Comparison between the range of the observed spectra on the
disk (between black curves) and the predicted spectra (blue and red
curves), assuming that 7, = Ty = 1550 kK elsewhere in the corona.
Theoretical curves are labeled with the thickness %, of the upper part of
the TR (Mm). Red curves refer to 2004 (near cycle maximum) and blue
ones to cycle minimum (2008-2009).
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Fig.9. Same as for Fig. 8 for the predicted spectra in 2004 (dashed
curves), assuming that i) the lower part of the corona, with thickness /3
is isothermal at 620 kK with thickness hs; ii) the temperature in the
upper part is 1.5 MK; and iii) T, = Ty elsewhere. Curves are labeled
with the thickness 43 (Mm).

is no saturation during minimum since the corona is less dense
with an optical thickness 7. < 1 at the center of the disk, but
the predicted values for 7}, are also much more than observed.
The reason is that most of the radiation originates in the corona


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201425540&pdf_id=7
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201425540&pdf_id=8
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201425540&pdf_id=9

C. Mercier and G. Chambe: Electron density and temperature in the solar corona

o~ = +— 2008-2009 min ]
< 0.7F - 3
= VR E g i x— 2008-2009 max ]
- .
> E 3
E E g
O B |
g o o
£ E ]
S E o
o F ]
2 F ]
o . &
= - |
e E 3
=2 E ]
- .50 ]
i - o L g wa £} s en 1|5 59 & | § &g g1 o5 g5 [u ol
150 200 250 300 350 400 450

Frequency (MHz)
Fig. 10. Same as for Fig. 9 for 2008-2009.

o OIF 4 min 2004-2009 3
= .. o e %— max 2004-2009 3

06 B CLCTERGE =
5
] E g
& SEE E
2 E I
£ 04F ey 3
£ b
o 08F ;
o] F SI9 E|
& E S E|
L 02F -
o T S 3
L E T T e E
i E T e 0 3

0.1 ;\ L P L L 1 PR PR ?

150 200 250 300 350 400 450
Frequency (MHz)

Fig. 11. Comparison between the range observed spectra on the disk
in 2004-2009 (indicated by the black curves) and the predicted spec-
tra for 2004 (red curve) and 2008-2009 (blue curve), assuming 7. =
615 kK and Ty = 1.5 MK.

itself or from the upper part of the transition region, where the
temperature is high.

It follows that the only way to keep the hypothesis 7T, = Ty
is to assume that the lower part of the corona is quasi-isothermal
at a lower temperature, approximately equal to the observed sat-
uration value 620 kK of spectra in Fig. 5. The coronal density at
high altitudes is constrained by our observations, and the density
at lower levels can be deduced by assuming continuity of den-
sity or pressure at the base of the hot upper corona. Assuming
again that T, = Ty elsewhere in the corona and taking the thick-
ness h3 of lower layer as a free parameter, we produced the pre-
dicted spectra for 2004 and 2008-9. Results are shown in Figs. 9
and 10. The values for /3 in Figs. 9 and 10 were selected in such
a way that the predicted T}, at 150 MHz are comparable to the
observed values. They are large in order to make the upper hot
corona optically thin and to reduce its contribution. The fair dis-
agreement between the observed and predicted spectra (even for
high values of A3, so inconsistent with our limb observations)
leads us to also rule out the hypothesis 7. = Ty in the case of a
corona with a lower layer at lower temperature.

We now investigate the case 7. # Ty, with T, = 620 kK
(suggested by the observed spectra on the disk) and Ty =
1.5 MK (from the limb observations). The results for 2004
and 2008-2009 are displayed in Fig. 11. The agreement is satis-
factory for 2004, but it is clear that in 2008—2009 a contribution
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Fig. 12. Comparison between the range of the observed spectra on the
disk for 2008-2009 (between black curves) and the predicted spectra,
assuming two coronal layers with 7y = 615 kK and 1.5 MK, and with
T. = 615 kK elsewhere in the corona (blue curves). The continuous
line corresponds to A3 = 20 Mm and s, = 10 Mm, the dotted line to
h3 = 10 Mm and 4, = 28 Mm and Mm, and dashed line to #; = 28 Mm
and i, = 1.7 Mm.

of denser layer is lacking for obtaining a saturation of the pre-
dicted spectrum at low frequencies. We thus assumed, as above,
a low layer in the corona with T, = Ty = 620 kK and an upper
layer with the same T, but with Ty = 1.5 MK, as indicated by the
observations. The smaller scale height in the low coronal layer
results in higher densities at low levels because of the continuity
of density or pressure at the base of the upper corona.

Assuming first the continuity of pressure, the resulting pre-
dicted spectra for 2008-2009 are displayed in Fig. 12 for three
combinations of the height A3 of the cold corona and of the
height 4, of the upper TR, chosen in such a way that the pre-
dicted T}, at 445 MHz are in the middle of the observed range.
The agreement with the behavior of the observed spectra is now
satisfactory for a relatively narrow range of h; (between 20
and 30 Mm) and is better for 43 = 20 Mm and 4, = 10 Mm.
Assuming the continuity of density leads to quite similar spectra,
but with somewhat higher values for /3 between 55 and 70 Mm
(better fit for 65 Mm) since the lower corona is less dense at
its top. These values for h3 are consistent with our observa-
tions (down to heights ~90 Mm above the equatorial limb) since
a higher value should have been revealed by our observations
above the EW limb. Given the limited thickness of this cooler
and denser coronal layer, the densities therein are comparable to
those in the maximum corona at the same altitudes. We are thus
led to the picture of the corona where the density is reduced dur-
ing cycle minimum, but relatively less in a very thin low layer.

It is of interest to compare these results with the Baumbach-
Allen density model (Allen 1947):

ne = 1078 x (2.99 710 4 1.55 r_6) )

where r is in Ry units. The ratio of the scale heights correspond-
ing to the two terms (or equivalently to their associated scale-
height temperatures) is merely the ratio of the exponents 16/6,
which is very close to the ratio 1550/620 we adopted for Ty /7.
In addition the altitude above which the second term exceeds
the first one is 47 Mm, which is intermediate between the thick-
nesses i3 = 20 or 65 Mm of the lower corona we need to repro-
duce the spectrum on the disk in 2008-2009.

We conclude that the coronal densities derived from bright-
ness observations beyond the limb, which are independent of the
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structure of the very low corona, and the mean spectra measured
on the disk, which involve this very low corona, can be rec-
onciled only if 7. and Ty are different, except at low altitude
(~50 Mm) during minimum, where denser regions are needed to
produce a saturation of spectra at low frequencies, because the
density at higher levels is too low to make the optical thickness 7
of the corona large enough to produce a saturation effect. Such a
denser coronal layer, which is limited to low levels, could result
frmm magnetic confining in low-altitude closed loops.

That T. < Ty affects the ion temperature T;, since the ob-
served scale height of the density must be explained. Wave pres-
sure due to dissipation of Alfven waves has been considered
in addition to kinetic pressure forces for calculating the coro-
nal density profiles (Zhao 1981), but only beyond 2 R;. At
lower altitudes, Ty gw and Ty ns cannot be higher than the mean
plasma temperature. The only possible exception is the special
case of concentric closed magnetic loops in which the density
at the base increases with the size of the loops, resulting in
localized coronal cavities. However, this possibility cannot be
called upon for the whole quiet Sun and even in coronal holes
where the field is radial. It follows that the relatively low value
of T. must be compensated for by a higher temperature 7; for
protons and ions He?*. To obtain a scale-height temperature
Ty = 1.5 MK and an helium abundance a = 0.1, a ion tem-
perature 7; = 2.2 MK is needed.

5.3. Coronal densities and scale-height temperature

The sets of density values derived for the different frequencies
fit together reasonably well (Fig. 6), which gives confidence in
the results. Given the limited quality of results, the overall vari-
ations in the coronal density with the heliocentric distance r is
consistent with an isothermal and hydrostatic model, so there is
no need to consider a more sophisticated one.

Equatorial coronal densities are derived in the range 1.2 <
r < 1.6 Ry (down to 1.15 R in 2009, at cycle minimum) and the
polar densities in the range 1.0 < r < 1.4 R. The equatorial den-
sities are not biased by the presence of dense structures related
to active regions and usually restricted to low altitudes. These
densities are thus representative of the mean quiet Sun and can
include the contribution of streamers or pseudo-streamers at low
latitudes, which are in fact parts of the quiet Sun. There are no
such contributions for the polar densities.

The polar densities are lower than the EW ones by a fac-
tor ~2, and their scale heights, hence their Ty, are slightly larger
(see Fig. 6 and Table 1). This can be partly explained by the fact
that magnetic fields are totally open in polar regions, whereas
large-scale closed field lines can confine the hot plasma in equa-
torial regions.

5.4. Changes during solar cycle

The changes in the yearly-averaged densities show overall trends
with the phase of solar cycle. In equatorial regions, the main
changes concern the density ng at the base of the corona, with a
decrease by a factor of nearly 3 between 2004 and the marked
minimum in 2008-2009, followed by a rapid increase in 2010
and particularly in 2011. In contrast, the scale height does not
show significant variations.

In polar regions, the behavior is the opposite: the density ng
at the base of the corona (directly measured since the corona
remains optically thin just above the limb) changes by less
than 20%, whereas the scale-height temperature Ty decreases
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by ~350 kK between 2004 and the cycle minimum, then sharply
increases by ~400 kK between 2009 and 2011. As a conse-
quence, the density in polar regions begins to resemble the equa-
torial ones in 2011 at heliocentric distances ~1.5 R, (Fig. 6, bot-
tom right).

5.5. Comparison with previously published results
5.5.1. Coronal temperatures

It is already known that several temperatures can be defined in
the corona, depending on the used diagnostics. In addition to the
temperature formally deduced from the observed scale height,
kinetic temperatures T and T; can be defined for electrons and
ions (reviewed by Noci 2003). The degree of agreement (or dis-
agreement) between the different values of 7. and 7; derived
from different diagnostics has evolved during recent decades
(Noci 2003).

The values for T, derived from radio observations (~0.7 MK)
are still somewhat lower than those derived from EUV observa-
tions, which range from 1.0 to 1.35 MK and may depend on the
nature of the lines used (Noci 2003). Thus the agreement be-
tween radio and EUV values for T is still an open question.

The EUV diagnostics indicate that 7; > T.. It is now
accepted that the difference is real and is possibly due to
ion heating through cyclotron resonance with transverse waves
propagating along the magnetic field. From SUMER off-disk ob-
servations, Landi (2007) and Landi & Cranmer (2009) found
that 7; exceeds T, by factors up to 2.5, particularly near cycle
maximum and with no dependence on the heliocentric distance
(within the field of view of SUMER, limited to ~1.3 Ry), con-
firming earlier results (references in Landi 2007).

We note that if the value we derive for 7. from radio ob-
servations is lower than those derived from the EUVs, there
is better agreement between our 7; value of 2.2 MK derived
by assuming hydrostatic equilibrium and the 7; values from
EUYV observations.

5.5.2. Coronal densities

The density models derived from EUV are usually restricted
to less than 1.2 R (especially in polar holes), and those from
coronographic observations are usually restricted above 2.0 Re.
Our results concern an intermediate height range, which can
thus be covered by using the same radio technique. Furthermore,
EUV diagnostics involve complicated atomic physics and are
sensitive to departure from thermodynamic equilibrium, whereas
the radio diagnostic involves only free-free absorption/emission
in the coronal plasma, with a simple transfer as long as the tran-
sition region is not concerned, which is the case for observations
beyond the limb or on the disk at frequencies below 200 MHz,
for which the corona is optically thick.

For equatorial densities, our models are among the less dense
ones displayed in Fig. 1 (top), and they have similar scale
heights. For polar densities, the situation is more complex. The
models displayed in Fig. 1 (bottom) show more scattered scale
heights, which are generally larger above 1.2 Ry. Our models
have larger and more regularly varying scale heights. They are
consistent with isothermal hydrostatic equilibria in the whole
range 0 < r < 1.4 Ry with relatively high values of Ty,
which regularly change over the period 2004-2011. They are
thus among the less dense models below 1.2 R, and practically
the densest ones above 1.2 R, if we except the Newkirk’s model,
which is even denser by a factor ~4. The observed long-time-
scale behavior may be related to the way we proceeded: i) the
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same technique with the same instrument was used for eight
years and ii) yearly-averaged density values were obtained, in
contrast to results with various instruments and from eclipses or
short campaigns of EUV observations.

6. Summary and conclusion

The 2D images of the quiet Sun obtained through rotational
synthesis with the NRH are now suitable for quantitative mea-
surements. We showed that off-limb brightness measurements
can easily provide coronal density values if we restrict them to
brightness levels below those on the disk. Within this limit, the
refraction is weak, and taking it into account only results in coro-
nal densities higher by ~30%. The densities derived from the
different NRH frequencies between 150 and 450 MHz are ob-
tained in altitude ranges that partially overlap and coincide rea-
sonably well in the common altitude ranges. This allows den-
sities to be obtained in the total ranges 1.15 < r < 1.6 Ry
and 1.0 < r < 1.4 Ry in equatorial and polar regions, respec-
tively. These ranges overlap with those corresponding to den-
sities derived from EUV observations (mainly below 1.20 Ry)
and those from white light observations (mainly above 1.20 Ry).
Comparing the mean spectra observed on the disk and those de-
rived from our models, we were led to reject the hypothesis that
T. = Ty in the corona, which would involve unrealistically high
brightness temperatures 7, on the disk, with non-observed vari-
ations with frequency. We found that our models and the value
T. ~ 620 kK can satisfactorily account for the mean spectra on
the disk near cycle maximum, while a relatively thin (~30 Mm)
coronal layer with a lower scale height temperature (hence with
a higher density) is needed to properly account for the spectra
during cycle minimum. Such a cooler layer is consistent with
the Baumbach-Allen model (Allen 1947) at low altitudes.

Using a large data base from 2004 to 2011, we gave yearly-
averaged density models for equatorial and polar regions, aver-
aged over latitude ranges that are ~30 degrees wide. These mod-
els are consistent with isothermal hydrostatic equilibrium and
can be described by their density ng at the base of the corona
and their scale-height temperature 7.

For equatorial regions, ny decreases ftom 2.8 x 10% cm™~
in 2004 down to 1.1 x 10 cm™ at cycle minimum in 2009,
then increases to 1.9 x 108 cm™ in 2011, with Ty remaining
between 1.4 and 1.6 MK. For polar models ny shows smaller
relative variations (between 0.6 and 0.7 x 10® cm™, while Ty
decreases from 1.9 MK down to 1.65 MK, and then increases
to 2.2 MK.

When compared to previous models i) our equatorial models
are among the least dense ones, with a similar scale height; and
ii) our polar models have a larger scaleheight. It follows that they
are among the less dense ones below 1.2 R, and are relatively
denser above 1.2 R,. iii) Both equatorial and polar models show
simple variations during the solar cycle.

Finally, the relatively wide heliocentric distance range
(1.0-1.4 Ry) over which our polar models are defined could
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make them useful for constraining acceleration models of fast
solar winds acceleration models including wave pressure and/or
non-thermal energy deposit in the low and medium corona.

Acknowledgements. We acknowledge the referee for constructive suggestions.

Appendix

We seek to find a simple analytical expression for describing the
sigmoid-like temperature profiles in the transition region (TR).
We first choose the temperature 7; corresponding to the inflec-
tion in the curve T'(z) and the thicknesses /; and &, of the TR
below this inflection (taken here for convenience as the origin of
the altitude ). Let f(2) = (z/ha+€)"/", where € < 1 andm > 1.
When z increases from 0 to /,, f>(z) increases first sharply (but
with a finite slope) from €!'/™ then slower and slower toward ~1.
It can be normalized to define temperature profiles between 7
and the coronal temperatures T and Ty.

In the same way, fi1(z) = (—z/h1 + €)'/ can be used to define
temperature profiles between 7; and the chromospheric temper-
ature Tepe (Tenr << T). Smoothing the total resulting profile be-
tween —h; and h; in order to get a regular connection at z = 0,
produces curves such as shown in Fig. 7. We used typical values
T, ~ 03 MK, € = 5x 1073, and m = 10. The choices for Tqp,
and T; are not critical.
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