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COMMUNICATION FROM THE OBSERVATORY AT LEIDEN

A PHOTOMETRIC INVESTIGATION OF THE SPICULES AND THE
STRUCTURE OF THE CHROMOSPHERE

BY L. WOLTIJER

The spicules in the solar chromosphere are investigated photometrically on a copy of a plate taken by Lvor with an H, filter.
The plate is calibrated using H, intensities for the average chromosphere that were determined from observations by DE JAGER.
Between & = 3000 km and / = 7000 km the intensity contrast between some strong spicules and the parts between them is measured.
The ratio of the two intensities amounts to a factor 1.9 at 5000 km. The number of H atoms in the second quantum state per cm?
is found. It appears that this number is 5o times larger in the spicules than in the average chromosphere, if we assume for the
average diameter of the spicules the value 1400 km. From counts of spicules of various heights the total number of spicules
longer than 8”.7 on the entire solar surface is derived as 30000.

A model of the chromosphere including the spicules is constructed on the basis of a low temperature model by van pE Hutsr.
The larger part of the lower chromosphere has a temperature of some 5000 degrees. The spicules have a much higher temperature
in our model (Table 5). Between 4000 km and 6ooo km the electron temperature is 21000° in the spicules, whereas their electron
density drops from log N, = 11.3 to log N, = 10.9. In the model the spicules cover 29, of the solar surface and the entire Balmer
emission is coming from them. Nearly all electrons are concentrated in the spicules. The density in the spicules is 12 times larger
than in the parts between them. A solution is suggested for the discrepancy between the values for N, derived from the Stark
broadening of Balmer lines and those derived by fitting the chromospheric electron gradient to a photospherlc model by
STROMGREN. Some other results of the model are briefly discussed.

1. Introduction. photospheric limb is about 10”, the diameter is be-
tween 2" and 4". The outward velocity is 20 km/sec
or more; the downward movement seems to have the
same velocity. The determination of the total num-
ber of spicules is difficult, but it will certainly be less
than a million and more than ten thousand. Some
authors have suggested a correlation between the

spicules and the granulation, because of their simi-

The solar chromosphere, when viewed under very
good observing conditions, at an eclipse or through a
filter transmitting only the H, radiation, does not
have a smooth outer boundary. Above the mean level
of the chromosphere, which extends to some 7" above
the photospheric limb, a great number of so-called
spicules protrude.

These spicules were described by RoBerTs!), who
also studied their lifetimes and movements as observ-
ed in H,. The spicules studied by RoBERTSs were sit-
uated in the polar regions of the sun. A similar study
was made by Dizer2), who used films taken by Lvor.
Mo#HLER %) estimated the number and the dimensions
of the spicules from some plates taken by MARRIOTT
at the Swarthmore eclipse expedition. VAN DE
Huwst#) reviewed the observational material and
determined the width of a number of spicules on some
other plates taken by Marriorr. It appears from
these studies that the mean lifetime of the spicules is
some minutes. The average height measured from the

1) W. O. RoBERTs, 4p. . 101, 136, 1945.

%) M. DizEr, C. R. Ac. d. Sc. 235, 1016, 1953.

3) O. MoHLER, M. N. 111, 630, 1951.

4) H. C. van pE Hutst in “The Solar System”, Vol. I, Chap V,
edited by G. P. Kurper, Univ. of Chicago Press, 1953.

larity in lifetime and in dimensions.

The first purpose of the present study is to find
quantitative values for the emission of the spicules.
Thereafter their physical conditions and relations
with the rest of the chromosphere are discussed. A
copy of a plate of the chromosphere, selected from a
number of plates kindly lent to us by Dr Lyor was
investigated photometrically. This copy was a posi-
tive reproduction on a process plate. The original
plate was taken at the Pic du Midi Observatory on
August 22, 1942, on the eastern edge of the sun, with
an interference filter, centred on H, with a bandwidth
of 1.5 A. The filter is described by Lvot?). On this

| plate some very conspicuous spicules are visible. In

the centre of the plate a prominence is seen, but the
chromosphere seems rather quiet. The diameter of the
solar image was measured to be 60.2 -+ 1.I cm, so

5) B. Lvor, Ann. d’ Astroph. T, 31, 1944.
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I mm on the plate corresponds to 2310 km on the sun.
The plate had no calibration marks. Therefore the
calibration curve was derived from the known aver-
age strength of the H,, emission in the chromosphere.
When the calibration curve is known, the true inten-
sity in the spicules can be determined from the photo-
metric readings.

2. The H, intensity in the chromosphere.

The plate was calibrated on the basis of the measure-
ments of the intensity in H,, made by pE JaGer!?) at
Meudon. These measurements were made with insuf-
ficient resolution to show the spicules and thus give
the average H, emission of the chromosphere. DE
JAGER measured the H, profile up to a height of 8800
km in the chromosphere and on the solar disc be-
tween 2000 km and 4000 km from the limb. Adapting
Gaussian curves to the measured profiles, the central
intensity /, and the line width 4 may be determined.
The line width 5 is defined as the quotient of the total
intensity in the line 7 and the central intensity 1.
The values found for 4 are:

b=2.10 A.
b=1.87A.

Simple Gaussian curves with these values for their
halfwidths represent the measurements of DE JAGER
almost everywhere within 109%,. A comparison with
the results of other authors shows, however, that there
may be much larger systematic errors.

CiLLiE and MENzEL?) found at the base of the
chromosphere for the halfwidth of H, the value
2.5 A. KeeNnan?) and Unsorp?) found 2 A. It is
remarkable that the line widths measured by KEENAN
show a marked decrease with height, reaching 1.3 A
at 4500 km. KEENAN’s Hy profile is somewhat broader
than that measured by REDMAN?) in 1940. Therefore
it does not seem impossible that our &’s are too large.
Some variability in the line width with the solar cycle
is not impossible and the irregular structure of the
chromosphere suggests that different parts of the
chromosphere may give different values at the same
time. Theoretically a certain decrease of the line
width with height could be expected if, as seems prob-
able, part of the width is caused by selfabsorption
(cf. section 6). It is possible, however, that this is com-
pensated by the effects of chromospheric movements®),
or by a positive temperature gradient.

In view of the preceding remarks it seems reason-
able to extrapolate the value # = 2.10 A to the base

) C. pE JAGER, Rech. Obs. Astr. Utrecht 13, 1952.

%) G. G. CiLLit and D. H. MenzeL, Harv. Circ. No. 410, 1935.
3) P. C. KeENAN, 4p. 7. 76, 134, 1932.

4 A. UnsoLp, Zs. f. Physik 59, 353, 1929.

%) R. O. REpMAN, M. N. 102, 140, 1942.

%) A. UnsOLD, 5. f. Naturforschung 7, 221, 1952.

3000 km << £<< 6500 km
6500 km << £<< 8ooo km
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of the chromosphere. This extrapolation is necessary,
as DE JAGER’s observations at these lower levels were
not far enough from the line centre to allow a deter-
mination of 4. -

The central intensities at heights below 3000 km
were found by adapting Gaussian curves with this
width to the observations. As on the disc no systematic
variation with distance from the limb was found for
the three profiles between 2000 km and 4000 km, their
average was used, and a smooth curve was drawn
through the observations. The values obtained for the
central intensity I, and for the total intensity [ are
given in Table 1 and Figure 1. The values between
-+ 1000 km and — 2000 km were interpolated.

Ficure 1

30

-4
S

Intensity x 1O

S

I l {
0 3000

b 1 1 ¢ ] 1
6000 _ . 00
height in km %

H, intensities in the chromosphere measured
in erg cm™ sec”! sterad”!.

CiLLié and MENzEL?) measured at an eclipse the
value of F(h) = f I dh, thatis, the emission per second

h
of a slice of the chromosphere one cm in width and
with its lower boundary at a height 2. Comparing their
values with those obtained from Figure 1, we get:

h log F (C & M) log F (Fig. 1)
670 km (15.36) 14.25
3170 km 13.98 13.95
4000 km 13.49 13.81

The value at 670 km from CiLiré and MENZEL is
extrapolated from other members of the Balmer

") Le.
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series. The values at greater heights are in reasonable
agreement, although the gradient in the second col-
umn seems much steeper. The poor situation in H,
photometry has been pointed out also by vAN DE
Huwrst !). Accurate measurements in H, at an eclipse
would be very valuable.

The next problem is to compute what part of the
light received is transmitted by the filter. Only the
form of the transmission curve is important, the ab-
solute value bringing only a constant in the intensity
scale, which cancels out when all intensity values are
reduced to their true values. The transmission curve
G()) can to a good approximation be represented by
G(n) = 14140 where AX is the distance from the
centre of H,. The quantity of light transmitted is
found by superposition of the line and filter-profile. On
the solar disc most of the continuum is absorbed by
the filter. The values for I, the intensity after trans-
mission by the filter, are given in Table 1. The values
between + 500 km and — 2000 km are uncertain, as
the H, profile is not known at these heights.

TABLE 1

H, intensities in the chromosphere and on the solar disc. I is
the central intensity in erg A™! cm™ sec—1 sterad™!. I and Iy are
the total intensity and the total intensity transmitted by the
filter, both in erg cm™ sec™! sterad™!. Values between
parentheses are interpolated.

height (km) I, x 107* Ix 107" Irx 107*
— 4000
_ 2000 28.0 99.8
— 1500 (25) (91.6)
— 1000 (22) (83-5)
—- 500 (19) (75-4)
500 (r7) (357) (21.6)
1000 (17.0) 1) (35.7) (21.6)
2000 17.0 35.7 21.6
3000 16.2 34.0 20.7
4000 13.5 28.4 17.3
5000 10.0 21.0 12.8
6000 6.5 13.7 8.4
7000 4.2 7.9 5.0
8oo0 3.0 5.6 3.5
8800 1.0 1.9 1.2

) The observed value was 16.1.

3. Calibration curve and scattered light.

One of the plates taken by Lyor was measured with
the microphotometer of the Leiden Observatory.
Tracings were made parallel to the solar limb over
4°.5 of the solar circumference at seven heights in the
chromosphere. For each tracing an average height —
because of the curvature of the limb — and an average
galvanometer reading was determined. Furthermore

1 L.c.
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some radial tracings extending on to the disc were
made. The values for I;in Table 1 were plotted against
the corresponding galvanometer readings in order to
obtain a calibration curve (Figure 2). It is immediate-
ly apparent that this calibration curve is very irreg-
ular between the intensity values I; = 20 X 10* and
I; = 8o X 10% corresponding to I values found close
to the solar limb. Most probably this is caused by
light scattered from the photosphere. This effect de-
creases the intensity on the disc and increases that in
the chromosphere compared to the values computed.
It is important to make a correction for this effect, as
it gives us valuable information on the imperfect def-
inition of the images of the spicules too. Let the in-
tensity distribution in the disc of light caused by a
luminous point on the photographic plate be given ?)

by L=Lof—te‘“’2 where L, is the brightness of the
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Calibration curve for the galvanometer readings.
uncorrected curve - -------
corrected curve

point source and r the distance to the centre of the
disc. In our case a seems to be rather large, so the dif-
fusion disc will be small. For this reason the chromo-
sphere is covered only by light from the photosphere
close to the limb. We can therefore with a sufficiently
good approximation consider the photosphere to be
of uniform brightness, and the limb as straight. It is
then easily found that when the difference in bright-
ness between the chromosphere and the photosphere
is L,, the quantity of scattered light at a height 4 is
given by

—© 4o

L= Lof—;f fe‘“{(""‘)z 3 dydy =} L, {1 — Exf(hV a),
where Erf denbtes the error integral.

For the uniform brightness of the photosphere the
value at A= — 500 km was taken, for that in the

2) A.J. M. WANDERS, Zs. f. Ap. 8, 108, 1934.
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chromosphere the value at 2= + 500 km, so L is
equal to 53.8 X 10* erg cm? sec! sterad. The
value of a that made the calibration curve smooth
was found to be 0.36, where 7 is measured in units of
1000 km, so the diameter between half intensity
points is 2770 km. When 7 is measured in seconds of
arc a=o0.18. These values are somewhat uncertain.
The final calibration curve is shown in Figure 2.

4. Emission and diameters of the spicules.

By means of this calibration curve all galvanometer
readings were converted into intensity units. On the
plate a number of spicules is visible. The mean in-
tensity of seven of thesespicules, corrected for diffusion,
is denoted by 7, the mean intensity at five points
between these spicules by If*; the weighted average
of I and I? is the intensity ;. All these values are
intensities after transmission by the filter. The image
on the plate is a projection of the true structure. It is
possible that before or behind a visible spicule some
other spicules are present, not discernible by their
smaller heights. It is possible, too, that there are spic-
ules in the parts between the visible spicules, as only
the higher spicules, that protrude above the level of
the mean chromosphere, are seen separately.

It will be suggested later that the entire chromo-
spheric H, emission comes from the spicules, but it is
not necessary to take already here such a definite
point of view. Thus for the moment we make only
a distinction between the visible spicules and the
parts between them, as they are seen on the plate.
The structure as seen on the plate had to be corrected
for diffusion. Considering a spicule with diameter 4
as a rectangle of uniform brightness and with sides
d and oo, we find, using the scattering function of the
preceding section, that the additional brightness at
a distance x from the spicule boundary is

I=3DJEcfiVa(d+ x)} — Erf(V'ax)], whereas in
the centre of the spicule the additional brightness Dy
Erf (V ad/2) remains, where Dy = I — I,

The value of ¢ was determined in section 3. The
measurements of I¢* were far enough from the spicules
to make the corrections to ¢ very small. From the
tracings the mean intensity profile of five spicules at
heights 4000 km and 5000 km was determined. Two
other spicules were too close to each other for this pur-
pose. For some values of 4 the intensity profile through
the spicules was computed from the equations given
above. The best agreement with the observed profile
was for d= 2500 km, that is 3”.6 (Figure 3). This
value is quite uncertain as the profile through the
spicule differs not very much from the diffusion pro-
file of a line source. It must be noted that the nar-
rower spicules are registered with a smaller central
intensity than the spicules with a larger width, when

168
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Relative extra intensity

1 i

0 1155
Distance from the axis in km

2310

The determination of the diameter of the spicules.
Observed intensity profile

3000 km +
2000 km o
okm ----

Computed intensity profile for d =

both have the same real brightness. As the plate that
was investigated was chosen because of the clearly
discernible spicules, undoubtedly a selection of the
larger diameters was made. The mean width of all
spicules will therefore be smaller than 3”.6. ROBERTs!)
found for polar spicules 3” to 4" in H,. MOHLER ?)
estimated on Swarthmore plates as an average value
1”.8, vaN pE Hurst?) 1” to 2”. I estimated 2” to 3"
also on Swarthmore plates. Thus the value d = 2500
km seems too high, even for the larger spicules and
we shall use in the following d = 2000 km.

The measured difference between I and I was
multiplied by{Erf,(V'ad/2){" = 1.76 in order to get
the true difference. As I** needed no correction, I
was found by summing /** and the true difference.
I** and I* were corrected for the transmission through
the filter, under the assumption that the line profile
is the same for both. They are given in Table 2 and
Figure 1. Their difference D is also given in Table 2.
The corrections for diffusion in the radial direction
are small, as the calibration curve was determined
from the undiffused average H, intensity. So they
were omitted.

The values for D are probably correct within 209,
but it is not certain that these rather large spicules
form a representative sample for all spicules. It would

1y Ap. 7. 101, 136, 1945.
%) M. N. 111, 630, 1951.
3) “The solar system”, Vol. I, Chap. V.
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be possible to derive the exact shape of the intensity
profile through a circular spicule from the results of
section 6 and thus to get a more accurate value for the
diameter. The accuracy of the data is too low for such
a precise treatment. When we assume a Gaussian
curve for the intensity profile, we find that the width
of the profile (defined as in section 2) is 2100 km,
which is somewhat smaller than our first result.

TABLE 2

H, intensity in the spicules I? and in the parts between them

Ik, For comparison the value I for the average chromosphere is

also given. The difference between I5? and I¢% is D. All inten-
sities are given in erg cm™ sec”! sterad ™!

169

height (km) | IX 10™* | FPx 107 | IFFX 107 | DX 107*
3000 34.0 35.7") 32.5 3.2
4000 28.4 35.7 24.0 11.7
5000 2I.0 30.0 16.0 14.0
6000 13.7 20.4 9.4 11.0
7000 7.9 1I1.0 6.4 4.6

1) Measured value 37.2

5. Numbers of spicules and distribution of lengths.

The number of spicules for different heights was
counted on the plate investigated and on two other
plates taken by Lvor. The intervals in height were
one mm on the plate. This corresponds to 0”.33. Each
plate was counted three times. The total number of

B.A.N. 45 4

spicules found on the three plates was 23, 21 and 23
on 10° of the solar limb. As the chromosphere on the
second plate seemed less quiet than on the other two,
only the latter were used. The frequency distribu-
tion thus found is shown in Figure 4a. For a compar-
ison we have also plotted the curve found by Dizer?')
from a much larger material. The agreement is reason-
able, as his curve comprises quiet and disturbed re-
gions and as it seems from his study that the spicules
in disturbed regions are in general somewhat longer
than those in quiet regions.

A correction has to be made for the fact that some
spicules are hidden behind other ones. The observed
height of a spicule is the true length projected against
the plane of the sky. Therefore, to obtain a physically
useful result, the complete distribution of heights has to
be transformed to the true length distribution.

Let us denote by O(k)dh the observed number of
spicules on an arc of the solar limb of unit length and
with their heights between A+ }dh and h — }dh.
Let Q(k) dh be the same number in the complete height
distribution, thus after correction for superposition in
the line of sight and let S(%) be the total number of
non-overlapping spicules with length greater than 4,

also on an arc of unit length; thus S(%) =f0(h) dh.
h

Let furthermore every spicule have an apparant dia-
1)y C. R. Ac. d. Sc. 235, 1016, 1953.

FiGURE 4a Ficure 4b
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meter y so that no other spicule with its centre within
a distance y on either side of the centre of the first will
be separately visible.

So when the visible spicules are far apart, every
visible spicule covers effectively an arc of length 2y of
the solar limb. The lowest spicules are so closely
crowded that this is no more the case and the value
will be somewhat smaller. But at these heights the
spicules are not easy to count and some may be omit-
ted. To correct for this effect we take for all heights
the length of arc covered by a visible spicule to be 2 y.

Every spicule with a height # can cover all spicules
with height smaller than /. So the fraction of spicules
covered with height between k+ }dh and h — Ldk
is 2yS(k), and to find their number per unit length
we have to multiply this by Q(%) dh. Thus the number
of spicules counted per unit length and with heights
between &+ 4dh and & — $dh is given by O(h)dh =
Q(h)dh{1 — 2yS(k) !, from which Q (k) can be found
(Figure 4a). The value for y was estimated as 2000 km.

FIO{R+ 1}

170 ) LEIDEN

As the absorption at these greater heights is not
very important (cf. section 6), we have obtained now
the complete height distribution. It was checked for
the spicules investigated photometrically that the
height determined visually corresponds to a defi-
nite value of D and thus, as the absorption is negli-
gible, to a definite value of the emission from the
spicules.

Next we have to transform Q (%) to the true length
distribution. Let us denote by F(/)dl the number of
spicules with lengths between [+ }dl and [ — %dl
per unit area. We assume all spicules to be directed
radially. This seems to be the case for the spicules
that are seen on the plates. Then F(I) cose is the
number of spicule tops in a volume element with vol-
ume unity and with its basic plane parallel to the line
of sight. Here ¢ is the angle between the radius to the
limb and the radius to the element. As for the spicules
that can be seen cos¢ differs less than .o1 from unity,
it may be neglected. It is found now !) that

k) f\/ R+ —(R+h)

asI<<Rand h<<R.

This is Abel’s integral equation and it was solved
numerically (Figure 44). The result is that there is
on the average one spicule with length greater than
8".7 per (14500 km)?. Under the assumption that
this number does not vary over the solar surface this
gives 30000 spicules with length larger than 6100 km
on the entire surface of the sun. If the average diame-
ter of the spicules is assumed to be 1400 km, 1%, of the
sun is covered by these spicules. There may be, how-
ever, a large number of shorter spicules. On two
Swarthmore plates I counted 21 spicules per 10°
protruding above the mean level of the chromosphere.
Thisisin good agreement with the values found above.
Theoretically it is not yet clear which spectral lines
contribute most to the spicules shown on a blue sen-
sitive eclipse photograph. The present observational
data give no reason to suspect that the spicules seen
in H, differ greatly from those seen in integrated
light.

6. The number of H atoms in the second quantum state in
the spicules.

The values of I and I found in section 4 form the
basis for computing the emission of the spicules pro-
per. In this computation the optical thickness = of the
chromospheric parts before and behind the spicules
is needed.

As there is at present no model of the chromosphere
that is sufficiently trustworthy, it was tried to deter-
mine 7 from the H, observations. First the optical
thickness of the average chromosphere along the line

didh~V 2 RJ\/ZT

of sight was determined. Next the © for the regions
between the visible spicules (intensity /) was deter-
mined. From the values of I*” it is possible to derive
under certain assumptions the optical depth in the
spicule proper and this gives us the number of absorb-
ing H atoms. It is desirable to compare this number
with that found for the average chromosphere as most
other data on the chromosphere are given for the
average chromosphere.

Let B denote the value of the Planck function at the
centre of H, for the excitation temperature 7,  and
%; the absorption coefficient for wavelength A. Let
7, and %, denote the values of the optical thickness and
the absorption coefficient in the centre of H, and let
n, represent the number of H atoms in the second
quantum state. Let us use sp and ¢k as upper suffixes
when we refer to the spicules or the parts between the
visible spicules and no suffix if we refer to the average
chromosphere. The general expression for the emis-
sion in the centre of H, is I, =B (1 —¢™). Itis seen
from this formula that when 7, and thus Bis a con-
stant and when 1, > 1 the emission has a constant val-
ue independent of 7,. Now it is seen from Figure 1
that I is virtually constant for 2<C 2500 km with the
value 17 X 10* erg A™' cm™ sec! sterad™l. As the
optical depth most probably increases below 2500 km,
as is seen from the gradients of the higher Balmer
lines, it is natural to suppose that here I, is equal to
B and it follows that 7, is 3440°. This is in good

exc

1) S. RosseLanp, “Theoretical Astrophysics”, Oxford Univ.
Press, 1936, p. 263.
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agreement with the computations of GiovaNELLI who
computes !) for H, an excitation temperature be-
tween 3150° and 3600° for electron temperatures be-
tween 7500° and 25000°, an electron density of some
10'° or 10" and a dilution factor for photospheric black-
body radiation equal to 4 (cf. section ). Because of
this constancy of T, it seems reasonable to use for
all parts of the chromosphere under discussion the
same value for B. From the observed values for I, we
find the values for 7, that are given in Table 4. The
values for I and I can be found from Table 2,
when we assume that the line width for these radia-
tions is the same as for the H, radiation of the aver-
age chromosphere. Let ©° denote the optical depth a
spicule would have, when its optical thickness per cm:

FiGuUrE 5
€« ——————— L S >
l P _J—r
| [ = | | — T
(spiculed

The optical thicknesses 5P, t¢h and 1°

were the same as in the regions that emitt /**. Then
7 — =° is the total optical thickness before and behind
the spicule, under the assumption that the structure
before and behind the spicule is the same as between
the visible spicules (Figure 5). We now obtain

_(tsp ch_ .°
13P=B§I——€(T° + 75 To)%,

If,":B%I—e‘Tfh .

We computed <. from % assuming that the spicules
were situated just on the solar limb, but the influence
of =7 is very slight. From I we found <%.

The dependence of the line width in [ and I
on the optical depth was also considered but it ap-
peared that its neglect made almost no difference in
the results. The various values of © and the emission
in the centre of H, from the spicules proper, E?,

which is equal to B(1—¢™’ ) are given in Table 4.

The optical thickness 7, in a column of hydrogen
with uniform density is £.n,/, where /[ denotes the
length of the column. We assume the spicules to have
a uniform density perpendicular to their axes. For
them / is the diameter, which is equal to 2000 km.
Assuming for the average chromosphere an exponen-
tial decrease in density with height the total number
of H atoms in the second quantum state is equal to

) R. G. GirovanELLl, Aust. F. Scient. Res. 1, 305, 1948.
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nV 2wRH, where H is the scale height, so the equiv-
alent length of the column chromospheric gases
depends on the gradient in z,.

Some arguments will be given in the next section
for supposing that the Balmer emission originates
mainly in regions with electron temperature higher
than 7500°. GiovaNeLL1I?) computed that in this case
nearly all the H atoms in the second quantum state
are in the substate 2S. So in the absorption process the
transition 2S—3P will take place. The oscillator
strength for this transition is f = .427 and the absorp-
tion coefficient becomes?)

1.62 X 10713
bl b

‘n:ezsz
pL— =y
T me?b’

where &’ is the line width for = = o.
Assuming that x, =%, ¢“*»* and thus 1, = 7 ¢ (®»*
the profile of the H, emission line is given by

~a’(AN)2
1 — e_'roe

3
~T
I—e¢ °

where the central intensity is normalized to unity.
Because of the method chosen in section 2 we have
to adapt to this profile a curve of the form ¢*(2M?
and to put the result of both formulae equal for a
certain value of A), in our case for A = 0.8A. The
accuracy is quite good for the part of the line profile
where observations were made. A more accurate adap-
tation is not possible as no measurements were made

beyond AA = 1.0 A. Now o' =

the chromosphere would have for © = o. The values
of b" are given in Table 3. It must be noted that the
values given for a certain height are an average over
all values above that height, but as the values for 5
are not known accurately, no corrections for this
effect were made. It was found that the exact form of
theline profile fits the observations by DE JAGER some-
what better than the simple exponential term.

From the known values of %, », and [ in the spic-
ules, #” was computed. As the equivalent path
length in the chromosphere depends somewhat on the
gradient of n,, two successive approximations were
needed to determine z,. H was found to be 1900 km, so
V' 2zRH = 9.3 X 10° cm. The n,’s are given in Table 4
together with ¢ =n¥/n,. At 7000 km only part of the
spicules had an observable emission.

It must be emphasized that the measured spicules
were among the largest. On another part of the plate
some tracings were made, from which it was possible

T, . .
7 is the line width

%) R. G. GiovaneLrti, Aust. F. Scient. Res. 1, 289, 1048.
3) A. UnsoLp, “Physik der Sternatmosphiren”, Berlin, Sprin-

ger, 1938.
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TaBLE 3

Line widths in the
chromosphere for == o.

h (km) b
3000 1.30 A
4000 1.58 A
5000 1.79 A
6000 1.91 A
7000 1.85 A
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to determine D, although, as the values of D not
corrected for diffusion were less than half those used
above, less accurately than in the foregoing. From
them we find, taking the diameter of seven spicules
as 1500 km, c=44 at 5000 km. As the number of very
small spicules may be considerable we will assume
as the most probable value for the average of all spic-
ules ¢=150 between & = 4000 km and ~=6000 km.

It is estimated that the error in this result is less than

39%.

TABLE 4

Optical thickness and number of H atoms in the second quantum state per cm?® for various
parts of the chromosphere and the emission in the centre of H, from the spicules Es?

in erg A™! cm™

sec”! sterad™l.

h T, i log n, wch 0 Es» x 1074 P log ns? ¢
4000 1.58 3.2 1.11 .03 > 15 > 2 > 5.0 > 56
5000 .89 3.0 .58 .02 12.2 1.27 4.7 66
6000 .49 2.8 .30 .01 7.3 .56 4.4 53
7000 .27 2.5 22 .01 2.5 .16 3.9 27

7. A model for the chromosphere.

The most difficult point in all investigations on the
chromosphere at the moment is the determination of
the electron temperature 7. The line widths of the
Balmer lines and the helium lines as well as the low
density gradients in the chromosphere can be inter-
preted in terms of a T of some 20000° or more, al-
though another explanation may be found in the
effects of selfabsorption and large-scale mass mo-
tions. For it is evident from the spicule phenomenon
that the chromosphere is not in a simple hydrostatic
equilibrium. Some other features of the Balmer emis-
sion point also to a high 7. The known facts about
the metal emission, the hydrogen abundance and the
radio emission in the centimeter waves, on the other
hand, indicate a temperature below 7000° or even
somewhat less for the lower chromosphere. Therefore
it seems rather certain that the larger part of the lower
chromosphere has a temperature of the order of 5000°.
A survey of the arguments pro and contra a high 7°
was given by WoorLeEy and ALLEN!) and by vaN DE
Huwsr?). ‘

The spicules are an indication that the chromo-
sphere is not homogeneous. For this reason we shall
investigate the possibility of a model characterised by
two different temperatures, one for the spicules and
one for the parts between them. If the spicules have
a high T and not a too large density concentration,
almost the entire metal emission and the radio emis-
sion will come from the cooler parts between them, as
the spicules cover only a small fraction of the solar
surface. The Balmer emission is roughly proportional

) R.v.p. R. WooLLey and C. W. ALLEN, M. V. 110, 358, 1950.
%) L.c.

to iv;,—a—f:f‘f Most of the Balmer emission will come from
the spicules because of their more advanced ioniza-
tion. It was found in the previous section that this is
the case for H,. If we should assume the parts be-
tween the spicules to be hot we would have difficulties
with the radio emission and also with the excitation
of H, (p. 173), which is difficult to explain on the as-
sumption of cool spicules. Qualitative considerations
about the division of the chromosphere in columns
with different temperatures have been given also by
GrovanNerLi?) and HAGEN?).

Van peE Hurst constructed two models for the
lower chromosphere. These models have a spherical
symmetry and the temperature is some 6000°. We
took these models as our starting point. The models
were constructed in the following way. First the metal
gradient was determined, from which the hydrogen
gradient was found under the assumption of the con-
stant abundance ratio 10*® between hydrogen and
the metals. From the heights of the Balmer lines van

—;7]\:”. Using the Saha
equation for hydrogen and obtaining absolute values
for N, and for the number of H atoms per cm® N, by
fitting the model for the chromosphere to the models
of the photosphere by STROMGREN, the values for N,
and T were found separately. In the first model,
which we indicate as model I, some corrections were
made to the gradients of N, and N, that had been
derived from the heights of the lines in the flash spec-

trum, as they were lesssteep than those derived from the

pE Hutrst found the value of

3) R. G. GiovanELLI, M. N. 109, 298, 1949.
4) J. P. Hacen, 4p. 7. 113, 547, 1951.
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photometric gradients in the lines as found by CiLLig
and MenzeL!). Recent measurements by LINDBLAD
and KRISTENSON?) confirm these steeper gradients
and make the discrepancy even somewhat larger. So
it seems that the other model constructed by van DE
Huwst, in which these corrections were omitted, is
less correct. Therefore we based the following consid-
erations on the first model only.

Another difficulty is found in the determination of
the absolute values for N,. At 1500 km va~N pE HuLst
finds in both models log N, = 10.5. From the Stark
broadening of the higher Balmer lines at 500 km val-
ues between 11.0 and 11.5 are found. As the emission
observed at 500 km is the integrated emission from
higher layers, the values found for N, should be the
values for 1500 km. So the discrepancy is a factor 5 or
10, as was pointed out by van pE Hursr. It is impor-
tant to note that in the model the total number of
electrons along a line of sight is determined, whereas
the Stark broadening gives immediately the density.
A solution for this difficulty may thus be found in the
concentration of the electrons in the spicules. Then
the electron density in the regions that emit the H
lines is larger than in model I, although the total
number of electrons along the line of sight need not
be larger.

Excitation of the Balmer lines. The new data which
we have to incorporate in our model are the values
for n,, derived from the H, intensities and given in
Table 4. We computed values for 7, from model I,
using the Boltzmann equation and obtained the fol-
lowing result.

h log n, (model I) log n, (section 6)

4000 km 2.2 3.2
5000 km 1.8 3.0
6000 km 1.3 2.8

It seems that the agreement between the two columns
is poor. However it is very doubtful whether the
Boltzmann equation is valid under non-equilibrium
conditions. This is also clear from the observed excita-
tion temperature for H,. If the Boltzmann ‘equation
were valid, an excitation temperature of 6000° could
be expected whereas the value found in section 6 is
3400°. GrovanerLLi®) has constructed some tables
giving the relation between N,, T"and the populations
of the first three quantum states of hydrogen under
conditions specified by a diluted radiation field cor-
responding to that of a black body at 7'= 5000° and
various values for the electron temperature and elec-
tron density. In entering these tables with the N, and

Y Harv. Circ. No. 410, 1935.

?) B. LinpBrLAD and H. Kristenson, Ace. Naz. d. Lin., Atti dei
convegni 11, Rome 1953, p. 61.

3) Aust. F. Sc. Res. 1, 289, 1948.
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N, of model I, we obtain values of the electron tem-
perature of some 20000° and much better fitting val-
ues for n,. This result depends not strongly on the di-
lution factor for the assumed black-body radiation.
However, this cannot be the final model, as the chro-
mosphere has a large opacity in the Lyman conti-
nuum for these densities and temperatures. Thus it
would be necessary to calculate the influence of the
radiation field of the chromosphere itself, which will
be much stronger than the diluted temperature radia-
tion at 7 = 5000°. GrovaNeLLI*) made such a com-
putation for a special case, but it is difficult to see how
the results will be modified in general.

Fortunately the influence of the radiation field of
the chromosphere is less serious in the case of our two
temperature model. If the spicules have a high T, there
will be few unionized H atoms and the Lyman opacity
will be small because of the small diameter of the spic-
ules. If in this case the surrounding cooler parts of the
chromosphere have a 7" of 5000°, the conditions for
applicability of GiovaNELLr’s tables are fulfilled and
it should be expected that the dilution factor for the
5000° black-body radiation is unity, or somewhat less
at greater heights. All computations were made using
the value o.5, but the difference between the results
from the two values is small. Most of the uncertainty
in the present results is caused by the fact that the
temperature for the cool parts might be anywhere be-
tween 4000° and 7000° and by inaccuracies in Glova-
NELLT'’s tables. Therefore the results were not recom-
puted for another dilution factor. Interpolation in the
tables was made graphically.

It was found in section 6 that z, is 50 times larger in
the spicules than in the average chromosphere. If, as
suggested, the entire Balmer emission comes from the
spicules and thus all H atoms in the second quantum
state are to be found in the spicules, 2 per cent of the
solar surface should be covered by spicules. This figure
is not unreasonable as we found in section 5 that the
spicules with length larger than 8”.7 cover 1 per cent
of the sun. It is quite possible that the somewhat
shorter spicules cover an equal part.

We now divide the chromosphere in three parts: the
very low chromosphere is the region below 1000 km,
the lower chromosphere that between 1ooo km and
6500 km and the upper chromosphere that from 6500
km to 20000 km. In the lower chromosphere we sup-
pose that the entire Balmer emission comes from the
spicules. As was seen above from the Stark broaden-
ing of the higher Balmer members it seems probable
that there is still some spicule structure in the chro-
mosphere at 1500 km. Therefore we took the dividing
level with the very low chromosphere, where nothing
is known about the structure, at 1000 km. The upper

4y M. N. 109, 298, 1949.
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chromosphere is more or less homogeneous as only a
few of the longer spicules are found in it. This divi-
sion is of course highly schematic and the transition
between lower and upper chromosphere is in reality
not sharp.

The lower chromosphere. As we need a definite model
for computing purposes, we shall suppose that the
temperature between the spicules is 5000° everywhere
in the lower chromosphere.

The emission in the Balmer lines that are not very
much affected by selfabsorption is proportional to the

Ne . . .
value of —Tsz integrated along the line of sight.

N, N,
Therefore the values of # have to be 50 times

larger in the spicules than in the average chromo-
sphere when the entire Balmer emission comes from
the spicules. As the ionization is far advanced in the
spicules and as the hydrogen abundance is large, we

N, N,
have N,= N,. The values for ﬁ

chromosphere are known from model I, so we know
2

—T’72 in the spicules. Between 4000 km and 6000 km

in the average

we also know the values for n¥ as they are 50 times
larger than those for the average chromosphere, which
2

are known from section 6. From and 7n¥ the

N
T3
values for N?, N¥ and T in the spicules were deter-
mined from GIOVANELLIs tables. We found a tem-
perature dropping from 22500° at 4000 km to 19000°
at 6000 km, so we took 21000° as an average value.
At 7000 km we assumed by extrapolation 7" = 21000°
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for the spicules and we found log N = 10.6 from T’
and 7. .

It appeared that at 4000 km and at 5000 km NP is
ten times the value for N, in the average chromo-
sphere. We assumed tentatively that this remains

valid down to 1000 km. N¥, T and n¥ were then
2

determined from the values for N, and T—;/z in the

spicules. The values at these lower heights are rather
uncertain, as the spicules begin to have a larger opaci-
ty in the Lyman continuum.

Between the spicules N, is known from model I.
Assuming T = 5000° we determined ¥, and 7, using
the Saha-Boltzmann equation. These values are very
uncertain, because of the uncertainty in 7. The va-
rious results are given in Table 5.

The upper chromosphere. The value for N, at 7000 km
was derived from the heights of Balmer lines, that at
8000 km was found by extrapolation. The values for
n, at these heights were determined as in section 6.
From N, and n, we again find 7. At 20000 km we
assume logN,=38.3 from vaNn pE HuLsr’s corona
model!) and T = 700000°. It now appears that the
pressure at 20000 km is equal to that at 8ooo km. As
in a stable model the pressure is not likely to increase
outwards it has to be a constant. Thus the value for
N,T in the upper chromosphere is known. This pro-
cedure for obtaining N, T'was pointed out by WooLLEY
and ALLEN?). At gooo km the value for 7, is also
known from the H, intensities, so N, and T were
determined from n, and N,T. From the height of the

Y H. C. van pE Huist, B. 4. N. No. 11, 410, 1950.
?) R.v.p.R. WooLLEY and C. W. ALLEN, M. V. 110, 358, 1950.

TaBLE 5
A model for the chromosphere and the spicules.
Between the spicules Spicules
h log N, | log N, T logn, | log N, | log N, T log n,
1000 13.2 10.3 5000 3.6 14.3 1.7 8ooo 7.0
2000 I1.3 9.3 5000 1.7 I2.4 I1.5 10500 6.3
3000 10.6 9.0 5000 1.0 1.7 I1.4 12000 6.0
4000 10.2 8.8 5000 0.6 11.3 I1.3 21000 4.9
5000 10.0 8.7 5000 0.4 II.I II.r 21000 4.7
- 6000 9-9 8.6 5000 0.3 10.9 10.9 21000 4.5
7000 9.9 9.9 21000 2.5 10.6 10.6 21000 3.9
8ooo 9.8 9.8 21000 2.4
[sleTele} 9.7 9.7 25000 1.8
10000 9.5 9.5 45000
12000 9.0 9.0 125000
14000 8.7 8.7 250000
16000 8.5 8.5 400000
18000 8.4 8.4 550000
20000 8.3 8.3 700000

The primary data are printed in italics.
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2
e

N
H, line the value of g b, T at 12000 km was deter-

mined, where g is a correction factor to the electron
concentrations applied in model I and estimated to
have at this height the value 10 (this may be in error
by a factor two). The factor b, gives the excess of
the populations of the third quantum state over that
in thermodynamic equilibrium. From GIOVANELLI’s
tables we find here b, = 7. At 12000 km there are
now two relations between N, and 7, so both can
be determined. At the other heights in the upper
chromosphere N, was found by interpolation. 7" was
then found from the value for N,7T. The whole model
is given in Table 5. The primary data at every height
are printed in italics.

It is difficult to estimate the accuracy of the results
obtained. For logN,= 10.5 and 7 = 20000° an
error of o.1 in log N, or o.2 in logn, changes T by
3000°. The value ¢ = n¥/n, is less critical, for a change
in this factor changes #f by the same amount and N
by half this, so there is almost no change in 7. The
table shows an increase in pressure between the spic-
ules from 6000 km to 7000 km. This may not be real
but may be due to a somewhat incorrect gradient for
N, in model I or by too high values for N, at 7000 km.
It is also possible that the pressure in the lower chro-
mosphere is larger than the hydrostatic one by the
effects of large scale motions.

8. Conclusions.

Some features of this model may be noted. The diffi-
culty in the absolute values for N, is largely removed.
At 1500 km we find that we should expect from the
Stark broadening log N, = 11.6. This is even some-
what higher than the observed value; DE JAGER?)
e.g. obtains log N, = 11.2. This might be an indica-
tion that at lower heights part of the electrons is
found between the spicules, but a more accurate dis-
cussion of the Stark broadening in the chromosphere
may be required 2).

TroMas?) obtained values for the total number
of H atoms in the second quantum state along the line
of sight, N,, from the Balmer decrement. When we
compute these values from our model we get the fol-
lowing comparison:

h log N, (THOMAS) log N, (model)
1000 km 15.8 15.2
2000 km 15.2 14.6
3000 km 14.8 14.0

In view of the uncertainties in both procedures the
agreement is not unreasonable.

1Y Rech. Obs. Astr. Utrecht 13, 1952.
%) R. O. REDMAN, Acc. Naz. d. Lin., Atti dei convegni, 11, Rome,

1953, P. 72.
%) R. N. THowmas, 4p. F. 111, 165, 1950.
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Next the radio emission from our model was com-
puted. The brightness temperature at the centre of
o0

the disc is given by 7, = f T ¢ "4dx,, where =, is the
P

radio optical depth. The measured temperature is
the apparent temperature 7,. In the centimeter
region, where the limb brightening is slight, 7, ~ T,
whereas above 30 cm it seems that 7T,~ 2 7. From
our model we computed 7,. The computed values
for T, compare with the observed ones for T, as fol-
lows:

A (cm) T, (obs.) T, (comp)
I ' 8500 10200
3.16 20000 25000

10 50000 43000

31.6 200000 100000

It is seen that the computed values for the shorter
wave lengths are somewhat higher than should be
expected. The observed values for 7, were taken
from data compiled by van pE Hurst #). Better agree-
ment could be obtained without conflict with the
values found for 7, by lowering N, and T at 7000 km
and 8ooo km, but then the pressure comes out too low.
This may be remedied by giving the base of the corona
a somewhat larger height. If we had used the other
model by van b Huwst for the construction of our
model, the computed radio temperatures would have
been much higher, so the evidence against this model
is strengthened.

ATHAY®) determined the temperature at some
heights below 2500 km from the Balmer continuum.
He obtains T'= 5200° at 1000 km and 7" = g120° at
2000 km. Thus all evidence indicates that the tem-
peratures in our model and probably at larger heights
also the electron concentrations are somewhat too high.
This might be explained by a radiation field corre-
sponding to a temperature somewhat higher than
5000°.

We also computed the heat conduction from the co-
rona. We assume with WooLLEY and ALLEN ¢) that the

h— h,\"
hc - ho) ’
where ¢, is the amount conducted at the base of the
corona, k, the level where the heat transport by con-
duction has finished and %, the height of the base of
the corona. It appears that this formula fits our tem-
perature gradient extremely well. Inserting numerical
values we find n=3.35 and ¢, = 5.1 X 10* erg cm™
sec’l.

It seems thus possible to describe the lower chro-

amountofheat conducted decreasesase = ¢, (

%) H. C. van pE Huist, “A Course in Radio Astronomy”,
Leiden, 1951.

%) R. G. ATtHAY, Thesis, University of Utah, 1953.

% L.c.

© Astronomical Institutes of The Netherlands ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1954BAN....12..165W&amp;db_key=AST

4BAN. T T.C127 CI6bWh

rt

B.A.N. 45 4 176

mosphere as consisting of spicules with a high tem-
perature and pressure and cool parts between them.
In view of the fact that the Balmer emission origi-
nates mainly in the spicules it seems that investi-
gations based largely on the hydrogen spectrum of the
chromosphere, as those by Grovanerir !) 2) and
THoMASs 3) refer more particularly to the spicules. The
structure in the very low chromosphere is as yet very
uncertain. It would be very valuable if data on these
layers could be obtained, for these might reveal us
something about the dynamics of the spicule phenom-
enon and its possible connection with the granulae.
Perhaps this could be done best by a comparison of
the behaviour of metal lines of different excitation
potentials. An other way would be photometry out-
side the centre of H,, as it was observed by Lyor#*)
that the spicule structure becomes more pronounced
when the filter is centred somewhat outside the centre

1) R. G. GiovaNnEgLLl, dust. F. Scient. Res. 1, 360, 1048.
%) R. G. GIovanELLI, M. N. 109, 298, 1949.
%) R. N. TuowMmas, 4p. 7. 108, 130, 142; 109, 480; 110, 12; 111,

165; 112, 337, 343; 115, 550; 1948-1951.
YY) Ann. d’Astroph. T, 31, 1944.

Note added in proof. The suggestion made above, that
the temperatures in our model (Table 5) may be
somewhat too high, is supported by the new data
given in PIDDINGTON’s recent article on the solar radio
emission !). As a tentative correction we may assume
T = 10000° at 7000 km. We still assume that hy-
drogen is ionized, although the temperature is some-
what too low. This will probably be the case if there
is a radiation field corresponding to a black-body
temperature higher than 5000°. We lower in the upper
chromosphere all temperatures between 6500 km and
15000 km in the same ratio and we diminish log N,
in this height interval by o.24. This modified model
gives the following values for 7}, which may be

1) J. H. PippINGTON, Ap. 7. 119, 531, 1954.

LEIDEN

of H,. Most probably this is caused by the fact that
the -chromospheric absorption is diminished outside
the centre of H,. This might also give some insight
in the large width of the H, line, which is still unex-
plained.

The heat balance of the chromosphere is a difficult
point. It seems probable from the calculations by
WoorrLEy and ALLEN®) that conduction from the
corona is sufficient to maintain the temperature distri-
bution in the higher chromosphere above gooo km.
It seems also probable that the spicules furnish the
energy in the lower parts, but the exact mechanism
is difficult to determine.

My sincere thanks are due to Prof. Dr H. C. van
pE Hurst, who suggested this investigation, for his
kind help and valuable criticism during the prepa-
ration of this paper, to the late Dr B. Lyor for lending
us the plates, to Dr A. Dovrruss for information about
these plates and to Dr C. DE JaGeR for giving data on
the chromospheric H, radiation before publication.

%) R.v.p.R.WooLLEY and C. W. ALLEN, M. N. 110, 358, 1950.

compared with values for the non-sunspot component
given by PppINGTON.

A (cm) T, (comp.) T,(obs.)
I 6900° 7100°
3.16 12200 12000

10 20500 22000
31.6 48000 54000

The pressure gradient may be madestable by shift-
ing the base of the corona to a somewhat larger height.

The conclusions about the spicules and the temper-
atures below 6500 km are not directly affected by
this change, but the indications are that the tempera-
ture in the spicules may be somewhat lower and the
temperatures between the spicules somewhat higher
than the values in Table 3.

© Astronomical Institutes of The Netherlands * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1954BAN....12..165W&amp;db_key=AST

