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The Sun with its temperature of 6000K at the surface origi-
nally was not expected to support an extended hot outer solar
atmosphere that produces ultraviolet (UV) light and X-rays—
thermodynamics requires heat to flow from the hot to the cold,
not vice versa. The first clues to the hot solar atmosphere emerged
from the 1869 eclipse observation of the 530.3 nm green coro-
nal line by Young and Harkness. Hulburt (1938) concluded that
“ultraviolet light, X-rays or particles of zero average charge” must
be responsible for the E-layer of the Earth’s ionosphere. Actually,
the discovery of the ultraviolet Sun dates back to 1801 with
Ritter’s observation of the decomposition of silver chloride on
the short-wavelength side of the Sun’s visible spectrum. While
Hulburt’s theory was highly speculative, it had the support of
the work by Grotrian (1931) who drew attention to the smearing

FIGURE 1 | Hannes Olof Gosta Alfvén: 30 May 1908-2 April 1995. Photo
credit: Mark Zimmermann, http://zhurnaly.com/HannesAlfven.

As time goes by, discoveries become common knowledge, and often the person who
first changed a paradigm gets forgotten. One such case is the discovery that the Sun's
corona is a million degrees hot—much hotter than its surface. While we still work on
solving how the Sun heats the corona, the name of the discoverer seems to be forgotten.
Instead, other people get the credit who contributed important pieces to the puzzle, but
the person who solved this puzzle was someone else. In this historical note we show that
this credit should go to Hannes Alfvén (cf. Figure 1).
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of the Fraunhofer lines due to scattering by free electrons in the
corona. However, these researchers did not assume or conclude
that the corona is hot.

In the late 1940’s it was well accepted that the corona is hot,
to the point that first models trying to explain the heating of
the corona, e.g., by Schwarzschild (1948), did not even bother
to point to the discovery paper of the hot corona. At this point,
the study of the UV and X-rays of the Sun became obviously
worthwhile. The ultraviolet emission from the hot corona was
first detected on 10 October 1946 with instruments built by
Tousey and his colleagues at the U.S. Naval Research Laboratory
using captured German military V2 rockets (Baum et al., 1946).
Soon thereafter, the X-ray Sun was discovered by Burnight (1949)
using a pinhole camera on-board a rocket. Since then, there has
been a tremendous progress in the ultraviolet and X-ray obser-
vations (cf., Figures 2A,B) from the Sun and underlying physical
processes in the solar atmosphere.

Reviews, textbooks and research papers from the last half cen-
tury cite Grotrian (1939) or Edlén (1943) when it comes to a

FIGURE 2 | (A) The ultraviolet Sun. Credit: SoHO. (B) The X-ray Sun. Credit:
Yohkoh.
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reference to the discovery that the corona is hot. Both identified
emission lines in the corona as forbidden lines of highly ionized
species, e.g., the “red line” at 637.4 nm from nine times ionized
iron, Fe X. While Grotrian did not speak of high temperatures, but
only non-equilibrium effects, Edlén estimated the temperature of
the upper solar atmosphere to be about 250,000 K. In contrast to
common belief Edlén did not use the high degree of ionization,
but the intensity of the red line as an argument—a much weaker
argument strongly depending on assumptions for the density of
the corona. More importantly, in Edlén’s paper the high temper-
ature is only a side remark, so that it is clear that he was not
fully aware of the implications. In summary, the two papers by
Grotrian (1939) or Edlén (1943) would not be the best choice for
pointing to the discovery of the hot corona—and maybe they are
still cited because both papers are written in German, and thus
not easily available to the majority of astronomers.

Instead, the credit for discovering that the corona is hot
should go to Hannes Alfvén. After the paper by Grotrian but
still before Edlén, he published a manuscript in 1941 in the
Arkiv for Matematik, Astronomi och Fysik, a Swedish journal
(Alfvén, 1941). He concluded that the Sun’s corona is “heated to
an extremely high temperature” (Alfvén, 1941). He summarized
six arguments that support that the corona is hot, only that pre-
vious authors did not dare to draw that conclusion—probably
the thermodynamic argument that heat cannot be transported
from a cool to a hot body prevented previous scientists from that
conclusion. In a quantitative analysis, he showed that the total
energy to maintain the corona is only about 107> of the Sun’s
radiated energy, so that losses of the (optically thin) corona are
negligible. It was his prophetic contribution that apart from the
Sun’s gravitation, its magnetic field interacting with charged par-
ticles plays a crucial role, overcoming the limitations due to pure
thermodynamics.

While several textbooks (Waldmeier, 1955; Billings, 1966) in
the 1950’s and 1960’s still cited Alfvén’s paper (Alfvén, 1941), it
seems that the only research papers referring to his work are by
Edlén (1943) and by Woolley and Gascoigne (1946)—in the latter
paper only as a note added in proof. However, this epoch-making
discovery of the hot corona by Alfvén did not find a place in
subsequent citations. It is, therefore, only appropriate that his-
tory be corrected with proper credit to Alfvén for this discovery.
In particular, because Alfvén (1942) proposed that waves can
propagate through a magnetized plasma under similar conditions

as in the Sun’s atmosphere. After over seven decades of this
Nobel-prize winning discovery, scientists are still investigating to
what extent these waves are capable of heating the solar corona
to the high temperature, first explicitly argued for by Alfvén
himself.
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The process is most conspicuous in the prominences, where,
consequently, we can expect a very intense production of high
energy particles. As the mechanism is of a very general
character the same process is likely to take place very fre-
quently on a smaller scale. If — as many authors mean' —
we can regard the chromosphere as a multitude of small pro-
minences, it is likely that a production of high energy par-
ticles takes place almost everywhere on the solar surface or
in some layer above it.

§ 3. The density of the corona.

Thus, we have found that several observational facts in-

dicate the existence on the sun of particles (electrons and ions)
having energies far above that which corresponds to the tem-
perature of the photosphere. An energy of the order of mag-
nitude of 100—200 e-volts is indicated. Further, we have seen
that there is no theoretical difficulty in explaining the pro-
duction of particles with such energies. We are now going
to investigate whether the corona could be regarded as an
atmosphere consisting of high energy particles.
- If we assume that no other forece than gravitation acts
upon the corona, we can calculate the temperature in each
point of the corona from the density function. The latter
has been derived by Bavmpacu® from all available photometric
observations, under the assumption that the coronal light con-
sists mainly of photospheric light scattered by free electrons
in the corona. For the mean electronic density at the height
n = R/Re, BavmsacH gives the empirical formula

N =10°(0.036 7~"* + 1.55 7=° + 2.99 %) ™. (3. 1)

Of course the charge of the electrons must be compensated
by the same amount of positive charge (from positive ions).
In this paragraph we assume that all the ions in the corona
are hydrogen ions (leaving the general case to be discussed
in § 11). Thus, the number of protons per cm?® amounts
also to N. (

As at least in the inner corona the density is high enough
to ensure thermal equilibrium between the »molecules» (but
of course not between molecules and quantal), we can apply

! See A. UNsoLD, loc. cit, p. 437. .

> 8. BAUMBACH, Astr. Nachr., 263 p. 121 (1937), (In one or two cases
his table and his empirical formula do not agree exactly. In such cases
the formula has been used in this paper.)

HANNES ALFVEN, ON THE SOLAR CORONA. b
the common laws of kinetic gas theory. We assume that the
mean energy of the »molecules> (in our case electrons and

protons) amounts to E———ng. As there are 2N molecules

the gas pressure is

p=§2NE. (3.2)

If mg=1.66-10"2%g is the mass of a hydrogen a;tor}n and
go = 2.74-10* em sec™® is the acceleration at the sun’s sur-
face, the gravitational force acting upon a cubic cgn‘mmeter is
go Nmgn—2 As we have assumed that this force is compens-
ated by the pressure gradient, we have

dp__ _go XN mm, (3.3)
Rody n*

Differentiating (3.2) we obtain from (3.2) and (3. 3)

d E) 1dNE
E,

A Ayl _ L (3. 4)
dn

Ndny E, 7

where

E,= ;_%L go Rommg=2.38- 107 erg = 1.49- 10® e-volts. - (3.5)

From (3.4) we obtain

F 1NN
N o (=) 3.6)
E, an2 n (

or, according to (3.1)

0.036 —2.5 1__5_5 —1 %} —17
B _25" R (A (3.7)
E, 0.086 775 + 1.65 7% + 2.99 10

The value of E/FE, from this formula for different n-values is
shown in Fig. 1. The values for 7 > 5 cannot be expected.
to be very reliable, for the material treated by BavmBACH
includes only two observations in this region. ) )
As seen from the figure FE/F, is almost constant in spite
of the fact that the density varies by a factor of more than
1000. In particular a high degree of constancy is noted for
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