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Abstract.

We review recent results obtained from the analysis of the solar flare gamma ray line emission:
(a) The gamma ray derived ambient elemental abundances show that the First Ionization Potential
(FIP) effect already sets in at relatively low altitudes in the solar atmosphere.
(b) The composition of the flare accelerated particles that produce the gamma rays exhibit heavy
element and 3He abundance enhancements that are typical for impulsive flares. Unlike the solar
energetic particle (SEP) observations in interplanetary space, the gamma ray method allows us to
trace the time development of these enhancements.
(c) Solar flare gamma ray spectroscopy provides the most direct measure of the abundances of
the two very high FIP elements, He and Ne, in subcoronal regions leading to somewhat higher
abundances than the generally accepted values.
(d) The high intensities of the aa lines observed from a number of flares imply a high ( Z 0.1)
ambient He/H and/or accelerated a/p.
(e) There are indications for the isotopic fractionation of He from the photosphere to corona that
has important implications on the mechanism of solar wind acceleration, the protosolar deuterium
abundance and Galactic chemical evolution.

1. Introduction

Solar flare gamma ray emission is produced by accelerated electrons and ions interacting with the
ambient solar atmosphere. The main components of this emission are: electron bremsstrahlung,
which dominates at energies < 1 MeV and ~ 10-50 MeV; nuclear gamma ray line emission (~ 1-10
MeV) and pion decay emission ( 2 50 MeV). Gamma rays were observed from many flares with
detectors on SMM, CGRO, GAMMA-1, GRANAT and Yohkoh (see [1]) and they provide important
information on many astrophysical problems, including solar atmospheric dynamics, solar flare and
solar wind particle acceleration and even the chemical evolution of the Galaxy.

2. Solar Atmosphere: First Ionization Potential (FIP) Effect

The fluences of narrow gamma ray lines observed from 19 flares with SMM/GRS were presented
recently [2]. These narrow lines result from nuclear interactions of flare accelerated protons and
a-particles with heavier nuclei in the solar atmosphere and can be used to determine ambient
elemental abundances [3]. In Fig. 1 we show the gamma ray derived low FIP (<10 eV} to high FIP
(>10 eV) element abundance ratios for 19 SMM flares together with the average photospheric and
coronal abundance ratios. It is clear that the FIP bias, that is manifested by ~ 4-5 times higher
low FIP /high FIP element abundance ratios in the corona relative to the photosphere [5], already
sets in at relatively low altitudes in the solar atmosphere (low chromosphere) where the nuclear
759

J. Andersen (ed.), Highlights of Astronomy, Volume 11B, 759-762.
(© 1998 [AU. Printed in the Netherlands.

https://doi.org/10.1017/51539299600018712 Published online by Cambridge University Press


https://doi.org/10.1017/S1539299600018712

760 NATALIE MANDZHAVIDZE AND REUVEN RAMATY

100 . . . . 100 . ‘ . . 100 . .
1 | l |
- | 1] Cor| _H Jfl dlp Lol - ]1 l |[ il Cor
. | (S S O T
= 17
= Pho | ™ Toho
Pho
10-2 1o-2
lo-2 . . L, . . . , . .
0 10 15 20 0 10 15 20 9 5 15 20

153 51 10
Flare Number Flare Number Flare Noamber

Figure 1. Vertical bars: Low FIP to high FIP element abundance ratios determined [3] for 19 flares. Horizontal lines:
solid - coronal and photospheric abundance ratios [6]; dashed lines - best fitting values to the gamma ray derived
abundance ratios.

interactions and the gamma ray production takes place. This provides important new information
on solar atmospheric dynamics and should help to better understand the origin of the FIP effect.

2. Solar Flare Particle Acceleration

The two classes of solar flares (impulsive and gradual) are formally distinguished according to the
duration of the accompanying soft X-ray emission, but the most significant differences are seen
in the composition of the accelerated particles [6]. In gradual flares (GF) the accelerated particle
composition is identical to that of the ambient corona, while impulsive flares (IF) are characterized
by very specific abundance anomalies. The most dramatic signature of IFs is the 3He abundance
enhancement, 3He/“He can reach values that are 10* times higher than the ambient *He/4He. Also
enhanced are heavy elements, Fe by about factor of 10, Ne, Mg, Si and S by about factor of 3 relative
to C,N,O. These abundance anomalies imply that in impulsive flares particles are accelerated due to
gyroresonant interactions with various modes of plasma waves, while particles from gradual flares
are accelerated directly from the ambient coronal material by CME driven shocks (e.g. [7]).

Independent information on the composition of flare accelerated particles can be obtained from
the broad gamma ray lines that result from the nuclear interactions of accelerated heavy ions with
ambient H and He. Unlike narrow lines, the broad lines cannot be resolved individually. However, the
fact that the gamma ray lines from heavy elements (Ne, Mg, Si, S, Fe) are mostly concentrated in the
~ 0.8-2 MeV range, while the ~ 4-7 MeV range is dominated by nuclear lines from C,N,O, allows the
determination of the relative abundances of elements in these two groups (Ne-Fe/C-O). Using the
ratio of gamma ray emissions in these two energy bands observed with PHEBUS/GRANAT from
the behind the limb flare on 1991 June 1, we found very significant heavy element enhancements
for the interacting accelerated particles [8]. Furthermore, these enhancements kept increasing with
time and towards the end of the flare they reached the highest enhancements observed in space
during impulsive flares. Interestingly, this increase takes place at the time when the acceleration
efficiency itself starts to decrease as is evident from the gradual decrease of the gamma ray emission
and (possibly) the steepening of the accelerated particle spectrum.

We also found that, similar to the particles from IF, the particles that produce gamma rays have
high 3He/*He [4] and high electron to proton ratios [9]. These properties of the interacting particles
seem to be independent of the flare type, they appear in both the IF and GF that we studied.
Recently we suggested [10] a method of determining the accelerated *He/4He by spectrally resolving
the gamma ray line complex around ~1 MeV which contains lines produced by accelerated *He at
0.937, 1.04 and 1.08 MeV. An important advantage of using the gamma ray method for determining
the accelerated heavy element and *He abundances is its ability to provide time resolution, i.e. to
follow the element abundances and their enhancements with time. This is basically equivalent
to tracing the development of particle acceleration on a real time scale. In contrast, direct SEP
observations in space can only provide information on the element abundances that are integrated
over an entire particle event, typically lasting for many hours. In addition various propagation
effects may mask the properties of the flare accelerated particles observed near the earth.

Another important result of our studies [3] is the finding that there is approximate equiparti-
tion between the energies imparted into accelerated electrons and ions, contrary to the previous
paradigm that the bulk of the flare energy resides in the nonthermal electrons.
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Figure 2. Vertical bars: He/H derived for 13 flares using coronal O/H=5.26x10"*. Horizontal lines: dotted - corona
(0.04) and photosphere (0.084); solid - best fitting values to the gamma ray derived He/H.

4. Helium

Nuclear interactions of flare accelerated o-particles with ambient He, “He(a,p) Li**4"® and
4He(a,n)"Be*042 result in two gamma ray lines which due to Doppler broadening blend into a
broad feature from ~0.35 to ~0.55 MeV, usually referred to as the a« line [11]. Using the intensities
of this line together with the 6.13 MeV 160 deexcitation line observed with SMM/GRS [12] we
determined [10] the ambient He/O abundance ratio for 13 flares. By combining the gamma ray
derived values of He/O with the ambient O/H we obtained He/H in the gamma ray production
region. We used the solar wind derived coronal O/H=5.26x10"* [15], which is lower than the
photospheric value of 7.41x10™* [16]. The results are shown in Fig. 2 together with the solar
wind [15] and SEP [6] derived coronal values of ~ 4% and the photospheric value of ~ 8.4%
determined from helioseismology [13]. The later agrees with the values predicted by the standard
solar model when heavy element diffusion is taken into account [14]. Together with the ambient He
abundance, the aa line intensity also depends on the accelerated a-particle to proton ratio (a/p),
which we use as a parameter. In Fig. 2 we show results for two values of a/p: the standard value
of 0.1 and a higher value, a/p=0.5. We see that for both values of a/p the gamma ray derived
He/H is significantly higher than the coronal value. For a/p=0.1 it is also higher than He/H in
the photosphere, while for a/p=0.5 it is consistent with the photospheric He/H. Thus, in order to
account for the observed aa line fluences, either the accelerated a/p or the ambient He/H has to be
high. Note, that if we had used the photospheric O/H, even higher values of He/H or a/p would be
needed in order to account for the data. Both options (high He/H or high «/p) are acceptable and
they both have serious implications. The role of high subcoronal helium abundance in stabilizing
the solar wind flux, as well as dynamic models of the outer solar atmosphere in which the effects of
diffusion and gravitational settling can lead to He abundance enhancements, have been considered
in a number of theoretical papers (e.g. [17]). These effects could account for the episodes of high
He/H that are sometimes seen in the highly variable equatorial solar wind. On the other hand, high
values of a/p have important implications on the theory of the solar flare particle acceleration [7].
Although the current gamma ray data do not allow us to distinguish between the two possibilities,
future observations with high resolution germanium detectors will allow us to resolve this issue by
measuring narrow gamma ray lines at 0.339, 1.00, 1.05 and 1.19 MeV that are produced exclusively
by accelerated a-particles (no contribution from protons) [10]. This will allow us to unambiguously
determine the accelerated o/p and ultimately the ambient He/H.

Earlier we found that in the gamma ray production region Ne/O is higher than in the corona [3].
Similar to He, in the photosphere Ne is not measured spectroscopically, its abundance is inferred
from HII regions and hot stars [5]. We believe that solar flare gamma ray spectroscopy provides
the most direct measure of the abundances of the two very high FIP elements (FIPy,=24.46;
FIP y.=21.47) in subcoronal regions, suggesting the Ne/O and He/O that are higher than both
their coronal and the generally accepted photospheric values.

5. He Isotopic Ratio

The consistent He/*He values of (4.25 + 0.21) x 10~ [18], (4.88 + 0.48) x 107 [15] and (4.4 &
0.4) x 1074 [19] were obtained from solar wind observations with Apollo, ISEE-3 and Ulysses
respectively. These can be compared with the photospheric *He/*He determined from solar flare
gamma ray line data. The time delays of the 2.223 MeV line, that results from the neutron capture
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on photospheric H, relative to prompt deexcitation gamma ray lines allow the determination of
the photospheric He/H. Applying this method to the gamma ray data from one flare, it was
found that *He/H=(2.3+0.8)x10~% and 3He/H=(1.840.8)x1075 for the two different assumed
angular distributions of the accelerated particles [20]. Combining these values with the photospheric
“He/H=0.084 we obtain *He/*He=(2.740.9) x 10~* and *He/*He=(2.1£0.9) x 10~ * which are lower
than the solar wind derived coronal values. This suggests the isotopic fractionation of helium. Since
the FIPs of >He and “He are very close, this fractionation must be caused by the acceleration of
the solar wind, not material transport from the photosphere to corona. Obviously, this is important
new information for the understanding of the mechanism of solar wind acceleration. However, the
problem of the photospheric *He/4He requires more work, namely we need to study the gamma ray
data from more flares and to assess the uncertainties related to the accelerated particle composition
and the solar atmospheric model.

6. Protosolar Deuterium

The protosolar abundance of deuterium can be related [21] to the present day solar helium iso-
topic ratio *He/*He by the expression (?H/H), = 2.675 x 107> + (9.364 x 1072 — 2.452z)z, where
z =3He/*He - 4.0x10~*. Taking *He/*He=(2.7 £ 0.9) x 10~*, which is the highest among the two
values obtained in the previous section, we find (*H/H), = (1.45£0.48) x 10~°. This is significantly
lower than Jovian value of (5 % 2) x 1075 measured with the Galileo atmospheric space probe [22].
In [21] the authors used the solar wind value of 3He/*He and also found lower than Jovian value
of (*H/H), = (3.01 £0.17) x 10~5, which they attributed to the incorporation into Jupiter of 2H
enriched ices from the protosolar cloud. Since the gamma ray data suggest that the He abundance
in the photosphere is lower than in the corona, the discrepancy between the protosolar and the
Jovian ZH/H becomes even greater, thereby strengthening the need for such 2H enriched ices. The
gamma ray derived (*H/H), can also be compared with the present day deuterium abundance
in the interstellar medium (?H/H)gpr = (1.47 — 1.72) x 1075 [23], thereby providing one more
important milestone in the understanding of Galactic chemical evolution.
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