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Figure 11. Nuclear to bremsstrahlung ratios vs. time observed by
Yohkoh in the 2001 August 25 (top panel) and April 15 flares
(middle panel) and by SMM in the 1989 March 6 flare (bottom
panel).

and show variable behavior in the 1989 March 6 flare. These
disparate variations are likely due to different phenomena
such as transport in short and long loops, trapping, and dis-
tinct acceleration episodes. We are planning a systematic
study of these variations in a large sample of flares.

3.2. Energy in Accelerated Electrons and Ions

Using the derived accelerated-particle spectra it is possible
to compare the energies contained in flare-accelerated ions
and electrons. Ramaty and Mandzhavidze (2000) performed
this study for 19 flares observed by SMM and found that the
ions and electrons contained comparable energies. Emslie
et al. (2004) obtained a similar result for the 2002 July 23
flare; for the 2002 April 21 flare they placed an upper limit
on the energy in ions that is just above that measured in elec-
trons. We have made a preliminary estimate of the energies
contained in protons in the 2003 October 28 and November 2
flares. We use both RHESSI and INTEGRAL (Gros et al.,
2004) data for the October 28 flare. The energy in protons is
strongly dependent on both the spectrum and low-energy cut-
off energy. The y-ray line studies provide information on pro-
tons with energies < 3 MeV. We can obtain an estimate of the
energy contained in the protons by assuming that the spec-
trum extends without a break down to 1.0 MeV and is flat
below that energy. For a power-law index of 3 we estimate
that protons contained ~1.5 x 103! ergs in the October 28
flare and ~0.5 x 103! ergs in the November 2 flare. At present
there are no estimates for the energy content in electrons for
these flares.

4. ACCELERATED PARTICLES PROBE
THE SOLAR ATMOSPHERE AND PHOTOSPHERE

Flare-accelerated protons and alpha particles and secondary
neutrons and positrons all act as probes of the flaring chro-
mosphere and photosphere. Gamma-ray emission from their
interactions have revealed a dynamic chromosphere that
exhibits the FIP effect seen in the corona and puzzling evi-
dence for striking temperature and ionization changes.

4.1. FIP Effect at Chromospheric Densities

Fluxes of narrow lines from ambient heavy nuclei
observed from 19 flares (Share and Murphy, 1995) have been
used by Ramaty et al. (1995) to infer that there is a strong FIP
effect (overabundance of low first-ionization potential ele-
ments relative to their composition in the photosphere) where
the particles interact (2 10" H cm™; see e.g., Murphy and
Share, 2005), suggesting that the ambient plasma has a coro-
nal composition. Laming (2004) provided an explanation for
the FIP effect under less dynamic conditions at lower densi-
ties (~10'2 H cm™). Share and Murphy (1995) pointed out
that the FIP ratio appears to vary from flare-to-flare. The
average low-FIP (Fe, Mg, Si) to high-FIP (Ne, C, O) line
ratio for 19 SMM flares was ~0.45. Murphy et al. (1997)
showed evidence that the FIP ratio can increase with time in
an extended flare observed by CGRO/OSSE. Evidence for






186 GAMMA RAYS FROM FLARE-ACCELERATED PARTICLES

25 T T T T T T
L 20F e Bremsstrahlung flux at 200 keV -
]

& 15+ .
8 10F ]
_"m ——
- 051 -
0.0 1 e oy ) )
12 T T T T T T
9l Nuclear de-excitation line flux .
g
2 6 —e—i i
]
1S —— i
——t
0 I L HTl_H—Q—ﬁ—Q—.—Q-,.A_A e
35 T T T T T T
25 . Annihilation line flux -

"E Annihilation continuum flux/3. +

- 15F A - !
- ogp '_I_:—I—1—x—‘_z__,_1_,_1_1_;_:‘_‘1_:._§_‘ |

-0.5 L L ! . . .
10.0 T T T T T T
—3— Annihilation line width FWHM)  _|
E 15 e —3—
B —3— .

g 50 =

3 ——

Z 25 — { i -

0.0 : . , t N ks

11:08:00 11:12:00 11:16:00 11:20:00 11:24:00 11:28:00 11:32:00
Time, UT

Figure 13. Time histories of the bremsstrahlung and total nuclear
de-excitation line fluxes for the October 28 flare are plotted in the
top two panels. Also shown are the time histories of the 511-keV
annihilation line flux and width, as well as what we believe is the
Compton scattered continuum below the line. From Share et al.
(2004); reproduced courtesy of the Univ. of Chicago Press.

RHESSI. Recent studies indicate that the annihilation line
shape is consistent with Gaussians over the entire October 28
flare, implying temperatures >2 x 10° K during the first
10 min and < 10* K (> 20% ionized) during the last 10 min.
During both intervals, the inferred density is significantly
> 10 H cm™. What is especially puzzling is the rapid,
2 minute, transition from broad to narrow line width
(Figures 13 & 14). The line observed during the November 2
flare is also broad but it can be fit with the shape expected for
annihilation in a quiet solar atmosphere at a temperature of
5000 K (Murphy et al., 2005); there is uncertainty whether
the continuum below the line is consistent with this origin,
however.

The annihilation line studies, the hardness of the acceler-
ated particle spectra, and the apparent detection of pion-
decay radiation suggest that we are also studying
sub-photospheric conditions with gamma rays. It is puzzling
how the apparently high temperatures and ionization states
can be supported at these densities. A new aspect is the detec-
tion of acoustic waves below the photosphere following the
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Figure 14. Count spectra of the solar 511-keV annihilation line
(instrumentally broadened) derived by subtracting bremsstrahlung
and nuclear contributions during the October 28 flare when the solar
line was broad (11:06 - 11:16 UT) and narrow (11:18 - 11:30 UT).
The solid curve is the best-fitting model that includes a Gaussian line
and positronium continuum. From Share et al. (2004); reproduced
courtesy of the Univ. of Chicago Press.

October 28 and 29 flares (Donea and Lindsey, 2005). Our
preliminary estimates indicate that there is sufficient energy
in 2100 MeV protons to account for the acoustic waves. If
this association with high-energy protons is correct, acoustic
waves should have been detected after the 2005 January 20
flare. The intense bremsstrahlung and nuclear continuum
combined with weak de-excitation line emission in the
January 20 flare resembles the electron-rich events suggested
by Rieger, Gan, and Marschhéiuser (1998). Could these be
due to episodes with very hard proton spectra that produce
pions? The hard bremsstrahlung then could result from pion-
decay electrons and positrons. Chupp (private communica-
tion, 2005) is studying high-energy spectra from electron-rich
episodes in the 1989 March 6 flare to determine whether the
high-energy gamma-ray spectrum is consistent with pion-
decay emission.

4.3. Search for Photospheric 3He using Fast Neutrons

Neutrons produced in accelerated particle interactions with
the solar atmosphere can escape the Sun, decay, or slow down
and get captured by either H or 3He. Capture on H produces
a line at 2.223 MeV while capture on 3He is radiationless.
Both the angular distribution of accelerated particles and
concentration of *He affect the time profile of the capture
line. Murphy et al. (2003) have compared the time history of
the line with calculations to determine both the angular
distribution of accelerated particles and photospheric
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