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Abstract: An unexpected rise of solar activity close to its minimum in December 2006 resulted in
four X-class flares and four energetic particle events. These events were observed close to Earth and
above 70 degree South by the Ulysses spacecraft, which was at a heliocentric distance of 2.8 AU at
that time. Three out of these four events produced significant intensity increases up to several hundred
MeV/nucleon for protons and alpha-particles and several 10 MeV for electrons at high southern lati-
tudes. They were associated with X9.0, X6.5 and X3.4 flares from the AR 10930, coronal type Il
bursts and strong microwave emission on 5, 6 and 13 December, respectively. The parent solar flares
have similar X-ray and microwave time profiles. However, the event on December 13 is the weakest
among the three at Ulysses, but it is the largest near Earth. It produced a ground level event leading to
an intensity increase of about 34 % in the Kiel neutron monitor. In contrast the December 6 particle
event was the largest at Ulysses. We discuss these events in context of previous Ulysses observations
at high heliolatitudes in September 2000 (South) and in November 2001 and their consequences for
our interpretation of particle propagation to solar polar regions.

Introduction

An unexpected rise of the solar activity close to
its minimum in December 2006 was observed
when the active Region 10930 became visible on
the east limb of the Sun. It produced four X-class
flares and four energetic particle events. All flares
were associated with hard X-ray and gamma-ray
emissions, type Il and Il radio bursts. Details of
the non-thermal solar emission have been de-
scribed in Struminsky and Zimovets [1]. These
observations provide evidence of a complex be-
havior of the solar chromosphere and corona after
the initial energy release of the flare, the Coronal
Mass Ejections (CME’s) and associated shocks.
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The particle signature of these events were ob-
served close to Earth and above 70 degree South
by the Ulysses spacecraft, which was at a helio-
centric distance of 2.8 AU at that time.

During the solar maximum Solar Energetic Parti-
cles (SEP) have been observed at all latitudes [2].
Eight large proton events of 2000-2001 have been
investigated in [3], where it is shown that the
maximum intensities and total fluences of 38-125
MeV protons at Ulysses vary by a factor 2-3 only.
In contrast to the Ulysses observations the maxi-
mum intensities and fluences measured at Earth
during these events vary by orders of magnitudes.
It is important to note, that the observed limits at
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Ulysses are well below the maximum intensities
related to the streaming limit [4].

Within this context the observations of protons
from 5 to 2000 MeV by the Kiel Electron Tele-
scope (KET) aboard Ulysses in December 2006
during the declining phase of solar cycle 23 will
be discussed and compared to previous observa-
tions at high latitudes in September 2000 (South)
and November 2001(North). Observations of low
energy protons and electrons are presented in [5].

Instruments and Data

Ulysses launched on October 6, 1990 effectively
operates in solar orbit inclined by 80° with respect
to the ecliptic plane. The Kiel Electron Telescope
(KET) aboard Ulysses measures protons and
helium in the energy range 6 MeV/n to above 2
GeV/n and electrons in the energy range from 3
MeV to a few GeV [6]. They are compared to the
Energetic Particle Sensor (EPS) on board the
GOES satellite (http://rsd.gsfc.nasa.gov/goes/text/
goes.databook.html). The count rate of the 250-
2000 MeV Ulysses channel was normalized to
the 165-500 MeV GOES intensity in May-June
2001, when both spacecraft were at heliocentric
distances of ~1 AU in the ecliptic [7]:

Unorm =(59-U +5)’104@m25~ster MEV)l

Observations

In Figure 1 Ulysses observations for the Decem-
ber 2006 activity period are summarized. In the
upper panel the count rates of 5-25 MeV, 38-125
MeV, 125-250 MeV and 250-2000 MeV are dis-
played by the black, red, blue and cyan curve
respectively. A simple inspection of Figure 1
shows that three proton intensity increases related
to the solar events on December 5, 6 and 13 are
observed in the 38-250 MeV range. The en-
hancements the 250-2000 MeV channel are
barely visible due to the logarithmic scale of
Figure 1. But two of the three intensity increases
are clearly measured, as can be seen when plot-
ting the data on a linear scale (Figure 2). The SEP
event of December 14 was observed by GOES
(Figure 2 and 3). However, the maximum intensi-
ties were relatively small although GOES was
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magnetically well connected with the source.
Thus we can not exclude that a corresponding
increase is hidden by the high background due to
the previous events at Ulysses.
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Figure 1: From top to bottom are presented
KET/Ulysses proton intensities within energy
bands 5 — 25 MeV (black), 38-125 MeV (red),
125-250 MeV (blue) and 250-2000 MeV (cyan);
magnetic field strength (VHM/FGM) and solar
wind velocity (SWOOPS). Black arrows mark X-
class solar flares on days 339, 340, 347 and 348
(2006 December 5, 6, 13 and 14) [1]; vertical
lines indicate the shock arrivals on days 344, 345
and 351, respectively [4].

The vertical lines in Figure 1 show the times
when interplanetary shocks passed Ulysses [5].
When the shocks on day 345 and 351 passed
Ulysses an intensity increase has been measured
only by the lowest energy channel. No noticeable
increases were observed at higher energies. At
Earth four particle intensity increases have been
observed by the GOES satellite and will be dis-
cussed in the following section.

Discussion

As shown in Figures 2 and 3 four well-separated
proton intensity enhancements were observed in
the energy range from 10 to 500 MeV.



30TH INTERNATIONAL CosMiIC RAY CONFERENCE 2007

0,0030

0,0025

(cm’s ster MeV)™

0,0020

| |

338 340 342 344 346 348 350 352 354
days of 2006

Figure 2: Comparison of 250-2000 MeV protons
measured by KET on Ulysses with 165-500 MeV
protons as measured close to Earth. Both instru-
ments are normalized to the 165-500 MeV GOES
intensity as described in Struminsky [6].

These increases were caused by the solar flares
from December 5, 6, 13 and 14. In Figure 2 the
intensity time profile of 165-500 MeV protons
measured by EPS and of 250-2000 MeV meas-
ured by KET are shown. At Earth the highest
maximum intensities were measured on Decem-
ber 13. This event has also been measured by
ground based neutron monitors and was one of
the few Ground Level Enhancements (GLEs)
occurring during the course of the solar cycle.
The largest solar particle event at Ulysses was the
event on December 6. This SEP event was ac-
companied by outstanding characteristics of non-
thermal emission [1]. In comparison with Ulysses
the energy spectrum was much softer near Earth
resulting in higher maximum intensities at lower
particle energies.

Of special interest with respect to energetic parti-
cle propagation is the SEP on December 5. From
Figure 2 it is obvious that the onset and time
profiles of high energy protons observed by Ulys-
ses and GOES are identical during this event.
Under the assumption that both spacecraft ob-
serve the same particle population the transport in
latitude and longitude must result in the same
intensity profiles. This makes the model of parti-
cle acceleration or transport within the vicinity of
the shock front to a proper field line unlikely for
this event.

219

GOES
9-15 MeV
40-80 MeV

e

o
i

(cm’s ster MeV)™

1E-3
\ KET/Ulysses
5-25 MeV

38-125 MeV

1E-5+ T T T T T T T T T 1
338 340 342 344 346 348 350 352 354 356 358

days of 2006

Figure 3: Comparison of ~10 MeV and ~ 50
MeV proton intensities measured by KET/Ulysses
(hourly average) and GOES EPS (5-min average)
in December 2006.

Fig. 3 displays the GOES and KET observations
of ~10 to ~100 MeV protons. Due to the high
background at GOES we can’t analyse the onset
times for these low energy channels. However,
from the sudden intensity increases observed at
20:30 UT on December 6 (day 340) by GOES we
conclude that the magnetic connection from AR
10930 to the Earth becomes better. A reason for
that is most probably a reconfiguration of the
interplanetary magnetic field due to a shock wave
generated by the previous event.

In Figure 4 we compare the Ulysses measure-
ments of 5-250 MeV protons on December 2006
at ~70 degrees South with the one on September
12, 2000 and on November 4, 2001 [2] in the
upper and lower panel, respectively. The latter
events were observed at similar latitudes during
the solar maximum phase of solar cycle 23.
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Figure 4: Comparison of KET time profiles (grey
— 5-25 MeV; yellow — 38-80 MeV; cyan 80-125
MeV) measured in December 2006 with those in
September 2000 and November 2001 (black, red
and blue curves).

The time profiles in Fig. 4 are shifted to get the
same onset time of the 80-125 MeV channel dur-
ing the compared events. As a result we see simi-
lar time profiles in this energy band till onset of
the December 6 event. Contrary, lower energies
on December 5 show a time delay in comparison
with 2000 and 2001 events indicating more com-
plicated propagation of protons to high latitudes
for energies lower than 80 MeV, which also leads
to slower increase of proton intensity to maxi-
mum in December 2006.

Conclusions

We analyzed Ulysses COSPIN/KET and GOES
EPS measurements during the December 2006
period and found that high energy protons (> 100
MeV) could propagate to high latitudes around
solar minimum (Dec. 2006 event) in a similar
way as during solar maximum (Sep. 2000 event
and Nov. 2001 event). In contrast, at lower ener-
gies (< 100 MeV) the propagation was found to
be different.

220

Acknowledgements

The Ulysses/KET project is supported under grant
No. 500C0105 by the German Bundesminister
flir Wirtschaft through the Deutsches Zentrum fir
Luft- und Raumfahrt (DLR). This work is par-
tially supported by RFBR (grants 05-02-17105,
05-02-17251). AS thank the LOC for their hospi-
tality.

References

[[1] A. Struminsky and 1. Zimovets,, This confer-
ence, 2007.

[2] McKibben et al., Annales Geophysicae, 21,
1217-1288, 2003.

[3] A. Struminsky et al., JASR, 38, 507-515,
2006.

[4] D.V. Reames and C.K. Ng, Astrophysical
Journal, 504, 1002, 1998.

[5] O. E. Malandraki et al., This conference,
2007.

[6] J. A. Simpson et al. Astrophys. Suppl. Ser., 92,
365, 1992.

[7] A. Struminsky, Cosmic Research, 4, 2007 (in
press)



