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ABSTRACT

Context. The highest energies of solar energetic nucleons detettghice or through gamma-ray emission in the solar atmaspher
are in the GeV range. Where and how the particles are acteddsastill controversial.

Aims. We search for observational evidence on the acceleratgans) by comparing the timing of relativistic protons elged at
Earth and radiative signatures in the solar atmosphere.

Methods. To this end a detailed comparison is undertaken of the depdéded time profile of relativistic protons, derived frame t
worldwide network of neutron monitors during the large fméetevent of 2005 January 20, with UV imaging and radio pgtaphy
over a broad frequency band from the low corona to interpéagepace.

Results. We show that both relativistic proton releases to interglary space were accompanied by distinct episodes of erelegse
and electron acceleration in the corona traced by the radisston and by brightenings of UV kernels in the low solar @gphere.
The timing of electromagnetic emissions and relativistiotpns suggests that the first proton peak was related tocttedesation
of gamma-ray emitting protons during the impulsive flaregghas shown before. The second proton peak occurred togéthe
signatures of magnetic restructuring in the corona afelGME passage.

Conclusions. We attribute the acceleration to reconnection and possilohulence in large-scale coronal loops. While type 1l oadi
emission was observed in the high corona, there is no evideina temporal relationship with the relativistic protorceleration.

Key words. Acceleration of particles — Sun: coronal mass ejections EEM- Sun: flares — Sun: particle emission — Sun: radio
radiation — Sun: solar-terrestrial relations

1. Introduction particle arrival at the Earth with respect to manifestaiaf
. . . . . flares and CMEs has generally been used in a very simplified
On certain occasions transient energetic particle fluxem fr way, hypothesizing that when the release of the first réativ
the Sunl, called solalr energetic particle (SEP) everllts, MAY C tic particles observed could not be related to eheetof radia-
prise relativistic nucleons at energies up to several Geden ;q signatures of energetic particles during a flare (gamaya
tens of GeV. Upon impinging on the Earth's atmosphere theﬁﬁird X-ray, radio), a flare-independent acceleration mebad
partlctllesbtngger ndugleardcascades that produge sec@sddet ¢, 1o jnyoked. From this line of reasoning many studies con-
tectable by ground-based neutron monitors and muon (g€sco ¢ e that relativistic solar particles were accelerateGME
Therefore these particular SEP events are called Grounell Ley, ks D: Kabler 1994: McCracken et al.
Enhancements (or Ground Level Events; GLEs). The rarity ). Others found a mixed contribution of impulsive flare-
GLEs - only 72 were detected since 1942, including a sm lated and delayed acceleration processes (Aschwandé. 20
gvent on 2014 Jan 0f6 ) clealrly showsdhgt they gre prrnoducg ce time-extended gamma-ray emission of relativistitqrs
y extrhemefenerglesfor: a solar iV(Ielm n erstkan Ing telr Qa5 observed in some events, prolonged acceleration te rela
gin is therefore one of the more challenging tasks in re$eanc istic energies must also occur in some flaring activears
solar eruptive act|V|ty A comprehensive summary of GLE o % eel Hudson & Ryah 1995; Ryan 2000; Chupp & Ryan 2009,
servations lvvas given HME” ﬂef__(2006) The historical text B4 references therein). Recent FERMI observations resteal
Carmichaell(1962) is still very informative. that gamma-ray emission from relativistic protons may igers
GLES are _produced in conjunction with intense flaresqor hours in the flaring active region (Ackermann et al. 2014
:ﬁ%O) and extremely fast coronal mass ejestiofig] 12014).
(CMEs; gigpalswamy et al. 2005). The acceleration mechemlsﬁ{

are thought to be related to the flare, which generally means Difficulties to relate SEP time histories to dynamical pro-
magnetic reconnection, or to the shock wave generated by tesses in the solar atmosphere arise because by the time the
CME. Which of the flare or the shock wave actually is the agarticles reach 1 AU their profile has been distorted by inter
celerator is hard to say on observational grounds. Stalstiplanetary propagation. GLEs often occur in periods of high a
associations do not provide an answer. The relative timing tivity, when the interplanetary space has a transient ntagne
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structure due to CMEs, which introduce uncertainties atimit 0 .24 ‘ 6

path taken by the particle5 (Masson é{al. 2012). Detaited ti » *°- MNEE ('“Tfr%gogxpgoq;geqez%ogg 3
ing studies exploring the relationship between GLEs anit the 2 1.5 -
parent solar activity are therefore still rare. The GLE 0020 g‘g ] 2GV
Jan 20 is a particularly favourable case, because it disglay EE- 1‘°E i
well-defined rapidly rising time profile at the beginning amd &= 0.5 -
distinct second rise a few minutes later. Evidence that #se fi & 1 ] 5oV f

release was related to particle acceleration in the flaratiyea 0630 06-50 0710 07-30 0750
region in the low corona was brought byfférent publications ' ' ' ' '
ge.gj Simnelt 2006, 2007; Kuznetsov ef al. 2008; Grechneliet g o s
{McCracken et dl. 2008; Masson gt al. 2009). In the ptese;
paper we pursue the investigation lof Massonktlal. (0% .,
through a more detailed comparison between the two risesof
the relativistic proton time profile derived from neutronmitor
measurements with high-quality radio and UV observations.
This article is structured as follows: Sectldn 2 introduites
observationd(2]1), describes the time profile of relatiivisro- 10.00 F ()
tons detected at Earth (2.2) and gives an overall compauwighn
radio observation§(2.3). It is concluded that two suceegsio- =

1.00

Frequency,

LA LA R IR A R

ton releases at the Sun can be identified in the GLE obser r
tion. The first is discussed briefly (Sdct. 2]13.1) with refieeto > 100 2
paper land to the evolution of the dm-m-wave dynamic specc |
trum studied by Bouratzis etlal. (2010). A more detailed gnal 3 S | i
sis of the radio emission accompanying the second relativis £ g ] ="
proton release (Se€f.2.8.2) leads us to suggest that ttielgsr - 1000 1© 84| 5 o E
are accelerated during dynamical processes in the maghetic o el b e o o e b o]
stressed corona after the CME pass@ge (2.3.3). The findiagsa -0~ A LEAR 2695 MHz |-
summarised in Sedf. 2.4 and discussed in $éct. 3 with reEpectc 2z 0.8 LEAR 8500 MHz |
previous work on the origin of relativistic solar nucleons. 2 % 0.6 Z F
. . Ex 04 I -
2. Relativistic proton releases and electromagnetic ZE 5o 2
emission during the 2005 Jan 20 flare and CME 1) E
2.1. Observations T = ‘/F‘\““O”
o o , — 10+ ] T GOES0Of04nmE
Relativistic protons penetrating into the Earth’s atmasphare e E L F
observed by the worldwide network of neutron monitors. 8inc z 10”4 / 3
individual neutron monitors detect signals from protonshwi T ;56 7 L
different arrival directions and fierent low-energy limits, de- 32 Ea
pending on the instrument’s location within the Earth’s metic 107+ @ 3
field, the observations of the network can be inverted usiiitg a AR Raa A A AARiaastsassRE R
ting procedure, and parameters of the energy spectrunma{bctu 06:30 06:50 07:10 07:30 07:50
the rigidity spectrum) and the angular distribution of thevéng Universal time [hours] on 2005 Jan 20

e by Bitikofer et aD20 _. . - o
protons can be derived. This was don Fig. 1. X-ray and radio emission and the relativistic proton pro-

using a power-law spectrum in magnetic rigidity. The resate . i
also described ipaper 1 Time histories of the proton intensities‘cIIe of the 2005 Jan 20 event. From bottom to top: (a) soft Xsray

atrigidities of 2and 5 GV, corresponding respectively todtic 4 = 0.1- 0.8 nm (dark line) and 0.05-0.4 nm (light, red in the

: : : ur plot of the online version); (b) microwaves (darleli.7
E?;EIFFS};H;? and 4.15 GeV, are displayed in the top pzine%?'_u light - red in the colour display - 8.8 GHz; RSTN net-

In order to elucidate the acceleration processes we comp k, Learmonth); () dynamic radio spectrum at dm-m waves

the relativistic proton time profiles with electromagneticers d TEN!EIS':X; mvc?rse colour Zpale; 1s mtegrat;)\r;EtgnQ()i;)(
of energy release, electron acceleration and electroragatipn 9€cametre-kilometre wave radio emission (VWi In-

from the corona to 1 AU. Whole Sun records in the X-ray an%erse)col(()jug chsle(l) ge) proton f|éJX t|mhe hlsltory at 2 G\)/ (d%rk
; ; . curve) an ight curve; red in the online version) rigi
radio band are shown in the lower panels of Eig. 1. ity (kinetic energy 1.27 and 4.15 GeV, respectivelyy), tiaxés

a) Soft X-ray (SXR) fluxes (Fig[dl.a) are monitored byghifted back by 216 s. The intervals delimited by verticagh
the Geostationary Operational Environmental Satelliteand numbered O to 6 areftérent episodes of particle accelera-
(GOES) operated by NOAR The emission comes fromtion, as discussed in the text.
plasma heated during the flare and traces the history of ther-
mal energy input and loss in the flaring active region.

b) Flux density time profiles at selected radio frequencies Network (RSTN; 0.245-15.4 GHz range) of the US Air
(Fig. [1.b) were observed by thRadio Solar Telescope Forcél and by the Radio Polarimeters of the Nobeyama

! [Masson et dI[(2009) will be cited asper 1in the following. 3 provided by NGDQ@WDC Boulder
2 http://www.ngdc.noaa.gov/stp/SOLAR/ http://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-
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Radio Observatory (NoRP; 1.0-80 GHz; Nakajima ét ain an extended loop has been discussed in some other GLEs
[1985[. Microwaves ¢ > 1 GHz) are due to the gyro- (Bieber et all 2004; Saiz etlal. 2008), and was also propfused
synchrotron process of near-relativistic electrons (giesr the 2005 Jan 20 evé&htBut since the second pulse is due to
between about 100 keV and a few MeV) with an admixanti-sunward streaming protons, its timing cannot be éxpth
ture of collective plasma emission near the electron plasrbg reflection of particles from the first release. For one wdoul
frequency or its harmonic in the range up to a few GHhave to require that the reflected particles travel backedsiin
Microwave emission comes from low coronal heights, a feand are again reflected earthward. Even if such a procesd coul
ten thousands of kms above the photosphere. create a new rise, the time needed for the particles to tsavel
c) Decimetre-to-metre wave dynamic spectrograms (Hig. 1ward from the bottleneck and again earthward is too longnfro
are observed by the ARTEMIS [Vsolar radio spec- the estimated travel time of 12.5 min between the Sun and the
trograph at Thermopylae (Greece; Caroubaloslet al.|20@arth in the first pulse (see below), to which the travel tiree b
[Kontogeorgos et all_ 200€, 2008). It consists of a 7-mween the Earth and the bottleneck and back to the Earth raust b
parabolic antenna covering the dm-m wave range, to whieklded, the protons would need more than 25 min after the first
a dipole antenna was added recently in order to cover thelse to reach the Earth a second time. But the second rite sta
long metre-decametre wave range. Two receivers operatdy about 12 min after the first. This suggests that the s#con
in parallel, a sweep frequency analyzer (ASG) coveringse of the proton time profile is indeed due to a second releas
the 650-20 MHz range in 630 data channels with a caf relativistic protons from the Sun. When detected at Edhid
dence of 10 samplgsec and a high sensitivity multi-channeparticles from this release are, however, superposed aorgst
acousto-optical analyzer (SAO), which covers the 270-4%@&ckground, to which reflection at a magnetic barrier beyond
MHz range in 128 channels with a high time resolution of AU may well have contributed. Because of this background
100 samplesec. The radio waves are predominantly plasnibe second release had lower intensity than the first.
emission which, given the frequency range, occurs in a range In summary we consider that the two pulses in the relatwisti
between about 0.1 andR, above the photosphere. proton time profile result from separate acceleration sses
Dynamic spectra at decametric-to kilometric waves (142MHhear the Sun. The actual time profile of the second pulse de-
to some tens of kHz; Fiffl 1.d) are obtained from the WAVEBends strongly on the fitted parameters of the rigidity spect
spectrograph aboard the Wind spacecraft (Bougeret et Bhis is seen by the comparison of the time profiles &edént
). The radio waves are plasma emissions from the higioton energies in Fifl 1.e, where the profile at 2 GV has an im-
solar corona, about 2 to B, above the photosphere neapulsive peak at the onset of the long second pulse seen at 5 GV.
10 MHz, to 1 AU (~20 kHz). In the following comparisons the existence of the new reéss
(c? nsidered as established, while the duration is consideme
rtain.

d

~

The ordering of the panels in Figl 1 hence reflects a tracing
energy release and electron acceleration in the low coi®XR (

and microwaves) to electrons in the interplanetary mediaar n
1 AU (radio waves at a few tens of kHz). The reader is referrddble 1. Acceleration episodes during the 2005 Jan 20 event.

to the reviews of Bastian etlal. (1998) end Nindos ét al. (2008

and references therein, for a more detailed presentaticaldd ~Episode EM emission GLE signature
emission processes. 0 Early SXR rise; cm-dm, none observed
no m-km-1 emission

) . L 1 SXR, HXR, cm-mA rise, none observed
2.2. Time profile of relativistic protons detected at Earth no Dm-km-1 emission
The top panel of Fig.1 shows the intensity-time history ¢f re 24 SXR riseyr-decayy, 1st peak

Lo > : main HXR, cm, (a)

ativistic protons after subtraction of a travel time of 21évsl- dm-km-1 (I, 111y
uated inpaper 1, and which will be justified below. A remark- 5 SXR peak and early decay, 2nd peak
able feature of the time profile is its double-peaked stmegtu HXR and mm-short cmt decay,
As shown inpaper 1(Fig. 1) the first peak was nearly ex- further long cm-kmA (1V, 111)
clusively due to anti-sunward streaming protons, whileirdyr 6 SXR decay, further cm-peaks,  decay 2nd peak
the second peak anti-sunward streaming protons were a@userv m-A 1V, DH® |l, isolated DH IlI

on top of an isotropic population. McCracken et al. (2008) irfDH" means dekametric-hectometric.

ferred the double-peak structure and the anisotropy cteisc

tics from a semi-quantitative analysis of count rate timstdsi

ries of the neutron monitor network. Plainaki et al. (200} a

IBombardieri et al.| (2008) failed to detect the gap between t.3. Comparison of the proton time profile with radio, X-ray

first and second pulse, because it was smeared out in thew5 mi  and UV emission

integrated data. However, the latter authors showed (Eigil5) ) , ) ,

that anisotropy was significant throughout the time inteofa 1he SXR time profile of the event (Figl 1.a) had a smooth rise

the second pulse, although much weaker than during the firstnd fall, while the electromagnetic emission evolved inioc
The question whether the second rise of the proton proffiePS that allow us to roughly distinguistferent acceleration

is a signature of a second solar particle release or not is @isodes. They are labelled from 0 to 6 in Fib. 1 and are sum-

bated in the literature. Particle reflection at magnetitienecks Marisedin TablElL. The hard X-ray (HXR) emission is not shown

beyond 1 AU due to previous CMEs, or magnetic mirrorin%’ro'?,\i/%\g-s 'tﬁ) gt\./aeilrsal;?gloglylijvt:aonn i\évaFSi girgil?)%g)e:hle '?’feerggigﬂ-

4 http://solar.nro.nao.ac.jp/ emission started increasingly later with decreasing feaqy:

5 Appareil de  Routine  pour le  Traitement etepisode O during the early rise of the SXR burst comprised cm-
I'Enregistrement Magnétique de I' Information Spectrale
http://web.cc.uoa.gr/~artemis/ 6 see Abstract ih Rffiolo et al. (2010)
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10— T g/ T Although the 2005 Jan 20 event was clearly eruptive,
i ' with a fast CME, dimmings and signatures of EUV waves

(Grechnev et al. 2008), the ARTEMIS IV spectrum showed no

evidence of a classical drifting metre wave type Il burst-dur

ing episodes 0 to 4. Short features with type Il-like driftsrey

i discussed by Bouratzis et dl. (2010), but their identifaratas

] shock signatures is ambiguous because characteristicltype

fine structures such as band splitting and fundamental-traiom

structure were absent.

10*-

2.3.2. Solar phenomena associated with the second proton
release

Flux density [sfu]

The relative timing of relativistic protons at Earth and icad
emissions derived for the first peak also determines théivela
timing during the second peak. As seen in Elg. 1.d, the rif@so
102 T R B second peak was accompanied by a new group of decametric-to-
0.1 1.0 10.0 100.0 hectometric (DH) type Il bursts. The release of electroarhe
Frequency [GHz] to the high corona and interplanetary space at this speitifee t
, . ) ) . strengthens the conclusion that the second rise of thevistat
Fig. 2. Whole Sun radio spectra during thefdrent acceleration tjc proton profile was due to a new solar particle release. ne
episodes, as indicated to the right of the curves. Eachspect gpisode of near-relativistic electron acceleration i aksen as
is an average over 1 min taken at the midpoint of the acc@eraty minor peak superposed on the decaying 8.8 GHz time profile
episode. Data compiled from the Learmonth and San Vito RS Fig.[.b, and as a clear new peak at 2.7 GHz. Based on these
stations (0.245-15.4GHz) and the Nobeyama Radio Polaeisietjme profiles, we identify new acceleration episodes 5 idiclg
(17 and 35 GHz). nge flux Zden3|lty (ordinate) is given in solahe onset of the second proton peak, and 6 for later accelerat
flux units (1 sfu= 1072 W m™ Hz ™. that produced weaker new peaks at microwave frequencies.
The whole Sun radio spectra derived from the fixed-
o . frequency observations during the seven acceleratiornegss
mm wave gyro-fsynchrotron emission since 06:36 UT, as shO\(q:r]g_D) have a typical gyro-synchrotron shape. The Nobeyam
by the flux density spectrum labelled “0” in FIg. 2 (dotted\®@).  fiux density at 3.75 GHz, which is not shown in this plot, was
This emission had no counterpart at metric and longer wdwes (about twice as high as at neighbouring RSTN frequencies. But
details see Figs. 1-3 bf Bouratzis el al. 2010). The lowde#®y the spectral shape was similar as in the RSTN observatidis, w
limit of the radio burst drifted gradually towards lowerdrgen- 4 positive slope betweenl GHz and a peak frequency near
cies. This well-defined low-frequency ciitand the absence of 30 GHz in the impulse phase (episodes 1 to 4). Optically thick
type Il burst emission suggest that the electron acceterato-  emjssion up to 30 GHz is consistent with intense magnetidsiel
ceeded in low-lying coronal structures and that the elestre- cjose to sunspots, where the optical and UV ribbons were ob-
mained confined there during episode 0. The gradual progrggrved during the impulsive phase (Grechnev &t al.|200&)s& h
sion towards lower frequencies shows that the confining magiithors evaluated a magnetic field strength of 1600 G. The spe
netic structures were evolving or that the accelerationoreg tra still have the gyro-synchrotron shape in episodes 5 ahdt6
comprised successively more extended structures. with a much lower peak frequency near 5 GHz. This indicates
radiation from a source with much weaker magnetic field than i
the impulsive phase. The gyro-synchrotron spectra extemehd
to 610 MHz and perhaps lower, as suggested by the uniform
grey background in the dm-m wave spectrum (Elg. 1.c). This
The brightestimpulsive phase emission was observed at gamshows that near-relativistic electrons accelerated dupisodes
ray, HXR and microwave wavelengths during episodes 1 to 3.and 6 were released into magnetic structures within an ex-
This is illustrated by the 8.8 GHz time profile in Fig. 1.b. As-d tended height range in the corona.
cussed irpaper 1 gamma-ray emission of relativistic protons, Superposed on the gyro-synchrotron emission during
produced by pion decay, was first observed in episode 2. Tégisode 5 is a band of emission at dm-m wavelengths thatasoss
sudden appearance of type Il bursts in the WAVES spectruhe frequency range 650-100 MHz in Hg. 1.c. A more detailed
at this time (Fig[l.d) demonstrates that electron beame weiew is shown in Fig[13. The emission undergoes a system-
released to the interplanetary space. If we hypothesizetiea atic drift from high (06:55 UT near 500 MHz) to low frequen-
first release of protons producing the GLE started at thig tircies (07:02 UT near 150 MHz). It is accompanied on its low-
too, their intensity profile must be shifted back by a trawekt frequency side (especially 20-80 MHz, around 06:57 UT) by ra
of 216 s, as done in Fifgl 1.e. This travel time to the Earthiiespl dio emissions that connect to the type 11l burst below 14 MHz,
an interplanetary path length near 1.4-1.5 AU (see Sectof3.lindicating that electrons got access to interplanetargesizd
paper 1), which is longer than the nominal Parker spiral lengtheast during the early part of episodebs.
Since the interplanetary medium had been strongly distliblye A clear new episode of energy release starting near 06:54 UT
CMEs ejected at previous days, a longer path length than pcen also be seen in UV observations during episode 5, and the
dicted by Parker's model is plausible (Masson et al. 2018 Tsources can be localised in flare kernels at 160 nm wavelength
time lapse between the first acceleration signatures seei+ in with the Transition Region and Coronal ExploreiTRACE;
crowaves (06:36 UT) and the first escape of particles to-intéfandy et al! 1999). An average image of the flaring active re-
planetary space was 9-10 minutes. gion was computed using 20 snapshots between 06:52:41 and

2.3.1. Solar phenomena associated with the first proton
release
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Fig. 3. Detail of the dynamic spectrum (ARTEMIS 1V top; in-
verse grey-level scale) andfiirential spectrum (bottom) dur-
ing the narrowband drifting lane in episode 5. The verticas a
gives the frequency in MHz. The series of dark spots near the 4 8
low-frequency border of the total flux density spectrum isran 00 \/JM\N\\ ]
strumental artefact. 200¢ w

0

Average brightness, counts/pixel

06:53 06:54 06:55 06:56 06:57 06:53 06:54 06:55 06:56 06:57

. . . Fig. 4. Flare ribbons and flare kernels (TRACE 160 nm) during
06:57:30 UT, together with a map of the variance mhr{ e impulsive and early post-impulsive phase of the 20020an

12003) of the brightness time history. The variance map indhe flare. Top maps of the variance of the emission (a) showing the

left panel of FigL# shows the most variable emission in theflay " arnels and of the average emission (b), showing the flar
kernels. The 50% contours of the variance map are overlaid ons, with overlaid flare kernels as identified in the aade

the average image, which displays the flare ribbons, in the tfhap (50% contour; see texBottom time profiles of the indi-

right panel. The individual light curves in the bottom panet vidual kernels. numbered as in man (b). Odd-numbered kernel
Fig.[4 display the time histories of brightness in the kesrial are in the nort,hern ribbon, even-nur;n(bgz.red ones in the sauthe

belled 1 to 8. Successive pairs show similar light curvesfro o, 's\ ccessive odd and even numbers denote conjugate ke
opposite flare ribbons. Their similarity suggests that then&ls nels

are conjugate footpoints of flaring loops. Of particulaeneist

for our present discussion are the light curves of kernel§)5

and (7, 8), because they show a clear activation at 6:54 U3s&@ hfront of the CME that was seen at heliocentric distance 4,5 R
kernels were located on the outer sides of the average flare by SOHQLASCO at 06:54 UT. But it could be due to a shock
bons, respectively at the eastern and southern extremée ofdriven by the lateral expansion of the CME (see, for instatiee
northern and southern ribbon. They show that a new episodecofonal shock shape in the simulation$ of Pomoell &t al.[p008
energy release started at 06:54 UT, together with the new mi- However, a more detailed analysis of the ARTEMIS IV ra-
crowave peak and the drifting band of dm-m wave radio emigio spectrum shows that this radio emission is not a typerstbu
sion. The energy release starting 06:54 UT hence involved pahe total and dferential dynamic spectrograms of the drifting
of the structures that brightened in the impulsive phase{e lane in Fig[B show a drift rate of aboud.8 MHz s* (relative

1, 2) and newly brightening kernels that probably relate twen drift rate—0.0026 s*) and an instantaneous bandwidth of about
extended coronal magnetic structures than the previose@ps. 30% of its centre frequency. While these values are typital o
The first post flare loops became visible between the flare rifype 11 bursts at these frequenciés (Mann ét al. 1995), tee-sp
bons in TRACE UV images at about 7:04 UT, well after therum is basically a continuum with fierent types of fine struc-
brightening of these flare kernels, and persisted througiheu ture during diferent time intervals. None of the fine structures
day (Grechnev et al. 2008). The kernels hence signal a diistithat are common in type Il bursts are seen, such as fundamen-
early energy release process during episode 5, but thequiasie tal/harmonic structure, splitting of the band into narrow lames
appearance of post flare loops suggests that energy rel@ase short bursts with rapid frequency drift called herringbboests
tinued at increasing coronal height. (Nelson & Melrose 1985%; Nindos etlal. 2008).

The nature of the slowly drifting band of radio emission The most prominent fine structures of the drifting lane,
in the 500-100 MHz range (Fi@ll 3) can give hints to the elegvhich stand out in the flierential spectrum (Fif] 3, bottom), are
tron acceleration process during episode 5 and, becau$e oftiroadband pulsations. A detailed spectrum of the early eohas
common timing, possibly also on the acceleration of reistiv is shown in Fig[h, using the high spectral resolution mode of
tic protons. Because of its drift rate and relative bandwidthe ARTEMIS IV acousto-optical receiver (SAO). The high-
this feature was identified as a type Il burst in several pulesolution spectra were high-pass filtered along the tims ax
lications [Pohjolainen et al. 2007;_Masson etlal. 2009). daswto suppress both the continuum background and the teakestri
recognised by Pohjolainen et al. (2D07) that given the feegy  emitters, which manifest themselves as narrow lines pirall
range, which is expected to be emitted within a solar raditise time axis (see, for instance, the upper panel of[Fig. I3¢nT
above the photosphere, this burst could not be emitted at the separated fibers and spikes from pulsations using high-pa
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ACTENS Y SA0 202012 rmaraon: 009 nario of flux rope formation, as described by Démoulin ét al.
(2012), the outward moving radio source is ascribed to elast
accelerated during reconnection in the underlying cursbaet,
from where they are injected upward onto freshly reconmkcte
field lines that are draped around the flux rope. Since the flux
rope moves outward and expands, the internal electrontgtensi
decreases, and the plasma emission of the confined electrons
occurs at gradually decreasing frequencies, as observegin

06:85:00 06:85:30 S— 06:65:00 type IV continuum during episode 5. Electrons injected down
ARTEMISIV SAO 2005-01-20 Integration: 0.05 ward from the current sheet generate emission in newly recon
nected underlying loops. The near-relativistic part o§ thop-
ulation could explain the gyro-synchrotron spectrum wigalo
frequency near 5 GHz (Figl 2). Gyro-synchrotron emissiomfr
electrons in the overlying flux rope was also reported in othe

events|(Bastian et al. 2001; Maia et'al. 2007), but it can bely

detected with imaging observations.

MHz

Electron acceleration in the current sheet underneath a CME
‘ is in line with other observations: Aurass et al. (2009) caneg

wewn . *®*  gpectral observations of a type IV burst having a similacspe

. . . - . _trum as on 2005 Jan 20 with white-light and spectroscopic UV

Fig. 5. Details of the dynamic spectrum of the drifting contin- bservations. They concluded that the radio emission ¢ f

uum in Fig.[3 with high spectral resolution: fiber bursts an . :
: . e current sheet behind a CME. Benz étlal. (2011) showed evi-
narrow-band spikes (top), broadband pulsations (bottom). dence from the spatial organisation of the sources of twsgtul

ing continua with the region above coronal hard X-ray sosirce
suggesting again the current sheet of the standard erufatiee

filtering along the frequency axis to eliminate pulsatiofig (3, scenario as the acceleration realon K 00 d
upper panel) and low-pass filtering to suppress fiber bursts pectrographic observations gf another d%anma

spikes (FigLb, lower panel). Besides the pulsations, térdy o\ hich occurred together with the ejection of a sefayx
emission feature hence also shows narrow-band spikes a:g

X ; . B4smoid. They concluded from a comparison with numerical
gg%ﬁgﬁgwl\_ﬂfrez Sggcgb;(rj %wgz—&e&%vgeaggiﬂ]eg;ég” mulations that a current sheet underwent repeated recenn
review of fine structures in solar radio bursts. It is cleamir Zgié?jatghﬁgtgr(])? Caoﬁilffécsgfj ;;?:r?gﬁﬂﬁ Isgﬁgdsrsﬁl?ﬁl_br?
these spectral observations that the slowly drifting lahdmno- P b 9 9 P

S . L of the plasmoid that was eventually ejected
m wave emission that accompanied the second relativigitopr
release was a burst of type 1V, also called a flare continudms. T~ The dm-m-wave radio emission during episode 5 on 2005
gives a clue to the acceleration process, as will be disdlisse Jan 20 and its simultaneity with the start of the second selea
Sect[Z3B. of relativistic protons hence suggests that both radio tergit
The dynamic radio spectrum below 14 MHz (Fiy. 1.d) showglectrons and relativistic protons were accelerated dufie dy-
a type Il burst at its high-frequency border near the start Bmical evolution of coronal magnetic fields in the aftemaft
episode 6. This burst was labelled I1(3)in Bouratzis &{z010). & CME. The scenario involves closed magnetic field lines and
It was not the low-frequency extension of a metre wave typedpes not explain the particle escape to the interplanefmayes
burst - at least no corresponding signature is seen in[fg. 1But radio emission was also detected at the low-frequeri®y si
This suggests that the shock-related radio emission ttatyesi Of the type IV burst near the start of episode 5 (around 06757 U
near the end or after episode 5. It followed in time the drifti 30-150 MHz in Fig[3B). It had complex spectral structure, as
type IV burst, and may well be related to the expanding CMghown in the dterence spectrum in the lower panel, with many
structures of which the type IV source is part. There is netinharrow-band bursts. This was hence not a type IlI burst, but
correspondence between the type Il burst and the start sethe at still lower frequencies WAVES did see a new type Il burst
ond relativistic proton peak. (Fig.[d.d). It is tempting to interpret the spectral fine stue
in the 30-150 MHz range as an indication of magnetic recon-
_ _ _ ) ) nection between the CME and ambient open magnetic field lines
2.3.3. An interpretation of particle acceleration during the (see alsb Démoulin et'al. 2012). This would allow the reistic
second relativistic proton release protons to escape as required for the interpretation of the. G

Here we attempt an interpretation of the observations guri%a particle release scenario was modelled by Massoh et al

episode 5, related in particular to the origin of the driftin

type IV burst. Although we have no imaging observations of We note that the scenario of particle acceleration in the
the dm-m wave radio sources on 2005 Jan 20, we can referctwona behind the CME does not imply that SEP events are al-
well-observed events reported in the literature where aisen ways produced after the CME passage. Kahlerlet al. (2000) re-
tent scenario of radio emission during the formation ansvard  ported that events of arcade formation observed in SXR are us
expansion of a flux rope has been developed. The imaging-obsgélly not accompanied by SEP events. As stated in Bect] 2h& 2,
vations typically show the presence of an outward movingoutobserved signatures of arcade formation on 2005 Jan 2@dtart
source and one or more sources at lower altitude with or witbaly at the end of acceleration episode 5. There must be sup-
out systematic motion (Laitinen et/al. 2000; Klein & Mouradi plementary requirements that ought to be fulfilled in order t
2002; [Vrdnak et all_2003; Pick etlal. 2005; Maia etlal. 200@ccelerate relativistic protons in this situation, peshagated to
[Huang et al. 2011; Démoulin etlal. 2012). Within a classscat the general energetics of the flaring active region or the CME
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2.4. Summary of results was first seen. We note that while the radio emission comes fro
. . . lectrons an not tr rotons, th mmon timing with
Particle acceleration during the 2005 Jan 20 flakE event electrons and does not trace protons, the common t g wit

ised | . ts withiedent - _the pion-decay gamma-ray emission from interacting pr®ton
comprised several SUCCESSIVE parts witheent reSponses In iy simijlar energies as the GLE protons is a strong argument
different particle populations:

that the acceleration of the two populations was closefteel

1. The relativistic proton event observed at Earth (GLE) réseelALLngLe;_dlLZQ_QDB, and references therein for a more de-
vealed two distinct solar particle releases. tailed discussion of pion decay gamma rays from relativisto-

2. Each was associated with type Il bursts showing the escdBns)- The access to space of relativistic protons from &renfl
of subrelativistic electron beams to the interplanetagcsp active region provides a convincing explanation of the fiise

3. The gamma-ray, hard X-ray and radio emissions show@tthe GLE. Similar successive increases of the spectrgkrah
that the event started with an impulsive phase consisting'@dio bursts were reported in other flares with strong daréic-
several successive acceleration episodes. In one of tre |&€leration|(Trottet et al. 1998; Rieger etlal. 1999). On sia
episodes, about 9 min after the first signature in radio wavéadio emission may remain cuffaluring the entire flare, indi-
relativistic protons were also accelerated (saper 9. cating that the accelerated p;_irtl_cles remain confined inathie

4. During the same episode intense type Il emission statteccoronal(Klein et &l. 2011). This is clearly not the case on5200
decametric and longer waves, showing that electrons had &0 20, but particles accelerated in the flaring active regidy
cess to the high corona and interplanetary space at the fim@t access to space in the course of the impulsive phase-evolu
the first relativistic proton acceleration shown by the ganmtion, not since Its start. _ o
rays. The time delay between the first relativistic proton release

5. The second relativistic proton release started neargake@f and the first signature of impulsive electron acceleratiomin)
the SXR burst. It was again accompanied by a type Il burdg_significant and shows that tﬁglcw delays of several neisut
A type IV burst was observed at dm-m wavelengths. It a¢ ot al.[ 1982] Asc n 2012) do not at all imply that
companied new microwave emission, which was more prifiteracting and escaping particles needfedent acceleration
nounced at frequencies of a few GHz rather than at the higti¥pcesses. Such delays are found here to result from the evo-
frequencies that dominated during the impulsive phasd-acdétion of both the acceleration process(es) during the isipel
eration. A clear new energy release was seen in UV flare kefpase and the conditions for particle escape from the corona
nels, and was followed by the appearance of post flare loopicCracken et &l.. (2008) concluded that the relativistictpne
The radio emission is consistent with a scenario of electr@the first peak on 2005 Jan 20 remained confined during a few
acceleration in the stressed magnetic fields behind the CMBinutes before being released to interplanetary space.ctini-
and by inference we suggest that the relativistic protons @fision was based (1) on a smoothed version of the gamma-ray
the second pulse were also accelerated in this environme#ine profile, from which the authors estimated too early a sta

6. Type Il emission was clearly seen at decametric wawes ( qf.th.e emission and hence of the inferred accelera_tlon af rel
14 MHz), but started after the second proton peak. Despitéistic protons (se@aper J), and (2) on the hypothesis that the
the likely presence of shock waves in this very dynamigrotons had to travel along a Parker spiral field line, wherea
event, there is no time correspondence between their ralfi§ interplanetary medium was strongly disturbed by presio
signatures and the timing of the acceleration and releaseGYIEs (Masson et al. 2012). Therefore we conclude on a direct
relativistic protons detected at Earth. release of the protons producing the first peak of the GLEén th

course of the impulsive phase of the associated flare.

3. Discussion . : .
3.1.2. Post-impulsive phase acceleration - the second
3.1. Radio evidence on the evolution of particle acceleration relativistic proton release

and release in the 2005 Jan 20 GLE . . .
Electron acceleration during this event clearly proceedel

Through its sensitivity to non thermal electrons and itatieh- beyond the impulsive phase, as shown by the long lasting ra-
ship to the electron plasma frequency, radio emission gesvi dio emission. During the second release of relativistiaqms,
valuable information on electron acceleration iffetient flare which started near the maximum of the soft X-ray burst, tivd ha
phases and on their release to the interplanetary spacediBig- - X-ray and high-frequencyx8 GHz) microwave emissions were
nostic has been applied here to the impulsive and post-siveul decaying and showed only a minor new peak. But clear rises of
phases of the 2005 Jan 20 flare-CME event. Common timiggnission were found in microwaves and at dm-m waves, as well
relationships suggest that this information has bearingierac- as in UV kernels at the periphery of the flare ribbons. Thisis-c
celeration and release of relativistic protons. sistent with a new phase of energy release and particleezeeel
tion, likely in a more tenuous plasma than before. From tl@pr
erties of the radio emission we argued that a plausible envir
ment of the acceleration was the post-CME corona with a recon
necting current sheet. Time-extended acceleration ofivistc
During the impulsive phase of the event several episodesprbtons was discussed with respect to long duration ganaya-r
particle acceleration were identified, while the dm-m-weae bursts by Ryan (2000) and Chupp & Ry 009). Among the
dio emission extended to decreasing frequencies. Duriegpbn mechanisms invoked are direct electric field acceleraticiné
these episodes relativistic protons were first detectedalieir reconnecting current sheet behind a CME and stochasti¢-acce
production of pion-decay gamma-rays. The extension ofdhe eration in large-scale turbulent loops (see

dio emission towards lower frequencies means that theretest [2006). Both are consistent with the association betweeprie
had access to successively more extended structures.ugltgnt ton acceleration and type IV radio emission, which shows the
they could escape to the interplanetary space, during ised® presence of large-scale loops in the aftermath of a CME.& hes
when the pion decay gamma-ray emission of relativisticgret scenarios show that the CME may be essential for the redtitivi

3.1.1. Impulsive phase acceleration - the first relativistic
proton release
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proton acceleration even if the acceleration does not cacar
shock wave.

3.2. Comparison with other GLEs

Benz, A. O., Battaglia, M., & Vilmer, N. 2011, Sol. Phys., 2383

Bieber, J. W., Droge, W., Evenson, P. A, et al. 2002, ApJ, 582

Bombardieri, D. J., Duldig, M. L., Humble, J. E., & Michael, K. 2008, ApJ,
682, 1315

Bougeret, J.-L., Kaiser, M. L., Kellogg, P. J., et al. 199pa&e Sci. Rev., 71,
231

The SEP event on 2005 Jan 20 illustrates the Iong-standdnag jdouratzis, C., Preka-Papadema, P., Hillaris, A., et al02@bl. Phys., 267, 343

that GLEs may have a double-peaked structure, with an linit

%ltikofer, R., Fluckiger, E. O., Desorgher, L., & Moser, R. 2006, in 20-th
European Cosmic Ray Symposium, hitgww.lip.pt/eventg2006ecrgprod

fast anisotropic particle population - called the ‘Prompie  carmichael, H. 1962, Space Sci. Rev., 1, 28

ponent’ - followed by a more gradual and less anisotropie ‘dearoubalos, C., Maroulis, D., Patavalis, N., et al. 2001 peEimental
layed component’ (see review in_Miroshnicheko 2001, chap.Astronomy, 11, 23

7 3) McCracken et al (ZQU 2) concluded that the sequenas 0 hernov, G. P., ed. 2011, Astrophysics and Space Sciencariibol. 375, Fine

Structure of Solar Radio Bursts

anisotropic |mpuI_S|ve pegik and a less anisotropic gradeak p Chupp, E. L. & Ryan, J. M. 2009, Research in Astronomy, 9, 11
occurring 7-15 min later is a common occurrence when the pafiver, E. W., Kahler, S. W., Shea, M. A., & Smart, D. F. 1982134260, 362
ent active region is well connected to the Earth, while the abémoulin, P., Vourlidas, A., Pick, M., & Bouteille, A. 2012pJ, 750, 147
sence of the impulsive peak is typical of poorly connectdiy-ac Gopalswamy, N., Xie, H., Yashiro, S., & Usoskin, . 2005, mternational

ity near or east of the central meridian or well beyond thetwe
ern limb. One thus expects to see the first peak of the dou

Cosmic Ray Conference, Vol. 1, 169-172

t%::echnev, V. V. 2003, Sol. Phys., 213, 103

echnev, V. V., Kurt, V. G., Chertok, I. M., et al. 2008, SBhys., 252, 149

peaked structure on 2005 Jan 20 because of the favorable a@amdy, B. N., Acton, L. W., Kankelborg, C. C., et al. 1999, Stiys., 187, 229

nection, while the second peak would be visible in all GLEs.

This is consistent with some earlier analyses of relatwis
SEP release in temporal association with a type IV burstén t

Huang, J., Démoulin, P., Pick, M., et al. 2011, ApJ, 729, 107

tHudson, H. & Ryan, J. 1995, ARA&A, 33, 239

Kahler, S. 1994, ApJ, 428, 837
Kahler, S. W., McAllister, A. H., & Cane, H. V. 2000, ApJ, 538063

event 2000 Jul 14 (W 07IKlein et al.l2001a) the GLE was ac-Kiein, K.-L., Chupp, E. L., Trottet, G., et al. 1999, AZA, 34871
companied by a type IV burst with a spectrum that drifted %oleein, K.-L. & Mouradian, Z. 2002, A&A, 381, 683

towards lower frequencies (see the radio spectru
[2001b). Both the radio spectrum and the relativistic prdion

e Klein, K.-L., Trottet, G., Lantos, P., & Delaboudiniere;R 2001a, A&A, 373,

1073

. Klein, K.-L., Trottet, G., Lantos, P., & Delaboudiniére;R 2001b, A&A, 377,

ing were similar to episode 5 of the 2005 Jan 20 event. The tim-gg7

ing of the solar release of the first relativistic protonsnsae

Klein, K.-L., Trottet, G., Samwel, S., & Malandraki, O. 20130l. Phys., 269,

Earth during the 1989 Sep 29 GLE (flare behind the western309

limb) was also found to be more consistent with a %Ee [\ burg{'
ta

than with the previous impulsive microwave bu

em, B., Karlicky, M., & Benz, A. O. 2000, A&A, 360, 715
ontogeorgos, A., Tsitsipis, P., Caroubalos, C., et al.&0@easurement, 41,

[1999). In these events we found that the early rise of the Gldntogeorgos, A., Tsitsipis, P., Caroubalos, C., et al. ©20Bxperimental
was delayed by 10-20 min with respect to the first radiative Astronomy, 21, 41

signatures of electron acceleration in the impulsive phBeéh

events were poorly connected. The association of the vidati
tic proton release with type IV emission suggests that itn laot

Kuznetsov, S. N., Kurt, V. G., Yushkov, B. VY., & Kudela, K. 280in 30th
International Cosmic Ray Conference, ed. R. Caballero, .JD'©livo,
G. Medina-Tanco, L. Nellen, F. A. Sanchez, & J. F. Vald&dia, \Vol. 1,
121-124

first anisotropic proton pulse was missed, in agreementtéh Laitinen, T., Klein, K.-L., Kocharov, L., et al. 2000, A&A &, 729

McCracken et &l/(2012) scenario.

Our results on 2005 Jan 20 are hence consistent with the Pa

sic scheme of successive relativistic particle releasemgla

GLE devised by (Miroshnichenko 2001, and references thgrei
IMcCracken et dl. (2008) and McCracken €t al. (2012). But th

also emphasise that the solar acceleration history is net
quately described by a single impulsive phase acceleration

Lockwood, J. A., Debrunner, H., & Flueckiger, E. O. 1990, &o@hys. Res.,
95, 4187

opate, C. 2006, in AGU Monograph, Vol. 165, Solar Eruptiansl Energetic
Particles, ed. N. Gopalswamy, R. Mewaldt, & Torsti, J. (Whagton DC:

American Geophysical Union), 283-296

ann, G., Classen, T., & Aurass, H. 1995, A&A, 295, 775
asson, S., Antiochos, S. K., & DeVore, C. R. 2013, ApJ, 721, 8

Eﬁia, D.J. F., Gama, R., Mercier, C., etal. 2007, ApJ, 66@, 87

Masson, S., Démoulin, P., Dasso, S., & Klein, K.-L. 2012, A&38, A32

cess and a subsequent coronal acceleration by the CME shogkasson, S., Klein, K.-L., Btikofer, R., et al. 2009, Sohy&., 257, 305

McCracken, K. G., Moraal, H., & Shea, M. A. 2012, ApJ, 761, 101
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