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ABSTRACT

In spite of the wealth of imaging observations at extremigaublet, X—ray, and radio wavelengths, there
are still a relatively small number of cases where the whuolegery becomes available to study the full devel-
opment of a coronal mass ejection (CME) event and its ageac&ock. The aim of this study is to contribute
to the understanding of the role of the coronal environmerthe development of CMEs and formation of
shocks, and on their propagation. We have analyzed thegttens of a couple of homologous CME events
with the ambient coronal structures. Both events were laeddn a direction far from the local vertical, and
exhibited a radical change of their direction of propagatiaring their progression from the low corona into
higher altitudes. Observations at extreme ultravioletel@vgths from the Atmospheric Imaging Assembly
instrument onboard the Solar Dynamic Observatory were tesidck the events in the low corona. The devel-
opment of the events at higher altitudes was followed withwiite light coronagraphs onboard the Solar and
Heliospheric Observatory. Radio emissions produced duhia development of the events were well recorded
by the Nancay solar instruments. By detecting acceleralerirons, the radio observations are an important
complement to the extreme ultraviolet imaging. They alldws to characterize the development of the associ-
ated shocks, and helped unveil the physical processesd#t@rtomplex interactions between the CMEs and
ambient medium (e.g., compression, reconnection).

Version of March 11, 2016
Subject headingsSun: flare — Sun: radio radiation — Sun: CME

1. INTRODUCTION wavelengths (e.g., Liu et al. 2010).

At _ .. Before the advent of the STEREO mission (Kaiser et al.

Stl’(L:jg':SpeaSl, I\\/Ilva;]sighE(J:?;:;) r;slé%l\g Iis%gﬂﬁtlir]ggl aiﬁ:ie ;pﬁg&zt;ZOQS), the early studies of the CME initiation mechanisnts an
netic field out into the corona and the interplanetary medium 'E)helr garly develotg)ment In theflow cor(_)nal have been p”'y'r?”l
The understanding of their link with other forms of solar ac- egfle oggef\%\t/ioonssgigevr%téori]r?arao driT;ignSIPrgr?w ;Iﬁvmvi_tgglg.m-r O(?se
tvity is nowadays widely facilitated by coordinated meit ral cédence aryldrrelativel, smallfield, of view (e Sterli%
wavelength observations from various observational \gnta & Moore 2004: Sterling gt al. 2007). In recenig)},ears m%st
points. The multi-viewpoint and multi-wavelength coverag S ' - y ) '
a b ey facor 0 shed ight o the prysica proscese [SET A Sl heve aisen o, the o use o e
atwork during t_he|r generation and sgbsgquent propagation of the five instruments of the SECbHI telescopé package on

A standard picture of a CME eruption is well summarized board STEREO, and the Atmospheric Imaging Assembly in-
by the mofd El pkr)opozsgfoby L(|jn A(\g ::or_beszgzl(lo;) )i (Stﬁ-e aISOdtr}estrument (AIA Lémen etal. 2012) on board the Solar Dynam-
reviews of Forbes and Aulanier .) In this model, : ' eV X
the CME is built from an initially twisted flux tube (flux rope) 5 (ngiréﬁ??pﬁﬁ’ﬂéi% Jﬁlglr]nga?%vggz@f% gfs ngh—tgﬁh Blgrg
located above a photospheric polarity inversion line, \whic multi—temperature Observations’provided by the SE@in.
b(_acomes unstable and erupts. The magnetic field _I|nes o\/er_strument Patsourakos et al. (2010) showed that the CME for-
lying the flux rope are then stretched by the eruption and amation st’arts with a slow sélf—similar expansion of slowly—
current sheet (CS) is formed between the inversion line andZ 2t STTES Tt & ST 520720 short—ﬁived?(o se0) e-y
the bottom of the erupting flux rope. Magnetic reconnection &St gof stfor;g atoral oyer—expansion hioh essentiaﬁy— .
oc c1|Jrs ?Iﬁ-n %the €S, ?,ESt St IOV\{ alltlt;ggg)an_lqhthen %rﬂgrfs-atesabubble—shaped structure namély the CME. Afterwards
sively at higher ones (Forbes et al. . e model also ' ey .
predicts the formation of post—eruptive loops behind the CS Lhnetilcimlzlegggeégﬁﬁsg ?ﬂgtg%r&rf?iiﬁf (ffe\llfie\?\;m_:!?;%ggf‘s'on
\(]Aula}mertetl a(ll2.02105152).t Bydrrzje{’:r\]r)s of gulTeggal SIg"’"at'cms’Ofsurements showed that the EUV bubble forms when both the

anvier et al. extended this model to 3D, and compare ) X X )
i succesily o photesphericand cronalobseatan. 145 121 40 e CLE seceeraton e e e
first unambiguous evidence in white light observations ef th may p’lay a crucial role at this stage g
formation of a CS in the wake of a CME was reported by Lin I~ . .
et al. (2005) (see also Vrsnak et al. 2009). The variousrebse ou-t”l;(;/ gkllee%agfg % 8?%“2%%%%:%‘3@5&323’32 t%?é”ted
vational signatures of magnetic reconnection pred|_ctetlhby observations The.reafter Cheng et al. (2013) showedtikat t
model have also been observed at extreme ultraviolet (EUV)pre—eruption.structure ai:)pears as a.twiste 4 structureein th

2 Now at Space Science Division, Naval Research LaboratoagHikig- hot channels, lying along the magnetic structure of a cadd fil
ton, DC 20375, USA ment. As reconnection develops during this impulsive phase
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this structure starts to rise rapidly in the corona forming a standard models predicting a nearly radial direction ofwevo
growing flux rope with an observable leading front. All these tion. This study also revealed the importance of the infleenc
observations are consistent with the flux rope model (eig., L of the ambient medium on both the CME development and
et al. 2004; Aulanier et al. 2010), in which magnetic recon- consequent production of type Il bursts.
nection induced in the CS converts the stretched surrogndin A fraction of coronal events are significantly deflected in
magnetic field in the new poloidal flux of the flux rope. New the corona. The first evidences of CME deflection were
observational evidences of this 3D reconnection incluge th observed during filament eruptions, and since then their
photospheric evolution of the electric currents (Janviele study has been (and still is) an active research subject (e.g
2014) and the predicted slippage of the field lines (Jantier e Panasenco et al. 2011; Bi et al. 2014, and references therein
al. 2013; Dudik et al. 2014). Furthermore, based on both 3D CME deflection has been observed to be influenced, in partic-
magneto—hydrodynamic (MHD) simulations and data from ular, by the presence of coronal holes (e.g., Gui et al. 2011;
STEREQSECCHI, Vourlidas et al. (2012) found that at least Shen et al. 2011), and appears to be related in strength and
40% of the observed CMEs exhibit clear signatures of a flux direction with the gradient of the magnetic energy density o
rope structure. the extrapolated full-Sun potential field. Another causeesf
Spectral and imaging radio observations have also signifi-flection has been found to be the amount of magnetic recon-
cantly contributed to our knowledge of CMEs. They allow us nection induced between the CME field and its surrounding
to probe the solar atmosphere over a large range of altitudegeatures. 3D numerical simulations of observed cases have
with an extremely high time cadence. For example, Kliem et been successfully conducted (Lugaz et al. 2011; Zuccaatllo
al. (2000) observed a long series of quasi—periodic pulsati  al. 2012). In brief, all the interactions leading to the defle
deeply modulating the continuum in the [1-2] GHz range, tion of a coronal event have a direct impact on the accurate
slowly drifting toward lower frequencies. They proposed a prediction of its impact with a planet or a spacecraft. There
model in which the pulsations of the radio flux was caused by fore, their understanding is crucial to link remote solaseib
quasi—periodic episodes of electron acceleration by magne vations with in—situ ones, and hence facilitate space vezath
reconnection in a large—scale CS (see also Karlicky & 8art forecasting (e.g., Makela et al. 2013; Mostl et al. 2015)
2011). The formation and development of a reconnecting CS To contribute to the understanding of thigeets of the en-
behind an erupting flux rope was later imaged by the Nancayvironment in the development of CMEs, and the formation
Radioheliograph (NRH, see, e.g., Pick et al. 2005; Huang etof shocks and their propagation, we present in this paper
al. 2011; Démoulin et al. 2012). a multi-wavelength study of a couple of homologous CME
CMEs are frequently associated with type Il radio bursts, events that occurred on 2011 January 27. Some aspects of
which are still the best indicators of shock formation and these two events (in particular, the identification and prop
propagation in the corona and interplanetary medium. Theagation of associated EUV waves) have already been studied
coronal shocks may be generated by twéfetent mecha- (Daietal. 2012; Kienreich et al. 2013). We complement these
nisms: either as blast waves initiated by the flare pressureworks with the study of the interaction between the CMEs
impulse or as piston—driven shocks. However, because of theand the ambient coronal structures as they develop in the low
lack of imaging observations in the majority of the casedstu corona. In particular, we aim at understanding théedénces
ied, the regions where the radio emission originates asagell between the radio features observed during the development
the local physical conditions cannot be properly deterchine of the otherwise rather qualitatively similar CMEs, andxe e
This implies that the two mechanisms mentioned afiécdilt plain the radically diferent direction of propagation observed
to discriminate (Nindos et al. 2011). The following exangple on SOHQLASCO-C2 images (Brueckner et al. 1995) with
illustrate the diversity of conditions that may lead to theng respect to the direction observed during their early dexelo
eration of coronal shocks. Magdalenit et al. (2010) exbibi  mentin the SDQAIA field of view (i.e., westward and south—
four coronal type Il bursts that were clearly synchronizéttw  westward, respectively).
flares. In another case, the source of a type Il burst was found The paper is organized as follows: Section 2 provides an
above a X—ray rising loop associated with a CME at higher al- overview of the two homologous events (hereafter events |
titude (Dauphin et al. 2006). In other cases, the sourcdseoft and I, respectively), and a description of the ambient nato
coronal type Il bursts were found to be located near the lead-environment and its estimated magnetic field topology. IAfte
ing edge of CMEs (Ramesh et al. 2012) or on their flanks, a brief presentation of event | (Section 3), we concentrate o
sometimes at significant distances from the CME front (e.g., the analysis of event Il (Section 4), which is the best docu-
Démoulin et al. 2012). Coronal type Il bursts were also of- mented event and less prone to radio—related ionospheric ef
ten observed conjointly with the occurrence of EUV waves fects. In Section 5, we analyze the type Il bursts observed to
(Zhukov 2011; Patsourakos & Vourlidas 2012). Furthermore, shed light into i) the origin and propagation of the shocks re
the importance of CME-streamer interactions in both the so-sponsible for their production, and i) the charactersstitthe
lar corona and the interplanetary medium, (e.g., Reinel. et a coronal environment through which they propagate. In Sec-
2003; Cho et al. 2008, 2011; Feng et al. 2012; Kong et al. tion 6, we compile a comparative summary of both events, and
2012) or of CME—CME interactions (e.g., Gopalswamy et al. discuss the role of the ambient medium in their development
2001; Martinez Oliveros et al. 2012; Liu et al. 2014) for the along with the physical implications of our analysis. Fipal
production of type Il bursts has also been emphasized. Fromwe conclude in Section 7.
this brief introduction, we can conclude that the study &f th
initiation and development of CMEs and associated shocks 2. SOLAR ACTIVITY ON 2011 JANUARY 27
has been possible only in a very limited number of cases. A . .
recent study by Zucca et al. (2014a), for which the radio spec 2.1. Multi-Wavelength Observations
tra of a particular coronal event could be obtained simettan ~ We used EUV data from the SD®A instrument, as
ously with radio, EUV, and white light images, revealed that well as from the 195 A channel of the SECQGBUVI im-
the CME launch and early development caffeti from the ager on board STEREO-A, which on the day of the event
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E Fic. 2.— SDQAIA composite images at 171 A (blueish color) and
T 7 304 A (reddish color) on 2011 January 27 showing the corammfiguration
=10 prior to the launch of event | (left panel) and event Il (rigtenel), respec-
I ‘ { | l tively. The time lag between corresponding pairs in eactepar8 sec. The
; source region of the events is the southern part of the actiyi®on labeled
as AR. The labeled features are of interest for the eventdugun (see Sec-
a O|O 04 08 12 16 20 24 tion 2.3).
(=1

[ = % = of the X—ray flux as measured by GOES in the 1-8 A range

(lower panel). Both the time of first appearance and the direc
Fic. 1.— An overview of the radio and X—ray activity on 2011 Jayuar. tion of propagation in the SOHOASCO-C2 field of view of
Upper and middle panelsSpectral radio emission measured by STEREO- the associated CME event are also reported at the bottom of

A/SWAVES and WINDWAVES, respectively. Bottom panel Time profile o i (the latter with an arrow). The arrows in red color
of the X—ray flux measured by GOES in the 1-8 A range; the flaakeds indi hat th ding CME b donlv b
indicated on the right hand side. The labels I, II, and llinpdd the three Indicate that the corresponding -S Were observed only by
main events. The direction of propagation of the associ@®tEs in the SOHQLASCO-C2, and the arrows in black color point out

SOHQLASCO coronagraphs are indicated by arrows at the time @f fingt those observed by both SOHASCO-C2 and —C3. The tri-
appearance in the SOHIASCO-C2 field of view. The arrows in red color ;
indicate that the CMEs were observed only by SQHESCO-C2. The red angles atthe top of Figure 1 mark the CMEs also observed by

triangles on the top of the figure indicate that the CMEs wise abserved ~ COR1 onboard STEREO-A. ) )

by STEREO-A. The X—ray flux exhibits four main peaks: The first peak

o 1 . . (i.e., the weaker one) is associated with faint type Il irs
was located at 8625heliographic longitude. Its vantage lo- having a low frequency cutfbaround 0.1 MHz and with a
cation allowed to record the Sun's activity from a quasi— cME that vanishes in the SOHODASCO—C2 field of view.
perpendicular perspective to SDO. White light observation The other three peaks are associated with stronger inter-
from the SOHQLASCO-C2 instrument were used to study janetary type Ill bursts and CME events that reach the

the evolution at higher altitudes. The EUV and white SOHQLASCO-CS3 field of view (hereafter events 1, I, and

light observations were complemented with i) radio images || a5 Jabeled in the figure). These are the three eventsedudi
from the Nangay Radioheliograph (NRH, Kerdraon & De- by Kienreich et al. (2%13))_'

louis 1997) in the 432-150 MHz frequency range, i) ra- “Eyents | and Il (the subject of this paper), unlike event Il

dio spectral data obtained with the Nancay Decameter Ar-griginate in the same portion of the AR (i.e., in its south-

ray (DAM, Lecacheux 2000) in the 80-10 MHz frequency ernmost part) and are associated with the eruption of a fil-
range, and iii) WINDWAVES (Bougeret et al. 1995) and  gment. The orientation of the filament before eruption is
STEREQSWAVES (Bougeret et al. 2008) radio observations ¢onsjstent with the orientation of the Polarity Inversicing.

in the 16-0.03 MHz frequency range. (PIL) of the AR. They are homologous events, i.e., they fol-
. . low a similar trajectory, and exhibit common morphological
2.2. A Brief Overview and kinematical characteristics all along their evolutiothe

Several eruptive events associated to NOAA active regionSDOQAIA and SOHQLASCO-C2 field of views, as well as

(AR) 11149 were observed during 2011 January 27. Theyin STEREO-AEUVIimages. The overall evolution of events

are summarized in Figure Iwhich displays an overview of | and Il is summarized in the set of movies indicated in Table

the spectral radio emissions recorded by the SWAVES andl, available on—line in the journal.

WAVES instruments onboard STEREO-A and WIND space- A noise storm was detected on 2011 January 27 by the NRH

craft, respectively (two upper panels), and the time profile in its whole frequency range, i.e., [432—150] MHzThis

2 adapted from httg‘secchirh.obspm.fr 3 httpy/secchirh.obspm fr
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Event Movie Time Number

SOHQLASCO-C2 white light Run-OFf  00:00-24:00 UT 1

SDQAIA 171 A Run-Diff.  00:12-14:12 UT 2

SDQAIA 193-171 A Base-Di. 11:58-12:10 UT 3

STEREO-AEUVI 195 A Run-Dif.  00:10-23:55 UT 4
TABLE 1

LIST OF AVAILABLE MOVIES

noise storm has been taken into account to estimate the e
fects of the Earth’s ionosphere in the accuracy of the looati
of the radio sources. Indeed, the presence of the Earthts ion
sphere may lead to a systematic bias in the determination ¢
their locations, which is attributed to variable ionospbee-
fraction on electron densities inhomogeneities of largates
size with periods of several minutes. As the angular devia-
tion caused by thesdtects decreases with the inverse of the
frequency square (Wild et al. 1959), the locations of the ra-
dio sources must be corrected at each frequency (Bouger:
1981). It is worth mentioning that given the frequency de- . o -
pendence, the location of the radio sources is best detedmin /1% 372, PhOIospherc magnets fld measured by NSO an tspate
at the highest frequency. In addition, more or less org@hize darklight gray areas depict the negafivesitive radial magnetic field com-
time fluctuations of the measured positions could also be ob-ponents. The gredniue lines represent open field lines with negdfiesitive
served, depending on the level of ionospheric turbulence. I[_)hotospherlc polarities. The redange lines denote snyidrge closed field
. . ines. The thick red curve marks the average extent in teitreached

In order to estimate the firstffect, we used the hourly— by the CME bright fronts associated with events | and Il aseoked in
expanded plots at the time of the event Il at both 432 MHZ sTEREQEUVI-A at 195 A(see Figure 5). The numbers 1, 2, 3, and 4 indi-
and 150 MHz. These plots (not shown here) show no pe-cate four polarity inversion lines (PILs).
riodic fluctuations at any NRH frequency for both N-S and
E-W directions. Therefore, we can argue that tieats of particular, we distinguish in the 171 A channel: i) a system
the Earth’s ionosphere in the accuracy of the location of the of fine rays (labeled A) fanning out from the southern tip of
radio sources associated to the second event are very gmall, the active region AR, ii) a small arcade-like feature (B), ii
any. Regarding the seconffect, we checked the steadiness another arcade (C) overlying two small prominences in the
of the measured positions. By the time of the second event304 A channel (labeled as C1 and C2 on the right panel), and
(i.e., near meridian transit), the half power beam size ef th iv) a large pseudo—streamer (PS).
NRH was 3.7’ (N-S) and 2.3’ (E-W) at 150 MHz, and 1.3°  Likewise, the right panel of Figure 2 shows another

(N-S) and 0.8’ (E-W) at 432 MHz. In absence of ionospheric 171 4304 A composite outlying the coronal configuration
effects, the accuracy of the source location is estimated to bgust prior to event Il. In addition to the coronal structunesn-

one tenth of these values. . tioned above, we notice at this time in the 171 A channel
On the other hand, since the observations started shortly, well-defined, relatively narrow fan—like feature (D), aad

before the onset of event |, it is mordfittult to estimate the  jy rope like structure (FR1). FR1 becomes gradually vésibl
impact of the ionosphericfiects for this event. However, as o this channel starting at around 11:10 UT, i.e., signifigan

it was the case later in the day, no periodic variations are de pefore the occurrence of event Il (see Movie 2). It is however
tected in the corresponding hourly plots of the noise storm ,,+ seen in the SD@IA hotter channels. It appears above

(not shown here). Therefore, the ionospheffets are most g strycture labeled C2, partly superposed in the linegbftsi
probably rather small and hence not significant for the pur- i, the arcade labeled C. FR1 exhibits a slow rise and is al-

poses of the present study. By 9:00 UT, the half power beamygaqy well developed by the starting time of event I1. After
size of the NRH was-8.6' (N-S) and~4.1" (E-W) at 150 1750 yr, its lateral size is observed to grow at a rate of abou
Curacy of the souroe location beng. n the absence of iono-45 K S™. As seen in SDBAIA images at 171 A, FRLis

Y 9, well observed up to past 12:30 UT (its upper edge is already

sp&%?goﬁgﬁt?hgr;grfggmg:iihggﬁdvi{ai:)unessét decametric wave- 0ut Of the SDAIA field of view by 12:04 UT). Later on, the
’ radual decrease of contrast resulting from the superposit

lengths appeared also to be quiet by the time of the two event : ; : i i
(the characteristic broadband time—frequency patteqmsre %?1 the line of sight with erupting features makes iffidiult to

. . : . follow clearly its evolution.
ZZnFaK'AV: g];—zivglrﬁgtr gfgl'Olngosslphfggairﬁeﬁlfglglatl)gzg'Sn th " To help understand the role of the magnetic structures in
Y y ) ' ) ) the development of events | and I, we display in Figure 3

P s : the coronal magnetic field configuration derived from a po-
2.3. The Coronal and Magnetic Field Configuration tential field sour?:e surface (PFSg) extrapolation (see War?g
The evolution of events | and Il in the low solar corona Sheeley 1992) to the NSO photospheric field map for Car-
is strongly influenced by the ambient coronal environment. rington rotation 2106. It shows the view from STEREO-A.
To facilitate their description and analysis, we show in-Fig The numbers 1 through 4 point out the location of four po-
ure 2 the coronal configuration prior to the occurrence of ei- |arity inversion lines (PIL), which are of interest to eldate
ther event as observed in the 171 A and 304 A $8@ the role of the ambient medium (their approximate location
channels. The composite frame on the left panel shows thds also marked with the respective numbers in both panels of
coronal environment prior to the development of event I. In Figure 2). The red line indicates one important milestone in
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2011-01-27 2011-01-27 2011-01-27 2011-01-27 2011-01-27 2011-01-27
08:39:07 UT 08:42:07 UT 08:48:07 UT 08:54:07 UT 08:57:07 UT 09:03:07 UT

Fic. 4.— Time evolution of event I: running fierence sequence of SPOA images at 193 A showing the eruption of the filament f1 sunded by a bubble—
like structure. The green triangles indicate the positibthe radio sources of type JU bursts observed at 150 MHz. The red stars indicate theiposif bursts
detected during the encounter of the CME with arcade C (spaéR).

~08:45 UT- IR «-08:50 UT «.-08:55 UT.

e

~ 1158 UT «.-12:00 uT . . . +12:05 UL’

Fic. 5.— STEREO-A EUV running—éfierence images at 195 A showing the onset and developmere &UN waves that occurred in association with events
I and Il. They both apparently stop their progression at abmisame latitude, i.e~; 30° S.

the development of both events: the average latitudinargxt SDOAIA 193 A channel between 08:39 UT and 09:03 UT,
where the two homologous events apparently stop theiriater i) the STEREO-AEUVI 195 A channel between 08:45 UT
expansion (as observed at extreme ultraviolet wavelepgths and 09:05 UT, and iii) white light images obtained with
In the following sections, we address in more detail the de- the SOHQLASCO-C2 coronagraph between 09:24 UT and
scription and analysis of the events’ evolution. 11:00 UT.
3. EVENT| By around 08:33 UT, filament material is seen to flow grad-
: ually toward the southwest in the SIXOA field of view, re-
Event | was associated with a short—duration B6.6 X— sulting in an eruption that occurs within the time intervél o
ray class flare SOL2011-01-27T08:50 at N10 W84 be- the B6.6 X-ray flare. The formation of a bubble—like struc-
tween 08:40 UT and 08:53 UT (peak at 08:50 HTig- ture fully surrounding the filament material (structuredigul
ures 4, 5 (upper panels), and 6 (upper panels) show a tim&1 in Figure 4) becomes noticeable in both the 193 A and
sequence of snapshots of the event as observed in i) the11 A SDQAIA channels by 08:48 UT (the latter not shown

4 httpy/www.Imsal.conjsolarsoftiast events201101272315index.html here). A bright and diuse front is first seen by 08:50 UT
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2011-01-27
11:00:05 UT

2011-01-27 2011-01-27 2011-01-27
09:24:05 UT 09:36:06 UT 10:24:05 UT

4 F 4

2011-01-27 2011-01-27 Les 2011-01-27
12:36:05 UT 12:48:06 UT 13:36:21 UT

2011-01-27
14:12:06 UT

Fic. 6.— SOHQLASCO-C2 running dference sequence showing the time evolution of the CMEs iassdavith event | (top) and event Il (bottom). The
running time diference for each image is 12 minutes. There was an observirigegaeen 12:48 UT and 13:25:UT. The panel at 13:36:21 UT slioevpresence
of another (faint and wide) CME located at the northern sid@ME?2 (time of first appearance in the SOH@SCO-C2 field of view: 13:25 UT).

Event | Event Il
el L S X G B Y LU RBLIRELY LB C B 1 mE S b o
0.1F
< 1 . ~ o
I =1 T E
2 2 1 e
- weak type lll €& -
> o L
© 2 - weak type Il €>
g I
g 10 g 10 _E_ 1 . =
w w - type lll P, O e
= b 'Mivpe"
I AT I I bopli pila §15 i By 0d s 41 | G i 1.7 RS TSN IS N NSV SO T I S U TSN ISR A A AU o
08:40 08:50 09:00 09:10 09:20 11:50 12:00 12:10 12:20 12:30 12:4
Time (UT) Time (UT)

Fie. 7.— Composite radio spectra from WINMDNAVES and the decameter array (DAM) for events | (left) an@iht). The red arrows point out the occurrence
of weak low frequency type Il bursts.

in STEREO-AEUVI 195 A images at about the same lati- C (see Figure 2), to finally emerge in the SOHASCO-
tude (those images were taken with a time cadence of 5 min) C2 field of view at 09:24 UT as a bright asymmetric front
The appearance of the bubble—like structure in the DO developing towards West with a linear (average) speed of
channels mentioned above signals the formation of a CME ~445 km s? at position angle 265

(hereafter CME1), although as early as 08:45 UT a very faint A series of radio type Il bursts were detected by the DAM
front could already be discerned on the limb. This bubbke-li and WIND'WAVES between 08:37 UT and 08:50 UT (Fig-
feature is seen to develop towards southwest in 2DOIm- ure 7, left panel). These type Ill bursts, when detected at
ages. Its trajectory isfBected by the dferent encounters with 150 MHz by the NRH prior to 08:48 UT, originated nearby the
the surrounding coronal structures, in particular withadle ~ southernmost edge of the eruptive bubble—like structume-(r
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resented by green triangles in Figure 4). By that time, the ac SDQAIA pixel subtends 0.6” on the Sun’s surface. There-
curacy in the determination of the source position at 150 MHz fore, by considering the biggest error (i.e., 0.4’), theoein
is ~0.9' and~0.4’ in the N-S and E-W directions, respec- the determination of the location of the radio sources on the
tively, provided the ionospheridfects are small (i.e., about SDQAIA images is lower than 40 pixels, which corresponds
90 pixels and 40 pixels, respectively, in a full size SBA to an accuracy of about 1% for a full size image (469896
image). pixels).

The lateral expansion of CMEL is well observed in  Giventhe more complex set of radio observations obtained
SDQAIA 193 A images (Figure 4; see also Movie 2). It during the development of event Il, we give below a compre-
is observed to match the development of the semi—circularhensive description of both its evolution and its interaati

front observed in STEREO-/EUVI 195 A developinginthe ~ With the ambient medium.

southward direction, in both latitudinal extent and timeg(s )

Figure 5, upper panel; and also Movie 4). At first glance, the 4.1. Overview

CME lateral eXpanSIon stalls at arounob'atﬁ_)latltude,_ while An erupting fi|ament' emerging from the southern part of
the fror]t edge is deflected toward the _dlrect|on f|_naIIy ob- the AR 11149, was first detected by 11:54 UT in th&edi
served in the SOHMASCO-C2 field of view (see Figure 6, ent SDQAIA channels developing along the same direction
upper panel). Both the stall of the lateral expansion and theof the associated filament eruption observed in event I. The

deflection of the main direction of propagation of the eventi ¢ nant eruption is well revealed at 304 A (not shown here),

concomitant in time with the production of weak and narrow it . :

! exhibiting after 11:57 UT signatures of a narrow, appayentl
8"’8‘!15d4r8‘_1_'° bgrgés_odgebe_?tﬁ_?\ by tkk')e NRH at 150 Mlt—)|z l?:ﬂv"e‘entwisted feature. Similar signatures appear at higher teape
)6:04 Ul and Us: - These bursts occur nearby the erupy, a5 as evidenced in the runningfeience 2—color compos-
tive filament, both along its southernmost edge and along the.

northern edge of the CME feature (their approximate locatio "¢ 'mages displayedin Figure 8 (171 Ainred, 193 Ain green;
is marked with red stars in Figure 4). see also Movie 3). Type lll emission was also observed near

Thereafter, a type Il radio burst is detected by the DAM the onset of the event, i.e., during the time interval 11:57—

; ; ; . : ' 12:00 UT (see Figure 7, right panel). The locations of the
its onset occurring at approximately 09:03 UT (Figure 7, lef
panel). The type Il emission profile starts fading by 09:00:3 type lll burst sources, as measured by the NRH at 150 MHz,

UT, and becomes no longer discernible below 32 MHz after 2f28hMHZ and 3f2'|7 MHz, np]atCthe direction of propl?gdatio_nh
09:15 UT. The end of the type Il emission is followed by a of the eruptive filament (the radio sources are marked wit

: ircles and triangles in the upper left snapshot of Figure 8)
weak type Il burst detected at frequencies below 10 MHz. cire - . .
This type Il burst exhibits only one frequency band, which By around 12:00 UT the event starts undergoing a rapid

can be interpreted, in principle, either as a fundamenjas(F ~ €volution, similar to that of event I. By that time, a bright
an harmonic (H) emission. However, an argument in favor of loop-like front becomes more and more visible around the fil-
the F emission interpretation is that the frequency at ieon 2ment material in the hotter SAIA channels. These obser-
(42 MHz) iis similar to the the frequency of the F emission of vations are consistent with the formation of a flux-rope CME

a second type Il burst detected later in connection with even (SE€ @ISO tf;edrgnnlngﬁiergnce |maghe seq?egce Iln Figure 9]2'
Il (see Section 4.2.1 and Table 2). As revealed in SDEAIA images, the early development o

After the stall of the bright front, a much fainter andrdse the CME associated with event Il (hereafter CME2) is also af-

: . . : fected by the ambient coronal structures. In particularE2m
EUV frontis observed in SD@IA 193 Aimages to continue g diverting upward as a result of its interaction with t
traveling further south until a reflection of the front ocsiby

) X v arcade labeled C in Figure 2. During this time, its southern
09:35 UT in the vicinity of the northern edge of the southern edge becomes increasingly brighter and more vertically ori
polar coronal hole (for a complete description of the ful de

velopment of the event the reader is referred to Kienreich etented, resembling the development of CMEL. Meanwhile, the
al. 2013). We conjecture that thisflilise front is a fast mode southernmost edge of CME2 appears to stall after 12:15 UT

: : I ari by the CME lateral at around 30S latitude. However, a ffuse and fainter front
magneto-sonic wave, no longer driven by the ateral €X- continues its way toward South becoming fainter and fainter
pansion, in agreement with Kienreich et al. (2013).

with time (not shown here). By approximately 12:35 UT, a
rather straight front starts moving backwards (i.e., nosd)

4. EVENTII apparently from the interface between the southern edge of
Event Il is associated with a short—duration C1.2 X—ray the pseudo—streamer PS and the northern edge of the south-

class flare SOL2011-01-27T12:01 that started at 11:53 UTern coronal hole. _ ,
and peaked at 12:01 UT on N12 WBTe., almostatthe same ~ AS seen in STEREO-A EUVI images obtained at 195 A
location as event |. Event Il was preceded by a spike—likéB1. With 5 min cadence, a bright emission starts to be observed
X-ray flare that occurred between 11:05 UT and 11:22 UT @t 11:55 UT from the southern portion of NOAA AR 11149
peaking at 11:16 UT on N14 W84, and followed by another (~15° North latitude). A bright semi—circular front ahead of
spike—like B1.9 X—ray flare on N15 W88 between 12:13 UT that bright emission is later seen developing towards South
and 12:18 UT (see Figure 1). by 12:00 UT, i.e., by the time the loop-like front surround-
As briefly mentioned at the end of Section 2.2, ionospheric ing the filament material is seen to form in SPXOA images.
effects have a smallfiect on the location of the radio sources Several running—dierence snapshots illustrating the develop-
observed at the time of this event. By 12:00 UT, the accu- ment of the event at 195 A are displayed in the bottom panel
racy in the determination of the source position at 150 MHz is of Figure 5 (see also Movie 4). The large—scale intensity dis
0.4’/0.25’ for N-SE-W; at 173 MHz is 0.340.20’; at 228 turbance is characterized by a bright front preceded by &amuc
MHz is 0.2570.15’; and at 298 MHz is 0.1@.12’. One fainter (although barely visible) fluse front; the latter could
be associated with a shock propagating ahead of the distur-
5 httpy/www.Imsal.confsolarsoftiast events201101272315index.html bance. The evolution of the bright front matches the time
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2011-01-27 11:58:00 UT 2011-01-27 12:00:13 UT 2011-01-27 12:02:00 UT 2011-01-27 12:03:24 UT
2011-01-27 11:58:07 UT 2011-01-27 12:00:19 UT 2011-01-27 12:02:07 UT 2011-01-27 12:03:31 UT

2011-01-27 12:04:36 UT | 2011-01-27 12:05:36 UT 2011-01-27 12:06:36 UT 2011-01-27 12:07:36 UT
2011-01-27 12:04:43 UT ! 2011-01-27 12:05:43 UT 2011-01-27 12:06:43 UT 2011-01-27 12:07:43 UT

Fic. 8.— Time evolution of event Il between 11:58 UT and 12:08 & seen in wavelet—processed (Stenborg et al. 2008Y/AB®ase—diterence 2—color

composite images (171 A in red, 193 A in green, base image$:56:00 UT and 11:55:07 UT, respectively). Each pair hasne fag of 12 sec. The circles
plotted in the first panel correspond to the location of theetll bursts observed at 228 MHz (blue color) and at 327 MHhif{gvcolor) some few minutes
after the filament launch. The type Il bursts observed byNRH at 150 MHz are indicated by red triangles. The stars atdithe location of presumably
narrow—band radio sources observed at 150 MHz (red coldrpa28 MHz (blue color).

development of the latitudinal extent of the lateral exjpams  C2 field of view as a bright asymmetric front developing to-
of CME2 as recorded in SD@IA images at 193 A. It ap-  ward West by 12:36 UT (see Figure 6, bottom panel) with a
parently stops at a latitude of roughly*38 between 12:15— linear (average) speed e#85 km s* at position angle 265
12:20 UT. This latitude matches the latitude reached by theThe development of the eventin the SOHASCO-C2 field
off—limb counterpart of the CME (see Figure 9) around the of view will be treated in more detail in Section 4.3.
same time. The average location where the front stalls (as
seen from STEREO-A) is marked with a red curve in Fig- 4.2. The Evolution of CME2 in the low corona
ure 3. This figure shows that the bright front stops just after Both th ing df SDOAIA o
having crossed the polarity inversion line labeled 3. Hoavev oth the running aterence A composite images
a faint and difuse front continues developing until it reaches Shown in Figure 8 (193 A in green, 171 A in red) and the
the northern edge of the southern coronal hole, where it isShapshots in Figure 9 reveal that the leading edge of CME2
observed to be reflected. This faint andfatie front is the ~ can be well discerned at 193 A and hence followed. The en-
signature of an EUV wave no longer driven by the CME. Its counter between the outermost part of its front edge (seen at
development matches the development of tiiide and faint 193 A) and the northern part of the pre—existent flux rope FR1
front observed in SD@IA images. We conjecture that this  (seen only at 171 A) occurs atl2:06:24 UT. The transition
wave is a fast mode magneto—sonic wave, in agreement withhefore and after this time is well revealed by the radio emis-
Dai et al. (2012) and Kienreich et al. (2013). The analysis of sjon at several frequencies (a detailed analysis is pregémt
this later part of the event is beyond the scope of this paper.Section 4.2.1).
The reader is referred to Dai et al. (2012) and Kienreich.etal  Figure 10 and Figure 11 display in the right panel the time
(2013) for a detailed analysis of this part of the event. evolution of the EUV event along its principal direction of
Likewise CME1, CMEZ2 shows up in the SOARSCO-  rgpagation as seen in SPOA images at 171 A and 193 A,
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Fic. 9.— Event II. Time evolution of the CME lateral expansios,sg@en in SDEAIA running-difference images at 193 A.

800

2]
o
(=]

(Rsun)

Distance (Mm)

B
o
o
Distance
o
w

200

0 100 200 300 400
Distance (Mm) Start Time: 2011/01/27 11:50:00 UT (min)

Fic. 10.— Event Il. a) SD@AIA 171 A running diference snapshot by the time of the interaction between FRTME2. The main direction of propagation
followed by the core of CME2 is delineated with a the contimsiblack line labeled with the distance along the path. b)eTavolution of event Il along the
path marked with a black line on the left panel. The main hriglge depicts the time evolution of the brightest part & @ME2 core. A progressive change in
velocity occurs in the time interval [12:04:00 — 12:06:361 & 24 sec (marked with dotted yellow lines).

respectively. The principal direction of propagation idire directly above the feature C1 (see Figure 2, right panedy aft
eated by a continuous black line in the left panel of the corre the passage of the bright inner part of CME2. By that time, a
sponding figures. significant compression of the arcade C2 (see Figure 2, right
At 171 A (Figure 10, right panel), we observe a gradual panel) is observed in both 171 A and 193 A images (arcade
change of the slope of the main bright track, i.e., a change inC2 appears partly superposed in the line of sight with FR1;
the speed of the brightest part of the inner core of CME2. This see also Movie 3).
gradual change starts at 12:04:36 W24 sec and lasts until At 193 A (Figure 11, right panel), both the track of the
12:06:36 UT+ 24 sec, i.e., it starts about 2 minutes before the core of event Il (hereafter FR2) and the track of the event’s
encounter between FR1 and CME2. Interestingly, it occursleading edge become visible, the latter moving at a speed of
during the time lapse of narrowband radio burst activity ob- 620 km s'. We also observe a change of the speed of FR2
served to start at around 12:04 UT (denoted with red stars inmgre marked than that observed at 171 A. This change hap-
Figure 12, upper panel). The rather horizontal broad weite r hens at 12:04:00 UE 24 sec, near the time of the first series

gion that shows up at around 12:07 UT in the height-time map of narrowband radio bursts observed in Figure 12, upperipane
shown in Figure 10 results from the brightening of the region
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Fic. 11.— Event Il. a) SD@AIA 193 A running diference snapshot by the time of the interaction between FRTME2. The main direction of propagation
followed by the core of CME2 is delineated with a the contimsiblack line labeled with the distance along the path. b)eTerolution of event Il along the path
marked with a black line on the left panel. The leading edghefCME becomes visible at12:01 UT (see the top part of the panel). The main bright ridge
depicts the time evolution of the brightest part of the CMB&c A progressive change in velocity occurs in the timeriatig12:04:07 — 12:06:43] UE 24 sec
(marked with dotted yellow lines).

(red stars). We also note the presence of a source detected at both
173 MHz and 150 MHz between 12:04:40 UT and 12:06:00
4.2.1. Radio Bursts Observed During the Development of CME2 in UT with peak intensity by [12:05:20-12:05:27] UT (depicted
the Low Corona with a yellow and red triangle). As the corresponding emis-

Both. the kinematical analvsis presented above and th sion occurs approximately at the time of the strongest purst
NRH radio oblser at'ians o'n%/ol tFt)he existenae (\)’f toro dlif &hich is clearly identified as a type 11l burst by the DAM (in-

10 observations point ou Xl ™ dicated by a red triangle), the spectral identification @ th
ferent stages in the evolution of CME2 (i.e., before andrafte o remains ambiguous. This source seems to be located
~ 12:06 UT). The location of the radio sources at 150 MHz o5 e interface between the southernmost edge of FR1 and
during these two stages are depicted in Figure 8 (red star:

. ¢ . A Yhe small adjacent coronal hole (see, e.qg., figures 2 and 3).
and red triangles, respectively). As seen in projection@n t =y oise “the NRH radio sources detected after 12:06 UT
plane of the sky, the radio sources appear to be Io_catedt;hrm_mare reported on an SDGIA 171 A running diference snap-
FR1 and also on the front edge of CME2. The first stage is 5,4 41 12-06 UT. The radio bursts are indicated with the same
characterized by weak and narrowband radio bursts (denote olor code as above. The main features observed are:
with red stars in the upper panel of Figure 12). These bursts i) a series of stroﬁg bursts at the front of CME2, océasion-
\;Vr?(;etﬁt?ssgpée;)jrgglnglsgf?]rg?/rg\t/vzt?asnl\élvvifj%n(cja%ggtofx%ﬁeal-ly detected at three frequencies by the NRH (depicted by
large type Il at 12:05:30 UT). On the other hand, the sec- triangles). They are identified as type Il bursts by the DAM,;

. ; i) weak radio bursts in the southern portion of FR1 at
ondq stt;';lgetls characterized by the occurrence of strong tpe | 228 MHz (blue square) followed by large amplitude bursts at
radio bursts.

. : 173 MHz (yellow square). The time evolution of the intensity
_The two panels on the bottom left of Figure 12 aim to pro- 46 source at 173 MHz between 12:07:47 UT and 12:08:15
wge a S%n:)he}\'l%\{_"ewt %f;gelwsa two (Sjtig?%smﬁad'o soulrctestr?lquT is plotted in the bottom right panel of the Figure 12. These
observed by at . Zzan z complete thiS 1, st5 are both located nearby the place where the southern-
analysis. The approximate location of the radio sources de-

_ X most development of the lateral expansion of CME2 occurs.
tected before 12:06 UT are reported on the 38IA 171 The decameter array of Nancay detected also a radio Type

running diference snapshot at 12:04 UT (we assume that they| pyrst during the development of event II, exhibiting both
projection éfects are negligible). Namely: fundamental (F) and harmonic (H) emission bands (see Fig-
i) narrow—band bursts detected at 150 MHz (red stars), andyre 7, right panel). The onset of the harmonic emission H was
one type Ill burst at the front of CMEZ (red triangle); observed to start by12:08:20 UT at 84 MHz (Courtesy of
_ii) narrow—band bursts detected at thre#fedent frequen- ¢ \Marqué). The onset of the F emission was observed by the
cies along the interface between CME2 and FR1 (depictedpapm at 12:08:30 UT, i.e., significantly later than the time at
by colored stars: 298 MHz in green, 228 MHz in blue, 173 \hich the leading edge of CME2 starts to be visible (i.e., by

Vi1 yelow), The blueaon EprEsents e deplacement around 1201 UT at 193 ). A detaed analyis of e type |

12:06:25 UT (with a 1 sec cadence): radio bursts is presented in Section 5.
iii) weak bursts on the top of FR1 at 150 MHz and at 173 4.3. The Evolution of CME2 at higher altitudes
MHz (depicted by a red and a yellow star, respectively). e
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Fie. 12.— Summary of radio emissions associated to event Il Lipper panel shows the time evolution of the intensity of #tba sources observed at 150 MHz
after 12:03 UT (in logarithm scale). The red stars corredgomarrow band radio bursts and the dashed lines to the byperkts (the spatial locations of the
radio sources are reported in Figure 8). The two bottom kfiefs show the radio sources detected by the NRH duringrtteeititervals [12:03:30-12:06:00] UT
and [12:06:00-12:08:30] UT on 171 A runningfdrence snapshots at 12:04 UT and 12:06 UT, respectivelycdloe coding of the radio frequencies is: 298
MHz: green, 228 MHz: blue, 173 MHz: yellow, and 150 MHz: redheTdiferent symbols are used to emphasize tlfieidint kinds of emission (for details see
Section 4.2.1). The right panel displays the time evolutbthe flux at 173 MHz in the region indicated by a yellow squamethe snapshot at 12:06 UT.

11:36:05 UT

Fic. 13.— SOHQLASCO-C2 running dterence sequence showing the time evolution of a slow narrble @hat develops prior to CME2 and is later
overpassed. The running timefférence for each image is 12 minutes. The intensity contasbken increased to enhance the visibility of the narrow CME
For details see Section 4.3.
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The nominal cadence for the SOHDASCO-C2 obser- An expanded view of the type Il burst observed by the
vations on 2011 January 27 was 12 min. There was how-DAM is presented in Figure 14. The onset of the fundamental
ever, an observational gap after 12:48 UT until 13:25 UT. type Il burst emission (F) is observed at around 12:08:30 UT.
Figure 6 display a subset of SOU@ASCO-C2 running—  The fundamental (F) and harmonic (H) emission bands are
difference frames by the time of the development of CME1 split in two nearly parallel lanes. Following the interfet
and CME2 across the SOHICASCO-C2 field of view (see  tion proposed by Smerd et al. (1974), these two lanes are a
also Movie 1). Albeit the dference in brightness, the time consequence of the plasma emission of the upstream (fu) and
sequence presented here allows us to notice the morphologidownstream (fd) shock regions. To characterize the type I
cal and kinematical similarities between both events (titite  properties, we have identified in the figure five time segments
time lag between consecutive snapshots). The averageplane(marked as SO on the right panel, and S1 through S4 on the
of—sky speeds of the fastest part of the respective CMEdgront left panel) with their timing indicated in Table 2.

in the SOHQLASCO-C2 field of view (i.e., at 265position The first segment SO starts by 12:08:30 UT and lasts only
angle) were~445 km s (CME1) and~485 km s (CME?2). 30 sec. During this time lapse, the higher frequency lane in
In spite of the similarities, the internal structure of CM&j2- the F emission band is barely detected (its intensity is much
pears to be more complex than that of CME1. weaker than the intensity of the lower frequency lane). The

The more complex appearance of CME2 appears to be thdower frequency lane exhibits a very narrow bandwidth, \whic
result of its superposition in the line of sight with two othe implies that i) the emission originates in a narrow range of
CMEs: i) a wide but faint CME to the north of CME2 devel- plasma density, and ii) the source is well localized. The two
oping towards northwest (first detected in SOHASCO-C2 split lanes in the F emission band that are barely detectable
images at 13:25 UT), and ii) a narrow and relatively slow during the onset of the event (segment SO) become clearly
CME that appeared just to the south of the solar equatorvisible in segment S1. Sometime later, the H emission band
shortly after 11:00 UT. By 13:36 UT, the southernmost part also displays two split lanes (segments S2 and S3), the lower
of the faint and wide CME shows up partly superposed in the frequency band exhibiting the stronger emission.
line of sight with CME2 (see Figure 6, bottom panel). This  The F emission band starts to fade-d2:17 UT and the H
CME is likely associated to the B1.9 X—ray flare that hap- band later at-12:21 UT. Furthermore, after12:21 UT ( seg-
pened between 12:13 UT and 12:18 UT with origin on N15 ment S4), a decrease of the spectral slope is discernibhein t
Ww8s. H band (it cannot be observed in the F emission due to the data

The time sequence of SOHOASCO-C2 images displayed gap below 21 MHz). Moreover, the two split lanes observed
in Figure 13, shows that the narrow and relatively slow inthe H emission band are apparently no longer parallet afte
CME propagates westward, exhibiting a linear speed2#0 12:21 UT, the higher frequency lane slowly converging to-
km st This narrow CME is overtaken by CME2 after ward the lower frequency lane. The end of the type Il burst,
12:48 UT. The exact time cannot be given with precision due as observed by WINIWAVES near 12:34 UT, is concomitant
to the SOHQ@LASCO-C2 data gap mentioned above. As it with the observation of weak type Il bursts (Figure 7, right
can be inferred from Figure 13, CMEZ2 propagates partly su-panel).
perposed in the line of sight with this narrow CME, both
developing along the same direction. If we assume that the - Trai
narrow CME propagates without experiencing any deflection 5.2.The Ty|.oelll Bu.rst. Trajectory .
and with a constant speed of 240 kmt srom a potential In the absence of radlp imaging ob_servatlons, assumptions
launch site on the limb, then its launch time would be betweenneed to be made to estimate the trajectory of the shock. In
09:30 UT and 09:40 UT. This time period coincides with the this work, we assumed that: i) the onset of the type Il burst is
time at which the arcade C (see Figure 2, left panel) under-associated with the CME front, and ii) the main direction of
goes an apparent expansion, its southern edge becoming vergropagation of the shock exhibits an inclination with retpe
bright at 171 A (see also Movie 2). Interestingly, the appar- {© the solar equator similar to that of the CME. In particular
ent angular expansion of CME1 is observed to stop by around/V tested the shock propagation along two directionsabdl
09:30 UT at a latitude 0f30° South, i.e., close to the southern  15° towards south of the solar equator (i.e., position angles of
edge of arcade C. The above discussion leads us to conjecturg®? and 255, respectively). The former corresponds to the
that the narrow CME is indeed launched from a region lo- @ngular location of the apex of the CME front (as seen in the
cated at about 30South latitude, although no clear signature 193 A SDQAIA images) by the time of the onset of the type
of a CME could be observed in the SIPA field of view at Il burst. The latter matches the mean direction of propagati
any wavelength by that time. The lack of clear signatures atof CME2 in the SOH@LASCO-C2 field of view.
extreme ultraviolet wavelengths along with the expansionu ~ The shock’s speed (hereaftés) can be inferred from the
derwent by the arcade C points to a so—called "stealth CME” frequency drift of the type Il burst by assuming an elec-
(see, e.g., Robbrecht et al. 2009). Further discussionien th tron density profile that depends only on the radial distance
narrow CME is beyond the scope of this paper. Therefore, to estimate the altitude reached by the fronéedg

of the shock, we used one and two times the Saito density

5. ON THE PROPAGATION OF THE CME2 ASSOCIATED SHOCK model (hereafter 1-SDM and 2—-SDM, respectively; Saito et

; i i _al. 1977). We will justify the selection of these density ratxd
ve-lroh|:mperr?td g? gogh%fciyevz\%?uﬁttshles%ﬂ%ﬂ?&?ﬁe‘)géﬁr?bee at the end of Section 5.3. We calculated the shock’s altitude
and analyze the type I bursts observed in order to character/@1g€ in the time interval of each segment because the fre-

; ; : o ; - quency drift rate of the type Il is not regular. For that we use
Itﬁ?c}l:]ghp\;\?hegﬁtlti?aOsfh%ct:rllepfggglg(é?gsd. 1) the ambient medium the lower frequency lanes of the F (for segments SO and S1)

and H (for segments S2, S3, and S4) emission bands at the
frequencies reported in Table 2. The altitude ranges and cor

5.1. The Type Il Burst: Time Evolution responding speedés of the front edge of the shock for seg-
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Fic. 14.— Type Il burst associated to event |l as observed by #igl @nd by WIND/WAVES (note the frequency gap between the highest frequavayable
in WIND/WAVES and the lowest frequency usable from the ground). Tdte panel shows an expanded view of the left panel in the fiaree between 12:05
UT — 12:10 UT, where the onset of the event (12:08:30 UT — 1RMYT, segment SO) is observed to be characterized by a eergw band emission. On the
left panel, the fundamental (F) and harmonic (H) emissiamdbare observed to be split in two lanes. The time segmentS25 53 and S4 indicate the periods
for which the frequency drift and, when possible, the speitieen the upper and lower lanes were estimated (see SBytion

a potential field extrapolation of the photospheric magneti
field as measured by NSO (Figure 15). Since we are study-
ing a West limb event, the magnetic field could have evolved

E ii:;:z during the few days present between its on—disk measurement
Y p—— and its value at the solar limb. Unfortunately, because isf th
il observational gap between the fields of view of the two in-
4 d— struments, we cannot asses the reliability of the extraioola

X  FoOnset(s0) by comparing it to observed structures. We can only rely on

X FOnset Fading the typical slow evolution of the large scale structuresdsal
+ HOnset Fading days up to few weeks for the larger scales) and the potential
X EndTypell field approximation with the classical source surface.

Within the above limitations, we compared the estimated
positions of the type Il radio emission with the modeled mag-
netic field configuration. In Figure 15, we have reported the
five individual segments (SO trough S4) on two lines repre-
senting, respectively, directions along°1§or 1-SDM and
11° S for 2—-SDM. In the dynamic spectra reported in Fig-
ure 14, a fading of the type Il emission can be observed
at ~12:17 UT for the fundamental emission and later~at
12:21 UT for the harmonic component. The location along
the CME trajectory where the fading occurs is shown in Fig-
ure 15 with green x—symbols for the fundamental and green
plus signs for the harmonic. The fading of the type Il F band
seems to start near the transition between the magnetidearca

Fic. 15.— Estimation of the type Il burst locations on top of aquuial (delineated with the orange field lines) and the open fiekslin
T o o e (S Sl s (defineated in biue color) vith both 1-SDM and 2-SDM. On
are sh%wn on two radial directions gvith an inclination of End 13 and the other hand, the fading of the harmonic emission occurs

with two times and one time the density of Saito’s model, eetipely. The beyond this transition region.
color and shape coding of the points indicate the time of tieetend of the
type 1l burst and of the onset of/iff intensity fading (see the insert). The 5.3. On the Shock and the Coronal Environment: the Alfvén

color lines indicate the time intervals of the successivgnemnts (see Fig- Speed
ure 14 and Table 2). The green triangles indicate the pasitid types Il
bursts observed at the EUV CME front edge after 12:05:30 WiE fhoto- The split in two parallel lanes of both the F and H emis-

spheric magnetic field is represented with diégkt gray levels for the nega- sion bands is a consequence of the plasma emission from
tive/positive radial magnetic field component. The gybkre lines are open

field lines with negativpositive photospheric polarities. The rpiikjorange  P€fore and after the shock region. This split can be used to
lines are tinysmalflarge closed field lines. evaluate the density jump at the shock front, which provides
an estimate of the shock’s Alfvén Mach number (hereafter
ments O through 4 are displayed in Table 3 (the uncertaintiesMa). VrSnak et al. (2002) developed a procedure based on
in the speeds were estimated using 3 sigma from the linear fitthis interpretation to estimatél,. The Mach number is de-
in the dynamic spectrum). fined asMa = Vs/Va, WhereVs is the shock’s propagation
To infer the topological configuration of the solar corona at speed, and/, is the Alfvén speed. Therefore, in combina-
altitudes in the range of the observational gap between thetion with Vs, it provides an estimation fova. VrSnak et al.
SDQAIA and SOHQLASCO-C?2 fields of view, we used showed that botlVa and the magnetic field do not signifi-
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e ' ifven Speed estimate _15° because i) Zucca’'s method uses an interpolation in themegio
i Altven Speed estimate —11° between the fields of view of SO®IA and SOHQLASCO-

C2, and ii) our results (Figure 15) rely on a potential field
magnetic extrapolation. However, this selection of déesis
reasonable since i) CME2 seems to be launched from the bor-
der of an AR, and ii) its early trajectory appears to be highly
inclined with respect to the local vertical (the ambient imed
forces CME2 to propagate away from the AR above a nearly
quiet Sun region; see figures 2 and 3). Hence, the shock’s
onset occurs indeed far away from the AR.

The shock’s speed measured along the segment S4 is signif-
icantly smaller than the corresponding speeds measured alo
the three other segments. This fact suggests that the skeck d
| velops in a diferent medium, which is also consistent with
e the change in intensity of the type Il radio burst. Moreover,

1.0 15 20 25 the resulting estimated shock’s speeds (Table 3) are campar
Height (Ro) ble to the speed of the outermost part of the leading edge of
i o1 e Do b o vt Rty s o CME2 s measired in the SONBLSCO C2 feld of view
Symbols, See neard, and i) with the method describad et al. 20140y (~485 Km %), which further supports the choice of 1-SDM
for inclinations of 1% and 15 toward south of the ecliptic (depicted with ~ and 2—SDM for the estimation of the coronal densities. We
orange and violet continuous lines, respectively). Thg gend indicates an ~ also tried larger density values, but the results were less c
uncertainty of the order of 20% on the Alfvén speed estiomati sistent between the fiierent methods.

Alfven Speed for quasi parallel shock (2 SDM)
Alfven Speed for quasi perpendicular shock (2 SDM) D
Alfven Speed for quasi parallel shock (1 SDM)
Alfven Speed for quasi perpendicular shock (1 SDM) Q

1000 =

(]
o
o

S3

800 -
s1 i

400

Alfven Speed (km s7?)

200

cantly depend on the choice of the plasma parangted 6. DISCUSSION

of the propagation angle. For a low plasma parameter and a We have presented in this study an analysis of two homol-
quasi—perpendicular shock, the Alfvén Mach numildarcan  ogous CME events based on both multi-wavelength imaging
be written asMla ~ [0.5X(X + 5)/(4 — X)]®° with X=(f,/f)? and spectral data. The events were launched within a time
andf, f| the frequencies of the upper and lower band, respec-interval of 3 hours from the same active region, nearby the
tively. In the case of a quasi—parallel shock, the Alfvércila  western solar limb (as seen from Earth). Both events exhib-

number is simply given by = X°5. ited a similar, strong deflection before reaching the inlegree

The ratiof,/fi measured on each time segment S1, S2, S3,0f the SOHQLASCO-C2 field of view.
S4 (see Figure 14) does not vary significantly anel1s25. To help understand the causes that led to the radical change
Assuming a quasi—perpendicular shock, we fivig ~1.50, of direction, this study focused on: i) the analysis of théyea

which leads to Alfvén speedé, along the segments S1 to developmentof the events (i.e., below 1R with attention
S4 of [330+ 50,290+ 40,320+ 50,230+ 20] km st and to their interaction with the ambient coronal structuresxat
of [380 + 30,340+ 40,370+ 60,280+ 20] km s'2, for den- treme ultraviolet wavelengths, and ii) the characteraatf
sities equal to 1-SDM and 2-SDM, respectively. In the the CME-driven shock waves accompanying their develop-
case of a quasi—parallel shocka is 1.25 and the corre- ment.
sponding Alfvén speed¥, for one 1-SDM and 2—-SDM
arr)e [40(?+ 60, 350f: 50, 3%0+ 60,280 + 30] km s and 6.1. On the Early Development of the Events
[450+ 40,400+ 60, 440+ 80, 330+ 30] km s1, respectively. The early development of events | and Il presents all the
The results are then only weakly sensitive to the relatiieer  characteristics usually found in many CME events. Namely,
tation between the shock’s normal and the up stream magnetic i) An initiation phase characterized by a filament erup-
field. tion, which rapidly evolves into a complex, elongated, teds
Figure 16 shows the Alfvén speeds as derived from i) the structure.
splitting of the type Il burst, and ii) the method described i) Production of type Il radio bursts along the trajectory
in Zucca et al. (2014b); assuming in both cases the samdollowed by the eruptive filament during the early stages of
two radial trajectories. The latter method combines mea-its evolution (we interpret the presence of the type Il emis
surements of electron density obtained from emission mea-sion as a result of magnetic reconnection with the neiglnigori
sures from SDAIA observations and polarized brightness pseudo—open magnetic field lines).
from SOHQLASCO data, with the magnetic field strength iii) Formation of a CME within a few minutes after the ini-
obtained via a potential field source surface extrapoladfon tiation phase. However, both events exhibit two importalt a
the photospheric magnetic field (for a full description of th somehow unusual characteristics. The first is the non-radia
method, the reader is referred to Zucca et al. 2014b). The twolaunch of the filaments during the initiation phase, and eens
approaches provide comparable estimates of Alfvén speedsjuent non-radial evolution of the associated CMEs (towards
and of electron densities, the latter consistent with aniamb South of the AR rather than along the local vertical). This is
ent medium of low electron density. Note also that there is due to the presence of a relatively high magnetic field region
no significant diference between théa values obtained by  directly above the AR, which constrains the development of
considering inclinations of the trajectory of the type lirélu  the event, starting on the side of the AR, away from that di-
at 1l and 15. rection (see, e.g. Dai et al. 2012). The second unusualchara
In spite of the consistency of the results for the coronat den teristic is the strong interaction of the CMEs with the amibie
sities derived with the above methods, it can still be arguedmedium in the low corona. As a result of this interactionfbot
that the coronal densities derived from 1-SDM to 2—SDM are events underwent a similar development, experiencing éoth
low for a region above a typical active region. In particular deceleration and a strong, rather abrupt change of thenatigi
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direction of propagation within the same latitude range and quency range are comparable to those of the fundamental (F)
comparable time frame. A great part of the analysis carriedemission mode of the second event (assuming that the plasma
out was intended to identify the coronal structures respons environment was similar during the two events), it presum-
ble for this abrupt deflection observed by both CMEs. ably corresponds to the fundamental emission mode (compare
Albeit the morphological and kinematical similarities ex- the panels of Figure 7). On the other hand, the second event
hibited by both events during their evolution, there exist a was associated with a stronger type Il burst, exhibitindnbot
topological change in the coronal configuration prior to the the fundamental (F) and harmonic (H) emission modes (both
occurrence of the second event. This change is signaled bynodes split in two parallel lanes). Since the type Il burst as
the appearance of the flux rope FR1 at aroundSatitude sociated with the second event was stronger and its spectrum
a couple of hours after the passage of CMEL (see, e.g., Figdisplayed an ampler variation, we focused on the analysis of
ure 2). This new structure is only seen at 171 A, i.e., at athis event. ) .
particular temperature regime. Therefore, it either wagea p Within the two minutes preceding the onset of the second
existent structure at a temperature outside the coverapeof type Il burst, impulsive metric—radio bursts were detected
SDQAIA channels before the onset of event | or it simply including a few type Il bursts. Their sources were located
didn’t exist. The richer set of radio emissions produced dur above the CMEZ2’s front edge. Part of these emissions could
ing the second event favors the latter. In particular, durin originate from reconnection between the erupting magnetic
the CME2 approach to FR1, a series of metric bursts werestructures and th_e surrounding open co_ronal structures; as
detected, which were observed to be produced in a region beready observed in other events (e.g., Pick et al. 2005; Huang
tween the southern edge of CME2 and FR1, as well as alletal. 2011). _ _ _ _
around FR1 (see, e.g., Figure 8). We also |n\_/est|gated the influence of the ambient medium
As seen at EUV wavelengths (in particular at 171 A and ©n the evolution of the type Il burst. The speed of the shock

193 A), both CME1 and CME?2 are observed to gradually de- WaS €stimated along two radial directions (i.e., at ahd
crease their speeds along the principal direction of prapag L2, towards south of the ecliptic). These directions were
tion. The change in speed happens in coincidence with the>¢/€cted as representative of the direction of propagation
change of direction, which in the case of CME2 occurs by the 1€ CME during i) the encounter with the structures respon-
time a first series of radio bursts is observed (the onseesith  Sipl€ for its deflection, and ii) its propagation across the i
radio bursts occurs at about 2 minutes before the interacfio SQHQLASfChO_CZ field of view, respejctlve;]y. Trr]‘e (l)(pserved
CME2 with FR1). These observations suggest that the radiod"t 'ate of the type Il was converted into the shock’s speed
bursts observed during the approach and subsequent intera@SSUming one and two times the Saito electron density model.
tion of CME2 with FR1 are mainly the consequence of the ased on these estimations, the shock propasgated with an av-

compression exercised by the outer edge of the CME2 gIobaIerage speed between 480 knt and 560 km s, which is
structure, both on FR1 and on the region between them. comparable to the average speed of the fastest part of CME2

In particular, the approach of CME2 to FR1 is concomitant inht.rl‘e I?IOI;QLASICO—CZ field of Vite"‘é (tﬁ85 ﬁmi)'h-!-hﬁ”'f
with the production of radio emission atfiirent frequencies V'€ Ie OWISS ream cqmponen.oll e shoc r(1 Igher fre-
from several sources, which appeared aligned along the in-dU€Ncy lane) keeps moving at a similar speed, the upstream

lower frequency lane) slows down, exhibiting an
terface between the northern edge of FR1 and the southerﬁomponem(

edge of CME2. This occurs at roughly the latitude of the po- 2v€rage speed between 350 knh and 420 km s'. After-
larity inversion line 4 (see Figure 2). Therefore, a plalesip Ward. both lanes become progressively weaker until the type
origin of these metric radio bursts is the formation of catre ! Wallx d|saprgea:s.(j the broaression of the tvoe I burst with
sheets at the interface region as a result of magnetic reconn € also co p pla € f_e progress OI 0 fe ype 1l burs I

tion with the consequent production of accelerated pasicl '€ Magnetic field configuration resulting from a potential e
While CME2 continues its lateral southward expansion, FR1 trapolation of the photospheric magnetic field along thase d

sustains a steady development slowly increasing its sia# in rections. Within the validity of the magnetic field extrapo-

directions. The lateral pressure that both CME2 and FR1 ap-![atign’l ourzresu_lts_ sttrongla/_ StUngetSt that the shock’s %_eorlne
ply to the ambient medium is well revealed by the presence!Y PEIOW~2R; Is intermediate between quasi—perpendicular

of radio bursts at latitudes above the polarity inversiog 8,  2d ?‘uasi—parallil (with an esﬂma}ted Alfvén M?ch number
close to region D (Figures 2 and 8). Ma of ~1.5). Further out, after having crossed a large arcade
In spite of the presence of the flux rope FR1, the lateral ex- 21d reached a region of open field lines, it becomes mainly

pansion of the two CMEs was observed to stall at about theduasi—parallel (witiMa ~1.25). In this region, the intensity

same latitude (i.e~ 30 deg) and within the same time interval ©! (€ type Il burst diminishes to vanish shortly afterwaas,

in the SDQAIA images taken in the extreme ultraviolet hot- eXKGCtEd In z?(nga5|—f|3?1ra[lel pro_pafgatur)]n ::egmgieH L

ter channels (e.g., at 193 A and 211 A). Moreover, both CMEs n abrupt fading of the intensity for the | and H emissions
h | gh SOHDASCO-C2'i ' dthe Was observed. This fading indicates that the physical condi

za?nvé Lljgcg:ieorr:na}tee} " C';)"g ~rable tm:emﬁ%?ﬁ ar(r)(l)ma tatein tions leading to the radio emission have changed. This phe-

westward. The analysis carriied outled usto con'cFudgtIgat th nomenon is generally attributed to type Il bursts entemg i

large arcade C (see Figure 2) overlying the two small promi- a region with a higher Alifven speed profile (see, e.g., Mann

C1 and C2 h X ble for th (ﬁt al. 1999; Vrdnak et al. 2002). However, our measurements
nences L1 an was the main responsible for the upwargys the Alfvéen speeds show no direct evidence of this in the
deflection of the events.

case studied (see Figure 16). In spite of that, we found the
. fading near the transition from a large scale arcade to an ope
6.2. On the Associated Shock Waves magnetic field region (see Figure 15), which is in fact a tran-
Both events were associated with the production of type sition to a lower plasma density region (higher Alfvén spee
Il bursts. In particular, the first event was associated with This resultis however limited by the absence of radio imggin
a weak and single burst: since both its duration and its fre- observations at decameter wavelengths. Moreover, agiglrea
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mentioned above, the magnetic field extrapolation has its ow - Radio emission of short duration marked the onset of the
limitations. Still, this transition to open field is confirchéy type Il burst. Furthermore, the NRH detected a series obradi
the occurrence of weak interplanetary type Il bursts near t  bursts at the onset of the type Il burst, their sources apggre
end of the two type Il bursts (Figure 7). Similar signatuesr being located above the CME front. Moreover, the shock’s
sulting from the transition between twdidirent coronal envi-  onset occurred by the time the fastest part of the CME2 front
ronments has also been observed in former studies (seg, €.gwas just out of the SD@\A field of view (as seen at 193 A).
Pick et al. 2005). During its propagation across the SPXIA field of view, the
The fading of the H component occurred min later than CME front developed with a linear speed 0620 km s?,
the fading observed in the F band. Several reasons could exas measured along its main direction of propagation (oe., t
plain this éfect. For instance, the physical conditions respon- wards southwest). As already reported for other events, (e.g
sible for the conversion of plasma waves into electromagnet zimovets et al. 2012; Zucca et al. 2014a), the shock’s source
waves (e.g., the distribution function of the accelerated-e  at its onset was strongly accelerated during a short time pe-
trons) or the properties of the medium itself. In recentgear riod and moved faster than the CME leading edge (between
a large number of studies were concerned with the develop-815 km s* and 900 km st). Then, the shock’s speed became
ment of theoretical models for type Il burst emission (Knock compatible (500-570 km~%) with the speed of the CME
et al. 2003; Knock & Cairns 2005; Schmidt & Cairns 2012, front, within the error bars. This finding agrees with the-con
and references therein). These models investigatediibete  clusions from a former study (Nindos et al. 2011) regarding a
of the successive physical processes that produce typesti bu  CME driven shock. In that study, Nindos et al. (2011) showed
emissions: acceleration of electrons at the shock, foomati ~ that the kinematics of the shock wave was broadly consistent
electron beams, growth of Langmuir waves and conversion ofwith the kinematics of the associated CME as inferred from
Langmuir energy into radiation. The predicted variatiohs 0 both EUV and coronagraph observations. Based on this evi-
the emissions were compared with the observations (mainlydence, it is plausible to infer that the shock would have been
in the interplanetary medium). In particular, it was shohatt  driven by the CME.
the intensity of the F and H emissions of a shock propagating - The type Il burst was characterized by an intensity fading,
in an inhomogeneous solar wind are not equally sensitive towhich occurred at dierent times for the fundamental (F) and
the same parameters. These theoretical results are a-plausharmonic (H) emission modes. Within the assumptions made,
ble way to interpret the observedfdirent time evolution of  the intensity fading was found to be associated with the pro-
the intensity fadings. However, a detailed discussion @en th gression of the shock out of a large magnetic arcade.
origin of this efect is beyond the scope of this study. - Based on the assumptions made during the analysis,
7. CONCLUSIONS we conjecture that the CME—-driven shock would have in-
teracted along its propagation with i) an intermediate lpara
The aim of this work was to contribute to the understand- |el/perpendicular magnetic field topology belev2 R,, and
ing of the role of the coronal environment in the develop- ii) a quasi—parallel geometry after encountering latemjhen
ment of coronal mass ejection events, the formation of shock  magnetic field region.
and their propagation. We chose two successive homologous - We derived the speed and Alfvén Mach number of the
events for which EUV and white light imaging along with  shock assuming an electronic density model. The values ob-
spectroscopic and radio imaging were available. The maintained were in agreement with those obtained using an alter-
findings are summarized as follows. native method (Zucca et al. 2014b). Moreover, the estimated
Both CMEs were formed in association with eruptive speed of the shock and the average speed of CME2 (as pro-
twisted filaments, which were launched from the same regionjected into the plane of the sky) computed along its transit
of the Sun far from the radial direction (closer to the local across the SOHQASCO—-C2 are consistent.
horizontal). This geometry favored their interaction witie In summary, the two selected events underwent a large de-
ambient medium in the low corona. The change from the flection in the low corona, crossing the ecliptic plane dgrin
original direction of propagation started, in both caseshw  their development from their source at about I to finally
the encounter of a large magnetic arcade located away fromemerge above 2.5 R, at about a symmetric location in the
the launch site. As a result, they both deflected upward, tosouthern hemisphere following a radial direction of prapag
show up developing along a similar (almost radial) direttio tion, close to the ecliptic plane. The availability of image
in white light coronagraph images. _ from a combination of EUV imagers in quadrature, combined
Both CMEs exhibited a classical impulsive phase. The sec-with data from white light coronagraphs, spectral and imggi
ond CME found the presence of a swiped (cleaned) environ-radio telescopes, and a photospheric magnetograph allowed
ment and a flux rope (FR1), which became visible after the ys to unveil the processes involved in the development of the
passage of the first CME. The interaction of the second CME two complex events studied, and hence proved to be key in-
with FR1 resulted in their compressjoaconnection with the  gredients to understand how CMEs can be deflected in the
consequent emission of metric radio bursts, which appearedow corona. The investigation revealed the key role of the
as a signature of the interaction process. The second CMHocal coronal environment in the development and propaga-
showed up in the SOHDASCO-C?2 field of view exhibit-  tion of CMEs and their associated shocks, in agreement with
ing a more complex morphology. The more complex internal the results obtained in the case study presented by Zucta et a
structure was due to its merging, at least along the line of (2014a). Namely, that the ambient medium may exert a strong
sight, with a slow, narrow CME on its southern part and with influence in their propagation as well as in the properties of
another faint, wide CME on its northern part. _ the associated shock. Therefore, understanding of thefole
Our analysis has been focused on the second event, withhe coronal environment in the vicinity of the CMES’ source
the objective of better understanding i) the influence of the region is an important factor to establish the link between t

ambient medium during its progression, and ii) the origid an  observations of EUV imagers and white-light coronagraphs,
properties of the associated shock. In brief:
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TABLE 2
TIMELINE OF RADIO OBSERVATIONS AND PRINCIPAL MARKERS ASSOCIATED WITH EVENTS | AND II. THE FREQUENCIES INDICATED IN THE TABLE CORRESPOND TO THE FREQUENCY OF
THE DOWNSTREAM LANES.

Markers Fundamental Harmonic Interplanetary
typelll bursts
Time Frequency| Time Frequency| Time
[UT] [MHz] [uT] [MHz] [UT]
Event |
Onset ~09:03 42 - - -
Fading intensity 09:11 32 - - -
End ~09:12 ~30 - - 09:15
Event |1
Onset SO 12:08:30 42 - - -
End SO 12:09 39 - - -
Onset S1 12:09 39 - - -
End S1 12:10 36 - - -
Onset S2 - - 12:12 54 -
End S2 - - 12:14 47.5 -
Onset S3 - - 12:18 37.5 -
End S3 - - 12:21 33 -
Fading intensity 12:17 24 12:21 33 -
Onset S4 - - 12:21 33 -
End S4 - - ~12:28 24 -
End ~12:34 ~10 ~12:34 ~20 12:34;12:38
TABLE 3

ALTITUDE RANGE AND SPEED OF THE SHOCK ASSOCIATED WITH EVENT Il.

1x SDM 2x SDM
Segment Time range Altitude range Vs Altitude range Vs
[uT] [Rol [km s'] [Ro] [km s']
SO(F) | 12:08:30 -12:09:00 ~815 ~900
S1(F) 12:09 - 12:10 1.45-1.49 50880 1.63-1.66 57850
S2 (H) 12:12 -12:14 1.64-1.70 44860 1.85-1.94 51870
S3 (H) 12:18 - 12:21 1.86-1.95 48880 2.06 —2.21 568100
S4 (H) 12:21 -12:28 1.95-2.10 35840 2.22-2.55 42840




