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Abstract In this article, we present a multi-wavelength and multi-instrument investigation
of a halo coronal mass ejection (CME) from active region NOAA 12371 on 21 June 2015
that led to a major geomagnetic storm of minimum Dst = —204 nT. The observations from
the Atmospheric Imaging Assembly onboard the Solar Dynamics Observatory in the hot
EUV channel of 94 A confirm the CME to be associated with a coronal sigmoid that dis-
played an intense emission (7 ~ 6 MK) from its core before the onset of the eruption.
Multi-wavelength observations of the source active region suggest tether-cutting reconnec-
tion to be the primary triggering mechanism of the flux rope eruption. Interestingly, the flux
rope eruption exhibited a two-phase evolution during which the “standard” large-scale flare
reconnection process originated two composite M-class flares. The eruption of the flux rope
is followed by the coronagraphic observation of a fast, halo CME with linear projected speed
of 1366 kms~!. The dynamic radio spectrum in the decameter-hectometer frequency range
reveals multiple continuum-like enhancements in type II radio emission which imply the
interaction of the CME with other preceding slow speed CMEs in the corona within &~ 10—
90 Rg. The scenario of CME-CME interaction in the corona and interplanetary medium
is further confirmed by the height—time plots of the CMEs occurring during 19 —21 June.
In situ measurements of solar wind magnetic field and plasma parameters at 1 AU exhibit
two distinct magnetic clouds, separated by a magnetic hole. Synthesis of near-Sun obser-
vations, interplanetary radio emissions, and in situ measurements at 1 AU reveal complex
processes of CME-CME interactions right from the source active region to the corona and
interplanetary medium that have played a crucial role towards the large enhancement of the
geoeffectiveness of the halo CME on 21 June 2015.
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1. Introduction

Solar flares and coronal mass ejections (CMEs) are the most energetic explosions in our
solar system. Flares are characterized by a sudden catastrophic release of energy in the solar
atmosphere. In tens of minutes, energy in excess of 10%? erg is released (see the review by
Benz, 2017). CMEs refer to large-scale eruptions of plasma and magnetic field that erupt
from the Sun and propagate into the interplanetary space with velocities from tens of km s~!
up to 3000 kms~' (see the review by Schmieder, Aulanier, and Vr$nak, 2015). The high
radiation, fast particles and magnetic field brought by flares and CMEs cause severe space
weather disturbances. Although most of the major flares are associated with CMEs, the
relationship between the two phenomena is still not fully understood. It is generally accepted
that magnetic reconnection plays a major role in the initiation and early evolution of flares
as well as CMEs. Thus, investigation of the characteristics of CMEs, such as their source
region properties, initiation and propagation are crucial to better understand the cause of
solar activity and space weather phenomena.

Solar flares occur in solar active regions consisting of a distribution of sunspots of oppo-
site magnetic polarities in the photosphere which are enveloped by large overlying coronal
loops. The standard flare model provides a conceptual framework to understand the relation-
ship between solar flares and filament eruptions (e.g. Kopp and Pneuman, 1976). According
to this model, the beginning of the eruption process involves the expansion of a filament from
the core of the active region. Thus, the activation of the filament or its associated hot channel
— identified as the flux rope structure (e.g. Cheng et al., 2013, 2014b) — can be regarded as
the earliest signature for a CME (e.g. Joshi et al., 2017). In the flux rope interpretation of
a filament, we consider the filament to be one observable part of a larger magnetic struc-
ture that is capable of storing magnetic energy to drive eruptions (see, e.g., Gibson and Fan,
2006; Krall and Sterling, 2007). The eruptive expansion of a filament causes the stretching
of the overlying active region loops. The process progresses with the closing of the stretched
field lines via magnetic reconnection which occurs at successive increasing heights in the
corona (Shibata, 1999). Magnetic reconnection, occurring underneath the erupting filament,
eventually leads to a series of complex multi-wavelength phenomena in the solar source re-
gion (see, e.g., Joshi et al., 2013). The eruptive filament, if it leaves the corona successfully
against the overlying constraining magnetic fields and gravity of the Sun, forms the integral
part of a coronal mass ejection (CME). In the classic three-part CME structure, the erupted
filament is identified in the innermost region as the core of the CME. However, in most of
cases, it has proven difficult to identify signatures of erupted filaments with in situ mea-
surements of interplanetary CMEs (ICMEs) (Lepri and Zurbuchen, 2010; Vourlidas et al.,
2013). Furthermore, in the near-Sun region, it is still not clearly understood how magnetic
reconnection and the overlying magnetic fields contribute toward controlling the kinematics
of the CME. For example, observations indicate that filaments sometimes show eruption in
several stages or undergo completely failed eruptions, i.e. eruption halts following the initial
rapid activation of the filament (see, e.g., Kushwaha et al., 2015; Chandra et al., 2017; Dhara
etal.,2017)

After the initial launch from the solar source region, the kinematic evolution of CMEs
continuously changes as it propagates from the near-Sun region to the interplanetary
medium. CMEs and their interplanetary counterparts (i.e. ICMEs) are the main source of
major geomagnetic storms (see reviews by Zurbuchen and Richardson, 2006; Zhao and
Dryer, 2014; Kilpua et al., 2017). After take-off, ICMEs accelerate or decelerate depending
on their speeds relative to the solar wind speed (see, e.g., Shanmugaraju and Vrs$nak, 2014).
Slow CMEs are accelerated by the solar wind, while the fast CMEs are decelerated. There-
fore, the transit time of CMEs depends strongly on the state of the ambient solar wind. The
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study of CME kinematics is utmost important in view of understanding space weather con-
ditions. Notably, front-sided halo CMEs are thought to be potential candidates for producing
strong geomagnetic storms. For the understanding of the Sun—Earth relationship in the con-
text of space weather phenomena, it is essential to probe the individual flare-CME-ICME
events which are associated with major geomagnetic storms (Syed Ibrahim, Shanmugaraju,
and Bendict Lawrance, 2015). In order to improve space weather forecast, it is also essential
to compare the model-based calculations of CME transit times with the actual transit time
of ICMEs derived from solar observations and in sifu measurements.

In this article, we discuss a major geoeffective CME that occurred on 21 June 2015.
The source region of this CME was associated with eruptive and flaring activity in active
region (AR) NOAA 12371 between 01:00 and 04:00 UT. A very interesting aspect of the
source region of this CME was the occurrence of two successive solar eruptive flares of
GOES class M2.0 and M2.6. We employ multi-wavelength, multi-instrument, and multi-
point observations of the Sun and interplanetary medium to characterize various stages of
the CME right from its initiation from the solar corona to its interplanetary propagation.
The ICME corresponding to this solar eruption leads to a major geomagnetic storm of min-
imum Dst = —204 nT. In Section 2, we provide information on observational resources.
The near-Sun characteristics of the CME are described in Section 3. The study of the CME
driven interplanetary shock and magnetic cloud in the near-Earth region (1 AU) are given in
Section 4. We discuss and interpret our observational results in Section 5. The concluding
remarks are given in Section 6.

2. Observational Data

For this study, we have used solar and interplanetary data from the following sources:

e To investigate the source region of the CME, data from the Atmospheric Imaging As-
sembly (AIA: Lemen et al., 2012) and the Helioseismic Magnetic Imager (HMI: Schou
et al., 2012) onboard the Solar Dynamics Observatory (SDO: Pesnell, Thompson, and
Chamberlin, 2012) are used. We have analyzed EUV images of the Sun taken from the
94 A filter of AIA which is sensitive to plasma at high temperature (~ 6 MK). The white-
light and magnetogram images from HMI provide the photospheric view of the active
region.

e The Ha observations from the Global Oscillation Network Group (GONG') are used to
infer the chromospheric changes during the eruption.

e The data from the Radio and Plasma Waves experiment (WAVES) radio spectrograph
on Wind spacecraft (Bougeret et al., 1995) is used to study the radio and plasma wave
phenomena in the near-Sun region.

e To study the CME dynamics in the near-Sun region, we have used white-light images from
the Large Angle Spectrometric Coronagraph (LASCO: Brueckner et al., 1995) onboard
Solar and Heliospheric Observatory (SOHO).

e We have analyzed in situ interplanetary plasma and magnetic field parameters associated
with the CME using multi-instrument data which are collectively available at the Coordi-
nated Data Analysis Web (CDAWeb?).

1http://haIpha.nso.edu/archive.html

2https://cdaweb.sci.gsfc.nasa.gov/index.htmI/
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3. Initiation and Early Evolution of the CME
3.1. Multi-Wavelength View of Source Region NOAA 12371

Active region (AR) NOAA 12371 appeared on the solar disk on 17 June 2015 at the heli-
ographic location N11E66 with a simple 8 type magnetic configuration. The active region
grew rapidly in terms of size as well as magnetic complexity and turned into By § category
on 19 June 2015. The solar and heliospheric activities reported in this article correspond
to the major eruptive event in AR 12371 on 21 June 2015 when the mean location of the
active region was N13E14. In Figure 1, we show the multi-wavelength view of the active
region on the day of the reported activity. The intensity image from HMI/SDO clearly indi-
cates leading and following sunspot groups. The leading sunspot group largely consists of a
major sunspot of negative polarity, while the following group is a complex mixed polarity
region (cf. Figures 1a-b). To compare the photospheric structure of the active region with
the overlying chromospheric and coronal layers, we show Ha and AIA 94 A images of the
active region in Figures 1c and 1d, respectively. The comparisons of He filtergrams with
HMI intensity and magnetogram images clearly reveal the presence of a long U-shaped fil-
ament channel that extends over different parts of the active region. The eastern edge of the
filament channel originates from the following sunspot group while its western edge bends
around the leading sunspot group.

On 21 June 2015, AR 12371 underwent significant eruptive and flaring activity. In Fig-
ure 2, we show the evolution of the solar X-ray flux observed by the Geostationary Oper-
ational Environmental Satellite (GOES) during 00:00-05:30 UT. We find that the GOES
flux exhibited two evolutionary phases during this interval. The GOES flux started to build
up from 01:02 UT onwards, peaked at 01:42 UT, and decayed afterwards. After reaching a
minimum at ~ 02:00 UT, the X-ray flux further increased and had a second peak at 02:36
UT. The first and second peaks correspond to flares of class M2.0 and M2.6, respectively.
Both flares occurred at almost the same locations (N12E13 and N12E16) and were also sim-
ilar in terms of GOES peak flux. However, the detailed Ho imaging showed morphological
differences between the two events in terms of shape and extension of flare ribbons (Sec-
tion 3.2). Therefore, it would be appropriate to call the two events as nearly homologous.
The flares are associated with a fast halo CME. The AIA 94 A images during the pre-flare
interval (Figure 1c) clearly show that the activity site is enveloped by twisted hot coronal
loops that collectively present an S-shaped or sigmoidal structure. Notably, the most intense
emission from the sigmoid originates from a compact region which is spatially associated
with the trailing part of the AR (cf. Figure 1a—c) that exhibits much magnetic complexity in
the photosphere than the rest of the AR (Figure 1a). We call this region as the core of the
sigmoid which essentially represents the upper-most part of the loops that form it. Further,
the intense brightening of the core region indicates localized pre-flare heating.

3.2. Ha Observations: Filament Eruption and Flare Ribbons

To investigate the source region of the CME, we thoroughly examined the 1-min cadence
He filtergrams from GONG. A few representative filtergrams showing the important phases
of the eruptive activity are shown in Figure 3. Ho images clearly reveal that during the first
flare (GOES M2.0 flare from 01:02 — 02:00 UT), the main source of chromospheric emission
lies close to the following part of the active region in the form of flare ribbons at opposite
sides of the filament (see the region enclosed by the circle in Figure 3b). The ribbon bright-
enings grew with time but their spatial extension remained the same. Afterwards, we note
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Figure 1 Multi-wavelength view of AR NOAA 12371 showing the environment where eruptive flares oc-
curred from 01:00-05:00 UT on 21 June 2015. (a) and (b): HMI white-light image and magnetogram of the
AR 12371 showing the distribution of sunspots and their magnetic polarities, respectively. White and black
colors in the HMI magnetogram indicate positive and negative magnetic polarity regions, respectively, in the
photosphere. (c): AIA 94 A image of the AR prior to the eruption, showing hot coronal loops that are twisted
to form an overall S-shape, i.e. a sigmoidal structure. The sigmoid is shown by the dashed yellow curve. Panel
(d): GONG He filtergram showing the chromospheric counterpart of the coronal sigmoidal region. We note
a filament channel (marked by arrows) at the activity site which partially erupted in two stages during the
homologous flares. The flux rope eruption is first triggered at the core of the sigmoid which is indicated by a
dashed circle in (a), (¢), and (d).

the activation and subsequent eruption of the filament (shown by an arrow in Figure 3d). It is
noteworthy that the filament did not completely erupt during the first flare. After 02:00 UT,
we find the second stage of the eruption which led to further brightening of flare ribbons. It is
important to note that the western flare ribbon underwent a more dynamic evolution during
which it extended up to the following sunspot group (Figure 3h). This period corresponds
to the second flare (GOES M2.6 flare during 02:06—03:02 UT). Furthermore, the western
flare ribbon presented a semi-circular morphology which sustained till the late phases of the
flare evolution (= 03:00 UT).
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Figure 2 GOES light curves showing the evolution of homologous eruptive flares. Solid and dashed lines
indicate X-ray flux in 1-8 A and 0.5-4 A wavelength bands which correspond to disk-integrated X-ray
emission in the 1.5—12.5 keV and 3-25 keV energy range, respectively. Vertical dotted lines at 01:42 UT
and 02:36 UT indicate peak phases of the M2.0 and M2.6 flares, respectively.

3.3. AIA9%4 A Imaging: Two-Phase Eruption of the Hot Flux Rope

To investigate the restructuring of the active region corona during the first and second flare,
we analyze AIA 94 A images. As noted earlier (see Figure 1; bottom panels), the active
region consisted of a long filament channel in the chromosphere (see He filtergrams), while
hot, twisted loops existed in the overlying coronal layers. The sequence of AIA 94 A images
during the successive M-class flares (see Figure 2) reveals a two-step eruption process. The
earliest signatures of eruption are identified in 94 A images with the activation and succes-
sive rapid expansion of hot channel-like structures from low coronal heights. In order to
show the progression of the erupting structures clearly, we plot AIA 94 A running differ-
ence images in Figure 4. On the basis of the structure and morphological evolution of the
expanding hot channels, we identify this feature as a magnetic flux rope (see, e.g., Cheng
etal.,2013; Joshi et al., 2007). The difference images clearly exhibit the two-phase eruption
of the flux rope. During the first phase (Figure 4a—d), the flux rope erupted in north-east and
south-west directions while during the second phase (Figure 4e—g), the flux rope eruption
proceeded in north-east and south directions. After the eruption, we observe the growing
structure of the closed post-flare loops (Figure 4h—i).

3.4. LASCO Observations: CME in the Near-Sun Environment
LASCO onboard SOHO images the white-light corona from 2 R to 30 Rg. The C2 corona-

graph covers a field of view of 2 — 6 R, whereas the C3 coronagraph images the corona from
4-30 Rg. According to LASCO CME catalogue,’ the filament eruption (see Section 3.2)

3 https://cdaw.gsfc.nasa.gov/CME_list/
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Figure 3 Representative He filtergrams showing two stages of the filament eruption and subsequent flare
emissions in AR NOAA 12371. (a)—(e)): The first flare (M2.0) ribbons (shown by arrows in (d)) are shorter
and located in a confined region (shown by the dashed circle in (b)), which lies within the bipolar magnetic
region of the following sunspot group of AR (cf. Figure 1a). (f)—(i)): The second flare (M2.6) ribbons exhibit
an extended structure. (d) and (h) show the peak phases of the two flares.

led to a halo CME (Figure 5). The CME was first detected by LASCO C2 coronagraph at a
height of 3.6 Ry on 21 June at 02:36 UT. The CME could be followed by the C3 coronagraph
up to the height of 24.3 Ry at 05:30 UT. A linear fit to the CME height—time data indicated
the CME to be a faster one with a speed of 1366 kms~'. Here we note that, although the
eruption from the source active region followed a two-phase evolution (see Sections 3.2 and
3.3), which resulted into two successive M-class flares (Figure 2), the coronagraphic images
do not seem to contain signatures of two-phase eruptions. Thus, it seems that the two-phase
eruption of the flux rope evolved into one CME structure at heights > 2 R,

We used the observed CME parameters from SOHO/LASCO to estimate the transit time
of the CME from the Sun to the near-Earth region using CME arrival time prediction models.
However, besides various CME parameters at the near-Sun region along with solar wind
conditions, the actual CME arrival time at the near-Earth region also depends upon the
interactions among CMEs traveling in the interplanetary medium. During such interactions,
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Figure4 AIA 94 A running difference images showing two distinct phases of the flux rope eruption from the
sigmoidal active region (cf. (¢)—(d) and (f)—(g)). Arrows are drawn in (c), (d), and (f) to indicate the structures
and directions of the erupting flux rope. The timings of both images used to create the difference image are
annotated at the top of each panel.

the primary CME overtakes one or more slower CMEs. In order to verify the possibility
of CME-CME interactions, we examined the flare-CME events that occurred prior to and
after the reported activity. In Table 1, we summarize various parameters of the CMEs that
occurred during 19—21 June 2015. It is worth to mention that, for later CMEs (i.e. during
21-22 June), the LASCO observations show relatively slower events which cannot take
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Figure 5 (a)-(c): Running difference images derived from LASCO C2 (panel a) and C3 (panels b—c) show-
ing that the propagation of the halo CME originated from AR NOAA 12371 on 21 June 2015.

Table 1 Summary of the coronal mass ejections observed during 19-21 June 2015. The second column (i.e.
date and time) gives the time of first appearance of the CME in LASCO C2. PA and AW denote position
angle and angular width, respectively. The height—time plots of these CMEs (numbered from 1 —9) are given
in Figure 6.

No. Date and time PA AW Linear speed Acceleration
DD/MM - hh:mm UT (deg) (kms™ 1) (m s_z)
1 19/06 — 06:42 UT halo 360 584 19.5
2 19/06 - 18:00 UT 98 36 368 5.6
3 20/06 — 02:36 UT 228 33 360 13.4
4 20/06 — 07:36 UT 120 56 435 —6.4
5 20/06 — 11:00 UT 105 20 527 33
6 20/06 — 12:48 UT 39 32 409 8.7
7 20/06 - 15:36 UT 225 31 325 2.7
8 20/06 —22:12 UT 227 31 118 14.6
9 21/06 — 02:36 UT halo 360 1366 21.2

over the 21 June fast CME in the interplanetary medium. We find that on 20 June, the
same active region produced two CME events from source locations N14E27 and N13E25
(events No. 3 and No. 4 in Table 1) which are associated with flares of class C2.3 and M1.0,
respectively. The speeds of these CMEs within LASCO field of view (FOV) are estimated
as 360 kms~! and 435 kms~!. Both events have small angular widths. From the point of
view of CME-CME interaction in the interplanetary medium, we note the occurrence of
a more significant event of halo type at the location S21W27 on 19 June (event No. 1 in
Table 1), i.e.~ 2 days before the event under investigation with a speed of 584 kms~'. Apart
from these most probable candidates for CME-CME interactions, we cannot rule out the
possibility of interactions of the primary CME (i.e. the event under investigation) with other
slower events that occurred in different active regions and locations during the previous 2 -3
days. In Figure 6, we provide height—time plots for the CMEs that occurred during 19-21
June which can possibly interact while propagating in the corona and interplanetary medium.
A comparison of height—time plots of the CMEs suggests a major possibility of interactions
of the primary CME with the preceding ones in the height range of ~ 10-90 Ry. The
height—time plots further suggest CME—-CME interactions at very large distances from the
Sun, even possibly close to 1 AU (e.g. see the height—time plots of event No. 1 and No. 9;
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Figure 6 Height-time plots for the CMEs (numbered as 1—9) that occurred during 1921 June 2015. The
solid lines indicate linear fittings that are further extended up to 100 Ro (dahsed lines) to speculate on
the possibility of CME-CME interaction. Diamond and circle symbols indicate halo and non-halo CMEs,
respectively. Red plots mark CMEs originated from the active region NOAA 12371 while blue plots mark
evens that are associated to other regions. The height—time plot labeled 9 denotes the primary CME of 21 June
2015, which is analyzed in this article.

Figure 6). We have further confirmed the interaction between the primary fast CME and
preceding slow CMEs through the analysis of the radio spectrum observed with the Radio
and Plasma Wave Investigation instrument (WAVES) onboard Wind.

3.5. Radio Dynamic Spectrum by Wind/WAVES

The radio dynamic spectrum obtained by Wind/WAVES showed a significant activity over
a wide range of frequencies between 20 kHz and 14 MHz providing insight of the plasma
and magnetic field processes driven by the flare and CME in the solar corona and beyond
(Figure 7). The initial magnetic field line opening can be inferred from the type III burst
at the time of the peak phase of the first event (& 1:40 UT, refer to Figure 2). Following
this, two type III bursts occurred around 2:00 UT which confirms further opening of coronal
magnetic fields in the wake of the onset of the second flare (see Figure 2) and simultane-
ous ejection of relativistic electron beams. The type II burst is observed in the decameter—
hectometric (DH) spectrum at &~ 2:30—3:10 UT in the frequency range of 5 MHz -1 MHz.
Using this frequency range, corresponding heights are estimated using Leblanc’s density
model (Leblanc, Dulk, and Bougeret, 1998) as &~ 2.7-6.3 Ry and the shock speed is de-
termined as ~ 1020 kms~'. Note that this speed is close to the linear speed of the CME
measured in the LASCO field of view as 1366 kms~!. The occurrence of type III and on-
set of type II radio bursts provide the earliest signatures of the processes that lead to the
CME initiation. The DH type II continues beyond 1.0 MHz to 0.2 MHz after 03:10 UT
to 2 8:00 UT. The frequency range and duration of this type II implies a height range of
A 6.25-26 R with a speed of ~ 800 km s~!. Also during this interval, strong patches
of intensity enhancements in the type II radio emission are seen at around 4:00—5:30 UT
within a frequency range of ~ 1 -0.3 MHz. These intense patches reveal the interaction of
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Figure 7 Solar dynamic radio spectrum obtained from Wind/WAVES in the frequency range of 20 kHz to 14
MHz, showing a wide range of radio activity associated with the CME on 21 June 2015 along with prominent
signatures of CME-CME interactions.

the primary CME with previous CME:s at a height range of ~ 6 — 17 R. Moreover, we note
very intense and relatively longer patches of enhancement in the intensity of the type II band
in the frequency range ~ 0.1 -0.4 MHz from = 7:30-9:00 UT that further points toward
a CME-CME interaction. The interaction signatures observed in the radio dynamic spectra
are consistent with the locations and timings of the CMEs that occurred during 19—21 June,
described in Section 3.4. Further, the comparisons of CME height-time plots obtained from
LASCO indicate the possibilities of CME-CME interactions well beyond Wind/WAVES
observing frequencies.

4. Near-Earth IP Shock and ICME
4.1. In situ Observations

In Figure 8, we present the interplanetary plasma and magnetic field parameters of the ambi-
ent solar wind and the CME-associated disturbances observed at 1 AU. These data sets have
been obtained from the CDAWeb (see Section 2). These plots show variations of the total
magnetic field strength, the z-component of the magnetic field, flow speed, proton density,
proton temperature, flow pressure, SYMH index (i.e. high resolution Dst index). Note that
the z-component of the magnetic field is shown in geocentric solar magnetospheric (GSM)
coordinates while flow speed is given in geocentric solar ecliptic (GSE) coordinates.
Figure 8 illustrates the solar wind conditions prior to the shock, shocked plasma, and the
CME driver gas. We find the first signature of shocked plasma just before &~ 06:00 UT on
22 June 2015 (indicated by a red vertical line numbered as 1). However, as seen from the
plots, this shock is of low strength. The in sifu measurements exhibit large and sudden fluc-
tuations of all plasma and magnetic field parameters just after ~ 18:00 UT on 22 June 2015,
evidencing the arrival of another distinctly different shock, moving ahead of a large CME
structure. In the sheath of shocked plasma (see the region between the vertical lines 2 and 3),
the magnetic field undergoes rapid oscillations. Following the sheath, we observe magnetic
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cloud (MC) like features from = 01:30—06:00 UT on 23 June 2015 (region between the
vertical solid lines 3 and 6, top panel in Figure 8). As typically observed, the magnetic cloud
region (i.e. ICME) is frequently identified with a reduction in the magnetic field variability
(i.e. the relatively strong but smoothly decreasing field strength) along with lower proton
temperature (Burlaga ez al., 1981). However, we find some irregularities in the variations of
magnetic and plasma parameters within the passage of the MC and this interval is marked
by the vertical dashed lines 4 and 5. Hence, we divide the MC structure into two parts: MC I
and MC II in Figure 8 (top panel).

The bottom panel of Figure 8, shows the time evolution of the SYMH index. We find a
small and gradual decline of the index following the arrival of shock 1 (see red vertical line
just before ~ 06:00 UT on 22 June 2015). The SYMH index undergoes a brief episode of
rapid enhancement around the arrival of the major shock (i.e. shock 2; see the red vertical
line just after &~ 18:00 UT on 22 June 2015). This brief episode of SYMH enhancement is
followed by a prolonged declining phase. Notably, the decay in the SYMH index is more
prominent during the passage of the magnetic cloud (see MC I region in Figure 8). The
index falls to a minimum value of —204 nT at ~ 05:00 UT on 23 June 2015 and, afterwards,
it undergoes a recovery phase.

4.2. Comparisons with Model Predictions

We have used two CME and shock prediction models to estimate the arrival time of the
ICME and interplanetary (IP) shocks at 1 AU: (1) the drag based model (Vrs$nak et al., 2013),
and (2) the empirical CME arrival model (Gopalswamy et al., 2001a). Input parameters for
both models are based on near-Sun measurements of the CME by LASCO onboard SOHO.

The drag based model (DBM) is built on the hypothesis that the driving Lorentz force,
which launches a CME, ceases in the upper corona and that beyond a certain distance the
dynamics becomes governed solely by the interaction of the ICME and the ambient solar
wind. The input parameters of the DBM model are: the starting radial distance of the CME
(r,), the speed of the CME at r, (v,), the drag parameter (y ), and the asymptotic solar wind
speed (w). Preferably, r, should be around, or beyond, a radial distance of r = 20 R, so that
the conditions y = const. and w = const. are approximately fulfilled. According to LASCO
observations, the CME is first detected in C2 FOV at a radial distance of 3.53 R at 02:36 UT
and followed by C3 up to a height of 24.32 R, at 05:30 UT. The second order polynomial
fit to the CME height-time data shows the CME speed at 20 R, to be 1434 kms~'. The
ambient solar wind speed is taken as 350 km s~!, which is the average speed of the plasma
flow, recorded in situ, before the shock 1 (see Figure 8). With these input parameters, the
CME transit time, from its first detection on the Sun at 3.53 Ry to 1 AU, comes out to be
49.2 hours with an impact speed (at 1 AU) of 583 kms™!.

The empirical CME arrival (ECA) model assumes that CMEs undergo an “effective”
constant acceleration or deceleration process during their propagation outward. Usually, the
effective acceleration will stop at a cessation distance (d;) before 1 AU, then the CME
propagates at a constant speed for the remaining distance d, = 1 AU—d;. Thus the transit
time of the CME is t =1, 4 1,, where #; is the time of travel up to d; and 1, is the time of
travel up to d,. Following Gopalswamy et al. (2001a), we have considered 0.7 AU as the
acceleration cessation distance. Using an empirical relation between the CME acceleration
and initial speed (Equation 4 in Gopalswamy et al., 2001a), the effective CME acceleration
from Sun to 0.7 AU is estimated as —5.2 ms~2. This simplistic model gives the transit
time for the CME-associated interplanetary shock of 40.1 hours. A summary of the CME-
associated parameters from the observations and model predictions are given in Table 2.
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Table 2 Summary of observed and computed parameters of the coronal mass ejection.

First detection 2:36 UT on 21 June 2015
Height of first detection 3.53Rp

Linear speed (from LASCO observations) 1366 kms™!

Second order speed at final height 1477 kms~!

Second order speed at 20 Rg 1434 kms™!

Shock arrival at 1 AU ~18:00 UT on 22 June
ICME arrival at 1 AU ~01:30 UT on 23 June
Observed transit time for shock from first CME detection 39.4 hours

Observed transit time for ICME from first CME detection 46.9 hours

Predicted transit time from drag-based model (DBM) 49.2 hours

Predicted transit time from empirical CME arrival (ECA) model 40.1 hours

5. Summary

In this article, we study the initiation of the CME from NOAA 12371 on 21 June 2015
and its further consequences in the corona and interplanetary medium that led to a major
geoeffective event on 23 June 2015 with minimum Dst = —204 nT. This highly geoeffective
structure consisted primarily of the two CMEs that left the Sun on 19 June and 21 June and
seemed to interact at larger distances in the interplanetary medium.

On 21 June 2015, AR 12371 had evolved into a magnetically complex — By § type — active
region and was located on the solar disk at N13E14. The multi-instrument observations from
SDO (Figure 1) revealed a large system of coronal loops over the mixed magnetic polarity
regions in the photosphere. The whole loop system, spreading from north-east to south-west,
form an overall S-shape a coronal sigmoid. Sigmoid structures in active regions were first
identified in soft X-ray images of the Sun (Manoharan et al., 1996; Rust and Kumar, 1996).
It was also found that sigmoidal active regions are prone to undergo more eruptions when
compared to the non-sigmoidal regions (Canfield, Hudson, and McKenzie, 1999; Glover
et al., 2000). Many recent studies have confirmed that sigmoidal structures are not only
associated with soft X-rays but are well observed in different EUV channels, mostly in
hot channels, which provides evidence that coronal sigmoids exist over a wide range of
temperatures (see, e.g., Liu et al., 2007; Cheng et al., 2014a; Joshi et al., 2017).

Using solar observations in He, we find that underneath the coronal sigmoid, a large
twisted filament channel existed (cf Figure 1c—d). The spatial association between the hot
coronal sigmoid and the cool chromospheric filament has been recognized in several studies
(see, e.g., Pevtsov, 2002; Joshi et al., 2017). The Ho images show initial flare brighten-
ings in the form of multiple, localized patches close to the filament (Figure 3a). This region
lies underneath the core of the EUV sigmoid (marked in Figure 1c) from where the flux
rope eruption initiated at low coronal heights. Considering the fact that EUV emission at
94 A corresponds to hot plasma (7 ~ 6 MK), we attribute the enhanced pre-flare emission
from the core of the sigmoid along with the underlying localized Ha brightenings as sig-
natures of magnetic reconnection in the lower coronal and chromospheric region (see, e.g.,
Joshi et al., 2011; Bamba et al., 2017). Further comparison of the location of the early erup-
tion in He and EUV images with the corresponding magnetogram reveal the destabilization
of the flux rope to be associated with a magnetically bipolar region. These observations
support the tether-cutting model (Moore and Roumeliotis, 1992; Moore et al., 2001) as the
triggering mechanism of the flux rope eruption.
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GOES profiles (Figure 2) indicate the temporal evolution of energy release during the two
successive flares. As evident from the sequence of Ho images, the first M2.0 flare (01:02
UT-02:00 UT) is associated with the development of two closely situated flare ribbons at
the eastern part of the active region (Figure 3b—d). Since flare ribbons represent the foot-
points of the coronal loops involved in the coronal magnetic reconnection (Fletcher et al.,
2011), we propose that during the first flare, reconnection occurs in the core field region, i.e.
field lines which are close to the polarity inversion line. The second flare (02:06 UT —03:02
UT) shows more extended flare ribbons (Figure 3e—i) which imply a second stage of mag-
netic reconnection in which field lines rooted at relatively larger distances from the polarity
inversion line are involved.

The 94 A AIA images reveal that the eruption proceeds in the form of high temperature,
arc-like plasma structures from the active region corona in two steps (Figure 4). Based on
many contemporary observations from SDO/AIA, we identify these arc-like moving fea-
tures as magnetic flux ropes (Cheng et al., 2011, 2013; Patsourakos, Vourlidas, and Sten-
borg, 2013; Nindos et al., 2015; Joshi et al., 2017). From the running difference images, it is
evident that different portions of the flux rope erupted during the first and second flare. Fur-
thermore, the erupting arc-like structures followed different directions during the first and
second phases (see arrows showing the propagation of the flux rope in Figure 4c—d and f),
i.e. the flux rope underwent an asymmetric eruption. During the activation of the flux rope,
we observe the signatures of magnetic reconnection in the form of type III radio bursts (see
types III at ~ 01:40 and ~ 02:00 UT; Figure 7) which imply opening of overlying magnetic
field lines accompanied by the outward ejection of accelerated electron beams (Joshi et al.,
2007, 2017). Notably, the post-flare loops following the first flare appear to be compact and
low-lying (Figure 4e) whereas a large arcade of closed flare loops emerges only after the sec-
ond phase of the eruption (Figure 4i). Many theoretical studies demonstrate the formation or
emergence of magnetic flux ropes in solar active regions (Titov and Démoulin, 1999; Kliem,
Titov, and Torok, 2004; Archontis et al., 2009; Kumar et al., 2016; Prasad, Bhattacharyya,
and Kumar, 2017). Notably, in compliance with the present observations, simulations by
Prasad, Bhattacharyya, and Kumar (2017) showed asymmetric rise along with bifurcations
of the flux rope during its ascent. The successful eruption of the flux rope leads to the trans-
formation of the coronal active region from a sigmoid to an arcade morphology (Archontis
et al., 2009; Joshi et al., 2017). The comparison between the kinematic evolution of the hot
flux rope channel and associated CME reveals that the flux rope channel acts as the earliest
signature of the CME in the source region (Cheng et al., 2013; Patsourakos, Vourlidas, and
Stenborg, 2013; Joshi et al., 2016, 2017).

The Sun was very active during 18—25 June 2015 in producing geoeffective CMEs
(Manoharan et al., 2016). The CME on 21 June 2015 was a fast event with a linear pro-
jected speed of 1366 kms~! (Figure 5). It very likely interacted with preceding slow CMEs
(see Section 3.4). Our study reveals many signatures of CME-CME interactions from radio
data and in situ measurements. As described in the literature, the interaction of two or more
CMEs exhibits complex phenomena, including magnetic reconnection, changes in the CME
expansion, the propagation of a fast magnetosonic shock through a magnetic ejecta, and mo-
mentum exchange (Lugaz et al., 2017). In the dynamic DH radio spectrum, the CME prop-
agation is seen as an interplanetary type II shock starting from ~02:30 UT that continued
up to &~ 05:30 UT in the frequency range of ~ 5-0.3 MHz (Figure 7). The most interesting
part of the type II emission is the occurrence of intense patches of enhanced brightness su-
perimposed on the main type II structure. A cluster of short-duration patches are observed
during &~ 04:00—-05:30 UT while relative longer and brighter patches are observed during
~07:30-9:00 UT (CME-CME interaction signatures are marked in Figure 7). This kind
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of enhanced radio emission during type II bursts provides strong evidence for CME-CME
interaction (Gopalswamy et al., 2001b; Martinez Oliveros et al., 2012; Shanmugaraju et al.,
2014; Temmer et al., 2014; Lugaz et al., 2017).

The effects of complex interactions between CMEs seem to have left its footprints at 1
AU (Figure 8). A low intensity shock precedes a major shock by ~12 hours (marked by
vertical lines 1 and 2 in Figure 8). Interestingly, shock 1 seems to indicate the arrival of a
slow CME at 1 AU and brings in the decline in the Dst index. The arrival of a major CME-
associated disturbance is marked by shock 2, which is followed by a dense sheath region.
The in situ measurements clearly reveal two distinct MC structures (marked as MC I and
MC 11, Figure 8), which suggest that the structure evolved by the overtaking of successive
CMEs (Wang, Ye, and Wang, 2003). Both DBM and ECA models validate the shock II and
subsequent MCs to be the near-Earth counterpart of the solar flux rope eruption and flares
observed on 21 June 2015 at & 01:30—03:00 UT (Figures 2 and 4). However, it is to be noted
that the ECA model calculation is close to the shock arrival time while the DBM estimation
is more consistent with the MC arrival time (see Table 2). The speed profile indicates that
the solar wind speed was gradually declining throughout the two MCs. The common sheath
preceding the two MCs indicates that they interacted (Lugaz et al., 2017). However, unlike
complex ejecta defined by Burlaga, Plunkett, and St. Cyr (2002) as the case where two or
more successive CMEs have merged so that individual MC characteristics are not visible
anymore, in our event MC I and MC II are clearly identifiable which suggests interaction at
the near-Earth region. The interaction region between MC I and MC II (shown between the
dashed lines 4 and 5 in Figure 8) is characterized by abrupt changes in the magnetic field
and plasma parameters, indicating the annihilation of the magnetic flux. The impulsive rise
and fall of the proton temperature in this region further points towards localized magnetic
reconnection as the two MCs interacted in the interplanetary medium. We attribute the struc-
ture identified in in situ measurements of the interaction region between the two MCs as a
magnetic hole (Burlaga and Lemaire, 1978; Zurbuchen et al., 2001; Sharma et al., 2013).
The interplanetary radio emission from Wind/WAVES clearly indicates signatures of CME—
CME interaction between &~ 10-90 R, (Figure 7), while the CME height—time plots further
suggest the scenario of interaction at even greater distances (Figure 6). Thus it is likely that
a composite CME structure emerged after multiple interactions between the large CME on
21 June with several preceding slower events that mainly occurred on the previous day and
after these interactions the individual CME structures were gradually lost. This composite
CME structure interacted further with another halo CME that left the Sun on 19 June in the
interplanetary medium, far-off from the Sun, thus giving rise to distinct MC structures sep-
arated by a magnetic hole. It is also likely that the magnetic structures of the two interacting
CMEs did not favor a full merging by reconnection. From the near-Sun observations, inter-
planetary radio emissions, and in situ measurements at 1 AU, we identify complex processes
of interaction right from the source active region to the corona and interplanetary medium
that have significantly contributed to make this event so geoeffective.

6. Conclusions

The CME on 21 June 2015, ejected from AR NOAA 12371, was a major geoeffective event
that led to a decrease in Dst of up to —204 nT. In this work, we provide a comprehensive
multi-wavelength investigation of the CME from the source region, corona, and interplan-
etary medium along with its in sifu signatures at 1 AU. The results of this study can be
summarized as:
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e The observations of AR 12371 reveal the pre-existence of a large EUV coronal sigmoid
displaying intense emission in the 94 A channel from its core region. Notably, the eruption
initiated from the compact, magnetically bipolar region near the core which subsequently
involved the full sigmoidal active region. Simultaneous with the pre-flare EUV brighten-
ing, multiple patches of enhanced emission were observed in He in the vicinity of the
filament. We attribute these pre-flare observations as evidence of tether-cutting reconnec-
tions occurring below the flux rope that subsequently triggered the CME initiation.

e The multi-wavelength observations of the active region clearly reveal the two-phase erup-
tion of the hot flux rope, which accompanied the dual stages of standard flare reconnec-
tion. Thus, the magnetic reconnection during the two-phase eruption manifested in the
form of two successive M-class flares.

e The eruption of flux ropes led to a fast halo CME with a linear speed of 1366 kms™"'.
The study reveals clear signatures of CME—-CME interactions in the corona and near-Sun
region in the form of multiple continuum-like enhancements of decametric to hectometric
type Il radio emission. These features confirm that the fast CME moves through preceding
slow CMEs.

e The in situ measurements confirm two distinct magnetic cloud structures separated by a
magnetic hole. Our study reveals that complex, multiple structures of varying intensities
associated with shocks and magnetic clouds contribute toward the enhancement of the
geoeffectiveness of the solar eruption.
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