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Abstract

In this paper, we idented the magnetic source locations of 142 quasi-homolo@@ds coronal mass ejections
(CME9), of which 121 are from solar cyc{8C) 23 and 21 from SC 24. Among those CMEs, 63% originated from

the same source location as their predecdgeoned as S-type while 37% originated from a different location

within the same active region as their predecefd®mmed as D-type Their distinctly different waiting time
distributions, peaking around 7.5 and hi5for S- and D-type CMEs, suggest that they might involve different
physical mechanisms with different characteristic timescales. Through detailed analysis based on nonlinear force-
free coronal magneticeld modeling of two exemplary cases, we propose that the S-type QH CMES might involve

a recurring energy release process from the same source I¢bgtinagnetic free energy replenishmewhereas

the D-type QH CMEs can happen whenw tube system is disturbed by a nearby CME.

Key words:Sun: activity— Sun: corona Sun: coronal mass ejectio(GMES — Sun: ares— Sun: magnetic elds
Supporting materialanimations

1. Introduction (Zzhang & Wang2002 Chertok et al.2004 Kienreich et al.
I . 2012 Li & Zhang 2013. However, CMEs may originate from
Coronal mass ejectiof€MES), huge expulsions of plasma diffe];ent partsgof 2n AR andr even %aveg different

and magnetic elds from the solar corona, are among the appearances. Following Wang et @013, we use the term

drivers of hazardous space weather. Besides the knowledge anuasi-homologouéQH)” CMEs to denote subsequent CMEs

the propagation of a CME in mterplanetary space, a succegsfu{ t originate from the same AR, but disregarding their detailed
space weather forecast also requires a precise understanding agnetic source locations and appearances

the physical mechanisms behind CMEs, as well as their relation Statistical analysis of the waiting times of QH CMEs has
to other phenomena in the solar atmosphere. CMES may,oon performed by Chen et (2011 and Wang et a(2013 in
originate from either active regio(8Rs) or quiescentlament  ,4er 1o explore the physical nature of their initiation. The
regions (e.g., Schmieder2006 Webb & Howard 2013). waiting time is dened as the time interval between thest
Statistical studies suggest that about two-thirds of CMESnhearance of a CME and that of its immediate predecessor in
originate from ARs, although the percentages vary from 63% t0¢qronagraphic images. The waiting time distribution for QH
85% in different studied sampl¢Subramanian & Der200], CMEs observed during 1997998 consists of two components
Zhou et al.2003 Chen et al.201]). The are and CME  genarated by 1Br, where only the rst component clearly
productivity of different ARs variege.g., Tian et al2002 exhibits the shape of a Gaussian, peaking arouhd(8hen
Akiyama et al2007 Chen et al2011; Liu et al.20163. Some gt gJ. 2011). This is signicantly different from the waiting
ARs barely produce an eruption, some produce numerousimes of CMEs in general, appearing in the form of a Poisson
subsequentares without accompanying CME.g., Sun etal.  distribution (Moon et al.2003). When only considering the
2013 Thalmann et al2015 Liu et al. 20163, and some others  QH CMEs that originated from the super ARs in solar cycle
can generate manyare-associated CMEs within a short (SC) 23, the separation between the two components increases
duration. It appears that ARs that accumulate large amounts ofo about 18hr, while the peak of therst component shifts to
magnetic free energy tend to produce a larger number of and hr (Wang et al.2013. CMEs with waiting times less than
more powerful ares and CMEs than ARs with a small 18hr, i.e.,the ones that contribute to the Gaussian component,
magnetic free energy budg@tg., Jing et al201Q Su et al.  are thought to have a close physical connection.
2014). Additionally, the larger a are, the more likely it is In addition, numerical simulations reveal that successive
accompanied by a CMHKe.g., Yashiro et al2008. The eruptions from a single AR may be driven by continuous
triggering mechanism of a CME itself, however, is most likely shearing motions on the photosphere, the emergence of twisted
determined by the involved magnetield topology of both the  magnetic ux tubes, reconnection between emerging and
unstable CME structure and its AR environment. preexisting ux systems, or perturbations induced by a preceding
CMEs are termedhomologou$ when they originate from  eruption (e.g., DeVore & Antiochos2008 MacTaggart &
the same region within an AR and exhibit a close morpholo- Hood 2009 Soenen et al2009 Torék et al.2011 Chatterjee
gical resemblance in coronal and coronagraphic observatior& Fan 2013.
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Most CME-productive ARs exhibit a complex photospheric when they originated from totally different portions of a long
magnetic eld con guration, consisting of a mix of ux PIL (with non-overlapped postare loops, ribbons, ejc.In
concentrations. Adjacentux concentrations with opposite total, we were able to clearly identify the magnetic sources of
polarities, which may hold aux tube, are separated by a 142 QH CMEs. Among them, 90 are classi as S-type,
polarity inversion lingPIL). Depending on the polarity pairs accounting for 63%; 52 are classd as D-type, accounting for
present within an AR, a number of PI(cf different length and ~ 37%. Selected QH CMEs are discussed in detail in the
shapg may be present. Note that in some conditions multiple following two subsections, in order to demonstrate the
polarity pairs are closely located in the vicinity of each other, identi cation process. The preceding CME is referred to as
with same polarity placed at the same side, forming a long PIL,CME1, and the following CME is referred to as CME2. The
i.e., along PIL may be spanned by more than ametube and associatedares are accordingly referred to asel and are2.
thus may be divided into different parts. Based on this, Chen
et al.(2011) envisaged three possible scenarios for QH CMEs
to occur: successive CMEs may originéijefrom exactly the 2.2. Examples of S-type QH CMEs

same part of a PILji) from different parts of the same PIL, or
(iii) from different PILs within the same AR. Thest scenario S-type QH CME from NOAAR 9026.NOAA AR 9026,

has been envisaged as the recurring release of quickhPPServed in the form of a large bipolar sunspot region with a
replenished magnetic enefdelicity. The other two have  -SPOt(Figure 1(8), was a highly CME-productive AR that
been regarded as scenarios where neighbotirgubes, either ~ 1@unched at least 12 CMEs during its disk passage. Note that
spanning different parts of a common long PIL or spanning the strong positive polarity 4t 300 , 320] in Figuré 1(a)
distinctly different PILs, are disturbed, become unstable, andP€longs to AR 9030. Figuré& shows the magnetic source
erupt. Since the peak value of the waiting time distribution may !0cation, morphology, and time evolution of an S-type CME
represent the characteristic timescale of the most probabl@nd its predecessor that both originated from the main PIL,
involved physical procesgeither recurring release of the located within the yellow box L1 in Figuré(a). Figures
magnetic free energy or destabiliza}iome further explore the ~ 1(P)—{d) show the evolution of the CMEl-associated M7.1
database of Wang et 42013 in this work, in order to depict ~ arel, as observed BJRACE(Handy et al1999 at 1600A,

the most probable scenarios for QH CMEs to occur. while the white-light appearance of CME1 in LASGL?
(Brueckner et all995 is shown in Figurd(e). Figuresl(f)—i)

show the corresponding features of CME2 and its associated

2. Identi cation and Classi cation of QH CMEs X2.3 are2. From Figuré it is evident that the chromospheric
ribbons of both arel and are2 appear and evolve along the
2.1. Event Sample same part of the main PIL of the AR. Thus, CME2, with a
The event sample of Wang et 2013 consists of 281 QH  Waiting time of 1 hr, is classed as an S-type CME.
CMEs that originated from 28 super ARs in 38. The CMEs S-type QH CME from NOAAR 9236.NOAA AR 9236
are all listed in the SOHOLASCO CME catalo produced more than 15 CMEs during its disk passage. The AR

(Yashiro2004), and their source ARs have been determihed, hosted a -spot of positive polarity surrounded by scattered
following the process described in Wang et (@01J). It is elements of negative polarifgee Figure2(a)). The PIL of
based on a combination ofires and EUV d|mm|ngs or waves, interest is located within the ye”OW box L1. The two CMEs
as they are strong evidence for the presence of CMEs. In(see Figure2(e) and(i)) were associated with an X2.3 and an
particular, in the present work, we use localizace-associated ~ X1.8 are, respectively. The correspondRACE 1600 A

features, such asare kernels, are ribbons, and posare observationgFigures2(b)-(d) and(f)—-(h), respectivelyreveal
loops in order to determine tiigortions of thg PIL relevant to that the ribbons of the twoares appeared at the same location.
the individual CME. CME2 had a waiting time of 7 hr and is thus classi as an

Another two well-studied CME-rich ARs, NOAA AR1158 S-type event. Note that these two CMEs were also cledsis
and 11429, are added into the sample for detailed case study, aBomologous events in Zhang & Wa(@p02 and Chertok et al.
they were observed during ti&DO (Pesnell et al2012) era, (2004.
allowing an in-depth study of the associateate emission S-type QH CME from NOAAR 11158 NOAA AR 11158
using coronal imagery from AlALemen et al2012 and the =~ was the rst super AR in SC 24 and produced more than 10
involved coronal magneticeld structure and evolution based CMEs during disk passage. A pair of opposite polarities in the
on vector magneticeld measurements from HNBchou etal.  quadrupolar ARoutlined by the yellow box L1 in Figuré(a))
2012 Hoeksema et aR014. Out of all of the events, 188 QH  produced a number of CMEs within 2 days. Most of the CMEs
CMEs exhibit a waiting time of less than 18 hr; thus, we were front-side, narrow events and missed Ib&SCO
assume them to be physically connected. However, they were all well captured [ TEREQCOR1
Due to limitations in the observational data, not all of the (Kaiser et al2008. The CMEs shown in Figuree) and (i)
188 QH CME events could be successfully assigned to one ofwere associated with an M2.2 and a C6de, respectively
the three categories introduced above, i.e., whether to originate(see Figure8(b)—d) and(f)—(h)). The mass ejectior{snarked
from the exactly same portion of a PIL, from different portions by the white arrows in Figure¥d) and (h)) shared the same
of the same PIL or from a different PIL within the same AR as source location. CME2, with a waiting time of 2.2 hr, is thus
their predecessor. The CMEs assigned to tBecategonythe classied as an S-type QH CME. The cyan curve Al in
latter two categorig@sre dened as S-typéD-type) QH CMEs. Figure3(a) indicates the projection of theux rope axis along
Note that QH CMEs were assigned to the second category onlythe related PIL at Timel, i.e., before the occurrence of CMEL.
The pink curve A2 indicates theux rope axis position at
” http/ cdaw.gsfc.nasa.gbCME_list Time2, i.e., at a time instance after CME1 happened but before
8 hitp#/ space.ustc.edutdreamsquasi-homologous_cmies CMEZ2 was launched. The lines C1 and C2 mark the position of
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Figure 1. S-type CME and its predecessor, both originating from AR 9@2&OHQO MDI photospheric LOS magnetield. Black white color represents negative
positive magnetic polarity. The yellow box L1 outlines the source location iéentor the two CMEs. Pane(b)—<(d) and (f)—-(h) show the chromospheriaring
features associated with the preceding and following CME, respectively. Red and blue coifansd(f) are drawn ato[150, 850 G, respectively. Panefs) and

(i) show the white-light signatures of the two QH CMEs.
(An animation of this gure is availablg.

CMEZ2, and dening the accordingly relevant PI(RIL1 and
PIL2, respectively CME1 was accompanied by an X3.are
(see Figured(b)—d)). Though an extra ribbon appeared in the
2.3. Examples of D-type QH CMEs positive polarity in L2 in Figured(b), the helical structure
D-type QH CME from NOAAR 10030NOAA AR 10030 marked by the white arrow in Flgun{b) and the observed
chromospheric ribbons support that CMEL1 originated from L1.

adhered to a quadrupolar cgyuration(see Figured(a)) and ] ! ) -
produced at least eight CMEs during disk passage. A CME and-igures4(f)«(h) show the time evolution of the chromospheric
its QH predecessor are shown in Figug and (e). The ribbons of the CME2-associated M1.8re2, clearly aligned
yellow boxes L1 and L2 in Figuréd(a) enclose the pairs of  with PIL2. CME2, with a waiting time of 1 hr, thus is classil
opposite polarities, relevant to the respective CMEs, CME1 andas a D-type CME. Already Gary & Moo(2004) demonstrated

two vertical cuts that will be used to derive somex rope
parameters at the two time instances. For details see S&&ion
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MDI / Line of Sight Magnetic Field
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Figure 2. S-type CME and its predecessor from AR 9236. Same layout as Higure
(An animation of this gure is availablg.

that the two CMEs should have originated from two different Figures5(d) and (h) mark the post-are loops associated with
magnetic ux tube systems, and further argued that the the two CMEs, further supporting that they originated from
observational signatures matched a breakout scenario. different ux tube systems. CME2 had a waiting time of B8
D-type QH CME from NOAAR 10696 NOAA AR 10696, and is therefore clas®d as a D-type QH CME.
similar to NOAA 9236, consisted of a concentrated negative- D-type QH CME from NOAAR 11429NOAA AR 11429,
polarity region surrounded by scattered small positive-polaritya super AR in SC 24, produced more than 12 CMEs during
patchegsee Figuré(a)). It produced more than 12 CMEs. The disk passage. The AR exhibited a complicated topology with a
yellow boxes L1 and L2 in Figuré(@) mark the source -spot. The two yellow boxes L2 and L1 in Figusé) mark
locations of CME1 and CME2, respectively. Figubgls)—(d) the magnetic source locations of a CME and its QH
and (f)—(h) show the evolution of the associated M5.0 and predecessor. The cyan curve Al indicates the projection of
M1.0 are, respectively. Figure§(e) and (i) show the the ux rope axis along PIL2 at Timel, i.e., before the
appearance of the CMEs IIASCO C2. The white arrows in  occurrence of CMEL. The cyan line C1 marks the position of a
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HMI / Br Component of Vector Magnetic Field
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Figure 3. S-type QH CME and its predecessor that originated from N@RAL1158. Same layout as FiguteThe source location L1 in pan@ is enlarged and

shown in the right top panel. Pané$—(d) and(f)—(h) showSDQ AIA 171 A observations of the associateares. The white arrows in pané and(h) indicate the

erupting mass of the two CMEs. Pang@sand (i) show running-differencETERE®@COR1 images. The colored lines, labeled A1 and A2 in p@pebutline the
orientation of the axes of the magnetiex ropes, which erupted to produce the associated CMEs. C1 and C2 mark the footprints of two vertical planes used to
visualize the topological properties of the involved magnetic structures. Cyan and pink representgheations at Timel and Time2, respectively.

(An animation of this gure is availablg.

vertical plane that is perpendicular to Al at Timel. The pink Figures6(f)—(h) mark the post-are loops of CME1l. CME2,
curves A2 and C2 are the corresponding axis and plane fomwith a waiting time of 1 hr, is classd as a D-type CME, in
PIL2 at Time2, i.e., a time instance after CME1 happened butagreement with its classiation by Chintzoglou et a(2015.
before CME2 was launched. See more details in Se8ti&n
The time evolution of the ares that accompanied the two 2 4 Waiting Time Distribution
CMEs, an X5.4 and an X1.3are, is shown in Figure&b)—(d) " 9

and(f)—(h), respectively. The white arrow in Figuséh) marks The waiting time distribution of the 188 CMEsith waiting
the post-are loops of CME2, while the black arrows in times<18hi)is shown as a black curve in Figufeexhibiting
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Figure 4. D-type CME and its predecessor, originating from NOAR 10030. Same layout as in FiguteThe yellow boxes L1 and L2 in pang) outline the
source location of CME1 and CMEZ2, respectively. The white arrow in ganetarks an erupting helical structure.

(An animation of this gure is availablg.

a Gaussian-like distribution with a peak at about h#,5 D-type QH CME in a short interval of around 1.5 hr, after
suggesting that they are physically related. The distributions ofwhich the rst CMEs source region undergoes an energy
precisely located S- and D-type QH CMEs are shown as a bluaeplenishment and produces another QH CME with an interval
curve and a red curve in Figue respectively. The two are around 7.5 hr. However, the third CME would be clagdias a
distinctly different from each other: the former peaks at 7.5 hr, D type, as it originates from a different source location from its
while the latter peaks at 1.5 hr, strongly supporting that thesepredecessor, with a waiting time of around 6 hr. Considering
two types of QH CMEs may be involved in different physical the 3 hr bin size of the distribution, a peak around 9 hr may be
mechanisms. Another slightly lower peak appears aroundreasonable. Another possible reason is that those D-type QH
9.5 hr in the waiting time distribution of D-type QH CMEs. CMEs with waiting times around 9.5 hr may follow a different
One possible reason is that in some cases, a CME triggers enechanism from the ones with short waiting tinfasound
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MDI / Line of Sight Mognetic Field
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Figure 5.D-type CME and its predecessor from NOAR 10696. Same layout as in FigutePanelgb)—(d) and(f)—(h) show the aring features associated with the
rst and second CME, respectively, as observe8®d EIT at 195A. The white arrows in panefd) and(h) indicate the postare loops associated witlare1 and
are2, respectively.

(An animation of this gure is availablg.
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1.5 hi). This work aims to nd the most possibi@ut not only 3. Coronal Magnetic Field Topology
scenario for the two types of QH CMEs. of S- and D-type CMEs
In order to explore the different underlying mechanisms, the 3.1. Method

aforementioned S-type CME in AR 11158 and D-type CME in
AR 11429 are analyzed in detail in the next section. These two It is widely accepted that the expulsion of a CME is

cases were observed during ti&DO era, allowing for determined by the inner driving for¢associated with, e.g., an
sophisticated modeling of the 3D coronal magnegid, based  erupting ux ropg and the external coming force(exerted by
on the measurements of the photospheric magnelitvector the large-scale, surrounding coronal magnetdid; e.g., Wang &
at a high spatial resolution fro®DQ HMI. Zhang2007 Liu 2008 Schrijver2009. In order to investigate
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Figure 6. D-type CME and its predecessor from NOAR 11429. Same layout as in FiguteThe colored lines and arrows in pa(@lhave the same meaning as
the ones in Figur8. Panelgb)—(d) and(f)—(h) show the correspondingaring features observed BPQ AIA at 171A. The white arrow in pangh) marks the post-

are loops of are2, while the one in pan@) marks the faint front of CME2. The black arrows in parfglsth) mark the afterglow of arel.
(An animation of this gure is availablg.

the involved mechanisms, the knowledge of the 3D coronalrope can be idented using a combination of topological measures
magnetic eld is necessary. A method developed by Wiegelmanndeduced from the employed NLFF models, e.g., in the form of the
(Wiegelmanr2004 Wiegelmann et aR012) is employed for the  twist numberT,, and the squashing fact@r(Liu et al.2016H. T,

two selected cases, to reconstruct the 3D potdntialent-frep gives the number of turns by which two iitely approachingeld

and nonlinear force-frédlLFF) elds in the corona, based on the lines, i.e., two neighboringeld lines whose separation could be
surface magnetic vectoeld measurements from HMI. arbitrarily small, wind around each other, and it is computed by

A magnetic ux rope, characterized by magnetads twisted 1
about a common axis, may become unstable and act as a driver for Tw — 7 (@)
an eruptior(e.g., Amari et al1999 Torok & Kliem 2009. A ux 4Q 1L

Bl
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35 \ \ T is suggested that the former value is representative for the top
of the ux rope axis, while the latter value is typical for the
location of magnetic dips that hold the prominence material
(Zuccarello et al2016. Thereforen [1, 1.9 are used as
critical decay index values for our analysis. Torus instability
sets in once the axis of thaux rope reaches a height in the
corona at which the strapping potentialds decrease fast
enough(Torok & Kliem 2005; thus, the vertical distribution of

n, along the axis of theux rope, will hint at its instability.

Since a physical relation is assumed to exist between the QH
CMEs (CME2 and its predecessor, CMEWe may expect a
change in the magneticeld con guration of the CMEZ%
source location after CME1, detectable in the form of a change
of the related parameters ded above(T,, Q, and n).
Therefore, we deduce these parameters from the NLFF models

: (for T, and Q) and potential model§or n) of the pre-CME1
I and post-CMEZXi.e., pre-CME2 corona as follows:
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1. Locate the axis of theux rope using the method of Liu
et al. (2016h, which calculates the twist maps in many
I | vertical planes and traces theld line running through
ol | | | ] the peakT,, point at each map. All tracedeld lines
should be coinciding with each other if a coherenx
0 5 10 15 - L ;
. X rope is present. The line is then considered to represent
CME Waiting Time (hour) the ux rope axis
Figure 7. Waiting time distributions for the 188 QH CMEs under study, 2. CalculateT,, and Q in a vertical plane perpendicular to
exhibiting waiting times of 18 hr (black ling. The blue and red lines represent the ux rope axis. The in-plane vectoeld, Bg can
the waiting time distributions for the S- and D-type events, respectively. : . ;
Numbers in parentheses denote the number of QH CMEs in the corresponding .prOVIde additional eVIdence. of the presence ofarope
sample. Vertical arrows indicate the peak in the respective distribution. in the form of a clear rotational pattern, centered on the
ux rope axis position.
3. Calculate the decay indexin a vertical plane, aligned

@)
T

where is the force-free parametetl,is the length increment with the ux rope axis and extending from thex rope
along a magneticeld line, and_ is the length of the eld line axis upward, as a function of height in the corona.
(Berger & Prior2006 Liu et al.2016h. Q is a measure of the Using the above-introduced models and concepts, we
local gradients in magnetic connectivity; regions with high investigate the pre-CME1 and post-CMpte-CME3J coronal
values ofQ are referred to as quasi-separatrix lay€SLs; magnetic eld con guration of the two mentioned cases in
Titov et al.2002 Titov 2007). NOAA AR 11158 (Section3.2) and 11429(Section3.3) in

The cross section of aux rope with twisted eld lines great detail. The quality of the NLFF extrapolation in this paper
treading the plane would be visible as a region of stfipg IS shown in AppendiA.
enclosed by a surface of highvalues separating the magnetic

elds of the ux rope from its magnetic environment. The
location of the local extremunh,, in the cross section of a 3.2. S-type QH CME from NOAA AR158
coherent ux rope is a reliable proxy of the location of its As demonstrated in Sectich?, the S-type CME and its
central axis. Additionally, a cross section perpendicular to thepredecessor originated from the same PIL within NGAAS5S.
axis of the ux rope(e.g., the section at the apex point of the We study the magnetic parameters at the CME&srce location

ux rope axiy would allow the axis to run through the plane (L1) at two time instances: once before CME1, at 2011-02-
horizontally, so that the in-plane vectagld will show a clear 14T17:10:12UT (Timel), and once after CME1 but before
rotational pattern around the axis, which is represented by theCME2, at 2011-02-14T18:10:12T (Time2.

point whereT,, is maximal. At both times, we nd a ux rope structure from the
The external coming force can be measured by the decay constructed coroneeld (see Figure8(g) and(h)). The magnetic
index properties of the pre- and post-CMEMix rope in a vertical

dl H plane perpendicular to its axis are shown in Figé¢as{c) and
M, (2 (d)—~f) (from left to right: Q, T,, and BQ, respectively. The
din h footprints of the vertical planes at the two times are marked as

whereh is the radial height from the solar surface Bagis the C1 and C2in Figur&(a). Their vertical extensions are indicated

) . . by the yellow lines in Figure$§(g) and (h). At Timel (pre-
honzontql component of the strapping potentizld abpve the C)l/\/IEl),il region of strongthis{Fi(ngreS(bg))is surrounde(dpby a
AR. Basically, n measures the run of the strappinglds pronounced Q-surface (Figure 8()). The diamonds in

con nement with height. Theoretical works predict the onset Figuresg(a)—(c) mark the location wherd, is strongest, at

of torus instability whem is in the range dfL.5, 2.9 (Kliem & T 1.94, and are assumed to represent the 3D location of the
Torok 2006, while observations of eruptive prominences ux rope axis, at a coronal heightf2 2 Mm. The in-plane
suggest a critical value _ 1 (Filippov 2013 Su et al2015. It vector magnetic elds, B g(Figure8(c)), show a clear rotational



The Astrophysical Journal, 844:141(19pp, 2017 August 1 Liu et al.

$,25=4.52 10g,,Q Er=2.06 Twist B, in the Cut P\\ogg
T T T 7 T T T 2 //'/V/AV"Y§\\T\\
17:10:12 (a) 17:10:12 (b) L NN
4t ile 4t : N VNN Vit
* AR RS
5 iy
= zb ] a 3 r ot 3
£ ’ o Hrn 'W?M
%\ 2 o 427 o 2 f f 1 ;/ / 7/ﬂ
2 5 ° L 779
1 1F -1 1E ‘%7%
2 i
(0] AR L Lo Lo TO Ly Lo TN T -2 0
0 1 2 3 0 1 2 3 0 1 2 3
Distance (Mm) Distance (Mm) Distance (Mm)
$,5=3.10 10g,,Q . E=2.17 Twist B, in the Cut Plape
T T T T T T 2 TS T
18:10:12 (d) 18:10:12 (e) %{M
4f {164 : D eI
77 aswetex
- 5 %%gﬁiii
] == J
£° ’ 0 O EEEI T
: 4 =
52 *32* ilo f’////i/i;‘,irﬁ///
- £ > -/
° ° // J/l /\ l\\\,gy/// 7/
B 12} R A Seaaassas &
N >
0 ! L ! H 0 ! ! ! -2 ON—> 22 222 AT
0 1 2 3 0 1 2 3 0 1 2 3
Distance (Mm) Distance (Mm) Distance (Mm)

1

1000
(9) (h)

500

-500

1000 UJ

Figure 8. Pre-(at TimeJ and post-CMEXat Time3 conditions in NOAAAR 11158. Panelé), (b), and(c) showQ, T, andBg respectively, in a vertical plane
perpendicular to the pre-eruptivex rope axis. The footprint of the plane is indicated by the colored line C1 in B@ir&aneldd)—f) show the distribution of the
same quantities at Time2, in a plane perpendicular toukeope axigC2 in Figure3(a)). The yellow lines in panel@) and(h) mark the positions and extents of
the vertical planes. The blue arrowg@hand(f) indicate the vectorelds with the normal components going into the plane. The black diamo(a)s(fj) mark the
position whereT,, has its maximum. Pane(g) and(h) show the twisted eld lines, traced based on the geometrical information i@ @wedT,, maps. Cyan and pink
lines mark the ux rope eld lines at Timel and Time2, respectively. The white line in p@)éhdicates a representativeld line in the BP, while the whiteeld
lines in panelh) show the arcade traced in the post-CME1 corona, but from exactly the same coordinates as the upper pattropthat Timel. The cyareld
lines in panelh) roughly outline the ux rope at Timel for comparison. The red lines in pémehre also some pre-CMELix rope eld lines, but traced exactly
from the coordinates of the high; region at TimeZpane(e)). ' 1.25 given at the headers of pan@sand(d), are vertical magneticux (in units of 13° Mx) from
the strongT,, region(T,, 2 1.25 at each time, respectivelii, given at the headers of panét and(e), are free magnetic energn units of 152 erg) at the two
times. The grayscale bar at the left of paiglshows the scale of the photospheric magnetids plotted in panelg) and (h), in units of gauss.

pattern, centered around thex rope axis, suggesting a left-  elds traced from the highy region are shown in Figui&h)
handedness of theux rope, since the blue arrows indicate the as pink curves. For comparison, the outline of th& rope at
vector elds with the normal components going into the plane. Timel is shown again as cyan curves. The more potential
The eld lines passing through the strong twisted region arearcade elds (white linegd are traced at Time2 but from the
shown in Figure3(g) in cyan, even adhering to a Bald Patch coordinates of the top of thaux rope at Timel.
(BP), a set of eld lines that graze the photosphere at the PIL  The direct comparison between the pre- and post-CME1
(see, e.g., Titov et al993. A representativeeld line in the BP model magnetic eld con guration suggests that the upper part
is plotted as a white line, which is determined by the criteria of the ux rope might erupt during CME1, while the lower-
introduced in Titov & Démouli(1999 Equation(32)). lying part of the ux rope seems to remain. In order to check
At Time2 (post-CMEJ, the highest value of twist in the the conjecture, we further trace theld lines within the pre-
vertical plane perpendicular to theix rope axis is found as CMEL corona from exactly the same starting locations used for
Tw 2.1, marked by the diamonds in Figuré&gd)—(f). tracing the post-CME1 ux rope (i.e., the high¥,, region
Again, a region of strong twigFigure8(e)) is surrounded by a  enclosed by the higlp boundary at Time2; see Figurégd)
pronouncedQ-surface(Figure 8(d)), but located lower in the and(e)). The traced pre-CMEleld con guration(red lines in
model corongheight of the ux rope axish 12 Mm). The Figure8(h)) clearly differs from the post-CMEleld structure

10
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Figure 9. Vertical distributions of the decay indax,above the axis of th@) pre-CME1 andb) post-CME1 ux ropes in NOAAAR 11158. The black lines in
panelg@) and(b) mark the height whene = 1 andn = 1.5, respectively, at the different time instances. The dotted lines in(ppmerk the corresponding heights
at Timel for comparison. The red lines indicate the respective height ofixh®pe axis.

(pink lines in Figure8(h)), which may suggest two possibi- expansion of the ends of theld lines, a vertical current sheet
lities: (i) the ux rope totally erupted during CMEL, after which may form, along which internal reconnection may occur and
a new one emerged, or reformed; afig the ux rope nally split the ux rope into two parts. The white arcades in
underwent a topology change in which pérbt simply the Figure 8(h) could be the post-eruption loops, which may also
upper pait of it was expelled during CME1, while the other support that part of theux rope erupted with CMEL.
part was left, being responsible for CME2. See AppeBdior Figures9(a) and(b) show the distribution of the decay index
some details on CME2. n as a function of height above theix rope axis, for Timel
We also calculated the unsigned vertical magneticfrom and Time2, respectively. The projections of thix rope axis
the strongdT,, region in the aforementioned planes. No strong at the two times are indicated by the curveg#t Timel) and
twist region exists outside of theux rope; thus, instead of A2 (for Time2 in Figure3(a). The solid black lines in Figur@
doing an image-basedix rope recognition, we directly select indicate the height where= 1 andn = 1.5. It is evident that,
the regions withT,, 2 1.25 T, 1.25is a threshold value for both time instances, the vertical run rofvaries strongly
for kink instability(Hood & Priest1981 Toérok & Kliem 2003. along the ux rope, with then = 1.5 level being located at a
The ux is calculated by height above 48 Mm at one end and around 16 Mm at the other
end of the ux rope. The height whera = 1 varies less
dramatically along theux rope and is located at the height
around 10 Mm. Comparison of time= 1.5 level at Timel and
Time2 (represented by the dotted and solid black curves in
in which B; is the magnetic eld perpendicular to the vertical ~ Figure9(b), respectivelysuggests that the critical height at the
plane andAis the element area. The planes are perpendicularsoutheastern engt = 0 Mm in Figure9) is lowered by about
to the axes of the pre- and post-CME@x ropes; thus, the 8 Mm. In the remaining part of theux rope, no signicant
vertical magnetic ux can represent the axialix of the ux change was detected, which indicates that the external

rope. The unsigned vertical magnetiox (given at the the ~ €on ning force was not lowered sigmiantly by the rst

header of Figure8(a) and(d)) decreased fro@.52 g 10° Mx eruption. The critical height, both before and after CME1, was
at Time1 t03.10 q 10° Mx at Time2, which can be due to located relatively low in the solar atmosphéeey.,n= 1 at

ith aci ' imol distrib t" f twistedld li h x 10 Mm), but still far above the height of theix rope axis
eiiner ejection or simple redistrioution ot twiste Ines, (red lines in Figure§(a) and(b)), located below 3 Mm at both
since twist is not supposed to be conserved duringukeope

- times. The maximah at the ux rope axis reaches 0.80 at
evolution. However, CME1 has been comed to be related to  Time1 and 0.44 at Time2, which are both lower than the critical

source location L1 based on observation; as discussed ith = 1.5 for torus instability. The results argue against torus
Section2.2, the decrease here is more likely to support a twist instability in triggering the two QH CMEs.

B? dAl
P25

(3

1.25

release through eruption rather than redistribution.

We cannot make a daite conclusion on whether theix
rope at Time2 is a partial eruption remnant or is a newly
emergeflreformed one. However, the pre-CMEUx rope has

Sun et al. (2012 studied the long-term evolution of
NOAA AR 11158 and showed that the fast emergence and
continuous shear of a bipolar photospheric magnetid (L1
in Figure 8) accumulated a large amount of magnetic free

a BP, and the post-CMEL1 rope has some nearly potential loopgnergy before the onset of a series of QH CMEs. They showed
right above it. Thus, we prefer a partial expulsion model that the emerging elds reconnected with preexistinglds,
(Gibson & Fan2006, consisting of a coherenux rope with a which nally led to the eruptions. Together with our analysis,
BP, to explain the eruption process: thedd lines in the BP are  their results hint at a multistage energy release process during
not free to escape, so that during the writhing and upwardwhich the magnetic free energy is released owing to the

11
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successive eruptions from the same bipolar redidn in

Figure8). Meanwhile, the energy was replenished through the T,

shearing motion and ongoingux emergence. We also

Liu et al.

of FR3 and FR, with local peak values, 1.8 and
1.49 respectively. The plane is not perpendicular to the
axes of FB and FR, positions of which do not correspond

calculate the magnetic free energy in the entire extrapolationwell with the rotational centers of the ropés-plane elds;

volume at the two time instancéshown asEr in Figures8(b)
and(e)) by

2 2
ﬁdv ’ EdV, 14)
v 8 v &
whereBy, is the NLFF eld, By is the potential eld, anddV is

the element volumeEg shows a slight increase by 5% from
Timel(2.06 q 1 erg to Time2(2.17 q 1G* erg), which is

= Q

against the expectation that the magnetic free energy woul
decrease after CME1, since CMEL1 should have taken part o
the free energy during the multistage energy release process;

thus, the symbols are not marked in Figlioéc). Figure10(g)
depicts the structure of theux ropes, FR in blue, FR in
orange, and FRin cyan. A longer, strongly twisted rope
(marked as FRin Figures10(g)—(h)) is aligned with PIL1 and
results in CMEL. The white lines in Figud€)Xg) represent
some nearly potential arcades above the ropes. Note that
the southwestern end of FRvas located close to the triple-
decker ux rope along PIL2, and part of the arcadgd was
cpverlying both the southwest end of the CME1-associated
ope and the eastern part of the tripple-deckex rope.
herefore, we may assume that the eruption of E&sily
ffected the triple-deckerux rope in various ways, e.g., by

The slight increase could be due to the small fraction of the bigvremoving the common overlying arcades, disturbance, com-
fast-evolving AR that the e.rupting bipolar system accounts forvpressing the neighboringelds through expansion of the post-
and or the fast accumulation of_the magnetic free energy by eruption loop system below the eruptedx rope, and even

ux emergence and shear motions. Besides, the free energyconnecting with the neighboelds during expansion.

calculated from the model coronatld has an uncertainty of
around 10%(Thalmann et al.2008, so that no denite

At Time2 (see Figured0(d)—(f)), the upper two ux ropes
along PIL2 evidently disappeared from the extrapolated

conclusion on the loss of free energy during CME1 could be domain, while the lower one was then located higher, with a

made here.

3.3. The D-type QH CMEs from NOAA AR429

As discussed in Sectio2.3 a D-type CME and its
predecessor originated from two different locations within
NOAA 11429, separated by a waiting time of jushrl A

physical relation is assumed to exist between the two QH
CMEs; thus, a change at the source location of CME2 after

CMEL is expectedsee Sectior8.1). Therefore, we study the
magnetic parameters at the source locafid®) of CME2 at
two time instances in the following, once before CMEL, at
2012-03-06 23:46:14T (Timel), and once after CME1 but
before CME2, at 2012-03-07 00:58:U4 (Time2).

Figure 10 shows theT,,, Q, in-plane vector eld (B9 maps
and the tracedux ropes for AR 11429. Through checking the
Tw and Q maps in many vertical cuts across PIL2, we found
three possibleux ropes at Timel. The pedk, point resides in
the middle structure; thus, we again ideatl the axis of the
middle rope with the peak,, point and then placed a plane
perpendicular to theux rope axis. The plahe footprint is
marked as C1 in Figuré(a), and its vertical extent is marke
by the yellow vertical line in Figur&0(g). Figures10(a—c)
show the distribution o, T,,, andB g respectively, calculated
in the plane. The axis of the middlex rope, with a peak value
Tw = 1.86, is indicated by diamonds. The in-plane vectid,

d

peak valueT, 1.81 (indicated by trianglgslocated at
h 6 Mm. The whole structure also appears expanded
compared to that at Timel. The in-plane vecteid, Bg
exhibits a rotational pattern around the maximum valug,of
which is evidence for the presence ofu rope(Figure1((f)).
The footprint of the vertical plane is marked as C2 in Figure
(@), and its vertical extent is marked as a yellow line in
Figure 10(h). Field lines traced from the strorg, region at
Time2 are shown in pink in FigurE)(h). For comparison, the

ux rope that was present at Timel is shown as cyan lines.
Comparison of FRat Time1 and Time2 reveals that it elevated
and expanded, as well as gained internal twist. The vertical
magnetic uxes calculated by Equatid8) from the strongf,,
region (T, 2 1.25 of the lowermost structure of the triple-
decker ux rope(h 15 Mm at Timel andh 18 Mm at
Time2), i.e., the representation of the axial magnetix of the
lower ux rope(shown at the headers of FigufeXa) and(d)),
indicate an increase by 2.48 tim@gsom 2.28 q 10° Mx at
Timel t05.66 q 13° Mx at Time2, supporting the enhance-
ment of the twist. The upper twoux ropes, with opposite
handedness, clearly disappeared from the system with almost
no remnant left behind. A QSL exists between the two ropes
(strong Q line at around 8.5 Mm in Figufi€Ya)). Thus, we
prefer annihilation due to local reconnection that started from
the QSL, rather than expulsion, to account for the absence of

Be displays three clearly rotational patterns with opposite t(hém at Time2. Annihilation of the ropes would cause a

handedness, alternately. This supports that there were tixee
ropes present along PIL2 at Timel. A cgaoration with two
vertically arranged ux ropes, i.e., a so-called double-decker
ux rope, has been studi¢diu et al.2012 Kliem et al.2014).
However, a similar corguration, with three ux ropes

presented here, is barely reported to our knowledge; we nam

it a triple-decker ux rope, analogically. The blue arrows
indicate the vector magnetields, with the vertical component

decrease of the local magnetic pressure, which is likely to allow
FR; to rise, expand, andnally erupt, giving rise to the
faint CME2.

Further support for this scenario is given by the evolution of
the observed chromospheric ribbons as shown in Fijlrét
ghe beginning of arel, two ribbons, labeleB and R in
Figure 11(a), expand on both sides of PIL1. Whikf grew
southward in time(Figure 11(b)), two more faint and small

going into the plane; thus, the upper one and the lower oneribbonsR} andR{, became visible along PILEigure11(c)). In

(FRS and FR in Figure10) are left-handedi.e., the in-plane

vector eld exhibits a counterclockwise sense of rotgtion
while the middle ondFR3) is right-handed. The squares and
triangles in Figure&0(a) and(b) mark the position of the axes

12

comparison to theux ropes shown in Figurd€Xg) and(h), this
pair of ribbons indicates the involvement ofsrd FR in the
magnetic process. The two ribbons showed no clear sign of
development that departed from or along the PIL, which may be
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Figure 10. Magnetic features in the vertical ciisdicated by the colored cuts C1 and C2 in Figdif@)) above the PIL2 in AR 11429 at Timel and Time2. Same
layout as Figure. Arrows in panelgg) and (h) mark the ux rope along PIL1 as FR1, the lowgniddle, upper ux rope along PIL2 as ERFR3, FR); same
meaning in panel&), (b), (d), and(e). Yellow vertical lines in panel@) and(h) mark the position of the vertical cuts. The white lines in pégehre some nearly
potential arcades above thex ropes. The cyan lines in par{g) roughly outline the ux ropes at Timel., 25 given at the headers of parfal and(d), are vertical
magnetic ux (in units of 13° Mx) from the strongT,, region (T, 2 1.25 of the lowermost rope at each time, respectively.given at the headers of panels
(b) and(e), are free magnetic energiy units of 152 erg) at the two times.

evidence for a local, small-scale reconnection processaftR which is beyond the uncertain¥0%, implying a clear energy
FRS should have reconnected and annihilated during the release with CME1.

eruption. After arel CMEL, the lower ux rope became Figures12(a) and (b) show the distribution of the decay
unstable as well and erupted, giving rise to a further paiacf indexn as a function of height above the axis of the lowex
ribbons,R} andR2, at the beginning of are2. rope at PIL2, for Timel and Time2, respectively. The

Note that there still existed aix rope at PIL1 after CME1, projection of the ux rope axis at the two times is indicated
though we cannot determine whether it is a remnant or a newlyby the curves Al and A2 in Figug£a). The solid black curves
emergeflreformed one. A similar analysis is performed across mark the height whene= 1 andn = 1.5. The height at which
PIL1. See Appendic for details. The magnetic free energy in n = 1.5 varies betweeh = 30 Mm and 50 Mm along theux
the extrapolated pre- and post-CMEL1 corona vol(shewn as rope axis, while the height at whiah= 1 shows a similar
Er in Figures10(g) and (h)) shows a decrease of 25tom trend but at lower height@bout 15 Mm lowér The dotted
10.61 g 162 erg at Timel t08.01 q 16? erg at Time}, lines in Figure 12(b) are critical heights at Timel for
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Figure 11. Evolution of are ribbons during the two QH eruptions in AR429. Paneléa)—(c) are for arel, and panelgl)—(f) are for are2. Yellow arrows mark
different ribbons during theares.R/ denotes théth ribbon for theith are.
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Figure 12. Decay index distribution above the axis of the lowex rope along PIL2 for AR 11429 at Timel and Time2. Similar layout as Fure

comparison. The red lines indicate the height of the rope

critical height(wheren= 1) is located clearly above thaux

axis, which both are lower than 6 Mm at the two time instances.rope. The maximah at the ux rope axis is 0.59 at Timel and
No signi cant change is found, suggesting that CME1 may not 0.53 at Time2, both lower than the critical value 1.5, also
signi cantly lower the constraining force of the overlyirejd. suggesting that torus instability may not have been the direct
At both times, the predicted critical height for the onset of torus trigger for the two CMEs.

instability (n = 1.5) is located much higher in the corona than ~ We conclude for the D-type CME and its predecessor from
the axis of the ux rope. In addition, the observation-based NOAA AR 11429 that their magnetic source regions were
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located very close to each other and bridged by the same largethe presence of a BP and post-eruption loop at the position of
scale potential eld arcade. The rst occurring CME1 the upper part of theux rope at Timel is more likely to
(associated with theux rope along PILL destabilized the  support a partial expulsion process: part of thex rope
magnetic environment of the nearbyx tube systenfabove erupted as CMEL1, while the other part may survive, erupting
PIL2), leading to the reconnecting annihilation of the upper two later as CME2, whichts into a free energy multistage release
ux ropes along PIL2, which decreased the local magneticprocess. However, the magnetic free energy in the extrapola-
pressure and led the loweux rope along PIL2 to rise, expand, tion volume almost remains unchanged, which may be due to
and nally erupt as well(during are2, and causing the three reasongi) the small extent of the CME-involved corona,
associated CMB2See AppendiD for some details of CME2.  compared to the entire AR for which the energy budget was
estimated(ii) ongoing free energy replenishment; diiij the
4. Summary and Discussions uncertginty of the free_ energy estimate itself.i
. _ o Besides the scenario of the S-type case in AR 11158, the
In this paper, we analyze 188 QH CMEs with waiting times eruptions from the same location can also be in an energy-
less than 1&r and nd that the waiting times show a Gaussian consuming and replenishment process as studied in Liu et al.
distribution peaking at about 7tf. Thus, the CMEs are (2016l. Two CMEs with a waiting time of 18r originated
believed to be physically related in the statistical sense. Afrom the main PIL of a bipolar AR, AR 11817. Thest one
classi cation based on the precise source locations has bee@rupted and took the majority of the twist of thax rope
performed: QH CMEs that share the source locations with theirstructure(Figure 9 in Liu et al20161). A very weakly twisted
predecessors are deed as S type, and the ones having giycture still existed after the eruption, gained the twist
different source locations from their predecessors anmedieas through continuous shear motion on the photosp(fégere 10
D type. The same source Iocat.ion means the involve_ment of the, Liu et al.20160), and nally grew into a highly twisted seed
same part of a PIL, and different source locations mean , rone for the next eruption. In this case, CMEL consumed
different parts of one PIL or different PILs in an AR. In total, gt of the free energy at the erupting location, and the energy
we classied 90 S-type QH CMEs and 52 D-type ones. SiX o cME2 was relled after CMEL. In the case of AR 11158,
cases, three of D type and three of S type, are discussed ifb\E1 may only consume part of the free energy, and the
Section 2 to show the process of detailed idewation,  gno4y regain was ongoing before and after CMEL through the
basically based on the corresponding localizadng signa- shear motion andux emergence at the P(Sun et al2012.

tures such as ribbons and postre loops across the PILs.
L0 R, Although the amount of the consumed energy for CME1 ma
The waiting time distributions of the two types of QH CMEs be diﬁ%rent, they both are due to continu%s energy inpu)t/,

are signi cantly different: the distribution of the S-type CMEs Hing | ; .
) A ) g into the energy regain scenario. The BP of the rope
?:?\leléz at egLOsur;;S ;Jghr\]'\éh'lfréheSSIStggtlijr?ontgtﬂ,:ﬁ eD n?gpg ; in AR 11158 is probably the reason for preventing the rope
mechanri)sms of the two t és o?gQH CgMEs are robJabI from a full eruption, whereas the rebuilding of magnetic
yp P Y free energy, e.g.,ux emergence and shear motions, should be

different. In order to picture the differences in the possibly Lhe main reason for the S-type eruptions. Detailed study of

grjg%réytnégsgeg?: gﬁg};gg (ieno;gt]gils-type cases and one of thanother CME-rich AR, AR 9236, which produced more than

The S-type CME and its predecess@e., CME2 and 10 S-type CMEs with a mean waiting time arountry also
CME?Y) originated from the same location, with a waiting time SU99ests that those S-type CMEs were caused by continuously

. i , ing the free energy regain scen@itia
of 2.2 hr in the quadrupolar AR 11158. Three parametéhe emerging ux, supporting t
squashing factof; the twist numberT,,, which can locate & Hudson200%, Zhang & Wang2002 Moon et al.20033.

the inner ux rope; and the decay indexwhich measures the The peak value around 7t of the S-type QH CMEs
external conning force—are investigated at the erupting waiting time dlstrlbutlon could be a characteristic timescale of
region at Timel(the time instance before the CMEand  the free energy replenishment process. »
Time2 (the time instance after CME1 but before CNIEPhe .The D-type.eruplnon and its prgdecessgr onglnated from two
decay index above the erupting region shows no sigmit d_|ffe_rent locations in AR 11429 with a waiting time of 1 hr. No
change, supporting that CME1 did not weaken the externalS!gni cant change is fqund in the decay mdgx, like that in AR
con nement signicantly. Note that the coronal magnetield 11158. Again, the heights where decay index reaches the
is extrapolated using the photospheric magnetograms agrmcal value for torus instability are .muc'h higher than t.he
boundaries. It is possible that the change of the magnetic ~ heights of the ux rope axes at both time instances, arguing
in the corona cannot feed back to the photosphere within a@gainst torus instability in triggering the two CMEs. However,
short duration owing to the high plasmdratio of gas pressure  the seed ux rope for CMEZ2, i.e., the lowerux rope at PIL2,
to magnetic pressureand the long response times of the Shows astronger twist, clear rising, and expansion after CME1,
photosphere relative to the corona; thus, the decay indexwhich are favorable for its eruption. The most possible reason
remains unchanged. At both time instances, the height wherdor the change of theux rope is that CMEL inuences the
decay index reaches the critical value for torus instability is magnetic environment on PIL2 that make the upper two
much higher than the height of theux rope axis, which ropes disappear, leading to a decrease of the local magnetic
suggests that torus instability may not be the direct cause foipressure and allowing the lower one to erupt. In the post-CME1
the two CMEs. model corona, the upper twaoux ropes totally disappeared
The differences between theix rope eld lines that traced  from the domain. Duringarel, a pair of ribbons ignited along
from the same starting coordinates in the pre- and post-CMEIPIL2 after the brightening of the ribbons along PIL1, with no
corona indicate a topological change duringre¥ CMEZ,; development departing from the PIL, supporting a local
while the reduction of the representation of tle rope axial reconnecting annihilation between the upper twx ropes,
magnetic ux from Timel to Time2 is evidence of an eruption, rather than expulsion of them. The details about how the
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Figure 13.Magnetic features in the vertical cuts, perpendicular todttgope at PIL1 in AR 11158, at TimgRost-CME1 but pre-CMB2and Time3post-CME3J.
Same layout as pandl®—f) in Figure8. ' 125 given at the headers of pané@$and(d), are vertical magneticux (in units of 13° Mx) from the strongr,, region
(Tw 2 1.25 at each time, respectivells, given at the header of pandly and (e), are magnetic free energiy units of 1G?erg) at the two times.

eruption of the ux rope along PIL1 resulted in the

reconnection of the upper twaux ropes along PIL2 remain Table 1
. Force-free and Divergence-free Parameters
unclear, though the observation data have been analyzed. The
rst CME can remove the common overlying arcades, causeTime (deg “f (8 104)

disturbance, compress thelds in the neighbor system, and  3011.02-14717:10:12 6.70 508
even reconnect with neighboelds. Somehow the equilibrium  2011-02-14T18:10:12 7.19 2.11
of the triple-decker ux rope is broken, and the upper twox 2011-02-14T719:46:20 6.97 1.90
ropes reconnect. The key reason for the D-type eruption studie@012-03-06T723:46:14 5.82 291
here is that the twoux rope systems are close enough that 2012-03-07T00:58:14 6.78 2.78
CME1 can impact on the pre-eruptive structure of CME2. It 2012-03-07T01:10:14 6.02 270

should be noted that the triple-deckeix rope presented here

delivers a quite uncommon ccgura;ion, of which equilibrium underlying evolution is the sanfeynch & Edmondsor2013.
and evolution are worth studying in the future. _ The model of Térok et al(2011) or Lynch & Edmondson

A well-studied D-type QH CME from AR 11402, with a (2013 is applicable in a PS coguration. More generally, it is
waiting time of 48 minutes, also suggests that the CME wasapplicable in a corguration with a closed ux system
initiated by its predecess(€heng et al2013. The rst CME  containing a ux rope located near the eruptingix rope,
may have opened some overlying arcade, allowed thee g. a quadrupolar coguration, such as the D-type CME and
neighboring elds to expand, and lowered the downward its preceding one from AR 10030 shown in Figdr@he CME
magnetic tension above the neighboring rope, leading to  had a waiting time of 1 hr, following a process similar to the
the second CME. The scenario, that one eruption weakens thgecond and third CMEs in Térok et g2011), or the two
magnetic connement of another ux tube system and CMEs in Lynch & Edmondsorf2013, according to Gary &
promotes other eruptions, has been demonstrated in simulation®loore (2004: the core ux rope of the rst CME was released
(e.g., Torok et al201% Lynch & Edmondson2013. The from one ux tube system in a quadrupolar region by a
con guration in Térok et ak201]) contains a pseudo-streamer breakout reconnection at the X point above the region; the
(P9, with two ux ropes located in the PS and onex rope neighboring ux rope started to expand andally erupted out
located next to the PS. Theux rope outside expands and owing to the decrease of the overlying magnetic tension, which
erupts as therst CME, causing a breakout reconnection above was caused by the reconnection at the current sheet formed
one of the ux ropes in the PS, resulting in the second CME; below the rst erupted ux rope.
the current sheet formed below the second eruptedrope More generally, in an AR with multipleux tube systems,
causes reconnection at the overlying arcades of the otixer one eruption causing destabilizations that promote other
rope in the PS, leading to the third CME. The latter two CMESs eruptions could be described asdamino effect scenaridLiu
can happen in a more generic cgaration, without a ux rope et al. 2009 Zuccarello et al2009. The peak value of the
outside the PS to erupt atst to trigger them, although the waiting time distribution of the D-type QH CMEs, around
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Figure 14.Magnetic features in the vertical cuts, perpendicular totixaope at PIL1 in AR 11429, at Timdfpre-CME) and Time2post-CMEL1 but pre-CME2
Same layout as in FigurEs.

1.5hr, could be the characteristic timescale of the growth of We thank our anonymous referee for/hisr constructive
destabilization caused by their predecessors. These kinds afomments that signcantly improved the manuscript. We
consecutive CMEs with extremely short waiting times are acknowledge the use of the data from HMI and AIA
sometimes called“twin-CMES or “sympathetic-CME$,  instruments on boarcolar Dynamics Observator{SDO);
although they are not necessarily produced from the samé&!T, MDI, and LASCO instruments on boaolar and
AR (e.g., Balasubramaniam et 2011 Schrijver & Title2011; Heliospheric Observator@SOH(_); andTranS|t|on Region and
Yang et al2012 Ding et al.2013 2014 Shen et al2013. The Coronal Explorer(TRACH. This work is supported by the
source locations of a D-type QH CME and its predecessord'@nis from NSFC (41574165, 41421063, 41274173,
are expected to be located close to each other, or have so 1474151, 41131095CAS (Key Research Program KZZD-

magnetic connection in which one eruption can induce the =W -91-4. MOEC (20113402110001 and the fundamental
research funds for the central universities.

other one.
Note that there is another slightly lower peak arounch®.5 Appendix A
in the waiting time distribution of D types, which may be due Quality of NLFF Extrapolation
to the method of classtation, or even a different mechanism
from the one for those with a waiting time around hr5 Lorentz force(J q B, whereJ is the current densilyand

In conclusion, through the two cases studied in depth, wethe divergence of the magnetield (< - B) should be as small
CMEs, i.e., the ones located around the peak of the waitingth® NLFF coronal elds. We follow Liu et al(2016) and
time distribution: an S-type QH CME can occur in a recurring YWheatland et al(2000, using two parameters, (the angle

; ; tweenB and J) and "f §(fractional ux increasg to
energy release process by free energy regain, while a D—typge : i X
QH CME can happen when disturbed by its preceding one. TheMneasure the quality of the modedlds:

different peak values of the waiting time distributions, ht.5 n

n
for S-type and 1.5 hr for D-type QH CMEs, might be the B JaBi /zé- J e
characteristic timescales of the two different scenarios. The i1 B i1
classi cation is only based on the source PILs. An S-type QH sin R;, T (9
CME may also happen when disturbed by its predecessor,
following a process similar to that for the D-type QH CME, for £~ 1.0 ‘B M % 6
example, in a corguration with more than oneux rope i ﬁibal B - % ©)

vertically located above the same PIL, like the ones in AR

11429, in which changéeconnection, expulsion, etaf the wheren is the number of the grid points artd/ and %§ are
upper ux ropes caused the eruption of the lower one. More the volume and surface area of title cell, respectively.y
cases with high spatial and temporal resolution (i, data  gives the averagsin | weighted byJ. See Tablel for and
from SDQ are worth studying to discover more scenarios.  ~{ §n the aforementionegnd also metioned in the next three
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Figure 15.Magnetic features in the vertical cuts, perpendicular todtigope at PIL2 in AR 11429, at TimgRost-CME1 but pre-CMB2and Time3post-CME3J.
Same layout as in FigurEs.

sectiony model NLFF elds, which all meet force-free and a slight increase d5.5% (from 2.17 q 132 erg at Time2 to

divergence-free conditions. 2.29 q 162 erg at Time3, as shown at the header of
Figures 13(b) and (e)), which is below the uncertainty.
CMEZ2 being conrmed to be correlated to the source location

Appendix B _ based on observation and the decrease of twist of the rope both
Change of Magnetic Parameters during evidence that the ux rope is involved in the eruption.
CME2 in AR 11158 However, this information is not enough for distinguishing

In Section 3.2, the magnetic parameters at the source Whether the ux rope at Time3 is a remnant of the previous
location (L1) are studied in pre-CMEfat Time) and post-  '°P€: Which may undergo a partial eruption accompanied by
CME1 but pre-CMEZat Time3 corona. In this appendix, we ©0P0logy reconguration during CME2, or is a newly
perform a similar analysis in a plane perpendicular to the emer_gedrefor_m_ed one afte_r CME2. Study of the CME2
rope axis along PILL in the post-CME2 corof@011-02-  €ruption detail is beyond this papescope.
14T19:46:20 UT, dened as TimeB as shown in
Figures13(d), (e), and (f) (Q, Tw, and Bg respectively The

: . ; Appendix C

parameters at Time2 are shown in Figut3{a)—c) for : .

comparison. The triangles mark the péakposition, i.e., the Change of Magnetic Parameters during

position where the ux rope axis threads the plane. At Time3, CMEL in AR 11429

the pronounced boundary, strond,, region, and rotational In Section3.3 the magnetic parameters at the source location
structure around the pedl, point in the in-plane vectorelds of CME2 (L2) are studied in pre-CME(at Time) and post-
evidence a ux rope. However, the vertical magnetigx from CME1 but pre-CME2(at Timed corona to see the possible
the strongr,, region(T,, 2 1.25 calculated by Equatiof8) is in uence from CME1 to CMEZ2. In this section, we perform a

reduced by 77% after CME@rom 3.10 q 10° Mx at Time2 similar analysis at the source location of CMEL) to see what
to 0.70 q 13° Mx at Time3, shown at the header of happened during CMED, T,, andBgare calculated in a plane
Figures13(a) and (d)). The magnetic free energy still shows perpendicular to the ux rope axis along PIL1 at Timel
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(Figures14(a)<c)) and Time2(Figures14(d)—(f)), respectively. Brueckner, G. E., Howard, R. a., Koomen, M. J., et al. 199%h 162, 357
Flux rope is found at PIL1 both before CME1 and after CMEL. Chatterjee, P., & Fan, Y. 2018pJL, 778, L8

; ; ; ; Chen, C., Wang, Y., Shen, C., et al. 201GR 116, A12108
The vertical magneticux from the strongrl,, region, with a Cheng, X., Zhang, J., Ding, M. D., et al. 20¥8)JL, 769, L25

threshold of 1.25 turn{T, 2 1:251 shows no signicant Chertok, I. M., Grechnev, V. V., Hudson, H. S., & Nitta, N. V. 200&R
change. However, when changing the threshold to 1.6 turns 109, 1
(Tw 2 1.6), the vertical magnetic ux shows a signicant Chintzoglou, G., Patsourakos, S., & Vourlidas, A. 2045), 809, 34
reduction of 47% (from 3.23 q 13° Mx at Timel to Bﬁl\éorf’ ?i'asé’ %A;tﬁ,%cohof ’ 2' LK. ' éog%i’i\ﬁ?o%e?? 030

9 i y Ly y Ty » Loy , . MO, ,
1.70 q 16° Mx at Time2, shown at the header of Ding. L. Li. G.. Dong, L.-H. et al. 20141GR 119, 1463
Figuresl4(a) and (c)_). CMEL1 has been comme_d to be r_elated Filippov, B. 2013,ApJ, 773, 10
to the source location L1 based on observation, as discussed ifary, G. A., & Moore, R. L. 2004ApJ, 611, 545
Section2.3 thus, the ux rope should be responsible for the G'bs(;)”' S.E., &Fan, Y. ZkO?t?%pJLy 637, '—|65
eruption. Its representative axialx with T, 2 1.6decreased, 0o B~ Adon. L @a”Heayg;%i Coeal 1;%';?} o
at the mean time, while theux with T, 21.25 almost Hood, A. W., & Priest, E. R. 1981GApFD, 17, 297 '
remained constant. Partial expulsion of the rope, accom-  Jing, J., Tan, C., Yuan, Y., et al. 2018pJ, 713, 440
panied by replenishment of twist through shear motion or Kaiser, M. L., Kucera, T. a., Davila, J. M., et al. 2068Ry 136, 5

i i Kienreich, I. W., Veronig, A. M., Muhr, N., et al. 201ApJL, 727, L43
reconnection, can explain the phenomenon. Kiiem. B.. & Torok, T. 2006 PhRVL, 96, 255002

Kliem, B., Torok, T., Titov, V. S., et al. 2014pJ, 792, 107

Appendix D Lemen, J. R., Title, A. M., Akin, D. J., et al. 2012pPh 275, 17
pp
Change of Magnetic Parameters during Li, T., & Zhang, J. 2013ApJL, 778, L29

CME2 in AR 11429 Liu, C., Lee, J., Karlicky, M., et al. 2009\pJ, 703, 757

Liu, L., Wang, Y., Wang, J., et al. 2016apJ, 826, 119

: i i ; in Liu, R., Kliem, B., Titov, V. S., et al. 2016kpJ, 818, 148
In_thls a.ppendlx, we perform a similar analy5|s_ to that in Liu. R.. Kliem. B.. Torok, T.. et al. 2012pJ, 756, 59

Section3.3in a plane perpendicular to theix rope axis along ;" v 2008, ApJL, 679, L151

PIL2 in the post-CME2 corong012-03-07T01:10:12 UT,  Lynch, B. J., & Edmondson, J. K. 2018pJ, 764, 87

de ned as TimeB as shown in FigureBx(d), (), and(f) (Q, Tw, MacTaggart, D., & Hood, A. W. 20093&A , 508, 445

and B respectively to see the eruption detail during CME2. Moon, Y.-J,, Chae, J., Wang, H., & Park, Y. 2003alSpR 32, 1953

The parameters at Time2 are shown in Figmﬁa)—(c) for I\N/I_oon, Y.-J,, Choe, G. S., Wang, H., & Park, Y. D. 2003IpJ, 588, 1176
. . . itta, N. V., & Hudson, H. S. 2001GeoRL, 28, 3801
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