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ABSTRACT

NOAA Active Region (AR) 13664/8 produced the most intense geomagnetic effects since the “Halloween” event of 2003. The
resulting extreme solar storm is believed to be the consequence of multiple interacting coronal mass ejections (CMEs). Notably, this
AR exhibites an exceptionally rapid magnetic flux emergence. The eruptions we are focusing on all occurred along collisional polarity
inversion lines (PILs) through “collisional shearing” during a three-day period of extraordinarily high flux emergence (∼1021 Mx
hr−1). Our key findings reveal how photospheric magnetic configurations in eruption sources influence solar superstorm formation and
geomagnetic responses, and link exceptionally strong flux emergence to sequential homologous eruptions: (1) We identified the source
regions of seven halo CMEs, distributed primarily along two distinct PILs, suggesting the presence of two groups of homologous
CMEs. (2) The variations in magnetic flux emergence rates at the source regions correlate with CME intensities, potentially explaining
the two contrasting cases of complex ejecta observed at Earth. (3) Calculations of magnetic field gradients around CME source regions
show strong correlations with eruptions, providing crucial insights into solar eruption mechanisms and enhancing future prediction
capabilities.

Key words. Sun: activity – Sun: coronal mass ejections (CMEs) – Sun: magnetic fields – (Sun:) solar-terrestrial relations

1. Introduction

The impact of space weather on human society is increasingly
significant. The influence of solar superstorms stands out due
to its remarkable geomagnetic effects. Liu et al. (2014, 2019)
point out that solar superstorms often form through a mechanism
known as a “perfect storm”, where multiple factors combine to
amplify the intensity of a storm that would otherwise be moder-
ate. These factors typically include the consecutive eruption of
multiple coronal mass ejections (CMEs), preconditioning, and
CME-CME interactions. Liu et al. (2019) emphasize the particu-
lar importance of preconditioning in generating Carrington-class
solar storms.

These consecutive CMEs often originate from the same ac-
tive region (AR) or even the same polarity inversion line (PIL),
commonly known as homologous CMEs. They often form in
new or highly dynamic ARs exhibiting strong magnetic flux
emergence. To initiate a solar eruption, two essential factors are
typically required: the presence of a magnetic flux-rope (MFR)
structure in the eruption source region and the triggering of this
MFR by instability. MFRs can form through two primary mecha-
nisms. Strong photospheric shearing motions, through the tether-
cutting process, can create a twisted MFR (van Ballegooijen &
Martens 1989; Moore et al. 2001). In this process, magnetic re-
connection occurs, causing a significant amount of magnetic flux
to be cancelled and submerged below the photosphere, and the

coronal magnetic field around the PIL becomes more sheared
and twisted. On the other hand, evidence suggests that twisted
magnetic structures already exist beneath the photosphere, and
during the process of flux emergence, these twisted structures
directly rise to the photosphere as MFRs (Okamoto et al. 2008).
Once the MFR has formed, instability becomes the key factor
leading to the eventual eruption. It can arise from the MFR itself,
such as when a twisted MFR exceeds a critical value of twist,
triggering kink instability (Fan & Gibson 2004; Kliem et al.
2004; Török et al. 2004). It also arises from the confining mag-
netic fields around the MFR, such as torus instability. This oc-
curs when the Sun-directed Lorentz force decreases faster with
height than the radial outward-directed “hoop force” (Kliem &
Török 2006).

Chintzoglou et al. (2019) propose a scenario called “colli-
sional shearing”. This scenario suggests that, accompanying the
dynamic flux emergence, collisional-shearing processes occur
between nonconjugated magnetic polarities. Nonconjugated po-
larities refer to the interactions between two non-dipolar mag-
netic polarity pairs with opposite polarities. According to Chint-
zoglou et al. (2019), they indicate that most of the consecutive
eruptions occur at these collisional-PILs rather than at the PILs
of dipolar pairs. Their approach allows for a more accurate mea-
surement of the cancelled magnetic flux during flux emergence.
Wang et al. (2022) apply this method to measure the cancelled
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magnetic flux in AR 11283 and estimate that the cancelled flux
accounted for over 24% of the total unsigned flux. This subtan-
tial cancelled flux explains why this AR is able to produce four
consecutive major eruptions within a short span of three days.
Dhakal & Zhang (2023) utilize the method proposed by Schri-
jver (2007) to extract a strong gradient PIL (SgPIL) and found
a strong correlation between SgPIL and flare productivity for
super-active ARs. Indeed, the formation of the SgPIL is strongly
associated with the collisional-shearing scenario.

The series of eruption events that occurred in May 2024 re-
sulted in a strong geomagnetic response close to that of the “Hal-
loween” event in 2003, with the Dst index reaching ∼-412 nT.
These eruptive events are associated with AR 13664/8, which
exhibited exceptionally strong magnetic flux emergence, pro-
ducing multiple M-class and above flares, each accompanied
by halo CMEs. The intense flux emergence led to an unusually
complex magnetic field configuration in the region. In this let-
ter, we mainly focus on how photospheric magnetic configura-
tions in eruption sources influence solar superstorm formation
and geomagnetic responses, and link exceptionally strong flux
emergence to sequential homologous eruptions. In Section 2, we
present the data analysis of the magnetic field and imaging re-
sults, and in Section 3, we draw conclusions and engage in dis-
cussions.

2. Data Analysis and Results

Solar storms have caused prolonged geomagnetic disturbances,
with the Dst index rapidly decreasing to ∼-412 nT on 2024 May
10, and failing to fully recover to normal levels even after May
13. In their recent study, Liu et al. (2024) analyze the data and
identify a series of consecutive halo CMEs, some of which ex-
hibite a strong southward component. They categorize these halo
CMEs into two contrasting cases of complex ejecta. It is deter-
mined that the four consecutive halo CMEs from May 8 to 9 are
the primary contributors to the rapid Dst decline on May 10 (ref.
GOES soft X-ray cuvrve of Figure 1). Subsequently, three halo
eruptions between May 9 17:44 UT and May 11 were identified
as the main factors responsible for the sustained and incomplete
recovery of Dst. Readers are directed to Liu et al. (2024) for the
indentification and discussions of the full halo CMEs. The char-
acteristics of the source region for these eruptions are yet to be
determined.

Through careful examination, we have determined that the
first four eruptions originate from the lower region indicated
in Figure 1, with the axial magnetic field of the MFR aligned
roughly along the red arrow and the azimuthal magnetic field
along the blue arrows. The southward field distribution explains
why these initial four eruptions led to a rapid decrease in the Dst
index. The subsequent three eruptions originate from the upper
region, with the axial field aligned in the direction of the purple
arrow, and the azimuthal field also undergoes a significant re-
versal, approaching a northward magnetic field orientation. The
subsequent eruptions which continue to include X-class erup-
tions after May 11 are not further discussed due to their proxim-
ity to the limb or on the far side of the Sun.

This AR is formed by the convergence of two neighboring
ARs (AR 13664/8), through a process known as “collisional
shearing”. The complex AR is undergoing fast flux emergence,
with a continuous increase in unsigned flux and exhibiting an
extraordinary magnetic flux emergence rate (see Figure 2a). We
calculate the unsigned magnetic flux for May 5-11 from the He-
lioseismic and Magnetic Imager (HMI; Scherrer et al. 2012;
Schou et al. 2012) data series “hmi.sharp_cea_720s_dconS”,

which offers improved quality for flux calculations. Our anal-
ysis focuses on pixels with field strengths exceeding 200 G. The
unsigned flux reached a maximum of ∼1.5×1023 Mx by the end
of May 11. Most remarkably, the 6-hour average flux emergence
rate peaks at an exceptional ∼1.6×1021 Mx hr−1 on May 8. This
rate is truly extraordinary, surpassing even the most notable ARs
of recent solar cycles, including AR 12673 – responsible for
the most intense flare of cycle 24, and AR 12192 – the largest
sunspot group observed since 1990. In the Stanford HMI science
nuggets, Sun et al (2024) 1 indicate that this event likely repre-
sents the most rapid flux emergence ever recorded in the SDO
era, marking a historic milestone in solar observations. Our find-
ings, while showing slightly lower peak unsigned magnetic flux,
strongly support this assertion. The emergence rate profile re-
veals a primary peak on May 8, flanked by substantial secondary
peaks on May 7 and 9 (Figure 2a). Notably, the average emer-
gence rate over this three-day period sustained an extraordinarily
high magnitude of ∼1021 Mx hr−1.

When adjusting the magnetic field threshold to 150 G, our
results align closely with those reported by Sun et al. (2024),
further confirming the historical significance of this event. This
extraordinary flux emergence rate not only sets a new bench-
mark for solar activity observations but also challenges our un-
derstanding of the underlying mechanisms driving such extreme
events.

We focus on five eruptions (E1-E5) from May 8 to 9 within
±30◦ longitude, where magnetic field data is considered more
reliable (Hoeksema et al. 2014), while providing source imaging
for two additional eruptions (E6, E7) outside this range as refer-
ence. These correspond to CMEs 1-7 in Liu et al. (2024). From
the Extreme Ultraviolet (EUV) imaging data captured by the At-
mospheric Imaging Assembly (AIA; Lemen et al. 2012), we ob-
serve a filament or hot channel structures in the eruption source
region (Figure 2b-2h). Except for E1, where the filament is vis-
ible in the relatively cooler 304 Å wavelength channel (along
the north-south direction), the remaining eruptions can only be
observed in the hotter 131 Å, indicating that the continuous erup-
tions have heated up the source region significantly. By analyz-
ing the onset of EUV brightening, we can roughly determine the
location of the PILs corresponding to the eruption source region.
E5 exhibits a large-scale hot channel structure, but the primary
eruption source region is likely associated with the brightening
structure above the strong magnetic field region.

Figure 3 presents the magnetograms and magnetic field gra-
dient distribution corresponding to the eruptions. We utilized the
line-of-sight (LOS) magnetic field data instead of Spaceweather
HMI Active Region Patches (SHARPs; Bobra et al. 2014; Hoek-
sema et al. 2014) for two reasons: firstly, the scientific SHARP
data is currently unavailable, and secondly, the SHARP data for
May 8 has several hours of missing observations. The LOS mag-
netic field data provides a continuous and reliable alternative for
our analysis. We follow the methodology used for processing
SHARP data to handle the LOS magnetic field data. Initially, we
preprocess full-disk 45 s LOS magnetograms at a time interval
of 720 s, to account for satellite rotation that occurred between
16:00 and 24:00 UT on May 8. Subsequently, we create cutout
maps from these full-disk LOS observations, with a field of view
of 1000×600 pixels, large enough to encompass the AR, while
co-moving with the guiding center of the AR. To transform the
cutout maps from the native helioprojective coordinate system to
a local Cartesian coordinate system, we remapped the data using
a cylindrical equal area (CEA) projection. Additionally, it is im-

1 http://hmi.stanford.edu/hminuggets/?p=4216
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Fig. 1. GOES 1-8 Å flux (top) and AR 13664/8 overview (bottom). Vertical blue dashed lines: flare peak times. Arrows: axial fields of potential
MFR structures along different PILs (red/purple), with reverse azimuthal fields (blue/green).

portant to note that the observed LOS field is not truly radial
but rather projected onto the LOS. To obtain the radial magnetic
field values Br, we divided the original data Blos by µ, where µ
represents the cosine of the angle between the LOS and the local
normal at the solar surface.

The left column of Figure 3 displays magnetograms, with el-
lipses of different colors outlining the eruption source regions.
These regions correspond to the nonconjugated collisional-PILs
of two sets of emerging dipolar magnetic fields. The elliptise
is designed to maximally encompass the resultant high-gradient
PIL, enabling full tracking of magnetic field gradient variations
by collisional shearing. The right column shows the Br gradient

map with a gradient exceeding the threshold of 500 G Mm−1.
Additionally, regions with a gradient exceeding 1000 G Mm−1

are marked with yellow contours, representing strong gradient
areas. By comparing the maps in the left and right columns, it
is evident that almost all eruption source regions exhibit high
gradients along the collisional-PILs. We calculate the cumula-
tive sum of strong gradients within the elliptical regions. Figure
4 demonstrates that each eruption (vertical lines indicating peak
times of the flares) is accompanied by an increase in the cumula-
tive gradient, which then gradually decreases after the eruption.
This illustrates a strong correlation between magnetic gradients
and solar eruptions.
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Fig. 2. (a) Mean unsigned magnetic flux (green, 3-hour windows) and 6-hour average flux emergence rate of AR 13664/8 (red). Error bars: 3σ
within each window. (b)-(h) The CME (E1-E7) source regions in AIA 304 Å and 131 Å. The green and red bars point to filament/hot channel
locations. Positive (blue) and negative (red) fluxes (±1000 G) are overplotted.

The AR exhibites a historically high magnetic flux emer-
gence rate, with a maximum rate of approximately 1.6×1021

Mx hr−1 over 6-hour intervals. It is worth noting that the mag-
netic field strength of this AR remains below 2000 Gauss, which
is significantly lower compared to ARs with stronger magnetic
field strength (e.g., AR 11944, > 3000 G; Wang et al. 2015).
This could possibly be attributed to the exceptionally active flux
emergence, which impedes the process of magnetic field concen-
tration into high-strength polarities locally.

AR 13664 is pre-existing, with its positive and negative mag-
netic polarites moving towards the southeast-northwest direc-

tion on both sides. Subsequently, AR 13668 emerges to the east
of AR 13664, undergoing a complex merging process with AR
13664, resulting in the formation of a more complex and large
AR. We distinguish between dipole and non-dipole field col-
lisions through visual tracking of magnetic poles. When posi-
tive and negative poles appear simultaneously and move syn-
chronously in opposite directions, we identify them as a dipole
pair. Since our goal is merely to identify dipole pairs rather than
perform magnetic field calculations (e.g., magnetic flux cancel-
lation), visual tracking suffices for this purpose. The early inter-
action is shown in Figure 2b at locations (120′′, -300′′). E1 oc-
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Fig. 3. Br magnetograms (a-d) and their corresponding gradient maps (e-h) at sequential times. Color eclipses indicates the CME source regions.
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two separate animations. A five-day animation of the magnetograms and gradient maps is available as an online movie, starting at 2024 May 4
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curred at the nonconjugated magnetic PILs between P2-N3/N0
(see Figure 3a) oriented in the north-south direction. Subse-
quently, E2 occurred at locations (170′′, -260′′; Figure 2c). The
Br components of the two sets of nonconjugated magnetic po-
larities (P6-N5; Figure 3b) are not very strong. Sun et al. (2024)
reveal that the penumbra area of this region gradually expands,
implying that the magnetic field becomes more horizontal, with
an increasing inclination angle. Such a distribution of magnetic
fields on the photosphere is favorable for the formation of MFRs.

As mentioned before, the generation of large eruptions re-
quires both the buildup of nonpotentiality and triggering factors.
The collision of nonconjugated magnetic fields (P3-N5) may
serve as a trigger factor, as a flare E2 occurred directly above
their convergence region while P3 and N5 continuously con-
verged. It is likely associated with tether-cutting reconnection of
reverse coronal magnetic fields above the PIL of P3-N5. We use
a horizontal eclipse to calculate the total gradient of E2 source
region in Figure 3. The left side of the ellipse exhibits evident
shearing motion of P6 and N5 (Figure 3b), providing the nec-
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Fig. 4. Cumulative sum of strong gradients within the elliptical regions shown in Figure 3. Red vertical lines correpond to E1-E5.

essary conditions for the buildup of MFRs (Chintzoglou et al.
2019; Wang et al. 2022). The occurrences of E3 and E4 can be
seen as a sustained progression of the collisional-shearing pro-
cess that gave rise to E2. Once again, this pair of nonconjugated
magnetic polarities (P3-N5/N6) interacted at positions (250′′, -
270′′) and (350′′, -270′′), resulting in E3 and E4 (see Figure 2d
and 2e). In fact, E2-E4 can be considered as a series of homolo-
gous eruptions. Notably, Figure 2a reveals an exceptionally high
average magnetic flux emergence rate of ∼1021 Mx hr−1 during
May 7-9. The peak emergence rate occurred on May 8 just be-
fore E2, then followed by the other two consecutive homologous
eruptions.

As for E5, its location (410′′, -240′′) shiftes to a more north-
ern PIL (see Figure 2f). The lower panel of Figure 1 indicates
that the azimuthal field around this set of PILs has a reverse di-
rection with the lower set. From Figures 3a-d, it shows that a pair
of conjugated magnetic polarities (P4-N4) undergoes shearing
motion, with the negative polarity N4 moving westward relative
to the positive polarity. As the magnetic field gradient continues
to rise (Figure 4d), E5 was triggered when a negative polarity
rapidly intrude into the positive polarity P0. E6 and E7 share
the same PIL as E5. This PIL subsequently produced two even
stronger X-class flares, X3.9 and X5.8 (as shown in Figures 2g
and 2h). Figure 2a indicates that these two eruptions coincide
with periods of continued high magnetic flux emergence rates.
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However, as these two eruptions occur in ARs beyond 30◦W
longitude, where magnetic field data become unreliable, we omit
gradient calculations for them.

3. Conclusion and Discussion

We have examined the solar sources of the 2024 May geomag-
netic superstorm, the largest in two decades. Our key findings
reveal how photospheric magnetic configurations in eruption
sources influence solar superstorm formation and geomagnetic
responses, and link exceptionally strong flux emergence to se-
quential homologous eruptions. Our results are summarized as
follows:

(1) Seven eruptions (E1-E7) occurred mainly along two pri-
mary PILs, as shown in Figure 1. Comparing the AIA 131
Å high-temperature channel observations (Figure 2), we believe
these source regions likely contain MFRs or sheared arcades as
the initial magnetic field configuration for CMEs. Based on the
photospheric magnetic field distribution, we can roughly divide
the source regions into two groups of homologous CMEs. The
first group (E1-E4) has axial field generally aligned with the
red arrow and poloidal field along the blue arrows, both dom-
inated by southward components. The second group (E5-E6)
shows predominantly northward components in both axial and
poloidal fields. Liu et al. (2024) identified two contrasting cases
of complex ejecta in terms of their geo-effectiveness from in situ
data. The first complex ejecta exhibits strong southward mag-
netic field components, contributing to the rapid Dst index de-
crease on May 10. The second shows weak southward fields, re-
sulting in a slow Dst index recovery after May 13. The different
magnetic field distributions around the eruption sources may ex-
plain their distinct geo-effectiveness, despite both resulting from
CME-CME interactions.

(2) Active region 13664/8 experienced historically strong
magnetic flux emergence, peaking on May 8 at an exceptional
rate of ∼1.6×1021 Mx hr−1. From May 7-9, the average emer-
gence rate sustained an extraordinarily high magnitude of ∼1021

Mx hr−1. Liu et al. (2024) note that the CME associated with
E5 exhibits a marked reduction in velocity relative to its prede-
cessor. This velocity difference is believed to be directly linked
to the formation of the two distinctly different complex ejecta
mentioned above. According to CME-CME interaction theory,
the trailing CME needs to be faster than the leading one to catch
up and interact. Figure 2a shows that E5 (X1.1 flare, 940 km/s,
see Table 1 of Liu et al. 2024) occurred after the three-day pe-
riod of strongest average emergence rate, with both the associ-
ated flare and CME speed lower than E4 (X2.2 flare, 1480 km/s).
The significant drop in emergence rate before E5 may explain its
slower CME speed. The subsequent increase in emergence rate
for the following two eruptions demonstrates a correlation be-
tween eruption intensity and flux emergence rate.

(3) Detailed analysis of photospheric magnetic field evolu-
tion near the erupting PILs reveals that these PILs can be clas-
sified as collisional-PILs proposed by Chintzoglou et al. (2019).
Our results indicate strong magnetic field gradients along these
collisional-PILs, suggesting a connection between gradient en-
hancement and eruption occurrence. The magnetic field gradi-
ents surrounding the PILs for all eruptions peak at the onset
of each event, followed by a subsequent decrease in intensity.
The gradient enhancement at PILs is related to the converg-
ing motion of opposite polarity fields on both sides of the PIL,
driven by the collisional-shearing process, which is induced by
the super-strong magnetic flux emergence. This clarifies the un-
derlying cause of the correlation between eruption intensity and

emergence rate mentioned in (2). The collisional shearing effi-
ciently converts magnetic flux emergence into rapid accumula-
tion of nonpotentiality necessary for eruptions. The continuous
increase in magnetic field gradients reflects the cumulative effect
of emerging flux at the PILs.

The choice of magnetic field gradients as a key factor in as-
sessing the eruptions is motivated by the direct consequences
of the collisional-shearing mechanism, which lead to the com-
pression and increased densities of the magnetic fields on both
sides of the nonconjugated magnetic polarities. Althought mag-
netic shear angle typically increases concomitantly, its variations
do not always correspond directly with changes in the continu-
ously emerging magnetic flux. When opposite magnetic poles
are in close proximity, the shear angle tends to stabilize. Con-
sequently, quantifying the impact of rapid magnetic flux emer-
gence on eruptions is more effectively achieved by analyzing the
changes in magnetic field gradients around PILs. We believe the
continuous increase in gradient prior to eruption is closely linked
to the buildup of MFRs at the collisional-PILs. When this gra-
dient reaches a certain threshold, further convergence of the two
groups of magnetic field likely induces local reconnection, initi-
ating the eruption. However, collisional shearing does not always
simultaneously contribute to both non-potential field buildup and
eruption triggering. In most cases, they mainly affect the accu-
mulation of nonpotentiality. Triggering factors are more com-
plex, including previously mentioned kink and torus instabilities.

Factor such as “MEANGBH”, identified by Bobra & Ilonidis
(2016) as a significant influence on CME prediction, as well as
earlier studies by Schrijver (2007) on the R factor and Dhakal &
Zhang (2023) on SgPILs, all focus on changes in the magnetic
field gradients along the PIL resulting from active flux emer-
gence. These factors, along with their derived quantities are of-
ten used to evaluate triggering mechanisms in ARs (e.g., Petrie
2012; Sun et al. 2015; Vemareddy 2017; Wang et al. 2018, 2022;
Ran et al. 2022). In practice, there is often a focus on overall
gradient parameters of the AR or all the PILs in general, with-
out specifically identifying which high-gradient PILs are asso-
ciated with eruptions. As shown in Figures 3e-h, apart from the
eruption source region, high-gradient PILs are actually observed
at various locations. If we can accurately measure the gradient
changes directly associated with the source region, we believe it
will demonstrate a stronger correlation with solar eruptions. Ad-
ditionally, to achieve a higher correlation, it is crucial to analyze
large-scale eruptions that display substantial space weather ef-
fects and exhibit homologous properties in their eruption source
regions. In this way, the stronger correlation can be better re-
flected. However, this may not facilitate prediction, as we are
not entirely certain which locations will experience eruptions. A
better approach would be to focus on regions where noticeable
collisional-shearing processes occur. If such a region has already
experienced significant eruptions, there is a high likelihood of
subsequent eruptions. We will consider conducting research in
this area in the future.
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