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ABSTRACT. We have analyzed the temporal and
spatial evolution and the flare activity of the active region
(AR) NOAA 13664 and its impact on the Earth. The large
group of sunspots that formed it definitely belonged to the
Carrington class. The region appeared in the southern
hemisphere of the solar disk on 2024 May 1. The number
of sunspots was growing rapidly and its area increased
from 40 to 2400 millionths of the solar hemisphere. The
AR had a complex multipolar configuration of the
magnetic field beginning on May 7. On May 8, solar flares
of intensity X1.0, M8.7 and M9.9 took place in it, which
caused coronal mass ejections (CMEs). These CMEs
reached the Earth on May 10, causing strong and extreme
geomagnetic storms with bright and very long-lasting
auroras. The event was classified as a G5 geomagnetic
storm, making it the most intense storm since 2003. On
May 9-11, flares of intensity X2.3, X1.5, X4, and X5.8
occurred, each of which caused a CME. The radiation
from the X5.8 flare caused a deep shortwave radio
blackout over the Pacific Ocean. On May 14, an X8.7-
class flare occurred on the western limb of the Sun, the
most powerful in solar cycle 25 at that time. The CME that
formed caused a short-wave radio blackout over America.

On May 9 during observations at the Ernest
Gurtovenko solar horizontal telescope of the Main
Astronomical Observatory of the National Academy of
Sciences of Ukraine the X2.3 flare spectrograms in its
main phase were obtained.

The active region 13664 passed beyond the solar disk
and returned on May 29. It has been renumbered as
NOAA 13697. On May 31 and June 1 AR produced three
X-flares: X1.1, X1.4, and X1.0. Each of them formed
CMEs, which reduced the power of shortwave
transmissions at all frequencies below 30 MHz. Radiation
from M9.8-class flare on June 8 ionized the upper part of
the Earth's atmosphere, causing a deep shortwave radio
blackout in the western Pacific Ocean.

On June 24 AR13664 returned again. This was its 3rd
trip across the solar disk. It was renamed as NOAA 13723.
Although the sunspot region was already fragmented to a
fraction of its former size, its magnetic component
continued to produce powerful solar flares. On June 23,
M9.3-class flare occurred in AR, CME from which caused

a moderate shortwave radio blackout in Western Europe
and Africa.

In total, AR13664 produced 198 C-class, 87 M-class,
and 17 X-class flares during its three passes across the
Sun’s disk.

By studying in detail the evolution of this hyperactive
region NOAA 13664 and its impact on Earth, we are
improving our ability to predict solar activity and warn of
the extreme space weather events it causes.
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mass ejections, geomagnetic storms.

AHOTAILISA. Mwu mpoaHamizyBali  9acoBy Ta
TIPOCTOPOBY EBOJIOLIO Ta CHATAXOBY AKTHBHICTH aKTHBHOT
obmacti (AO) NOAA 13664 Ta 1i BrutiB Ha 3eMitro. Bemrika
Tpylna COHSYHMX IUIIM, sKa il yTBOpHIA, OE3yMOBHO
Hanmexkanma 1o kiacy Keppiarrona. OOmacte 3'sBiiiacs B
MiBACHHIN MiBKyNi coHsYHOTO aucka 1 TpaBms 2024 p.
KinpKicTh COHSYHMX IUISIM IIBUJAKO 3pocTajia, iX IUIoma
soiemmnacd Bixg 40 1o 2400 MUTBHOHHAX YaCTUH COHSIYHOL
miBkymi. [lounmHatoun 3 7 tpaBHS AO Mana CKIAIHY
MYJIBTHITONSIPHY KOH(ITypaIlifo MarHiTHOTO 0N § TpaBHS
B HIl BiIOyIMCS COHSYHI cranaxu iHTeHcuBHicTIO X1.0,
M8.7 i M9.9, sKi BUKIMKAIA KOPOHAIBHI BHUKHIH MAach
(KBM). Lli KBM nocsirmm 3emuti 10 TpaBHS, CIpUYHHABIIN
CHIJIBHI Ta eKCTpeMallbHi TEOMATHITHI Oypi 3 SCKpaBHMH Ta
Jy’Ke TPUBAIMMH TOJISIpHAMHM csiiiBamu. Llg moxist Oyna
KIacudikoBaHa sK reoMmarHiTHa Oyps G5, mo poOuth ii
HalCHITBHIIO Oypero 3 2003 poky. 9-11 TpaBHs BinOymHcs
crianaxy iHTeHcuBHICTIO X2.3, X1.5, X4 Ta X5.8, KOXEH 3
sikux BukimkaB KBM. BunpominroBaHHA Bif crianaxy X5.8
CIIPUYUHUIIO TJIMOOKE KOPOTKOXBMIILOBE DPa/li03aTEMHEHHS
Hax Tuxum okeaHoM. 14 TpaBHs Ha 3aximHOMY JTiMO1 CoHIIs
BimOyBcsi cnaimax kimacy X8.7, Ha TOH  MOMEHT
HaWMOTYXHIIMH y 25-My consuHoMy Iwkini. KBM, sike
YTBOPWJIOCS,  CIIPUYMHWIO  KOPOTKOXBHWJIBOBE  Pajlio-
3aTEMHEHHSI HaJi AMEpPHKOIO.

9 TpaBHS Mg dYac CHOCTEPESKEHb Ha COHSYHOMY
ropu3oHTaIbHOMY Tesleckori imeHi Epnecra I'yprosenka
lomoBroi ~ actpoHomiunHOi  obcepatopii HAH  Ykpainn
OTPUMAaHO CHEKTPOrpamu criayiaxy X2.3 y Horo royoBHii ¢asi.

AxTtHBHa oOylacTh 13664 Buiiula 32 MeXi COHSYHOTO
qucka 1 moBepHynacs 29 TpaBHi. Bona Oyna
nepenymepoBana sk NOAA 13697. 31 tpaBHs T1a 1
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gepBHsI AR cTBOpma tpu X-cmanaxu: X1.1, X1.4 1 X1.0.
Koxen 3 Hux yrBopuB KBM, siki 3MEHIIMIN TIOTYKHICTh
KOPOTKOXBHJIROBHX IIepefad Ha BCiX gacrorax Hmkde 30
MI'n. Pamiamis Bim cmamaxy wmacy M9.8 8 ugepBHA
iOHI3yBaJla BEpXHI0O YaCTHHY 3E€MHOi aTmocdepw,
CTIPUYHHUBIIH rimboke KOPOTKOXBHJIbOBE
panio3aTeMHEHHS B 3aXifqHii 9acTHHI THXOro okeaHy.

24 gepHst AR13664 3HOBY moBepHynacsa. Lle Oyma ii
TpeTs MOI0PO3K TI0 COHAIHOMY JHCKY. [i mepeHyMepoBau
Ha NOAA 13723. Xoua AO Bxe Oyna ¢parMeHTOBaHa 10
YaCTKH CBOTO KOJHIIHBOTO pPO3Mipy, I MarHiTHHA
KOMITOHEHT INIPO/IOBXKYBaB CTBOPIOBATU INOTYXHI COHSYHI
cnanmaxu. 23 yepBHs B AO craBes cnanmax M9.3, KBM Big
SKOTO CIPUYMHUB ToMipHe KOPOTKOXBHIIbOBE
panioBIMKHEHH: B 3aximHiit €Bpomi Ta Adpwi.

3aramom AR13664 mix 9ac cBOiX TPhOX MPOXOIIB IO
micky Conms crBopmna 198 cmamaxiB kmacy C, 87
cnanaxiB kacy M i 17 cianaxis kimacy X.

JetanbHO BUBYAIOYHM CBOJIOLIIO IIi€i TimepakTHBHOL
obmacti NOAA 13664 Tta T BmauMB Ha 3eMII0, MH
BIOCKOHAJTIOEMO  HAlly  3[aTHICTh  IIPOTHO3YBaHHS
COHSYHOI aKTHUBHOCTI Ta MOIEPEKATH PO eKCTPEeMalbHi
SBUIIA KOCMIYHOI OTO/IH, SIKi BOHA BUKIIUKAE.

KiarouoBi cioBa:
COHSYHI  cCIajaxu,
TeOMarHiTHi Oypi.

akTHUBHI o00JlacTi, COHSYHI
BUKUIUA  KOPOHAJIBHOT

IISIMU,
MacH,

1. Introduction

The Carrington Event in early September 1859, a solar
flare with an associated geomagnetic storm, is considered
one of the most extreme space weather events in observed
history and the first direct evidence of a connection
between the Sun and Earth's environment. The Carrington
flare has become a benchmark as the earliest and brightest
solar flare ever recorded. The flare's power estimate from
~X80 to ~X14 on the GOES X-ray scale, obtained by
scientists using different methods, is given in the paper
(Hayakawa et al., 2023). On September 1, british
astronomers R. Carrington and R. Hodgson independently
observed this flare (Carrington, 1859; Hodgson, 1859),
which caused a large coronal mass ejection (CME). It
reached Earth after 18 hours. On September 1-2, the
largest geomagnetic storm in history began, which caused
the failure of telegraph systems throughout Europe and
North America. The magnetometers went off the scale.
The aurora borealis has been seen all over the world, even
by people in Cuba, Jamaica and Hawaii who have never
seen anything like it before. The Carrington event became
a benchmark of space weather impact on our planet. The
Carrington event is certainly one of the most extreme
space weather events, but it is not unique. Research
indicates that Carrington-class storms occur every 40 to 60
years. The NOAA 13664 active region studied in this
paper was one of the largest and most active solar regions
observed in the current 25th solar cycle. It rivaled the
Carrington sunspot group in size. AR produced many
powerful flares that caused strong magnetic storms on the
Earth (Hayakawa et al., 2024; Romano et al., 2024). In
present paper we analyze the evolution and flare activity

of this active region and its impact on Earth. Studying the
properties of such regions can be useful for improving
methods for predicting solar activity and extreme space
weather events.

2. Observational data

The magnetograms, continuum images and EUV-
images were provided by the Solar Dynamics Observatory
(SDO) the Helioseismic and Magnetic Imager (HMI) and
the Atmospheric Imaging Assembly (AlA). The X-ray
data were obtained at Geostationary Operational
Environmental Satellite (GOES). Data on the solar flares
are taken from the site https://www.Imsal.com/solarsoft/
latest_events_archive.html and data on SMEs and their
impact on Earth from the site https://www.swpc.noaa.gov.
NOAA'’s Space Weather Prediction Center (SWPC) is a
division of the National Weather Service. The
spectrograms for X2.3-class flare were recorded on 2024
May 9 with the Ernest Gurtovenko solar horizontal
telescope at the Main Astronomical Observatory in Kyiv.
The Ha line profiles were obtained.

3. Active region NOAA 13664

We analyzed the temporal and spatial evolution and
flare activity of the active region 13664 and its impact on
Earth. The region appeared in the southern hemisphere of
the solar disk on May 1, 2024 of the current 25th cycle of
solar activity. This AR attracted attention because its
structure was rapidly changing (Fig. 1). Figure 2 shows
how the spots number and its area changed during the first
passage of the region across the Sun's disk. It can be seen
that the maximum number of spots (N=81) in AR was
observed on May 10, and the area occupied by them
reached a maximum (S=2400 millionths of the solar
hemisphere) on May 11. In a few days the active region
not only increased significantly in size (up to = 20 Mm),
but its magnetic structure also became significantly more
complex. Figure 3 shows AR magnetograms obtained by
SDO/HMI on May 3 and 7. Starting from May 7, AR had
a complex (Byd) multipolar configuration of the magnetic
field. It contained powerful and entangled magnetic fields,
which allowed it to produce a series of moderate and
strong solar flares that began on May 8. On May 8, solar
flares of intensity X1.0, M8.7, X1.02 and M?9.9 took place
in AR, which caused powerful coronal mass ejections
(CMEs) towards the Earth. When the CME reaches Earth,
it can cause powerful effects on its magnetosphere,
causing various space weather effects. Among the possible
effects are aurora borealis, magnetic storms, malfunctions
of electrical equipment, deterioration of radio wave
propagation conditions. The three CMEs that formed on
May 8 reached Earth on May 10, causing the strongest and
most extreme geomagnetic storms in nearly 20 years. The
event was classified as a G5 geomagnetic storm, making it
the most intense storm since 2003. In 2003, the most
powerful flare on record took place, estimated at about
X18+. It created long-lasting radiation storms. The
geomagnetic storm of May 10-11, 2024 was so strong (on
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Figure 1: Change in the structure of the
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Figure 2: Change in the number of sunspots (N) and the area occupied by them (S, millionths) during the first passage of

AR13664 across the Sun's disk.
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Figure 3: AR13664 magnetograms obtained with the SDO/HMI instrument on May 3 and 7, 2024. The positive and
negative polarities are indicated by white and black colours, respectively.
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Figure 4: AR13664 May 9, 2024, flare X2.3.

May 11, the Kp index reached 9) that the US National
Oceanic and Atmospheric Administration (NOAA), which
predicts solar storms and their impact on our planet, issued
for the first time in almost two decades storm warning
After receiving the warning, NASA put at least one of its
satellites, ICESat-2, into safe mode. Geomagnetic storm
caused auroras across Europe, Asia, Mexico, and all 50
US states, even in Hawaii. Many people around the world
saw the aurora borealis for the first time in their lives, for
example, such as the residents of Puerto Rico at 18.1°
north latitude. The Northern Lights were also observed in
many regions of Ukraine at this time. Usually, such a
phenomenon can be observed at a distance of 20-35° from
the Earth's magnetic poles, and Ukraine is located at a
latitude of 52°-44°, which makes the northern lights a rare
phenomenon here.

On May 9, there were flares of intensity X2.3 (Fig. 4)
and X1.1, each of which caused a CME. Spectrograms
during the main phase of the X2.3 flare were recorded on
May 9 at the Ernest Gurtovenko solar horizontal telescope
of the Main Astronomical Observatory in Kyiv by
observers S.M.Osipov and M.l.Pishkalo. The observation
interval was 09:14:44 — 09:33:28 UT. The Ha line profiles
show a strong emission during the flare main phase. Figure
5 shows examples Ha-spectra and Ha line profiles
obtained for this flare.

Heading toward the western edge of the Sun, AR
continued to produce powerful M- and X-class flares. On
May 10 an X4.0 flare occurred in this AR. May 11,
NASA's Solar Dynamics Observatory recorded a bright
X5.8 flare. The radiation from this flare caused a deep
shortwave radio blackout over the Pacific Ocean. Loss of
signal at frequencies below 30 MHz was observed within
an hour after the peak of the flare. A solar-proton storm of
intensity S1 also occurred in the region. May 12 AR
produced flare of intensity X1. There was a geomagnetic

storm that began on May 10, but it was minor (G1). On the
May 13, AR which was approaching the western limb of
the Sun, i.e. was already leaving the zone of influence on
the Earth, created a series of M-class flares that ejected
CMEs into space. May 14 AR produced flares of intensity
X1.2, X1.7, X8.7. Since the AR was beyond the edge of
the solar disk, the strongest flare of the current solar cycle,
the X8.7, was partially eclipsed and probably even
stronger than it appeared (Fig. 6). The extreme ultraviolet
radiation from the flare ionized the upper part of the
Earth's atmosphere, resulting in signal loss at all
frequencies below 30 Mhz. May 15 AR produced flare of
intensity X3.5.

Figure 7 shows how many flares of different classes
occurred in the AO during its first passage across the Sun's
disk from May 1 to 15. In total, AR3664 produced 48 C-
class, 55 M-class and 12 X-class flares in the first half of
May. AR turned out to be one of the most powerful among
all observed on the Sun in recent years.

4. Active region NOAA 13697

Active region 13664 went beyond the edge of the solar
disk and returned on May 29 and was renumbered as
NOAA 13697. AR was collapsing: the number of sunspots
(maximum N=42) and the area occupied by them
(maximum S=420 millionths of the solar hemisphere) were
decreasing. But during its exit, the AR had an unstable
magnetic field of the Byd Hale class, which contained the
energy for powerful flares (Fig. 8). On May 27, it created
a X2.9 class flare at the eastern edge of the solar disk.
After it came into view, it also produced X1.4 class flare
on May 29. From May 31 to June 1, it produced three X-
flares: X1.1, X1.4 and X1.0. Each caused a radio blackout
on the Earth day side, with almost all longitudes affected
by one or more flares. Although AR13697 was losing
power, it produced another very strong M9.8 solar flare on
June 8, ejecting a large CME into space. Radiation from
the flare ionized Earth's upper atmosphere, causing a deep
shortwave radio blackout in the western Pacific Ocean.
The flare also caused a radiation storm category S2. On
June 10, just beyond the sun's western limb, an X1.6 flare
occurred in the AR, which was partially obscured by the
Sun edge. As a result, it was not very geoeffective. In
total, AR13697 produced 127 C-class, 30 M-class, and 6
X-class flares during its second pass across the Sun's disk
from May 27 to June 10.

5. Active region NOAA 13723

Hyperactive AR13664 returned on June 24 again. This
was its rare 3" trip across the solar disk. It was renamed as
NOAA 13723. It became much smaller compared to the
previous ones, the maximum N=12 and their area S=210
millionths of the solar hemisphere were observed on June
26. Although the sunspot region was already fragmented
to a fraction of its former size, its magnetic component
continued to produce powerful solar flares (Fig. 8). On June
23, M9.3-class flare occurred in AR. It caused moderate
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Figure 6: AR13664, flare X8.7.
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Figure 7: The number of various class flares produced in
the AR13664 during its first passage across the Sun's disk.
Blue curve — number of C-class flares,

green curve — M-class and red curve — X-class
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Figure 8: AR13697 and AR13723 magnetograms obtained with the SDO/HMI instrument on May 31 and July 1, 2024,
respectively. The positive and negative polarities are indicated by white and black colours, respectively.

shortwave radio outages in Western Europe and Africa.
Starting from June 29, AO had B Hale class magnetic field
configuration. In total, AR13723 produced 23 C-class and
1 M-class flares during its third pass across the Sun's disk
from June 24 to July 6.

6. Conclusion

The AR13664/AR13697/AR13723 belonged to the
Carrington class. It was not only one of the largest sunspot
groups rivaled Carrington's sunspot of 1859, it turned out
to be one of the most powerful among all those observed
on the Sun in the current 25th solar cycle. It was the
source of the strongest flares M- and X- class, that
triggered largest CMEs and associated geomagnetic
storms which were very geoeffective and created bright
auroras at much lower latitudes than usual, both in the
northern and southern hemispheres. The geomagnetic
storm of May 10-11, 2024 was the strongest and most
extreme in nearly 20 years and classified as a G5.

By studying in detail the evolution of this hyperactive
region NOAA 13664 and its impact on Earth, we are
improving our ability to predict solar activity and warn of
the extreme space weather events it causes, such as
powerful geomagnetic storms that affect people's quality
of life.
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