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Source of Energy

Nuclear fusion: 600 million tons of H burns to yield 596
million tons of He every second

Missing 4 million tons (4 billion kg) becomes energy

E = mc? (c?joules per kg = 9 x 10%° J/kg)

4 billion kg = 3.6 x 10%° ) per second (W)

Mass Chain:

Consequence of solar dynamo (convection + rotation)
Release of magnetic energy

Coronal Mass ejections (CMEs) closed field regions

High speed streams open field regions 2>

Corotating interaction regions (CIRs)

Magnetic field transported with plasma: magnetic storms
Energetic particles from CME-driven shocks, flares

EM Chain:

Flares superposed on steady EM radiation
Galactic Cosmic Rays (GCRs):
Modulated by CME, CIR magnetic fields
Contribute to Inner Van Allen Belt
Upward chain:

lonospheric disturbances/irregularities
Contributions from flares & CMEs



1929.16 UTC

1933.46 UTC

Solar Radio Burst Affecting GPS

Microwave bursts are due to electrons accelerated in flaring regions
IGS Network Dual Frequency Code Observations, 6 December 2006

Solar Radio Bursts affect the entire sunlit hemisphere
Different from the frequent but localized ionospheric irregularities
Civilian dual frequency GPS receivers were the most severely affected
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Benefit of extending the FOV to the whole heliosphere

A CME Impacting Earth
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Eruption Geometry

1997/05/12 00:12

BBSO 10" He: 2005-05-13 15:38:57

courtesy: V. Yurchyshyn
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CME Kinematic Properties
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CME source regions

Nobeyama Prominence Eruptions + Butterfly Diagram
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Locations of prominence eruptions (PEs) automatically detected from Nobeyama Radioheliograph images



Regions with different CME productivity (Sep 2017)

20170904 }

SDO/AIA Continuum SDO/HMI Magnetogram



GOES

Flares & CMEs in ARs 12673 & 12674
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O:AR12673 -
O:AR12674

08/ 31

Sep 06 CME caused both a major mag storm & a large SEP event. The Sep 4 CME had a large SEP event and minor
storm; Sep 10 CME had a GLE; Sep 6 & 10 CMEs had sustained gamma-ray emission
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Hazards from Energetic Particles

Electrons 10-100 keV ~ S/C charging Trapped particles

Electrons > 100 keV Deep dielectric charging, solar cell damage Trapped particles

Electrons > 1 MeV Radiation damage (ionization) Trapped/quasi trapped
Protons 0.1-1 MeV Surface damage to materials Trapped particles

Protons 1-10 MeV Disp. damage in solar cells Trapped particles, IP shocks*
Protons >10 MeV lonization, disp. damage; sensor background Rad belt, SEPs, GCRs
Protons > 30 MeV Damage to biological systems Rad belt, SEPs, GCRs
Protons > 50 MeV Single event effects Rad belt, SEPs, GCRs

lons >10 MeV/nuc Single event effects SEPs, GCRs

GeV particles (GLEs**) Single event effects, hazard to humans in polar SEPs, GCRs

flights and in deep space

**Ground Level Enhancement (GLE) in SEPs; *ESP events Feynman and Gabriel 2000
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CME Impact on the lonosphere: Super-fountain Effect

Vertical TEC Estimate (10" el/m’)
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 The enhancement spreads to mid latitudes (up to ~50 deg from <20 deg)

Mannucci et al. 2015



Protons penetrating Earth’s

Atmosphere 10 © 2005/01/20: y=2.13
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GeV particles can affect airplane crew/passengers in polar routes
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The moderate geomagnetic storm resulted in
an elevated thermospheric density and
hence the atmospheric drag over an
extended period that led to the premature
deorbit of the 38 satellites.

Dang et al. 2022; Zhang et al. 2022; Fang et al.
2022; Lin et al. 2022; Gopalswamy et al. 2023




Ssummary

* Space weather is a unique field of research with scientific and
practical importance of global relevance

* Most of the space weather is a consequence of variable energy flow
from the Sun

* Upward energy flow from Earth and galactic cosmic rays contribute to
space weather

* Coronal mass ejections, high speed streams, solar flares, and solar
energetic particle events are the primary transients relevant for space
weather



EUV, White light, X-rays

Confined and Eruptive flares
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The confined flare is not associated with mass
motion — just electromagnetic emission (in EUV
image taken by SDO/AIA)

The eruptive flare has surrounding disturbances in
EUV including (from SOHO/EIT) a CME and its
shock (from SOHO/LASCO)

The GOES soft X-ray light curves show that flare
intensities are very similar (X1.5)

Recent investigations show that many eruptive
flares are preceded by confined flares (Nindos et al.
2020; Gopalswamy et al. 2009)



Solar Source, Flare, CME, Consequences

MARIE on Mars Odyssey died Safe mode
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Common Eruptive Signhatures &

Consequences

f

Solar wind

I Type Il

Hot Plasma
y,X-rays,n

Photosphere

Post-Eruption Arcade
(Flare loops)

Prominence/filament eruptions

Flare ribbons

Post-eruption arcades, Type IV Bursts
Hard X-ray, Microwave foot points
Coronal dimming (flux rope)

Coronal Mass ejections (Flux rope, prominence
core, shock sheath)

Shocks (H-alpha, EUV, microwaves, type Il bursts,
SEP events)

Long-duration Type Il bursts

In-situ (SI/SSC, charge state signatures, ESP events,
GIC, geomagnetic storms)

lonospheric disturbances
Atmospheric disturbances



Initiation

Pre-eruption
structure and
evolution
(energy
storage)

6/27/2023

Trigger

Seed Loss of

flux rope equilibrium

Filament

Hot flux rope
Formed due
to slow
reconnection

Flare

Further evolution
determined by drag,
deflection, rotation and
Expansion

Magnetic cloud at 1 au

Reconnection

Torus
instability

Ejected
flux rope

Poste
Eruption
Arcade

23



Details of Flux Rope Acceleration

/'  Flux dipolarized, co-moving with CME
v

[ Nearly dipolarized with CME field,
v approaching CME speed

Near peak outflow speed, accel. decreasing

)

Separatﬁﬁc ﬁF}Ex near head of outflow region: large accel., small v

vy

‘o
.z' ~___— Diffusion Region: flux decoupled from plasma
(not to scale —— much smaller than shown)

Welsch 2018

Longcope et al. 2007



GOES X-Rays: 2005/05/13 17:22
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Height (Solar Radii)

CME Kinematics
from LASCO, EIT

Gopalswamy & Thompson 2000
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Galactic Cosmic Rays

* https://cdaw.gsfc.nasa.gov/movie/make javamovie.php?date=20191
103&imgl=Ilasc2aial93
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