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Abstract

This chapter describes the two major types of impulsive magnetic energy release on the sun: flares and coronal mass ejections

(CMEs). The sections include a brief historical overview, a description of observational signature and detection properties,

a section on theoretical considerations and outstanding problems, and a final brief section on the field of space weather and

anticipated future developments in the field.
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4.1. Abstract

This chapter describes the two major types of impulsive magnetic energy release on the sun: flares

and coronal mass ejections (CMEs). The sections include a brief historical overview, a description

of observational signature and detection properties, a section on theoretical considerations and

outstanding problems, and a final brief section on the field of space weather and anticipated future

developments in the field.
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Figure 4.1: Compact flare observed in an active region off the solar limb on 13 January 1992. Left:
Yohkoh Soft X-ray Telescope full-disk soft X-ray image of the Sun. The flaring region is circled.
Right: Flaring region contour map of the hard X-ray emission from Yohkoh Hard X-ray Telescope,
superimposed on the soft X-ray intensity map. Included are approximate magnetic field lines (with
arrows indicating direction). This flare, known as the “Masuda flare” [Masuda et al., 1994] was a
landmark observation because of the clarity of the coronal hard X-ray emission above flaring loops
observed in profile off the solar limb. (Figure credit: Maggio [2008])

4.2. Introduction

Flares and coronal mass ejections, though often treated as separate and distinct solar phenomena,

have a great deal of similarities. In fact, many researchers are coming to treat them collectively as

two manifestations of a single process: large-scale magnetic reconfiguration in the solar corona.

First and foremost, both defy simple observational description. For example, when

one tries to define a flare as a sudden, local, strong increase in brightness on the Sun, one has to

clearly define what is meant by these descriptives, and also take into account the cases that test

these general criteria.

Flares are a local brightening on the Sun, and may be observed in the photosphere, chromosphere

or corona. Where the brightening is observed depends on where the magnetic energy release occurs,

and also where the energy is being deposited. The definition of “local” depends on the type of flare.

Compact flares (see Figure 4.1), commonly associated with active regions, are usually scaled in

megameters. However, the largest long-duration, gradual flares (see Figure 4.2), which are more

common in quiet Sun filament channels, can span a solar radius or more. “Local” is defined relative

to the magnetic structures undergoing reconfiguration, and as flares can occur in a variety of

magnetic structures, the specification of “local” evolves quite a bit. When one starts to consider

“microflares” and “nanoflares,” the discussion of spatial scale becomes even more complicated.

9



Figure 4.2: A long-duration, gradual solar flare observed in a filament channel. Above: Solar Dy-
namics Observatory (SDO) Atmospheric Imaging Assembly (AIA) pre-eruptive image at 02:49 UT
on 1 August 2010 (Blue: 171Å, Green: 193Å, Red: 211Å). Below: post-eruptive image at 13:54
UT on 1 August 2010. The arrows in the lower image indicate the ribbons of the large-scale flare,
extending across much of the visible solar surface. The dark structure in the pre-eruptive image is
the filament prior to eruption (note its absence in the post-eruptive image).

Other properties such as energy, timing, and multi-spectral brightness exhibit a similar range of

scales. In Section $ 4.4 we discuss the observational properties of flares in greater detail.

Coronal mass ejections (CMEs), on the other hand, are the bulk expulsion of magnetized plsama

from the corona. They are typically characterized in terms of speed, acceleration, size (such as

width), and brightness. It may seem that the name “CME” is not ideal: it is the magnetic field,

not the mass, that forms the basis of the ejection. The mass is part of the magnetic structure (the

highly conducting plasma closely follows field lines), and most of the ways CMEs are detected on

the Sun depend on how the expelled magnetic fields are filled with material. A CME's observation

is dependent on the detection of an apparent massive flow, but also the manifestation of a change

in magnetic field structure (see Figure 4.3). The solar wind is a continuous flow of mass from the

corona; it is only when the mass contains an apparent “bulk” signature, implying separate magnetic

structure, that we call it a coronal mass ejection. However, CMEs can be small, faint, and often

the observational viewpoint is not ideal; it is not uncommon for two observers to differ on whether

a moving disturbance is a poorly-observed CME, or if it is a different evolving structure. Again,

complexity arises when one looks at small CMEs, streamer puffs, or blowouts, jets or other small-

scale eruptions. CME is the term used to describe the eruption and its manifestation in inner and

outer coronal observations. The term interplanetary coronal mass ejection (ICME) is often used to

10



Figure 4.3: Sequence of SOHO LASCO C2 coronagraph images showing an eruption over several
hours, with a clear loop CME (top), a fainter CME front (left) and some radial, non-eruptive
streamer structures. (a) The “pre-event” image (at 17:06 UT on 2 December 2002) shows primarily
radial structures that are typical of slowly-evolving coronal structure. (b) A relatively faint structure
with a “halo component is observed, with emission observed at most angles around the disk. (c)
A newer CME structure is observed, more localized to the upper right (northwest) quadrant. This
CME is much more distinguishable than the first CME. (d) a few hours later, the corona has begun
the return to its original, primarily radial configuration.

describe the interplanetary counterpart of CMEs. It has been historically used to describe the in

situ measurements associated with these eruptions. With the development of heliospheric imaging

with the Solar Mass Ejection Imager (SMEI; 2003-2011) and the STEREO mission’s Heliospheric

Imager (HI; 2007-present), and the availability of in situ measurements of ICMEs in the upper

corona with Parker Solar Probe, the delimitation between these two terms is no longer obvious.

Forging ahead, our field has tried to pin down the key properties that observationally define

both flares and CMEs. We usually start with the best examples and properties of “typical” flares

and CMEs, and discuss how much these properties can vary (and why). In Section $ 4.4 we discuss

observations in greater detail. This is important, as the two phenomena have been historically
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defined by their observational properties; these have evolved as our physical understanding has

improved and as improved measurements became available.

Flares and CMEs both require an understanding of the buildup and release of

solar magnetic energy. An understanding of the physical processes behind flares and CMEs

require (at least) three aspects: the buildup of surplus magnetic energy, the “trigger” or initiation

of the release of that energy, and the post-flare/eruptive evolution or recovery. The interplay of

“buildup” and “release” is what makes flares and CMEs so energetic and impulsive; it is also what

makes them so difficult to predict. The trigger, or initiation mechanism, can be extremely subtle,

serving as more of a catalyst than a driver of the energy. The trigger can simply be a small tip in the

balance of energy, a transition from an eruption being “not energetically favorable” to “energetically

favorable.” However, once the process has been initiated, the instability can grow rapidly.

Both flares and CMEs can drive space weather in space and at Earth. Another

aspect common to flares and CMEs is their impact on the surrounding corona, heliosphere, and

planetary system. This is related, for the most part, to the “release” stage of an eruption. X-ray

and EUV brightness increases from a flare can deposit energy in the Earth's ionosphere and cause

communication disruptions. A direct hit from a CME's magnetic field on Earth can drive strong

geomagnetic storms. However, space weather is complicated by a zoo of flare- and CME-associated

phenomena. These are processes driven by or triggered by flares and CMEs, such as heliospheric

shock waves. Energetic particles from a shock wave are one of the most important factors when

predicting space weather. The associated flare and/or CME may have no direct impact on Earth, but

the shock that was sparked by an eruption can cause major disruptions, including geomagnetically

induced currents and drastic changes in Earths radiation belts. Therefore, it is not simply a question

of what causes the release of energy; we must understand where the energy goes, and how it couples

to other important phenomena.

Both flares and CMEs vary with the solar cycle and sunspot number. Flares and

CMEs tend to be more energetic and frequent during (and just after) solar maximum, due to their

role in helping the Sun liberate excess magnetic energy. During solar maximum, more magnetic flux

is emerging from the solar interior. The opportunities to exhibit the three-fold criteria (storage,

trigger, and release) are much more common. Flares and CMEs are an important means by which

the Sun liberates the excess magnetic field building up during solar maximum, and help the global

12



solar corona transition back to a “solar minimum” configuration. During solar maximum, CME

and flare-associated space weather effects are also more common.

Flare studies and CME studies are compromised by detection thresholds. It is im-

portant to note that our historical definition of flares and CMEs using observational properties

imposes several limitations. For the case of flares, they are commonly defined by their X-ray peak

flux, observed against an often bright and variable X-ray solar background. During solar maximum,

the corona itself may exceed smaller, “A-class” and “B-class” level flares meaning that we can only

detect C-class flares and above. This does not mean that there are no A-class flares during solar

maximum, it just means that classical detection methods must be augmented (a similar challenge

involves flares occurring on the far side of the Sun). Similarly, the mass and magnetic structure

of the solar corona are more disturbed and variable during solar maximum. A faint, slow CME

that would easily be detected against a more placid solar minimum corona would be more difficult

to distinguish against a more active solar maximum environment. Therefore, the statistics of less

energetic CMEs may be underrepresented during solar maximum, suffering a similar fate to weaker

flares.

As more sophisticated measurements became available, our ability to characterize flares and

CMEs dramatically improved.

They frequently occur together, suggesting that impulsive magnetic energy releases

on the Sun can exhibit varying degrees of “CME-like” properties and “flare-like”

properties. Several CME trigger mechanisms involve a flare-like reconfiguration (reconnection) of

magnetic field that transforms confined, high-pressure magnetic flux into flux that is free to expand

and leave the corona. Indeed, the famous “Aly-Sturrock” conjecture [Sturrock, 1991] stated that

the magnetic energy of a given force-free boundary field is maximized when the field is open, and

challenged the scientific community to explain how the apparent opening of field lines in the form

of a CME could happen. The flare/CME interplay changes the boundary conditions; therefore,

many CME models require a flare-like reconfiguration as part of the CME process. Additionally,

open fields following a CME close back down and recover using flare-like magnetic reconnection

processes.

From the other standpoint, many flare models involve the bulk motion and expulsion of magnetic

flux in a CME-like manner. Even if the flux “blob” is not ejected fully from the Sun, it can be

13



Figure 4.4: This eruption, observed by SDO/AIA on 31 August 2012 (Orange: 304Å, Yellow: 171Å)
is at the time of publication one of the most common search engine results for solar flare. However,
the flare-like manifestation of this event (labeled Flare Ribbons) is one of the least remarkable
aspects of the image. Undoubtedly, the attraction (and confusion) is mostly due to a non-flaring
(but bright) active region, and the CME (labeled Prominence Eruption.)

ejected from the flaring area and land elsewhere. Many researchers specialize in this study of

“eruptive flares” and their associated “failed” eruptions, recognizing the role that flux ejection can

play in flare energy release. As it turns out, most flare models contain some element of CME-like

motion, and most CME models have some aspect of local flare-like energization.

They are often confused with each other. It is not at all uncommon for someone in

the popular press, or even researchers in peripheral fields, to label a CME a “flare” and vice-

versa. And if we are honest, can we truly blame them? With the high degree of complexity (and

confusion) in defining, observing, characterizing, and understanding the two phenomena, even the

most experienced observer can find it a challenge to simply call it one or the other.

Therefore, the case for treating the two collectively, as two different manifes-

tations of a more comprehensive impulsive-magnetic-energy-release phenomenon, is

compelling. Rather than specifying whether something is a “flare” or a “CME,” there is a grow-

ing movement to treat the two together, and discuss how the energy release is partitioned between

“flare-like” processes and “CME-like” processes. This chapter will proceed in that respect; we will

discuss the “flare-like” aspect of an issue, and follow with the discussion of the “CME-like” aspect.

We hope the reader will enjoy the interplay between the two.

14



Figure 4.5: “Typical” auroral oval. Colors indicate intensity, red is strongest, blue is weakest [Holz-
worth and Meng, 1975] superposed over a map of the Earth. Aurorae have occurred throughout
Earth’s history over areas that are not heavily populated. Source credit: NASA NSSDC.

4.3. History

4.3.1. Early History

Flares and CMEs have undoubtedly been impacting the Earth for over 4 billion years. However, only

recently has humanity been aware of these two phenomena. The reason for this “late realization”

is because their observational properties (Section $ 4.4) are subtle, and their effects (see Section

4.6) have become more pronounced in the technological era. The one possible exception is the

aurora borealis/australis. Aurorae are a beautiful manifestation of the Sun's influence on Earth

(see Figure 4.5) and do not require special instrumentation to observe.

Aurorae (aurora borealis indicating north pole, aurora australis being the southern complement)

have been reported throughout human history. They are observable from the ground, providing: a)

the Sun's activity has impacted Earth's magnetosphere in a way that drives geomagnetic activity, b)

the observer is at a latitude where aurorae are observable (primarily, high latitudes, see Figure 4.5)

and c) the aurorae are visible to the observer (nighttime conditions are ideal - cloud cover and

24-hour daylight in the summer inhibit observation).

With the realization of the very ordinary conditions under which aurorae occur, and the spo-

15



radic conditions under which they are observed, it becomes clear why these pieces of the Sun-Earth

connections puzzle were so difficult to assemble. From Earth, the Sun appeared static, constant, un-

changing. Aurorae appeared at night, seemed harmless, and were a reminder of the many unknown

manifestations of the power of nature.

Naked-eye observations of sunspots were reported in China starting in the 10th century [Hayakawa

et al., 2016]. In the west, J. Fabricius was the first to publish a report of sunspots at the end of 1611,

and shortly thereafter Galileo began recording sunspots using a new instrument - the telescope.

This represents the dawn of Sun-Earth connections and space weather studies. Although sunspots

are an excellent representation of the magnetic potential of the Sun, they are not a good indicator

of how much Earth-impacting activity has transpired. The long-term sunspot record initiated by

Galileo is invaluable; it helps us understand the Suns history and variability. But sunspot number

is just one part of the puzzle.

It was not until the 19th century that evidence was clear: the Sun's activity could impact the

Earth. It required two components: observations of the Sun's activity, combined with the response

at Earth. The evidence began to add up. There were technological components (such as radios and

telegraph machines) that provided vital clues that could be connected to the occurrence of aurorae,

and there were also improved solar observations. One is left wondering how rapidly auroral (and,

hence, space weather and solar activity) research would have progressed if aurorae were a commonly

observed phenomenon over heavily populated areas!

To make advances in the understanding of Sun-Earth connections, humanity needed clear ev-

idence of solar activity and of the associated response at Earth. Flares are typically observed in

energetic wavelengths (X-rays and extreme ultraviolet), which are blocked by the Earth's atmo-

sphere and are only readily observable from space. CMEs are very faint compared to the Sun's

emission, and are more readily observed in the outer corona, also from space. However, the outer

corona is about one billion times fainter than the Sun itself, so a definitive CME observation is

a challenge. There are reports of white light (i.e. visible spectrum) flares being observed by as-

tronomers, and CME-like structures during solar eclipses, but there not enough events to identify

an association with any terrestrial response.

16



4.3.2. The “Carrington Event”

This all changed in 1859, when strong geomagnetic and space weather effects were observed soon

after a major solar flare. It is also called the “Carrington event,” after one of the astronomers who

recorded the series of interactions (Richard C. Carrington and Richard Hodgson). On 29 August

1859 Carrington and Hodgson independently observed a flare in a large sunspot group. This was

prior to x-ray and EUV observatories; this flare was so strong that it was easily observable in the

visible spectrum. Less than 24 hours later (which is extremely fast, by CME standards), the effects

were noticed at Earth. Aurorae were observed at nearly all latitudes over the globe, even locations

near the equator. Telegraph systems, which are prone to space weather because they use conducting

wires connected over large distances, were unable to function with the geoelectric field overload;

some operators reported receiving electric shocks when they attempted operation. Additional space

weather effects were observed, such as strong deviations in magnetic field measurements.

The Carrington event was significant because of two key factors: the magnitude of the storm

and onset of technology affected by space weather. Modern measurements that characterize storm

magnitude were not available in 1859, so a number of methods have been applied to translate the

magnitude of the Carrington storm in the context of more recent events (Baker et al. [2013], Ngwira

et al. [2014]). Although the estimates can vary, it is overwhelmingly agreed that there has not been

as strong an impact on Earth since the Carrington event. It remains the benchmark against which

all other major storms are judged.

There is little doubt that there were stronger storms prior to the Carrington event, but a key

role was played by the emerging technology of the 19th century, including the improved interna-

tional communication of the scientific community that allowed them to correlate global auroral

observations. The accumulated evidence of solar observations, magnetic field measurements, auro-

ral activity and anomalous telegraph behavior comprised an undeniable body of evidence: activity

on the Sun has an impact on Earth.

In later years, measurements and technology both improved. We began to understand that it

was not the solar flare, but the CME that travelled the 1.5x108 km (93 million miles) to Earth,

that was responsible for the majority of the observable impacts. Storms that were weaker than

the Carrington storm had much larger impacts, because radio communications, power grids, and
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technology in space were much more sensitive to space weather phenomena. Still, we look to the

Carrington event as a landmark event: there was no doubt that Sun-Earth connections exist, and

the scientific community took up the challenge of unraveling the physics of this dynamic system.

4.3.3. Improved Observations Lead to the Modern Era

There are many measurements that led to the piecing together of the flare/CME puzzle. Not long

after the Carrington event, ground-based observations of solar filaments with spectroheliographs

documented their tendency to erupt [for a comprehensive review, see Parenti, 2014]. Solar mag-

netic field measurements from the ground, developed by George Ellery Hale in 1908, have played

an important role in understanding solar dynamics. However, it was the advent of observations

from space that gave the scientific community access to continuous, multi-wavelength data free of

atmospheric effects.

It is important to note that observations from the ground have always provided vital informa-

tion as well, such as global, synoptic H-alpha imagery obtained over many decades. New ground

instruments such as the Daniel K. Inouye Solar Telescope (DKIST) in Hawaii promise to yield

many more advances.

As flares were observable long before CMEs were discovered, most of the early papers focused

on flares as the driver of solar activity and the subsequent effects observed at Earth. A very

noteworthy discovery was the identification of coronal mass ejections by Tousey [1973] using the

seventh Orbiting Solar Observatory (OSO-7). Although it was known that the solar wind existed,

and that it contained transient, varying structures, the definitive observation of a CME led us to

investigate the causes and effects of these phenomena. It became clear that certain effects that

were attributed to flares could possibly be more clearly explained by CMEs. A famous paper by J.

Gosling titled the Solar Flare Myth [Gosling, 1993] led the community to understand the tendency

to believe something parallel to “ontogeny recapitulating philogeny” – or that the discovery of one

phenomenon predating another phenomenon can falsely imply a causal, hierarchical relationship

between the two. Gosling argued that the community needed to reevaluate the correlations between

flares and certain impacts, because some effects more clearly explained as being driven by CMEs.

Švestka [1995], however, cautioned against an overemphasis on the CME aspect of magnetic
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energy release. He argued that two-ribbon flares, and the study of other types of “eruptive flares”,

are key parts of understanding the eruption process.

Finally, Harrison [1996] led the way towards a more tempered approach, arguing that flares

and CMEs are two aspects of the “same magnetic disease”, and further urged against the use

of simplistic terms such as “explosion” to describe the complex, interrelated process of magnetic

energy liberation.

Readers are reminded that, given the long history of these studies, many excellent textbooks

(e.g. Howard [2011]) and reviews are available. Fletcher et al. [2011], Hudson [2011], Benz [2017]

and Webb and Howard (LRSP, 2012) provide more recent and general reviews of flare observations.

A comprehensive account of flare physics is given by Tandberg-Hanssen and Emslie [1988], and

Priest and Forbes [2000], Shibata and Magara [2011], Priest [2014] discuss in detail the magnetohy-

drodynamic processes and magnetic reconnection theory of solar flares. Yashiro et al. [2004a] and

Vourlidas et al. [2017] cover the observed properties of CMEs from a single and multiple viewpoints,

respectively. We recommend the papers by Gopalswamy and Thompson [2000] and Georgoulis et al.

[2019] describing the early stages of CME development, and Howard [2006] for an historical overview

of CME observations.

The following sections give a brief overview of observational signatures of flares and CMEs, with

a particular focus to update readers with observations in the recent era.
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4.4. Observational Signatures and Detection Prop-

erties

The physics of flares and CMEs is intrinsically linked; as we understand the nature of magnetic

energy buildup and release, we will understand these two explosive manifestations of those processes.

In this section we briefly cover the various observations that are used to study flares and CMEs.

Most of them involve remote sensing - the collection of photons in the form of images and spectra.

As you will read, the scientific community relies on a diverse range of observations, and each of the

observations holds vital clues about the nature of the two phenomena.

4.4.1. Flares

The most prominent observational signature of a solar flare is the impulsive enhancement of radi-

ation across the entire electromagnetic spectrum, from radio waves with the wavelength between

kilometers and millimeters, through γ rays, whose extremely short wavelength is only a small frac-

tion of the diameter of an atom. The Carrington flare was discovered as sudden brightening in

the visible white-light emission from the Sun's photosphere. Nowadays, flare emissions in many

wavelength ranges are recorded. Whereas modern imaging observations of flares have revealed

breathtaking details down to the scale less than one thousandth of the Sun's radius, spectroscopic

observations, including polarimetry measurements, remain an astrophysicist's most powerful tool

to diagnose properties of plasma and magnetic field in the Sun's atmosphere.

This section is intended to focus on a few observational aspects of flares with space weather

consequences, including non-thermal electrons, short-wavelength radiations, and any pertinent re-

lationships with CMEs. Although non-thermal electrons discussed here refer to those trapped in

the flare volume, they often carry a large fraction of flare energy and play a significant role to heat

the flare atmosphere, which in turn produces much enhanced EUV radiation acting on Earth's

upper atmosphere. In the following, only a limited description is provided to explain the basics,

and readers are referred to many existing outstanding reviews for completeness and comprehensive

details on flare observations.
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Figure 4.6: Light curves of an X8.2 flare on 10 September 2017, including (a) the soft X-ray light
curve by GOES at 1-8 Å, (b) microwave light curve at 13 GHz by the Extended Owens Valley
Solar Array [EOVSA; Gary et al., 2013] and hard X-ray light curves in two energy ranges by the
Reuven Ramaty High Energy Solar Spectroscopic Imager [RHESSI; Lin et al., 2002], and (c) light
curves of extreme-ultraviolet emissions in several pass-bands observed by the Atmospheric Imaging
Assembly [AIA; Lemen et al., 2012] onboard the Solar Dynamics Observatory [SDO; Pesnell et al.,
2012]. (Courtesy Dale Gary, Chunming Zhu; also see Gary et al. [2018].) (d): a strong type II radio
perturbation is observed by the WAVES onboard the Solar TErrestrial RElations Observatory
[STEREO; Kaiser et al., 2008] satellite. (Figure credit: secchirh.obspm.fr.)

4.4.1.1. Time Profiles

The time history of the flare total emission at a given wavelength is called a flare light curve.

Figure 4.6a shows the soft X-ray light curve in the wavelength range 1-8 Å from a large flare,

observed by the Geostationary Operational Environmental Satellite system (GOES). Flare emission

at this wavelength is produced by plasma heated to more than a few million kelvin in the Sun's

outer atmosphere, the corona. As a convention, this specific measurement of flare emission is used

to define the magnitude of a flare: a flare is designated to be A, B, C, M, or X class when its peak

soft X-ray flux is in the range of < 10−7, 10−7 − 10−6, 10−6 − 10−5, 10−5 − 10−4, > 10−4 Watts per

square meter, respectively. For example, the X8.2 flare illustrated in the figure produces 8.2×10−4
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Watts per square meter in the GOES 1-8 Å channel at its peak. Because of the logarithmic scale,

X-class flares are much more energetic than C-class flares.

The soft X-ray emission of a flare is usually observed to rise rapidly on timescales of order of

minutes, and then decay more gradually, sometimes lasting for hours or even days. Traditionally,

we consider the flare to be in the impulsive phase during the rise of its soft X-ray emission, and in

the gradual phase after the peak of the soft X-ray emission. Significant hard X-ray and microwave

emissions, which are indicators of the presence of electrons accelerated to a fraction of the speed of

light, are often produced in the flare's impulsive phase (Figure 4.6b). The wavelength, or energy,

of hard X-ray photons is described in units of electron volts (eV). A large flare may generate many

hard X-ray photons of energy from a few tens to a few hundred keV (kilo- electron volts), like

shown in the figure. Microwave emissions are produced by interaction of fast electrons with plasma

as well as magnetic field. Here, we start to use “frequency” in units of Hz to describe the energy

of microwave photons, and the figure shows the microwave emission of the large X8.2 flare at the

frequency of 13 GHz (or 13 billion Hz), which carries, at its peak, the total flux of more than 10,000

solar flux units (sfu) 1.

Following the X-ray and microwave emissions, many ion lines have flare emission in the extreme-

ultraviolet (EUV) wavelengths (Figure 4.6c). These are produced by the flare plasma in the corona

that cools off from more than 10 million kelvin. A flare also gives off abundant visible and ultraviolet

line emission as well as enhanced continuum emission, usually produced at lower temperatures

(below 100,000 kelvin) from the impulsively heated chromosphere or even photosphere. Although the

amount of the Sun’s radiation energy in the short wavelength is rather insignificant in comparison

with its visible output, a large number of EUV photons will cause severe ionospheric responses. For

this reason, over the past decade, the EUV Variability Experiments [EVE; Woods et al., 2012] has

been in operation to monitor the Sun’s EUV output, which increases by a few orders of magnitude

during flares [Chamberlin et al., 2012, Woods, 2014].

It is worth noting that many kinds of radio emissions can be produced by or in association with

a flare [see review by Pick and Vilmer, 2008]. Energetic particles escaping into interplanetary space

1Solar flux units describes the wave power received by a telescope detector per unit area per unit frequency range.
One sfu is 10−22 Watts per square meter per Hz.
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cause decimetric or metric type radio bursts, for example, the type III radio burst by flare produced

energetic electrons. Accompanying the X8.2 flare shown in Figure 4.6, the WAVES instrument

onboard the Solar TErrestrial RElations Observatory [STEREO; Kaiser et al., 2008] satellite has

detected a strong type II radio burst with its frequency drifting from 10 MHz to 0.1 MHz, a signature

of electrons accelerated by CME-driven shocks moving through interplanetary space. So the flare

occurs together with a very fast CME, which is rapidly accelerated during the impulsive phase

of the flare [Veronig et al., 2018]. Such close synchronization between the impulsive rise of flare

emission and CME acceleration has been illustrated in a good number of, though not all, events,

suggesting a more than casual relationship between the two [e.g. Zhang et al., 2001, Gallagher

et al., 2003, Qiu et al., 2004, Temmer et al., 2010, Patsourakos et al., 2010]. Observations have

further revealed the presence of a flux rope cavity [Long et al., 2018, and see Section 4.4.2 and

Figure 4.11 for CME structure], significant wave transients [Liu et al., 2018, see Section 4.4.2.2 for

wave transients], solar energetic particles [SEPs; Guo et al., 2018, see Chapter 8], and ground level

enhancement events [GLEs; Gopalswamy et al., 2018, see Chapter 8]. So, like most X-class flares

[Yashiro et al., 2004b], the illustrated X8.2 flare is one symptom of the “same magnetic disease”

[Harrison, 1996] with another symptom being a fast CME, amid many others.

4.4.1.2. Spatial and Spectral Properties

Imaging observations have shown that a flare comprises a cluster of so-called flare loops2, which are

plasma tubes believed to be confined by the magnetic field. These are referred to as magnetic loops,

largely residing in the tenuous corona with both ends anchored in the denser lower atmosphere.

Therefore, in contrast to their outgoing CME sisters, flares are often described to be “closed”,

“confined”, or “local” structures.

The aforementioned soft X-ray emission is from the coronal part of flare loops where plasma is

heated to more than ten million kelvin. When heating is attenuated and coronal plasma cools down

through a sequence of decreasing temperatures, emissions of ion lines sensitive to these temperatures

2For consistency in the following text, we use flare “loops” to describe observationally resolvable structures of
cross-section being around 1000 km, and the term “strands” or “threads” seen elsewhere may refer to still smaller-
scale fine structures resolved by only a few current instruments [See Aschwanden and Peter, 2017, for a discussion of
coronal loop width].
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Figure 4.7: Left: an arcade of flare loops of an eruptive two-ribbon flare observed by AIA on SDO
in nine ultraviolet and extreme ultraviolet passbands. The top panels show enhanced ultraviolet
emission in 1600 Å, 1700 Å, and 304 Å, from the heated chromosphere and transition region,
outlining the feet of flare coronal loops, which are brightened subsequently in a series of iron lines
sensitive to successively lower temperatures, as shown in the middle and lower panels. (Figure
credit: Cheng and Qiu [2016].) Right: EUV spectra by EVE spectrometers showing flare radiation,
coronal dimming, and EUV late phase in another event. (Figure credit: Woods et al. [2011]).

arise sequentially. This is shown in Figure 4.7, where a series of Fe XXI (131 Å), Fe XVIII (94 Å),

Fe XVI (335 Å), Fe XIV (211 Å), Fe XII (193 Å), and Fe IX (171 Å) lines, respectively sensitive

to temperatures of 10, 6, 3, 2, 2, and 1 million kelvin, become dominant emissions in an arcade of

flare loops observed by AIA. More precise diagnostics of plasma temperatures can be achieved from

high-resolution spectroscopic observations obtained by spectrometers such as the EVE [Warren

et al., 2013, Caspi et al., 2014, also see the right panel of Figure 4.7 for some EVE spectra]. These

observations have helped establish our understanding of the heating and cooling sequence of coronal

plasma in flare loops.

Analysis of these spectral line emissions also allows us to find the amount of plasma emitting

at a given temperature [see Feldman et al., 1992, Del Zanna and Mason, 2018, for comprehensive

tutorials of plasma diagnostics with EUV observations]. Simply put, the more plasma is emitting,

the more intense the line becomes. The temperature distribution of non-isothermal coronal plasma,

which is often the case during flares, is accounted for by a property called the Differential Emission

Measure (DEM). DEM(T ) = n2(T )dV/dT , where n is the electron density, T temperature, and dV

elementary volume of the plasma. The observed intensity of a specific spectral line is related to this
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Figure 4.8: Left: Image of a flare with brightened feet of flare loops observed by the Interface Region
Imaging Spectrograph (IRIS) launched in 2013. The dark vertical line shows the position of the slit
spectrometer. Right: the Fe XXI and Mg II line profiles taken by the spectrometer at one location
on the flare ribbon at one time. The observed hot Fe XXI line is fitted to a Gaussian profile (green),
and appears to be blue-shifted from its rest wavelength 1354.1 Å, indicating hot plasma moving
upward into the corona (note that dotted curves represent other lines in nearby spectral positions).
The rest wavelength of the cool Mg II is at 2791.56 Å, denoted by the vertical dotted line, and
black squares mark the central positions of the line from its core to the wing, which are red-shifted
from the rest wavelength, indicating plasma downward motion in a complex manner in the varying
depth of the chromosphere [Graham and Cauzzi, 2015].

property by Iλ =
∫
Rλ(T )DEM(T )dT where Rλ(T ) is the combined effect of the emissivity of the

line, known from atomic physics [e.g., the CHIANTI atomic database by Dere et al., 1997, and later

development], and the response function of the observing instrument. Advanced inversion methods

have been developed to derive the Differential Emission Measure of flare plasma from observations

made at many lines sensitive to a variety of temperatures [e.g., Hannah and Kontar, 2012, Cheung

et al., 2015], and the total amount of emitting plasma is then given by EM =
∫
DEM(T )dT .

Interestingly, the same technique applied to coronal dimmings (signatures of a CME, see Section

4.4.2.2) yields the Emission Measure that is missing from the Sun’s corona (Figure 4.7), as it is

carried away by an erupting CME! When we do these, it comes as a surprise that, given its “closed”

and “confined” nature, the Emission Measure of an average flare, usually of order 1047−50 cm−3

[Aschwanden et al., 2015], is indeed comparable with that of a large CME [Aschwanden, 2017].

Imaging observations give us an educated guess of the flare volume, and it then turns out that

the average density of the flare coronal plasma is quite high, greater than that of the background

flare-less corona by two orders of magnitude. Then, how does the flare corona become so dense

apart from being hot?
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The answer lies in the lower atmosphere - the chromospheric density is 10,000 times higher, and

could easily act as a mass reservoir for the tenuous corona. The prevailing understanding is that

the chromosphere is impulsively heated at the start of the flare, giving rise to a sudden increase

of the pressure there, which drives up-flows and, therefore, transports a considerable amount of

dense plasma into the corona. This is evidenced by signatures of impulsive and intense optical or

ultraviolet emission at the feet of flare loops, prior to substantially increased emission in the corona,

as clearly illustrated in Figure 4.7.

Yet the crucial evidence is from spectroscopic observations [see review by Milligan, 2015], which

have revealed plasma upflows at speeds as large as a few hundred kilometers per second, into

the tenuous corona from the impulsively brightened feet of flare loops. These are accompanied by

downflows into still denser atmosphere at a few tens kilometers per second, so as to maintain mo-

mentum conservation [Canfield et al., 1987, Zarro et al., 1988]. The upward and downward motion,

first discovered in the 1980s as the blue-shift of hot lines and red-shift of cool lines [e.g. An-

tonucci et al., 1982, Ichimoto and Kurokawa, 1984], has been called “chromospheric evaporation”

and “chromospheric condensation” [Canfield, 1986, Fisher, 1989]. [Graham and Cauzzi, 2015, Fig-

ure 4.8] have demonstrated some of the most advanced spectroscopic diagnostics of flare dynamics

at a high spatial resolution (of scale around 300 km) with the recently launched Interface Region

Imaging Spectrograph [IRIS; De Pontieu et al., 2014] that observes the Sun's lower atmosphere,

the chromosphere and transition region, in the ultraviolet spectral range. Observations of this kind

remind us that the advent of next-generation, diffraction-limited high-resolution telescopes with

high-sensitivity spectrometers, like the Daniel K. Inouye Solar Telescope (DKIST), will certainly

increase our understanding of the fundamental scale at which flare energy is released to heat the

lower atmosphere and drive chromosphere evaporation [see, e.g. Jing et al., 2016, for fine-scale

structures of a flare].

Flare-accelerated electrons can deposit energy in the lower atmosphere. These electrons interact

with the ambient plasma and magnetic field to produce hard X-ray and microwave emissions, and

the manner of interaction much depends on the speed as well as the direction of the electrons,

the latter specified by the pitch angle, the angle electrons make with magnetic field of flare loops.

Kontar et al. [2011] has explained how hard X-ray observations can be used to deduce electron

properties. Dulk [1985] and Bastian et al. [1998] have reviewed the physics of radio emissions in
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astrophysical systems in general and in solar flares in particular.

Figure 4.9 shows that energetic hard X-ray emissions, or photons of energy more than a few

tens keVs, are concentrated at two places: a compact source at the feet of the flare loop, and a weak

yet more extended source above the top of the flare loop [Gary et al., 2018], similar to the “Masuda

flare” in Figure 4.1. At both places, electrons collide with plasma, which produce thick-target (of

the dense chromosphere) or thin-target (of the tenuous corona) bremsstrahlung radiation of hard

X-ray photons 3. Less energetic X-ray emission of photon energy below 20 keV, which is thermal

bremsstrahlung emission, is found to outline hot flare loops, also visible in soft X-ray and EUV

emissions.

Hard X-ray spectra can be used to calculate energy distribution of electrons based on principles

governing these kinds of radiations. Figure 4.9 shows that energetic hard X-ray photons exhibit

a power-law shaped spectrum, with fewer photons at higher energies. This is believed to result

from the energy distribution of electrons that also follows a power-law [Brown, 1971]. The observed

difference in the photon spectrum between the foot-point, thick-target source and the loop-top,

thin-target source provides crucial diagnostics of physical mechanisms governing acceleration and

transport of high energy electrons [e.g., Battaglia and Benz, 2007, Krucker et al., 2008, 2011].

Fast electrons subject to the magnetic Lorentz force spiral around magnetic field lines of flare

loops, and produce gyrosynchrotron radiation in microwaves [Dulk, 1985]. Figure 4.9 shows the

location of microwave emissions at varying frequencies from 1 to 16 GHz. In this flare, energetic

electrons trapped on or above the top of the flare loop give rise to microwave emissions, and the

height of the emission grows with decreasing frequency, indicating that magnetic field strength de-

creases with height. Therefore, spectroscopic and imaging observations of flare microwave emissions

also provide unique measurements of magnetic field in the flaring corona, which may help diag-

nose dynamics of magnetic reconnection (see Section 4.5.1) and particle acceleration and transport

mechanisms [Gary et al., 2013].

3For this flare observed on the limb and partially occulted, it is considered that the conjugate feet of flare loops
are behind the limb, so that thick-target hard X-ray emission is visible only at the feet in front of the limb.
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Figure 4.9: Top: X-ray emission (contours) observed by RHESSI at “soft” and “hard” energies,
and microwave emission by EOVSA, in the impulsive phase during the X8.2 flare on 10 September
2017, presented in a small (a) and large (b) field of view, respectively. Background images, on
reverse greyscale, are obtained from the SDO/AIA at Fe XII line at 193 Å, showing an erupting
flux rope cavity above the flare (b). The box in (b) shows the field of view of (a). (Image credit:
Gary et al. [2018]). (c): the spectrum of the flare X-ray emission demonstrating electron thermal
bremsstrahlung emission at lower energy, and non-thermal power law distribution at higher energy
of the foot-point source and coronal source, respectively. The solid black line shows the observed
total photon spectrum, whereas the color curves show the model fit to different components of
the X-ray emission. (Image credit: Gary et al. [2018]). Middle: soft X-ray emission by the X-ray
Telescope [XRT; Golub et al., 2007] on Hinode [Kosugi et al., 2007] during the flares impulsive phase
(d), gradual phase (e), when a long thin structure, considered to be a current sheet, is visible trailing
the erupted flux rope CME, and many hours after the explosion (f) (Courtesy of Chunming Zhu
and XRT team). Bottom (g-i): extreme ultraviolet images at Fe XIV line at 211 Å by AIA/SDO
around the same times. These observations exemplify the standard eruptive flare configuration,
which will be discussed in the next section.
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4.4.1.3. Energetics

However particles are accelerated, and however plasma is heated, ultimately all flare energy is output

in photons, by which flares are observed. Depending on the magnitude of a flare, the bolometric

radiation, or the sum of electromagnetic radiation throughout the entire wavelength range, amounts

to 1023−26 Joule, which is comparable to the energy of a CME [Emslie et al., 2012, Aschwanden

et al., 2017, Aschwanden, 2017]4. Note that the total energy of a CME includes the kinetic energy

as well as the gravitational potential energy. In a flare or a CME, this large amount of energy is

released on timescale of order a few tens of minutes. In terms of energy release rate, flares and

CMEs are the most energetic events in the heliosphere.

Having understood mechanisms of radiation of various kinds, we may go into further details

of energy distribution in a flare. In the corona, X-ray and extreme-ultraviolet spectral diagnostics

tell us the temperature distribution of plasmas, so we can calculate the total thermal energy in

the corona as a consequence of flare heating [Emslie et al., 2012, Aschwanden et al., 2015]. The

spectral diagnostic is somewhat more complex in the dense lower atmosphere. It is estimated that

the lower atmosphere holds a substantial amount of heat within the budget of flare energy [e.g.,

Kretzschmar, 2011, Milligan et al., 2014].

Earlier, we have discussed the possibility that the flare heating energy is originally carried in

fast electrons. Then, how much is this energy? By integrating the electron spectrum inverted from

the observed hard X-ray photon spectrum, it is found that a large flare produces a total number of

1034−36 electrons per second, and the total energy carried by non-thermal electrons can amount to

more than one half of the total radiation energy of a flare [Emslie et al., 2012, Warmuth and Mann,

2016, Aschwanden et al., 2017]. If the numbers are correct, it becomes apparent that not all of the

heating is done by non-thermal electrons. Flare accelerated ions may play a role in some large flares

[Emslie et al., 2012, Aschwanden et al., 2017]. In the next section, some other mechanisms will be

discussed.

29



Figure 4.10: (a) An M1.9 flare observed on 14 June 2012 by SDO/AIA in 304 Å (red) and 131 Å
(cyan) bands. The M1.9 flare is associated with a halo CME, which was captured by STERE-
O/COR2A (b) and STEREO/COR2B (c) from different perspectives. (d) A vector magnetogram
obtained by the SDO/Helioseismic and Magnetic Imager [HMI Scherrer et al., 2012]; greyscale
shows the longitudinal magnetic field and arrows indicate the transverse field. (e) The vertical
current density calculated from the transverse magnetic field, with the positive (negative) values
colored in blue (red). Two contours (green) in (d) or (e) outline the two conjugate feet of the erupt-
ing CME magnetic flux rope, which are identified by conjugate dimmings denoted in (a). (Figure
credit: Wang et al. [2019], also see James et al. [2017, 2018] for this event.)
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4.4.1.4. Magnetism

It has been well recognized that the source of the vast amount of energy, whether in flares or CMEs,

is magnetic by nature. This knowledge has been corroborated by yet another critical observation: the

polarimetric measurements of magnetic field in the Sun's atmosphere. Figure 4.10 shows an eruptive

M1.9 flare residing in an active region of strong and complex magnetic field, which also hosts a

sigmoid (see Section 4.4.2.2). Prior to the eruption, flux emergence, rotation of the leading sunspot

carrying positive magnetic field, and strong shear motion of the other polarity have been observed

in the active region. These motions have built up strong vertical electric currents (Figure 4.10e),

derived as the curl of the transverse magnetic field (indicated by arrows in Figure 4.10d). Through

these motions, magnetic helicity, which characterizes complexity of magnetic field, has been injected

into the active region [e.g. Chae, 2001, and many following studies]. The subsequent flare and CME

are found to be rooted in the areas of strong electric currents and helicity injection [James et al.,

2017, 2018, Wang et al., 2019]. Note that this event was observed by SDO as well as STEREO

A and B, the latter having a view angle of roughly ± 90 degrees from the former. Therefore,

whereas the CME magnetic flux rope (MFR) is identified in the STEREO coronagraph observations

(Figure 4.10b, c), its foot-prints on the Sun’s surface are identified by coronal dimming signatures

[Webb et al., 2000, see Section 4.4.2.2] observed by AIA. This event illustrates that magnetic field

evolution, through flux emergence, sunspot rotation, and shear motion, builds up strong electric

currents and leads to the eruption [e.g. Schrijver, 2007, Liu et al., 2017, and references therein].

A large body of observational studies, with the most recent effort using machine learning meth-

ods to analyze vector magnetic field measurements [Bobra and Couvidat, 2015b, Bobra and Ilonidis,

2016b, and references therein], have been dedicated to unravelling what magnetic field characteris-

tics cause flares and CMEs [see, e.g., recent reviews by Green et al., 2018, Georgoulis et al., 2019].

In the meanwhile, a successful flare/CME model should lead to the understanding of how magnetic

energy is abruptly released and converted to kinetic energy of particles, bulk motion, and heat.

Such an understanding will not only improve our capability to predict space weather, but also shed

light on mechanisms of energy release in other astrophysical systems like stellar flares and CMEs,

4Readers are reminded that there are flares or flare-like radiation phenomena of much smaller scales, such as
microflares, nanoflares, and bright points. The energy of the smallest of these events can be as low as 1017 Joule
[Hannah et al., 2008], depending on the detection threshold.
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corona and jets from accretion disks of black holes, binaries, and proto-stars, and even γ-ray bursts.

4.4.2. Coronal Mass Ejections

CMEs are an important aspect of coronal evolution, involving vast structures of plasma and mag-

netic fields that are expelled from the Sun into the heliosphere. White light coronagraphs (Fig-

ure 4.3) image CMEs as bright features moving outward from the Sun with speeds ranging from

tens to >3000 km/s. They can be detected in situ by their anomalous (compared to average solar

wind) plasma and magnetic field characteristics [e.g. Zurbuchen and Richardson [2006]]. Much of

the plasma observed in a CME is entrained on expanding magnetic field lines, which can have the

form of helical field lines with changing pitch angles, i.e. a magnetic flux rope. In fast CMEs the

plasma is supersonic so a detached shock forms ahead in the ambient solar wind. These shocks, in

turn, can accelerate particles producing the largest SEP events (see Chapter 5) that are associated

with major interplanetary disturbances and hazardous effects at Earth.

As stated previously, CMEs can be difficult to detect. Energetically, the strongest flares and

CMEs are comparable: 1025 Joule. However, compared to the star itself, CME signatures can be

very subtle. The total solar luminosity is 3.8× 1025 Joule per second, whereas the CME frequency

rarely exceeds ten per day. Even the outflow of the solar wind, integrated over the solar cycle,

rivals the energy of flares and CMEs combined [Low, 2001]. However, the solar wind is relatively

steady, and Earth can adjust and reach an equilibrium. Conversely, impulsive transients in the solar

wind driven by CMEs can deposit large amounts of energy over a relatively short period, and the

concomitant response of the Earth's field can drive geomagnetic currents and other space weather

effects.

Even the largest CME has a small, almost inconsequential, magnetic field when compared to

that of a sunspot. So how does a small ejection of flux from the solar surface have such a large

impact in the corona? The reason is the large gradient in magnetic field pressure from the surface

to the inner heliosphere; the magnetic pressure at the solar surface (0.5 RSun) falls off rapidly, so a

CME “footnote” in the inner corona can become a dominant factor at higher altitudes (> 2 RSun).

Magnetic fields on the Sun are typically tens to hundreds of Gauss, and strong sunspots can exceed

several thousand Gauss. However, in space, the magnetic field is typically measured in nanotesla
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Figure 4.11: Early observations provided evidence that many CMEs have distinctive structure,
consisting of a bright loop-like front, dark cavity, and dense (bright) core. Figure from Hundhausen
[1999], illustrating the structure of a coronal mass ejection observed 17-18 August 1980.
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(10−5 Gauss).

The key to detecting and observing CMEs is understanding where they have their strongest

influence. In the upper corona (above 4 RSun) or the inner heliosphere (above the Alfvén surface,

i.e. above about 15 RSun), local magnetic structures such as sunspots have evolved into a global

structure consisting of streamers and coronal holes. The Alfvén surface is the locus where the out-

ward speed of the accelerating solar wind passes the radial Alfvén speed, therefore any displacement

of material cannot carry information back down into the corona (e.g. DeForest et al. [2014]). Thus,

it is the natural outer boundary of the solar corona and the inner boundary of the heliosphere.

Streamers and coronal holes are similar in that they are radially aligned, but coronal holes tend to

be darker (because the plasma population is not strongly emitting in most spectral ranges, and the

electron density is low) and streamers tend to be bright (plasma is more energized and emitting,

and convergence of electrons in plasma flow are more effective in scattering). Both features stand

in contrast to CMEs, which are more likely to take the form of easily distinguished structures

(Figure 4.3). The fact that the CME is in motion, whereas the other structures are relatively static

(unless disturbed by the CME), distinguishes CMEs further. However, these diagnostics are not

always clear; a weak CME, or one that is not captured well by the available observations, can be

difficult or ambiguous to interpret.

Usually a CME is observed via its impact on the solar atmosphere, such as evacuation of mass

from the lower corona, injection of mass into the upper corona and heliosphere, dramatic magnetic

field evolution, and strong interaction with the surrounding corona. Unfortunately, there are no

established criteria to definitively identify a CME. Similar to flares, there are “sufficient” criteria,

which when satisfied an observer may say that a CME definitely occurred. Certainly, a bright,

outward-moving, loop-like structure as shown in Figure 4.3 is unambiguous evidence. However,

there are no “necessary” criteria: The loop-like structure may not be observed, or the CME's

direction relative to the images may make it impossible to deduce a moving structure. There are

observations, and associated phenomena, that may suggest that a CME or eruption occurred.
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4.4.2.1. Outer Coronal Observations

The “sufficient” observational condition for a CME is provided by a coronagraph, which is a type of

imager that works as an artificial eclipse; it blocks out the Sun so that the surrounding atmosphere

(which is many orders of magnitude fainter) can be observed. Coronagraph designs vary, but most

extend to at least several solar radii in altitude. By this height, the solar features become more

radial, and CME detection becomes less ambiguous (Figure 4.3).

Coronagraphs observe the evolution of the outer corona and the motion of density structures,

typically by detecting Thomson-scattered sunlight from the free electrons in coronal and heliospheric

plasma. This emission has a non-isotropic, angular dependence, which must be taken into account

when interpreting the data [e.g., Billings [1966]; Vourlidas and Howard [2006], Howard and Tappin

[2009]].

The two CMEs visible in Figure 4.3 exhibit a range of features. The first CME, though fainter,

is more pronounced in extent (Figure 4.3b). The primary loop of the CME is visible in the upper

right (northwest) portion of the image, but there is another front that is observed moving to the left

(eastward). The latter CME also appears in the northwest (Figure 4.3c). Though more localized, is

much brighter and more distinct. It has a bright outer loop, and within it a bright “core” structure.

Figure 4.11, an illustration from Hundhausen [1999], is based on a loop-like coronal mass ejection

observed on 17-18 August 1980 by the Coronagraph/Polarimeter on the Solar Maximum Mission.

The arrows indicate the direction of the magnetic field. The structure begins as a quasi-quiescent

helmet streamer (first panel), expands as the interior magnetic cavity grows (second panel), erupts

(third panel), and then evolves into a post-eruptive current sheet structure (last panel).

When compared to Figure 4.3, it is clear that some CMEs do exhibit this “classic” structure,

but perhaps not all. Even authors of the earliest papers on CMEs recognized that there were two

issues at play: 1) that not all CMEs had the same structure and dynamics, and 2) the angle of

observation could have a strong impact on how a CME appeared in the image. In other words, was

the earlier CME fainter, or was the second CME simply better aligned with the image direction

to capture its full extent? Howard et al. [1985], surveying data from the Solwind coronagraph,

described a large variety of structures: curved front, halo, complex, single spike, streamer blowout,

and diffuse fan CMEs. The huge range of manifestations could not be explained by data ambiguities
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alone. However, they argued that the angle of observation was a necessary consideration. CMEs

with “halo” structures (eruptions that appeared with emission surrounding the occulting disk)

were most likely due to a CME traveling along the observer’s line of sight (i.e., toward or away the

observer), rather than a CME exploding 360 degrees in all directions.

Later studies, based on coronagraphs viewing from multiple angles (the STEREO SECCHI

coronagraphs [Howard et al., 2008] combined with the SOHO LASCO coronagraph [Brueckner

et al., 1995]) confirmed that the varying CME manifestations were indeed a combination of the two

effects. Vourlidas et al. [2017] surveyed thousands of eruptions, and strove to classify the eruptions

more clearly regarding their physical nature and their observed kinematics.

However, even multiple viewing angles are limited in their ability to deduce 3-D structure.

Figure 4.12 from Colaninno et al. [2013] illustrates how error or variation in identifying a point

from the viewpoint of STEREO-A (blue lines), when combined with the ambiguity from STEREO-

B (red lines), maps into a wide range of locations, particularly in the inner heliosphere (yellow

shaded regions). The range of altitudes in the yellow shaded region is roughly proportionate with

the error in position relative to the two spacecraft. However, the range of possible longitudes is

surprising to many.

Other efforts have shed light on the subtle, but important three-dimensional properties of CMEs.

For example, Kwon et al. [2015] demonstrated that there were an unusually high number of “halo”

CMEs if they were considered a function of viewing angle alone. Some CMEs exhibit a halo-like

structure surrounding their central emission from every direction, indicating that some halos truly

were a bright structure surrounding the core CME from all directions. Thernisien et al. [2006] and

Thernisien [2011] set the stage for an interpretive flux-rope CME tool that allowed the users to

view a CME in the context of a consistent magnetic structure.

Another kind of telescope yielding outer coronal observations of CMEs are heliospheric im-

agers, beginning with Helios and the Solar Mass Ejection Imager (SMEI; Jackson et al. [2004])

and culminating in the STEREO/SECCHI HIs [Harrison et al., 2005, Eyles et al., 2009], Parker

Solar Probe’s Wide-Field Imager for Solar Probe Plus (WISPR; Vourlidas et al. [2016]), and Solar

Orbiters Heliospheric Imager (SoloHI; Howard et al. [2019]). Their extended fields of view have

allowed observers to track CMEs far from the Sun, study their evolution, and track their propaga-

tion through the heliosphere. Howard [2011] gives an comprehensive overview of many observations
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Figure 4.12: This diagram, from Colaninno et al. [2013], illustrates a difficult aspect of reconstructing
3-D CME structure using remote sensing observations. A small variation in the apparent observing
angle can project to a large range of longitudes, particularly at locations close to the Sun.

and how they relate to the physical processes behind CME physics, and Green et al. [2018] incor-

porates multi-dimensional observations for a fully three-dimensional understanding of CME origin

and initiation.

4.4.2.2. Inner Coronal Observations

There are a variety of observations in the inner corona that, when combined with coronagraph

observations, shed light into the origin and structure of CMEs [e.g. Thompson et al. [1999b],

Gopalswamy and Thompson [2000], Hudson and Cliver [2001]].

However, not all CMEs have inner coronal signatures [Howard and Simnett [2008], Robbrecht

et al. [2009]] - the name “stealth” CME has been given to those that lack any accompanying solar

surface activity. Most CMEs do have inner coronal signatures, though they have a wide variety of

manifestations.

Flares, arcades and sigmoids. As flares and CMEs are related, it should not be surprising that

some of the key indicators of a CME in the lower corona are provided by flare observations. Arcade
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formation (as shown in Figure 4.7) provides a reliable diagnostic of the evolution of magnetic struc-

tures involved in a flare and coronal mass ejection [Hanaoka et al., 1994, Hudson and Webb, 1997].

The CME represents a topological change, and these arcades are often attributed to the re-closing

of magnetic field field lines and the energization of trapped plasma along the loops. In addition,

Yokoyama and Shibata [1998] discussed the ability of flare reconnection to energize adjacent, previ-

ously existing arcade loops. These correspond to the soft X-ray “long-decay enhancement” (LDE)

flares, which are one of the soft X-ray signatures of a coronal mass ejection [e.g. Hudson and Webb

[1997]].

Canfield et al. [1999] discovered that soft X-ray “sigmoid” eruptions, named for their S-shaped

structure prior to eruption, is another type of arcade signature that correlates strongly with the

presence of a coronal mass ejection. The S-shape, which forms due to the large amount of shear

built up in the magnetic field, precedes an eruption; after the eruption the field evolves to a more

relaxed, laminar arcade.

Many authors [Sheeley et al. [1975], Webb et al. [1976], Rust and Hildner [1976], Kahler [1992],

Hudson et al. [1996]] have worked toward clarifying the relationship between LDEs, accompanying

H-alpha “two-ribbon” flares, sigmoids, and CMEs. The inner coronal observations confirm these

results, and the flare/arcades fitting these descriptions, when observed, are a very strong indicator

of a coronal mass ejection. The converse is not necessarily true, in that a coronal mass ejection

can occur without the accompanying arcade formation; however, this may correspond to a more

gradual reconfiguration of magnetic field which does not result in an observable enhancement.

Coronal dimmings. EUV and soft X-ray dimmings of the corona, occurring on timescales ranging

from minutes to hours, are another reliable signature of a coronal mass ejection. Such regions were

called “transient coronal holes” in Skylab data and can appear as low coronal regions of reduced

emission in EUV and soft X-ray emission.

Rust [1983] examined the brightest Skylab LDE events, and determined that a majority showed

evidence of soft X-ray “voids” forming in association with the eruption. The voids were observed

near the erupting region, either alone or in pairs, such as those shown in Figure 4.13. In general,

these coronal voids lasted less than 48 hours and could decrease in emission until they were as dark

as coronal holes.
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Figure 4.13: Magnetic field and EUV coronal images of a large-scale, post-eruptive dimming on
12 May 1997. First panel: SOHO MDI magnetic field, showing strong flux in the active region
but weak but prevailingly unipolar flux in each of the dimming regions. The dimmings in coronal
wavelengths show fairly symmetric “twin” regions. Blue: 171 Å, Green: 195 Å, Yellow: 284 Å. Figure
from Thompson et al. [1998].

Rust reasoned that since the interplanetary shocks associated with eruptions “are followed by

a sustained period of high speed solar wind, and recurrent high speed solar wind streams originate

in long-lived coronal holes [Hundhausen, 1972], then the transient solar wind speed increases might

stem from transient coronal holes.” Hudson et al. [1998] determined that the dimming of the soft X-

ray corona associated with a CME proceeded too rapidly to be explained by radiative or conductive

cooling, leading to the conclusion that the observed decrease in emission was due mostly to the

outflow of material, and not just a shift in temperature. They chose the more empirical label of

“dimming.” for this phenomenon.

Dimmings studies benefit from a direct comparison of the “transient” coronal hole dimmings

with a more static coronal hole. Photometrically, the emission recorded in EUV and soft X-rays are

comparable to that of a coronal hole [e.g. Zarro et al. [1999]], a strong indication that the decrease

in emission is primarily due to a decrease in density. Additionally, Harra et al. [2007] demonstrated

that coronal dimmings can exhibit Doppler shifts indicative of outflows, consistent with transient

coronal hole behavior.

Sterling and Hudson [1997] demonstrated that the degree of soft X-ray dimming observed by

Yohkoh SXT during a CME can only account for a fraction of the total mass of the white light

CME. Thompson et al. [1998] argued that the degree of EUV dimming does not scale proportionally

with the mass of the observed white light CME because a significant fraction of the CME mass

source can originate from regions which are not strongly emitting in EUV or soft X-rays, such as at
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higher altitudes. Harrison and Lyons [2000] included spectroscopic measurements, but Aschwanden

[2016] demonstrated that a full emission measure treatment of dimmings in the EUV could account

for the mass deficit.

An extensive survey of coronal dimming events and their relation to CMEs was performed

by Reinard and Biesecker [2008]. They found mean lifetimes of 8 hrs, with most disappearing

within a day. Reinard and Biesecker [2009] studied CMEs with and without associated dimmings,

finding that those with dimmings tended to be faster and more energetic. Bewsher et al. [2008]

used SOHO/CDS and LASCO data and found a 55% association rate of dimming events with

CMEs, and that most CMEs were associated with dimming events. Coronal dimmings have not

been observed as frequently as other associated eruptive phenomena but the recent, very sensitive

results [e.g. Schrijver and Title [2011], Woods et al. [2011], Mason et al. [2016]] from SDO/AIA and

SDO/EVE imply that dimmings are more common than previously thought. More recently, Krista

and Reinard [2017] analyzed over 150 separate dimming events, and discussed their significance as

the magnetic footprint of CMEs concluding that their magentic evolution provides essential clues

of the evolution of CME eruptive topologies.

Tian et al. [2012] covered additional important factors regarding spectroscopic observations of

CMEs and dimmings, shedding light on the outflow of material and mass of evacuated material.

Mason et al. [2016], Aschwanden et al. [2017], and Krista and Reinard [2017] strove to connect

the statistical properties of dimmings to the properties of the associated CMEs, namely their mass

and velocity, finding some good correlations. Dissauer et al. [2018] investigated the relationship of

dimmings to flares, then to CMEs [Dissauer et al., 2019], combining multi-viewpoint observations

from the STEREO mission with those along the Earth-Sun line. These 3-D studies highlight the

role of the magnetic field of a dimming region, allowing a closer examination of flare and CME

manifestations of eruptions.

Filament eruptions. The presence of an erupting filament or prominence (a filament seen off the

solar limb - hereafter we will refer to either as a filament) is a fairly reliable indicator of a coronal

mass ejection (Figure 4.4).

As stated earlier, spectroheliograph observations of filaments began at the end of the 19th cen-

tury, and they were quickly recognized to be evidence of the Sun's highly volatile nature. Filaments
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Figure 4.14: Left: SOHO Extreme Ultraviolet Telescope 304 Å(He II) image from 23 February 2004
showing several large filaments and their channels. Right: H-alpha image showing the same filament
regions. Figure from Parenti [2014].

can be extremely compact (particularly filaments in an active region) or can extend for over a solar

radius in length. They can remain relatively static, of quiescent, for long periods, and as they form

along magnetic inversion lines they serve as excellent indicators of large-scale solar magnetic struc-

ture (Figure 4.14). For this reason, there has been a great deal of effort dedicated to studying their

formation, structure, classification. evolution, and magnetic connections [see Tandberg-Hanssen

[2013] and Parenti [2014] and Engvold [2015]]. For the purpose of this chapter, we briefly discuss

the role filaments play in an eruption.

Filaments appear as dark masses in Hα images, and are observed in coronal emission lines as a

dark profile; the dark features are due to cool dense material shadowing the bright emission behind

it. In the cooler EUV 304 ÅHe II wavelength (typically estimated as representing 5 - 8 x 10e-4 K),

the material can be seen either in emission or absorption (Figure 4.4). Spectrometer observations

of absorption features [e.g. Kucera et al. [1998]] allow an analysis of the absorption profiles and

comparisons.

Filament observations show several key aspects of a CME [Schmieder et al., 1997, 2002]. They

trace out the base of the pre-eruptive structure, and continue to serve as an indicator of magnetic

field evolution throughout the eruption process. Figure 4.15 highlights several important aspects of

a filament's relationship to the CME magnetic field. A very clear example of a filament eruption

and dimming is described by Webb et al. [2000], discussing CME properties like the magnetic flux
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Figure 4.15: Figure 3 from Parenti [2014]. Left: A simple 2-D Kippenhahn-Schlüter magnetic field
topology, showing the location of dense filament material relative to a larger loop structure [from
Gilbert et al. [2001]]. Middle: A more realistic 3-D sheared arcade configuration, with dipped regions
supporting filament formation [from DeVore and Antiochos [2000]]. Right: flux rope configuration
[from Amari et al. [2003]].

and inferred the associated large-scale magnetic structure; through studies of many events, the

picture of how filaments relate to the overall structure of CMEs becomes more clear.

Wave transients. Since their discovery by the EIT investigation on the SOHO mission [Moses

et al., 1997, Thompson et al., 1998, 1999a] hundreds of papers have been written on EIT waves,

which have also been called “EUV waves,” Large-Scale Coronal Disturbances (LSCDs), or simply

Coronal Wave Transients (see Figure 4.16). In general, studies of this phenomenon can be assigned

to at least one of these broad, non-exclusive categories:

• the physical nature and appearance of EUV waves

• investigation of correlated phenomena, such as CMEs, flares, dimmings, and filament activity

• probing the origin or driver of EUV waves

• understanding the interaction with and impact on ambient coronal features.

In each of these categories, there have been major breakthroughs primarily due to the availability

of high-cadence, multi-wavelength, multi-viewpoint observations from SDO, STEREO, Hinode, and

other data sources [for a recent review, see Long et al., 2016]. Careful analysis has yielded a much-

improved understanding of the EUV wave phenomenon, but it is clear that many outstanding

questions remain.

When “EIT waves” were first observed, the assumption was that these phenomena were the

coronal manifestation of Moreton waves [Moreton, 1960], which were seen as moving wave fronts
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Figure 4.16: Figure from Thompson et al. [1998]. Running-difference (i.e. consecutive images sub-
tracted) of a large-scale wave observed on 12 May 1997 by SOHO EIT 195 Å.

in H-alpha images. Among others, Uchida [1968] suggested that the Moreton wave phenomenon

was not purely chromospheric in origin, but was instead the “ground track” of a three-dimensional

wave front expanding in the corona. The wave shown in Figure 4.16 shows a progression in a series

of running-difference images (each successive image subtracted from the next image): in less than

an hour, the wave has covered almost the entire visible solar disk.

Over 100 of these wave transients were recorded by EIT, and they were interpreted as a signature

of the impulse delivered to the ambient corona by the erupting field lines. There is evidence of lateral

expansion during the very early stages of an eruption; this “kick” given to the corona is seen as a

low-amplitude wave front propagating away from the erupting region (Figure 4.17). The discussion

of Zhukov and Auchère [2004] examines the relationship between dimmings, waves and CMEs, and

the analysis of Kwon et al. [2015] indicates that in general dimmings can map into the interior of

a CME, while the waves generally map to the outer envelope of a CME.

Data from STEREO EUVI, with additional viewing angles, provided a significant improvement

over prior observations, illuminating the complex structure and interactions of these waves [e.g. Liu
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Figure 4.17: Diagram from Liu et al. [2012] summarizing the impulse from a CME (blue arrows),
the expanding coronal wave front (green) and motions associated with ongoing flare activity and
an affected external filament.

et al., 2012]. With these improved observations, studies of individual wave events [e.g. Long et al.,

2008, Veronig et al., 2008, Long et al., 2011] as well as comprehensive studies of multiple events

[Nitta et al., 2013] have augmented early kinematic studies [Wills-Davey and Thompson, 1999,

Wang, 2000], thereby elucidating the initiation and subsequent deceleration of wave transients.

The extensive study by Nitta et al. [2013], however, indicated that the dynamics of waves can be

extremely variable, and apart from being an indicator of the presence of a CME, there is little

correlation between wave kinematic properties and CME properties.

4.4.2.3. In Situ and Other Observations

There are many other observations of CMEs that have provided vital clues as to their nature. In

particular, CMEs carry into the heliosphere large amounts of coronal magnetic fields and plasma,

which can be detected by remote sensing and in situ spacecraft observations. In situ signatures

include transient interplanetary shocks, depressed proton temperatures, cosmic ray depressions,

flows with enhanced helium abundances, unusual compositions of ions and elements, and magnetic

field structures consistent with looplike topologies [e.g. Vourlidas et al., 2012b, Webb and Howard,
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2012, Webb et al., 1999].

In situ measurements provide the full plasma and magnetic field measurements at a single point

in space. Statistical studies of CME properties measured by Helios, MESSENGER, Venus Express,

Ulysses and spacecraft at 1 AU (ISEE, Wind, ACE, STEREO) provide average behaviors of the

radial evolution of CMEs in the inner heliosphere [Bothmer and Schwenn, 1998, Liu et al., 2005,

Winslow et al., 2015, Good and Forsyth, 2016, Janvier et al., 2019], giving us one of the only ways

to learn from data about the changes in size, magnetic field and plasma properties inside CME with

distance. Conjunction studies of specific CMEs are able to reveal the evolution and case-by-case

variability of individual CME events [e.g., see Nieves-Chinchilla et al., 2012, Good et al., 2015,

Winslow et al., 2016]. Recent reviews [e.g., see Manchester et al., 2017] discuss the evolution of

CME in the inner heliosphere, including rotation, erosion, deflection, expansion, while Lugaz et al.

[2017] discuss specifically interaction of multiple CMEs.

van Driel-Gesztelyi and Culhane [2009] trace the extensive body of research behind solar mag-

netic field measurements and their connections to interplanetary CMEs. Structured field configu-

rations are often observed corresponding to the arrival of a CME. The field assumes the structure

of a spiral or helix, and is accompanied by other signatures including strong magnetic field with

low field variance, low plasma beta and low temperature. This substructure of a CME is referred

to as a magnetic cloud [Burlaga et al., 1981], and can be modeled as a magnetic flux rope, a set of

helical field lines with pitch angles increasing outward.

Heliospheric imagers have added wide-field viewing and tracking capabilities of CMEs in the

heliosphere, the Solar Mass Ejection Imager (SMEI; 2003-2011) in Earth orbit and the STEREO

Heliospheric Imagers (HIs; 2007 - present) in 1 AU orbits. Images of the outer heliosphere (above

coronagraph altitudes) have shown great potential in connecting coronal imagery to the distances

where in situ measurements are obtained [Harrison et al., 2018]. Recently, space weather models

have been produced using observational CME inputs for the forecasts (see Section 4.6.1). Some

insert a magnetic field structure, particularly a modeled or empirical flux rope, into the erupting

CME allowing prediction of the magnetic cloud structure at 1 AU [e.g. Kay et al., 2016, Savani

et al., 2017].

There are also important studies that use radio and energetic particle observations to understand

shock properties of CMEs. Shocks driven by CMEs can accelerate particles to extremely high
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energies, which have important impacts on their own. Chapter 8 covers Solar Energetic Particle

events, a dramatic effect of solar eruptions.
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4.5. Theoretical Interpretations and Key Problems

Fundamentally, the Sun's magnetic field fuels flares and CMEs. Surrounding this concept, three

questions have to be answered.

First, how is energy stored in the magnetic field before its explosive release into flares and CMEs?

It is well accepted that the driver is down below the photosphere, where gas density is high, and

convection turbulence generates magnetic field. As the magnetic field emerges into the corona by

buoyancy, it is further twisted and stressed by turbulent motions from below the photosphere. In

a coronal volume, the total magnetic energy is given by WB =
∫ ~B· ~B

2µ0
dV , where ~B is the magnetic

field vector. It has been proven [Woltjer, 1958] that when the normal magnetic field component at

the photosphere is held at fixed values (the so-called “line-tying” condition), the magnetic energy

WB is minimum if the magnetic field is current-free, namely, the current density ~j = ~∇× ~B/µ0 = 0.

Such a magnetic field is called a potential field. Deviations from this potential field, such as when

motions in the photosphere add shear or twist, will generate a current in the volume, associated with

a higher magnetic energy. The excess magnetic energy relative to the potential field energy is called

the free magnetic energy, which is the energy accessible to flares and CMEs. As the current grows

and free energy accumulates, at a certain critical point, an explosion takes place to restructure the

field, restoring it back into a lower-energy state.

The second question is, therefore, where is this critical point that makes the energy release possi-

ble? And at this point, what is the mechanism to suddenly change the magnetic field? Theoretically,

this question has been addressed with the premise that the Sun's corona may be largely treated as

an ideal conductor. This treatment means that on observed scales that are relevant to energy storage

and release, plasma is tied with the magnetic field and behave as a fluid, namely, ions and electrons

moving together with the magnetic field. Therefore, a magnetohydrodynamic (MHD) approach is

often used to study the evolution of magnetic field and plasma. For the magnetic field and plasma

to evolve steadily without explosion, the forces must (mostly) balance. In the MHD framework, the

net force on plasma includes the electromagnetic Lorentz force, the plasma pressure gradient, and

gravitational force. In more general terms, the critical point is reached when the system evolves

into a state where no force balance can be found anymore, or when a balance, or equilibrium, is

unstable, so that any small perturbation would pull the system out of the equilibrium, resulting in
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explosions like a CME. Very often, it turns out that local enhancement of non-ideal MHD factors

such as the plasma resistivity, which are largely unimportant in the global context, can actually help

lead towards the loss of equilibrium or stability. The presence of non-ideal effects breaks the ideal

condition where magnetic field is frozen in plasma, and allows the system to reach a lower energy

state than in an ideal situation. This process is called magnetic reconnection, and is considered

to be the governing mechanism to form flare loops and release energy therein. Reconnection also

plays a vital in releasing CMEs. It is generally accepted that regardless of the initiation mechanism

for a CME, the occurrence of magnetic reconnection removes restrictions bounding the CME [Aly,

1991], often also changing its structure, and helps expel the CME into interplanetary space.

Finally, the third question concerns how free magnetic energy is converted into plasma and

particle energies. The answer may, at first glance, appear relatively simple for a CME, which is

accelerated by the net Lorentz force against its own gravity to attain a speed from a couple hundred

to a few thousand kilometers per second; then further along its path outward, drag by the ambient

solar wind will eventually slow down a fast CME. However, the kinematic evolution of a CME is

intrinsically tied to its structure, yet it remains largely elusive how a CME, particularly its flux rope

structure, is formed in the first place. Is the flux rope born from below the photosphere or in the

corona well before its eruption, or is it largely formed in situ during its eruption? Related to this

notorious “nature or nurture” question of the CME flux rope, it is very puzzling whether and why

an active region possessing sufficient free magnetic energy will be eruptive, converting a substantial

amount of energy into CMEs. Here, the word “substantial” is meaningful when compared with

the energy that goes into the associated flare. It is still trickier if we ask how energy is converted

to particle kinetic energy and plasma thermal energy in a flare. For example, charged particles,

electrons or ions, can be accelerated by an electric field, by waves, or by shocks; plasma in the

corona and chromosphere can be heated by fast particles, in which case, plasma heating is only

a secondary effect in the chain of energy conversion. But we have suggested earlier that other

mechanisms may need to be invoked to heat flare plasma.
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4.5.1. Magnetic Reconnection

Flares and CMEs are fueled by free magnetic energy stored in the global system. Magnetic re-

connection is believed to be the primary mechanism that allows very rapid reconfiguration of the

magnetic field to a lower-energy state. It forms flare loops and may also play a critical role to

release CMEs into interplanetary space. Magnetic reconnection is a process of locally breaking the

globally ideal condition that stressed magnetic field is frozen in plasma. For that to happen, an

electric current sheet is formed at the place of strong magnetic field gradient, where a dissipation

mechanism is invoked. The physics of magnetic reconnection with its application to the solar and

heliospheric environment is very well explained by Priest and Forbes [2000], Biskamp [2000], and

Birn and Priest [2007]. For more recent studies, Lin et al. [2015] reviewed observational signatures

and numerical simulations of magnetic reconnection in the current sheet trailing CMEs, and Janvier

[2017] discussed 3-D reconnection in flares and CMEs.

Back in 1947, almost a century after the discovery of the Carrington event, Giovanelli [1947]

realized that flares tend to occur near sunspots at what he called the neutral point, where positive

and negative magnetic fields meet, and suggested that an electric field developed there generates

energetic particles responsible for observed flare radiation. In the following decades, Giovanelli's

idea was developed into the theory of magnetic reconnection. Sweet [1958], Parker [1957], Petschek

[1964] established steady-state 2-D reconnection models (by “steady-state”, local physical quantities

do not change with time). As magnetic fields of opposite sign enter the current sheet with plasma

inflows vin from both sides across the length of the current sheet L, due to non-ideal effects, the

inflow fields of opposite signs bend, merge, and change connectivity, resulting in plasma outflows vout

from the other ends of the current sheet. In a 2-D steady-state configuration, ∂ ~B/∂t = −~∇× ~E = 0,

requiring that the advective electric field ~E = −~v × ~B at the outer boundary of the current

sheet equals the electric field inside, generated by non-ideal effects which become important. The

inflow speed vin that brings in magnetic field is therefore a measure of how fast magnetic field is

reconnected, and the dimensionless magnetic reconnection rate is henceforth defined as the ratio

of this inflow speed to the outflow speed. By observing mass and energy conservation, the outflow

speed is found to be roughly the Alfvén speed of the inflow magnetic field vout = va = Bin/
√
µ0ρ0,

ρ0 being the electron density in the current sheet. In other words, the 2-D reconnection rate is the
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inflow Alfvén Mach number.

In the Sweet - Parker model, magnetic field (frozen-in to the plasma) flows in along a long

current sheet to be dissipated by plasma resistivity η inside the current sheet (i.e., ~E = η~j), and

the derived reconnection rate is Ma ≡ vin/va = R
− 1

2
m , where Rm is the magnetic Reynolds number

Rm ≡ Lva/η. Given the very low resistivity (and therefore a high magnetic Reynolds number) of the

Sun’s corona, the Sweet - Parker reconnection is found to be too slow to account for the observed

rapid energy release in flares. Petschek [1964] changed the inflow-outflow configuration so that

magnetic field flows in only along a very small length to be reconnected. Petschek’s configuration

introduces a vertical magnetic field component with respect to the current sheet, which can support

two pairs of slow shocks spreading outward away from the current sheet. This provides an additional

mechanism to carry magnetic energy away. Petschek derived the upper-limit of the reconnection

rate as Ma ∼ (lnRm)−1. Detailed derivation and interpretation of the original Petschek model and

its later development can be found in Vasyliunas [1975], Priest and Forbes [1986], Forbes et al.

[2013]. The upper-limit of the Petschek reconnection rate is significantly larger than the Sweet

- Parker reconnection rate, and is comparable to the observed flare energy release rate. For this

reason, the Sweet - Parker model is now considered as a slow reconnection model, whereas the

Petschek model represents a fast reconnection model.

Around the same time Petschek published his steady-state reconnection model, Furth et al.

[1963] put forward an non-steady model, showing that the Sweet - Parker long current sheet with

a finite resistivity is not stable against a long wavelength perturbation.This so-called tearing mode

instability will tear the current sheet into staggered X and O configurations, or a chain of magnetic

islands, and the instability growth rate is proportional to R
− 3

5
m . In a current-carrying, circular-

cylinder shaped flux tube, a finite resistivity will also give rise to a resistive kink instability, whose

growth rate is proportional to R
− 1

3
m . The continuous development of these linear instabilities may

lead to non-linear growth and thinning of the current sheet, and eventually allow fast reconnection

to set in [Priest and Forbes, 2000, Biskamp, 2000, Shibata and Tanuma, 2001, Pucci and Velli,

2014].

It should be noted that the above models each provide a scaling law of magnetic reconnection

rate in terms of the magnetic Reynolds number defined by the resistivity due to collisions between

electrons and ions. The details of the current sheet and diffusion region (where this collision is
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thought to be important) in these models are very complex and usually beyond analytical ap-

proaches. From the 1980s, with development of high speed computers, numerical simulations have

been conducted to examine reconnection models. These studies have found that, for fast reconnec-

tion to occur, microscopic physics below the MHD scale, treating ions and electrons as particles

rather than a single fluid, has to be considered in the current sheet. These include anomalous resis-

tivity, or other terms, apart from advective and resistive terms, in the generalized Ohm’s law. There

is also intriguing evidence regarding the role of “return currents” in flares, particularly relative to

the role of classical or anomalous resistivity [Alaoui and Holman, 2017]. Therefore, the mechanisms

causing fast reconnection is still an area of active research [Biskamp, 1986, 2000, Birn et al., 2001,

Birn and Priest, 2007]. If the reconnection rate is no longer constrained by resistivity it allows fast

reconnection to take place in the nearly ideal solar corona. On the other hand, depending on the

problem, the detailed dissipation mechanism responsible for reconnection is perhaps not important

as long as fast reconnection does occur to allow global magnetic reconfiguration and consequential

energy release.

A particular challenge facing studies of reconnection theory is that most reconnection models

have been two-dimensional, but reconnection is an inherently three-dimensional process. Longcope

[2005], Démoulin and P. [2007], Pontin [2012] have reviewed topology of magnetic field and recon-

nection in three dimensions. In general, magnetic reconnection occurs at topological boundaries,

called separatrices (plural of separatrix), dividing the space into domains of different magnetic

field connectivities [Gorbachev and Somov, 1988]. Separatrices intersect at the null point, where

magnetic field vanishes. 3-D separatrix structures have been extensively studied [e.g. Parnell et al.,

1996]. Given the continuous distribution of photospheric magnetic field, Priest and Démoulin [1995]

also created the concept of quasi-separatrix-layers (QSLs) in the absence of null points. Methods

to determine topological features like null points, separatrices, QSLs, and bald patches (dipped

magnetic field lines) have been developed and applied to analyzing magnetic field measurements

and models [Demoulin et al., 1996, Titov et al., 2002]. 3-D magnetic reconnection with respect to

these topological features has been studied [Lau and Finn, 1990, Priest and Titov, 1996, Aulanier

et al., 2006], and flare observations have confirmed that magnetic reconnection (whose location may

be mapped by flare ribbons) tends to occur at where these topological features are located [e.g.

Demoulin et al., 1993, Masson et al., 2009, Savcheva et al., 2015].
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Many CME eruptive models also depend heavily on the location and role of reconnection,

though there is debate on what aspects are related to a flare process, and what aspects proceed

independently. There are several compelling models describing the onset and early evolution of

CMEs [e.g. Moore and Roumeliotis, 1992, Antiochos et al., 1999, Fan and Gibson, 2003, Lynch

et al., 2005] each relating reconnecting fields to the overall eruptive topology. It is also known that

a flare may accompany a CME resulting from the eruptive magnetic process rather than being a

direct cause of the CME launch [Kahler, 1992, Gosling, 1993].

It has been recognized that evolution of Sun’s magnetic field builds up magnetic helicity in

the solar atmosphere, which characterizes the complexity of magnetic field beyond the potential

field. This is discussed by Pevtsov et al. [2014]. Magnetic reconnection may redistribute magnetic

helicity in coronal structures – for example, van Ballegooijen and Martens [1989], Mikic and Linker

[1994], Démoulin et al. [1996], Aulanier et al. [2010], Priest and Longcope [2017] have discussed

how 3-D magnetic reconnection may form or change the CME structure, by which a large part of

the magnetic helicity is injected into and then carried away by CMEs [Low, 1994].

In short, the 3-D magnetic structure and its evolution determine where a current sheet forms

and how rapidly reconnection can occur, which plays a role in determining the shape and energy

of the associated flares and CMEs. The convergence of observations and models gives us a greater

physical understanding of the two phenomena, and also provides a pathway for more accurate

predictions [Green et al., 2018, Georgoulis et al., 2019].

Figure 4.18: (a): magnetic flux P1-N1 emerging into pre-existing over-lying flux P2-N2 of opposite
directions, forming a current sheet in between, where reconnection may occur and produce new sets
of field lines, or flare loops (P1-N2 and P2-N1), after Heyvaerts et al. [1977]. (b): a current sheet
below a flux rope, where reconnection may take place to form flare loops below the rope, and inject
more flux into the flux rope, after Forbes and Priest [1995], Lin and Forbes [2000]. (c): a break-out
configuration showing reconnection in the break-out current sheet as well as the flare current sheet
(Figure credit: Karpen et al. [2012]).
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4.5.2. Global Configuration and Topology

Pending knowledge of specific reconnection mechanisms acting on a tiny spot inside the diffusion

region, several global configurations have been envisaged for flares and/or CMEs. In an emerging

flux model [Heyvaerts et al., 1977], a current sheet forms at the boundary between magnetic field

by a magnetic dipole emerging into pre-existing overlying field of opposite polarity (Figure 4.18a),

where reconnection produces another set of new field lines, or flare loops.

A current sheet may also form under a rising magnetic flux rope (Figure 4.18b; Forbes and Priest

[1995], Lin and Forbes [2000]), and reconnection therein generates an arcade of flare loops closing

down as well as field lines curling up into the flux rope. This configuration has been known for

decades as, schematically, the standard (eruptive) flare model, the Carmichael-Sturrock-Hirayama-

Kopp-Pneuman (CSHKP) model [Carmichael, 1964, Sturrock, 1966, Hirayama, 1974, Kopp and

Pneuman, 1976]. The standard model describes continuous generation of flare loops at progressively

higher altitude, and its many features (flux rope, trailing current sheet, loop-top hard X-rays, soft

X-ray cusp, hot loops on top of cool loops, and two ribbons) have been well established by decades

of observations. These are demonstrated in Figure 4.9, and summarized by Lin et al. [2015]. The

3-D rendition of the standard model has been developed by Démoulin et al. [1996], Aulanier et al.

[2012] (also see review by Janvier [2017]).

The standard flare configuration often also accounts for filament or CME eruption; therefore,

this type of flares have been called “eruptive” flares. Moore et al. [2001] further considered that

reconnection below the flux rope plays the role of “tether-cutting” to initiate the CME. In contrast,

the other type of flare illustrated in Figure 4.18a has been called a “confined” flare due to its lack

of apparent association with “eruptions.” However, removal of the overlying flux may allow the

underlying flux to further expand and even explode, corresponding to the “break-out” scenario of

reconnection initiating CME eruption [Antiochos et al., 1999, Karpen et al., 2012, and Figure 4.18c].

Whereas “tether-cutting” or “break-out” reconnection may initiate CMEs, the other camp of

CME initiation models rely on ideal instabilities, such as the torus instability [Bateman, 1978,

Kliem and Török, 2006, Fan and Gibson, 2007, Démoulin and Aulanier, 2010] and kink instability

[Newcomb, 1960, Hood and Priest, 1981, Einaudi and van Hoven, 1983, Török and Kliem, 2005, Fan

and Gibson, 2007] [see recent reviews from Chen [2011], Lin et al. [2015]]. Most theories, however,
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require the ejection of a magnetic flux rope (MFR) irrespective of whether the MFR existed before

or formed during the eruption. In other words, all CMEs would contain a MFR, which is ejected

by overcoming the constraint of the so-called “strapping” field. The stronger the “strapping” field,

the more it is able to prevent an MFR from eruption [e.g. Sun et al., 2015, Amari et al., 2018, and

references therein]. On the other hand, Jacobs et al. [2009] argued, on the basis of MHD simulations

of quadrupolar magnetic field configurations, that eruptions could occur without the formation of

an MFR.

As mentioned in Section 4.4, evidence for CME-entrained flux ropes is derived from in situ

measurements of magnetic clouds [Liu et al., 2008] and from the detection of striations and 3-part

morphologies in coronagraph images [Vourlidas, 2014, and references therein]. The statistics show

that magnetic clouds comprise about 30% of CMEs detected at Earth [Gosling, 1990] while about

40% of CMEs show flux rope characteristics in coronagraph observations from a single viewpoint

[Vourlidas et al., 2012a].

Another compelling aspect of global topology are studies of mid- and post-eruptive configura-

tion. One interesting example is the study of “failed” or “partial” eruptions, where material that

partially erupts and returns to the Sun can provide vital clues about the evolving eruptive magnetic

field. One of the best examples, van Driel-Gesztelyi et al. [2014], documents falling material from

a major filament eruption on 7 June 2011. The authors describe how tracing the filament material

from their origin point to the locations observed after the eruption can be used as a diagnostic of

global field reconfiguration. The filament plasma originated a single erupting active region, but was

observed to fall at other locations on the Sun distant from the active region. The authors argue

that these locations serve as an indicator of extended fields and regions that are also participating

in the CME field evolution.

4.5.3. Energy Deposition in Flares

Electron acceleration. How energetic electrons are generated remains one of the biggest puzzles

in flare physics. The task of a successful theory is to address the following two findings from hard

X-ray and microwave observations: first, the power-law distribution of electrons, and second, the

very large number of electrons produced every second during the flare, which implies that electrons
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in the entire active region corona can be depleted!5

A successful acceleration model also needs to yield the electron pitch angle distribution to help

elucidate particle transport effects and understand the classic issue of electron precipitation and

trapping that generate hard X-ray and microwave emissions at the flare foot-points and loop top

[e.g. Melrose and Brown, 1976, Aschwanden et al., 1997, Lee and Gary, 2000, Battaglia and Benz,

2007].

Many theories have been developed to tackle these problems. Most of these theories consider

the primary site of electron acceleration to be in the corona, motivated by observed hard X-ray

and microwave sources at or above the flare loop top [e.g. Petrosian et al., 2002, Sui et al., 2004,

Krucker et al., 2008, Gary et al., 2018, and see Figure 4.9] and also the electron time-of-flight

analysis [Aschwanden et al., 1995]. Some earlier models consider electron acceleration by direct

electric field in reconnection current sheet parallel to the magnetic guide field [Holman, 1985, Benka

and Holman, 1994, Litvinenko, 1996]. Given the non-steady nature of magnetic reconnection that

generates numerous contracting magnetic islands, electrons may likely gain energy more efficiently

by interacting with these islands [Kliem et al., 2000, Drake et al., 2006, Cargill et al., 2012, Guidoni

et al., 2016]. This scenario has been invoked to interpret observations of pulsating radio bursts

[e.g. Kliem et al., 2000, Aurass et al., 2009, Benz et al., 2011]. More recently, quasi-periodic-

pulsations (QPPs) have been found in light curves of many wavelengths than hard X-rays and

microwaves [Inglis and Nakariakov, 2009, Brosius et al., 2016, Van Doorsselaere et al., 2016, for

a review].The very dynamic reconnection energy release process may also generate turbulence to

accelerate particles stochastically [Miller et al., 1996, Petrosian and Liu, 2004, Petrosian, 2012].

Further more, magnetic field lines from the reconnection outflow retract or shrink: Figure 4.9 nicely

demonstrates the post-reconnection evolution from the soft X-ray cusp structure (panel f) to relaxed

flare loops (panel i), which is a key feature of the standard flare model [e.g. Forbes and Acton,

1996]. This collapsing trap may accelerate electrons in the corona [e.g. Somov and Kosugi, 1997].

The reconnection outflow colliding with earlier formed flare loops may also produce termination

shocks to accelerate particles [e.g. Forbes, 1986, Tsuneta and Naito, 1998]. Although rare, a few

5Let’s do some math here: given an active region corona of scale size L ∼ 50 Mm and typical electron density
n ∼ 109 cm−3, the total number of electrons is Ntot ∼ 1038. Recall that a large flare may produce up to 1036 energetic
electrons per second, so the corona is depleted in a matter of two minutes.
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observations have been considered to provide evidence of the presence of the termination shock

[Aurass and Mann, 2004, Mann et al., 2006, Chen et al., 2015]. Finally, to alleviate the electron

number problem, Fletcher and Hudson [2008] proposed that magnetic energy is transported by

Alfvén waves to the chromosphere, where electrons are accelerated.

There are not yet deterministic winners, if at all, and production of non-thermal particles

remains one of the most challenging problems in flare physics. Readers are referred to Hudson and

Ryan [1995], Miller et al. [1997], Aschwanden [2002], Holman et al. [2011], Klein and Dalla [2017]

for thorough reviews of existing theories and challenges.

Flare heating. The very dynamic reconnection outflow region is a place with super-hot plasma

or energetic particles. From this region, energy flux will be transported predominantly along the

newly reconnected flare loops and heat plasma inside. Much of the energy will deposit in the dense

chromosphere, which drives chromosphere evaporation, and in this way sends mass and energy back

into the corona. Within this general picture, we still do not fully understand some important details.

The most critical question concerns what mechanisms heat the flare plasma. Non-thermal electrons

have been the most popular candidate [Somov et al., 1981, Nagai and Emslie, 1984, Mariska et al.,

1989, Emslie et al., 1992]. More recently, Longcope and Guidoni [2011], Longcope et al. [2016] have

proposed to heat the flare corona by slow magnetosonic shocks from reconnection, generating super-

hot emission at the flare loop top [Lin et al., 1981, Caspi and Lin, 2010]. The chromosphere may be

heated by thermal conduction [Gan et al., 1991], non-thermal electrons [Fisher et al., 1985a,b,c],

X-ray or EUV irradiation [Hawley and Fisher, 1992], or Alfvénic waves [Kerr et al., 2016, Reep

and Russell, 2016, Reep et al., 2018]. In each of these scenarios, what determines properties of

chromospheric evaporation, for example, explosive versus gentle evaporation [Fisher, 1989], and the

transition temperature between evaporation and condensation [e.g. Milligan and Dennis, 2009]?

Furthermore, it has been known for decades that flare soft X-ray and EUV emissions often decay

much more slowly than conductive and radiative cooling [Withbroe, 1978, Dere and Cook, 1979,

Jiang et al., 2006, Ryan et al., 2013]; and more recently the EUV late phase emission has been

discovered in EVE observations [Woods et al., 2011, Sun et al., 2013, and see Figure 4.7]. Does the

extended duration of flare emission result from successive formation of and continuous heating in

a multitude of flare loops (or unresolved threads) much beyond the impulsive phase [Hori et al.,
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1997, Aschwanden and Alexander, 2001, Warren, 2006, Qiu and Longcope, 2016, Rubio da Costa

et al., 2016, Zhu et al., 2018], or is it due to suppressed thermal conduction [Jiang et al., 2006,

Wang et al., 2015, Zhu et al., 2018] or other non-equilibrium effects [see reviews by Bradshaw and

Raymond, 2013, Dud́ık et al., 2017]?

Although reconnection is an inherently 3-D process, much of the theoretical investigation of flare

heating is conducted using one-dimensional models. A major challenge in modeling flare heating

is the very dynamic nature of the flare energy release and energy transport across the complex

stratification of the atmosphere, particularly the sharp transition from the chromosphere to the

corona. At least in the impulsive phase, equilibria or steady states cannot be assumed, posing

additional difficulty in the modeling. Reale [2014] has given a comprehensive review of progress

in modeling coronal heating in general, and some most recent effort particularly in heating flare

loops with hydrodynamic models can be found in Reep [2014], Longcope and Klimchuk [2015, and

references therein]. In the dense chromosphere, complex physical processes of absorption, emission,

and scattering of photons have to be considered, by also solving radiative transfer equations. In the

last decade, heating of the chromosphere has been modeled with new-generation, state-of-the-art

numerical codes [Allred et al., 2005, 2015, Rubio da Costa et al., 2015, Kowalski et al., 2017]. In

the mean time, advanced spectroscopic observations by EIS, EVE, and IRIS with unprecedented

resolution and spectral coverage have been providing a very rich diagnostic information, through a

variety of spectral lines as well as continua, to help probe physical mechanisms of flare heating or

physical processes involved in energy transfer in the flare atmosphere. Finally, the (along-the-loop)

one-dimensional modeling having been the mainstream, a comprehensive full-dimensional modeling

taking into account both the magnetic and plasma aspects of flare evolution will be the ultimate

goal, and some new progress is underway [Cheung et al., 2019, and references therein].

4.5.4. CME Mass and Energetics

For a structure containing the word mass in its name, the mass of CMEs is surprisingly not straight-

forward to measure. The main issue is again that of observability with coronagraph images providing

a 2-D line-of-sight representation of a 3-D structure. Under a set of assumptions, including full ion-

ization, a set ratio of heavier particles to protons, and more importantly about the geometry of the
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CME itself, it is possible to derive CME mass from coronagraphic images [see e.g. Jackson and

Hildner, 1978, Poland et al., 1981] following typical Thomson scattering calculation [Billings, 1966].

The typical technique requires spatial integration. The excess brightness of background-subtracted

calibrated images in the area of the CME is proportional to the number of excess electrons in the

CME volume. The CME mass in the middle corona is found to be 1015 - 1016 g. While CME mass

has been measured starting with Skylab images, this was limited to the best observed events. With

the launch of SOHO and the improved signal-over-noise ratio of the LASCO coronagraphs, the

determination of CME mass from coronagraphic images has become routine.

One of the main limitations of the mass determination is that it assumes that all the measured

mass is in the plane of the sky. This results in an underestimation of the CME mass (see discussion

in Vourlidas et al. [2000]). On the other hand, the presence of streamers, which are often deflected

during fast CMEs, may easily add spurious mass to the derived CME mass the unless the CME

area is carefully delimited.

A similar method can be used for Heliospheric Imagers [DeForest et al., 2012] following early

work by Jackson and Leinert [1985] using Helios data. DeForest et al. [2013] found an increase by

a factor of about 2 of the CME mass from 10 R� to 0.6 AU, confirming findings from simulations

[e.g. Lugaz et al., 2005]. The limitation of the mass determination can be significantly elevated by

using two viewpoints, as made possible following the launch of STEREO in 2006. Assuming that

the CME mass determined from both viewpoints must be the same, it is possible to determine both

the CME mass and the direction of propagation [Colaninno and Vourlidas, 2009].

Determining the energetics of CMEs is once again a not straightforward problem. The driver of

CME is certainly their magnetic field; however, coronal magnetic field measurements is still in its

infancy. Once the CME mass and position have been derived from coronagraphic observations, it

is straightforward to derive the CME kinetic and (gravitational) potential energies. To derive the

magnetic energy, one needs to integrate the CME magnetic field over the volume of the magnetic

ejecta. Even under the strong assumption of uniform magnetic field inside the ejecta, this requires

to know the magnetic field strength or flux inside the CME as well as the CME length perpendicular

to the plane of sky. In Vourlidas et al. [2000] the authors use values of the magnetic flux measured

in situ at 1 AU to derive the magnetic energy. Other approaches include using the peak acceleration

and derived mass to determine the magnetic flux from Newton‘s second law [DeForest et al., 2012]
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or using solar measurements, as explained below. Vourlidas et al. [2010] determine the typical mass,

kinetic and total energies of CMEs over all of solar cycle 23 from LASCO images, finding a median

of about 1012 kg, 2 ×1023 J of kinetic energy and 4 ×1023 J of total mechanical energy.

Whereas coronal magnetic fields are not typically measured, solar photospheric magnetic fields

are. Therefore, the amount of reconnected magnetic flux can be derived using magnetograms com-

bined with Hα and/or EUV measurements. One technique consists in following the area of the

flare ribbons and measuring the associated magnetic flux [Qiu et al., 2007, Möstl et al., 2009]. The

poloidal magnetic flux in the CME is expected to be greater than the reconnected flux (as mea-

sured from ribbons), as a pre-existing flux rope may exist and (see for example the discussion in

Qiu et al. [2007]. From the flux measurements, estimating the length of the flux rope (for example

by assuming self-similar expansion), the CME magnetic energy can be derived.

The energy partition between flares and CMEs and other associated events during an eruption

is an active area of research [Emslie et al., 2004, 2012, Feng et al., 2013]. Additional work has

related flare properties, such as the flux with the CME mass or kinematics.
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4.6. Space Weather and Beyond

4.6.1. Space Weather

Space weather is the study of how changes in space affect life and technology on Earth and in

space. It requires an understanding of how solar and heliospheric changes interact with the Earth’s

system, and it requires a partnership with “end users,” i.e. those whose systems are impacted by

space weather processes. Like terrestrial weather, an important part of space weather is accurate

forecasting, and an improved scientific understanding of the constituent processes can result in

dramatic improvements in forecast capabilities.

There are three primary areas that sum up the diversity of space weather effects. Diversity of

drivers (flares, CMEs, SEPs, high-speed streams), diversity of effects (such as signal interruption,

spacecraft charging, orbital drag, ionospheric disturbances), and the diversity of locations (from

interplanetary space to the Earth’s surface). For these reasons, the scientific community works

together with forecasters to advance our ability to cope with space weather impacts. Some of the

advances allow a better assessment of the likelihood of an eruption or disturbance. Others deal

with predicting the impact after a transient is observed, and providing an accurate “nowcast” of

the space environment. As our understanding of the Sun-Earth connected system improves, so will

our ability to cope with the effects of our dynamic star and the impacts it can cause.

Flares and CMEs are the two main drivers of space weather activity. Every advance in our

observational and theoretical understanding of flares and CMEs can be harnessed to improve our

ability to predict the impact on Earth and technology in space. The other consistent cause of space

weather is high-speed streams (see Chapter 7), which originate from coronal holes and travel faster

than the relatively slower ambient solar wind. As the high-speed stream propagates into slower

plasma, a compression region forms. Compression, along with southward interplanetary magnetic

field (IMF), are the main space weather drivers of heliospheric transient disturbances. Southward

IMF from high-speed streams allows merging of the IMF and Earth's magnetic field and transfer of

solar wind energy and mass into the magnetosphere. Such compression regions, with higher density

and magnetic field than typical solar wind, can drive geomagnetic activity at Earth and generate

radiation belt activity. However, the largest and most dramatic storms are associated with CME
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impacts.

CMEs and their associated coronal activity cause the largest disturbances in the corona and

subsequently in the heliosphere. CMEs can contain long-duration flows of southward IMF and fast

CMEs compress any southward field ahead. CMEs can drive interplanetary shocks, a key source of

solar energetic particles (SEPs; see Chapter 8), which are one of the most difficult space weather

effects to predict. CMEs drive space weather not only at Earth but also other planets and locations

in the heliosphere and, therefore, can have a significant impact on society.

Flares are important for space weather because of their ability to produce sudden dramatic

enhancements in a broad range of wavelengths. The X-ray, EUV and radio emission from flares

can drive myriad processes in the Earth’s atmosphere, disrupting communication, causing sudden

ionospheric disturbances (SIDs), and heating of the upper layers of the atmosphere to increase drag

on spacecraft.

Flare impacts are difficult to forecast because of their impulsive nature; light from the Sun

takes 8 minutes to reach Earth, and the same light that drives space weather impacts is also used

to detect flares in the first place! By the time we are aware that a flare is transpiring, Earth is

already experiencing space weather effects. Therefore, much of flare space weather strategy focuses

on improving our ability to predict whether a region is likely to produce a flare.

Fast CMEs can reach Earth in 1-2 days, but the majority take at least three days to reach Earth.

This may seem like a long time, but the shock-driven particles can travel much faster. The observed

kinematic parameters of CMEs are typically inserted into propagation forecast models as a spherical

shape, or cone. Cone models approximate initial CME parameters assuming isoptropic expansion,

radial propagation and constant width of the CME. Two popular models are Wang-Sheeley-Arge

(WSA)-ENLIL+Cone [Odstrcil et al., 2004] and EUHFORIA (EUropean Heliospheric FORecasting

Information Asset) [Pomoell and Poedts, 2018]). The Drag-based Model [Vršnak et al., 2013] has

also been extensively used with STEREO CME observations.

Additionally, the difficulty in resolving the exact direction of propagation (see Figure 4.12),

combined with the delayed availability of many critical types of data, mean that it can take over

a day to produce a complete CME forecast. A common strategy is ensemble modeling of CME

propagation to Earth, which harnesses the ambiguity in model inputs to produce a range of possible

outputs. Recent papers summarizing CME impact forecasting include: Lee et al. [2013], Möstl et al.
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[2014], Mays et al. [2015], Wold et al. [2018], Verbeke et al. [2019]. Verifications and validations of

forecasts using the above models typically yield errors in CME arrival times on the order of 8-14

hours.

The National Oceanic and Atmospheric Administration (NOAA) Space Weather Prediction

Center (SWPC) coordinates the space weather forecasts for assets in the United States. SWPC

and many others have chosen (rather pragmatically) to categorize space weather impacts through a

consideration of both the drivers and their effects. The three categories of “NOAA Scales” are radio

blackouts, geomagnetic storms and energetic particles/radiation. Radio blackouts are a function of

flare flux; photons of higher energies deposit in the Earth's upper atmosphere and ionosphere and

inhibit communications, radio signals, GPS, etc. Geomagnetic storms are the CME counterpart

to flare effects. While flare effects are due to photons, when a CMEs plasma and magnetic fields

arrive at Earth, they can drive a large magnetospheric reaction. The response time is longer; light

takes 8 minutes to get to Earth, independent of wavelength, while the fastest CMEs take nearly

a day to reach us. This can be viewed as inconvenient (many effects are distributed over time, so

it is difficult to call an “all clear” forecast), or one may see the separation of effects as a scientific

opportunity.

The “NOAA Scales” focus areas were chosen based on how drivers and impacts are clustered.

The key to the first (radio blackouts) requires us to understand how magnetic energy stored on

the Sun is converted to different emissions in the electromagnetic spectrum. As photons of differ-

ent wavelengths are deposited into the Earth’s upper atmosphere and ionosphere, we are better

able to understand how the local structure influences radio signal propagation. The second area

(geomagnetic storms) require the deliberate study of solar transients or CMEs leaving the Sun,

propagating through the heliosphere and impacting geospace. Observations in space over the last

several solar activity cycles have allowed us to accumulate important evidence. It is important to

understand how the Earth responds to a CME, but the Earth's state prior to the CME can also

play a role. Nonetheless, definitive, deterministic models have shown great potential over the past

decade. Finally, the third area (energetic particles and radiation) includes energetic particles in

both the solar wind and the Earths radiation belts. While SEP events can develop quickly, their

associated radiation storms at Earth can last for days and can have major impacts on spacecraft

at geosynchronous orbit as well as in lower orbits.
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4.6.2. Exoplanet impacts

Recent attention has focused on the impact of stellar activity on exoplanets. Like Earth, planets

can feel the impact of stellar activity, and this can influence the way life evolves on exoplanets.

There have been studies of flares on other stars, and that has helped us understand stellar

activity in the context of our star's activity. It has also helped us understand the range of potential

behavior of Sun-like stars. X-ray and EUV radiation can heat or ionize the upper atmosphere leading

to increased atmospheric loss [Lammer et al., 2007]. As the presence of a steady atmosphere is an

important factor in habitability, Scalo et al. [2007] discuss how a strong planetary magnetic field

may help mitigate loss effects.

We have come to understand that it is not only flares, but also CMEs that can determine

this habitability. An important clue was the study by Jakosky [2015] that indicated CMEs may

have affected the evolution of the Martian atmosphere. Just as space weather research at Earth has

elucidated the role that CMEs and flares play, researchers are attempting to recognize the potential

effects that solar transients may have in other stellar systems.

Khodachenko et al. [2007] show that in the case of a significant planetary magnetic field, the

atmosphere can still be eroded when CME impacts compress the planetary magnetosphere. Kay

et al. [2016] adapted their terrestrial space weather model to investigate the potential impacts of

CMEs on habitability on other systems. They found that the planets in what is thought to be the

“habitable zone” of magnetically active M dwarf stars may experience more extreme space weather

than at Earth. Interestingly, this leads to increased flare impact as well; frequent CME impacts can

lead to atmospheric erosion, leaving the surface exposed to extreme flare activity.

The first observation of a CME on another star has been recently reported [Argiroffi et al., 2019].

However, Harra et al. [2016] reviewed the different observational properties of CMEs discussed in

Section 4.4 and found that coronal dimmings show great promise as an indicator of CMEs on other

stars. The consideration of space weather for exoplanet habitability is a fairly recent development,

there are many exciting new results that are sure to come in the future.
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4.6.3. Enabling Predictions Using Machine Learning

We close this chapter with a brief mention of an exciting new frontier in flare/CME studies. Many

researchers are examining models and forecasts using new methods derived from data science,

advanced statistics, and machine learning. In particular, space weather events are amenable to

machine learning problems because the data are already labeled and easily used with methods such

as logistic regression (e.g., flare/no flare).

Many authors (e.g. Bobra and Couvidat [2015a]) have found that machine learning methods

such as neural nets, support vector machines, and random forests have been successful in improving

predictive accuracy. Others have focused on impacts. For example, McGranaghan et al. [2018] ad-

dress the high-latitude ionospheric impact with a data-driven discovery machine learning approach.

Not only did they find improved predictive performance, but they were able to analyze the various

data input parameters, or “features,” to determine which played the greatest role in driving space

weather effects.

Similar efforts have focused on CME prediction (e.g. Bobra and Ilonidis [2016a]) and classifi-

cation (e.g. Heidrich-Meisner and Wimmer-Schweingruber [2018]). The book “Machine Learning

Techniques for Space Weather” by Camporeale et al. [2018] summarizes many space weather con-

cepts that are advanced by machine learning. Beyond simple forecasts and predictions, machine

learning studies are revolutionizing our ability to identify important features, classify phenomena,

and derive correlations between physical processes that have thus far eluded classical methods.

The HelioML online book by Bobra et al. [2019] demonstrates the prospects of machine learning

combined with the potential represented by the open source/open code ethic. These expanded ca-

pabilities, combined with classical methods and models, present an exciting new frontier for space

weather research.
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cage and rope as the key for solar eruptions. Nature, 554(7691):211–215, Feb 2018. doi: 10.1038/

nature24671.

65



S. K. Antiochos, C. R. DeVore, and J. A. Klimchuk. A Model for Solar Coronal Mass Ejections.

Astrophysical Journal, 510:485–493, January 1999. doi: 10.1086/306563.

E. Antonucci, A. H. Gabriel, L. W. Acton, J. L. Culhane, J. G. Doyle, J. W. Leibacher, M. E.

Machado, L. E. Orwig, and C. G. Rapley. Impulsive phase of flares in soft X-ray emission. Solar

Physics, 78:107–123, May 1982. doi: 10.1007/BF00151147.

C. Argiroffi, F. Reale, J. J. Drake, A. Ciaravella, P. Testa, R. Bonito, M. Miceli, S. Orlando, and

G. Peres. A stellar flare-coronal mass ejection event revealed by X-ray plasma motions. Nature

Astronomy, page 328, May 2019. doi: 10.1038/s41550-019-0781-4.

M. J. Aschwanden. Particle Acceleration and Kinematics in Solar Flares. Kluwer Academic Pub-

lishers, Dordrecht, September 2002.

Markus J. Aschwanden. GLOBAL ENERGETICS OF SOLAR FLARES. IV.

CORONAL MASS EJECTION ENERGETICS. The Astrophysical Journal, 831

(1):105, 10 2016. ISSN 1538-4357. doi: 10.3847/0004-637X/831/1/105. URL

http://stacks.iop.org/0004-637X/831/i=1/a=105.

Markus J. Aschwanden. Global Energetics of Solar Flares. VI. Refined Energetics of Coronal Mass

Ejections. Astrophysical Journal, 847(1):27, Sep 2017. doi: 10.3847/1538-4357/aa8952.

Markus J. Aschwanden and David Alexander. Flare Plasma Cooling from 30 MK down to 1 MK

modeled from Yohkoh, GOES, and TRACE observations during the Bastille Day Event (14 July

2000). Solar Physics, 204:91–120, Dec 2001. doi: 10.1023/A:1014257826116.

Markus J. Aschwanden and Hardi Peter. The Width Distribution of Loops and Strands in the

Solar Corona—Are We Hitting Rock Bottom? Astrophysical Journal, 840(1):4, May 2017. doi:

10.3847/1538-4357/aa6b01.

Markus J. Aschwanden, Richard A. Schwartz, and Daniel M. Alt. Electron Time-of-Flight Differ-

ences in Solar Flares. Astrophysical Journal, 447:923, Jul 1995. doi: 10.1086/175930.

Markus J. Aschwanden, Robert M. Bynum, Takeo Kosugi, Hugh S. Hudson, and Richard A.

Schwartz. Electron Trapping Times and Trap Densities in Solar Flare Loops Measured

66



with COMPTON and YOHKOH. Astrophysical Journal, 487(2):936–955, Oct 1997. doi:

10.1086/304633.

Markus J. Aschwanden, Paul Boerner, Daniel Ryan, Amir Caspi, James M. McTiernan, and

Harry P. Warren. Global Energetics of Solar Flares: II. Thermal Energies. Astrophysical Journal,

802(1):53, Mar 2015. doi: 10.1088/0004-637X/802/1/53.

Markus J. Aschwanden, Amir Caspi, Christina M. S. Cohen, Gordon Holman, Ju Jing, Matthieu

Kretzschmar, Eduard P. Kontar, James M. McTiernan, Richard A. Mewaldt, and Aidan

O’Flannagain. Global Energetics of Solar Flares. V. Energy Closure in Flares and Coronal

Mass Ejections. Astrophysical Journal, 836(1):17, Feb 2017. doi: 10.3847/1538-4357/836/1/17.

Markus J. Aschwanden, Amir Caspi, Christina M. S. Cohen, Gordon Holman, Ju Jing,

Matthieu Kretzschmar, Eduard P. Kontar, James M. McTiernan, Richard A. Mewaldt, Aidan

O’Flannagain, Ian G. Richardson, Daniel Ryan, Harry P. Warren, and Yan Xu. Global Ener-

getics of Solar Flares: V. Energy Closure in Flares and Coronal Mass Ejections. The Astro-

physical Journal, 836(1):17, 1 2017. ISSN 1538-4357. doi: 10.3847/1538-4357/836/1/17. URL

http://dx.doi.org/10.3847/1538-4357/836/1/17.

G. Aulanier, E. Pariat, P. Démoulin, and C. R. DeVore. Slip-Running Reconnection in Quasi-

Separatrix Layers. Solar Physics, 238(2):347–376, Nov 2006. doi: 10.1007/s11207-006-0230-2.

G. Aulanier, T. Török, P. Démoulin, and E. E. DeLuca. Formation of Torus-Unstable Flux Ropes

and Electric Currents in Erupting Sigmoids. Astrophysical Journal, 708:314–333, January 2010.

doi: 10.1088/0004-637X/708/1/314.

G. Aulanier, M. Janvier, and B. Schmieder. The standard flare model in three dimensions. I.

Strong-to-weak shear transition in post-flare loops. Astronomy and Astrophysics, 543:A110, July

2012. doi: 10.1051/0004-6361/201219311.

H. Aurass and G. Mann. Radio Observation of Electron Acceleration at Solar Flare Reconnection

Outflow Termination Shocks. Astrophysical Journal, 615:526–530, November 2004. doi: 10.1086/

424374.

67



H. Aurass, F. Landini, and G. Poletto. Coronal current sheet signatures during the 17 May 2002

CME-flare. Astronomy and Astrophysics, 506(2):901–911, Nov 2009. doi: 10.1051/0004-6361/

200912229.

D. N. Baker, X. Li, A. Pulkkinen, C. M. Ngwira, M. L. Mays, A. B. Galvin, and K. D. C.

Simunac. A major solar eruptive event in July 2012: Defining extreme space weather scenar-

ios. Space Weather, 11(10):585–591, 10 2013. ISSN 15427390. doi: 10.1002/swe.20097. URL

http://doi.wiley.com/10.1002/swe.20097.

T. S. Bastian, A. O. Benz, and D. E. Gary. Radio Emission from Solar Flares. Annual Reviews,

36:131–188, Jan 1998. doi: 10.1146/annurev.astro.36.1.131.

G. Bateman. MHD instabilities. Cambridge, Mass., MIT Press, 1978.

M. Battaglia and A. O. Benz. Exploring the connection between coronal and footpoint sources in

a thin-thick target solar flare model. Astronomy and Astrophysics, 466(2):713–716, May 2007.

doi: 10.1051/0004-6361:20077144.

Stephen G. Benka and Gordon D. Holman. A Thermal/Nonthermal Model for Solar Hard X-Ray

Bursts. Astrophysical Journal, 435:469, Nov 1994. doi: 10.1086/174829.

A. O. Benz. Flare Observations. Living Reviews in Solar Physics, 14:2, December 2017. doi:

10.1007/s41116-016-0004-3.

Arnold O. Benz, Marina Battaglia, and Nicole Vilmer. Location of Decimetric Pulsations in Solar

Flares. Solar Physics, 273(2):363–375, Nov 2011. doi: 10.1007/s11207-011-9760-3.

D. Bewsher, R. A. Harrison, and D. S. Brown. The relationship between EUV dimming and

coronal mass ejections. Astronomy & Astrophysics, 478(3):897–906, 2 2008. ISSN 0004-6361. doi:

10.1051/0004-6361:20078615. URL http://www.aanda.org/10.1051/0004-6361:20078615.

D. E. Billings. A Guide to the Solar Corona. Academic Press, New York; London, 1966.

J. Birn and E. R. Priest. Reconnection of Magnetic Fields. Cambridge, UK: Cambridge University

Press, January 2007.

68



J. Birn, J. F. Drake, M. A. Shay, B. N. Rogers, R. E. Denton, M. Hesse, M. Kuznetsova, Z. W.

Ma, A. Bhattacharjee, A. Otto, and P. L. Pritchett. Geospace Environmental Modeling (GEM)

magnetic reconnection challenge. Journal of Geophysical Research, 106:3715–3720, March 2001.

doi: 10.1029/1999JA900449.

D. Biskamp. Magnetic reconnection via current sheets. Physics of Fluids, 29:1520–1531, May 1986.

doi: 10.1063/1.865670.

D. Biskamp. Magnetic Reconnection in Plasmas. Cambridge, UK: Cambridge University Press,

September 2000.

M. G. Bobra and S. Couvidat. Solar Flare Prediction Using SDO/HMI Vector Magnetic Field

Data with a Machine-learning Algorithm. Astrophysical Journal, 798(2):135, Jan 2015a. doi:

10.1088/0004-637X/798/2/135.

M. G. Bobra and S. Couvidat. Solar Flare Prediction Using SDO/HMI Vector Magnetic Field

Data with a Machine-learning Algorithm. Astrophysical Journal, 798(2):135, Jan 2015b. doi:

10.1088/0004-637X/798/2/135.

M. G. Bobra and S. Ilonidis. Predicting Coronal Mass Ejections Using Machine Learning Methods.

Astrophysical Journal, 821(2):127, Apr 2016a. doi: 10.3847/0004-637X/821/2/127.

M. G. Bobra and S. Ilonidis. Predicting Coronal Mass Ejections Using Machine Learning Methods.

Astrophysical Journal, 821(2):127, Apr 2016b. doi: 10.3847/0004-637X/821/2/127.

Monica Bobra, Chris Holdgraf, James Mason, Paul Wright, Carlos Jos Daz Baso, and

Ariel Rokem. Helioml/helioml: Helioml 0.2.0 (2019-02-22), February 2019. URL

https://doi.org/10.5281/zenodo.2575738.

V. Bothmer and R. Schwenn. The structure and origin of magnetic clouds in the solar wind.

Annales Geophysicae, 16(1):1–24, 1 1998. ISSN 1432-0576. doi: 10.1007/s00585-997-0001-x.

URL http://www.ann-geophys.net/16/1/1998/.

Stephen J. Bradshaw and John Raymond. Collisional and Radiative Processes in Optically Thin

Plasmas. Space Science Reviews, 178(2-4):271–306, Oct 2013. doi: 10.1007/s11214-013-9970-0.

69



Jeffrey W. Brosius, Adrian N. Daw, and Andrew R. Inglis. Quasi-periodic Fluctuations and Chro-

mospheric Evaporation in a Solar Flare Ribbon Observed by Hinode/EIS, IRIS, and RHESSI.

Astrophysical Journal, 830(2):101, Oct 2016. doi: 10.3847/0004-637X/830/2/101.

J. C. Brown. The Deduction of Energy Spectra of Non-Thermal Electrons in Flares from the

Observed Dynamic Spectra of Hard X-Ray Bursts. Solar Physics, 18:489–502, July 1971. doi:

10.1007/BF00149070.

G. E. Brueckner, R. A. Howard, M. J. Koomen, C. M. Korendyke, D. J. Michels, J. D. Moses, D. G.

Socker, K. P. Dere, P. L. Lamy, and A. Llebaria. The Large Angle Spectroscopic Coronagraph

(LASCO). Solar Physics, 162(1-2):357–402, Dec 1995. doi: 10.1007/BF00733434.

L. Burlaga, E. Sittler, F. Mariani, and R. Schwenn. Magnetic loop behind an inter-

planetary shock: Voyager, Helios, and IMP 8 observations. Journal of Geophysical Re-

search, 86(A8):6673, 1981. ISSN 0148-0227. doi: 10.1029/JA086iA08p06673. URL

http://doi.wiley.com/10.1029/JA086iA08p06673.

E. Camporeale, S. Wing, and J. R. Johnson. Machine Learning Techniques for Space Weather.

Elsevier Press, 2018. ISBN 978-0-12-811788-0. doi: 110.1016/C2016-0-01976-9. URL

https://www.sciencedirect.com/book/9780128117880/machine-learning-techniques-for-space-weather.

R. C. Canfield, T. R. Metcalf, K. T. Strong, and D. M. Zarro. A novel observational test of

momentum balance in a solar flare. Nature, 326:165, March 1987. doi: 10.1038/326165a0.

Richard C. Canfield. Impulsive phase explosive dynamics. Advances in Space Re-

search, 6(6):167–176, 1 1986. ISSN 02731177. doi: 10.1016/0273-1177(86)90140-7. URL

https://linkinghub.elsevier.com/retrieve/pii/0273117786901407.

Richard C. Canfield, Hugh S. Hudson, and David E. McKenzie. Sigmoidal morphology and

eruptive solar activity. Geophysical Research Letters, 26(6):627–630, Jan 1999. doi: 10.1029/

1999GL900105.

P. J. Cargill, L. Vlahos, G. Baumann, J. F. Drake, and Å. Nordlund. Current Fragmentation and
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