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Solar explosive activity throughout the evolution 
of the solar system 

RACHEL OSTEN 

The time scales on which the Sun varies range from seconds to billions of years. 
Explosive events on the Sun involve the changing of rnagncLic configurations and 
subsequent liberation of energy, and processes associated with thi s energy trans
formation occur on the shortest of these time scales. However. the nature of the 
explosive events can change over the course of the Sun'c; evolutionary lifetime. 
This chapte r covers the history of explosive events throughout the evolution of 
the solar system, with a focus on Lhe observed manifestations of explosive events 
and what we can learn by studying them. Chapters in other volumes of this series 
(see Table I .2) address parts of this topic. Chapter 2 of Vol. m describes the long
term evolution of magnetic activity of Sun-like stars, and Ch. 5 of Vol. Tl di scusses 
observations of solar and stelJar eruptions, flares, and jetc;. A description of radia
tive signatures of accelerated panicles (primarily with application to <;olar llares) 
can be found in Ch. 4 of Vol. 11, while Ch. 6 of that volume tackles models of 
coronal mass ejections and flares. 

While the mai n theme of this chapter is the changing nature of these explosive 
events over evolucionary time scales, the influence of other important stellar param
eters - such as rotation rate, convection zone depth, and the influence of binaricy 
on rotation - arc also discussed where appropriate. The focus of the chapter is 
to use an event-driven discussion of explosive events, keeping in mind how the 
parameters change with some key stellar parameters. This treatment is meant to 
illustrate key properties of explosive events that are known in stars of these age 

ranges. 
An explosive event is made up of several distinct components, from ener

getic particles to coronal mass ejections to flares. While on the Sun these three 
components can be studied separate ly, on stars other than the Sun the identifi
cation and study of explosive events is limited to the radiative manifestation of 
the event, namely stellar flares. As diagnosed from the Sun, flares involve par
ticle acceleration and plasma heating. They occur as a consequence of magnetic 
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reconnection somewhere in the outer atmosphere, yet involve all stellar atmo
spheric layers. Owing to a diversity of phr;ical processes involved, they produce 
emissions across the electromagnetic spectrum, that for the Sun have been recorded 
from km-wavelength radio waves to the highest-energy gamma-rays. 

A fundamental part of the solar-stellar connection (and the rationale for this 
chapter) is the assumption that processes studied in detail on the Sun are also oper
ating on other stars, and that the differences can be related to fundamental physical 
differences between the stars. 

The major sections in thi s c hapter discuss events according to the ages of the 
stars. We begin with a review of processes likely to have consequences for plane
tary climates and space weather, referencing chapters in Vols. 1- IU as appropriate, 
and supplementing those chapters with infom1ation specific to diagnosing time
variable emission . We begin with a brief mention of processes on evolutionary 
time scales, hearkening to what has been discussed in other chapters. Flares have 
been discussed in other reviews: see Benz and GUdel (20 I 0) for an in-depth char
acterization of flares on the Sun and stars; GUdel (2007) provides a review of 
especially magnetic activity characteristics of the Sun in time; Shibata and Magara 
(20 11) reviewed magnetohydrodynamic processes occurring du ring solar (and by 
extension, stellar) fl ares. This chapter's focus is unique, being driven by a discus
sion of the events themselves and how key stellar parameters, notably stellar age, 

control their characteristics. 

2.1 Key parameters important to a discussion of explosive events 

There are stellar parameters whose influence is important to understand. In addi
tion, understanding the information that can be extracted from studies of fl ares at 
multiple wavelengths is necessary to studying these events. Table 2. 1 gives an idea 

of how fl ares in some of these kinds of stars differ from those on the Sun and from 
each other, in terms of energetics, duration, and increases in intensity at visible 
wavelengths and X-ray wavelengths. 

Table 2.1 Compm-ing large solar and stellar.flares 

Energy Ma'<. duration fntcn:-ity Relative intensity 
(erg) increase mcrea5e in X-rays 

(visihlc) 

Sun 1032 "-'5 h 1.000270 6000x 
M dwarfs 1035 several days IOOOx IOOOx 
Young stars 1036 "" I day small 50x 
Close binaries 10-'8 "'Week 1.2 120x 
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2.1.1 Stellar parameters 

What are the key stellar parameters to consider in thic; discussion of explosive 
events on solar-type c;tarc;? Fir-;t, let us define what we mean by ' 'solar-type stars" 
(see also Ch. 2 in Vol. In). Star<; arc characterized by their spectral type, which 
essentially is a measure of their surface temperature or their color, going from 
hot to cool: for a Jong time, the spectral types were 0, B, A, F, G, K, and M, 
but recently types L, T, and Y were added to describe even cooler stellar objects. 
Another characterization differentiates by su1face gravity; those we refer to here 
are main-sequence ~tars (or dwarf stars) and evolved or giant stars, with a class 
of moderately e\'olved subgiants in between. What makes stars of solar type i<; that 
they have an outer convective envelope that starts from carly-F to rnid-F (depending 
on gravity) and ranges ever deeper as we move towards cooler (or "later'") spectral 
type, until the stars become fully convective by about mid-M-type dwarfs. Because 
all such stars lie on one side of a brightness- temperature (or magnitude- color) 
diagram (known as the Hertzspnmg-Russell or HR diagram (such as Fig. 2.8 in 
Vol. JIJ). they are generally referred to a~ "cool stars". 

Explosive events on cool stars at their heait are powered by changing magnetic 
configurations in the '\tellar outer atmosphere and consequent liberation of energy. 
They are thus a manifestation of magnetic activity, and ultimately relate to dynamo 
processes in the stellar interior generating magnetic fields. Age and rotation are 
coupled because of the well-known stellar spin-down with time. often referred to 
as the "Skumanich 1- 112 law" (see alc;o Ch. 2 in Vol. TII). In co-eval <;tellar clus
ters there is a spread of rotation at a fixed age, and the magnitude of this spread 
decreases with advancing <>tellar age (Ayres, I 997, and references therein). Stars 
art: born rotating rapidly because of the conservation of angular momentum in the 
compression of the cloud oul of which the star is formed (e.g., Chs. 2 and 3 in 
Vol. Ill). Rapid rotation engenders enhanced magnetic activicy. Coronal structures 
produced as a result of this magnetic activity provide a torque that can spin the <;tar 
down. as well as mas<, loss through a stellar wind in open magnetic field structures 
which can remove angular momentum from the star. Rotation and activity arc fun
damentally coupled, and an age-activity re.lation arises from the rotation and age 
relationship. 

Rotation is not the only factor controlling magnetic activi ty. Convection zone 
depth. or its overturn time, also influences the ability of the star to generate "ig
orous and efficient magnetic fields (Noyes er al., 1984 ). Because of the internal 
structure of stars in the cool half of the HcrtLsprung-Russcll (HR) diagram, outer 
convection zone depth lraces mass. at least for stars less than about 1.2 solar 
masses, and down to the limit at which .;; tars become full y convective, about 0.3 
Mo (e.g., Ch. 2 in Vol. Ill). The Rossby number. Ro = Pmi/Tconv. which gives the 
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dimensionless ratio of stellar rotation period to convective turnover time, connects 
rotation, convection, and magnetic activity in cool stars on the main sequence. The 
dynamo generaLion of magnetic fields by dynamo action is driven by an interplay 
between rotation and convection (Charbonneau, 2010). 

Explosive events occur as the result of liberation of energy from a changing 
magnetic fie ld configuration, and characteristic magnetic flux densities in stars, 
where they can be measured independently, correlate with coronal emission. This 
is not realJy an independent variable, because age, rotation, and convection zone 
depth all drive the ability of the star to generate sufficiently strong magnetic field 
that covers a large fraction of the star. 

Rotation rates may be affected by the presence of a stellar companion: for cool 
stellar binaries with separations less than about I 0 stellar radii the time scales for 
synchronization and circularization are short enough that tidal locking effects dom
inate (Zahn, L989), and a binary can maintain fast rotation for longer ages than a 
single star can. 

We focus on sLar'S on or near the main sequence in this discussion, but it i!> inter
esting to note that the radiative component of explosive events, with characteristics 
similar to those seen on the Sun, have been found on evolved stars. The usual 
explanations involved enhanced rotation due to the presence of a binary compan
ion (the so-called RS CVn and Algol systems. with the lauer having an additional 
compl ication of mass transfer taking place), or to engulfment of a companion (the 
single acti ve evolved stars known as FK Com systems). Stars that start out life as 
intermediate-mass, non-convective stars can develop a thin outer convection zone 
as they evolve into the cool half of the HR diagram during their giant phase; they 
retain the fast roLation from their time on the main sequence and have exhibited 
flares (Ayres et al., 1999). Flares have also been detected on intermediate mass 
stars after their ascent up and return down the giant branch (Ayres et al., 200 1 ), 
although the means by which the return of magnetic activity happens is less clear 
in this case. 

2.1.2 Wavelength-dependent parameters 

This chapter is event focused, so a discussion of the key parameters that can be 
extracted from ob ervations of explosive events at a variety of wavelength regions 
where stellar explosive events are most studied is appropriate. 

Table 2.2 summarizes the commonalities in manifestations of solar and stellar 
eruptive events. Stellar Rares are not observed panchromatically (because there 
are no stellar spectral irradiance monitors), <;o these commonalities are buHt on a 
wavelength region by wavelength region basis, and on a star by star basis, with 
a sampling bias because some types of stars are more often observed for their 
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Table 2.2 Solar/stellar e.,plosive event commonalities 

Manifestation Solar events Stellar Emission -;ecn 
cvcnts0 outside of flare!.? 

Impull.ivc phase 

Non-chermal hard X-ray emission ti' ? no 
Radio gyrosynchrOLron/synchrorron ti' ti' yes 
Coherent radio cm is~ion ti' ti' no 
Transition region far-ultraviolet lines ti' ti' yes 
Hot black body ti' ti' no optical/UV continuum 
Coronal mass ejccuon ti' ? no 
Solar energetic particles ti' ? no 

Gradual phase 

Coronal emission ti' ti' yes 
Optical chrornospheric lines ti' ti' yes 

a Acro!ls different types of stars. 

flares (e.g., M-typc dwarfs). The picture that emerges, however, is generally one 
of agreement between rhe basic physical processes al work in solar and s te llar 
ex plosive events. 

Many flare tracer<; alc;o exist outside times of flares, with a variation in degree. As 
an example, emission lines and continuum from the corona are seen in quiescence 
and in fl ares, with an increase in both line and continuum intensity during the flare 
(the amount of increase o f lines and continuum depends on the flare temperature). 
Other flare tracers are unique to the tlare event and point to a variation in kind. An 
example of this is the blue-optical continuum which formi;; during a white-light 
flare, and is not seen outside of any flare-like increase in visible light. The nature 
of these flare diagnostics, as to a change of degree or kind, are noted in Table 2.2. 

An individual fl are can be divided into two main phases: impulsive and grad
ual. This generally refers to the timing of emissions relative to the processes 
thought to be occurring in the fl are. In the standard picture, the initial energy 
conversion caused by magnetic reconnection powers particle acceleration and poc;
sibly - depending on the energetics and on the magnetic configurati ons - a mass 
ej ection. The downward-directed particle<> become trapped in loops and emit non
thermaJ incoherent radio emission (see Ch. 4 of Vol. 111). Coherently emitting 
pa11icles can be traveling either upwards out of the atmosphere or downwards 
into the atmosphere. Once the trapped particles precipitate from the magnetic 
trap, they deposit their energy in or just above the photosphere, producing thick
target non-thermal bremsstrahlung emission. This energy deposition rec;ultc; in the 
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Fig. 2.1 Schematic arrangement m Lhe outer aLmosphere of the Sun or a com
parable cool star indicating the llow of energy during a nare: a Oare starts with 
magnetic reconnection high in the atmosphere that accelerates particles. leading 
Lo motion along field Jines upward away from or downward towards the v isible 
surface. R~ulting crn i~~ions include hard X -rayi; (HXR), soft X -rays (SXR), and 
microwave emission. (figure from o~tcn , 2002.) 

heating of the photo'ipheric material to temperatures near I 04 K, and emissions 
from far-ultraviolet (FUV) lines. A ll of this is associaced with the impulsive phase 

of the flare. The flow of energy at this point proceeds back into the upper atmo
sphere, with line emission from the lower chromosphere. Thermal X-ray emission 
occurs as well. As the energy input into the system decreases, emissioni; of all fl are 
components return to the pre-flare level (see Fig. 2. J ) . 

2. J .2.1 Correlations among multi-wavelength }!are emissions 

The processes involved in an explosive event occur across different layers of lhe 

stellar atmosphere, which respond with differing time scales to the time-dependent 
flow of energy in the explosive event. This leads to a number of expected corre la
tions between facets of the event. Seeing these correlations in stellar flares g ives 
upport to the interpretation of the stellar flares using a solar flare scenario. 

The Neupert Effect relationship is often used in stellar multi-wavelength flare 

studies to establish concordance with or like ly di sagreement with solar-flare mod
e ls. It was fonnulated originally lo describe the integral relationship between 
markers in a solar flare corresponding to the action of non-thermal particles, and 
the response from the atmosphere to the deposition of energy from these particles 

as it appears in coronal radiation. Written more generally, 

j
•I 

L gradua1(t ) ex L;mrutsivt' (T') dr '. 
/() 

(2.1) 
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where L;mpulsiw(t') is the time variation of an impulsive phase process which diag
noses the presence and action of pa11icles accelerated in the explosive event (for 
c; tcllar studies usually radio gyrosynchrotron, transition region FUV emission lines, 
or photospheric UV-optical continuum emissions). and L gradua1{1) is the intensity 
corresponding to the gradual phac;e (uc;ually coronal emis ion, but some chromo
sphcric emission lines display the Neupe11 Effect as well). The imerpretation is that 
the gradual phase emission is responding to the buildup of energy that occurs as a 
result of the energy deposition being diagnosed by the impulsive phase emission. 
Correspondences in thi s "expected" manner are often u~ed to bolster support for 
an interpretation of a c;tellar explosive event following the solar model. 11 is impor
tant to note, though, that there are alc;o instances where the opposite behavior is 
obc;crved in stellar flares (gradual phase emission leading the impulsive phase; see, 
for example, Bower et (I/., 2003; Osten er al., 2000). And not all solar flares fo llow 
the standard flare scenario. 

Scalings betwet!n flare emissions occurring in different parts of the stellar atmo
sphere are also ui-ed to establish the validity of the solar fiare interpretation. Butler 
et al. ( 1988) showed a linear relationship between the intt!grated energy emitted 
from the corona and from the chromosphere, both delineating the gradual phase of 
a ffa re. The interpretation into the tight correlation between two emission diagnos
tics with a large difference in format ion temperature (,....,I o-t K for chromospheric 
Hy to I 07 K for coronal X-ray emission) may originate from heating by X-ray back 
warming (see discu<;sion in Hawley er al .• 2003). Kowalski et al. (2013) showed 
that the chromospheric Ca If K line c;howed a delayed response compared to the 
Balmer lines, and exhibited a Neupert-like effect with the impulsive flare markers. 

There is often a close association between individual impulsive phase markers. 
FUV emission lines and optical continuum emission5. have a similar temporal rela
tion ... hip (Hawley el al .. 2003). In principle the radio and optical components of 
a flare should behave simi larly, ac; it ic; thought that they have a common origin 
in the action of accelerated particles. The radio emission ic; formed directly as the 
result of trapped electrons accelerated in the presence of a magnetic field , whereas 
the optical emission and other impulsive tracers are formed after energet ic elec
trons precipitate from the magnetic trap and interact with material lower in the 
atmosphere. Figure 2.2 shows an example of a large radio flare occuning at the 
same rime as a moderately large optical nare. In practice. because there arc two 
emission mechanisms which can produce radiation in the cm-wavelength range, 
the interpretation of the radio light curve is not straightforward. As described in 
Sect. 2. l.2.3, circular polarization can be used as a discrimi nant between incoher
ent flare gyrosynchrotron emission (which shou ld have little circular polarization) 
and coherent emission (which is often I 00% circularly polarized). Gagne et al. 
( 1998) and Osten et al. (2004) found that unpolarized radio fl ares had a higher rate 
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Fig. 2.2 Example radio-optical flare seen o n !he nearby M tlwarf fl are star EV Lac 
(from Osten er al., 2005). Circles and squares show time evolution of radio flux 
density al wavelengths of 6 and 3.6cm, respectively. Diamonds show the time 
variation of the radio spectral index, a measure of the relative strength of emb
sion at Lhe two wavelengths. The plus symbols show lhe temporal variability of 
optical emission in the U filter (cf. Fig. 2.5). Because the radio tlux arises due 
to gyrosynchrotron emission from a population of accelerated particles, and the 
optical emission originates from a black body formed as Lhc result o f deposition of 
accelerated particles in the lower stellar atmosphere, o ne expects to see a temporal 
correlation between the two, which is observed for this flare. 

of association with optical flares or other impulsive phase Oare markers than the 
polarized radio fl ares. 

2.1.2.2 Non-thermal hard X-ray emission 

Chapter 4 of Vol. II discusses non-thermal bremsstrahlung hard X-ray emission 
from solar flares, and that same mechanism is believed to operate in stellar flares 
as well. This emission component originates due to the acceleration of electrons in 

the fl are, and is not detectable outside of fl ares (on the Sun). 
Optically thin non-thermal hard X-ray emission is importanl because it allows 

for the determination of the properties of the acce lerated e lectrons (their energy 
distribution, and thus the total kinetic energy of accelerated electrons) in the Aare. 
Yet, with the exception of one exceptionally bright stellar flare detected out to pho
ton energies of ~200 keV (see Fig. 5.11 of Vol. CI), this flare signature remains 
elusive in stel lar fl ares. Part of this stems from the inefficiency of non-thermal 
bremsstrahlung emission compared with them1al emission, being a factor of"' I a5 
weaker. Another factor that has affected detections of non-thermal hard X-ray 
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emission from stellar flares is the tendency for these nares to show evidence of 
very hot, thermal plasma at temperatures up to and exceeding I 00 MK (compared 
with peak temperatures of "'20 MK for solar flares) . The sensitivity of ac;tronom
ical hard X-ray detectors typically falls off above a few tens of keV, meaning that 
the tail of thermal emission from the hot plasma can eac;i ly overwhelm any small 
non-thennal continuum signature which might be present. 

2.1.2.3 Radio bursts 

In general the description of radiation from energetic particles reviewed in Ch. 4 
of Vol. IJ suffices for the case of ~tellar flares as well as solar flares. Both incoher
ent (mostly gyrosynchrotron) as well as coherent processes are observed in stellar 
nares. 

Gyrosynchrotron emission is seen both during stellar flares and outside of them, 
leading to the suggestion that the "quiescent" emission is composed of decaying 
fl ares (White and Franciosini, 1995). Multi-frequency observations of gyrosyn
chrotron emission can be used to infer the spectral distribution of the accelerated 
particles if the emission is optically thin: the observed spectral index a (deter
mined assuming the radio flux S11 va1ies with frequency 11 as S,, ex va) relates to the 
power-law index or the distribution of energetic particles. If the emission is opti
cally thick, the variation of flux density with frequency can be used to determine 
the effective temperature of the emitting electrons, the sile of the radio-emitting 
source, the magnetic field strength in the radio-emitting source, and the total num
ber of accelerated electrons contributing to the emission, as well as their changes 
with time. See Osten er al. (2005) for an example analysis in a large radio flare on 
a nearby M dwarf. 

Some of the Jargest stellar radio flares even show a rising component at high 
frequencies (above a few tens of GHz), attributable to synchrotron emission from 
highly relativistic particles (Massi et al., 2006). Similar types of "Terahertz" flares 
have been observed on the Sun, but current explanations require extreme param
eter<> ro explain them using known emission mechanisms (Krucker et al .. 2013). 
This population of accelerated electrons is trapped within the magnetic loop and 
may represent electrons with MeV energies, far in excess of the electron energies 
u<>ually producing incoherent radio flares. 

Coherent emic;<;ions are only inferred when bursty (extremely time-variable) 
emission is observed. There are Mo main coherent mechanisms seen in solar flares 
and inferred for stellar flares: either plasma radiation or emissions deriving from a 
cyclotron maser process. Section 4.3.1.2 in Vol. II covers plasma radiation. Unlike 
most solar coherent emissions, those on stars are typically observed to be almoc;t 
I 00% circularly polarized. This and their short time scalec; - as small as I ms. 
which implies a high brightness temperature - are what lead to the classification 
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ac; coherent emi ssion. They can have brightness temperatures far in excess of the 
upper limit on brightness temperature of I 0 12 K for incoherent emission, set by 
the balance between inverse Compton scattering and synchrotron radiative losses 
(Kellermann and Pau liny-Toth, 1969). 

lnfo rmation can be extracted from coherent radio bursts constraining some 
fundamental quantities by associating the observed rad io frequency with one of 
two frequencies associated with the plasma: the electron gyrofrequency v8 = 
2.8 x I 06 B MHz, or the plasma frequency Vp ~ 9000jn,:' MHt. The relative loca
tion of the emission in the stellar atmosphere can then be found by using a spatial 
relationship for this emission; e.g., assuming that the density obeys a barometric 
law, and the base density and sca le height can a lso be calcu lated. Some coherent 
radio bursts exhibit a simple structure in a plot of intensity versus frequency and 
time, where in the burst drifts with time and frequency. ln these cases. the observed 
drift rate can be related to the speed with which the exciter is traveling through the 

stellar atmosphere by using the relation 

dv av 811, oh 0.} 
dt = an,. oh <ls i)t . 

(2.2) 

or 
dv &v 8 B ih 
dt = &B iJs ()1. 

(2.3) 

where h is a radial dis tance from the stellar surface, and s is the path length trav

eled through the atmosphere. For a barometric atmosphere the first equation above 
reduces to v = v cos Ov8 /(2H,, ), where v11 is the exciter speed whose motions 
cause the plasma radiation, H11 is the density scale height, and () the angle between 
the propagation direction and the radiaJ direction from the surface. If the coher

ent radio burst is due to cyclotron maser instability, then the drift rate of the 
radio bursts can be analyzed using the second equation above , which reduces to 
v ~ Vo v413 j(4 7 B(:;:. /... 0 ), where the magnetic field geometry is ac;sumed to be di po
lar, ), 8 is the length scale of the dipole fie ld , and 80 is the magnetic field strength in 

the radio-emitting source. The duration of individual bursts, if small enough, can 
be related to the colli sional damping time scale and the thermal temperature of the 
plasma constrained. See discussion in Oste n and Bastian (2008) for an example. 

2. 1.2.4 Transition-region far-ultraviolet lines 

The magnetic transiti on region of a cool stellar atmosphere is the location where 
the plasma /J, defined as 

p}! 
f3 = -, 

Pmag 
(2.4) 
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Fig. 2.3 Temperalurc coverage of chromospheric. tran~ i1ion region, and coronal 
lines from different elements and ionic Mages obtained h} combining spectra 
from ultraviole1 1hrough X-ray waveleng1hs; for the stellar cal!e these instrument:; 
are the Space Tcle'i<.:Ope Imaging Spc<.:trogr.:1ph on the Hubble Space Tebcopc 
(HST/STIS), the Far-Ultraviolet Spec1roscopic Explorer (FUSE), and the Chandra 
X-ray Observatory High Energy Transmission Grating Spectrometer (HETGS). 
The elements are ordered in tcnrn; of inc;reasing first ionization potential (FJP), a 
quantity that gives the amoun1 of energy required to remove the outcm10s1 clee
tron from an atom of thi~ clement. These li nes are formed under the conditions of 
collisional ioni tat ion equilibrium. and are generally optically 1h in. 1wo condit ions 
that permit invcr'>ion of their intensities to determine the temperature structure 
from the upper chromosphere to corona. (Figure from O~tcn, 2002.) 

where P~ is the gas prec;sure and P mJg is the magnetic pressure, transition.., from 
a value of » J in the lower atmosphere to « I in the upper stellar atmosphere. 
I t <ieparates the region in the lower atmosphere where gas pressures dominate 
dynamics from the upper atmosphere where magnetic pressure dominates. Tran
sition region emission largely shows up in the far-ultraviolet (FUV) spectrum, and 
is dominated by emi~s ion lines from ionized species. The formation temperatures 
span a range, from about 104..1 K to 1052 K, and represent stages from lithium-like 
ion.;; to doubl y ioni.t:ed species. Figure 2.3 shows the temperature dependence of 
some transition region lines from ions of silicon, carbon, oxygen. and nitrogen. 
The plasma producing these transi tions is considered to be in collisional ionization 
equilibrium, with the atomic process of collisional excitations being balanced by 
radiative de-excitations. 

Transition region emission is seen during and outside of nares. During stellar 
narcs these lines show an increase in the total intensity, as well ac; an increase in line 
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broadening. The transitions are for the most part optically thin, which together with 
being in collisional ionization equilibri um, means that the observed line intensity 
can be used to detenn ine the volume emission measure of the emitting plasma. The 
volume emission measure, or YEM, is 

YEM= f l1en11dV, (2.5) 

where fie is the electron density, n H the hydrogen density, and the integral is over 
the emitting volume V; the units of VEM are cm- 3. Examining the behavior of 
emission lines tracing different temperatures decennines the multithermal nature 
of the flare. While often multiple temperatures are present, and responding to the 
flare energy input in this part of the atmosphere (see Fig. 2.4 for a flare in multiple 
chromospheric and transition region lines), there are examples of energy releases 
apparently confined to a small part of the atmosphere, as in the flare observed on 
the young solar analog star EK Ora (Ayres and France, 2010). 

Time-resolved spectra with high enough spectral resolution reveal the presence 
of line broadening and line shifts during stellar flares. These measuremems can be 
used to quantify the magnitude of turbulent motions in the atmosphere, and bulk 
flows, respectively. The increase in line broadening is parametrized as 

c~:)2 =3.07x10- 1 1 (2k~max +~2+v~,~) (2.6) 

(after Wood et al., 1997; Osten et al., 2006), where 6.).. is the line profi le width, A. 

is the wavelength of line center, ko is Boltzmann's constant, Tmax is the formation 
temperature of the line under conditions of ionization equilibrium, mi is the ion 
mass, ~ is the most probable non-thermal velocity, and v in:.• is Lhe instrumental 
broadening of the line profi le. Doppler velocity shifts to the line profile, if any, 
re tum infonnation on the bulk flows using the standard Doppler shift formu la. Blue 
shifts would be associated with material leaving the stellar surface (evaporation), 
and red shifts associated with material traveling from above the stellar surface back 
towards it (condensation). 

2.1.2.5 Hot black-body UV/optical continuum 

The impulsive (seconds- minutes) and often dramatic (factors up to 1000) increase 
in the white-light emission from M-type dwarf stars during flares was historicalJy 
the first indication that stars were capable of producing short-time-scale flares as 
observed on the Sun. Because the spectral energy dist1ibution of cool M-type dwarf 
stars (typically TetT -3000 K) peaks towards longer visual wavelengths, the sudden 
increase in the blue-optical wavelengths seen during flares is easy to recognize. 
Figure 2.5 displays a representative optical spcctmm of an M dwarf during and 
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Fig. 2.4 Behavior of emission lines in the optical and ultraviolet during a well
studicd Oare on the ncarhy Oare star AD Leo (from Hawley er al., 2003). 
Ultraviolet emission lines (C 11, Si 11, 0 I, C III, Si ill, He II, C TV, Si IV, N V) 
have time scales comparable lo that seen in the broadband filters (UV, U, B, V) 
that measure primarily impulsive narc continuum emission. In contrast, the vari
ation of emission line), originating from lower in the stellar atmosphere (Ha, H,B, 
H~. He I, and Ca II) have a d1,;laycd response lo the flare energy input seen from 
the hot black body, as well as a longer decay time scale. 
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Fig. 2.5 Wavelcng1h coverage of several standard filters used in optical astron
omy, along with the wavelength coverage of the filter used in the Kepler mission. 
Ovcrploned arc also speclral energy distributions of a quiescenl and flaring 
M-dwarf annol>phcrc, taken rrom Kowalski er al. (2013). The solar spectrum 
is the 1985 Wehrli Standard Ex1ra1errcs1rial Solar Irradiance Spec1rum from 
http://rredc.nrel.gov/solar/spcclra/amO/. A black and while version of this fig
ure will appear in some formals. For the color version, plcusc refer to the plate 
section. 

outside of a flare; the rise in blue- optical continuum llux during the flare is evident. 
For reference, the wavelength coverage of some optical broadband filters are also 
shown: Johnson UVBRl filters, as well as the bandpass response used in the Kepler 
mission. 

The spectral energy disuibution of these white-light flares shows a dramatic 
change from that of the quiescent star. Broadband filters show a roughly black
body behavior, with the temperature of the black body near 104 K (Hawley er al., 

1995). The flare continuum can be diagnosed by relating the flare continuum 
flux to the blad.-body temperature and the area covered by the flare using the 
relacion 

(2.7) 

where F>.• with units of erg cm 2 s- 1 A.- 1, is the measured narc flux at efTective 
wavelength A., R. is the stellar radius, dis the distance to the star, T88 is the black
body temperature, and B>-. (T88) is the Planck function evaluated at wavelength A. 
and temperature T88 . The factor ..t then gives the fractional area of the star covered 
by the naring material, which for the most energetic flares approaches I 0 3 of the 
total stellar suiface (Hawley er al .. 2003). 
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Observationally, there is a close association between other impulsive phase flare 
signanffes and optical/UV continuum increases. The black-body emission is thus 
thought to have its origins in the action of the accelerated electrons which dominate 
the impulsive phase. However, detailed modeling of the radiati ve hydrodynamic 
response of an M-dwarf atmosphere to the flare energy input speci fied by a solar

like prescription for electron-beam heating cannot reproduce the magnitude of 
observed flare enhancements in stellar flares because the electrons do not pene
trate deeply enough inro the stellar atmosphe.re (Allred et al., 2006). The close 
observed correspondence between the white-light flare and signatures associated 

with accelerated particles (see discussion in Sect. 2.1.2.1) lends credence to the 
idea that accelerated particles are involved in the white-light flare. Then the key 

difference between solar and stellar whi te-light flares may be the applicability of a 
solar-type e lectron beam. 

Although this flare signature has been studied most often from flares on M 

dwarfs, the black-body blue-optical continuum shape may be a common feature 
of white-light flares from more types of stars. Kretzschmar (2011 ) performed a 
superposed epoch analysis for solar white-light flares and detected signals cor
responding to small enhancements at the times of even moderate (C-class) i.olar 

flares. The spectral signature, taken from a few broadband optical filters, appears 
to be consistent with continuum emission of black-body shape characteriLed by a 
temperature of about 9000 K. 

Traditionally, the cool K and M dwmfs have been <;tudied the most for their 
optical flare signaturci., due to the enhanced conirast with the underlying stellar 
emission. Other studies have expanded the stellar types where impulsive optical 
flares have been observed, from solar-type stars (Maehara et al., 2012; Osten et al., 
2012) to the coole~t M dwarfs (Stelter et al., 2006). There have even been reports 
of white-light flares on more massive A-type stars (Balona. 2012). The ability to 
make <;ensitive relative photometric measurements with a long observing time has 
enabled these advances. Future astronomical telescopes will use the time domain 
to find transiting exoplanets, enabling an exploitation of lhe<;c data for finding new 
classei. of flaring stars. 

2. 1 .2.6 S1ellar coronal mass ejections 

Coronal mass ejections (CMEs) are an important component of many solar cxplo
<;ive events. Chapters 6 and 12 in Vol. JI discuss models of solar CMEs and their 
relation to flares and the entirety of the eruptive event. Additional ly, they are an 
important component of space weather. Solar studies have demonstrated that the 
kinetic energy of CMEs is of the same order as the bolometric radiated flare energy 
from a sample of solar eruptive flare<, (Emslie et al .• 2012). 
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Bac;ed on the close association between fl ares and CMEs on the Sun, and the 
apparent similarity in behavior between solar a nd stellar fl ares (albeit scaled up by 
orders of magnitude). it is natural to extrapolate scalings between solar fl ares and 
CMEs to investigate the impact of stellar CMEs. This is a speculative affair due to 
the fact there are no confirmed detections of stellar CMEs (Leitzinger et al., 201 I). 

The workhorse of solar CME observati ons is the coronagraph, but d1e require
ments on sensitiv ity, time, and inner working angle so far have been prohibitive for 
astronomical coronagraphs. Other methods have been proposed, such as interpreta
tion of varying hydrogen colu mn densities in X-ray spectra obtained during flares 
(Franciosini et al., 200 I ) or evidence for weak high-veloci ty features in the wings 
of optical emission lines duri ng flares (Houdebinc, 1996). Osten et al. (20 13) spec
ulated that a large drop in mid-TR flux from a star with a debris disk could have 
been caused by a massive CME from the star. 

Several studies have established scaling relations between solar flares and CMEs 
and extrapolated to the case of stellar flares (see Sect. 4.2.2 for such scalings; also 
Aarnio et al.. 2012; Drake e1 al., 2013). The implied total CME-driven stellar-mass 
loss for young active stars is high, at levels from 10- 12- 10 9 M0 yr-1 (compared 
to about 3 x io- 14 Mo yr- 1 for Lhe cota l mass loss of the present-day Sun; see 
Ch. 2 in Vol. III). These high levels are at odds with constraints on stellar mass 
loss established for young solar-like stars (Mau and Pudritz, 2007). An apparent 
resolution to this conflict lies in a breakdown in the solar-steJlar connection as 
regards stellar eruptive events, but this has not been demonstrated conc lusively. 

Other signatures of CMEs in the electromagnetic spectrum that can be exploited 
are low-frequency type-Il radio bursts, which have a distinctive signature of a burst 
which drifts in frequency and time as the M HD shock produced by the CME travels 
through the tenuous outer stellar atmosphere. The discussions in Chs. 4 and 5 of 
Vol. II provide more description of solar CM Es. 

2.1.2. 7 Stellar energetic particles 

Solar eruptive events involve the production of energetic particles, which are 
observed throughout the solar system. Chapter 9 of Vol. II discusses energetic par
ticles produced by solar eruptive events, which generally have kinetic energies in 
excess of 0.1 MeV/nucleon. The acceleration mechanisms in d1e solar case have 
their origi n in either the flare process or in a shock associated with the coronal 
mass ejection, and the energies can extend up to 7 Ge V /nucleon. In contrast to the 

accelerated partic les observed in the solar atmosphere during the flare, whi ch are 
generally electrons trapped in magnetic loops or ions observed at low heights in 
the solar corona, these energetic particles are outwardly directed from the star, 
and detected I AU or more from the Sun. We have no constraint on the pres
ence of stellar energetic particles in astrospheres ac;sociated with stellar explosive 
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events. Application of scaling laws between solar flare X-ray photons and pro

ton fluences are often used to explore parameter space for the influence of stellar 
explosive events from young stars in affecting material in the early solar nebula 

(the meteoritic isotopic abundance anomalies; Feigelson et al., 2002), as well as 

the influence of eruptive events on habitability of extrasolar planets (Segura et al., 
20 I 0). It is not c lear how applicable these scaling laws are, and they do not (as yet) 

provide testable constraints for stellar cases. 

2.1.2.8 X-rayflares 

Stars produce X-ray emission during and outside of flares. The emission is well

described by a plasma in collis ional ionization equilibrium, where ionic transitions 

with collis ional excitations balanced by radiative de-excitations give ri se to numer

ous e mission lines in the extreme ultraviolet to X-ray spectral bandpass. Continuum 

emission contributes as well, predominantly from free-free emission but including 

free-bound and 2-photon processes (Dcre et al., 1997). Figure 2.3 shows the tem

perature coverage probed by the highly ionized species in the X-ray regime, at 

temperatures above I 06 K. More description of the atomic phys ics involved in the 

production of this emission can be found in Mewe ( 1999). Spectral analy4'is of 

X-ray flares returns key quantities describing the spectral energy distribution of 

the tla1ing plasma: the plasma temperature and volume emission measure, and the 

abundances of the elements contributing s ignificantly to the emission (C, N, 0, Ne, 

Mg, Fe, Si , S for the most part). In siruations where the spectral resolution is high 

enough, changes in the electron density of coronal plasma can be discerned dur

ing flares. A much more exhaustive review of stellar X-ray emission and fl ares in 

part icular can be found in Glide I and Naze (2009). 
The major change in the emi ssion during flares is the sudden creation of denser, 

hotter plasma, produced as the result of chromospheric evaporation lower in the 

atmo"phere. Temperature and volume emission measure increase, with a character

istic increase duri ng the rise phase of the flare and a return to quiescent conditions 

in the decay phase. Figure 2.6 shows an example X-ray flare seen on the tidally 

locked active binary system named TZ CrB (composed of two nearly solar-type 

stars with LI day orbi tal/rotational periods) in the energy range 0.8-IOkcV ( 1.2-
16 A.). Outside of the flares plasma temperatures are already elevated compared 

to the Sun - quiescent temperatures of 20 MK are par for the course, while these 

temperatures are usually only achieved on the Sun during solar flares - and during 

stellar flares the temperature increa'\es beyond that value, with maximum va lueo;; 

around I08 K. 
The abundance of the flaring coronal material can exhibit a change when com

pared against the abundance of non-flaring coronal material. Outside of flares, the 

X-ray spectrum of magnetically active stars typically shows abundances less than 
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Fig. 2.6 Example stellar flare X-ray lighl curve (left panel), with the temporal 
segmentS analy1ed spectroscopically identified. The panel below this tolal X-ray 
intensity light curve shows the time variation tn two bandpai.ses: the harder energy 
bandpass is muc.:h more impubive, reflecting the creation or very hot plasma 
during the flare rise phase. The right panel shows corresponding change of tem
peratures and abundances in the phases of the narc. This flare was observed on the 
active binary sy~tcm TZ CrB, which is composed of two solar-like stars rotating 
al a period of 1.1 days (from Osten et al., 2000). 

the solar pholOsphcric values (Brinkman et al., 200 I ). During the rise phase of 
flares, the coronal abundances increase, signaling a temporary increase in material 
in the corona, presumably brought up from lower in the stellar atmosphere where 
the abundance is higher. This is in line with expectations from chromospheric evap
oration and abundance patterns in coronal emission seen outside of flares, which in 
Lhe most active stars show a lowered amount of low first ionization potential (FJP) 
elements compared to the solar photosphere. There are flares for which no change 
in abundance pattern occurs relative lo the quiescem emission and the interpretation 
here is more complex (Osten er al., 20 I 0). 

Indirect constraints on the length scales of stellar flaring coronal plasmas gener
ally suggest length scales longer than those measured during solar coronal nares. 
The number of assumptions required to employ such techniques may aff cct the 
outcome. The YEM, a measurable parameter from spectral fi tting, depends on 
electron density, ion density, and emitting volume, so with a constraint on YEM 
and an assumption about density and coronal geometry length scales can be esti 
mated to first order. Other methods rely on applying a balance between radiative 
and conductive losses in the decay phase of the Rare to deiive a constraint on 
loop length (van den Oord et al., 1988). or desciibe the change in stored mag
netic energy with time using a simple prescription for the magnetic configuration 
(Kopp and Poletto, 1984). The most common application to describe length scales 
in stellar X-ray flares has been the work of Reale et al. ( 1997). The technique 
uses information on e-folding time scale in the decay phase of the flare light 
curve, as well as time-resolved spectral analysis of the change of temperature 
and volume emission measure with time. Assuming that the flare geometry and 
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hence volume do not change appreciably with time, the volume-emission measure 
changes can be related to changes of density. Hydrodynamic modeling of decaying 
naring loops with a range of dimensions and time scales provides a quantifica
tion of the amount of heating occurring in the flare decay, which can be assessed 
observationally by the slope of the points in the temperature-density plane dur
ing the flare decay. As with most paramet rized efforts, a single semi-circular loop 
with a constant cross-section is assumed for loop geometry. Hydrodynamic mod
el ing of decaying naring loops with a range of dimensions and time scales is 
folded into instrument response, al lowing for a refinement of the estimates and 
application to specific instruments and bandpac;ses. The hydrodynamic method 
applied to solar narcs returns val ues of flaring loop semi-lengths of --.. I 09 cm. 
or L/R0 '"'-0.01, typical of solar active region flaring loops (Reale et al., 1997). 
The method applied to stellar flares returns loop semi- lengths which arc larger, in 
both an absolute scn~c and when compared against the radius of the star: Stelzer 
er al. (2006) analyzed a flare on a very low mass dwarf. finding a length scale 
of 1.4 x t010 cm, or L / R. ---2. whi le Osten et al. (20 I 0) dissected a flare on 
a higher-mass M dwarf, finding a slightly smaller length in absolute unilc;, but a 
relative size scale of L/ R. "-0.4 when considering the factor of ~ three differ
ence in radius of the Lwo stars. The study of Favata et al. (2005) examined flares 
on young("' I Myr-old) stars, and found loop semi-lengths as large as "" 1012 cm, 
exceeding the stellar radius by large values (factors of tens). Because of its sim
plicity and dependence on relatively easi ly derived observable parameters, 1hic; 
approach has been u<;ed most widely to diagnose length scales in stellar flaring 
coronal plasmas. 

2.1.2. 9 Chrumospheric lines 

Chromospheric emrssron lines originate in the gradual phase of the flare. As 
demonstrated in Fig. 2.4, these lines (like Ha) show a much longer decay time 
scale before returning to quiescent conditions than for markers of the impulsive 
phac;c. These lines also exhibit a delay in responding to the energy input: their 
intensi1y maxima occur significantly aflcr that of the impulsive phase narc emis
sion. These chromospheric lines arc optically thick (in contrast to the transition 
region and coronal emission lines originating higher up in the stellar atmosphere) 
and so inferring physical conditions in the flaring atmosphere requires 1he u~e of 
radiative transfer models to describe how the rad iation interacts with the mate
rial. Consideration of the changing conditions during a ftare additionally needs a 
dynamical treatment, such as that in Allred et al. (2006). 

2.1.2. I 0 A note about energy parrition within .flares 

There are very few multi-wavelength observations of stellar flares where we can 
get an entire picture of an explosive event, including the energetics of the various 
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components described in the above sections. Even on the Sun this is only possible 
for the largest events, and even then some crucial pieces of information are missi ng 
and must be extrapolated (Emslie et al., 20 12). This requires stellar astronomers to 
rely on solar scalings that can be applied to ste llar flares, or application of results 
from a detailed study of one stellar flare to flares on different types of stars. So 

when considering flare measurements made in one wavelength region, this energy 
release needs to be placed in context with what might be appearing in other regions 
of the electromagnetic spectrum. Nevertheless, a consistent picture does appear 
to emerge when considering the radiative output of solar and stellar fl ares. Kret
zschmar (2011) showed that optical continuum Hare radiation carries about 70% 
of the total radiative energy, as measured by total solar irradiance. Emslie et al. 

(2012) showed that X-ray radiated energy of solar flares accounts for about 20% of 
the total bolometric radiated energy. Multi-wavelength studies of M dwarf stellar 
flares (Hawley et al., 1995) show similar ratios between the hot continuum radi 
ation in the optical bandpass and soft X-ray radiated energy. The contribution to 
the fi are energy from accelerated particles is less constrained in both solar and stel
lar flares due to lack of constraint of key parameters, but lower limits uggest that 
it may well exceed that in the radi ated energy (Emslie et al., 20 12; Smith et al., 

2005). 

2.1.3 Flares in aggregate 

As examples of dissipative processes, stellar Rares are expected to follow a power
law size distribution. Any wavelength region where flares exhibit emission can be 
used thus; however, in the coronal regime the size distribution of flares takes on 
added importance. The flare-size distribution is characteri zed by a power-law ex 
such that 

dN 
- =kE-a 
dE ' 

(2.8) 

where dN /d E gives the number of flares occurring per unit time per un it energy, 
k is a constant, and £ is the flare energy in the bandpass being considered. As 
noted by Parker ( 1988), for values of a > 2 it is possible to integrate the con
tribution of smaller and smaller fla res unti l the quiescent X-ray luminosity of the 
star is achieved. This is termed the "nanoftare heating hypothesis". This ensem
ble approach determines the relative importance of flares of different sizes. While 
many authors (notably X-ray astronomers) give a lot of importance to the value of 
a , the overall flare rate is also important. As Hilton (2011) demonstrated, M dwarfs 
with differing activity leve ls (from inactive to act ive to the most active M dwarfs) 

still produce flares, and with similar values of ex, yet the overall fl are rate can vary 
by orders of magnitude. 
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2.2 Time scales: explosive events on stars, young to old 

Although age is one of a star's fundamental parameters it is also the most diffi
cult to measure accurately. Soderblom (20 I 0) provides a summary of the available 
techniques for age-dating stars and ensembles of stars. Each has its own advantages 
and drawbacks, and the uncertainty associated wilh a particular age mea~uremem 
can vary widely. Forthe present purposes broad age categories are used to delineate 
c;ome key times within the life of a star, and relate what is known about explosive 
events on stars within this range. It is impo1tant to remember that within each broacl 
age category other parameters like stellar mass and rotation are important to con
sider, and for a variety of reasons the observational constraints that populate this 
parameter space suffer heavily from bias (in stellar type and wavelength regions) 
and observational limitations. 

2.2.I Stellar infancy: birth to the zero-age main sequellce 

Chapter 3 of Vol. 1II describes the formation and early evolution of stars and pro
coplanetary disks, and Fig. 1.1 of Ch. I in Vol. III gives key events in the history of 
the Sun. Although the age range in this first age category is only a percent or so of 
the total main-sequence lifetime of the star, there are several important steps to the 
life of the star that occur during this lime. Before discussing what is known about 
explosive evems on stars of this age range, it is necessary to set the stage of what 
i<; going on in stellar evolution, as the environment around the star influences how 
we observe and interpret explosive events. For this section we concentrate on ages 
ranging from stellar birth to tbe time it takes the star co reach the zero-age main 
sequence (ZAMS), at which point the star is in stable hydrostatic equilibrium, and 
there is negligible contribution to the stellar luminosity from any accretion-related 
processes. This time scale is a function of stellar mass, being approximately 50 Myr 
for a solar-mass star, and longer than J 60 Myr for a star of 0.5 M0 or less. For the 
purposes of discussion, and because stellar ages can be uncertain by factors of two 
or more, we include stars of ages up to "" I 00 Myr. The main point is to differen
tiate factors of stellar youth affecting explosive events from those associated with 
accretion and the remnants of the planet-forming disk. 

A star is considered born when the fragmented molecular cloud has contracted 
to the point where it fonns a hydrostatic core. Phases of scar and planet formation 
are still continuing, and the star can be referred to generally as a pre-main-sequence 
star, because its locat ion in the Hertzsprung-Russell diagram is above that of the 
ZAMS. A solar-mass pre-main-sequence star, for instance, has a larger stellar 
radius and lower gravity than an equal-mass star on the main sequence. At these 
early times the star is still enshrouded by a massive disk out of which il formed. 
Once the star+disk c;ystem has proceeded to the point that both components 
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contribute to the integrated light, the object can be referred to as a classical T Tauri 
star, or class-Ir object (see Evans er al., 2009, for a "Diskionary" explaining d if
ferent terms relevant co young stars). Accretion processes are sti ll occurri ng, and 
the star is rotating rapid ly due 10 its youth. As the disk disperses, the total light 
becomes dominated by the star itself, and these objects arc referred to as weak
linecl T Tauri stars or class-Ill objects. These stars might not show any evidence 
for a massive, gas-rich d isk but it is st ill possible for them lo host a weaker d isk 
that is gas poor. The lifetime of the gas-rich disk has a systematic dependence 
on the mass of the star, with solar-mass stars losing their disk in ""5 Myr. How
ever, there is a range of d isk li fetimes within a given mass range: other factors 
such as multiplicity, proximity to the intense radiat ion field of 0 stars, and resid
ing in a dense stellar cluster can each short en the disk lifetime. The gas-poor or 
debris disks, are composed of rock, dust, and ice, which rcprc~ent the end phase 
of the process of star fonnation. This phase can last for a long period of time, 
however; while the small particles (typically l- 100 µ, m in size) are ~ubjcct to 
removal by radiation pressure from the star, or spiral in towards the <;tar through 
Poynting-Robertson d rag, these time scales arc relatively short (of order 10 Myr), 
and other processes such as a collisional cascade of larger particles can replen
ish the disk. Increasingly sensitive astronomical detectors can also see evidence 
for faint increases in mid-infrared light above that ex pected from the stellar pho
tosphere, signa ling the presence of a debri s disk at much older ages. O ur solar 
system's asteroid and Kuiper belts would be considered late-time examples of 

debris disks. 
Magnetic activity in general is at a high level in these young stars because 

of their rapid rotation, but the interpretation can be confused by other processes 
occurring in the system that have similar observational characteristics to mag
netic reconnection processes. While explosive events produce temporal changes 
in luminosity, so too can accretion produce variable signatures of similar diag
nostics. Feigelson and Montmerle (1999) di scuss high-energy processes in these 
young stars. Observations of flares at X-ray and radio wavelengths are dominated 
by reconnection processes. The Lhermal coronal radiation showing up in X-rays 
does appear to follow patte rns seen in older more active stars (temporal trends 
of intensity, temperature, YEM), and non-thermal radio gyrosynchrolron emission 
has a different spectral and temporal signature from radio thermal bremsstrahlung 
emission from an ionized wi nd of outflowing material from the star+ disk. Jn con
trast, observations of optical variabi lity are more problematic to interpret, because 
accretion-related variability can a lso produce changes in continuum and Ba lmer
line emission similar to what is seen during flares on older more active stars. 
Because young stars are born in clusters, they tend to be spatially concentrated, 
which can make crowding in the fi e ld of view an issue, bul the advantage of 
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multiplexing hundreds of stars in the lield of view of an astronomical telescope to 
'Hudy stochastically occurring and relative ly infrequent cxrl osive events outweighs 
this concern for the most part. 

Flares some 100- 1000 times more energetic than the biggest solar flares occur 
roughly once a week on these young. rapidly spinning c;;tars. Most studies have 
concentrated on -;ingling out particular stars for further study, but there have been a 
few systematic studies offtaring in cluc;;tcrs. Wolk er al. (2005) studied X-ray flares 
on young suns in the Orion Nebula Cluster, with masses 0.9 ~ M ~ 1.2 M0 ; 

these are prc-main-c;;equence stars with an age near 2 Myr. so for the most pa11 
they still have their accretion di sk. The radiated energies span I D34- I 036 erg (to 
be contrasted with the largest solar flares approaching I 033 ; Schrijver et al.. 20 12). 
with a power-law di<;tribution characterized by an index et of""' I. 7. The flare fre
qul:!ncy in this sample is I flare per star every 650 ks after correcting for tlata 
gaps. The flare durations span J h to 3 days. with amplitudes generally less than 
about 10 times the underlying level. Stelzer er al. (2007) looked at X-ray flaring 
in young stars in the Taurus Molecular Cloud (with ages spanning 1-3 Myr). They 
al<;o found energetic flares. with flares spanning the range of a few ti mec;; 1013-

5 x I 0·~5 erg. Flare<:. with energies in excess of I 035 erg happen once per 800 ks per 
star, with a duration of I 0 ks. They also found a power-law distribution of flare 
energies, with an index a = 2.4 ± 0.5. The level of narcs to which such studies 
are sensitive is limited to those events whi ch are far more energetic than the largest 
e\.ent observed on the Sun. due to the intrinsic limitation of astronomical detector 
-.ensitivi ty. 

For these very energetic flares from stars in tbe range of a few Myr. stars with 
anti without a gas-Jich disk show no ~trong difference in flare rate, and there also 
docs not appear to bt: a change in flare rate from solar mass to low mass stars. 
Stelzer et al. (2000) found no difference between X-ray flares on stars with and 
without an accretion disk in clusrers with ages 1-3 Myr. Caramazza et al. (2007) 
compared the coronal flare: frequency distributions of flare!. on solar-mass stars in 
Orion (0.9-1.2 M0 ) with those of low mass stars (in the mass range 0. 1-0.3 M o ) 
and found no tlifference in flaring behavior for stars as a function of mass. From 
a compilation of flares seen in Balmer emission lines and optical continuum, with 
flare energies in excess of I 033 erg, Guenther and Ball ( 1999) found a factor of two 
difference in the flare rate of stars with and without an accretion disk. with the fla re 
rate for classical T Tauri stars (i.e .. lhose with disks) about a factor of t wo lower 
than weak-lined T Tauri stars. 

Over slightly longer evolutionary time scales there ic;; a decrease in flare rate. 
The optical flare study of Guenther and Ball ( 1999) also included one pre-main
~equence star, and the flare rate of the ZAMS star wa-, significantly reduced, by 
about a factor of 10 compared to the weak-lined T Tauri c;;tar-.. Stelzer er al. (2000) 
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did a syslematic study of the X-ray flare rates of T Tami stars at ages 1- 10 Myr, and 
studies of stars in the Pleiades (age,..., I 00 Myr) and the Hyades (age .....,600 Myr). 
They noted that the G stars in their group had the lowest Oare rates by spectral type. 
Corrected for sensitivity biases, their flare rale for the Pleiades wac; 0.67±0.1 3%, 
for the Hyades 0.32±0. 17%, expressed ac; a fraction of time in the flaring state 
compared to total observation time. 

For the youngest stars, the loop lengths inferred from X-ray flare analysis may 
be much la rger than seen on the Sun, and can provide a connection from the star 
to the disk. This is potentially important, as the flares can provide a source of tur

bulence to the disk and may affect planet formation. However, the measurement of 
flare loop lengths on s1.ars, lacking spatial resolution, is model-dependent and relies 
of the applicability of the model. Favata et al. (2005) analyzed some of the largest 
flares from young stars in the Orion Nebula Cluster, without selecting mass ranges. 
From an analysis of the flare decays, and using a one-dimensional hydrodynamic 
loop model, which returns constraints on loop length, they found that a substantial 
number of large flares appeared to originate from flaring loops with lengths suffi
cient to connect the star to the planet-forming disk (and thus potentially increase 
the turbulence in the disk and affecl planet formation). The loop lengths implied are 
several tens of stellar radii, compared with a fraction of solar radius for the largest 
flaring loops observed on the Sun. This idea has been investigated further with 
different samples of flares from pre-main-sequence stars. Just as other fl are param
eters show a distribution, there is a distribution of flare loop lengths. McCleary 
and Wolk (201 1) found that the longest loop lengths were of order several stellar 
radii and tended to occur on stars with an infrared excess. indicating that they slill 

possessed their planet-forming disk. Whether this is a cause and effect, or a result 
affected by over-extrapolation of a model beyond its bounds of applicability, is still 

being debated. 
Studies of radio flaring on young stars occur more sporadically, but indicate a 

population of much more energetic electrons than usually seen in solar flares. One 
particular well-studied pre-main-sequence star, V773 Tau, shows energetic syn
chrotron flares, and this has also been seen on a few other young stars (K6spal 
et al., 20 I I; Getman et al., 20 1 I). ln contrast, solar fl ares show less energetic 
gyrosynchrotron emission from lower harmonics of the gyrofrequency, indicating 
Jess energetic electrons. The periodic nature of the flares studied in detail has been 
explained as arising in an eccentric binary system where periastron passage of the 
secondary, and two extended magnetospheres, causes reconnection to high ener
gies with a recurrence of approximately the orbital period. Whether this behavior 
is commonplace among young stellar objects or limited to binary systems satisfy
ing these conditions is a current topic of investigation. It does indicate a role for 
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MeV-level electrons in the explosive event, which may be imponant in explaining 
meteoritic abundance anomalies. 

Observations of isolated young stars confirm the general pattern of elevated 
activiry in young <>tare; seen in clusters, but show some marked differences from 
solar behaviors: sreeper flare frequency distributions, flares limited in remper
ature/wavelength region, and multi-wavelengrh flare signatures exhibiting the 
opposite trend co the standard solar flare scenario. The nearby G star EK Dra is 
a solar analog with an estimated age of 50-70 Myr, placing it in the age range 
under consideration. The distribution of its high-energy flares have been character
ized as a power-law with a of 2.08±0.34 abo\'e an energy of I 030·2 erg (Audard 
er al., 2000). Guedel et al. (1995) found radio variability in this object 1hat was 
in1crpreted as flares, but the observations were not sensit ive enough to perfonn 
a detai led study or their characteristics. Ayres and France (20 I 0) found a tran
sient UV event on this scar seen only in Si TV but not in a coronal line found in 
the far-u ltraviolet bandpass. Wherher this last example can even be counted as a 
component of an explosive event is not clear, because irs format ion in a narrow 
remperature range in the upper atmosphere (and without any apparent contribution 
from high-energy emission) suggests a limited physical range for energy deposi-
1ion. Feigel son et al. ( 1994) studied V773 Tau, a classical T Tauri star, in which a 
radio flare was observed without any apparent X-ray variations. Similar behavior 
was noted in a cool star serendipitously observed in outbur.:;t at mm wavelengths 
in the Orion Nebula Cluster, in which the X-ray flare preceded an accompanying 
radio outburst from the star (see Fig. 2. 7). 
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Fig. 2.7 Unusual radio/X-ray narc observed on a pre-main-sequence K-typc star 
in the 01ion Nebula. The strong outburst was observed fi rst at X-ray wavelengths, 
then at radio wavelengths, in contradiction to the pattern usually seen for solar 
explosive events. Figure from Bower et al. (2003). 
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2.2.2 Stellar teenage years: ZAMS- 1 Gyr 

At this phase in a star's evolution, rapid rotatio n is still an important fac tor, 
although it has declined since the star's youth. According to the Skumanich ,- 112 

relation between age and rotation, a solar-mass star would have a rotation rate that 

is only a factor of 2- 7 above the S un 's present-day rotatio n; activity that accompa

nies the faster rotation should be enhanced, but below the extremes represented by 

the youngest stars. Earlier-type cool stars spin-down faster than lower-mass stars 

(Stauffer, 1991), so by these ages M d warf<; domi nate the samples of active stars. 

The general decrease in activity leve ls compared to the extremes seen at young ages 

means that capturing fl aring activity o n stars of thi s age range (with the exception 

of M dwarfs) is more difficult to do systematically, and consequently there is a 

heavy bias cowards the lower-ma.,s end in observations of flares on stars of this age 

range. The fact that M dwarfs are the most common type of star based on mass 

functions also contributes to this bias. There arc open c lusters (notably the H yades 

at an age of .....,800 Myr) which arc nearby e nough for sensitive s tudies of explosive 

events. although they are spatially dispersed com pared to srar-fomu ng regions and 

this makes it d ifficult to capture more than one or two objects in the fie ld of view 

of typical astronomical telescopes. 

The possible dependence of stellar flare rate on evolutionary age can be explored 

by combining scaling relations between Rare frequency and underlying coronal 

emi ssion with those rela ting coronal and chromospheric emission, and others 

describing the decline of chromospheric emission with time. Audard et al. (2000) 
found a scaling between coronal fl a re rate and underlying stellar X-ray lumi nosity 

for a sample of s tars including several with ages in this age range. They quantified 

this as 

N( > Ee= 1032
) = J.9 x 10 27 L~95 flares per day, (2.9) 

where N(> Ee = 1032) is the coronal fl are rate above a threshold flare energy 

of 1032 erg, and Lx is the star's coronal X-ray luminosity. Ayres er al. (1995) and 

Pilers et al. ( 1997) established scalings between coronal emission and different 

chromospheric e mi ssion indicators for cool main-sequence dwarfs, L x ex L;hrom• 
where y "'1.5 for C IV emission (Ayres et al., 1995), y,...., 2 for Ca II H K emission 

(Piters et al., 1997). and y "'3 for Mg II h emission (Ayres et al., 1995). Skumanich 

( 1972) showed that chromospheric emission declines roughly with stellar age as 

L chro111 ex , - 112• S implify ing these re la tions to 

(2. 10) 

(2. 11 ) 
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where y takes on different values depending on the chromospheric emii;sion being 
considered, and 

L - 1/"> 
chrom ex t - . (2.12) 

suggests that the flare rate may decline with age anywhere from N(> £(.) ex 1 °75 

to N (> £,) ex t 1 5• However, note that Schrijver et al. (2012) found that the above 
scaling between flare rare and coronal luminosity cannot be used to ··correct" the 
flare rate of active stars like those considered in Audarcl et al. (2000) to the solar 
flare rate via their coronal lu minosity. This suggests a breakdown in the validity of 
a scaling-relation approach. 

Single G stars in this age range exhibit flares at least as powerful as the largest 
solar flares, but occun-ing several times per day. Audard t-t al. (2000) presented 
an analysis of EUV flare activity for a sample of late-type stars, including K Cet, 
a G5V star with an age of 300-400 Myr (Mamajek and Hillenbrand, 2008). They 
Jetcrmine an index lo K Cet's flare frequency distribution, with ex greater than 2 
(2.2) but with large erTOr bars (::::0.5); using the scaling above between flare rate 
and X-ray Juminosit} for K Cet's X-ray luminosity of 1029 erg s-1 translates to 6.7 
flares per day, above a threshold lower flare energy of I 032 erg. K Cet was also 
listed as a "superflaring" star in the compilation by Schaefer et al. (2000), with 
an estimated flare energy in the He l D3 line of about 2x 1034 erg. The dynamic 
range in the measurements that constitute the flare frequency distribution is not 
large (only about a factor of 20): some critici sms of the large a index returned 
by these analyses suggest that other factors (such as a downturn in the intrinsic 
flare-frequency distribution due to a rollover or cutoff) may be affecting the results. 

Solar-neighborhood M dwarfs have historicaJly been the most studied fl aring 
stars: the propensity for dramatic blue- optical flare increases initially brought them 
to the attention of stellar astronomers but now their flares have been <itudiecl across 
the electromagnetic spectrum. Ages of individual M dwarfs are difficu lt to ascer
tain, but most object!> are considered to have ages of at least a few hundred Myr 
to I Gyr, so they fall squarely within the age range being considered. There is a 
range of flare energies observed on dMc (i.e., dwarf M-type stars with emission 
line features) flare stars: the lowest level detectable X-ray flares from the closest 
star to the Sun (a fla re star - Proxima Centauri), are comparable to M-class !>Olar 
nares (Glide I er al., 2004: flare energy of 1028 - l 0:!.9 erg). At the other extreme, the 
most energetic flares from dMe flare ~tars are in the 1034 - 10 ~5 erg range (Kowalski 
er al., 20 IO; Osten er al. , 2010). Flares arc also very frequent, with flare frequencies 
of the least energetic flares as often as a few per hour. Figure 2.8 compares the flare 
frequency distributions for flares of different M spectral type. as well as broken up 
by activity level (Hilton, 2011 ). Inactive stars (classed by their low or undetectable 
quiescent Ha emis~ion levels) have a lower flare rate compared to active scars of 
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Fig. 2.8 Cumulalivc Oare frequency distributions for different categories of M 
dwarfs, from the PhD thesis of Eric.: Hilwn. Through long stares at different classes 
of M dwarfs, the difference in the occurrence rate of narcs of different U band 
energies can be determined. 

similar spectral type, with maximum flare energies about an order of magnitude 
less than those observed on the active M dwarfs. 

Flares are even observed to extend into the realm of the ultracool dwarfs: late M 
dwarfs with photospheric temperatures less than 3000 K (Schmidt et al., 20 14). X
ray studies or flares on M dwarfs have considered the flare frequency distribution 
or individual coronal flares; several studies (Audard et al., 2000; Kashyap er al., 
2002) have determined that the shape of the distribution is a power-law with index 
<x greater than 2, which would suggest that flares may be the source of energy 
required to maintain a corona. 

The Hyades cluster is a relatively nearby open cluster of stars with an age of 
.....,800 Myr and has been the subject of multiple fl are studies. The flare rate should 

be lower than for the younger stars considered in the previous section, and the 
sparseness of flare detections and inability to connect fl ares in different wave length 
regions confounds inrerpretation. Stelzer et al. (2000) studied X-ray flares from a 
sample of objects in the Hyades as well as nearby stars from younger associa
tions. Figure 2.9 depicts the combined flare rates of objects as a function of age, 
up to about l Gyr, separated by evolutionary status at the youngest ages. The flare 
rate by 800 Myr is lower than for younger stars. Total integrated energies could 
not be determined due to the sparse temporal sampling of the data, but the fl ares 

represented factors of a few to 20 times increase in the underlying stellar X-ray 
luminosity. These observations span a range of cool spectral types, and smaJI num
bers of detected events prevents exploration of other relevant parts of parameter 

space like stellar mass and rotation. There is a clear decrease in the ft are rate, but 
whether this is biased by the types of objects detected is not clear. White et al. 
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Fig. 2.9 X-ray fl are rate expressed a:. a percent of observing lime for stars of 
diffcrenl ages, from the s1udy of S1el1er et al. (2000). The sensitivity to flares is 
sci co a uniform value to account for 1he differing distances. Diamonds indicate 
classical T Tauri stars, triangles indicate weak-lined T T•1uri stars. The horizontal 
Ji ne gives the age ~prcad of the young ~lei Jar objects. There is a clear drop in flare 
rate by the age of the Hyades (800 Myr). 
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(I 993) performed a radio study of stars in the Hyades clu!>ter, finding no detec

tions from M dwarfs which have a similar age and rotation rate to the M dwarfs in 

the solar neighborhood, and with sensitivities sufiicienl 10 detect the largest events 

observed from nearby M dwarfs. They conclude that by the age of the l lyades 

the activity of most dwarf stars has decreased to a low level where flare rates 

and energies have fallen below the levels of che nearby population of M dwarf 

stars. Their results are consistent with expected declines in activity from the age

rotation- activity connection. Browne et al. (2009) probed for ultravio let flares on 

stars in the Hyades and Pleiades (age "' 100 Myr) clusters, using the 1.2° field of 

view of the GALEX satellite. Most of the variable sources infen-ed to be flaring are 

M dwarfs, and only one was a bona fide Hyades cluster member (and an M dwarf). 

It had a flare with an NUV ( I 800-2800 A) energy release of 4.5 x 1029 erg. The 

event rate is one flare in ::::::15 000 s, or a flare duty cycle of 3%, which is clearly 

elevated compared to the X-ray flare rates in Fig. 2.9. Given the singular nature 

of the detection it is not possible to extrapolate further on the comparison of X

ray versus ultraviolet Oare rares. Concentrated optical observations have returned a 

range of flare rates for one of the more active Hyades M dwarfs: flare frequencies 

ranging from 0.09 flares h- 1 up to 1.25 flares h- 1 have been measured (Haro and 

Parsamian, 1969; Rodono, 1974). 

2.2.3 Stellar adulthood: 1-5 Gyr 

The solar system, and thus the Sun 's, age measurement of 4568 Myr (Bouvier 

and Wadhwa, 2010) fits squarely within the ·'stellar adulthood" phase of itc; life. 
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Detections of flares on stars in this age range are much fewer. The decline of flar
ing with age is generally assumed to follow the trends of other activity indicators. 
but whether this is in fact the case is an open question. Evidence that magnetic 
activity may not decline monotonically at Gyr ages comes from a few sources: 
Silvestri et al. (2005) conc luded that chromospheric activity in M dwarfs did not 
decline in the 1- IOGyr range as fast as predicted based on extrapolating from 
objects with ages < I Gyr. Studies of chromospheric activity and its dependence 
on age and rotation led Pace and Pasquini (2004) to conclude that they found no 
evidence of decay in quiescent chromospheric activity for stars older than a few 
Gyr; instead, the m~jor decline in activity was in objects at ages of the Hyades and 
earlier (0.6 Gyr), for clusters of 1.7 Gyr and older (up to 4.5 Gyr) the same activity 
level was seen. This result was updated by Pace (2013) who found no evidence for 
a decay of chromospheric activity after about 2 Gyr. 

Binarity influences activity and thus flaring rates may remain high for old stars 
in close binary systems (Rocha-Pinto et al., 2002) which can overestimate the flare 
rate for stars in this age range, if binarity hac; not been niled out. The influence 
of rotation on activity means that tidally locked binary close systems have sig
nificantly enhanced levels of activity. They are frequently observed to undergo 
enormous outbursts at radio (Mutcl et al., 1998) and X-ray wavelengths (Osten 
et al., 2007), even being picked up by satellites tuned to finding the transient 
hard X-ray radiation from gamma-ray bursts. The radiated energies approach I 038 

erg, with flare frequency distributions with a power-law index of near 1.8 (Osten 
and Brown. 1999). Time scales for these flares can be staggering, often lasting 
longer than the rotational/orbital period of the system. Owing to their frequent 
and extreme flares , close binary systems have been popular subjects of study; in 
contrast with flares on M dwarfs, these flares are most readi ly studied at radio 
and X-ray wavelengths due to the small contrast at optical bands. Osten et al. 
(2004) provided a comprehensive discussion of multi-wavelength flare campaigns 
on one active binary system, HR I 099. Although several trends in these flares 
suggest an extension of the solar flare analogy, the large difference in observed 
properties of these flares may give pause to the extent to which Lhc solar/stellar 
analogy can be stretched (and whether it may break). These stars already produce 
steady levels of high-energy radiation near the limit of what stars seem capable 
of maintaining, but flares increase the luminosity above that. often approaching 
the bolometric luminosity of the system. Correlations between flare frequency anc..l 
underlying l. tellar luminosity as found for single active dwarfs in Audard et al. 
(2000) have been found among flares on active binary stars (Osten and Brown, 
1999). 

Because the flare rate is expected to be low on older stars, a systematic search 
for flares in an older stellar population needs a large number of staro;;, and involves 
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Fig. 2. lO Summ~1ry or flare characteristics seen on G-typc stars from Maehnrn 
et al. (2012). (a) The peak Oare ampli tudes are 10% or less of 1he star's underly
ing brightness. (b) The distribution of flares with energy on <;lowly rotating star-. 
appears similar lo that of all G-lype stars surveyed. (c) The distribution of flares 
with energy appears similar when hrcal-.ing the 'itars up in hotter vs. cooler -.tap;. 
(d) TI1e slowly rotating hot stars show a decrease in Oare frequency. 

a relatively long stare coupled with fast cadence co detect and resolve the flaring 
emission from any other variability. The Kepler spacecraft's exquisite photometry 
can be re-purposed from finding evidence of transiting cxtrac;olar planets arou nd 
stars to look ing for rare short-time-scale flaring events on the stars thcm~el ves. 
Maehara er al. (201 2) reported on encrgct ic flares found from a sample of G-type 
stars in the Kepler field of view (see f ig. 2.10). While the ages of the individual 
stars are noc known. the spread of rotation periods, particu larly the continuing trend 
of llru·es on stars wirh rotation peiiodc; longer than 10 day<>, suggests an intermediate 
to old age. Further follow-up by Nogami er al. (2014) finds flares on two G-type 
stars with rotatjon periods of 21.8 and 25.3 days, near the solar value, and thus 

approximately solar age. The energetics of these flares is large, with min imum flare 
energies in the range I 033 erg, and extending up to J 016 erg. The distribution has a 
power-Jaw index of - 2.3 ±0.3 for superflares found on all G scars. and -2.0±0.2 
for s lowly rotati ng G litars, above 4 x I 0 14 erg. 
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2.2.4 Stellar old age: beyond 4.5 Gyr 

The age of the Sun is pegged to the age of the solar system, and so consideration of 
stars older than the Sun technically is beyond the scope of this chapter if we look at 
the hjstory of the Sun. For completeness we include these old stellar ages because 
there are observations demonstrating the continuation of flaring activity into this 
regime, and it is of interest to know what the Sun may have in store for the solar 
system over the coming billions of years. 

That magnetic act ivity can survive to such old ages is evidenced by the flare 
observed serendipitously on the old solar neighborhood M dwarf Barnard's star, 
at an estimated age of J1 - l2Gyr (Paulson er al., 2006). Because M dwarfs are 
presumed to carry magnetic activity for longer time sca les this is perhaps not sur
prising. The event had incomplete coverage due to its serendipity, and the flare 
was identified through the increase in Balmer li nes and continuum enhancements. 
Although noting that such events are likely rare in such old stars, Paulson et al. 
(2006) point out two other references in which observations of flares on Barnard's 
star are noted, so they may not actually be that uncommon. 

Osten et al. (201 2) re-purposed an observation designed to find ecl ipsing extra
solar planets in a 10-Gyr stellar population in the Galaclic bulge, and used it to 
study the incidence of optical flares in an old stellar population (see Fig. 2.11). The 
majority of the flaring stars could be associated with stars at the di stance and age 
of the Galactic bulge, indicating that flaring variability can be maintained. A large 
frac tion of the stars exhibited large-scale photometric modulations (in addition lo 
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the flaring variations), which indicate rotalion peliods of a few days. The suppo
sition is that both types of stellar variability can be explained due to the survival 
of magnetic activity on stars found in tidally locked binary systems, in which the 
space motions or kinematics indicate an old age but the activity indicalors suggest 
youth. 

2.3 Take-away points 

The central thesis of this chapter is that studies of flares on stars other than the Sun 

can be used to give insight into flares on the Sun, and thus extend the time base
line for examining the influence of the Sun on its environs. as well as studyi ng the 
influence that other host stars may have on their planets as a function of evolution
ary time. This approach suffers from some biases in the observations of stars: the 
types of stars which are the best studied for their flares tend not to be exact repli
cas of the Sun . M dwarfs, tidally locked active binaries, or young stars with disks 
have the best characterization of their fl ares. The wavelength ranges used for stud
ies of stellar flares are often nol the same as those used for solar-flare studies, and 
so an intercomparison requires a conversion to the same wavelength range, after 
accounting for energy partition. Because of the astronomical difference between 
our closest star, the Sun, and the distances of even the most nearby stars, there will 
always be sensitivity differences between solar- and stellar-flare studies; at best, 
stellar-flare studies can hope to probe the region of the largest solar-flare events. 

Nevertheless, despite the possible pitfalls in such an approach, detailed studies of 
the flares on these stars show agreement with solar flares, indicating that the same 
physical processes are occurring during solar and stellar flares. Flares are tracers 
of time-dependent magnetic activity, and exhibit trends with some diagnostics of 
steady-state magnetic activity, such as the correlation between coronaJ flaring and 
underlying coronal emission noted earlier. Assumi ng that such scaling laws are 
valid enables an open ing of the parameter space. Observations of ensembles of 
stars can gain insight into the gross flaring properties of these stars, where such 
conclusions may not be evident from observations of a single star due to the low 
fl ali ng rate per star. 

While we still do not have detailed characteristics (including aJJ relevant flare 
processes) of a true solar analog at various stages in stellar evolution, the vast 
astronomical discovery space does enable a reasonable picture to be painted of 
how rhe Sun's fl aring activity changed over the course of its ti me, and even predicts 
what lies in its future. Outstanding issues include incomplete sampling of fl ares in 
both wavelength space, and as a funct ion of stellar type, for stars of different ages 
and rotation rates. 


