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Variability is a common characteristic of magneticallyiegtstars. Flaring variability is usually
interpreted as the observable consequence of transiemtati@ageconnection processes happen-
ing in the stellar outer atmosphere. Stellar flares have bbsarved now across 11 decades in
wavelength/frequency/energy; such a large span implesatinange of physical processes takes
place during such events. Despite the fact that stellanriaies have long been recognized and
studied, key unanswered questions remain. | will highlightt, in my opinion, are some of
these questions. | will also describe recent results ofastidre emissions at radio wavelengths,
discussing the nature of coherent and incoherent emisaimhshe prospects of wide-field radio
imaging telescopes for studying such events.

Bursts, Pulses and Flickering:Wide-field monitoring of ty@mamic radio sky June 12-15 2007
Kerastari, Tripolis, Greece

*Speaker.
THubble Fellow

(© Copyright owned by the author(s) under the terms of the Cre&@mmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/



Radio-Active Stars Rachel A. Osten

1. Which Stars Flare?

At first glance, a comparison of some of the titles from the early days @ essfronomy with
some of the targets being talked about here suggest that not much mgedhavitness Lovell
(1963) “Radio Emission from Flare Stars” and Bastian et al. (1990) witlsémee title. Indeed,
Sections 3 and 4 of this article describe radio emission from flare stars ¢aatber classes of
stars). While some of the “usual suspects” remain favorite targets fa cddervations due to
their interesting nature, the advent of sensitive radio interferometeiistr@ased our knowledge
of radio emission and it is now recognized that radio emission can be mdduthe atmospheres
of many different types of stars. In particular, as described in G@&€l2), it is now known that
stellar radio emission occurs across the HR diagram, with a variety of matifestaThose ob-
jects in the “cool half” of the HR diagram, lying roughly near the main segeemd with spectral
types F and later, display predominantly nonthermal emission. This nonthemisgion is in-
timately connected with the presence of magnetic fields whose dynamicahregament during
magnetic reconnection processes can lead to transient increasesdiatassemissions. Thus,
these cool stellar objects displaying nonthermal emission are all potentia stiars”; the classic
moniker must be expanded from the usual connotation of dMe flare starsltde all stars with
evidence for large-scale surface magnetic fields. Radio flares ofioth@kanother have been seen
in almost all kinds of cool stars displaying other signatures of magnetiatgictiv

2. Expectations from the Sun

The Sun is the source of a rich variety of radio emissions which can belttactermal
or nonthermal emissions. Flaring variability is confined to strong magnetic fglidms. Even
though the Sun is well-studied at radio wavelengths, key questions remaie.ill@stration of
where further investigation has revealed new insights into radio flareegses is examining the
use of the assumption of isotropic pitch-angle distribution in gyrosynchretntssion. Employing
temporal and spectral observations of impulsive solar radio flares atfi@guencies, Lee & Gary
(2000) have been able to infer some of the properties of electrons injettechagnetic traps,
finding that an initially narrow distribution of electron pitch angles is requirbdstellar radio
observations, one of the standard assumptions is that of an isotropic pgiehdastribution; this
paper, along with work on other aspects of gyrosynchrotron emissiamgolar radio flares reveals
the Pandora’s box opened by high quality flare observations, and Highkgme areas in stellar
radio flare studies where the next generation of radio facilities can makegss.

One of the key advances solar radiophysics made in the 1950s which dlidemtification
of the mechanisms involved in metric and decimetric solar radio emissions wastbéthe dy-
namic spectrum. Wild et al. (1959), in particular, showed that the completingdritructures
present in the frequency-time domain could be interpreted as the intrindiofdbiéams of elec-
trons travelling through the upper solar atmosphere, generating plasmtiaadt the ambient
electron density. Such dynamic spectral analyses have been usedtify ithenlikely location of
particle acceleration in the solar corona (Aschwanden & Benz 1997)etthe assumption that
the observed emission is plasma radiation at the fundamental or harmordacedoby a beam
of electrons travelling through the solar atmosphere and generating Langaues at the local
electron density, the observed frequency drift can be related to aterasphoperties and intrinsic
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motion via:

dv odv dn.dhads
4t ~ 9nc 9h dsat (2.1)

wherev is the observed frequency at tihene is the electron densityy is the radial height in the
atmosphere andis the path length travelled in the atmosphere. This equation can be simplified
under the assumption of a barometric atmosphere,=ov cosbvg/(2H,), wherevg is the speed

of the exciter whose motion causes the plasma radiation. Speeds from 8.4a@%een inferred
using such analyses (Wild et al. 1959). The miriad other kinds of solar tadsts, particularly

at low frequencies, testifies to the complexity of solar radio emissions. Iiigliéghted here two
examples, which are illustrative of the kinds of observations stellar radlioresners can use to
study similar processes in stellar environments.

Should we expect radio emission from the most active stars to behave ligati?elntense ra-
dio emission is found to be correlated over ten orders of magnitude with ¥mégsion in a sample
which includes active stars and individual solar flares (Benz & Gi@@fL The correlation points
out the necessity for strong magnetic fields to both accelerate electrofeanglasma, and that
the basic phenomenology must hold despite physically different lengthssgadevities, and inte-
rior conditions found in these vastly different stars (T Tauri stargmrargiant stars, active binary
systems, dMe flare stars) compared with the Sun. The Sun’s corona ideselibed by relatively
cool high temperature plasma, withof~ 2x10°K, with electron acceleration localized in space
and time, appearing in regions associated with large magnetic field strenudrenlst transiently.
In contrast, most active stars have a distribution of coronal plasma wkaksgat hotter temper-
ates, generally 8—1010°K (Giidel 2004) and extending up to 4QC°K in periods of quiescence.
Electron acceleration, as diagnosed by nonthermal radio emissionyappbéa persistent (Chiud-
eri Drago & Franciosini 1993) and taking place on a global scale @wami & Chiuderi Drago
1995), in addition to transient acceleration episodes identified as flarem iEthe same basic
phenomena are at work (magnetic heating of coronal loops, etc.) it isthksse atmospheres will
have different effects on free-free and gyroresonant opackigs(TS 1, K+ ~T%2), and that
the hotter coronae favor escape of plasma radiation (White & Francic®i)1

3. Incoherent Radio Flares

The most common kind of stellar radio flare is characterized by transiergases in flux
density on timescales of tens of minutes up to days or longer, and is associdtdolw degrees
of circular polarization. The flare temporal evolution is similar at adjaceufuency bands, point-
ing to optical depth effects in modifying the emergent radiation. Such flaaede associated
with X-ray flares (see Gudel et al. 1996, Osten et al. 2004) althoughs@cation is not 100%
(see discussion in Smith et al. 2005, Osten et al. 2004). These incohadenflares are gener-
ally attributed to gyrosynchrotron emission from mildly relativistic electronsl{[2985).Due to
sensitivity constraints, most radio stellar flare observations have takea aiaGHz frequencies.
Multi-frequency observations have illuminated some of these key pointseffission outside of
the flare can attain a moderate amount of circular polarization. A simple modétioghwhere
is a constant level of flux and circular polarization (corresponding tesgence) plus a varying
amount of flux which is intrinsically unpolarized can fit the temporal variabilftgiccular polar-
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ization during some large-scale flares in which an inverse relationship &etilvex and circular
polarization is noted (Osten et al. 2004 and Figure 1, left). During the rigiiage of the flare the
spectral index increases, becoming large and positive, (Osten e0dl, 2005 and Figure 1); with
spectral index defined so th&; [1 v, this can be interpreted as optically thick conditions in the

flare rise with a decrease back to optically thin conditions as the flare psmEge
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Figure 1: (left) Multi-frequency radio flare on the active binary system H®RA@V711 Tau) which il-
lustrates the circular polarization and spectral inderdsediscussed in the text. Top panel displays flux
variation in mJy at three frequencies; middle panel disptayporal trend of observed percent circular po-
larization (plusses) with a model for the transient incesiasflux density being unpolarized; bottom panel
displays temporal trend of spectral index; the positivaradation with flux density suggests optical depth
effects occurring during the flare. Taken from Osten et a8004). (right) Spectral index and circular po-
larization variations during a large flare outburst obsérwe the dMe flare star EV Lacertae (Osten et al.
2005). At flare peak there is no measurable polarization tl@dpectral index changes in the first minutes
of the flare point to complex and fast dynamical changes irfilénimg plasma.

The largest stellar radio flares at cm wavelengths illustrate some extreperties: peak radio
luminosities exceeding 100the quiescent radio luminosities, lasting for tens of days, and with
recurrence timescales on the order of several times per year (Ri@ta@ald2003).Daily monitoring
of several active stars, which revealed the frequency of thesdésgVes occurred primarily at cm
wavelengths, and the sparse data collection allows only cursory examiohtlom flaring process
which can produce these events. Pointed observations only rarely pitiese events; VLA and
VLBA observations from a serendipitously detected superflare (Be&skastian 1998) showed
that the peak frequency exceed 20 GHz on 5 of the 7 consecutiveddaiygy which the flare
was observed. Based on expectations from solar flares, the ateéletactrons producing the
nonthermal radio emission should also produce nonthermal hard X-ragiemibut until recently
there had not been a confident claim of detection of such emission, deéspiportings of large
X-ray flares. A serendipitously detected stellar X-ray superflare fitoeennearby active binary
Il Peg with the Swift satellite (Osten et al. 2007) displayed the first evidéaragonthermal hard
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X-ray emission, with detections out to 200 keV. This allowed the electrontgetistribution to be
investigated in a stellar flare for the first time. An estimation of the flare enesgetiealed rough
agreement between nonthermal and thermal energy estimates, with eViclecmetinued heating
(and particle acceleration) in the decay phase of the flare. This was palflaoe, and it lacked
multi-wavelength coordination; future attempts to obtain X-ray and radio ageeof such events
are the stellar astronomers’ best hope for making significant advantles area of stellar flare
particle acceleration.

Key unanswered questions in incoherent stellar radio flares:
1. Can detailed spectral and temporal observations of stellar rai flares across a large fre-
guency range be used to determine the evolution of particle accelgion and investigate par-
ticle injection? Observations which are clearly in the optically thin regime are needed to de-
convolve spectral index evolution into optical depth evolution (which inwliganging magnetic
fields and particle distribution) and evolution of the particle distribution.
2. Is there evidence for particle trapping or pitch-angle dependeoe of emission from stellar
radio flares? By having detailed spectral and temporal observations, particularly inpteady
thin regime, such effects can be investigated.
3. How does the nonthermal energy release compare to the rest thfe flare energy budget?
Answering this question allows investigations into the flare process itself attigign of flare en-
ergetics, and the timing of particle acceleration and plasma heating.
4. How do these things compare to relatively well-studied solar flare@nd how do they vary
in different stellar environments? Does a flare on a diskless T Tauri star behave the same way
as that on a dMe flare star, or a coronal giant star? Observationsassed to infer the physical
conditions present in the atmospheres of flaring stars, which can be imjpfotaother reasons
(e.g. physical conditions around young stars).

In order to answer these questions, a combination of broad-bandagevand sensitivity is
needed, particularly at high frequency. In addition, in order to studtiléar “superflares”, the
ability to respond quickly to external triggers (e.g. from X-ray telescpigaseeded.

4. Coherent Radio Flares

A key point about stellar radio flares is that they come in (at least) two Baube largely
unpolarized flares described above, and then another categamibeesy high degrees of circular
polarization (reaching 100%, something not found in other astrophysizakes of radiation),
with timescales varying from milliseconds up to hours, emission structured infiteohency and
time and no clear association with X-ray flares. These properties conitesintrinsic brightness
temperatures to be in excess of thé20limit for incoherent radiation set by inverse Compton
scattering and thus must be coherent in nature. Study of other classets/efstars have revealed
evidence for similar kinds of transient coherent emission. The fredgeatwhich such emission
has been detected range from metric wavelengths (Kundu & Shevgad®88) to centimeter
wavelengths (Bingham et al. 2001). Coherent bursts appear stddtuitime and frequency.
This was noted in previous observations of flares from the classic fn®(8astian et al. 1990),
although the ability to study such events in detail had been limited by a combinati@mdividth
coverage and time resolution. Gudel et al. (1989) used three singleetisicopes to determine
that the radio bursts often observed on AD Leo were in fact extratealeand covered a large
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frequency range, but quantitative analysis of burst properties uasve. On the Sun there are
two distinct coherent emission mechanisms at work: one being associateglagtha radiation
(operating at the fundamental or harmonics of the plasma frequencyhather associated with
an electron cyclotron maser (operating at the fundamental or harmonie ele¢btron cyclotron
frequency). The quandary with radio bursts seen on flare stars lagt ineing able to prefer one
mechanism to the other, based on the available observational discriminsudly wonsisting of
lower limits to brightness temperature, and observed degrees of circldaization.

The advent of wide bandwidth radio instruments has revolutionized the afeooherent
stellar radio bursts. By combining large frequency bandwidth ratios with tigé resolution,
instrumental backends originally designed for use in studying pulsatsecharnessed to a quanti-
tative study of stellar radio burst characteristics. In a study by Ostenstida(2006), timescales,
instantaneous bandwidths, and frequency drifts of a number of busld be measured, along
with flux densities and circular polarizations. The observed propertiggedfursts, in concert with
ancillary knowledge about the stellar atmospheric properties, led the authprefer the plasma
radiation mechanism.
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Figure 2: (left) Dynamic spectrum of stellar radio burst observed with Avean the flare star AD Leo
(Osten & Bastian 2006). The burst illustrates several kagtp@bout stellar coherent flare emission: large
amounts of circular polarization (here 90%); evidence for structure in the frequency and time domai
The time resolution here of 10 ms allowed lower limits on btigess temperature of K. (right) His-
tograms of burst properties deduced from analysis of thaaym spectrum. Important burst properties that
could be constrained using such observations include fffterate of the bursts, instantaneous bandwidth
ratio, time duration, and start frequency. Based on thespepties, Osten & Bastian concluded that the
bursts were likely produced by plasma radiation, and wesestbllar equivalent of decimetric solar type I
bursts.

Further observations with even higher time resolution (Osten & Bastian 22%¢)revealed
additional behaviors. The appearance of drifting structures in thenaigrepectrum is apparently
common, but complex diffuse structures have also been seen. Thessthigteeresolution ob-
servations of stellar radio bursts indicate burst timescales of severalditating a lower limit to
the brightness temperature of'#&. This places severe constraints on the emission process in this
instance; based on the observed properties of the drifting structieedisee in comparison with
those seen in earlier observations, a cyclotron maser emission may hequtefesten & Bastian
ruled out other causes of the dynamic spectral structure, such asdheg¢thby stellar atmospheric
properties, or scattering in the stellar corona or intervening interstellar mediu
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Currently only the largest flares are amenable to such high time-resolutida,bandwidth
dynamic spectral analysis, but coherent flares are detected acaggesof radio luminosities and
from almost all classes of magnetically active st&sherent emission is a manifestation of mag-
netic activity which has hitherto been unexploited for what it can reveal edtellar atmospheric
properties.New generations of radio telescopes will probe the low frequency regiimere coher-
ent emissions are expected to be richer and more varied. Although | bagerdrated primarily on
flare stars in this brief discussion, recent work in other areas hasgheimportance of coherent
processes in producing stellar radio emission — the pulstar of Kellett et@0.7Yand the highly
circularly polarized rotationally modulated emission from some very low mass atat brown
dwarfs (Hallinan et al. 2007).

Key unanswered questions in coherent stellar flares:

1. What is the nature of coherent emission in different stellar systms? The observational
manifestation is large amounts of circular polarization which are transierniroe §mescale. As
has been noted in previous papers on this subject (Bastian et al. 19&@),is an ambiguity as
to whether such emissions could be produced by a plasma emission proeesgctotron maser
process. Based on consideration of both the stellar atmospheric prepeftin largely unknown,
and more detailed observational constraints on the coherent stellar radts, it may be possi-
ble to determine whether particular types of coherent processesqirtiddly operate in particular
stellar environments.

2. What is the relation of coherent flaring to flaring in other wavelengh regions? Coherent
emission generally involves energetic particles, and solar studies hava shoelations between
nonthermal X-ray flare signatures and electron beam-excited radio ensigdischwanden & Benz
1997). Previous studies on stellar flares have tended to find no clemiagm between coherent
flares and flare signatures at other wavelengths (Kundu et al. 1B&8rmining whether an as-
sociation exists will be enormously helpful in clarifying some of the process®lved in stellar
flares.

3. What do analyses of flare structure in the frequency and time dmains imply about con-
straints on stellar atmospheric (particularly B, ng) structuring? The ability of dynamic spectral
analyses to reveal crucial information about the densities and magnetistfiefdjths at various
points in the atmosphere in which radio emission from sub-bursts is prodiloed a probe of the
physical conditions in stellar atmospheres which cannot be done usingdeek at other wave-
length regions, where often the disk-averaged emission and dens#yesgdependence of the
thermal emission introduce biases. This can be especially important in amaassusing coher-
ent radio emission from T Tauri stars to probe the star-disk connection.

5. Implications for Wide-Field Imaging

It is curious, given the large flux densities recorded in large stellar osithom pointed radio
observations, that unbiased radio surveys apparently don't find naality stars. As an example,
the FIRST survey (Helfand et al. 1999) surveyed 5000 squaresdggiown to a 0.7 mJy limit at
20 cm and found 26 stellar radio sources, with only 16 of those being eésctibns. Some of
the limiting factors to survey sensitivity for transient emission include arearage, sensitivity,
and time on field, all of which increase the likelihood of catching transienavieh Based on
the known properties of nearby radio-active stars, we can inform sapectations for wide-field
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imaging that the next generation of radio telescopes (e.g. ATA, LOFARAMMWA) can expect
to see. | concentrate here on M dwarf flare stars and active binagnsyslue to the fact that more
is known about their behavior.

M dwarf flare stars can have large coherent bursts, up to 500 times iscgnt flux density
levels, reaching Jy-level flux densities for the nearest studied objdtiese events have been
observed at decimeter and meter wavelengths. Telescopes with submsitivise will be able
to catch similar events from dMe flare stars at distances up &b0 pc. These high intensity
events are relatively rare, however, with duty cycted4%. Incoherent bursts tend to be smaller
in amplitude. 40% of surveyed flare stars were detected at 20 and 3.6 bite(¥¥al. 1989). If
they all behave the same way this is a large reservoir of stellar transiémsmdces which, given
the enhancements, can be seen out to large galactic distances. Anfardggritude estimate of
the number of flare stars visible with telescopes of sub-mJy sensitivity caratle by computing
n4md3/3fg, wheren is the space density of flare stars (0.08 stars pér Reid et al. 2007),
d is the maximum distance to which telescopes are sensitive using the genmitzdnsuabove,
and fr the fraction of radio-emitting objects. Given the parameters above,l45sources are
expected, a potential foreground “fog” of flare stars (Kulkarni &uR#®06). If these objects are
emitting high brightness temperature bursts% of the time, as many as 4500 flare stars may be
observable. Gyrosynchrotron flares from dMe flare stars usually simaller enhancements, (the
largest being factors of tens) so these will be visible out to smaller distanatemay happen more
often relatively speaking. Currently neither the distribution of occueesfocoherent bursts at a
particular frequency, nor the distribution of incoherent flares, istcaimed, lending considerable
uncertainties to these expectations. Better constraints on the expectgtbbehaoherent bursts
from dMe flare stars, as well as good positional accuracy of transidit sources, will be needed
to make identifications with flare stars.

Based on the large amplitude incoherent flares, as well as the relativggydamplitude coher-
ent bursts observed on active binary systems, these objects are pigteisiiale at larger distances
than dMe flare stars. Coherent emission from active binary systemaragpebe common: from
several epochs observed at 1.4 GHz on HR 1099, moderately or higtijacly polarized emis-
sion was observed 33% of the time (Osten et al. 2004). Enhancements in gyrosynchrotres flar
of more than 100 times the quiescent levels at cm wavelengths and shamebd®n observed,
with recurrence times of several per year. X-ray observations ofeslsinaries reveal that they un-
dergo large X-ray flares about 1/3 of the time they are observed; simitatisgare not available
for gyrosynchrotron flares. There are 206 active binaries catatbgithin ~200 pc (Strassmeier
et al. 1993); Drake et al. (1989) detected 66/122 at 5 GHz. Using the szetric as above, for
n=4-8x10"° active binaries per pc(Favata et al. 1995){zr=0.54, Jy-level flares detected with
sub-mJy sensitivity will be detectable at distances up-1&0 pc, leading te=300—600 sources.
Similar conditions apply here as in transient dMe flare star radio emission tifydeansient radio
sources as an active binary system.

6. Conclusions

Targeted observations of nearby active stars suggest good shanctellar detections with
the next generation wide-field radio surveys. Positional accuracyeideuk with variability, the
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timescale, inferred luminosities, and parameters of the transient radio engssidrelp identify
stellar transients. Targeted observations are still the best way to makegsagunderstanding the
details of flare dynamics. Large area surveys have the best potentietal targe enhancement
and/or serendipitous stellar flares due to long effective on-source temesteveal whether the
behavior seen in targeted observations is typical of the larger soupcigpion.
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