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Abstract. We have systematically studied the X-ray emissiaim the much higher activity levels seen in active stars is still a
(both the quiescent component and the flares) of the dM@ebated question. The Sun displays, even at the maximum of its
star AD Leo, analyzing the existing observations fromHEie 11 year cycle, a rather low level of activity, when compared to
steinlPC, ROSAT PSPC and ASCA SIS instruments. Usingthe most active stars; dMe dwarfs (flare stars) on the other hand
consistent method which explicitly considers the possibility @xhibit quiescent activity levels which are up to three orders of
sustained heating we have analyzed the six flares which havagnitude higher (in terms of the surface flux) than the Sun at
sufficient statistics, deriving constraints on the physical paraminimum, and still a factor of hundred higher when compared
eters of the flaring regions. In all cases the flaring loops anéth the Sun at maximum.
likely compact L ~ 0.3 R.), and confined to a rather narrow If the solar corona is considered in an integrated fashion (as
range of sizes, incompatible with the large £ R.) tenuous one has to do for unresolved stellar sources) different areas of
loops claimed by previous analyses of flares on AD Leo atite Sun will dominate the spectrum depending on the band of
other similar stars. The flaring loops appear to have a largeterest! Orlando et al. (2000) have for example examined the
cross sectiond = r/L ~ 0.3) than customarily assumed (e.gSun in an intermediate activity state, showing that active re-
B ~ 0.1). All flares show evidence of significant heating durgions (defined as regions whose X-ray surface luminosity in the
ing the decay phase. Although the derived peak pressuresYokkoh/SXT thin aluminum filter is at least 1% of the peak sur-
high (up toP ~ 10* dyne cnt?2) with a peak temperature offace luminosity of the Sun at the given time) occupy only 2—3%
~ 50 MK, the magnetic fields required to confine such loops amdthe solar surface, with the rest of the solar surface covered with
to produce the observed flare luminosity are relatively moddstv surface-brightness structures (quiet regions). Given that the
(B ~ 1-2 kG) and fully compatible with the photospheric magactive regions have significantly higher temperatures than the
netic fields measured in several flare stars. If the narrow rangejafet regions, they dominate the spectrum at different energies:
loop sizes obtained is extrapolated to the quiescent structureswawithstanding their very low surface brightness, quiet regions
sponsible for the active corona, the latter can be naturally scatitl dominate the integrated spectrum below).5 keV, while
up from the solar case through a modest (a factor of 10) increéise few (seven in the case examined by Orlando et al.|2000) ac-
in pressure in otherwise solar-like active structures with a smalle regions dominate the spectrum at enexgy.5 keV, where
surface filling factor ¢ 5%). The quiescent component of thehe quiet regions are essentially invisible_(Peres et al. 2000).
corona shows no evidence for abundance peculiarities with Tidie active regions dominating the emission abbve 0.5 keV
spect to the photosphere, and the quiescent coronal luminobityye characteristic sizes (loop semi-lengths§ 0.2 R, (e.g.
is remarkably constant (with variations of less than a factor|bfewe 1992 and reference therein).
2) across the almost 20 yr span of the observations discussedSeveral options are in principle available for scaling the so-
here. lar corona up to the much higher X-ray luminosity seen in very
active stars. One possibility is to augment the surface filling
Key words: stars: individual: AD Leo — stars: late-type — stardactor of the active region structures, up to complete cover-
activity — stars: coronae — X-rays: stars age of the solar surface, without significantly changing their
characteristics (size and pressure). This would lead to a max-
imum possible increase in the X-ray luminosity of a factor of
approximately 100, thus naturally explaining the X-ray lumi-
1. Introduction nosity (~ 5 x 1028 erg s ') of intermediate-activity solar-type

While the solar analogy is almost universally accepted as mté\rs (as discussed in detail by Drake efal. 1999). To explain

i _ i i i 30 1 _
starting point for the modeling of stellar coronae, its scaliniéIe h|gher X-ray Iumln_osny (up to few t|ma$_) ergs ') ob :
erved in the most active solar-type stars different mechanisms

Send offprint requests 6. Favata must be at work. The coronal structures must either be signifi-
Correspondence tdfavata@astro.estec.esa.nl cantly larger than in the solar case, and/or the plasma pressure
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must increase. Large coronal structurésy R.) are implied Table 1. The main characteristics of th&nsteinlPC, ROSAT PSPC
by the results of several studies of the decay phase of stellad ASCA SIS detectors (spectral band and resolution), together with
flares. If the active regions of X-ray luminous stars are so largee main features of the AD Leo observation performed by each of them
the increase in available volume, together with a high volunf@<posure time, elapsed time, number of analyzed flaring events).
filling factor, could indeed lead to the higher X-ray luminosities

observed in the most active stars without significantly increas- Band Resolution fex, tea N.flares

ing the plasma pressure — and the observed saturation could be kev  eVatlkeV ks ks

explained in terms of a maximum coronal volume filling factofPC~~ 0.16-3.5 1000 184 145 1

At the same time, however, increasing the coronal pressige PSPC ~ 0.1-2.0 450 225 60 2

—given that the X-ray emissivity of the plasma at typical coron&fS___ 0.5-10.0 100 87.0 240 3
temperatures scales a$ — a highly effective way to increase

the X-ray luminosity. structures; based on the solar analogy, where the same active

The question of the scaling of the corona to higher X-raygions which dominate the high-temperature emission measure
luminosity is relevant to stellar evolution in general: higherre responsible for the flares, the flaring loops can then be used,
pressure structures imply larger confining magnetic fieldgua size, as proxies for the active corona as a whole.
which in turn will have an influence on the convection region In the present paper we undertake such systematic study on
(magnetic fields modify the heat-transport capacity of the cotire flare star AD Leo (a dM3e star whose characteristics are
vective envelope), and thus on the structure of the star as sufibcussed in detail in Appendix]A), an ideal target given its
High internal magnetic fields may even prevent a low-mass stagh X-ray flux and the significant number of flares observed
from becoming fully convective. The structure of the magnetifus far. The flares we analyze here have been observed by
field will also have an influence on the loss of angular momethree different instruments€E(nsteinIPC, ROSAT PSPC and
tum through magnetic braking, and thus again on the evolutig®CA SIS), with different bandpasses and energy resolution.
of the internal structure of the star, as well as, likely, on the dghe different bandpasses allow to explore events across a range
pletion pattern of light elements (Ventura et al. 1998a). Finallyf peak temperatures; if the characteristics of the flaring loops
the issue of whether the frequent and intense flares seen in s derived are similar, this is a strong indication of the corona
active stars are produced within closed coronal structures fes$ng dominated by a class of structures. We have coherently
opposed to the production of intense flares in freely expandiagalyzed all the AD Leo flares with sufficient statistics; the
plasmoids, i.e. large-scale coronal mass ejections) is relevaniigin result is that all six flares originate from similar, compact
the question of the contribution of the plentiful low-mass flargtructures. Assuming that the loops which are responsible for
stars to the chemical evolution of our Galaxy. the flares are also the main constituent of the active corona,

Lacking spatial resolution, no direct information about thee then constrain its characteristics, in particular regarding the
size of coronal structures can be obtained for stars (although tlifhg factor and the coronal pressure. The paper is structured as
is sometimes possible for eclipsing binaries, see Schmitt/1988ows: Sect 2 describes the observations and their reduction,
and Schmitt & Favata 1999). The upcoming generation of highe analysis of the individual flares is discussed in éct. 3 (with
spectral resolution X-ray mission€ljandraand XMM) will  specific details about the analysis of tEmsteinIPC flare in
offer the possibility of direct measurements of density-sensitisgppendixB), the results are discussed in Sdct. 4, while Sect. 5
spectral diagnostics at different coronal temperatures, and tligatains the conclusions.
of estimating (using the differential emission measure determi-
nation from the line fluxes) the volume of the emitting region
as a function of temperature. Even with these large-area X-|2,:ty0bS

observatories, however, only a limited number of bright sourcg® | eo has been observed on several occasions both in the X-
will yield enough photons to produce sufficiently high'N'  ray and UV (as described in AppenfiXA.1). In the present paper
spectra. For the most part, thus, information about the structiyie have analyzed tHginstein ROSAT and ASCA X-ray obser-
ing of the corona on the majority of active stars will still havgations, in all of which significant flaring events were detected.
to rely, for the foreseeable future, on indirect methods. Table[1 shows a summary comparison of the characteristics
The study of the decay phase of stellar flares is up to now thethe different detectors, observations and number of flaring
main available tool for the determination of the characteristigents studied in each. All of the observations discussed here
sizes of coronal structures, although in principle it only givegere retrieved from the HEASARC archive, and were analyzed
information about the flaring regions. While many flares hayging therrooLs 4.1 software suite (except for the PSPC flaring
been studied in these terms, most studies have been |imite§r§@(;tra which were ana|yzed using theos package)_ Spectra
the analysis of individual flaring events, whose size may wejhd light curves were extracted with tkeeLECT package and
be peculiar and not representative of the typical scales of {a@ spectral analysis was performed usingthierc 10.0 pack-
corona as a whole, and in particular of its quiescent structurgge and thetexk AL plasma emission modél(Mewe et al. 1995),
For the few stars for which a significant number of flares hagth (when necessary) an interstellar absorption components
been observed, a systematic, homogeneous study can proglewing the/Morrison & McCammon (1983) model. To allow
a more general view of the the characteristic sizes of coromgé comparison of results obtained with different instruments

ervations and data reduction
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we will quote all X-ray luminosities both in the instrument'2.3. The ASCA observation

own”band and in a common 0.5-4.5 keV band. The ASCA observation of AD Leo discussed in the present pa-

peﬂ was a performed starting on May 3 1996 01:35 UT for a
2.1. TheEinsteinIPC observation total elapsed time af 240 ks, and an on-source timesf87ks.
AD Leo was, on May 13 1980 (starting at 11:14 UT), th&CUrce photons have been extracted, for both SIS-0 and SIS-1
target of a long IPC observation (18.4 ks effective exposu (?tectors, from a circular reglor_1-3.7 arcmin in radius (36 pix-
~ 145 ks elapsed time). This observation was briefly discuss ) centered on the source position, while bgckgrounq photqns
by|Ambruster et al. (1987), who noted the presence of “a p ave begn extracted f.“’?" the yvhole CCD chip excluding a cir-
viously unreported flare”, and showed that no significant tingé;‘lar region 5.7 arcmin in radius, also centered on the source.

variability is present before the flare, while after the event si Seéilst')l bacltggrOL:)r_]d-SLébtﬁ%'tgd !|gtht culrve_ fo; the gogple;e
nificant variability is seen on time scalesf100 s. The light observation (binned a s intervals) is shown inlfig. 3.

curve of the observation is plotted in Hig. 1: the large flare near While the first pz_art of the obsgrvgtion is phgractgriz.e.d by a
the beginning of the observation, with an enhancement Ofafégl_atlvely constant light curve, with little variation, significant
tor of approximately 7 in count ré\te is evident variability is present starting at 80 ks from the beginning

Somewhat curiously, given that this is the most intense evé)rgtthe observations. Several individual flaring events can be

observed by the IPC on a flare star, it has never been aheé:_ognized, in particular one starting-at0 ks (flare 1), one

lyzed previously (nor to our knowledge reported, apart from t ﬁartmg ate 100 ks (flare 2) and one starting at 107 ks

brief mention of Ambruster et al. 1987). Schmitt et al. (1990 lare 3). After the flaring activity the light curve is characterized

in their systematic analysis of all stellar IPC spectra, note that amuch higher level of variability than before, with variations

spectrum cannot be fit with any of the models they considergﬁ?e so_zrce; gount(;e;the of a(;a(}t;)r::saﬂg 3on tltr_ne s_cales of tensbl
— i.e. one- or two-temperature models or continuous emissi s evident toward the end of tn€ observation, 1.€. comparable

measure models — most likely because of the presence of hine enhancements observed.folr the tW(.) P.SPC flares we haye
flaring emission. analyzed. Such flares have too limited statistics to allow analysis

We have extracted the spectra (both quiescent and fIariﬂriZn the ASCA data; the observation shows however that they

from a 3 arcmin radius circle centered on the source, and af& frequent.
lyzed the “quiescent” spectrum extracted in the four segments at
around 50 ks from the beginning of the observation. The back3.1. The quiescent emission in the ASCA data

ground was extracted from a ring with internal and external ra&i' , .
of 3.5 and 5 arcmin. We have, in keeping with the photosphe |be f|rst part (up to~ .80 ks elapsed _tlme) of the ASQA ot_:)—
ervation is characterized by a flat light curve, showing little

metallicity and with the ASCA results, frozen the coronal meta\?/ériabilit which allows to study in detail the quiescent coro-
licity to 0.2 Z4; no absorbing column density is necessary to Y y! q
: ) . - .7 nal emission from the star. For this purpose, we have extracted
fit the spectrum. The resuilting quiescent X-ray luminosity IsS ectra for both the SIS-0 and the SIS-1 detectors for the time
Lx = 4.4 x 10%® erg s! in the Einstein0.16-3.5 keV band P :

(and3.2 x 102 erg s-! in the 0.5-4.5 keV band) with Coronalmterval 0-82 ks from the beginning of the observation, and fit it
températures of 0.3 and 8.5 M.K ' with a two-temperaturelEKAL spectrum. Given the distance to

AD Leo, the interstellar column density is expected to be small
(< 10 cm~2), with no influence on the SIS spectra. Spectra
2.2. The PSPC observation have been rebinned in energy to variable-size bins containing

AD Leo was observed by the ROSAT PSPC in pointed mo&gCh at least 20 cts, and Gehrels statistics have been used in

on May 8 1991, for a total effective exposure of 22.5 ks anda’ o¢ to compptg the reducegf. The SIS-0 and SIS-1 spec-
tra have been fit simultaneously to the same source model.

time span of~ 60 ks. The light-curve (binned in 120 s inter- : S L

vals) is shown in Fid.]2: variability is evident on several timﬁq Asimple two-temperaiure fit with abundance _rat|os flxed o
scales, although a quiescent levekof3 PSPC cts s! can be the solar value con_verges fioe/H] = —0.77, but fails to yield
identified near the middle of the observation. At least two indf S2tisfactory fit, with¢” = 1.51 over 158_(1egrees of freedom,
vidual flaring events can be recognized, one starting 28 ks correspondlngtoaprobapﬂnylevelaflO .Inspection ofthe
from the beginning of the observation and another, longer ev Rpctrum (left panel of Figl4) Sh(.)WS 'the. presence of a strong
starting at~ 73 ks, with both rise and decay visible for the'm® Qomplex atk’ ~ 1.8 keV, which is significantly under-
second flare. The average spectrum during the complete ob E‘?—d'Cted by the_ quel, plus some excess a_rdund 0.6 kev. .
vation has been analyzed both by Giampapa et al. (1996) hen that the line is at_the energy of the Si K complex, while
Sciortino et al. (1999), as discussed in Apperdix]A.1 For tlji € low-energy excess is close i@t K complex energy, we
purpose of the flare analysis, source photons have been extrade'A SCA al50 observed AD Leo in 1993. in a 2-CCD mode. inwhich
from a circular region 3 arcmin in diameter, and the quiescc—:‘tﬂte ’ ;

- ource fell very close to the gap between the two chips, making the
spectrum has been .Obtam?q frpm the segment between BOSaer tral analysis difficult. The quiescent level during was very similar
65 ks, where no flaring activity is evident.

to the 1996 observation, and a small flare is present near the end. We
will not further consider the 1993 observation.
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Fig. 1. The light-curve of AD Leo in thé&in-
steinlPC observation, background-subtracted
(background count rate 0.087 cts s™*) and
binned in 150 s intervals.

Fig. 2. The light-curve of AD Leo inthe PSPC
observation, background-subtracted (back-
ground count rate~ 0.061 cts s') and
binned in 120 s intervals.

Fig. 3. The light-curve of AD Leo for the

Pt

ASCA observation, as seen by the SIS-1
detector, background-subtracted (background
count rate~ 0.025 cts s 1) and binned in
150 s intervals.
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have fit the data with a two-temperaturek AL model, with Si 3. Flare analysis

and O abundances decoupled from the other abundances. Jhr?ous approaches have been developed for the analysis of stel-
resulting model (shown in the right panel of £ijj. 4) does inde g pp P y

produce an acceptable fit (reducgt= 0.96, corresponding to ?ar ﬂares, in ggneral based on some physical model of the flaring
a probability level o~ 60%). The Si line is now well fit, and region and a fit of the observed decay behavior to the model, to
- : : derive the “best-fit” physical parameters. Most of these models

the low-energy excess is reduced. The coronal Fe abundance ) . -
is [Fe/H] — —0.68, while the both O and Si are 2.5 times assume that the flare decay is dominated by the characteristics

over-abundant with respect to the solar abundance ratios. E%Zeeéz\mnﬁar:gIc::ﬁxthtﬁggg%::);?hséuSltjigﬁgtgt??r“ﬂ?e%hde%nng
fit is not sensitive to changes in the abundance ratios of t yp ' 9 q

€
othera elements which might contribute to the X-ray spectrum;_ — - _ o
i.e. Mg, S and Ca. The best-fit model parameters with relevant I Principle the quasi-static formalism, as originally developed,
confidence ranges are shown in TdBle 2. The quiescent X-Mg‘ld alloyv to |nclude_ sustained heathg. I—_|owever, also due to the
luminosity isLx — 5 x 1028 erg s° in both the instruments mathematical complexity of the formulation, it has generally been ap-

own 0.5-10 keV band and in the 0.5-4.5 keV band. plied assuming free decay of the loop.
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Table 2. The spectral parameters derived for the quiescent emission of AD Leo from the analysis of the SIS-0 and SIS-1 spectra accumulated
during the first part of the ASCA observation (i.e. up to 82 ks elapsed time) using a two-temperature spectral model. The first row

shows the results of a fit with abundance ratios fixed to the solar values, while the second row shows the best-fit model with O and Si abundance
decoupled from the rest. The quiescent X-ray luminosity corresponding to the spectral parameters shew®738 erg s* (both in the

0.5-10 keV and in the 0.5-4.5 keV bands). Quoted uncertainties corresping te- 2.7.

T Ty EM, EM, [Fe/H] [O/H] [Si/H] x? DoF
keV 10%° em™3
0.37+0.03 0.87+003 28+1 30+1 —0.77+0.03 = [Fe/H] = [Fe/H] 1.51 158

0.484+0.08 085+£0.05 16+3 23+6 —-0.68+£0.08 —0.27+0.07 —-0.284+0.08 0.96 156
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Fig. 4. Quiescent SIS spectra of AD Leo (only the SIS-0 spectrum is shown for clarity). The left panel shows the observed spectrum together
with a best-fit two-temperatunaekaL model with all the abundances varying in lockstep (bedifiyH] = —0.77), while the right panel

shows a two-temperatureexAL model with the O and Si abundance decoupled from the other abundancegFayith = —0.68 and

[O/Fe] ~ [Si/Fe] ~ 0.4.

applied by van den Oord & Mewe (1989) for a flare on Algobirical relationships between the light curve decay time (in units
and the method of Fisher & Hawley (1990), applied for exanof y;,, the loop thermodynamic decay time, Serio et al. 1991)
ple to the analysis of a flare seen by EUVE on AD Leo itseind the slop& of the flare decay in thibg n—log T diagram
(Cully et al. 1997). This type of approach has been employed(irsing the square root of the emission measure of the flaring
the literature for the analysis of several flaring events, as hadasma as a proxy to the density).
simpler scaling arguments again based on the assumption ofApplication of this approach to the Sun has shown that sus-
freely decaying loops; in general, these analyses, when appligided heating during the flare decay is common in solar events
to intense, long-lasting events naturally resultin lohgX R.) (Reale etal. 1997); when stellar events are analyzed within this
tenuous loops. framework, the resulting loop sizes are invariably significantly
Reale et al. (1997) have developed an approach to the asahaller . < R,, i.e. “solar-like”) than when the same events
ysis of the decay phase of flares based on detailed hydrodye analyzed as “freely decaying”. We have previously applied
namic modeling of decaying flaring loops with explicit althe sustained heating framework to the analysis of flaring events
lowance for sustained heating (parameterized as an expormmPSPC flares observed on the dMe stars CN Leo and AD Leo
tial function of time) during the decay phase. The method usiself (Reale & Micela 1998), on a large flare observed by SAX
as a diagnostic for presence of heating during the decay phaséhe active binary system Algél (Favata & Schmitt 7999) and
the slope of the locus of the decay in then—logT plane on an exceptional flare observed on the dMe dwarf EV Lac
(Sylwester et al. 1993). An extensive set of hydrodynamic moody ASCA (Favata et al. 2000), with the aim of determining
els of decaying flaring loops has made it possible to derive ethe characteristic sizes of coronal structures on different types
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1 Fig.5. The light curve of the second flare

N i " (“flare 2") observed by the ASCA SIS

1 + 1 ++ on AD Leo, background-subtracted (back-
++ ground count rate~ 0.025 cts s') and

+ + binned in 150 s intervals. Also shown is the

it + extent of the time intervals from which the

£t

I
T spectra which have been used for the deter-
9.6x10*  9.8x10* 108 1.02x10° 1.04x10° 1.06x10°  mjination of the flare's spectral parameters

Seconds since May 3, 1996 01:35:29 UT have been extracted.

—_

Source count rate (cts s7!)

of active stars. In all cases, these turned out to be comptrmodynamic decas-folding time 7, is linked to the slope
(L £ 0.5 R.), with evidence for significant sustained heating; in thelog v EM-log T diagram by
so that the much longer loops ¢ R..) implied by the analyses
c o L@ ) = —¢/Ca 3)
based on the free decay approach appear to be unrealistic. — () = cae t4a
th
We use thé Reale et al. (1997) approach to analyze all the
flares discussed here. The empirical relationship betgeen Where the constants are, for the ASCA SIS deteeior: 61,
L0/ needs to be derived separately for each X-ray detectr, = 0-035 an(.jqa = 0.59. The formula for the loop semi-length
as it will depend on the spectral response. The loop length i& & therefore:
function of the maximum observed temperature during the flaie_ LV Tmax 04<(<17 (@)
Tmax and of the intrinsic thermodynamic decay time; deter- T aF(Q) : =
mined from the observed decay timg and from(, as shown h q  the relationshio ai h ¢
in detail for the ASCA SIS detector in Sect.13.1. For instrumen\f@lere t ”e se(;on p.’;(ljr.t ort ire at'(;)nl_s P gr:ves the ra}ng[e 0
with limited spectral resolution (such as the ROSAT PSPC aifd ues% 0\(1\/? accr?r Ing to the mo ferl]ng- The uncer:tamgjy on |
theEinsteinlPC)Reale & Micela (1998) have developed an arg_omes oth from the propagation of the errors on the observe

proach based on a principal component decomposition of m%ram_eter_sm andg_a_nd from the uncertainty intrinsic to the
spectrum, which allows optimal use of low-resolution data. modeling, i.e. the ability of Eq[{4) to reproduce the true length
ofthe modeled loops. From the self-consistency checks the latter

) error amounts ta~ 18%.
3.1. Analysis of the ASCA flares We have applied the above approach to the three flares vis-

To analyze the flares seen with the ASCA-SIS detector we hdpi¢ in the ASCA light curve of AD Leo; for each of them
first recalibrated the method of Reale et al. (1997) for use withe light-curve has been subdivided in time intervals containing
the ASCA SIS detectors, and in particular the empirical relatiof. 1000 €ts per SIS spectrum, as shown in [Eig. 5 for the second

ship between the observed and intrinsic decay time as a funcfffgnt: The SIS-0 and SIS-1 spectra from each of these events
of the slopec in thelog n—log T diagram. have been simultaneously fit with a one-temperaturpxAL

The intrinsic decay timey, of a closed coronal loop with model with freely varying parameters, plus a two-temperature
semi-lengthZ, and maximum temperaturg, ., is given by MEKAL model with parameters fixed at the best-fit values for
’ ax

Serio et al. (1991) as: Fhe quiescent emission. An example of the resulting fit is shown
in Fig.[8, for the spectrum at the peak of the SIS flare 2. The
- oL ) abundance for the flaring component was fixed at the same value
vV Tmax as for the quiescent component (including the same level of

- 4 11pel)2 ) element enhancement), and best-fit temperatures and emission-
wherea: = 3.7 107" cm™'s™ K /. By means of a grid of ,o4q,res have been derived. The limited statistics of the indi-
hydrostatic loop models (see Reale & Micela 1998) we haygy, ) flaring spectra do not allow for the metal abundance of
found an empirical relationship which links the 100p maXige faring components to be separately determined. If it is left
mum temperaturé,., typically found at the l0op apex (€.9.55 5 free parameter the resulting confidence range is too wide

R‘?S”er etal. 1978) to the maximum temperatiiyg, deter- , yield useful information, and is in each case compatible with
mined from the SIS spectrum: the quiescent abundance

Timax = 0.077 x T;L0 2

o

The ratio between,c, the observed-folding time of the 3.1.1. ASCAflare 1

flare’s light curve (determined by fitting the light curve fronfor the first of the three ASCA flares too few source photons
the peak of the flare down to the 10% of peak level) and tlage available to allow a complete analysis. With a peak count
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Table 3. The spectral parametefsand EM derived for the individual phases of the second flare in the AD Leo ASCA observation from the
analysis of the SIS spectra. The spectra have been analyzed with a single-temperature model (plus a frozen-parameter two-temperature model
to account for the quiescent emission). The bounds of the confidence intervAlgat 2.7) are also reported for each parameter. The time

intervali to which each set of parameters applies is shown ir{Fig. 5.

7 T T,go% T+90% EM EM,go% EM+90% X2 DoF Prob.

keV 10°% cm™3
11212 1.48 3.44, 84.8 68.3 100.6| 0.95 25 0.53
2| 1.27 1.19 1.36| 509.9 484.4 535.4 1.24 71 0.08
3| 1.33 1.24 1.43| 501.5 476.8 526.1 1.32 78 0.03
41 1.31 1.21 1.43| 471.6 4449 498.7 1.15 61 0.20
5| 1.10 1.03 1.18| 361.1 339.6 382.8 1.23 59 0.11
6 | 1.09 1.02 1.17| 276.1 260.3 292.0 1.07 65 0.33
7 | 1.00 0.91 1.09| 139.0 128.5 149.4 1.28 55 0.08
8 | 0.78 0.71 0.85| 70.89 64.3 77.5 0.83 61 0.83
10 E |
_ 1 i S 1 .
L F 1 4 F .
CRE: S O S ]
} i ] L J
% L \ ‘ \ ‘ ‘ \ 8 L]
42 0.1 = E 9.8x104 108 1.02x10° 1.04x10°
g F 1 Seconds since May 3, 1996 01:35:29 UT
3 [ ]
i | T I .
0.01 - ) |
s 4
S =
5 2F
2 C
5 0 _|
=] C i
S 2p 8- 8 f
« F \ ‘ ! \
< 8x10% 1026 2x 1026
Channel energy (keV) VEM (em-2)

Fig. 6. The SIS-0 spectrum of AD Leo at the peak of flare 2 (tim&ig. 7. The top-panel shows the temporal evolution of the light-curve of
interval 2 in Fig[®), plotted together with the bestfitk AL isothermal  the second flare seen in the SIS light-curve (flare 2), binned in intervals
model fit to the flaring emission. containing~ 1000 SIS counts, together with the best-fit exponential
decay to the light-curve (yielding anfolding time of1180 4 130 s).

The bottom panel shows tlié versusy EM plot for the same time

< 1 i ~ iti . . . .
rate of s 2 cts s and a decay time scalgc ~ 570 s, it is intervals. The flare decay slope in this plan€ is- 0.48 + 0.06.

not possible to follow the decay of the event in the v E M-
log T' plane. The peak temperature for the eventi20 MK.
An upper limit to the loop size can be obtained through [Hqg. (#)e flare has been subdivided for the spectroscopic analysis are
by assuming that the influence of sustained heating is negligiblgown.

(i.e. F(¢) ~ 1). Under this assumptiod, < 10'° cm. The peak The evolution of the flare in thing v EM-og T plane is
X-ray luminosity for the event i8 x 102® erg s*. shown in the lower panel of Fifgl 7, together with a least-square
fit to the decay phase. The resulting best-fit slope4s0.48 +

0.06. The top panel of Fi@ll7 shows the light curve binned in
the same intervals as used for the spectral analysis, together
The second flaring event, the better defined of the three, lath the best-fitting exponential decay (with a#folding time
sufficient source counts to allow a detailed analysis and to cafpe = 1180 + 130 S).

strain rather narrowly the characteristics of the flaring region. Application of Eq.[(8) yields a ratio between the observed
Its light-curve is shown in Fil]5, where the intervals in whichooling time scaler,c and the thermodynamic cooling time

3.1.2. ASCA flare 2
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scale for the flaring loop;, of F({) = 5.4, indicative of defined ofthe events analyzed here (the ASCA flare 2). The loop
the presence of strong sustained heating, and showing thatlémgth derived by Reale & Micela (1998) s~ 4 x 10° cm,
observed decay is driven by the time-evolution of the heatith ~ 60% uncertainty. The peak temperatureds35 MK.

ing process and not by the spontaneous decay of the loop. AsFor the purpose of the analysis the light-curve of the second
e = 1.18 £ 0.13 ks, 7y, =~ 220 s. The intrinsic flare peak flare (which we analyze in the present paper) has been subdi-
temperature is, applying E@l (2) to the observed maximum temided in 5 intervals, of duration 1, 1, 1, 1.2 and 1.7 ks. The event
perature T, ~ 48 MK. From Eq.[4) the loop semi-lengthis a long-lasting one, with,c ~ 8.6 ks (i.e. the longest among

is thenL = (4.1 £1.0) x 10° cm, i.e.L ~ 0.15 R,. This the events analyzed here); the slope of the flare decay is in this
loop length is much smaller than the pressure scale t&igbaseépc = 1.8, outside the domain of validity of the method
H~3x10" ~ 11 R,. (sed Reale & Micela 1998), and implieg > 7, i.e. the de-

The peak X-ray luminosity of the flare iz 2.5 x cayis totally dominated by the heating profile, while the effects
10%% erg s~ ! in either the 0.5-10 keV or the 0.5-4.5 keV bandf the loop decay are negligible. The intrinsic characteristics
and the total energy radiated in X-rays by the flare (obtained bi/the flaring loop are thus “hidden” by the time evolution of
simply integrating the X-ray luminosity in each of the intervalthe heating, and cannot be effectively constrained by studying
in which the flare has been subdivided}s3.2 x 103! erg. Us- the decay light-curve. It is however still possible to derive an
ing the same simple argument discussed by Favata et al. (20@&)er limit to the loop’s size: the uncertainty gpc is large
we can estimate the magnitude of the magnetic field necessahye to the irregular decay of the event, with visible evidence
to confine the loop and to produce the energy (presumably foy reheating events, during which the count rate rises again
magnetic recombination) radiated in the flare. The magnetiaring the decay phase), and its upper bound enters among the
field required to confine the flaring plasma (which has a maxHowed range of values fajpc, allowing to derive an upper
mum pressure of 2 x 10* dyne cnt2) is B ~ 0.6 kG, while limit, L < 17 x 10° cm, still well below the pressure scale
the minimum magnetic field required to explain the flare endreight.
getics isB ~ 1.4 kG. Such fields are relatively modest, and
fully compatible with the values of few kG with large filling 3.3. TheEinsteinIlPC flare
factors measured e.g. py Johns-Krull & Valenti (1996) in a few

active M dwarfs with characteristics similar to AD Leo. We have analyzed this long-lasting event with the same ap-
proach as the one described by Reale & Micela (1998) for flares

observed with the PSPC detector, but tuned for the IPC detector
3.1.3. ASCAflare 3 (the details are described in Appenfik B). The light-curve of

The decay of the third flare is more irregular than for flare 2, atlge flare (i.e. the second and third observation segments visible
with a lower statistics (given that the peak count rate is a factfrFig.l) has been divided, for the purpose of the analysis, in
of ~ 2 lower), resulting in a much larger range for the sldpe 4 intervals. Segment 2 has been subdivided in three intervals
versusy’EM plot, and thus in a much larger confidence regio@f 600, 800 and 1060 s each), while segment 3 was considered
for the estimate of the loop length. The nominal observed dec@¥ @ Single interval of 1550 s duration. The length of these in-
time is 7.c ~ 3500 s, and the peak temperature is 38 Mmktervals was chosen so to have approximately the same number
Also in this case there is evidence for strong sustained heatffg?hotons £ 4000) in each spectrum. The quiescent spectrum
(with ¢ ~ 0.4, at the limit of validity of the method, implying extracted from the 2700 s pre-flare segment, properly scaled,
L./ ~ 8), and the resulting loop size is compatible with thBas been subtracted from the spectra extracted from the four
one derived for flare 2, at 7 x 10° cm, with al & uncertainty flaring time intervals to derive the net flare spectra.

of a factor of~ 2. The intrinsic decay time is, at, ~ 400 s, The IPC event has an observed decay tifye = 5400 &
similar to the one of flare 2. The compatible loop size, togeth@f0 S; our analysis again shows that significant heating is present
with the temporal proximity of the two events is in principléluring the decay phase, withi(¢) = 3.8, so that the thermo-
consistent with the two (or even three) flares coming from tifynamic loop decay time i, ~ 1400 s. The peak tempera-
same loop, repeatedly heated. However, “sympathetic flarin§re is relatively low {;,.x = 12 MK), and the loop length is

as observed in the Sun is also a possibility. L= (1.3£0.4) x 10" cm (0r0.5 + 0.15 R.).

4. Discussion
3.2. The PSPC flares

Under the assumption of validity of the method used to de-
The first PSPC flare (as reported/by Reale & Micela 1998) hage parameters of the flaring loops (and discussed in detail in
a short decay timec = 680 s, with evidence for moderateReale et al. 1997), our comparative analysis of flares on AD Leo
sustained heating{(¢) ~ 2.5), so that the loop intrinsic decay (whose results are summarized in TaHle 4), with six events ob-
time is7y, ~ 300 s, very similar to the decay time of the bettegeryed by three different instruments, allows — together with the

study of the quiescent emission as seen by the ASCA SIS — for

3 defined asif = 2kT'/pug ~ 6000 x Tmax/(g/9s), where T is the first time to study the characteristics of the AD Leo corona

the plasma temperature in the logpis the molecular weight of the (and by extension of the coronae of flare stars) in a systematic
plasma ang is the surface gravity of the star. way.
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Table 4. Characteristics of the various flaring events studied on AD Leo. The stellar radiis4s 26 x 10° cm. For each flare we list the
observed light-curve decay time, the valugt) resulting from Eq[(B), the corresponding intrinsic loop thermodynamic decay time, the loop
semi-length inferred from Ed.{4), the peak temperature, the peak emission measure and X-ray luminosity (in the 0.5-4.5 keV band) and the
total energy released in X-rays during the decay of the event, the pressure resulting from the application of the Rosner et al. (1978) scaling laws
for the loop length and temperature derived from the flare analysis, and the loop volume, density and pressure derived frorf iifeapelak

T and assuming a loop aspect rafic= 0.1 (typical of solar loops). The subscript within parentheses indicates the power of 10 by which the
given quantity has been scaled.

pg=0.1

Flare e F(¢) Tth Ly Tmax FEMpmoy Lxes) FExan Prrv (2 Vian n(11) Pa)

s s cm MK cm?®  ergs? erg dyncm? cm®  cm®  dyncm 2
SIS-1 570 >1 <570 < 10.0 20 140 9 13 >3 < 60 >5 13
SIS-2 1180 54 220 4.1+£1.0 48 510 25 82 100 4.3 34 200
SIS-3 3500 8.0 400 7.0£3.5 38 250 7 16 29 22 11 56
PSPC-1 680 25 300 4.0+24 35 200 18 12 40 4 20 200
PSPC-2 8040 >1 - < 17.0 12 80 19 25 >04 <300 >1.5 >5
IPC 5400 3.8 1400 13.0£4.0 12 100 32 250 0.5 140 3 10
4.1. Physical parameters of the flaring loops one which gives the tightest constraint to the derived physical

. . . parameters). Although these are distinct events, and thus could
All the flares we have studied point toward the structures in tﬁ'\eprinciple resultfrom quite different types of flaring structures,

flaring component of the corona Of.A.D L_eo being cqnflned tfi)is worth nothing that for all the X-ray flares analyzed in the
a rather narrow range of characteristic sizes, small in compar-

ison with the stellar radiusi{ < 0.5 R.). A summary of the present paper there is evidence for substantial heating during

- . ) the decay phase (withy,c /7, ranging from~ 2.5 to ~ 8);
e e e e AOH fese flrng everts nad b anapzed assuming o
) PS, g 71, the resulting loop lengths would have been over-estimated
y factors 2.5-8; on the assumption that the EUVE flare is of

or more stellar radii is found in any of the observations studi
The peak flare temperatures range betwgery 10 MK and a similar class as the ones observed in X-ray it is likely that

T ~ 50 MK, and the peak X-ray luminosity is comprised in aequatingr to il lead t estimate of the |
29 2 : +h 10 7,c Will lead to an over-estimate of the loop
narrow ranged: 1-3x 10° erg s~ ). The total radiated energyIength by similar factors as in the X-ray case. The lahex(

e 1 32 i —

:f - dteii?ﬁglareg;:nmz(;?(ljaerc?aer:ﬁr?gse t:_‘ﬁg ﬂ::sseue:lélsu;!g?% %Ioop sizesderived hjy Cully et al. (1997) forthe EUVE flares

tvz’ rder fmg it (gj from 1%(“ ~ 10 OO% dvne o2 \%uld in this case be reduced to the same characteristic size
0 orders of magnitude, fro 0= ynecem-. - ; ~0.3x R,) derived for the X-ray flares, thus again pointing

The only previously published analysis of flares on AD Le ' ST
. : ) e 0 a narrowly confined characteristic size for the structures of
is the one of Cully et al. (199F), who studied a significant (a: .
e flaring component of the AD Leo corona.

though smaller than the event discussed here) EUVE flare, wit
simultaneous ground-based optical coverage. Their analysis is

however based on the assumption that during the decay phase the

heating rate is_ negligible in compar_ison with t_he natural goolirkg_z_ The aspect ratio of the flaring loops

rate of the flaring loop, so that the light curve is fully dominated

by the spontaneous cooling of the loop (e ~ 7n, an ap- Under the assumption that the flaring loops are similar to so-
proximation which Hawley et al. 1995 call the “strong conderiar loops (i.e. that their physical parameters are regulated by
sation limit”) and consequently long rise and decay times requife same scaling laws of Rosner et al. 1978) we can derive an
large loop lengths (Hawley et al. 1995). The EUVE spectruggtimate for the ratio for the loop’s cross-section radius and
alone (given the very low§/N of the continuum) does not al-its length (which in the solar case is typically ~ 0.1, al-
low to derive the coronal abundance, and thus Cully et al. (19dfpugh with a wide range of observed values). This can be done
derive the flare parameters under the assumptiafi ef Z., by comparing the pressure derived through the scaling laws
andZ = 0.1 x Z coronal metallicity. The loop length theywith the pressure derived from the flare’s emission measure. In
derive (for the first of the two flares they have observed) 18 former case the pressure is obtained by application of the
L = 4.7-1.5 x 10'° cm (the first value is foZZ = Z,, the sec- [Rosner et al. (1978) scaling law

ondforZ = 0.1 x Zg, as in the following), the density = 4— 7, . — 1.4 x 103(PrrvL)'/? (5)

40 x 10° cm~3, the pressuré = 10-100 dyne cnt 2, with an _ _ 4
equipartition magnetic field# = 16-50 G. The peak tempera- (which can also be written @&y = 6.16 x 10™"v/nrrv L)
where Prrv is the pressure at the base of the loop, and where

ture is (independent of the assumed abundahce)13 MK. Hare K d emissi o
The resulting loop lengths are thus significantly larger (4 fEe are's peak temperature and emission measure are used. In

11 times) than the lengths derived from the ASCA flare 2 (tr'i e latter case a simple estimate of the density of the flaring
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plasma can be obtained by dividing the peak emission measierggth is determined) between 5 and~ 50 erg cm =3 s~ 1,
by the volume of the flaring loop, where the volume is obtainethd both the peak total heating and the total energy released

by assuming a given value for, so that during the flare are a few times=(3) larger than the peak X-
ray luminosity and total radiated energy, showing that radiative

I [ EM ©6) losses are not the dominant term in the flare energetics (simi-

-\ 2nL3p2 larly to what determined for the large ASCA flare on EV Lac,

Favata et al. 2000).

and

EM 4.4. The quiescent active corona of AD Leo
P=nkT = kT x| 5—525 @
2r L In the Sun the same general class of structures which constitute

Under the assumption that the flaring loop at flare maximuvﬂe active pa_rt of the corona produce the flares. On the assump-
n that this is also true in the stellar case, we can use the range

is not far from a steady-state condition (i.e. that it is aImoQEd ved ies for the flaring | FAD L inf
filled up with flaring plasma), the two estimates for the pressu? erived properties for the flaring loops o eo to Infer

should yield similar results. In Taklé 4 we report the resulting® characteristics of the quiescent active corona, and in par-

estimates for each individual flare discussed here, with the pr gl_JIar t? unders'ta'nd the sgaling from the ;olar picture toyvard
lé(l:h higher activity levels, i.e. whether this happens (mainly)

sure and density estimates obtained under the assumption i . - . S
ough anincrease in the filling factor, in the characteristic size

the loops are similar to the ones observed in the solar-coro e | h hani inth
where typically3 ~ 0.1. As it can be seen the assumption off the coronal structures or through an increase in the pressure

solar-like aspectratio loops yields pressures which are syste aﬁlt-he pla_lsma f|II|ng th_e. loops. The S|mple p|ctur¢ of a straight-
ward increase in filling factor, until the star is completely

ically larger (and thus volumes that are systematically small ) . . .
than the pressures derived from the scaling laws. The fact§ ered with solar-like active regions, can rather naturally ex-

range from~ 2 (for the ASCA-2 flare) up ta~ 20 (for the plain (as discussed in detail by Drake et al. 1999) the luminos-

IPC flare). The two can be reconciled under the assumptih©f intermediate activity” stars: using Yohkoh solar images
of higher 3 values, implying loops which are “fatter”, with aDrake et al. (1999) show that the X-ray luminosity of the solar
resultingg ~ 0.3 ’ ' active regions is- 6 x 1026 erg s—1, with a filling factor f ~ 1—

- ; P . 2%. Thus, by covering a solar-type star with active regions a
The largers, if generally applicable, implies lower densi-~""" "™~ .
gers, if g Y app b Iyppinosity of~ 36 x 1028 erg s—* can be achieved. However,

ties, so that even at the peak of the largest observed flares h sch il ing in its simolicity. is i
plasma likely remains optically thin, justifying the analysis ofuch scheme, while appealing in its simplicity, Is in contrast

the spectra without any allowance for self-absorption. In tl;{gth some of the available spectroscopic indicators of coronal

case of the large EV Lac flare discussed by Favata et al. (20 Hjﬁgg% F\)/ggtgra etal. (#995':b) forl example havehanglyzid
the largerg would for example imply that the average pea ) spegtrao act!ve solar-type ;tars,s qwmgt at
density isn < 1012 cm-2, they are compatible with an active corona being constituted by

compact, high-pressure loops with filling factors of few percent
_ (although low-pressure, larger filling factor loops are also a pos-
4.3. Energetics sible solution). Direct pressure measurements of coronal pres-

A simple estimate of the heating released during the flare deSij© have been performed on a few stars with EUVE: while low-
can be obtained as follows: if one assumes uniform heatiigd Intermediate-activity solar-type stars show solar-like den-

i ~ 9 10 —3 H LA
along the loop the scaling laws|of Rosner et al. (1978) yield sities (€.ge Eri, n = 10° to flo cm -, Schmitt ef al. 1990a;
Procyon,n ~ 3 x 10° cm~3, [Schmitt et al. 1996b), support-

dH

el ®) ing|Drake et al. (1999)’s view of an increased filling factor be-
dVdt ing responsible for higher densities, more active stars (active
and the total heating rate at the flare maximum is therefore Pinaries) show evidence for much increased coronal density
(n 2 1013 cm™3 e.g. in 44 Bool Brickhouse & Dupree 1998),
dﬂ ~ ﬂ % © well above the value required to explain the enhanced X-ray lu-
dt — dVdt minosity through ary ~ 1 corona, and again implying a small
Given that all the events analyzed here display significahi" the more active stars. .

heating during the decay, the heating time scale can be approxi-For @ dMe star such as AD Leo, with a smaller surface area
mated asy; ~ F(C) x 7n ~ 71, and an approximate estimatdby a factor of 7 with respect to the Sun) the maximum quies-

of the total energy released during the flare decay is cent X-ray luminosity, if covered with solar-type active regions
is ~ (4-8) x 10%" erg s~ 1, i.e. still an order of magnitude be-

E~ dH X TLC. (10) low the observed values. Thus, another mechanism needs to be
dt postulated to explain the higher X-ray luminosity. Given the
If the above analysis is applied to the flares we have stugmpact sizes derived here for the flaring regions (compara-
ied (determining the volume on the assumptiordof 3) the ble in relative terms to the solar ones), there is no evidence for
peak volumetric heating rates range (for the flares for which tiggge loops with significant emissivity and thus for a corona ex-

~ 10° PR, L™%/°
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tending to large distances from the star and occupying a lagsuming that quiescent loops have the same size as flaring
volume. Given the low filling factor we derive for the quiesenes & ~ 0.3) one can derivef ~ 6% (independent of).
cent component (see below) the additional X-ray emissivigimple application of the scaling law (Ef] (5)) also yields es-
is therefore likely to come from an increase in plasma preimates for the densityn( ~ 5 x 10'° cm~3) and pressure
sure within the same types of (relatively small) coronal stru¢P ~ 70 dyne cnt?2) of the “quiescent” loops. Our results
tures as in solar active regions. This is also compatible with ttieerefore point to a corona in which the “hot” component is
high photospheric magnetic fields (few kG) measured in dMemposed of loops with comparable relative sizes as the solar
starsl(Johns-Krull & Valenti 1996), which can easily confine thective region loops (i.eL ~ 0.3 R.), but with significantly
higher pressure loops required by this picture of the corona.higher pressure (by approximately an order of magnitude, typi-
Giampapa et al. (1996) have studied the ROSAT spectra aadsolar active region loop pressures beihg~ 5 dyne cnr ?2).
light curves of several M dwarfs (including AD Leo) with theThe required filling factor is small, i.e. only a small fraction of
help of semiempirical loop models. They infer that two distin¢he stellar surface needs to be covered by such loops to explain
thermal components are present in the coronae of M dwarfg¢ha observed emissivity.
quiescent cooler one showing negligible time variability, and a
hotter flaring one responsible for the observed variability. T 5
cooler component has a characteristic temperature (in the PSPC
spectra) of~ 3 MK, while the hotter one hag ~ 10 MK. The The initial results from the ASCA observations of coronal
cool component can be modeled in terms of smalk R,), sources, e.g. that the metal abundance of the coronal plasma
high-pressurel 2 P.) loops, while for the hotter componentis apparently “non-solar” has prompted a lively debate about
two classes of solutions are possible, i.e. it can be compogke possible presence of fractionation mechanisms which would
either of large [ = R.), high-pressure® = P.) loops or of deplete the plasma along its way from the photosphere and chro-
small (. $ R,) loops with a very high pressuré(>> P,) mosphere toward the corona. Mechanisms of this type are ap-
and a very small filling factor { < 0.1). Again, the former parently at work in the Sun, were coronal abundance ratios are
possibility (a flaring component of the corona composed of largdferent from photospheric ones, with elements selectively en-
loops) is not supported by our analysis; this is also in agreeméanced on the basis of their first ionization potential (FIP). The
with the results of Sciorfino et al. (1999), who have modelemblar corona however appears to be in general terms to be metal-
the time-averaged SAX LECS and MECS spectrum of AD Leanriched, rather than metal-depleted. While there is strong evi-
using static loop models; they show that the observed spectrdemce, for example, that the coronal metal abundance changes
is compatible with being emitted from compact loods £ significantly during large flares (e.g. on Algol, Stern et al. 1992;
0.1 R,) with a small filling factor { < 1073). Ottmann & Schmitt 1996; Favata & Schmitt 1999), detailed as-
In the present case the filling factor for the hotter compsessments of the relative coronal versus photospheric abun-
nent can be estimated under the assumption that the coron@daisces in stellar coronae have been hindered by the lack of
largerly composed by loops which satisfy the scaling laws détailed photospheric abundance analyses in most active stars
Rosner et al. (1978) —i.e. Ef] (5) — starting from the measur@ven on Algol it's unclear if the quiescent coronal abundance
guantitiesT’, EM and L. Assuming that the loop size (paramis higher or lower than the photospheric value). The situation
eterized ad. = a x R., wherea ~ 0.3) is now known, the is further complicated by the often contradictory results when
emission measure is linked to the loop size and density by such analyses are available (e.g. the contrasting results about
9 9n o 3 photospheric abundances of active binaries, Randich et all 1993
EM = NnV = Nn“2n3*(aR) (1) versug Oftmann et al. 1998).
whereN is the number of emitting loops, = 7320 R? is the In the case of AD Leo, the availability of a recent, high-
volume of a single loop and, as before, the aspect ratio of thélispersion spectral anal)_/sis of.the photospheric Fe abundance
loop. If the filling factor is defined as the fraction of the stella!lows & detailed comparison with the coronal abundance as de-

Metal abundance of the quiescent corona

area covered by loops, i.e. rived from the X-ray observation. The photospheric metallicity
of AD Leo ([Fe/H] = —0.75,[Jones et al. 1996) is at the low
f= NA (12) end of the disk population abundance range. The ASCA ob-
4 R? servation shows no evidence for differences between the coro-

whered = 73203 R2 is the cross-section of an individual loop/al and photospheric Fe abundance. The coronal abundance
then Eq.[(5) can be used to exprégsas a function of the known atios are clearly different from the solar photospheric values

quantities, i.e. ([Si/Fe] ~ [O/Fe] ~ 4); however, while neither Si nor O abun-
dance have been determined in the photospHerée] (the
Frax 1.44 x 10~ BaEM (13) @bundance of elements such as Si and O, the so-calleld
47w RT* ements) is known to be generally enhanced in low-metallicity
where the extra factor of 2 accounts for the fact that we only s&@rs, with[a/Fe] ~ 0.4 at [Fe/H] ~ —1.0 (see the review
one hemisphere Of the star at any given t|me Of McWilllam 1997), SO that even the "anoma|OUS" abundance

Thus for the hot component of the quiescent emission segkafterns of the AD Leo corona are in full agreement with the
in the ASCA observationEM = 2.3 x 101 cm=3), and expected photospheric abundance ratios, and therefore no chem-
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ical fractionation mechanismis required to explain the observedre and temperature assuming loops with a solar-like aspect
abundances in the quiescent corona of AD Leo. ratio (3 ~ 0.1) points at the stellar loops having larger volumes
for a given length than in the solar case, which can be obtained
with a largerg, i.e. with “fatter” loops. A value of3 ~ 0.3 is
sufficient to reconcile the two estimates of pressure.

Our results shows that the frequent flares which have been ob-The upcoming high spectral resolution observations of the
served on the “typical” dMe star AD Leo have all taken place iR-ray emission from both the quiescent and flaring emission
similar, compact coronal loops. In all cases sustained heatingrism flare stars, to be performed with tféandraand XMM
present, and the flare decay is dominated by the time evolutistiservatories will allow direct measurements of the plasma
of the heating. As a consequence, estimates of the size of ghgssure for a range of temperatures using selected spectral di-
flaring regions found assuming that the loop is decaying undiggnostics, and thus to test the correctness of the framework
turbed will significantly overstimate the loop size, by factorgresented in the present paper. Although high-resolution spec-
(for the AD Leo flares) of- 5. troscopy will certainly be a more powerful method for the study

The number of observations is such to allow to estimagg the coronal structuring of active stars than the study of flare
the frequency of significant flares in AD Leo: adding to thgecay, the approach used here will still be important in the
Einstein ROSAT and ASCA observations discussed here witthandraXMM era as it will be applicable to a much larger
the EXOSAT observations (which covereel 110 k€] and number of stars (hence spanning a broad range of stellar pa-
in which one flare was observed, Pallavicini et al. 1990) amgmeters) than high-resolution spectroscopy. Also, the pressures
with the SAX observation+ 40 ks exposure, three flares,derived through high-resolution spectroscopy will be weighted
Sciortino et al. 1999), a total of 10 flares have been detectggthe plasma emissivity and thus, if significant filamentation
on AD Leo in a total of 480 ks, yielding an average flaring raigithin loops is present, can in principle be much higher than
of one flare every approximately 50 ks (which does not includige average pressure implied by the loop’s length and emis-
the several minor flaring events visibile both in the PSPC agghn measure; such evidence has been reported in the solar case
in the SIS light-curves). (e.g[Phillips et al. 1996). Therefore, comparison of the spectro-

The small range of sizes for the flaring loops (on the agcopically measured pressures with the flare-derived emission-
sumption that the same class of loops is also the main comeasures and lengths will constitute a valuable diagnostic of
ponent of the active corona) implies a corona which scalesg@ucturing within a single coronal loop.
larger luminosities by filling relatively compact loop structures  The quiescent X-ray luminosity of AD Leo is remarkably
(similar to the solar ones) with progressively higher pressugenstant across almost 20 yr, i.e. betweenBmsteinlPC ob-
plasma. A pressure about 10 times the typical value for sokrvation in 1980 and the 1997 SAX observation it ranges from
active regions is sufficient, with a small filling factgr~ 6%. ~ 3x 1028 ergs (in 1980) and~ 5 x 1028 erg s (in 1996),
Such a scenario is well in agreement with the compact highremarkably small range also given the diversity of the various
pressure loops witlf < 1 which both' Giampapa et al. (1996)instruments used in the comparison. As recently reviewed by
and[Sciortino et al. (1999) derive for AD Leo as well as oth@tern (1998), active stars show no evidence of a cyclic behavior
flare stars through the spectral analysis of the quiescent cordnaheir activity level, and indeed AD Leo is no exception.
emission.

These conclusions are somewhat difficult to reconcile wiltknowledgementsG. Micela and F. Reale acknowledge the par-
the scenario discussed by Drake et al. (1999), in which the tRd support of ASI and MURST. This research has made use
termediate activity levels are reached by increasing the filling data obtained through the High Energy Astrophysics Science
factor of solar-like (in size and pressure) active regions up Aochive Research Center (HEASARC) Online Service, provided by
f =~ 1. The approximate filling factor we derive js< 1, and the NASA/Goddard Space Flight Center.
the large emissivity is fully explained by the increase in pressure.

The flare emission can be explained through a significant (about
two order of magnitudes over the quiescent value) increaseiRPendix A: Physical characteristics of AD Leo and other

pressure in the same loops responsible for the quiescent enfiday observations
sion. Howeve( Drake et al. (1999) based their conclusions gf | g (Gl 388) is classified as dM3& (Henry et al. 1094),
the observation of solar-type stars, where in principle the scglq its distance (from the ground-based parallax
ing mechanism to high X-ray luminosity could be different fror@;ray & Johanson 1991 — AD Leo wasn't a Hipparcos target) is
the one in flare stars. . 4.9 pc. No companions to it are knovin (Reid & Gizis 1997). Itis
The discrepancy between the pressure derived for the flarigs of the few M dwarfs for which a high resolution abundance
loops through the application of the Rosner et al. (1878) scaligga|ysis of its photospheric spectrum is available: using state of
laws and the pressure determined from the peak emission M&a-5rt model atmospheres and near-IR high-resolution spectra

4 The EXOSAT high orbit resulted in continuous time COVerage1yones et al. (1996) have estimated the photospheric parameters

unlikely the other low-Earth orbit satellites, which have &0% duty &t Teg = 3350, [Z/H] = —0.75 + 0.25 andlogg = 4.5. Its
cycle, and thus the two data sets are not fully homogeneous, andfih@asured rotational velocity §ini = 6.2 + 0.8 km s7!)
resulting flaring rate is only approximate. places AD Leo among the tail of rare, fast rotating M

5. Conclusions
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dwarfs [Delfosse et al. 1998); the photometrically-determingeble B.1. The coefficients (mean values, standard deviations and

rotational period is 2.7 d (Spiesman & Hawley 1986). weights) for the computation of thEinsteinIPC spectral shape in-
The bolometric luminosity of AD Led (Delfosse et al. 1998}iex using Egs. (3) and (4) of Reale & Micela (1998). The usage of PI

is Mo = 8.85 (corresponding to a bolometric luminos-channels is assumed.

ity Lpot = 8.7 x 103! erg s'). The K-band absolute lu-

minosity is Mx = 6.26 (from the average apparent K- () gc w ¢ (©) gc W

band magnitude reported by Leggett 1992, and using- 1 1646 .0634 ~ 0.36 6 .0825 .0301-0.36

4.9 pc), which, through the mass-luminosity relationship of 1931 .0548 036 7 .0559 .0272-0.36

Baraffe et al. (1998), yieldd/ = 0.40 M. Using the mod- 3 .1731 .0228 033 8 .0360 .0224-0.35

els of Chabrier & Baraffe (1997), the radiusit = 0.40 M, 'ﬁ'gg '8323 :8';2 9 0222 0169 -0.33

is 2.64 x 10'° cm at[M/H] = 0, and2.57 x 10'° cm at : ' '

[M/H] = —1. Based on the above-mentioned abundance deter-

mination we have assumed = 2.6 x 10'° cm (~ 0.37 Ro).  cluding the flaring events) needs three thermal components to

At this mass [(Chabrier & Baraffe 1997), stars are expectedg@ wel| fit, with the first two components at temperatures of

have a substantial radiative core, so that the interior structurgis and 12 MK, and a third (effectively unbound) component at

still “solar-like". T 2 100 MK. The average X-ray luminosity in the 0.1-7.0 keV
band ist x 102® erg s'*. The SAX spectrum can also be fit with
A.1. Other X-ray observations static loop models, resulting in two classes of loops, one with

] ) Twmax = 13 MK and the second witl,,, = 100 MK. The
The first X-ray flare on AD Leo was seen with the HEAO 1 A-2j|er loops are compack (< 0.1 R..) and with a small filling
soft X-ray detector. (Kanh etal. 1979; who also show that thgqior (+ < 10-3), while the size and filling factor of the hotter
identification of AD Leo with a quiescent HEAO 1 source bYoops are not constrained by the fit.

Ayres et al. 1979 was not correct). The approximate flaring X- 'rinaly, along EUVE observation of AD Leo was performed
ray luminosity reported is- 10° erg s™*, with a peak emission i parch 1993, during which two flaring events where seen,

measure of- 1953 cm™?. o _ _which have been analyzed|by Cully et al. (1997). Their analysis
The Einstein observation is discussed in Séctl2.1, whilg giscussed in detail in Sedl. 4.

EXOSAT observed AD Leo in four different occasions

(Pallavicini et al. 1990), either as a pointed target or serendipi- . o

tously, for a total of- 110 ks. The quiescent X-ray luminosity”APPendix B: Derivation of flare parameters for the
reported was x 102® erg s, and one flare was observed, witfnstéin IPC

a rise time {/e) of 10 min and a decay time of 60 min. Theajthough less sensitive, thEinsteinIPC detector is in many
flare represented a factor of 12 enhancement over the quiesqa@gﬁects similar to the ROSAT PSPC. The main difference is
flux, with peak X-ray luminosity.x = 4.2 x 10* ergs™* and  the lower spectral resolution, with the incoming photon en-
a total energy release estimated &t x 10% erg. ergy being coded in only 15 energy channels. The approach

ROSAT observed AD Leo with the PSPC deteggken for the analysis of flares seen in IPC data closely mir-
tor on May 8, 1991. The resulting average spectrupdrs the one used for the analysis of PSPC data, described
was analyzed by Giampapa etal. (1996) — who used thedetail in [Reale & Micela (1998). Here we will only de-
Raymond & Smith (1977) plasma emission code —and later vibe the IPC-specific differences, and refer the reader to
analyzed by Sciortino et al. (1999) using theskAL plasma |Reale & Micela (1998) for a detailed description.
emission code. The average PSPC spectrum (including the The essential difference between the approach used for the
two flaring events) analyzed with theekAL code is com- ASCA SIS data (for which spectral temperatures are derived
patible with a two-temperature model with metalliciy = from a fit to isothermal models) and the one used for the PSPC
0.1 Zo, best-fit temperatures of 6.6 and 16 MK, and emigm( for the IPC is the definition, for the latter two detectors,
sion measures of6 x 10°' cm~* and2.7 x 10°" cm~?, re-  of a temperature indicator based on a linear combination of the
spectively. The average (including flares) X-ray luminosity ishoton counts in each detector channel. This “spectral-shape in-
Lx =9 x 10** erg s™". To fit the spectrum a larger interstellaigex” (SSI) is obtained through a principal-component analysis,
column density than compatible with the EUV observations g is, for low-resolution detectors, more robust than a fit to the
required (V(H) = 1.7 x 10" cm~?), similarly to many other gpectrum. Similarly, the square root of the count rate (CR2) is
coronal sources. used as a proxy to the density, so thatlifgen—log T diagram

AD Leo was also the target of a day-long SAX observatiO(ré_g_ FigLT) is replaced by a “CR2-SSI” diagram.
on Ap”l 23, 1997, discussed by Sciortino et al. (1999) Contin- In the case of the IPC the Spectra'_shape index has been ob-
uous variability is evident in the light curve, with at least thregjined taking the first 10 Pl channels, of which the first 9 are con-
recognizable individual flaring events with enhancements o\gfered as the independent ones. The values dftfeando,
the “quiescent” count rate ot 5 times (in the 1.5-7.0 keV coefficients and the weights to calculate the spectral-shape in-
band) and decay times af 0.8, 4.0 and 4.4 ks, with insuf- dex for the IPC (using Egs. (3) and (4) of Reale & Micela 1998)
ficient counts for a detailed analysis. The total spectrum (igre listed in TablEBI]1. The relationship linking the ratio of the
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