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Abstract. We present a long (150 ks elapsed time) X-ray olpoint, stellar coronae are, as shown by the large body of extant
servation of the dM3.5e star EV Lac, performed with the ASCinaging observations of the solar corona, far from spherically
observatory in July 1998, during which an exceptionally intensgmmetric. The solar corona shows a high degree of spatial
flaring event (lasting approximately 12 ks) was observed: at thgucturing: most of the X-ray luminous plasma is confined in
flare's peak, the X-ray count rate in the ASCA GIS detectoc®ronal loops preferentially located at mid-latitudes, with an av-
was~ 300 times the quiescent value. The physical paramerage position which tracks the migration of sunspots through
ters of the flaring region have been derived by analyzing thee solar cycle. The lack of spatial information constitutes a
decay, using both a “classic” quasi-static approach and an apeng limitation for the study of stellar coronae: low-resolution
proach based on hydrodynamic simulations of decaying flaringronal X-ray spectra are insensitive to the plasma’s density, so
loops. Notwithstanding the large peak X-ray luminosity, thithat non-dispersive, CCD- or proportional counter-based spec-
second method shows that the flare’s decay is compatible withl observations do not allow to distinguish between a large
its being produced in a relatively compact region of semi-lengtliffuse corona and a compact, structured, high-pressure one. It
L ~ 1.3 x 10'° cm (~ 0.5 R.), large but not exceptional evenis thus not possible, if the solar analogy is postulated, to deter-
by solar standards. The flare decays is fast (with a measuneide how the solar corona scales toward higher levels of activity,
e-folding time for the light curve of< 2 ks), but neverthe- i.e. if largely through a spatial filling of the available volume
less the hydrodynamic-based analysis shows strong evidewith coronal loops (yielding a relatively symmetric corona) or
for sustained heating, with the shape of the light curve dorfi-through the filling of a relatively small number of coronal
inated by the time evolution of the heating rather than by tls¢ructures with significantly higher density plasma.
natural cooling of the flaring plasma. As a consequence, the Thus far the main tools to study the spatial distributions
quasi-static method yields a much larger estimate of the loopkthe coronal plasma have been eclipse experiments and the
length L ~ 2 R,). The event shows (similarly to some othestudy of flares. While the observation of rotational modulation
well-studied large stellar flares) a light curve characterized biiould also in principle allow to derive the spatial distribution
two separate decay time constants (with the initial decay b#-the emitting plasma, as discussed|by Schmitt (1998) con-
ing faster) and a significant enhancement in the plasma metiaicing examples of rotationally modulated X-ray emission are
abundance at the peak of the flare. The energetics of the evant. Under a given set of assumptions, the study of the decay
are exceptional, with the peak X-ray luminosity of the evempthase of a flare can yield information about the size of the flar-
reaching up ta~ 25% of the bolometric luminosity of the star,ing structure; different methods for this type of analysis have
making this one of the largest X-ray flare (in relative termd$)een developed and applied in the past to several observations
observed to date on a main-sequence star. of stellar flares. The widely applied quasi-static approach (see
below) almost invariably results, when applied to intense stellar
Key words: stars: individual: EV Lac — stars: late-type — stardlares, in long, tenuous coronal loops extending out to several
activity — stars: coronae — X-rays: stars stellar radii. The stronger flares yield in general larger sizes.
Detailed hydrodynamic modeling of flaring loops has provided
useful insight on stellar X-ray flares (Reale et al. 1988); more
recently, diagnostic tools have been developed for the derivation
of the size of stellar flaring loops and of the heating evolution
One of the basic standing problems of stellar coronal astrdfReale et al. 1993; Reale et al. 1997; Reale & Micela 1998). In
omy is the determination of the spatial structuring of the cororféie solar case, in addition to the “compact” flares, in which the
plasma. While for the study of stellar interior structure the firsplasma appears to be confined to a single loop whose geometry
order approximation of spherical symmetry is a good startig§es not significantly evolve during the event (an assumption
shared by the quasi-static method and by the hydrodynamic

1. Introduction
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modeling quoted above), a second class of flares is usually reacge variety of sizes for both their time scales and their en-
ognized, i.e. the “two-ribbon” events, in which an entire arcadggetics! Pallavicini et al. (1990) did not attempt to derive the
of loops first opens and then closes back; the footpoints of thigatial scales of the observed flares, although they tentatively
growing system of loops are anchored in48right “ribbons”. divided them into two classes reminiscent of the solar compact
These flares are generally characterized by a slower rise andated two-ribbon flares. The next generation of of flare observa-
cay, and a larger energy release. Compact flares have often higsrs came with the ROSAT All-Sky Survey (RASS), which,
considered to be due to “impulsive” heating events, while thleanks to its sky scanning strategy, allowed to search for rare,
longer decay times of two-ribbon events have been considetenlg-lasting events. Some flares of previously undetected mag-
as a sign of sustained heating. However, also in the case of caiitide and duration are indeed present in_it (Schmitt 1994); in
pact flares sustained heating has been shown to be frequepdsticular, EV Lac showed a long X-ray flare lasting approxi-
present/(Reale et al. 1997), so that the distinction may indemdtely a day, superimposed on a much shorter but more intense
be less clear than often thought. event.

Fitting of X-ray spectra with physical models of static We have observed EV Lac for two days with the ASCA
loops (Maggio & Peres 1997;_Sciortino et al. 1999) can alstservatory, detecting the most intense X-ray flare thus far ob-
yield the surface filling factor of the plasma as one of th&erved on a main-sequence star, with a 300-fold peak increase of
fit parameters. However, for loops smaller than the pressuhe X-ray count rate. This paper presents a detailed analysis of
scale height this method only gives an upper limit to the filthe flaring event, and itis organized as follows: the ASCA obser-
ing factor, which needs to be further constrained, for exampigtions and their reduction, together with the determination of
with estimates of the plasma density based on EUV line ratithe spectral parameters for the flare are discussed in[$ect. 2,
(Maggio & Peres 1997). With few exceptifheclipse studies the parameters of the flaring region are determined (using
of the quiescent emission of eclipsing binaries have thus faoth the quasi-static formalism lof van den Oord & Mewe 1989
failed to yield strong constraints on spatial structuring of thend the hydrodynamic decay, sustained heating framework of
plasma[(Schmitt 1998). In part this is due to the inversion Bfeale et al. 1997) in SeLi. 3, with a discussion ($éct. 4) closing
the weak observed modulation being mathematically an intritiie paper.
sically ill-posed problem, where few compact structures can
mimic the emission from a more diffuse medium (see discussion ) .
in|Schmitt 1998). Recently, the observation of the total eclipge Observations and data reduction
of a large flare on Algoll(Schmitt & Favata 1999) has for thgy Lac was observed by ASCA continuously ferl 50 ks from
first time yielded a strong geometrical constraint on the si2g July 1998 06:10 UT to 15 July 1998 01:40 UT, as an AO-6
of a flaring structure. The geometrical loop size is significantiyiest investigator target (P.I. F. Favata). The data were analyzed
smaller than the size derived from the analysis of the flargising therTooLs 4.1 software, extracting both the spectra and
decay [(Favata & Schmitt 1999) using the quasi-static meth@He light curves with thecsseLECT package and performing the
showing how such approach can over-estimate the actual le@ctral analysis with thespec 10.0 package. ThelEKAL
size. The characteristics of the Algol flare are such that the I'p{asma emission modeél (Mewe et al. ]_995) was adopted for the
drodynamic decay, sustained heating framework which we al§gectral analysis. The peak count-rate of the flare@0 cts s*
use here yields a large range of allowed loop semi-lengths, wihthe SIS) exceeds both the telemetry limit {0 cts s 1) and
the lower end of the range marginally compatible with the geghe 1% pile-up limit throughout the whole point-spread func-
metrically derived size. tion (~ 60 cts s'!), thus preventing a reliable spectroscopic

The presence of intense X-ray flares on flare Btaes well - analysis. We therefore only used the GIS data in the follow-
established witlinsteinobservations —with some by now C|aS‘ing_ Source photons have been extracted, for both GIS-2 and
sic observations such as the one relative to a flare on Proxi@gs-3 detectors, from a circular region 18.5 arcmin in diameter
Cen [Haisch 1983). HowevegEjnsteinobservations were usu-(74 pixels, somewhat larger than the suggested extraction ra-
ally relatively short (few ks) thus imposing a bias on the type @ffus for GIS data; given the strength of the source this ensures
events which could be detectéd (Ambruster et al. 1987). In pgiat as many as possible source photons are collected) centered
ticular, the short total integration times reduced the chance(ﬁf the source position, while background photons have been
detecting rare event types. The EXOSAT observatory featurggtracted from a circular region identical in size to the source
long, uninterrupted observations, and thus allowed to collecigyjion but symmetrically placed with respect to the optical axis
more unbiased view of flares on low-mass stars, resulting infthe X-ray telescope. For point sources such strategy allows
database (Pallavicini et al. 1990) of about 300 hr of flare stges the background to be extracted from the same observation
observations, from which it is apparent that flares come in(@nd thus with the same screening criteria) while ensuring that

1 Notably the observation aof CrB,[Schmitt & Kurster (1993), in the effect of telescope vignetting on cosmic background pho-

which the observed total eclipse constrains the corona on the G5V eps is prOPer,'y acco.unted for. Given the high inten;ity of the
to have a scale height much less than a solar radius. source emission during the flare, the background is however

2 \We use the term to mean “M-type dwarfs, either single or membégffectively negligible. The GIS-3 baCkgr‘?U”d'SUbtraCted light
of a multiple system, which show frequent sudden enhancementgufve for EV Lac for the complete duration of the ASCA ob-
their X-ray, UV and optical luminosity”. servation is shown in Fig] 1.
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The light curve shows evidence for variability on many tim&able 1. The spectral parameters derived for the quiescent emission of
scales, and at least three individual flares can be identified: BéLac from the analysis of the GIS-2 and GIS-3 spectra accumulated
exceptional event at 51 ks from the beginning of the observaduring the time interval 1, using a two-temperaturexAL spectral
tion, and two minor (however still rather sizable) flares-at0 model. The fit has 72 degrees of freedom, and the corresponding prob-
and~ 75 ks. The light curves of both minor events show gbility level is 99.8%. The quiescgnt X-ray Iu;r;inositi/lcorresponding
clear exponential decay, but their peak is not covered by the &bthe above spectral parametergis = 3 x 107 erg s .
servations. To derive the temporal evolution of the temperature 5
and emission measure of the large flare we have subdivided it ** Y I Ef‘{}l E_];b Z X
in 9 time intervals, shown together with the GIS-3 light curve © 0" cm Zo
of the event in Fid:R. Individual GIS-2 and GIS-3 spectra hafe8 £0.15  1.92+1.2 235 0.76 029 0.97
been extracted for each of these intervals and merged using the
procedure described in the ASCA ABC Guide (1997). The ex-

posure time of each individual spectrum has been corrected fgPeratureiEkAL model; given the lack of soft response in

the dead-time of the GIS (which, at these high count ratestie GIS no absorbing column density was included. The quies-

rather significant, with values up to 1.2 — note that the both lighE"t emission was modeled by adding a frozen-parameter two-
curves from Figg]1 arid 2 areot corrected for detector dead-temperatureiEKAL model to the fit _(Wlth the parameters as in
time). The quiescent spectrum has been taken from the inter/&PI€E3); the results of the spectral fits are shown in Table 2. Dur-
immediately preceding the flare (interval 1 in Fig. 2, coverin'ﬁ'g_'”tervals 5 and 6 the single-temperature fit does not_yleld a
~ 5 ks). A two-temperature model has been fit to the spectriiatisfactory reduceg” (see Tablgl2), due to the large residuals

extracted from interval 1, with the resulting spectral parametd¥€Sent in the region around 1 keV, with the observed spectra
shown in Tabl&lL. shO\_Nlng some additional emissivity vx_nth respect to the models.
The sequence of GIS flare spectra is shown in[Fig. 3. ThaNilar effects are also seen in the in the ASCA SIS Capella
left panel shows the spectra collected during the rising phasﬂactrum (Brickhouse 1998) and in t_he flaring spectra} of Al-
of the flare, up to the peak in the light-curve (interval 4), whilgo! as seen by SA),< (Favata & Schmitt 1999), suggesting that
the decay-phase spectra are plotted in the right panel. IndividG4f'ent plasma emission codes (as thexaL one used here)

flare spectrafrom time intervals 2 to 9 have been fitwith a singlé?der-predict the observed spectrum around 1 keV, likely due
to a large number of high quantum-numberx 5) Fe L lines
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Fig. 3. The time sequence of merged (GIS+2GIS-3) spectra for the EV Lac flare. The left panel shows the sequence of spectra during the

rise phase of the flare, up to its peak, while the right panel shows the sequence of decay spectra. The numeric label at the left of each spectrum
indicates the time interval during which the spectrum was collected, as numberedin Fig. 2. Each spectrum is overplotted with the corresponding
best-fit model from which the spectral parameters have been derived. The spectra have been rebinned to a minimum signal-to-noise ratio per
bin of 2.

from Fexvir, Fexvim and Fexix (Brickhouse 1998), and thusmogeneous comparison with literature data, even if, as discussed
the formally unacceptablg? resulting from the fit does not nec-by|Favata & Schmitt (199p), this method can significantly over-
essarily imply that the one-temperature model is not correctigtimate the size of the flaring loops (see also Reale et al! 1997).
describing the observed spectrum. Indeed, we have verified thatAccording to| van den Oord & Mewe (1989), for the decay
adding further temperature components does not significarttybe quasi-static (i.e. to happen through a sequence of states
improve the fit for intervals 5 and 6. The time evolution oéach of which can be described by the scaling laws applicable to
the flare’s spectral parameters (temperature, emission measstagjonary coronal loops) the ratio between the characteristics
plasma metal abundance) is shown in Eig. 4, together with times for radiative and conductive cooling must be constant
flare’s GIS-3 light-curve binned in the same time intervals. during the flare decay (although its absolute value needs not be
known). This ratio is parameterized by the quantity

. 13/4
3. Flare analysis = T O T13/ ’ o
We have analyzed the present flare using two different frame- e EM
works (quasi-static cooling and hydrodynamic decay, sustained The normalizationC' depends on the details of the loop’s
heating), which both make the assumption that the flarigggometry, and is not relevant here. The evolutiop &f plotted
plasma is confined in a closed loop structure, whose geometryFig.[3; within the error barg is constant during the whole
is not significantly evolving during the event. Although direatlecay, so that the conditions for the applicability of the quasi-
support to this assumption is of course missing, the relativedtatic decay framework are in this case met.
short duration of the event allows an analogy with solar com- The scaling laws discussed py Stern etal. (1992) — link-
pact flares. In any case the second method provides reliabig the loop semi-lengtii. and the plasma density with the
scale sizes of the flaring structure even in the presence of sqmek flare temperatutg and the effective decay time- yield
readjustment of the magnetic field, the crucial assumption beesults very similar to the ones obtained through a full fit to
plasma confinement. the equations of van den Oord & Mewe (1989), so that we will
limit ourselves to their application. Specifically, o« 777/8
andn o 7 '7/%, valid for temperature regimes in which
the plasma emissivity scales @7~ with v ~ —0.25. In
Many stellar X-ray flares observed to date have been studi@dctice this is valid forl’ 2 20MK, i.e. for most of the
using the quasi-static formalism first discussed in detail loecay of the flare discussed here. Scaling the values deter-
van den Oord & Mewe (1989). It is thus of interest to analyzmined for the EV Lac flare from the parameters derived by
the present event with the quasi-static approach, to allow a wvan den Oord & Mewe (1989) for the EXOSAT flare observed

3.1. The quasi-static cooling framework
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Fig. 4. The temporal evolution of the spectral
parameters of the flare, i.e. the plasma metal
abundance (top left), emission measure (top
right) and temperature (bottom left). Also
shown (bottom right), the light-curve of the
flare as seen by the GIS-3 detector, inte-
grated in the same temporal intervals as the
ones used to extract the flare’s spectra. The
best-fit exponential decay to the light curve
is also plotted. The dashed horizontal line
in the abundance plot represents the value
of the metal abundance determined for the
quiescent, pre-flare spectrum.

Table 2. The spectral paramete®s Z and E M derived for the individual phases of the EV Lac flare from the analysis of the GIS spectra
accumulated during the time intervals 2 to 9. The spectra have been analyzed with a single-temperatunmodel (plus a frozen-parameter
two-temperature model to account for the quiescent emission). The bounds of the confidence intervals at the 90% fevel3 §) are also
reported for each parameter. The time inteiMal which each set of parameters applies is shown i Fig. 2.

7 T T+90% T,go% Z Z+90% Z,go% EM EM+90% EM,Q()% X2 DoF Prob.
keV Zo 10%% em™3
2 1.65 1.37 1.96 0.36 0.08 1.20 0.075 0.044 0.11 30.1 57 0.995
3 6.33 5.37 7.42 0.64 0.33 0.97 0.79 0.75 0.85 88.1 128 0.995
4 3.98 3.88 4.08 0.64 0.56 0.72 7.35 7.19 7.54 481.0 468 0.294
5 2.92 2.86 2.98 0.86 0.76 0.95 383 371 3.96 561.2 41X70.01
6 2.54 2.46 2.61 0.77 0.63 0.91 1.73 1.63 1.85 391.1  2970.01
7 1.72 1.62 1.82 0.35 0.23 0.50 0.41 0.35 0.47 190.1 183 0.27
8 1.29 1.17 1.42 0.21 0.11 0.39 0.25 0.20 0.31 99.0 117 0.84
9 0.91 0.70 1.17 0.15 0.05 0.50 0.047 0.022 0.088 50.8 67 0.88

ing use of extensive hydrodynamic modeling of decaying flar-
ing loops, with different heating time scalgs, Reale et al. (1997)
have derived an empirical relationship between the light curve
I(decay time (in units ofyy,, the loop thermodynamic decay time,
Serio et al. 1991) and the slogen the log n—log 7" diagram.
A different approach to the study of a flare’s decay phase, willhis allows to derive the length of the flaring loop length as
the same aim of determining the physical parameters of the flarfunction of observable quantities, i.e. the decay time of the
ing region, has been developed [by Reale etal. (1997). It Hight curve, the flare maximum temperature and the slope of the
been recognized from the modeling of solar X-ray flares thagcay in thdog n—log T diagram (the square root of the emis-
the slope of the locus of the flare decay in tlog n—-logT sion measure of the flaring plasma is actually used as a proxy
plane is a powerful diagnostic of the presence of addition@l the density). Since the characteristics of the observed decay
heating during the decay itself (Sylwester et al. 1993); by ma#tepend on the specific instrument response, the parameters of

on Algol, the derived loop semi-length & ~ 5 x 10'% cm
(~ 2 R,), and the plasma density~ 6 x 10'! cm=3.

3.2. The hydrodynamic decay, sustained heating framewor
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Fig. 5. The temporal evolution of the parameter (the ratio between
the radiative and conductive cooling time for the loop) during the fla
The dotted line joins the points corresponding to the different ti
intervals reported in Fifl2.

Fig. 6. The evolution of the flare’s decay in theg / E M—-log T plane.

The points plotted represent the flare’s evolution from time interval 2 to

Mfne interval 9 inclusive. The dotted line joins the points corresponding
to successive intervals. The decay phase begins with the third interval,
and it closely follows a straight line. The continuous line is a least-

the actual formulas used have to be calibrated for the telescepeare fit to the decay phase, with a best-fit slope 0.56 & 0.04,

used to observe the flare. while the numeric labels indicate the time interval to which each point

The method reported [ Reale et al. (1997) was tested offg's-
sample of solar flares observed with Yohkoh-SXT, for which

both images (from which the length of the flaring loop wagurve determined by fitting the light curve from the peak of the
measured) and spectral parameters (from the temperature f4é down to the 10% of peak level) ang as a function of the

emission measure diagnostic derived from Yohkoh filter ratiogbpe in the log vEM-log T diagram to be, for the ASCA
were available, and has been shown to provide reliable resigigs

for most of the studied events. A first application of the metho7dLC
to stellar flares observed with ROSAT PSPC is described by - = F(¢) = coe /% +qq (4)
Reale & Micela (1998). th

For the present study the method has been recalibratedvidverec, = 10.9, {, = 0.56 andg, = 0.6. The formula for the
stellar flares observed with ASCA GIS. The thermodynamigop semi-lengttL is therefore:
decay timer;, of a closed coronal loop with semi-lengthand

maximum temperaturé,, .. is given by Serio et al. (1991) as |, — TLCFi V(Tcn)lax 038 < (<17 (5)
o
al
Tth = N () where the second part of the relationship gives the range of

values allowed according to the modeling. The uncertainty on

wherea = 3.7 x 10~* em~! s~! K/2. By means of a grid of [ is the sum of the propagation of the errors on the observed
hydrostatic loop models (se¢e Reale & Micela 1998) we hayarameters; - and¢ with the standard deviation of the differ-
determined an empirical relationship linking the loop maxince between the true and the derived loop lengths. The latter
mum temperaturé,,.., typically found at the loop apex (e.g.amounts to~ 15%. Eq.[%) has been tuned on exponentially
Rosner et al. 1978) to the maximum temperatligg; deter- decaying light curves; however it has been shown to provide
mined from the GIS spectrum: reliable results also on solar flares with more complex decay
T = 0.085 x T 176 3) trends, e.g. a double exponential decay (as for the flare stud-

obs ied here), provided that the whole decay is fitted with a single

Following the same procedure as in Reale et al. (1997) aexbonential (F. Reale, private communication).

Reale & Micela (1998) (using extensive hydrodynamic model- The evolution of the EV Lac flare in theg v EM-log T
ing of decaying flaring loops) we have determined the ratane is shown in Figl6, together with a least-square fit to the
betweenr ¢ (the observe@-folding time of the flare’s light decay phase. The resulting best-fit slope for the decaying phase
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computed for time intervals from 4 to 9 inclusive(is= 0.56 £+ ‘ ‘ ‘ ]

0.04. Application of Eq.[%) yields a ratio between the observed '°*
cooling time scaler,¢ and the thermodynamic cooling time
scale for the flaring loop;, of F(¢) = 4.6. Such a large value
implies that the observed decay is driven by the time-evolutign
of the heating process and not by the free cooling of the Iodg.
Also, the actual loop length will be significantly smaller tha '°*
it would be estimated assuming that the spectral parametgrs
reflect free cooling of the decaying loop. The actual value ¢f
¢ has been determined by fitting the GIS light curve, binne';:ej
in the same time intervals used for extracting the individual flare
spectra (as plotted in Figl 2), considering the intervals from 4 t(:ff-’gloz
inclusive. Inthis case,c = 1.80+0.15ks, and thereforg,, ~ ™
400 s. The intrinsic flare peak temperature is, applying Bqg. (3)
to the observed maximum temperatufg,. ~ 150 MK. From
Eq. (B) the loop semi-length i& = (1.3 4+ 0.3) x 10'° cm, B
i.e. L ~ 0.5 R,. This loop length is much smaller than the E L
pressure scale heiﬁmf the flaring plasma on EV Lac and 4.5x10 5x104 5.5x104 6x10
also significantly smaller (by a factor of 4) than the one derived Seconds since UTC 30/08/97 03:16:23
through the quasi-static formalism. Fig. 7.The temporal evolution of the flare’s X-ray luminosity calculated
A simple consistency check can be obtained by compariimgthe 0.1 to 10. keV band starting from the quiescent state. The left
the pressure obtained by assuming that the flaring loop is notaxis gives the luminosity in erg™s, while the right axis shows the
maximum, far from a steady-state condition (thus applying tiséme 1Va|U9 in units of the star's bolometric luminosiy26 x 10**
scaling laws of Rosner et al. 1978) with the pressure impli€# S )
by the derived values af andT for a plausible geometry. In
practice the geometry is parameterized by the rdtietween
the radius of the loop and its lenght. The pressure is then

10-t

10-2

LX/ Lbol

|

10-3

1028

EM time-evolution of the flare X-ray luminosity is shown in Hi. 7,
n = CEYEXE (6) in which the data are plotted both in absolute units and in units
of the star’s bolometric luminosity.

If we assumeg ~ 0.1-0.3 (a typical range for solar coronal  pyring interval 4 (at the peak of the light curve) the X-ray
loops) the loop volume is: 1.4-13x 10 cm?, and the resulting juminosity of the flare is about one quarter of the photospheric
plasmadensity atthe peak of the flarg isc 2-0.2x 10" cm™>.  (holometric) luminosity of the star. Soft X-ray radiation is only
The corresponding pressurgiga. =~ 8-0.9 x 10* dyne cnT>.  gne of the energy loss terms for the flaring plasma, with kinetic
Using the scaling laws cf Rosner et al. (1978) applicable ghergy, conduction to the chromosphere and white light, UV
steady-state loops, and XUV flaring emission also significantly contributing to the
T = 1.4 x 103(p0L)1/3 (7) energy budget. In the solar case, detailed analyses of flares of

different types[(Wu et al. 1986) show that at the peak of the

wherep, is the pressure at the base of the loop, one obtains ] I oo
Do ~ 10° dyne et 2, slightly larger tharpy,a for 8 = 0.1, event soft X-ray radiation only accounts for 10-20% of the

L i :
This implies that the plasma evaporated from the chromosphtec%tfaal energy budget; similarly, Houdebine et al. {1993) qnalyzed
) ; a large optical flare on the dMe star AD Leo, concluding that
has not ¢ = 0.3) or nearly (3 = 0.1) filled the flaring loop up o ; : . S
: Y - : the kinetic energy of plasma’s motions during the eventis likely
to the hydrostatic equilibrium conditions at flare maximum. . )
to be at least as large as the radiated energy during the flare.
A detailed assessment of the energy balance of the present
3.3. Energetics flare is not possible, given the lack of multi-wavelength cover-

We have computed, for each of the 8 time intervals in whicar‘fe and of velocity information which could help assessing the

the flare has been subdivided, the X-ray luminosity in the o.pasma kinetic §4r‘er9y- The_ total energy radiated in _the X-rays
10. keV band. For this purpose the spectrum has been extra ff = 1.5 x 10™ erg (obtained with simple trapezoidal inte-

) tion of the instantaneous X-ray luminosity), overl0 ks,
olated outside of the formal spectral range covered by the IS uivalent to~ 300 s of the star's bolometric eneray outout
detectors; this is at most likely to underestimate the true lu d " gy output.

rTIEF_om the scaling laws of Rosner et al. (1978) we can estimate

nosity in the extended band, as it may miss any softer co : .
; S0 e heating rate per unit volume at the peak of the flare, assumed
ponent present in the spectrum and invisible to the GIS. The;
uniform along the loop, as

3 defined asH = 2kT/ug, where T is the plasma temperature in
the loop,u is the molecular weight anglis the surface gravity of the g7
star. In this casél ~ 8 x 10*! cm. v

~10° p™/0 L75/6 ~ 240 erg cm ™3 s~ ! (8)
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The total heating rate at the flare maximum is therefore ~ 0.3 stellar radii). The length derived using the quasi-static

dH dH formalism is about 4 times larger, and would thus again lead to
31 -1 “ .

— >~ —— xV~33x10" ergs (9) the “classic” picture of long, tenuous loops.
dt dvdt Although certainly not small, flaring loops @f ~ 0.5 R,
afactor of~ 3 higher than the flare maximum X-ray luminosityare by no means exceptional, even by the relatively mod-
(see Fid.r), compatible with X-ray radiation being only one @fst solar standards. The analysis of the large flare on Al-
the energy loss terms during the flare. If we assume that §i§l seen by the SAX observatory (Schmitt & Favata 1999;
heating is constant for the initial rising phase, which lasts f@avata & Schmitt 1999) shows that the picture of large tenu-
t =~ 300 s, and then decays exponentially, with @folding ous loops implied by the results of the quasi-static analysis can
timery ~ 4.67y, ~ 1800 s (i.e. similar tor¢), the total energy be quite misleading, and that, at least in that case, the geomet-

released during the flare is rical size of the flaring plasma constrained by the light-curve
dH eclipse is significantly smaller than the loop heights derived
Hior >~ ke (tr + 1) = 7 x 10* erg (10)  with the quasi-static method. An analysis based on the method

) o . ) of Reale et al. (1997) yields, also in that case, loop dimensions
approximately five times the energy radiated in X-rays. Energyhich are significantly smaller than the ones implied by the
losses by thermal conduction are indeed expected to be largg@isi-static analysis. The much more compact loop size de-

such high temperatures. rived through thé Reale et al. (1997) method is linked with the
presence of significant plasma heating during the flare decay, as
3.4. Metal abundance the implied small, dense loop has a very short thermodynamic

. ~__decay time f;, ~ 400 s). No large diffuse plasma structures at
The metal abundance of the flaring plasma shows a significag{era| stellar radii from the surface are needed to model the flar-
evolution, rising, at the peak of the flare, to a vaiue times  ing region, and a more appropriate picture appears to be one of
higher than the abundance mgasured for the quiescent emisgiqBther compact, high-pressure plasma structure, whose decay
and decaying back to the quiescent value during the termipakompletely dominated by the time-evolution of the heating
phase of the flare. Evolution of the metal abundance has b@§&chanism.
observed also in other flares — for example it Fs evident in the The present large EV Lac flare shows several characteris-
Algol flare observed with SAX, Favata & Schmitt (1999) —anfcs in common with other large, well observed stellar flares
the behavior observed here appears to follow the same gengrgyssed in the literature. The light curve has a “double ex-
pattern of abundance enhancement going in parallel with thenential” decay, with the initial time scale being more rapid,
flare’s light curve. The simplest explanation suggested for thisq 5 slower decay setting in afterwards. A very similar decay
has be_en to assume that a fractionation mechamsm is qt workdkern is observed in the large Algol flare seen by SAX as well
the quiescent corona, and that the evaporation of pristine pBe-on many large solar flares (5ee Feldman et al11995 for an ex-
tospheric material during the flare temporarily sets the coronghsje). The best-fit metal abundance for the flaring plasma also
chemical equilibrium off balance. Unfortunately, few reliablgnoys what by now appears to be a characteristic behavior, i.e.
abundance determinations are available for M dwarfs; in pP&increases in the early phases of the flare, peaking more or less
ticular, no state-of-the-art photospheric abundance analysis;ft the peak of the light-curve, and then it decreases again to
EV Lac is known to us, and thus it is not possible to assegg pre-flare levels. In the case of the SAX Algol flare the long
whether the quiescent coronal abundance is indeed deplej§htion of the event and the high intensity make it possible to
with respect to the photospheric value. show that the metallicity decays to its pre-flare value on faster
time scales than either the plasma temperature or the emission
measure. The coarser time coverage of the present flare and the
The most remarkable characteristic of the EV Lac flare dighorter duration of the event do not allow such detailed assess-
cussed in the present paper is certainly its very large X-rggent.
luminosity: at flare peak, for a few minutes, the flare nearly out- The heating mechanism of the solar (and stellar) corona re-
shines the star’s photosphere. A detailed analysis of the flarf@ins in many respects an unsolved puzzle, and even more the
decay, however, shows that this is an interesting event alsomdfichanism responsible for large flares. However, it is by now
other accounts. Typical loop lengths derived for strong flares &ther clear that most sizable flares cannot be explained with a
active stars, mostly using the quasi-static cooling mechanissinple picture of a (mostly) impulsive heating event followed
are large, comparable or often greater than the stellar radius. Ph&lecay dominated by the free thermodynamic cooling of the
picture which has emerged from most of the literature is th@§&sma structure. On the contrary, the evidence from the recent
one of long, tenuous plasma structures, with the attendant cfilgw of well studied flare data (including the one in the present
lenges of sufficiently strong magnetic fields far away from tHeaper) is that the decay of large flares is dominated by the time
stellar surface. In the present case, instead, the loop semi-ler@y@lution of the heating mechanism. Thus, the double exponen-
derived from the analysis of the flare decay using the methis@l decay observed here as well as in other large solar and stellar
of[Reale et al. (1997) is relatively compact, at about 0.5 stelfére is likely to be a characteristic of the heating mechanism
radii (implying a maximum height above the stellar surface 6@ther than one of the flare decay.

4. Discussion
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The interpretation of the increase in best-fit plasma metaf ~ 1.2 kG is required. Hence, the total minimum magnetic
licity during the flare’s peak is still unclear. If the presence of feeld required to explain the flare is, from EQ.{1B) ~ 3.7 kG,
fractionation mechanism is accepted, which causes differenaeglue compatible with the average magnetic field of 3.8 kG,
inthe metal abundances in the photosphere and in the coronaytite a surface filling factor of about 60% (and evidence for
abundance increase during the flare can plausibly be explaifiettl components of up te 9 kG), measured on EV Lac by
as due to the evaporation of photospheric plasma during trehns-Krull & Valenti (1996) at photospheric level.
early phases of the flare, on time scales faster than the ones ormAlthough we have used the loop volume in the derivation
which the fractionation mechanism operates. Since the cood-B, this is not to say that the field fills up the whole volume.
nal plasma shortly after the impulsive heating is almost entirdRather, our estimates can be interpreted in the framework of the
made of material evaporated from the chromosphere, if this sflare energy stored in a magnetic field configuration (e.g. alarge
nario were correct the observations presented here would imghpup of spots) with a field strength of several kG, covering a
that the chromospheric metallicity should be about three timeslume comparable to the one of the flaring loop. What rests as
the coronal one in quiescent conditions. a matter of speculation is how often such a large energy release

Recentcalculations (G. Peres, private communication) shavay occur, or in other words, what are the conditions required to
that the plasma in a flaring loop such as the one responsiateumulate such large amounts of magnetic energy, especially
for the EV Lac flare discussed here is not optically thin for thehen the photosphere is so permeated of magnetic fields as
strongest lines. This is in particular true for thexBey complex shown by Johns-Krull & Valenti (1995).
at~ 6.7 keV, which drives the determination of the metallicity In any case, the above scenario suggests the presence of
of the flaring plasma. However, optical thickness effects wouldrge-scale, organized magnetic fields. This is somewhat in con-
in general depress the strong line, leading to a lower metallicttast with the hypothesis that EV Lac is a fully convective star,
estimate, and cannot therefore explain the metallicity increaghose activity is powered by a turbulent dynamo, which would
observed during the flare. Another possible bias to the besthi# expected to produce small-scale magnetic fields. Most dy-
metallicity can derive from the thermal structure of the flaringamo theories sugges$t (Durney et al. 1993) that less magnetic
plasma, which is not isothermal, even if it's being fit with aflux should be generated by a turbulent dynamo (as compared
isothermal model. To assess the magnitude of this effect teethe case of the solar-type “shell” dynamo) because there is
analyzed the synthetic spectra produced with an ad hoc hydno-stable overshoot layer where the fields can be stored and am-
dynamic simulation of a flaring loop, showing that the effect iglified, and only small-scale magnetic regions should emerge
small (< 30%) in comparison with the observed magnitude ainiformly to the surface, because the crucial ingredientis small-
the change (a factor af 3). scale turbulentflowfield, rather than large-scale rotational shear.

If the heating mechanism responsible for the present flare On the other hand the presence of a magnetic field may sub-
is essentially due to some form of dissipation of magnetic estantially modify the stellar interior structure. Magnetic fields
ergy, an obvious question to ask is what field strength wouldeven smaller than dictated by equipartition arguments — al-
be required to accumulate the emitted energy, and to keep tiwethe convective instability conditions_(Ventura et al. 1998),
plasma confined in atablemagnetic loop configuration. A re-and thus likely modify the structure of the convective en-
lated question is whether the present flare could be interpretedbpe. At the same time convection has the tendency
with a reasonable scaling of the conditions usually observed pump magnetic fields downward (“turbulent pumping”,
in the solar corona, or whether a different configuration and/Brandenburg et al. 1992; Tobias et al. 1998), so that—in a fully-
mechanism for energy release need to be invoked. Our flamnvective star — fields may accumulate near the center. Hence,
analysis allows to make some relevant estimates, under theraagnetic fields are likely to be an important (and thus far essen-
sumptions that the energy release is indeed of magnetic origally unaccounted) term in determining the actual stellar struc-
and it occurs entirely within a single coronal loop structurdyre, and any realistic calculation at the low-mass end should
with the characteristics inferred from the analysis of the flaoensider the dynamo-generated magnetic fields as an essential
decay. An estimate of the minimum magnetic fi€lshecessary part. Indeed, the possibility that a strong magnetic field can
to produce the event can then be obtained from the relation:lead to the formation of a radiative core has been discussed by
(B> — B2) x i Cox et al. (1981), and this may be the seed for a resurrection of

80 loop (11) a“shell” dynamo mechanism.
Y
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in a rigid loop structure along the whole flare, thus implicitly ) ] o

assuming that the loop geometry does not change during fifPendix A: physical characteristics of EV Lac

flare. From a plasma density~ 2 x 10'2 cm—2, and atemper- EV Lac (Gl 873) is a dMe dwarf, classified as M3.5

atureT’ ~ 100 MK the estimated maximum plasma pressure {&eid et al. 1995), at a distance (from the Hipparcos-measured

6 x 10* dyn cn?; in order to support such a pressure, a fieldarallax)d = 5.05 pc. It is considered a single star, with
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no evidence of companions, and is a slow rotator, with not, among other things, expected to have a solar-like cyclic
a photometrically determined rotation period of 4.378 kehavior, and which is expected to generate magnetic fields on
(Pettersen et al. 1992). The projected equatorial velocity hasmaller spatial scale (related to the scale of the turbulent flow
been determined from Doppler broadening of the spectral linffiedds) than am—2 dynamo. The picture is complicated by the
atvsini = 4.54+0.5 kms~! (Johns-Krull & Valenti 1996) and fact that strong magnetic fields may influence the stellar inte-
vsini = 6.9 + 0.8 km s~! (Delfosse et al. 1998); this rotationrior structure maintaining a radiative core at masses lower than
velocity can be reconciled with the observed starspot modhe theoretical limits for spherically symmetric, non-magnetic
lation period only if the inclination is highX 60 deg). The starsi(Cox etal. 1981), and thus the magnetic fields of very ac-
rotational velocity of M dwarfs[(Delfosse et al. 1998) is chative, low-mass stars could still be (partially) powered byaf
acterized by the bulk of them having a narrow distribution witshell dynamo.
vsini < 5 km s, and a tail of rare fast rotators with veloci-
ties of up to~ 50 km s~1. EV Lac lies at the upper end of theA
slow-rotator distribution. )
The absolute magnitude &y = 11.73, which, given The high activity of EV Lac had been noted well before the
a color index (R — I)¢ = 1.52 translates inMy, = advent of high-energy observations from its large optical and
9.40 (Delfosse et al. 1998), corresponding kg, = 5.25 x UV flaring rate, with some truly exceptional optical flares ob-
103" erg s'. Using the mass-luminosity relationship oferved| Roizman & Shevchenko (1982) report the occurrence
Baraffe et al. (1998) and th&-band luminosity (to be pre- of a 6.4 mad/-band flare, lasting 6.4 hr, with a peak luminosity
ferred given the independence of the relationship betweefr- 10°? erg s'! and a total energy output of 10° erg.
mass andi’-band luminosity from metallicityM = 6.78 EV Lac was first observed as a quiescent soft X-ray source
(Delfosse et al. 1998) we derive a mass-of(0.35 M. No by EXOSAT (Schmitt & Rosso 1985) —although it had been de-
photospheric abundance analyses of EV Lac are knowntésted earlier by HEAO-1 during a strong flare witlg Lx =
us, althougH Fleming et al. (1995) report a near-solar metag.7 erg s1. It was not observed by tHginsteinobservatory,
licity based on broad-band photometry. The radius for vahile it was observed by ROSAT both in the All Sky Sur-
solar-metallicity 0.35 M dwarf is, from the models of vey (RASS — in which a major flare was also detected) and
Chabrier & Baraffe (1997),R ~ 2.5 x 10'° cm, or R ~ in pointed mode. The RASS quiescent X-ray luminosity was
0.36 R, (assuming the star is old enough, given that suchl@ Lx = 29.08 erg s*! (Schmitt et al. 1995), corresponding
low-mass star will contract gravitationally until i's 300 Myr  to log Lx /Lo = —2.6. It was also the subject of one SAX
old). and several PSPC pointings, analyzed in Sciortino et al. (1999),
Stellar structure models show that the radiative core of low@uring which its coronal emission shows both a continuous vari-
mass stars shrinks with decreasing mass, disappearing cehility of about a factor 2—3 and the occurrence of an intense
pletely in mid-M dwarfs, so that late-M dwarfs are expecteithre, with an increase of the emission in the PSPC of about
to be completely convective. Solar-type dynamos are thoudltt-fold.
to require an interface between the convective envelope and The HEAO A-1 Sky Survey  experiment
the radiative core (the—2 shell dynamo model) and are thugAmbruster et al. 1984) detected two flares from EV Lac,
not expected to be present in the cooler M dwarfs. Given thaith peak X-ray luminosities (in the 0.5-20 keV band)
however X-ray activity is present and common even in puof log Lx = 29.5 erg s! andlogLx = 30.3 erg s!.
portedly fully convective late M dwarf$ (Barbera et al. 1093Fhe most energetic of the two flares represented a peak
Schmitt et al. 1995) a different type of dynamo mechanism musthancement ofx 50 over the quiescent X-ray luminosity
be operating in them:; it has recently been suggested that smidlilk ~ 10%%5 erg s!), and its decaye-folding time was
scale magnetic fields can be generated in convection zonesdnyghly estimated to be of the order ¢f 5 ks (although
aturbulently driven dynam (Durney et al. 1993). This —whictihe very sparse temporal coverage prevents an accurate
could be also at work in higher mass stars with varying degredatermination of the flare’s decay). Ambruster et al. (1984)
of efficiency, depending on the rotation rate — would therefotgive also estimated the physical parameters of the two flares
provide the only magnetic field generation mechanism in fullgssuminga peak temperature af 2 x 107 K), resulting,
convective low-mass dwarfs. for the smaller of the two flares, in a peak emission measure
The predicted mass at which stars become fully conveBM ~ 2 x 10%3 cm~3, a densityn ~ 5 x 10! cm~3 and
tive depends on the details of the physics adopted in the steldioop lengthL ~ 5 x 10° cm. The magnetic field strength
models| Chabrier & Baraffe (1997) use non-grey atmosphereacessary to confine the plasma was estimatedoatG.
to put the fully convective limit a.35 My, (i.e. just at the esti- Only the peak emission measure is reported for the second
mated mass of EV Lac), independent of metallicity in the ranflare (EM =~ 2 x 1053 cm=3). A small flare was seen in
0.01 x Z5 < Z < Z. Different calibrations for the mass-one of the EXOSAT observations, in the LE detector, as
luminosity relationships (see discussionin Delfosse et al.|119383cussed in detail by Pallavicini et al. (1990). Its rise time
push the fully-convective limit toward somewhat higher massd$,/ e time) was~ 600 s, and its decay time was 4.5 ks. At
so that EV Lac is most likely fully convective, and thus its ageeak the flare represented an enhancement of mnfytimes
tivity is likely to be driven purely by a turbulent dynamo, whictover the quiescent X-ray flux, with a peak X-ray luminosity

1. Previous X-ray observations
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Lx ~ 10%° erg s! and a total energy released in the X-rayBlaisch B.M. 1983, in P.B. Byrne, M. Rodor(eds.), Activity in red
E ~ 1032 erg. The lack of energy resolution of the EXOSAT dwarf stars, Vol. 102 of Astrophysics and Space Science Library,
LE detector made it impossible to perform an analysis of the 255
flare’s decay. Houdebine E.R., Foing B.H., Doyle J.G., Roddl., 1993, A&A 278,
Schmitt (1994) derived loop parameters for the long RASShlogK I C.M. Valenti J.A. 1996. ApJ 459. L9
flare by fitting the flare decay parameters within the framewo ns-Krull C.M., Valenti J.A.,  ApJ 459, LS
. . . opp R.A., Poletto G., 1984, Sol. Phys. 93, 351
of the quasi-static formalism of van den Oord & Mewe (1989 .
. aggio A., Peres G., 1997, A&A 325, 237
The maximum observed temperaturdis- 30 MK, the decay Mewe R., Kaastra J.S., Liedahl D.A., 1995, Legacy 6, 16

timescaleis ~ 38ks, and the peak emissionmeasutEle ~  pgjavicini R., Tagliaferri G., Stella L., 1990, A&A 228, 403

1.5x10°% cm~?*. The loop length derived through a quasi-statipettersen B.R., Olah K., Sandmann W.H., 1992, A&AS 96, 497
analysis is large, @t ~ 6 x 10! cm~ 10 R, (with aninferred Reale F., Betta R., Peres G., Serio S., McTiernan J. 1997, A&A 325,
flaring volumeV ~ 3 x 103! cm?®) and the plasma density is 782

correspondingly low, at ~ 3 x 10'° cm~3. The total thermal Reale F., Micela G., 1998, A&A 334, 1028

energy was estimated At~ 9 x 1034 erg/ Schmitt (1994) also Reale F., Peres G., Serio S., Rosner R., Schmitt J.H.M.M., 1988, ApJ

analyzed the EV Lac PSPC flare decay using the two-ribbon 328,256
model of Kopp & Poletto (1984). Reale F., Serio S., Peres G., 1993, A&A 272, 486

Reid I.N., Hawley S.L., E.G.J., 1995, AJ 110, 1838

Roizman G.S., Shevchenko V.S., 1982, Sov. Astr. Letters 8, 85
References Rosner R., Tucker W.H., Vaiana G.S., 1978, ApJ 220, 643
Schmitt J.H.M.M., 1994, ApJS 90, 735
Schmitt J.H.M.M., 1998, in R.A. Donahue, J.A. Bookbinder (eds.),

Ambruster CWd Sciortino i Golub L., 1987,(;0\pJ_S 65, 2(713 Cool Stars, Stellar Systems and the Sun, Vol. 154 of ASP Confer-
ASCA ABC Guide 1997, The ASCA Data Reduction Guide, ASCA ence Series, ASP, San Francisco, 463

Guest Observer Facility, Laboratory for High EnergyAstrophysicgchmi,[t JH.M.M.. Favata F.. 1999 Nat 401. 44

NASA/Goddard Space Flight Center, 2.0 edition Schmitt J.H.M.M., Fleming T.A., Giampapa M.S., 1995, ApJ 450, 392
Baraffe I., Chabrier G., Allard F., Hauschildt P.H., 1998, A&A 337Schmitt.] H.M.M.. Kurster M.. 1993. Science 262. 215

403 . — Schmitt J.H.M.M., Rosso C., 1985, A&A 191, 99
Barbera M., Micela S., Sciortino S., Harnden, F.R. J., Rosner R., 19%%iortino S., Maggio A., Favata F., Orlando S., 1999, AGA 342, 502
ApJ 414, 846 . . Serio S., Reale F., Jakimiec J., Sylwester B., Sylwester J., 1991, A&A
Brandenburg A., Moss D., Tuominen |. 1992, in The Solar Cycle, 241 197

Vol. 27 of ASP Conference Series, 536 Stern R.A., Uchida Y., Tsuneta S., Nagase F., 1992, ApJ 400, 321

Brickhouse N.S., 1998, in R. Donahue, J. Bookbinder (eds.), 18 \octer B Sylwester J., Serio S. et al. 1993, AGA 267, 586
Cambridge Workshop on Cool Stars, Stellar Systems and the Sfy.. < v ,Brummell NH Clune TL. Toom,re ] 1ggé ApJ 502
Vol. 154 of ASP Conf. Series, ASP, San Francisco, p. 487 L177 ' ' ' ' ' '

Chabrier G., Baraffe I., 1997, A&A 327, 1039 van den Oord G.H.J.. Mewe R., 1989, A&A 213, 245

Cox A.N., Shaviv G., Hodson S.W., 1981, ApJ 245, L37 Ventura P., Zeppieri A., Mazzitelli I., D’Antona F., 1998, AGA 331,
Delfosse X., Forveille T., Perrier C., Mayor M., 1998, A&A 331, 581 1011

Durney B.R., de Young D.S., Roxburgh I W., 1993, Solar Phys. 14\?Iu S.T., de Jager C., Dennis B.R. et al., 1986, in M. Kundu, B.
207 Woodgate (eds.), Energetic phenomena on the Sun, No. 2439 in

Favata F., Schmitt J.H.M.M., 1999, A&A in press - o
! ! ' NASA Conference Publication, NASA, p. 5
Feldman U., Seely J.F., Dosheck G.A. et al., 1995, ApJ 446, 860 P

Fleming T.A., Schmitt J.H.M.M., Giampapa M.S., 1995, ApJ 450, 401

Ambruster C., Snyder W.A., Wood K.S., 1984, ApJ 284, 270



	Introduction
	Observations and data reduction
	Flare analysis
	The quasi-static cooling framework
	The hydrodynamic decay, sustained heating framework
	Energetics
	Metal abundance

	Discussion
	physical characteristics of EV Lac
	Previous X-ray observations


