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SPECTRAL INDICATIONS OF DENSITY VARIABILITY IN THE CORONA OF AD LEONIS

A. MAGGIO* AND J.-U. NEss?
Received 2004 December 10; accepted 2005 February 8; published 2005 February 28

ABSTRACT

Direct comparison of high-resolution X-ray spectra of the active dMe star AD Leo, observed three times with
Chandra, shows variability of key density-sensitive lines, possibly due to flaring activity. In particular, a significant
long-duration enhancement of the coronal density is indicated by thexNead Sixm He-like triplets, and
possibly also by density-sensitive ka1 line ratios.

Subject headings: stars: activity — stars: coronae — stars: individual (AD Leonis) — stars: late-type —
X-rays: stars

Online material: color figures

1. INTRODUCTION ceptions such as the flare recently observed in the nearby dMe

Pl density i ial ter f derstanding th star Proxima Centauri (@l et al. 2002).
asma density Is a crucial parameter for understanding the ) yhis | etter we present the first evidence of significant long-

structure of stellar coronae. Rather than being uniformlydistributedt rm density variations in the corona of AD Leo, another well-
on large spatial scales, as occurs in the photosphere, the coron hown dMe flare star observed several times Wi'th(Ihen dra
plasma is trapped by surface magnetic fields within scale Iengthsx_Ray Observatory (Weisskopf et al. 2002). The strength of
typically much smaller than the stellar radius and is likely to have the present evidence comes from thé direct.comparison of high-
avery inhomogeneous density. The patchy appearance of the.SOI"’]’resqution X-ray spectra taken at different times, with little need
corona in X-rays is mainly a density effect; since the radiative for data adjustments or problematic atomic models. On the
emission of an oplically thin plasma excited by collisional exci- other hand, the interpretation of the results is unclear, lbut gives

tation is proportional to the square density, the observed irradiancesome new hints on issues under debate in stellar X-ray spec-
traces preferentially high-density “compact” regions confined by éroscopy and coronal physics

small-scale magnetic fields. The plasma density is also expecte
to vary in time, owing to the dynamics of these fields and of the
plasma itself. In particular, the coronal density is expected to in-

creaséocally as a consequence of impulsive heating events (flares) 2. TARGET AND OBSERVATIONS
that trigger an upward motion of denser plasma from deeper atmo- ) _ )
spheric layers (chromospheric evaporation). AD Leo is one of the X-ray brightest single dMe stars cur-

The measurement of plasma densities in stellar coronae is g&ntly known, having quite a stable quiescent X-ray luminosity
relatively recent practice in X-ray spectrosco@handra and  [Lx = (3-5) x 10™ergs s*; 0.5-4.5 keV band] over a 17 yr
XMM-Newton high-resolution gratings provide us with a number Period, as determined by Favata et al. (2000). On the other
of density-sensitive emission lines that are now routinely em- hand, itis also a quite variable X-ray source on short timescales,
ployed for this purpose. However, density estimates and theirOWing to its characteristic coronal magnetic activity (see, e.g.,
interpretation are more difficult and challenging than expected, Audard et al. 2000). .
for several reasons. First, even for relatively strong X-ray _ AD Leo was observed twice with thghandra Low-Energy
sources, the relevant emission lines may be difficult to measure,Transmission Grating Spectrometer (LETGS) in 2000 January
owing to low ion abundances, severe blends with other spectral@nd October as part of the Guaranteed Time Observations pro-
features, or insufficient instrumental sensitivity in the relevant 9ram, and once again in 2002 June with the High-Energy Trans-
wavelength ranges. Second, different spectral diagnostics probdnission Grating Spectrometers (HETGS). A detailed analysis
coronal regions at different temperatures, and they often yield ©f the 2000 October observation was presented by Maggio et
density estimates that are difficult to reconcile. Finally, the iack @l- (2004), including a reconstruction of the plasma emission
of spatial resolution in observations of stellar coronae allows us Measure distribution (EMD) with temperature, and evaluation
to obtain only “effective” densities, averaged over all the coronal Of the plasma densities at various temperatures by means of
structures in the visible hemisphere and weighted by the plasmahe He-like triplets and Fexxt lines. Here we focus on the
iradiance, so that any interpretation becomes model dependentomparison of this observation with the previous one, since

For the above reasons, it is currently easier to look for variations they have about the same exposure time (48 and 46 ks, re-
with time in the plasma density in a given coronal source, rather SPectively), and we also briefly discuss results based on the
than comparing absolute values derived from snapshots of differenghorter 2000 January observation (10 ks). _
stars. In this respect, energetic events like stellar flares are natural 1he data were retrieved from ti€handra archive and re-
experiments to examine, and they have been the subject of severdlfocessed with th€handra Interactive Analysis of Observa-

investigations in recent years. Nonetheless, convincing evidencdons (CIAO; ver. 3.1) software. We used the tool FULLGARF
of density variations are scant in the literature, with notable ex- 0 calculate effective detector areas. From each observation we

have extracted either the LETGS spectrum (67&40 ) or both

" INAF—Osservatorio Astronomico di Palermo, Piazza del Parlamento 1 the flrst-ordgr medlum-eneorgy grating (M-EG; 125 )and hl-gh-
1-90134 Palermo, Italy; maggio@astropa.unipa.it’. '+ energy grating (HEG; 1-18 ) SpeCtra.SImun.aneO.USIy. provided
2 Department of Physics, Rudolf Peierls Centre for Theoretical Physics, Uni- DY the HETGS. Photons from the two dispersion directions were
versity of Oxford, 1 Keble Road, Oxford OX1 3NP, UK; ness@thphys.ox.ac.uk. coadded to maximize the signal-to-noise ratio (S/N). We also
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we proceeded as follows. First, we have fitted the relevant lines

201 ' N T R (are ] in the MEG and HEG spectra using the program CORA (Ness
Oct. 2000 sLET01 - & Wichmann 2002). The smooth representation of each spectral
. I8 lurie 2002 (MEG) i ] region obtained with the above line fitting was converted to
i ir] ] energy fluxes by using the effective areas and exposure times
o 1.6 7 and finally rebinned to the resolution of the LETGS spectra.
£ - This procedure allows the proper overlay of the HETGS and
o 1.4k - LETGS data for ease of direct comparison.
2 [ ] Note that the line fitting is performed with a maximum like-
= sl ] lihood method applied to the total sourekackground spec-
~ [ i ] ,,,,,, i . trum. In each spectral region, the strongest lines are fitted with
5 L Il] } f ] normalized Moffat profiles (Lorentzians with an exponent
L T L |{ 7 B = 2.4), representing the instrumental line spread function.
[ | ] The instrumental background is not subtracted from the total
= - . : - measured spectrum, but is instead added to the model spectrum
] 10 20 30 40 50

consisting of the sum of all line emission components. The line
counts are obtained as normalization factors of the line profiles.

Fi. 1.—AD Leo X-ray light curves (net observed flux in the 7-45 Figure 2 shows the HETGS versus LETGS (2000 October)
wavelength range) derived from thghandra observations reported in the  comparison for the Sitr and Neix triplets; the original HETGS/
legend. The fluxes were computed by integrating the dispersed spectra ex\|EG spectrum in the region of Nex is also shown. What is
gf‘f;:%ﬂrigj“?ér“g‘io?éfs\;e"rvgggnoiiﬁrs(f’ibserva“m[thee'eC”O”'C edition immediately evident is the excess emission at the positions of the

gure'] - . . . . o
Si xm and Neix intercombination lines (6.69 and 13.356 ,

extracted the spectra in consecutive time bins in order to createﬁé_?_‘aecé'vce"ige InNéhiuléEz?]ﬁar?E:r%tng\TisW\I/tigitsleeSIijr?CtL;? Othe
the light curves, as described in the following section. - s 3 !

g g (21.6, 21.8, 22.1A ) and Mg1 (9.17, 9.23, 9.3 ) triplets
(not shown); note that the latter is affected by low S/N because
_ of the relatively low Mg abundance in the corona of AD Leo

3.1. X-Ray Light Curve (Maggio et al. 2004).
Figure 1 shows the X-ray light curves obtained from the We have verified that the above enhancements are also still

threeChandra observations. Dispersed spectra were extracted \élgél?)leéa;ltrgoughbsomexvhat rgduceg, In ttr:]e )I(ast 32 k.s o_f the
from successive time intervals of equal duration, and total ctober observations (i.e., where the X-ray emission is

X-ray fluxes were computed in the common wavelength range again at its quiescent level). Some enhancement is also visible

7-25 A after background subtraction and correction for the N the Neix intercombination line of the 2000 January LETGS
instrument effective area spectrum, although the shorter exposure time makes the signal

No strong isolated flare is visible during these observations, 1 NOIS€ ratio too low for any robust indication.

; We have also carefully reexamined the long-wavelength
but the 2000 January and October light curves both show an o . .
initial emission level higher than the quiescent orig~( (A>100 A) region of the LETGS spectrum for evidence of

10 ' ergs cm?s ) by a factor<2, followed by a clear decline. density-sensitive Faxi lines. In particular, we have searched

This behavior resembles the decay phase of a flare, but th_he_ lines listed m_TabIer andfmeaiuredd tota_l coufnti or upper
note that in the 2000 October light curve, the decline is much :'Lr;gS? Aasl_apprgprlaée. g clon |rr? the K etectlor: OI ft et strongt
slower than the expected exponential rate. The latter obser- > 12'{‘3 ( Igd 1)43%36‘30 Io v(\;ea er specl ra.d ea.fgrzsba
vation was recently studied by van den Besselaar et al. (2003) . - an : , already tentatively identified by

. . ] io et al. (2004). Unfortunately, each of the latter three
who performed a separate analysis of the first 12 ks segmen{“lalgglo € / .
and concluded that the high-temperature tail of EMD was en- [¢atUres is characterized by quite a low S/N (&)3and there

hanced with respect to the following time segment. On the are residual uncertainties in the wavelength calibration of the

other hand, Maggio et al. (2004) argue that a rotational mod- LETGS that suggest caution in their identification; they fall at

ulation effect cannot be completely excluded, because the du-N€ nominal position of density-sensitive ket lines, and we
ration of the 2000 October observation is a sizable fraction treat them as such here. The densities (or upper limits) implied

; : ; _ . by these diagnostics were estimated from the predicted line ratios
~209 =
(szigs/roga%f gzs:v?etgrgggg rotational perioB,( = 2.7 days; (Fig. 3), according to APED (Astrophysical Plasma Emission

Database, ver. 1.3; Smith et al. 2001). All the observed ratios,
properly corrected for the instrument effective area and inter-
stellar matter absorption factor, consistently indicate a density
We have focused our attention on the spectral ranges, including\, in the rangel0'*°~10'** cn’, within statistical uncertain-
the Sixur, Mg x1, Neix, and Ovir He-like triplets, and on selected  ties, with the exception of the 117.30 /12843 ratio. Note
density-sensitive Fexi lines. Note that the first three triplets are that the nondetection of the 117.B1 line is puzzling, because
visible in all LETGS and HETGS spectra, while thev triplet this line is predicted to be relatively strong and very weakly
can be observed only with the LETGS and the HETGS/MEG. dependent on the electron density. Hence, we suspect that its
With regard to the Fexxi lines, we have considered both theoretical emissivity is overestimated.
2s?2p3d transitions to the2s’2p® ground state, which fall at It is more difficult to measure the Bexi line fluxes at short
wavelengths in the range 12.28-12A3 , and transitions fromwavelengths, because the spectral region 12.2-A2.6 is es-
2s2p?® states, which are visible at wavelengths 102.2-146.7 pecially crowded with hundreds of relatively faint iron lines,
only in LETGS spectra (Ness et al. 2004 for more details). mostly from Fexix—xxi. In particular, we have searched for
For the comparison of LETGS and HETGS spectra (Fig. 2) the density-sensitive lines at 12.284 and 12.827 . The former

time (ksec)

3. ANALYSIS AND RESULTS

3.2. Analysis and Comparison of Spectra
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Fi. 2.—Top panels: LETG Si xi and Neix triplets compared with scaled HETGS line-fitting modesttom left: LETG spectral region including Fexi
lines at 121.2 and 128.& Bottom right: Ne 1x triplet in the MEG spectrum of AD Leo, with 18 best-fitted line componertse fhe electronic edition of the
Journal for a color version of this figure|]

has the highest emissivity at densities belyw 10'*7  “&€m  the former paper reports densitifls~ 4 x 10"  ¢énat T ~
and is clearly present in all X-ray spectra we have analyzed, 10°® K (peak emissivity temperature of the Ng) and N, ~
while the second line is expected to become enhanced only in2 x 102 cm™= at T ~ 107 K (Fexxi), no evidence of especially
the high-density regime abow ~ 10***  cfpand it is not  high densities appears in the survey by Ness et al. (2004).

convincingly detected in any of the spectra. The present investigation resolves this issue. The direct com-
parison of the LETGS and HETGS spectra of AD Leo suggests
4. DISCUSSION AND CONCLUSIONS that the star was observed in different coronal emission regimes:

The measurement of coronal plasma densities by means oft high-density state in 2000 October and a low-density state in
X-ray spectral diagnostics is a difficult task (see § 1). For 2002 June. The high density is strongly supported by the en-
example, the Nex triplet is heavily blended with Feix lines, hanced flux observed at the positions of the intercombination
and to a lesser extent with Ke&—xx1 lines. A detailed analysis  lines of the Nerx and Sixm He-like triplets. Our investigation
of this spectral region iChandra and XMM-Newton spectra of ~ Of density-sensitive Fexi lines in the 2000 October LETGS
Capella (Ness et al. 2003) showed that APED is sufficiently Spectrum appears to be consistent with the above conclusion,
accurate and complete that all significant observed lines in thisalthough there remain uncertainties in the identification of some
region can be reasonably identified in tieandra/HEG spectra,  Of these lines. Note that densities of a few 10> cm® in the
but spectra at a lower resolution may be inadequate to derivecorona of AD Leo have already been reported by Sanz Forcada
reliable results. In fact, independent analyses of thexNaplet & Micela (2002), based oBxtreme Ultraviolet Explorer spectra.
in the same (2000 October) LETGS spectrum of AD Leo, The above picture is not entirely clear, for two reasons; first,
performed by Ness et al. (2002) and by Maggio et al. (2004), a density increase should affect both the intercombinatjdiné¢
resulted in quite different estimates of the plasma density, ow- and the forbiddenf] line in each He-like triplet, while we see
ing to the different treatment of blends by these authors. only an enhancement of theline; second, the temperature-

An apparent inconsistency also emerges by comparing the ressensitive ratio$(T) = (i + f)/r , with denoting the resonance
sults in Maggio et al. (2004) and in the recent work by Ness et line, is significantly higher in the 2000 October LETGS spectrum
al. (2004), who included thehandra/HETGS observation of AD  than in the HETGS spectrum, with the consequence that appar-
Leo in a large sample of grating spectra of stellar coronae. While ently the plasma temperature was lower in the high-density state,
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TABLE 1
DENSITY-SENSITIVE Fe XXI LINES 1.0 [

A log N¢ Ay ISM N128.73 log N,

(A) (cm™®) Counts (cnm?) e Line Ratio (cm™3)
97.88 ....... 12.0 <10 7.08 0.91 <0.13 <12.3 =
102.22...... 12.01 18+ 8 6.71 0.90 0.19+ 0.10 <123 P
117.51...... 13.50 <8 6.17 0.85 <0.13 <11 5
121.21...... 1241 22+ 9 557 0.84 0.30+ 0.15 12.0-12.9 =
128.73...... 12.7) 46 + 11 3.67 0.81 ~m
142.16...... 12.71 <15 3.87 0.76 <0.43 <13.0 x
145.65...... 1251 15+9 369 0.75 0.35- 0.23 12.0-13.1 = -

Note.—Col. (1): Theoretical wavelength; col. (2): critical density and the cm

emissivity trend érrow) for increasing\, ; col. (3): observed counts or upper i
limits; col. (4): LETGS effective area; col. (5): ISM absorption factor, assuming L)
N, = 3 x 10" cm2 (Cully et al. 1997); col. (6): photon flux ratio; col. (7): A ool e hion st

estimated electron density. 15 . 125 13.0 135

e . o tog(n, / cm™%)

a result that is difficult to understand. Since the iX@ line is
strongly blended with Feix, which forms at a higher temper- Fic. 3.—Fexxi1 predicted density-sensitive Be line ratios for the tem-
ature [ ~ 10°° K), we have checked whether the enhancementPerature rangd0>*~10"*  Kigp and bottom borders). The shaded areas in-

f thei li d t’) lained b L ff dicate the density ranges that are consistent with the data; the vertical lines
of thei line could be explained by a contamination effect. None ;¢ piaced at the high-density limits.
of the strongest lines from other comparably hot ions appears to
be significantly different in the two spectra, and hence we have ] ) .
no reason to Suspect an increasedxﬁeiine emission in the N the corona Of thIS active star ma.y Change SubStantIally. The
2000 October corona of AD Leo. Another possibility is that of coincidence of the observed density enhancement with a higher
a cooling plasma in which the population of the?p°P  levels X-ray emission level is suggestive of a dynamic phenomenon
(and hence theline) is preferentially enhanced with respect to POossibly related to flaring activity. However, the observed var-
the °S level { line) in the case of strong recombination effects. iability of the X-ray emission can also be due to active regions
However, the expected recombination timescales are muchin the stellar corona coming in and out of sight, or due to ro-
shorter than the observation |ength Hence, a continuous re_ta.uonal mOdu|atI0n or the natural I|fet|me Of the magnetIC fleldS
plenishment of plasma is required to explain our finding. We that provide confinement and heating of the plasma. For this
conclude that the temperature indicated by thexNE(T) ratio reason, a S|gn|f|cant_var|at|on of the temperature may not occur.
is not reliable, for reasons not yet understood. In any case, the interpretation of widely used spectral di-

Another puzzling result comes from the comparison of the agnostics, such as the He-like triplets or ker density-

O v triplet in the different observations: contrary to naive ex- Sensitive Ines, is certainly complicated by the likely existence
pectation, the density-sensitifé  ratio turns out to be signifi- Of density inhomogeneities in the coronal plasma, besides ob-
cantly higher in 2000 October than in 2002 JuB&(* 0.6 vs. Vious uncertainties in the atomic physics and in our ability to
1.9 + 0.6, respectively), indicating bower density in the first resolve all the relevant spectral components with the available
case logN, = 9.9+ 0.7 andl0.5+ 0.3 cnT#, respectively). data. In fact, as already pointed out by d&li(2004), the ob-
Instead, the temperature-sensiti@éT) ratios are in perfectserved line ratios may not describe “local densities,” but rather
agreement, and they always indicate an “effective” formation the steepness of the density distribution with temperature. In
temperature ok2 x 10° K (i.e., coincident with the Ovn this respect, predictions of the coronal X-ray spectra, taking
emissivity maximum)_ Again, this is not easy to explain, be- into account phySICally realistic distributions of the magnetic
cause the plasma emission measure distribution versus temstructures, would be the next step in achieving progress in
perature in the corona of AD Leo peaks~@ MK, and hence  Stellar coronal physics and X-ray spectroscopy.
one expects an important contribution to the@line emission
coming from plasma at temperatures higher than 2 MK. This A. M. acknowledges partial support from the Ministero
anomalous behavior of th&(T) ratios was also noted in the dell’'Universitae della Ricerca Scientifica. J.-U. N. acknowl-

survey of coronal densities by Testa et al. (2004). edges support from PPARC under grant number PPA/G/S/

In conclusion, our detailed comparison of the differ€han- 2003/00091. We also thank C. Jordan and P. Testa for helpful
dra observations of AD Leo indicates that the plasma density discussions and comments.
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