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Abstract. The M-dwarf AD Leonis has been observed with the Reflection Grating Spectrometers and the European Photon
Imaging Camera aboard XMM-Newton and also with the Low Energy Transmission Grating Spectrometer aboard the Chandra
X-ray Observatory. In the observation taken with XMM-Newton five large flares produced by AD Leo were identified and only
one in the observation taken with Chandra. A quiescent level to the lightcurveBdsaldio define, since several smaller flares
mutually overlap each other. However, we defined a quasi-steady state outside of obvious flares or flare decays. The spectra
from the flare state and the quasi-steady state are analysed separately. From these spectra the temperature structure was derived
with a multi-temperature model and with aférential emission measure model. The multi-temperature model was also used

to determine the relative abundances of C, N, O, Ne, Mg, Si, S, and Fe. He-like ions, susttas®Nex, produce line

triplets which are used to determine or constrain the electron temperature and electron density of the corresponding ion. During
the flare state a higher emission measure at the hottest temperature is found for both XMM-Newton and Chandra observations.
The derived abundances suggest the presenceinfarseFirst lonization Potentialféect in the corona of AD Leo.
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1. Introduction Pallavicini et al. 1989; Hawley et al. 1995; Cully et al. 1997).

) ) i Flares on M-dwarfs may play a part in the heating mechanism
AD Leo is an M-dwarf with spectral type M3.5V at a distancey¢ i e oter atmospheres of stars. Audard et al. (2000), Kashyap
of 4.7 parset Many cool stars (F-M) maintain active coronagy 5 (2002), and Gdel et al. (2003) describe this mechanism.
with temperatures up to 20 MK. Our goalis to determinfésth oy gyggest that the “quiescent” emission is in fact a super-
ences in the physical coronal conditions such as temperatu ition of multiple small flares. The expression “quasi-steady”

emission measures, abundances, and densities betw®m dig yherefore used in this paper to refer to the state between the
ent states of the corona of AD Leo. We note that in the COrOPRtinct flares

of the Sun a First lonization Potential (FIRfect is observed
(Feldman 1992) which implies that elements with a low F'%k
(says<10 eV) are enhanced in the corona relative to the photB-b
spheric values. But for other active starslaverseFIP (IFIP) bo

effect was suggested (Brinkman et al. 200uélet al. 2001). followed to reduce the data. Section 4 describes the data anal-

The underlying mechanism for these FIP and IFie@s is not is of the XMM-Newton observation during the flaring and

wel u nderstood. In this baper, the abundances are m_easurey tzgsi-steady states, whereas Sect. 5 describes the analysis for
see if there are anomalies and whether these dierelnt for

. the Chandra observation. In Sect. 6 we discuss our results, and
the flare state and quasi-steady state.

; L finally in Sect. 7 our conclusions are given.
AD Leo is known to be capable of frequent flaring in the

X/EUV/optical regime (Kahn et al. 1979; Pettersen et al. 1984;
2. Observations

Here we investigate the high-resolution spectra of AD Leo
en by the XMM-Newton satellite and the Chandra X-ray
servatory. The outline of this paper is the following. First,
th observations are discussed. Section 3 gives the procedures

Send g@print requests toE. J. M. van den Besselaar,

e-mail:besselaar@astro.kun.nl On May 14, 2001 AD Leo was observed by XMM-Newton.
1 SIMBAD Databasehttp://simbad.u-strasbg. fr/ Here we investigate the spectra taken with the two Reflection
sim-fid.pl Grating SpectrometergGs, and the European Photon Imaging
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Fig. 1. The X-ray spectra taken IRGS 1, RGS 2 andepic-M0s 2 aboard XMM-Newton. The dominant lines in the spectrum have been labeled
with the corresponding iorePic-Mos 2 has a lower resolution and is used only freito ~14 A. rRGs 1 and 2 have a higher resolution and
are used from 8 to 38 A. A typical error bar for the continuum is included in the upper right corner.
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Fig. 2. The X-ray spectrum taken IETGS aboard Chandra. The dominant lines in the spectrum have been labeled with the corresponding io
The labels for lines below 20 A can be found in Fig. 1. A typical error bar for the continuum is included in the upper right corner.

Table 1. The state of the instruments aboard XMM-Newton togethékD Leo was also observed, half a year earlier, with the Low

with the corresponding observation times in seconds. Energy Transmission Grating SpectrometeeTGs) aboard
Chandra. This instrument has taken the X-ray spectrum on
Instr. Mode Filter Obs. Time October 24, 2000 during an exposure time of 48.41 ks. The
EPIC-MOS 2 large window  thick 35824 background-subtracted spectrum is shown in Fig. 2. The back-
RGS 1 spectror g notapplicable 36354 ground consists of about 1 photorifis2 A-1 below 60 A and
RGS 2 spectrorq  notapplicable 36354 steadily increasing to about 8 photons¥s*A-1 at~170 A.

TheLETGS consists of an imaging camemRC-S) with a

grating spectrometeLETG). At FWHM, this instrument has a
Camera,EPIC-MOS 2. (EPIC-MOS 1 was in timing mode, spectral resolution okl ~ 0.06 A (Brinkman et al. 2000) and
EPIC-PN has less spectral resolution than #irec-M0s.) The a wavelength uncertainty of a few mA below 30 A, increasing
spectral resolution ofPic-MOs 2 is lower than that okGs, to about 0.02 A above. The wavelength range is 1 to 175 A.
but its sensitivity is higher. The exposure time was about 36 ks. The number of photons T s A-1 for the lines in the
The state of the instruments during this observation is givenXMM-Newton spectra show a smallfiérence from those of
Table 1 together with the total observation time of the corréhe Chandra spectra. We believe that thEedénce is due to dif-
sponding instrument. In this observation no strong solar flariesent activity levels between the XMM-Newton and Chandra
were detected and therefore no time intervals were rejectedobservations.

The spectrum of this dataset is shown in Fig. 1. The wave-

length range used faGs is 8 to 38 A and the spectral line
resolution isA1 ~ 0.07 A at full width at half maximum
(FWHM). rGs has a wavelength accuracy 68 mA and a The spectra taken with the XMM-Newton satellite are
maximum éfective area of about 140 énaround 15 A (den pipelined using the XMM-Newton SAS, “Science Analysis
Herder et al. 2001). The wavelength range use@fe-M0s 2 System”, version 5.3.3. This program reads the current calibra-
was constrained te 1.8 to~14 A because of the better resotion files of the instruments and the observation data files. The
lution of RGS at longer wavelengths. The background (aboutlevant information in these files is written to new files which
1 photon m? s A-1) has been subtracted from these spectreontain the source spectrum, the background spectrum, and the

3. Data reduction
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Table 2. Time intervals of the flares in seconds after the start of the et
XMM-Newton observationty = 52 0438667 MJD). L bin size = 100 sec |
Nj —1 —

No. Begin End r 1
I o 6400 - I ]
2 13400 18400 ' i ]
3 25400 27400 NS _
4 28900 30700 g - E
5 33400 35400 8 r b
Total flare state: 17.2 ks i |
Total quasi-steady state:  18.8 ks — L 2 3|14 5

response matrix with information about e.g., the line-spread- S S S S S NS

function and the ective area of each instrument used. To con- 0 10 20 30

struct therGs spectrum 95% of the cross-dispersion function Time (ks)

of the data is used. In our analysis we have used only the f
order spectrum.
To extract the spectrum of tlee1rc-MOS 2 data a circle with

a radius of 40 around the image of AD Leo is taken. The re-  The temperature structure in the corona is determined in

sponse matrix and ancillary files, containing tifieetive area, two different ways. First, we have measured the tempera-

are generated with SAS. To determine the background levgles with a multi-temperature model using the MEKAL code.

a circle with identical radius is used in a part of the detectqhis model is simultaneously fitted to tiess 1, RGS 2, and

without any sources. EPIC-MOS 2 spectra. The temperatures, emission measures, and
The Chandra data is pipelined using the CIAO 2.2 prograaiundances of several elements were derived from this model.

(Chandra Interactive Analysis of Observations). The spectruthe second method to determine the temperature structure is

response matrix, andfective area files are determined by a loby use of a dferential emission measure (DEM) model based

cal extracting software, using a bow-tie shaped region arouglthe polynomial method (Kaastra et al. 1996a). The used in-

the dispersion axis as extraction region for the spectrum. thstellar hydrogen column densityi{) is 3x 108 cm2 (Cully

our analysis of this observation we have co-added+ther- et al. 1997).

der and-1 order spectra. The background level is determined

from a rectangular box 10- 40” above and below the disper-

sion axis on the detector, to get the best statistics on the bat

ground. The background spectrum is then scaled per bin fro0yti-temperature fit to the data was performed. From this
the rectangular box to the size of the bow-tie in the correspongpdel three temperatures and their corresponding emission
ing wavelength bin. measures were determined, together with the abundances of C,
We use the software package SPEX (Kaastra et §; O, Ne, Mg, Si, S, and Fe. Thé statistics did not improve
1996b) in combination with the updated MEKAL code (Mewgyhen additional components were added. The results from this
et al. 1995) for an optically thin plasma in Collisionaknalysis are given in Table 3.
lonization Equilibrium (CIE] to analyse the X-ray spectra of  The uncertainties in this table are- Btatistical uncertain-
XMM-Newton and Chandra. ties only. However we caution that additional systematic uncer-
tainties exist. For example, a typical 10% uncertainty is present
in the atomic database used to model the lines. Therefore
abundances anBMs are &ected by this uncertainty as well.

In the lightcurve of the X-ray observation of AD Leo takerfypically their total uncertainties will range from 15 to 20%.
with EPIC-MOs 2 five flares are distinguished. The time inter- Unfortunately, the continuum is not well constrained and
vals of the flares are given in Table 2 and shown in Fig. 3. \{@e absolute abundances (relative to H) are thus not uniquely
have analysed the summed time intervals of the flares (17.2 ii§rived. Indeed, if the continuum level isflitult to measure,
Indeed, the signal-to-noise ratio of individual flares is too loffie EMs cannot be easily constrained. Incidentally any line flux
to obtain clear results. It is flicult to clearly distinguish quies- ¢@n be modeled with any product of the elemental abundance
cent emission (if that exists) from the overlapping flare even@d theEM, e.g., QH-EMra = constant. On the other hand,

It is possible that no physical quiescent emission is presengtabundance ratio (e.g., relative to O) is rather stable and al-
all in the corona of AD Leo, but that the emission is producd@W us to compare between the XMM-Newton and Chandra

by a superposition of multiple small flares (Audard et al. 200@bservations.
Kashyap et al. 2002; @fel et al. 2003). The abundances are relative to their corresponding solar

photospheric values from Anders & Grevesse (1989), except
2 http://www.sron.nl/divisions/hea/spex/versionl.10/ for O, C, and Fe for which more recent values were used
line/ (Allende Prieto et al. 2001, 2002; Grevesse & Sauval 1999).

llg% 3. Lightcurve of the observation taken Byic-mMos 2.

il Temperatures and abundances

4. Data analysis of the XMM-Newton observation
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Table 3. Temperatures, emission measures, and coronal abundances of several elements as determined from the spectrum during the fla
guasi-steady state. The abundance ratios are relative to solar photospheric abundances (@gl.-6;12) The numbers in parentheses are
the statistical & uncertainties. The X-ray luminosity) is measured between 0.3 and 10 kEW\ is the total of the three given emission
measures. Columns 2 and 3 give the results of the XMM-Newton observation, discussed in Sect. 4.1, and Cols. 4 and 5 those of the Ch:
observation which are discussed in Sect. 5.1.

XMM-Newton Chandra Solar Photospheric
Parameter Flare Quasi-steady Flare Quasi-steady Abundance
T1 (MK) 2.88 (0.06) 2.84 (0.06) 2.7 (0.1) 28 (0.1)
EM; (10 cem™) 1.2  (0.1) 12 (0.1)| 08 (0.1) 0.54 (0.07)
T, (MK) 71  (0.1) 71 (0.1) 71  (0.3) 6.7 (0.2
EM, (10 cm3) 20 (0.2 15 (0.1)| 12 (0.2 1.0 (0.1)
T3 (MK) 202 (1.0) 201 (15)| 176 (1.5) 148 (1.9
EM; (10t cm®) 092 (0.07) 046 (0.05] 1.3 (0.1) 0.37 (0.06)
Lx (10?8 ergs) 4.6 3.5 4.4 2.3
Abun. GO 16 (0.2 1.7 (0.2)| 1.7 (0.5 1.8 (0.3) | logAc  8.39
Abun. NJO 10 (0.1) 09 (01| 11 (0.3 0.8 (0.2) | logAy 8.05
Abun. 9O 1.00 (0.09) 1.0 (0.1)| 1.0 (0.2 1.0 (0.1) | logAo  8.69
Abun. NgO 1.1 (0.1) 1.2 (0.1)| 14 (0.3 1.2 (0.2) | logAye 8.09
Abun. Mg/O 0.48 (0.07) 054 (0.09) 05 (0.2 0.21 (0.08) logAwg 7.58
Abun. SjO 0.8 (0.1) 09 (01)| 0.8 (0.2 1.0 (0.1) | logAs; 7.55
Abun. SO 06 (0.1) 06 (01)| 03 (0.1) 0.3 (0.1) | logAs 7.21
Abun. FgO 0.46 (0.05) 0.48 (0.05) 0.44 (0.09) 0.35 (0.04) logAs 7.50
Abun. OH 0.74 (0.05) 071 (0.05) 1.0 (0.1) 1.1 (0.1)
O/H-EMotal 31 (0.3) 22 (02) | 33 (0.4 21 (0.2
x?/d.o.f. 55984574 552574 17001428 52714532

To study diferences between the flare state and quasi-
steady state, the latter has been analysed as well. The results
from this analysis are also given in Table 3. The emission mea=
sure of the two highest temperatures is significantly lower fdg
the quasi-steady state than for the flare state. The abundances, r
however, do not show a significantidirence between the flares?’o
and the quasi-steady state.

ngny vV (1
0.1

4.2. DEM modeling

To determine a smoother temperature distribution a DEM mod- -
eling is performed for the two data sets consisting of the flare _ :
state and quasi-steady state. Kaastra et al. (1996a) describe dif- 8 ; _ '1'0 S— '1'00
ferent methods to determine thdfdrential emission measure

distribution which are based on a clean, polynomial, or regu- Temperature (MK)

larization method. The polynomial method with order eight isig. 4. The diferential emission measure, as obtained from the poly-
used here to derive the emission measure distribution of th@sghial method with order eight, during the flare state (solid line)

spectra, but the results of the other methods are in agreemend. quasi-steady state (dotted line) of AD Leo as measured with
The abundances derived from fitting them simultaneously wikMM-Newton.

the emission measure distribution agree very well with those

received from the multi-temperature fit. The derived distriby; resonancer], forbidden ), and an intercombination)(
tion is shown in Fig. ?’ fr:)r E_OIE states. During the flare Str‘;"_tehﬂﬂﬁe. The flux ratios of these lines are dependent on the electron
emission measure of the highest temperature range Is NigNqE heratures and densities. A higher density results in weaker

forbidden lines and stronger intercombination lines. Therefore
4.3. Analysis of He-like ions the line flux ratiof /i is a density sensitive quantity.
The OviI line triplet is located between 21.6 and 22.1 A.
The helium-like ions, such as 1 and Neax, produce the The fluxes of these lines have been measured during both
well-known line triplets in the spectrum. Such a triplet consistsates of AD Leo. The values are given in Table 4. In the
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Fig. 6. The diferential emission measure, as obtained from the poly-
nomial method with order eight, during the flare state (solid line) and
quasi-steady state (dotted line) of AD Leo as measured with Chandra.

multi-temperature model the abundance of O is set to zero and

the other abundances, temperatures, and emission measures are _

fixed at the values given in Table 3. Thigezt to the continuum _ Just like for the XMM-Newton spectra, a multi-temperature

by setting the abundance of O to zero is negligible. Three défifzand @ DEM model were performed for the data to derive the
functions are added on top of this model to measure the contfiMPerature structure.

bution of O to these lines in a small wavelength range around

the O Iines._ These_delta func_tions are convolvz_ed with the ig-7 Temperatures and abundances

strumental line profile and their amplitudes are fitted to the ob-

servations. With this procedure we have corrected for possiBlemulti-temperature fit is performed to the data based on
blends by other lines at these wavelengths and only the c6HE plasmas. From this model three temperatures were derived
tribution of O is measured. For the Meline triplet the same together with the corresponding emission measures. These re-
procedure is applied. Thefect to the continuum by setting Nesults and the derived abundances are given in Table 3 together
to zero is negligible as well. Due to detector failure the1® Wwith the values for the XMM-Newton observation. For the
lines could only be measured in the spectrum taken rith1 Same reason as in Sect. 4.1 the abundances are normalizedto O.
and the Nex lines in the spectrum atGs 2 only. The fluxes
fpr the Nex lines are also given in Table 4. The densities d > 2. DEM modeling
rived from NeIx are less reliable due to blending by several Fe

lines. From the flare spectrum and quasi-steady spectrurfferein-

With the use of two flux ratios@ = (f +i)/r andR = f/i) tial emission measure distribution is derived as shown in Fig. 6.
in combination with the tables of Porquet et al. (2001), the eleThis emission measure distribution is produced by the polyno-
tron temperatures and densities are derived for the correspamikl method with order eight. From this figure we conclude that
ing ions. The results are presented in Table 5. The electron tehe high temperature range has a larger contribution to the flare
perature and upper limits of the electron density foviDare spectrum compared with the quasi-steady state. The other tem-
higher during the flare state as compared to the quasi-stepdyatures have roughly the same contribution. Also in this case,
state, but the diierence is not formally significant. These temthe results from the other methods agree very well with the
peratures and densities are representative for those plasmd3giM distribution and abundances already given in this paper.
which the He-like lines are formed, and form only part of the
range presented in Fig. 4.

Fig. 5. The zeroth order lightcurve of the observation takemnbyGs.

5.3. Analysis of He-like line triplets

In the spectrum taken with Chandra, the line triplets produced
by He-like ions are present as well. We have measured the
The lightcurve from theETGS spectrum is produced by takingfluxes of the Ovit and Nax lines in the same way as the
the counts in a small circle around the zeroth order imagetaplets in the XMM-Newton spectra. The fluxes for both the
AD Leo with a radius of 1.4. From this lightcurve, Fig. 5, flare and quasi-steady state are given in Table 4 together with
we conclude that one flare was produced by AD Leo at thee fluxes as measured from the XMM-Newton observation.
beginning of the observatiorip( = 518416286 MJD). This In this spectrum also the line triplet produced byx8i be-
flare lasted for 11.8 ks. The remainder of the dataset (37.5 kspen 6.6 and 6.8 A is present, but the fluxes of these lines
is used to describe the quasi-steady state. As mentioned befare not significant enough to obtain a constraint on the electron
we cannot clearly speak of quiescent emission. temperature and density.

5. Data analysis of the Chandra observation



592 E. J. M. van den Besselaar et al.: AD Leonis: Flares observed by XMM-Newton and Chandra

Table 4. Fluxes in ph st m™2 measured at Earth for some He-like lines as determined kesl (Ovir) and 2 (Nax) are given in Cols. 3
and 4, while the fluxes from theeTGS are given in Cols. 5 and 6. (See Sects. 4.3 and 5.3 for more information.)

XMM-Newton Chandra
lon A(A)  Flare Quasi-steady Flare Quasi-steady
Ovu(r) 2159 3.7(04) 3.7(0.4) 3.6(0.7) 3.3(0.4)
Ovu (i) 2180 1.0(0.2) 0.8(0.3) 1.3(0.5) 0.7(0.2)
Ovu(f) 2209 1.7(0.3) 22(0.2) 3.1(0.6) 2.0(0.3)
Neix (r) 13.44 2.6(0.3) 1.7(0.3) 21(0.4) 1.9(0.2)
Neix (i) 13.53 0.4(0.3) 0.4(0.3) 0.4(0.3) 0.5(0.2)
Neix (f) 13.69 1.5(0.3) 1.1(0.2) 1.5(0.4) 12(0.2)

Table 5. The electron temperatur@s (MK) and electron densities, (cm ~3) as derived from the tables of Porquet et al. (2001) for the XMM-
Newton observation (Cols. 2 and 3, Sect. 4.3) and for the Chandra observation (Cols. 4 and 5, Sect. 5.3). The numbers in parentheses :
1o uncertainties, and the upper and lower limits ardliinits.

XMM-Newton Chandra
lon Te (flare) Te (quasi-steady)| T (flare) Te (quasi-steady)
ovii 3(1) 2.5(1.0) <25 25(@)
Neix 4(2) 3.0(1.2) <6.5 <5
lon ne (flare) ne (Quasi-steady)| ne (flare) ne (Quasi-steady)
ovii 3x100<n,<1x10" <3x101° 1x10° <ne<7x10° <3x10Y
Neix <3x10% <3.5x 107 <35x10% <7x10%

From the fluxes of these He-like triplets the electron tendlerived from the He-like line triplets are slightly higher during
peratures and electron densities of the respective ions wereal#lare.
rived using the tables of Porquet et al. (2001). The obtained
temperatures and densities are given in Table 5. These tem-
peratures and densities are representative for those plasm %‘n Abundances

which the He-like lines are formed, and form only part of thne corona of the Sun, which is less active than the corona of
range presented in Fig. 6. AD Leo, shows a first ionization potentiafect. As explained
in Sect. 4.1 the absolute abundance measurements are very un
) ) certain, and therefore relative abundances are given. There is
6. Discussion no significant diference in the relative abundances of the dif-
ferent elements during the flare state and the quasi-steady state
Therefore the average coronal abundances are plotted in Fig. 7
The flare state and quasi-steady corona of the M-dwarf AD Lagainst the first ionization potential (FIP) of the corresponding
have been analysed in both the XMM-Newton and Chandeement for the XMM-Newton observations as well as for the
spectra. Therefore the results are compared to determine @@ndra observation. Elements with a low FKELQ eV) are
conditions during a flare and the state between the flares. gssnewhat depleted, instead of enhanced, with respect to the
mentioned before, the quasi-steady emission is not clearly #adar photospheric values.
quiescent emission, if such exists, but can possibly be identified Despite the dficulty to obtain reliable absolute abundances
with a superposition of decaying flares, and additional smaligrecause the continuum is poorly determined and thus the abso-
flares. lute level of theEM may be equally uncertain), relative abun-
From the DEM model, a dlierence between the flare andlances show a clear pattern which will allow us to compare that
quasi-steady state can be seen for both observations. Thetethe pattern of the Sun and other (active) stars. Our results
atively low (~3 MK) and intermediate~7 MK) temperature may thus indicate the presence of a waalerseFIP dfect in
ranges are present in almost the same amounts in both stdtescorona of AD Leo. The value of carbon is too high to fit into
The ditference appears in the emission measure of the highe overall picture of an inverse FIFfect. In our analysis the
est temperature range (280 MK). The contribution of these most recent value of the C abundance in the solar photosphere
temperatures is higher during the flare state. This is just as éHende Prieto et al. 2002) is used. By using the C abundance
pected for a large flare. Smaller flares get less hot, and therefoffédnders & Grevesse (1989), our value of @ would shift
the emission measure of the high temperature range is smallewnwards by a factor of 1.5 and this abundance comes more
during the quasi-steady state. Also the electron temperaturetne with the other high FIP elements.

6.1. Flaring versus quasi-steady state
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2 ——r 7 He-like ions are formed. These temperatures form only part
of the range presented by the DEM models. The results from
this analysis show higher electron temperatures during the flare
state and also higher upper limits of most of the electron den-
sities, but these higher upper limits may be due tdedént
signal-to-noise ratios.

The abundances, however, do not show a significant dif-
ference between the flare state and the quasi-steady state. The
derived average abundances from the total XMM-Newton ob-
servation as well as for the total Chandra observation are plot-
ted against their first ionization potential. These figures suggest
the presence of anverseFIP dfect in the corona of AD Leo.
This is in contrast with the Sun, but in agreement with other
ol v vy active stars (HR 1099: Brinkman et al. 2001; AB Domude&!

10 15 20 et al. 2001).
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