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ABSTRACT

Aims. We study the variability of the Fe 6.4 KeV emission line frdme Class | young stellar object Elias 29 in ihh®ph cloud.
Methods. We analysed the data from Elias 29 collected by XNWdaton during a nine-day, nearly continuous observation of the
p Oph star-forming region (the Deep Rho-Oph X-ray Obsermtimmed Roxo). The data were subdivided into six homogeneous
time intervals, and the six resulting spectra were indialfjuanalysed

Results. We detect significant variability in the equivalent widthtbe Fe 6.4 keV emission line from Elias 29. The 6.4 keV line
is absent during the first time interval of observation angeaps at its maximum strength during the second time inté®@aks
after Elias 29 undergoes a strong flare). The X-ray thermaésan is unchanged between the two observation segmehie w
line variability is present at a 99.9% confidence level. Gitlee significant line variability in the absence of variagdn the X-ray
ionising continuum and the weakness of the photoionisingicoum from the star’s thermal X-ray emission, we sugglest the
fluorescence may be induced by collisional ionisation fram{unseen) population of non-thermal electrons. We specala the
possibility that the electrons are accelerated in a readtioreevent of a magnetically confined accretion loop, ceting the young
star to its circumstellar disk.

Key words. ISM: clouds — ISM: individual objects: Rho-Oph cloud — Stgge-main sequence — X-rays: stars — Stars: individual:
Elias 29

1. Introduction have detected Fe 6.4 keV emission from a low-mass young
. . star in Serpens, during an intense, long-duration flareeR&c

The X-ray emission from young stellar objects (YSOs) at CCly;agja & Schmitt[(2007) have reported intense Fe fluorescent

resolution is usually modelled as thermal emission from & hQmission in the spectrum of V 1486 Ori during a strong flare,

plasma in coronal equilibrium, with higher characterisém- \hen the plasma reached a temperature in excess of 10 keV.
peratures than observed in older and less active stars.tén in

esting deviation from a pure thermal X-ray spectrum is thespr
ence of fluorescent emission from neutral (or weakly ionised The 6.4 keV fluorescent line has been detected fiedint
Fe as shown by the presence of the 6.4 keV line. This was ficthsses of X-ray emitters: X-ray binaries, active galaaticlei
detected by Imanishi et al. (2001) in the X-ray emission ef t{AGNs), massive stars, supernova remnants, and the Sii itse
YSO YLW16A in p-Oph, during a large flare: in addition to theduring flares. In the case of the Sun, the fluorescing matisrial
Fexxv complex at 6.7 keV, a 6.4 keV emission line was clearlghe solar photosphere, in the YSOs, however, indicatiomthat
visibe. Such fluorescence line is produced when energetic ke material in the circumstellar disk and its related abane
rays photoionise cold material close to the X-ray sourcd,ian structures could be responsible for the fluorescence. Tfie ty
is therefore a useful diagnostic tool of the geometry of th@¥X cal equivalent width of the 6.4 keV emission line in the stud-
emitting source and its surroundings. ies mentioned above is of the order of 150 eV and is too large
Since 2001, detections of the Fe K fluorescent emission lite be explained with fluorescent emission in the stellar ghot
at 6.4-keV in the spectra of YSOs have been reported bysphere or in dfuse circumstellar material (elg. Tsujimoto et al.,
number of authors. Tsujimoto etlal. (2005) has identifiedesevi2005;| Favata et al., 2005b). This scenario implies that thle d
sources with an excess emission at 6.4 keV among 127 @b*bathed” in high-energy X-rays emitted by the star, wiity-s
servations of YSOs within the COUP observation of Oriomificant astrophysical implications; for instance, X-raysaddi-
Favata et &l! (2005b) report 6.4 keV fluorescent emissiofi&s E tion to cosmic rays, would play an important role in photaion
29 in p-Oph both during quiescent and flaring emission, unlikeing the circumstellar material around young star and thus
all other reported detection of Fe fluorescent emission i@¥'S coupling the gas to the ambient magnetic field (as suggested b
that were made during intense flaring; Giardino et lal. (200@)g. Glassgold et al., 2000). Ceccarelli etlal. (2002) ssigipat
the “hot” component they observe in the disk, in the infraisd
Send offprint requests to: G. Giardino heated by the stellar high-energy emission.
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Fig. 1. The light curve of Elias 29 over the nine days of theokb observation from PNt¢p), MOS1 pottom-left), and MOS2
(bottom-right). The line with error bars gives the background-subtradgtgd turve of the source, while the thinner line without
error bars gives the total counts (source plus backgrodn®.6 time intervals that we selected for the spectral aiglps the
basis of the PN data, are indicated.

Observations of the time variability of the Fe 6.4 keV emissis are briefly presented in Sddt. 2. Results are summanised i
sion in YSOs would provide useful constraints on the geoynetsect[B; the simulations carried out to assess the rebalufi
and sizes of the star-accretion disk system and of othemroirc the line detections and the significance of its variability de-
stellar structures such as funnel flows, jets, or wind colsiriive  scribed in Seckl4. The results are discussed in Gect. 5.
present here the results of a time-resolved spectral sthitheo
X-ray emission of Elias 29, during 9 days of nearly contin-
uous observation by XMMNewton in the context of the ultra- 1.1. Elias 29 (GY214)
deep observation gf-Oph, named Roxo (from Deep Rho-Oph
X-ray observation + Pillitteri et al., 2007). We investigdithe Elias 29 (16:27:09.4,-24:37:18.9) with a bolometric luminos-
presence of variations in its strong Fe 6.4 keV emissiontheer ity L = 26 — 27.5 Ly (Bontemps et al., 2001; Natta el al.,
9-day time scale covered by the observations. 2006) is the most luminous Class | YSO in theDph cloud.

This paper is structured as follows. After a summary, beloMuzerolle et al. [(1998) used the luminosity in theyBime to
of the properties of Elias 29, the observations and datayanadetermine the object’s accretion luminosityla.= 15— 18L,
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which makes it the source with the highest accretion luniiposthe (five) joint fits to the PN, MOS1, and MOS2 data in Table
in their sample. More recently, Natta et al. (2006) useddh&d [2. For each time-interval, the values of the spectral patarse
nosity of the hydrogen recombination lines to derive anetimn  derived from the simultaneous fitting are very similar totaé
luminosity of 28.8L. ues derived from the PN data alone. The error bars in thefibest-
Using millimeter interferometric observatiohs, Boogera parameters improve marginally, bt values worsen, likely be-
(2002) resolved the emission from the disk and the envelope scause of calibration uncertainties.
rounding Elias 29, showing that the disk is in a relativelgefa The spectra and the fits for “segl” and “seg2” are shown
on orientationi( < 60°), which explains many of the remarkablen Fig.[2 and the spectrum for the flare in Hiy.3. The aver-
observational features of this source, such as its flat spest- age values of the source’s spectral parameters while gnéesc
ergy distribution, its brightness in the near-infrareé,éixtended (N(H) = 6.8 x 10?2 cm™2, KT = 3.7 keV, andZ = 0.8 Zy) are
components found in speckle interferometry observatiand, very similar to the values derived from previous observajso
its high-velocity molecular outflow. Their best-fitting Kisodel s its quiescent luminosityx ~ 10°° erg s, with no evidence
has an inner radius of 0.01 AU, outer radius of 500 AU, andaf long-term variability.
massM = 0.012M¢. The X-ray flare is similar to other events previously obsdrve
Elias 29 was previously observed in X-rays with ASCAfrom this source. During the flare, the source counts first in-
Chandra and XMM-Newton. In the Chandra observation creased impulsively by a factor ef 8 and then decreased ex-
(Imanishi et al., 2001), the source quiescent phase is charponentially with a decay time of 6 ks. The source spectrum
terised by a temperature of 4.3 keV and luminosity d# 2 during the flare is shown in Figl 3, together with the spediral
10% erg s, fully consistent with the values derived from theAs presented in Tablé 1, the fitted value of the plasma temper-
subsequent XMMNewton observations by Ozawa et al. (2005)ature does not appear to change significantly during the, flare
KT = (3.6 —5.1) keV,N(H) = (4.4 -53)x 10°2cm2,Z = possibly due to the stringent processing criteria applethe
(0.8-1.3)Zs, andLy = 2.8x10* erg s*. The source was seendata that resulted in the events of the flare peak being disdar
flaring during one of the ASCA observatioris (Kamata et al., From TableEll and 2, it is apparent that the best-fit values of
1997) and during th€handra observation. The two flares hadN(H), kT, andZ for the diferent time intervals do not show sig-
similar intensity and duration with agfolding time of~ 10 ks nificant variations, since they are all consistent with eaitter
(Tsuboi et al., 2000; Imanishi etlal., 2001). within 20~. This is also apparent by comparing the PN and MOS2
spectra from “segl” and “seg2” in F[g. 2, where the overadisp
) ) tral shape and amplitude are very similar during the two time
2. Observations and data analysis intervals (in both instruments). On closer inspection, &y,
hé significant diference between the two time intervals becomes

-Ophiuchi star-forming region performed by the EPIC canfiPParent during time interval “seg2”, a visible excessmf$ .
gra %n board the XMI\/?JeWt%n saptellite. The gbservation wasSion around 6.4 keV, the energy of the Fe fluorescent line, is
performed over 9.4 days, starting 8 March 2005 (orbits ogePresent both_ In the PN and MOS2 ‘?'ata: -

0965). Details of the observations and data reduction poee 10 quantify this excess and monitor its variation, we repéat
are given il Pillitteri et a1.[(2007). The preliminary datdtic- the spectral fits of the spectra with an absorbed 1T plasma&imod

tion was done with SAS software version 6.5 in order to obtafid @n additional Gaussian line component at 6.4 keV. Thie pos
lists of photon events calibrated both in energy and astnymet'on and width (10 ef)) of this component were constrained dur-

for the three instruments. MOS1. MOS2. and PN. for each dpd the fit, while its normalisation was left free to vary. Tétber
bit. The data were filtered in the energy band 0.3-10. keV, aR@'@meters of the absorbed 1T plasma model (absorbing nolum
only events withertern < 4 andriac = O were retained for the A€NSity, temperature, and normalisation of the thermaitspe)

spectral analysis. The spectral analysis was performed tise We'® also free parameters in the fit. The spectra and spétgral

xspEc package V11.2, after rebinning the spectra to a minimut the six PN spectra in the energy rantle = 4 — 8 keV are
of 20 source counts per (variable width) spectral bin. shown in Figl#. The strong excess emission at 6.4 keV in the

spectra of “seg2” is well accounted for by the fitted line, Mehi

it is clear that no such additional line at 6.4 keV is needed to
3. Results fit the data from “segl”. The four other spectra are somewhat i

between these two extremes in regard to an excess of emission
Figure[d shows the light curve of Elias 29 from the three imstr at 6.4 keV.
ments, PN, MOS1, and MOS2, and the six time intervals that The results from the spectral fits to the PN data with the ad-

we selected for our spectral analysis. On the basis of the BMonal line at 6.4 keV are summarised in Table 3. As can be
data, we selected 5 time intervals with low background (hergéeen by comparing TablEs 1 dd 3, the fitted values for absorb-
after “segl” to “seg5”), plus one time interval covering theng column density, temperature, metallicity, and norselon
strong flare at about 94 ks from the beginning of the observgfthe thermal spectrum are ndatected by the addition of the 6.4
tion. During “segl”, the MOS1 camera was very likely hit by &e\V/-line component. The null-hypothesis probability dfthie
micro-meteorite (which compromised one of the chips) a®d thits improves, except for “seg1”, for which the null-hyposie
instrument was switchedflofor the rest of this Segment of thEprobabmty decreases margina”y_ |ndeed’ an excess cfam
observation, during the flare and part of “seg2”. MOS2 da¢a a#t 6.4 keV does not appear to be present at all in this spectrum
available for all the segments of observation, but areffisent  so that there is no reason to add an extra line component at 6.4
during the flare, thus, we did notinclude the “flare” time iw&  keV. We have also added this component to the spectral fit of
in the joint spectral analysis of PN and MOS data. In addjtionseg1” to make the fits homogeneous and directly comparable.
we only used PN and MOS2 data for “segl” and “seg2”.

The spectra were initially modelled by an absorbed one+ The iron Ke fluorescence line consists of two components with an
temperature plasma model. The results of the six spectsal #hergy separation of 10 eV: Ka; and K, at 6.404 and 6.391 keV,
for the PN data alone are reported in Tdble 1 and the results@dpectively, for Fe

The Droxo program is a nominal 500 ks observation of t
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flare data from seg?, seg3, seg4, and segb
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Fig.3. The spectrum of Elias 29 (PN data) during the strong channel energy (keV)
flare between “segl” and “seg?2”, together with the best-fé-on
temperature model.

Fig.5. The spectrum (PN data) of Elias 29, between 4 and 8
keV, integrated over the four time intervals of quiescentsem
sion where an excess at 6.4 keV appears to be present. With the
improved statistic of this long time span, the presencedkéV

_ ) ) _ ~Fe fluorescent emission is very clear.
The equivalent width of the fitted line appears to vary signifi

cantly from the 13 eV of “segl” (where the excess emission at
6.4 keV does not seem to be present) to the 249 eV of “seg2”.

Tabld3 summarises the results of the simultaneous spectfé line appear to be absent or extremely weak) and “seg2” are
fitting of PN and MOS data with an absorbed 1T plasma mod"y likely intrinsic (with a probability of 99.9%). .
and an additional Gaussian line componentat 6.4 keV: thitses T further constrain the properties of the Fe 6.4 keV emis-
obtained from this joint spectral analysis are again futipsis- sion from Elias 29, we derived the spectrum of the source inte
tent with the results from the PN data alone (compare Tahel3 rated over the quiescent time intervals where the exced at
@). The strong variation in the intensity of the excess eimiss keV appears to be present (although with varying signifieanc
at 6.4 keV between “segl” and “seg2” is confirmed; the best-fie- intervals “seg2”, “seg3”, “seg4”, and “seg5” (PN datey).
line equivalent width varies from 10 eV in “segl” (where tel  The summed spectrum between 4 and 8 keV is shown i Fig. 5,
also appears to be absent in the MOS2 data) to 194 eV in “segghere the emission line at 6.4 keV is very clear thanks to the
(where the excess of emission is also strong in the MOS2 d#tg improved statistic. A fit with an absorbed 1T model to this
— see Fig:R). For “seg3” and “seg4”, the equivalent widthhef t Spectrum yieldN(H) = 6.7 x 10?2 cm %, KT = 3.7 keV and
emission at 6.4 keV derived from the joint fitsféirs by~50% Z = 0.7 Zg with a null hypothesis probabilit = 3.5 x 10°°.
from the value derived from the PN data alone, but best-fit valhe spectral parameters are very similar to the averagewalu
ues of the line’s flux are consistent within the two data:dets derived above from the fits to the individual five quiescelmteti
“seg5”, the equivalent width of the emission at 6.4 keV dediv intervals, although the fit probability is rather low. Withetad-
from the two spectral analysis are very similar. 0_I|t|on of a line at 6.4 keV, the fit probability increases dalns

As described in Sedfl 4, we have performed a set of Morffglly to P = 2.1x 10°% (and the values of the parameters of the
Carlo simulations of the PN spectra to assess whether taetin 1T model hardly change). In this case we left the positiorhef t
6.4 keV seen in the spectra from “seg2” to “seg5” is real nath&aussian line free to vary during the fit, together with itemal-
than the result of statistical fluctuations in the data. Eseiits of iSation. The fitted line equivalent widthWe.4 rev = 143 eV and
these simulations are summarised in the last column of Babld!S Position is 644+ 0.03, fully consistent with being Fe K fluo-
which gives the probability that a line at 6.4 keV, with ecalant "€scent emission. Indeed, although the reliability is teai(the
width equal to, or greater than, the best-fit value, coulchbe¢- duoted error is atd), the line peak energy of 6.44 keV would
sult of random fluctuations for each segment. This prokgtigi Suggest that the fluorescing Fe is Neon-likexkeor so. The Fe
high for “seg1” and the “flare” segment, for which the data aré fluorescent emission line energy is, in fact, a slowly irxsieg
consistent with the absence of a line in the spectrum. Csatgr function of ionisation state, rising from 6.40 keV in Fi@ 6.45
the probability that the excess of emission in “seg2” angi®se KeV in Fexvi (Housel 1969; George & Fabjan. 1991).
is due to noise fluctuations is low (0.1% and 0.2%, respdglive
For time intervals “seg3” and “seg4” the situation is lessac)
since with a probability of 4.2% and 3.5%, respectively tha
excess at 6.4 keV could be due to random fluctuations, the evir quantify the reliability of the detection of the 6.4 keV ism
dence for intrinsic emission is less compelling. Nevedbglan sion in the diferent spectra of Elias 29, we performed a set of
analysis of the spectrum of the source integrated over the tiMonte Carlo simulations of the PN spectra. For each time in-
intervals “seg3”, “seg4”, and “seg5” shows that the evidefar terval discussed in SeEi. 3, 1000 random realisations oélthe
the presence of the line is very strong, with a probabiligtthe sorbed 1T-model fitted to the spectrusithout the additional
excess at 6.4 keV is due to random fluctuation of less than oBaussian component at 6.4 keV (as per Table 1) were gener-
in a thousand (as summarised in the last line of Table 3). ated usingspec. These random realisations have the same noise

The simulations described in Sddt. 4 also show that the vatharacteristics of the data and the same energy binningeof th
ation in the line’s equivalent width seen between “segl”d¢mh real data (for which channels are combined to a minimum of 20

4. Simulations
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Fig. 2. Elias 29 spectra from PNdp) and MOS2 fottom) with spectral fits, during “segl” (before the flareft) and “seg2” (after
the flare,right). The spectra (from the two time intervals) are very simitaoverall shape and amplitude, and the fits (with an
absorbed 1T plasma model) result in very similar paramelrrang “seg2”, however, a significant excess of emissiod.atkeV

is present, which is not visible in the data from “segl”. Alétspectra are rebinned to a minimum of 20 source counts aeaije
width) spectral bin.

-2
-2

counts per energy bin). The 1000 simulated spectra werdithentions), indicating that the excess at 6.4 keV seen in thetgpac

ted with the same procedure used for the real data. First &t wof “seg2” is very likely intrinsic to the source. The resutif

an absorbed 1T plasma model was performed then a Gaussitithese simulations for all the fiierent time intervals, in terms
line component at 6.4 keV with a narrawof 10 eV was added of the probability of by chance observing a line with a value
to the model and the simulated data were re-fitted. The line paf Ws 4 kev greater or equal to the one measured in the data, are
sition and width were kept fixed during this fit, while its nain summarised in Tabld 3. For illustration, the distributidthe fit-
isation was left unconstrained. The equivalent width offitbted  ted spectral parametek§H), kT, andZ for the 1000 simulations
line was then computed for all 1000 fits for each time interval for “segl1” are given in Fid.l7.

Since the input model to the simulated spectra did not con-
tain any emission line at 6.4 keV, the number (over 1000) of fit
ted spectra with a fitted line with a givaik 4 kev gives the prob-
ability that a line with that equivalent width could be meesii
in the real spectrum because of the noise’s random flucthustio
For example, in the case of “seg1” the number of simulated-sp
tra with We.4 kev > 13 eV Wea kev = 13 €V being the best-fit 5 iional simulation for “seg1”. In this case, the simidatin-
equivalentwidth in the real data) is 453, thus, the proligtf put model was the best-fit absorbed 1T model for “segl” (as per

deriving a spurious line witWe4 v > 13 eV from the spec- Tabld1) with the addition of a Gaussian line at 6.4 keV with
trum of *segl” is 45%. This can be seen by looking at the tqp, " " 549 e/ In this case, the number of simulated spectra
panel of Figl®, which gives the distribution 8.4 kev for the ¢,y hich we derived a fitted line at 6.4 keV Wit 4 kev < 13
fitted lines for the simulation of “segl”. Note that, in thesea eV is 1 (over 1000), as can be seen from Fig. 6 In other words

of “segl”, there is no visible excess of emission at 6.4 keV, $h o - W oA it i i
oYY : . X e probability that during “segl” an intrinsic emissiondiwith
a high incidence of simulated spectra With 4 kev > 13 eV'is the samé&\s 4 «ev @s derived in “seg2” could result in an observed

consistent with the absence of the line in the intrinsic spec. excess With\s 4 ke < 13 is 0.1%. This indicates that the strong

In the case of “seg2”, on the other hand, the number of simariations in Fe 6.4 keV emission detected in the data betwee
ulated spectra witWe 4 kev = 249 eV is 1 (over 1000 simula- “segl” and “seg2” are very likely intrinsic.

Finally, to assess the probability that a line with the same
equivalent width as derived in “seg2M 4 kev = 249 eV) could
be present in the source’s intrinsic spectrum of “seg1” coutd
%o undetected due to the noise fluctuation, we performed one
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Fig. 4. Spectra (PN) and spectral fits of Elias 29 during fedlent time intervals, between 4 and 8 keV. From left to rigty, to
bottom, spectra are from time intervals “segl”, “flare”, 28, “seg3”, “seg4”, and “seg5” (these intervals are indichin Fig.
1). Fits were performed using an absorbed 1T thermal modél thve addition of a line at 6.4 keV (indicated in the plots by a
dash-dotted line). Note the strong excess of emission &e/4n the spectra for “seg2”, which does not appear to begmtaa the
spectrum from the first time interval.

5. Discussion stellar shell, can result in the large equivalent widthseobsd
(approximately 150 eV), given a plausible thermal photEen

As mentioned in the introduction, previous works have abnsilng continuum.

ered that the most likely location of the cold material tchbg The radiative transfer computation necessary for determin

fluorescent emission is, in YSOs, the circumstellar diskap@s ing the fluorescent equivalent width in the case of an optical

fluorescence, whether from the photosphere or from a circuthick target (i.e. a stellar photosphere) shows that, incidmse
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keV line in two sets of simulations of the spectra of “segl’simulation consisted in 1000 random realisations of thetsae
In the top panel the input model to the simulation did not comnodel fitted to the data of “seg1”.

tain a Gaussian line component at 6.4 keV, so the distributio
gives the probability of deriving a spurious emission lingwva
given equivalent width. The best-fit equivalent width dedvor
“segl” of 13 eV is consistent with the line being spuriousha

bottom panel the input model contained a Gal_155|a_n line cemp@rvation, is absent (or significantly weaker) during thet fieg-
nent at 6.4 keV withWe4 ev = 249 €V, as derived in the datament of the observation, while the observed thermal contimu
for “seg2”. In this case, the probability of detecting a Gaias  x-ray spectrum is basically unchanged. Although a steltmefl
component withVe 4 kev < 13 €V is very low (0.1%). Each sim- takes places between the two intervals, the radiativertifes of
Ulat|0n ConSISted Of 1000 I‘andom I‘ea|lsatlonS Of the Inmﬂeh ﬂuorescent Fe transitions are neg||g|b|e Compared to me h'e_
tween the flare and the second observation segment (91 ks) — se
e.g. Langhans et al. (1995) for the radiative lifetimes of &ed
Schnabel et al! (2004) for e— and therefore the flare cannot
of a semi-isotropically illuminated slab (such as a pholesp), explain the 6.4 keV emission observed in the second segrient o
the equivalent widthWs 4 ev varies approximately from 150 the observation. To explain the observation, a sustainezhase
to 90 eV (assuming photospheric solar iron abundance), fonsm ionising the neutral Fe atoms must operate during thie re
power-law incident spectrum with spectral index 1.2 to 2.1 of the observation, on time scale of days, independent ofifah
(George & Fabian, 1991). Given that the thermal spectrum cérrelated with) the thermal X-ray emission. This mechanis
stellar sources is generally steeper than a power-law rsect must be absent during the first segment. This is unlikely to be
with I' ~ 2.0 (e.g. Favata et al., 2005b; Giardino et al., 2007)he stellar X-ray continuum emission, as this emission appe
photospheric emission can hardly explain the observedragquito be unchanged between the first and the second observation
lent widths. segments.
George & Fabign (1991) show that higher equivalent widths A scenario in which a localised region of photoionised Fe 6.4
for the fluorescent Fe K line can be obtained if the cold matkeV emission is somehow eclipsed during “seg1” is alshailt
rial is distributed in a centrally illuminated disk. In tréase, for to reconcile with the data, given the high equivalent widtthe
favourable disk inclination angles (near face-bg, 0° — 30°), line Ws4kev = 150 eV), when this is present. As mentioned
Ws.4 kev Varies approximately between 120 and 200 eV for agbove, to explain such a large equivalent width by phots@ni
incident spectrum spectral indéx= 2.3 to 1.3. This interpreta- tion, the favorable geometry of a nearly face-on, centitllyni-
tion of the origin of the fluorescent Fe K emission was alse praated disk is needed in order to maximise the number of atoms
posed by Favata etlal. (2005b) for Elias 29, whose accreisn dwhose line emission is free to escape. Requiring that the4e 6
was shown to be in a relatively face-on orientatior: (60°) by  keV emitting region is localised (and in order to be eclipbgd
Boogert et al.[(2002). This interpretation cannot, howgzasily the star in a nearly face-on disk this volume needs to befsigni
explain the current set of data. icantly localised), automatically reduces the equivalerdths
The remarkable feature of the present data is that the strahgt can be obtained. The same line of reasoning appliesso ar
Fe 6.4 keV emission, apparent in the second segment of the gien of localised emission on the stellar photosphere, avere
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S0, given that for the same incident spectrum one obtainkesmz2006), so the column density within the accretion tubes will
line equivalent widths. be correspondingly higher. With such a high density, theeacc

The large Fe 6.4 keV equivalent width derived in the setareted electrons produced by a reconnection event in the ac
ond segment, 190 — 250 eV, is alsdfdult to reconcile with cretion tube cannot reach the stellar photosphere, butbsill
emission from photoionisation of the material in the cirsteh  decelerated in situ, producing non-thermal (hard) X-raysem
lar disk. The model of George & Fabian (1991) for a centrallsion and collisional ionisation of elements such as Fe, whic
illuminated face-on disk and an incident X-ray spectrunhveit will be largely neutral at a typical temperature of 7000 K
power law index of” = 2.3, which is appropriate for Elias B9 (Muzerolle et al., 2001). A sketch of the Elias 29 star-dig&-s
predicts a maximum equivalent width of only 120 eV, that &, 7tem with the hypothesised accretion tube where the eleairon
— 130 eVless than the observed best-fit value in segment 2. eleration is taking place is shown in Hig. 8.
addition, the maximum equivalent width of the 6.4 keV line-co  To explain the observed long-lasting fluorescent emission,
responds to the lowest temperature in the thermal specirumthe electron acceleration mechanism should be sustained ov
contradiction with the expectations from a photoionisafoo- several days. While we have no detailed physical mechamism t
cess. propose for this, we note that many of the long-lasting flates

An alternative explanation for the production of the Fe 6.derved in YSOs by Favata et al. (2005a) require sustaingg hea
keV emission line in solar flares is collisional ionisationke  ing of the flaring material to explain the observed duratibtine
shell electrons by a beam of non-thermal electrons (Emsh&.e events, which in some cases lasted a few days. The thermody-
1986). This mechanism may also operate in some stellar sgamic cooling time of the flaring plasma would be much sherter
tems| Osten et al. (2007) have recently observed a supesflareherefore, to explain the observed long flaring events in ¥SO
the active binary system Il Peg with tBaift telescope. Analysis magnetic reconnection must be ongoing, on time scales «f day
of the X-ray spectrum from 0.8 to 200 keV from the XRT andimilar to what is observed for the Fe 6.4 keV fluorescent emis
BAT instruments reveals evidence of a thermal componeft wision from Elias 29. The same electron acceleration mecmanis
KT in excess of 7 keV, Fe 6.4 keV emission, and a tail of emiseuld therefore result in long-lasting flares, if it takeaqd in
sion out to 200 keV, which can be fit with a power-law modedystems with little ongoing accretion, or in strong Fe 6.% ke
with spectral indeX” ~ 2. They attribute this power-law hard X-emission, if it takes place in systems with strong ongoirgec
ray emission to non-thermal thick-target bremsstrahlumgse tion.
sion from a population of accelerated electrons and find that | their study] Emslie et &ll (1986) provide a relation (Fig.
collisional ionisation (of photospheric material) fronetsame in their paper) between the flux emitted in the 6.4 keV linéhia t
non-thermal electrons is a more likely explanation for thé 6case of electron ionisation, as a function of the column e
keV feature than the photoionisation mechanism. material between the electrons’ injection point and thédtbe

In our case, a superflare is not taking place; indeed, n@stefwhere Fe 6.4 keV emission can take place). This column tjensi
flare is taking place during the second segment of obsendtio is zero in our case, since, as mentioned above, the matetie i
a magnetospheric accretion scenario, however, ioniseeriaat accretion tubes is mostly neutral at temperatures 8000 K. In
is magnetically channeled in accretion streams that cdrthec the diagram, dferent curves are given forfterent values of the
star to the circumstellar accretion disk (e.g. Calvet & Heamn, spectral indexi’, of the non-thermal X-ray emission, and the line
1992). The observation of very intense long-duration flanes flux is normalised to an amplitude of non-thermal (power)law
YSOs, which implies flaring loop lengths of tens of stellattira emission ofa = 1 photons cm? s keV-1 (at 1 keV).
(Favata et &l 2005a), provides evidence of flaring assatia The flux observed for Elias 29 in the Fe 6.4 keV emission

these accretion streams. _ line in the integrated spectrum is 10® photons cm? st

A magnetic reconnection event leading to the acceleratigiq from the plot by Emslie etal., 1986 one can see that such
of electrons within one of these structures, connectingstae 5 fjyx can be obtained for a very wide choice of parameter com-
to the disk, may or may not result in a (soft) X-ray flare eveninations. withl" ranging from 2.1 to 5.0, fom = 104 — 1
depending on the density of the material confined in the &irac photons émz s keV-L. The parameterE ’anda refer to the
itself. If the density of material within the magnetic flub® arg X-ray emission, typically & = 20 keV. As discussed by
is not very high (with column densities from tge a‘fge'e"at'c'Holman (200B), however, the X-ray spectrum of the non-tiarm
site to the photosphere or to the diskWf< 10°° cm?), the  x_ray emission flattens below the low-energy di{E.) of the
accelerated particles will impact the stellar photosphereheat g prathermal electron responsible for the emission. Famex
and “evaporate” the chromospheric plasma, providing the hge the bremsstrahlung emission from a beam of electroitts, w
material that emits the X-ray flare observed between 0.1 Qndr}power-law spectrum with spectral indéx 3 and low-energy
keV. Indeed, the flares for which long flaring loops were dsitiv ¢t £, = 50 keV, has a spectral index Bf~ 2 atE > E, but
in [Favata et al. (2005a) appear to take place in CTTs with R@itens ta- ~ 1.3 between 1 and 10 keV.

significant ongoing accretion (hence their "accretion’dsilare For the electron beam model in solar flares, electrons are

not mass-loaded). . -
; . . . ssumed to have energy higher than 20 keV (e.g. Brown et al.,
In .YSOS’ .Wh'c.h are still str.ongly accreting, the density .0?99()) and recent RHEggSIgdata indicates a Ibwv-energyﬂbuto
materla! conflned in the accretion tupes is expected to ble. h'ghat is typicallyEc = 20 — 40 keV and can be as high 70 keV
,\F/Ior a f“juc;all cgsoeoff mtqss tac(;:retlg)tp fa‘?_oigﬂz’@ ylr(; (Holman et al., 2003). Using the BREMTHI@Kode by G. D.
u;sero e et al. (2001) estimate densitiesnpf = . Holman, we verified that a non thermal hard X-ray emissioh wit
cm™ at ~ 2R,, that is, column densities of the order Nf ~ a= 10— 1 photons crm? s keV-1 andT" = 25, from a pop-

3 4 a2 i : 5 .
%gz _'tr1102 cm a;s_sunlung_ast.izllarfrgglus otfr?(]:m : 'tf.‘ Ellast ulation of electrons wittE, 2 40 keV, between 1 and 10 keV,
with an accretion luminosity o 8o, the accretion rate ould be buried in the star’s thermal emission and thus canno

is estimated to be one order of magnitude higher (Nattal et e constrained without hard-X ray observations. Note, akst

2 as verified by performing a fit to the “seg2” spectrum of Eli&s 2
with an absorbed power-law model 3 available alhttp:/hesperia.gsfc.nasa.govhessi/modelware.htm
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be accelerated by magnetic reconnection events in thetaucre
tubes that connect the star to its circumstellar disk. Taetedns
are decelerated in situ by the accreting material, ionigiagd
causing the observed Fe 6.4 keV emission.
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6. Conclusions

So far, the Fe 6.4 keV emission in YSOs has been explained
in terms of fluorescent emission from the photoionised @9ld
material in the circumstellar disk. This scenario, howesannot
easily explain the observed variability of the Fe 6.4 keV &mi
sion in Elias 29, which occurs in the absence of signficariavar
tions of the observed X-ray continuum. The equivalent wiafth
the line at its maximum strength ef 250 eV is also not easily
reconciled with a photoionisation scenario. An alterratine-
formation mechanism is collisional excitation by a popiglat

of non-thermal electrons. We suggest that these electiaurd c
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Table 1. Best-fit parameters from the fits to the spectra of Elias 28indu6 different time intervals (PN data only), using an
absorbed 1T thermal model. Redugédand null-hypothesis probability?] for the fits are also given.

Time interval | N(H) kT z =] y%/d.of. P Fx
Ngz keV Z EMs3 Fois
segl 57+0.7 46+x09 1.0+0.3 1.4+05 1.0 0.6 1.8
flare 95+20 41+15 09+03 8.3+£6.3 0.9 05 75
seg2 81+13 3.1+08 1.0+0.3 1.4+0.9 1.5 0.0 1.1
seg3 6.6+08 34+0.7 0.7+£0.2 15+0.8 1.0 05 1.3
seg4 77+06 3.7+05 0.7+0.1 3.1+0.9 1.4 0.0 2.7
seg5 49+04 4.7+08 0.6+0.1 2.0+0.6 1.3 0.1 25

Units areN,, = 1072 cm?, EMs3 = 10°% cmr3, andF_y3 = 10722 erg cn? s, The spectral fits were carried out in the energy range 100keV.
Flux values refer to energy range 1.0-7.5 keV. The error bagat br.

Table 2. Best-fit parameters from the joint fits to PN, MOS1 and, MOSg&csa of Elias 29, during 5 fierent time intervals, using
an absorbed 1T thermal model.

Time interval |  N(H) KT z EM Y/d.of. P Fy
Nz keV Z EMs3 Fois
segt 55+05 44+0.7 10+£0.2 1.7+05 1.1 01 21
seg? 74+08 3.8+0.7 08+0.2 15+0.6 1.6 00 13
seg3 6.6+05 35+05 0.7£01 2.0+£05 1.1 02 1.7
seg4 75+04 3.7+04 0.7+£0.1 35+0.8 15 0.0 3.0
seg5 57+04 40+05 05+£01 2.8+0.7 1.6 0.0 23

tMOS1 data (mostly) unavailable for this time interval soyoAN and MOS2 data were used.

Table 3. Best-fit parameters from the fits to the spectra of Elias 2%indu6 different time intervals (PN data only), using an
absorbed 1T thermal model with an additional line at 6.4 k¥ fluorescent line). For the line, the total flux in the lidgs(ey in
units of f_g = 10°® photons cm? s™1) and the equivalent width/\s 4 kev) are given.

Time interval N(H) kT Z EM f6.4keV Ws.4 kev )(z/dof P Fx Re.akevi
Noo keV Zs EMs3 f,s eV F_13 %
segl 55+0.7 48+10 11+03 1.3+05 0.1+0.7 13.0 1.0 05 18 45
flare 94+20 39+x14 09+03 8.3+6.2 2.0+59 60.2 0.9 06 75 23
seg2 82+13 28+06 11+03 14+08 1.1+0.6 249.0 1.3 01 11 0.1
seg3 6.6+08 33x06 0.7+0.2 16+08 0.5+05 108.0 0.9 06 1.3 4.2
seg4 76+06 36+04 0.7+0.1 3.2+09 0.7+0.7 67.8 1.3 01 27 3.5
segb 49+04 45+08 0.6+0.1 21+06 1.1+0.8 162.0 1.2 0.2 25 0.2
seg3seg4seg® | 6.4+ 0.3 39+0.3 0.6+0.1 22+04 1.0+0.3 147.0 1.3 0.0 21 0.0

tProbability that a line with a best-fit value equal or gredt@nWs 4 v could be due to a random fluctuation in the data, as estiméedonte
Carlo simulations (see Sect. 3 and 4).
¢ Results for the fit to the source’s spectrum integrated dner intervals “seg3”, “seg4”, and “seg5”

Table 4. Best-fit parameters from joint fits to PN, MOS1 and MOS2 spectrElias 29, during 5 diierent time intervals, using an
absorbed 1T thermal model with an additional line at 6.4 Ke& fluorescent line).

Time interval N(H) kT z EM foaev  Weakev x2d.of. P Fx
Noo keV Zs EMs3 f,s eV F_13
segk 55+05 43+08 1.0+02 1.7+05 0.1+0.7 9.7 1.2 0.1 2.1
segZ 75+08 35+0.7 09«02 16+06 1.1+0.7 194.0 1.4 0.0 1.3
seg3 6.7+0.6 3.3+05 0.7£0.2 21+0.7 0.4+0.6 68.7 1.1 03 1.7
seg4 75+04 35+x03 0.7£0.1 3.6+08 1.2+0.7 118.0 1.4 0.0 3.0
seg5 58+04 3.7+05 05+01 29+08 1.2+0.7 152.0 1.5 0.0 23

TMOS1 data (mostly) unavailable for this time interval soyoAN and MOS2 data were used.
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