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Abstract. Young low-mass accreting stars (classical T Tauri stars; CTTSs) possess
strong magnetic fields that are responsible for the regulation of the accretion and out-
flow processes, and the confinement and heating of coronal plasma. Understanding
the physics of CTTS magnetospheres and of their interaction with circumstellar disks
can elucidate the history and evolution of our own Sun and Solar System, at the stage
when planets were being formed. In June 2009 we have conducted an extensive multi-
wavelength observing campaign of V2129 Oph, a K5 CTTS in the ρ Ophiuchi molecu-
lar cloud, with the goal of obtaining a synoptic view of its photosphere, magnetic field,
coronal plasma, and of its accretion spot(s) and funnel flow(s). We here report on the X-
ray emission, as observed by the Chandra High Energy Transmission Grating (HETG).
High-density plasma, presumably from the accretion shock, is responsible for the soft
X-ray emission, at least during the first half of the observation. The X-ray emission
from both the coronal plasma (T∼20MK) and the cooler and denser material from the
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accretion spot (T∼3MK) is observed to vary between the first and second half of the
observation. From the high-resolution X-ray spectra we constrain the emission mea-
sure of the two components and the density of the cool plasma. Finally we interpret
the time variability of the cool plasma component in terms of stellar rotation and the
time-changing viewing angle of the accretion stream, as constrained by simultaneous
optical observations.

1. Introduction

V2129 Oph is an optically bright CTTS in the ρ Oph star-forming region. Its bright-
ness, V∼11.2, rotational period, ∼6.5d, and the inclination of its axis to the line of
sight, ∼60◦, make V2129 Oph a good target for Doppler and Zeeman-Doppler imaging
(Donati et al. 2007), allowing the reconstruction of brightness and magnetic field maps
that include contributions from the unperturbed photosphere, dark spots, and bright ac-
cretion regions (Ṁ ∼ 10−9M⊙yr−1). V2129Oph is also one of the few CTTSs that
are bright enough in X-rays to perform high-resolution spectroscopy with current X-
ray instruments, thus constraining the properties of both the hot coronal X-ray emitting
plasma (e.g. the emission measure distribution) and of the cooler X-ray emitting post-
accretion-shock material (e.g. emission measure and density).

We have obtained two 100 ksec Chandra HETG exposures at two distinct phases
during a stellar rotation, simultaneously with an extensive optical monitoring campaign,
including multiband-multisite photometry (SMARTS@CTIO, Maidanak Observatory,
Palermo Observatory), high-resolution spectroscopy (HARPS@ESO3.6m, SMARTS)
and spectro-polarimetry (ESPaDOnS@CFHT). The Chandra observation, in addition
to augmenting the small sample of young accreting stars with well characterized X-ray
properties, give us the unique opportunity to correlate the time-resolved X-ray prop-
erties of V2129 Oph with the Zeeman-Doppler brightness and magnetic field maps
derived by Donati et al. (2010) from nearly simultaneous observations.

2. The Chandra observation

V2129 Oph was observed by Chandra/HETGS on 27-29 June 2009, for a total exposure
of 200.4 ks. The observation, performed during two consecutive orbits, was divided into
two segments with durations of 98.9 and 101.7 ks, and separated by 88.6 ks.

Figure 1 shows the background-subtracted light curve constructed from the arrival
times of photons in source and background regions of both the 0th order image and
the HEG and MEG dispersed spectra. The time elapsed since the beginning of the
observation and the rotational phase of V2129Oph (defined as in Donati et al. 2007)
are given in the lower and upper x-axis, respectively.

The light curve shows a clear flare toward the middle of the first segment, lasting
∼10 hours and with peak count-rate ∼ 3 times higher than the pre-flare level, and what
appears as a smaller flare toward the end of the same segment. During the second
segment a seemingly more gradual variability is observed with a slow decay in the first
∼35 ksec, and a similarly slow rise in the last ∼35 ksec.

The upper part of Fig. 1 also shows the accretion shock emission (from the Ca  IR
triplet) and the strength of the radial component of the magnetic field in the earth-facing
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Figure 1. Chandra light curve in the 0.5-10.0 keV band combining events from
the zero-order image and the HEG and MEG first order spectra, with 2 ks time bin.
Shown above the light curve are images of the excess emission due to accretion
(upper row) and of the radial component of the magnetic field (lower row) as recon-
structed with quasi-simultaneous Zeeman-Doppler imaging by Donati et al. (2010).
Colors scales are as in Donati et al. (red and blue in the lower row indicate posi-
tive and negative B-fields, respectively). The images refer to rotational phases at the
beginning and at the end of each of the two X-ray exposures.

stellar hemisphere at the beginning and at the end of the each of the two Chandra expo-
sures, as determined by Donati et al. (2010) from near-simultaneous Zeeman-Doppler
imaging.

2.1. Dispersed spectra and long term variability

The dispersed HEG and MEG spectra give access to individual line fluxes allowing a
detailed characterization of the X-ray emitting plasma in terms of Differential Emission
Measure (dem), element abundances, and electron density.

We measured line fluxes and performed our complete spectral analysis separately
for the spectra collected during the two observing segments. We therefore explore, with
the detail offered by high resolution spectroscopy, variability on time scales of ∼ 100 ks.
Shorter time scales cannot be investigated with these diagnostic tools because of the
limited signal to noise ratio. We also analyzed the spectrum collected during the entire
observation so to obtain the time-averaged plasma properties with the highest possible
accuracy.

In order to increase the signal to noise ratio we added the MEG and HEG 1st

order spectra, having first rebinned the HEG spectra to the MEG wavelength grid. With
this procedure we obtained two dispersed spectra, one for each of the two observing
segments, totaling 3750 and 4274 net counts, respectively. Figure 1 shows the resulting
spectra with labels identifying the strongest emission lines.

We measured the fluxes of the strongest emission lines through direct integra-
tion of the binned spectra and subtracting the continuum contribution, estimated from
nearby wavelength intervals free of evident emission lines. We also measured the con-
tinuum emission of V2129 Oph in wavelength intervals free of significant line contri-
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Figure 2. V2129 Oph X-ray spectra observed with Chandra (HEG+MEG 1st or-
ders) during the two observing segments. The spectra are rebinned by a factor of
3 (bin size = 0.015Å), and the spectrum relative to seg. 2 is shifted toward longer
wavelengths by 0.05Å.

Figure 3. [Left]: Line and continuum fluxes as a function of wavelength. Values
measured in the two observing segments are plotted separately. Long wavelength
fluxes (i.e. λ > 10Å) were systematically higher in the first half of the observa-
tion, while the opposite is true for fluxes at shorter wavelengths (i.e. λ < 10Å).
[Right:] Differential Emission Measure (DEM = NeNH∆V/∆ log T ) of V2129 Oph
compared to that of TW Hya, as derived by Brickhouse et al. (2010) from a 500ks
Chandra/HETGS observation.

butions. Figure 3 (left panel) shows, as a function of wavelength, the measured line and
continuum fluxes, separately for the two observing segments. We only plot the fluxes
of features detected at the 2σ level in at least one segment.

We note that fluxes at short wavelengths tend to be, on average, higher in seg. 2
than in seg. 1, while the opposite happens for fluxes at long wavelengths. Since shorter
wavelength features are, on average, produced by hotter plasma than longer wavelength
one, this difference between the two observing segments suggests a difference in the
dem of the plasma.

2.1.1. Time averaged Differential Emission Measure

We derived the DEM and abundances of the plasma responsible for the X-ray emis-
sion of V2129 Oph by applying the Markov-Chain Monte Carlo method of Kashyap &
Drake (1998) to the measured continuum and line fluxes. For the reconstruction of the



Chandra Observations of the CTTS V2129Oph E-607

DEM (and abundances) we considered all the measured fluxes discarding only the lines
that depend on plasma density, i.e. the intercombination and forbidden lines of He-like
triplets.

Starting from the measured fluxes and considering the peak temperature at which
each line is produced we reconstructed the DEM over a regular logarithmic temperature
grid with 0.15 dex bins in the logT range between 6.2 and 7.5. The resulting DEM

is shown in Fig. 3 (right panel). Also shown is the DEM of TWHya as derived by
Brickhouse et al. (2010) from a 500 ks Chandra/HETGS observation. Note that the
EM values of bins at the boundary of our temperature domain may be overestimated:
artificially limiting the temperature range of the DEM reconstruction forces to zero
the DEM outside this range. Plasma at higher and lower temperatures may however
contribute to the measured fluxes, thus causing the EM at the boundary bins to be
overestimated in order to account for the observed fluxes.

Figure 3 shows that V2129 Oph has larger amounts of hot (T ≥ 10MK) plasma
than TW Hya, indicating a more active corona. On the other hand the DEM of TW
Hya shows a sharp peak at 2.5MK (logT = 6.4), likely produced by material heated in
the accretion shock, that is not seen in V2129 Oph. A significant amount of ∼2-4MK
plasma is anyway also present on V2129 Oph.

2.2. Electron density

The plasma density Ne can be constrained using He-like line triplets, and, in particular,
the flux ratio between the intercombination line, i, and the forbidden line, f (Gabriel &
Jordan 1969). Increasing plasma densities result in decreasing f /i ratios.

The only He-like triplets with sufficient signal in our observation is that of Ne 
(13.45, 13.55, and 13.70Å), with formation temperature ∼ 4MK. It thus provides in-
formation on the electron density of plasma at this temperature. Fig. 4 (left) shows the
Ne  triplet observed in the two observing segments. The overall flux of the triplet is
clearly lower in the second observing segment than in first. We obtain f /i = 1.2+1.6

−0.6
and f /i > 2.3 for seg. 1 and 2, respectively. The comparison of the observed f /i values
with the predicted f /i-ratio vs. plasma density function is shown Fig. 4 (right panel).
From this relation we derive: logNe = 12.1+0.5

−1.0 and logNe < 11.5 for seg. 1 and 2,
respectively, with Ne in cm−3.

3. Summary of results

• The Ne IX He-like triplet indicates the presence of cool (∼3MK) high-density
(∼ 1012cm−3) plasma, at least during the first half of the observation (seg. 1).

• This density is not typical of coronal plasma, but compatible with material heated
in an accretion shock. Assuming that the resonance line is produced in the accre-
tion shock we estimate, for the first half of the observation, an “X-ray” accretion
rate of Ṁ = 8.0 ± 2.4 × 10−11M⊙yr−1 This is a factor of ∼10 lower than derived
from optical emission lines, similarly to what found for several other CTTSs (e.g.
Argiroffi et al. 2009), possibly indicating that we are only observing a fraction of
the X-ray emission from the post-shock region.

• The X-ray flux from the cool plasma varies significantly, by a factor of ∼2, be-
tween the two segments of the observation, corresponding to two different stellar
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Figure 4. [Left]: Observed spectra in the Ne IX triplet region, shown separately
for the two segments of the Chandra observation. Labels indicate the three triplet
lines (resonance r, intercombination i, and forbidden f). The f/i line ratio is sensitive
to the electron density, Ne. [Right]: Line ratio of the forbidden (f) and intercombina-
tion (i) lines of the Ne IX triplet. The black curve indicates the predicted ratios for
different electron densities, Ne. Line ratios measured in the two segments, and the
corresponding inferred densities, are marked in red and blue. For seg. 2, due to the
lower line fluxes, we only obtain a lower limit for the f/i ratio, and an upper limit for
the density.

rotation phases and, therefore, viewing geometries of the accretion shock. These
geometries are well constrained by simultaneous optical Zeeman-Doppler imag-
ing, as shown in Fig. 1.

• The time-variability of the cool plasma component may be explained by obscura-
tion of the post-shock region by the associated accretion stream, i.e. if we observe
a larger fraction of the shocked plasma emission when the accretion stream hides
a smaller fraction of its foot-point. For our observation this could easily occur in
segment 1, during which the line of sight to the accretion shock likely intercepts
a smaller column density with respect to segment 2. The residual but possibly
significant absorption due to the accretion flow might explain the discrepancy
between the X-ray and the optically derived mass accretion rates.
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