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ABSTRACT

Context. Classical T Tauri stars (CTTSs) are young, accreting low-mass stars; their X-ray emission differs from that of their main-
sequence counterparts in a number of aspects.
Aims. We study the specific case of DN Tau, a young M0-type accreting CTTS, to extend the range of young CTTSs studied with
high-resolution X-ray spectroscopy at lower masses and to compare its high-energy properties with those of similar objects.
Methods. We use a deep XMM-Newton observation of DN Tau to investigate its X-ray properties and X-ray generating mechanisms.
Specifically, we examine the presence of X-ray emission from magnetic activity and accretion shocks. We also compare our new
X-ray data with UV data taken simultaneously and with X-ray/UV observations performed before.
Results. We find that the X-ray emission from DN Tau is dominated by coronal plasma generated via magnetic activity, but also
clearly detect a contribution of the accretion shocks to the cool plasma component at �2 MK as consistently inferred from density
and temperature analysis. Typical phenomena of active coronae, such as flaring, the presence of very hot plasma at 30 MK, and an
abundance pattern showing the inverse FIP effect, are seen on DN Tau. Strong variations in the emission measure of the cooler plasma
components between the 2005 and 2010 data point to accretion related changes; in contrast, the hotter coronal plasma component
is virtually unchanged. The UV light curve taken simultaneously is in general not related to the X-ray brightness, but exhibits clear
counterparts during the observed X-ray flares.
Conclusions. The X-ray properties of DN Tau are similar to those of more massive CTTSs, but its low mass and large radius associated
with its youth shift the accretion shocks to lower temperatures, reducing their imprint in the X-ray regime. DN Tau’s overall X-ray
properties are dominated by strong magnetic activity.
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1. Introduction

Classical T Tauri stars (CTTSs) are pre-main sequence, low-
mass stars (M � 2 M�) that are still accreting matter from
a surrounding circumstellar disk at a significant level. CTTSs
show an emission line spectrum and are often characterized by
strong veiling and a large Hα equivalent width, formerly the
main classifier of this class. The Hα equivalent width criterion
for CTTSs is, however, spectral-type dependent. Further studies
have shown that the 10% width of the Hα line is mostly deter-
mined by the accretion streams and is less spectral-type depen-
dent and a more reliable tracer of accretion, especially in low-
mass stars (see, e.g., White & Basri 2003). Besides Hα, many
other lines have been used to quantitatively study accretion prop-
erties in young stars. In addition to emission lines, CTTSs show a
strong IR-excess from their circumstellar disk that also provides
a diagnostic of the inclination of the system. CTTSs evolve via
transitional objects, where the disk starts to dissipate and accre-
tion rates decrease, into weak-line T Tauri stars (WTTSs) that
are virtually disk-less and do not show strong signs of ongoing
accretion.

T Tauri stars are known to be strong and variable X-ray emit-
ters from Einstein and ROSAT observations. X-ray studies of
star-forming regions, such as COUP (Chandra Orion Ultradeep
Project, Getman et al. 2005) or XEST (XMM-Newton Extended
Survey of the Taurus Molecular Cloud, Güdel et al. 2007a), con-
firmed that T Tauri stars show high levels of magnetic activity as

shown by hot coronal plasma and strong flaring, but also refined
the general X-ray picture of young stellar objects (YSOs).

In the commonly accepted magnetospheric accretion model
for CTTSs (e.g., Koenigl 1991) material is accreted from the
stellar disk onto the star along magnetic field lines, which dis-
rupt the accretion disk in the vicinity of the corotation radius.
Since the infalling material originates from the disc truncation
radius, typically located at several stellar radii, it reaches almost
free-fall velocity, and upon impact the supersonic flow forms a
strong shock near the stellar surface. The funnelling of the ac-
creted matter by the magnetic field leads to the formation of
accretion spots that have small surface filling factors (Calvet &
Gullbring 1998) and produce strong optical/UV and X-ray emis-
sion (Lamzin 1998; Günther et al. 2007).

The X-ray emission from accretion spots on CTTSs has spe-
cific signatures that are detectable with high-resolution X-ray
spectroscopy. Accretion shocks generate plasma with tempera-
tures of up to a few MK that is significantly cooler than the aver-
age coronal plasma and sufficiently funneled accretion streams
are expected to produce X-rays in a high-density environment
(ne � 1011 cm−3 measured in Ovii). In contrast, plasma pro-
duced by magnetic activity covers a much broader temperature
range spanning in total 1–100 MK and is on average hotter
(Tav ≈ 10−20 MK for CTTSs in Taurus, Telleschi et al. 2007).
Furthermore, it typically has, at least for outside large flares,
much lower densities (ne � 3 × 1010 cm−3, Ness et al. 2004).
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The accretion streams may also influence coronal structures on
the stellar surface or lead to additional magnetic activity via star-
disk interaction. Moreover, the accretion process is accompanied
by outflows or winds from the star and the surrounding disk,
which play an important role in star formation via the transport
of angular momentum. Stellar jets and associated shocks provide
another X-ray production mechanism, which typically generates
cool plasma at low densities, as seen in several T Tauri stars such
as DG Tau (Güdel et al. 2005). X-ray diagnostics, such as den-
sity and temperature-sensitive X-ray line ratios, can be utilized
to distinguish between the different scenarios.

TW Hya was the first and is still the most prominent CTTS
that is dominated by accretion shocks in X-rays. Its X-ray spec-
trum shows high-density plasma as shown by density-sensitive
lines in He-like triplets of oxygen and neon and an unusually
cool plasma distribution (Kastner et al. 2002; Stelzer & Schmitt
2004). TW Hya has been extensively studied in X-rays, and a
very deep Chandra observation suggests that the accreted and
shock-heated material mixes with surrounding coronal material,
very likely producing a complex distribution of emission regions
around the accretion spots (Brickhouse et al. 2010). So far all
low-mass CTTSs studied at X-ray energies have shown similar
signs of accretion plasma. The classic examples are, for exam-
ple, BP Tau (Schmitt et al. 2005), V4046 Sgr (Günther et al.
2006; Argiroffi et al. 2012), MP Mus (Argiroffi et al. 2007) or
RU Lup (Robrade & Schmitt 2007). In contrast, T Tau itself
shows a strong cool plasma component, but low plasma den-
sity (Güdel et al. 2007b); although the system is dominated by
the intermediate-mass T Tauri star T Tau N (M ≈ 2.4 M�).
In a comparative study of several bright CTTSs, it was shown
that the presence of X-rays from both accretion shocks and
magnetic activity is most likely universal, but that the respec-
tive contributions differ significantly between the individual ob-
jects (Robrade & Schmitt 2006). Indeed, magnetic activity pro-
duces the bulk of the observed X-ray emission in the majority
of CTTSs in the 0.2–2.0 keV band and completely dominates
at higher energies. In addition, X-ray temperature diagnostics
have shown that all accreting stars exhibit an excess of shock-
generated cooler plasma, leading to a soft excess when com-
pared to coronal sources (Robrade & Schmitt 2007; Telleschi
et al. 2007; Güdel & Telleschi 2007). The observed X-ray spec-
trum of young stars is modified by often significant absorption
by circumstellar or disk material, as well as by outflowing and
infalling matter. X-ray absorption can exceed optical extinction
by an order of magnitude, as shown, say, for RU Lup (Robrade
& Schmitt 2007) and may even be strongly time variable as in
AA Tau (Schmitt & Robrade 2007). The different stellar proper-
ties (such as mass, rotation, and activity), varying mass accretion
rates, and degree of funneling, as well as the viewing angle de-
pendence, naturally lead to the variety of X-ray phenomena in
YSOs that are an intermixture of magnetic activity, accretion,
and outflow processes.

High-resolution X-ray spectra from young accreting stars are
available only in a few cases, and existing studies focused on the
more massive CTTSs with spectral type G or K. Young low-
mass stars with M � 0.5 M� are typically X-ray fainter and have
so far only been poorly studied; the transitional multiple system
Hen 3-600 (Huenemoerder et al. 2007) is one of the rare excep-
tions. Nevertheless, they are the most common stars, and their
investigation is of great astrophysical interest to draw a more
complete and general picture of the evolution of young stars
and their surrounding environment, where the stellar winds and
UV/X-ray emission influence the chemistry and evolution of the
circumstellar disk and the process of planet formation.

Table 1. Stellar properties of DN Tau from optical measurements.

Sp. type M 01,2,3

Teff 38003 ... 38501 ... 3950 ± 504 K
M∗ 0.41,2 ... 0.53 ... 0.65 ± 0.054 M�
R∗ 1.9 ± 0.24 ... 2.12 R�
Lbol 0.8 ± 0.24 ... 0.92 ... 1.01 L�
AV 0.252 ... 0.51 mag
log Ṁacc −7.83 ... −8.52 ... −9.1 ± 0.34 M� yr−1

References. (1) Kenyon & Hartmann (1995); (2) Gullbring et al. (1998);
(3) White & Hillenbrand (2004); (4) Donati et al. (2013).

2. The target: DN Tau

Our target star DN Tau is an M0-type CTTS located in the
Taurus Molecular Cloud (TMC) at a distance of d = 140 pc
(Cohen & Kuhi 1979); important stellar parameters collected
from the literature are summarized in Table 1. DN Tau is a sin-
gle star on a fully convective track with an estimated age in the
range of 0.5–1.7 Myr. Its optical extinction is quite low, indicat-
ing that DN Tau is not deeply embedded in circumstellar mate-
rial or the TMC. While classical estimates of stellar luminos-
ity, mass, and radius are about L∗ = 1.0 L�, M∗ = 0.5 M�,
and R∗ = 2.1 R�, Donati et al. (2013) find a slightly hotter,
smaller, and less luminous model of DN Tau (L∗ = 0.8 L�,
M∗ = 0.65 M�, R∗ = 1.9 R�) by adopting an optically measured
AV = 0.5. In contrast, Ingleby et al. (2013) find a much brighter
and larger DN Tau (L∗ = 1.5 L�, M∗ = 0.6 M�, R∗ = 2.8 R�)
when using AV = 0.9, that are based on AJ = 0.29 from IR-
measurements (Furlan et al. 2011). The CTTS nature of DN Tau
is reflected by a typical EW [Hα] = 12−18 Å and an Hα 10 %
width in the range of 290–340 km s−1 (Herbig & Bell 1988;
White & Hillenbrand 2004; Nguyen et al. 2009) and a moderate
IR excess, making it a Class II source based on its far-IR SED
(Kenyon & Hartmann 1995). DN Tau is a variable, but typically
moderate accretor that exhibits little UV excess; e.g., Gullbring
et al. (1998) derived Lacc = 0.016 L� and a weak optical veil-
ing of r = 0.075. Nevertheless, the infalling plasma on DN Tau
is apparently funnelled well with an accretion-spot filling factor
of f = 0.005 (Calvet & Gullbring 1998). Ingleby et al. (2013)
modeled broad-band optical and UV data in a similar approach
but with multiple accretion columns and found, depending on
the absence/presence of “hidden” low-flux accretion emission,
f = 0.002/0.06 and log Ṁacc = −8/−7.8 M� yr−1. Donati et al.
(2013) give log Ṁacc = −9.1 ± 0.3 M� yr−1 as the average for
their accretion proxies. While the reliability of the various meth-
ods used to obtain quantitative estimates on the mass accretion
rates is debated, highly variable accretion properties of DN Tau
are observed and Fernandez et al. (1995) measured an EW [Hα]
declining from 87 to 15 Å within four days. DN Tau only has
a weak outflow; while typically about 5–10% of the accretion
rate are estimated, White & Hillenbrand (2004) give a 2% upper
limit derived from their data.

Photometric variations in DN Tau’s optical brightness were
first reported with a period of about Prot ≈ 6.0 d (Bouvier
et al. 1986), and later refined to Prot = 6.3 d (Vrba et al.
1993). This variability can be interpreted as rotational modu-
lation of a large magnetic spot or spot group with a surface
coverage of up to 35%. Strong magnetic activity on DN Tau is
also implied by its large inferred mean magnetic field of 2 kG
(Johns-Krull 2007). Results from spectropolarimetric observa-
tions with ESPaDOnS/CFHT (Donati et al. 2013) show a sim-
ple magnetic topology that is largely axisymmetric and mostly
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poloidal with a dominant octupolar and a weaker bipolar com-
ponent of 0.6–0.8. kG and 0.3–0.5 kG polar strength. Muzerolle
et al. (2003) present near-IR spectra of DN Tau from which they
inferred an inner (dust-)disk rim located at 0.07 AU (≈7 R∗), no-
tably the closest disk rim in their sample. The disk of DN Tau
with Md = 0.03 M�, as deduced from submillimeter observa-
tions, is quite massive, roughly an order of magnitude above
the median mass found for the Class II sources in the sample
of Andrews & Williams (2005). DN Tau is viewed under an in-
termediate inclination; Muzerolle et al. (2003) inferred an in-
clination of i = 28 ± 10◦ from IR data, quite similar to the
estimate of i = 35 ± 10◦ by Donati et al. (2013). Adopting
Prot = 6.3 d, i = 33◦ and combining these data with the ro-
tational velocity of v sin i = 12.3 ± 0.6 km s−1 (Nguyen et al.
2009), v sin i = 9 ± 1 km s−1 (Donati et al. 2013) or v sin i =
10.2 km s−1 Hartmann & Stauffer (1989), we obtain R∗ ≈ 2.8 R�,
R∗ ≈ 2.0 R�, and R∗ ≈ 2.3 R�, respectively.

X-ray emission from DN Tau was first detected with
Einstein (Walter & Kuhi 1981) and later by ROSAT (Neuhäuser
et al. 1995), both at a similar X-ray luminosity of log LX ≈
29.7 erg s−1, albeit with significant error. DN Tau has been ob-
served by XMM-Newton in 2005 as part of the XEST project
(No. 12-040); an analysis of these data is presented in Telleschi
et al. (2007). They derived basic X-ray properties from an
EMD model and a multitemperature fit, and both methods give
LX = 1.2 × 1030 erg s−1 and an average coronal temperature of
about 12–14 MK. DN Tau is among the X-ray brighter CTTSs,
when compared to similar objects in the XEST or COUP sam-
ple, and its X-ray activity level is with log LX/Lbol ≈ −3.5
close to, but still about a factor of three below, the saturation
limit at log LX/Lbol ≈ −3. We observed DN Tau again in 2010
with XMM-Newton, primarily to obtain a deeper exposed high-
resolution X-ray spectrum with the aim of expanding the sample
of emission line studied CTTSs into the lower mass regime.

In this paper we present an analysis of the new XMM-Newton
observations of DN Tau and compare it to earlier observations.
Our paper is structured as follows. In Sect. 3 the X-ray observa-
tions and the data analysis are described, in Sect. 4 we present
our results subdivided into different physical topics, in Sect. 5
we discuss our DN Tau results and compare it to other CTTSs
and end with a summary in Sect. 6.

3. Observations and data analysis

The target DN Tau was observed by XMM-Newton twice.
A 30 ks exposure was obtained for the XEST survey in 2005
(PI: Guedel), and a 120 ks exposure was obtained in 2010 (PI:
Robrade). We focused on the deeper 2010 exposure, but also an-
alyzed the 2005 data again in an identical fashion to ensure con-
sistency throughout this work. Data were taken with all X-ray
detectors, i.e., the EPIC (European Photon Imaging Camera) and
the RGS (Reflection Grating Spectrometer), as well as the op-
tical monitor (OM). The EPIC consists of two MOS and one
PN detector. The PN is the more sensitive instrument, whereas
the MOS detectors have a slightly higher spectral resolution. The
EPIC instruments were operated in both observations in the full
frame mode with the medium filter, allowing a direct comparison
of the data. The OM was operated in fast mode with the U fil-
ter in 2005 (eff. wavelength 3440 Å) and the UVW1 (eff. wave-
length 2910 Å) filter in 2010. A detailed description of the instru-
ments can be found in the “XMM-Newton Users Handbook”1;
the used data is summarized in Table 2.

1 http://xmm.esac.esa.int

Table 2. XMM-Newton observing log of DN Tau.

Date Obs. ID. Dur. MOS/PN (ks)
2005-03-04/05 0203542101 31/29
2010-08-18/19 0651120101 119/118

All data analysis was carried out with the XMM-Newton
Science Analysis System (SAS) version 11.02 and standard SAS
tools were used to produce images, light curves, and spec-
tra. Standard selection criteria were applied to the data, light
curves are background subtracted, and we excluded periods of
high background from spectral analysis. Source photons from
the EPIC detectors were extracted from circular regions around
DN Tau, and the background was taken from nearby source-free
regions. The RGS data of DN Tau only has a moderate signal-
to-noise ratio (S/N), therefore we extracted spectra from a 90%
PSF source region to reduce the background contribution. The
data of the X-ray detectors were analyzed independently for each
observation to study variability and cross-check the results from
the different instruments. We note that some degradation has oc-
curred for the RGS detector between the exposures, while the
effective area of the EPIC detectors only shows minor changes.

Spectral analysis was carried out with XSPEC V12.6
(Arnaud 1996) and we used multi-temperature APEC/VAPEC
models (Smith et al. 2001) with abundances relative to solar pho-
tospheric values as given by Grevesse & Sauval (1998) to derive
X-ray properties like luminosities or emission measure distri-
butions (EMD). We find that photoelectrically absorbed three-
temperature models adequately describe the data, but note that
some of the fit parameters are mutually dependent, such as abso-
lute abundances and emission measure, emission measures and
temperatures of neighboring components or absorption column
density, temperature and emission measure of cool spectral com-
ponents. Spectra were rebinned for modeling, and errors in spec-
tral models are given by their 90% confidence range and were
calculated by allowing variations of normalizations and respec-
tive model parameters. Additional uncertainties may arise from
errors in the atomic data and instrumental calibration. For line
fitting purposes we use the CORA program (Ness & Wichmann
2002), identical line widths, and Lorentzian line shapes. Emitted
line fluxes were corrected for absorption by using the ismtau-
tool of the PINTofALE software (Kashyap & Drake 2000) and
flux-conversion was done with the SAS tool rgsfluxer.

4. Results

Here we report on the results obtained from the XMM-Newton
observations, subdivided into separate topics.

4.1. X-ray light curves and hardness

The X-ray light curves of DN Tau as obtained from the summed
EPIC data are shown in Fig. 1. Here we use the 0.2–5.0 keV en-
ergy band and a 1 ks temporal binning. Some variability and mi-
nor activity is present in both observations, but large portions of
the X-ray light curves are quite flat, and only one moderate flare
visible at 55–60 ks with a factor two increase in count rate and
two smaller events peaking at about 75 ks and 95 ks are detected
during the 2010 exposure. The features at the beginning and
end of the 2005 observation are also likely to be decay and rise
phases of partly covered flares. Except for a higher average count

2 de la Calle, I. 2012, http://xmm.esac.esa.int
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Fig. 1. X-ray light curves of DN Tau in 2005 and 2010, 0.2–5.0 keV
EPIC data with 1 ks binning.

rate of 20% to 30% in 2010, the level of variability within each
observation period is comparable. A long-term trend toward de-
clining X-ray count rate by roughly 10% is seen in the 2010 data
and might be due to rotational modulation. The 1.4 d observa-
tion has a phase coverage of about 0.22 and, given the moderate
inclination of DN Tau rotational modulation, can be expected for
surface features at low and intermediate latitudes.

We investigated the basic spectral state of DN Tau for both
exposures and its evolution with a hardness ratio analysis, HR =
(H − S )/(H + S ) with 0.2–0.8 keV as soft band and 0.8–5.0 keV
as hard band. The energy bands were chosen in such a way that
X-ray emission in our soft band is predominantly produced by
plasma at temperatures of 2–5 MK, whereas the hard band is
dominated by emission from hotter plasma at 5–20 MK; how-
ever, a moderate shift of the band-separation energy does not
influence the results. As shown in Fig. 3 the positive correla-
tion between X-ray brightness and spectral hardness that is typ-
ically observed for magnetic activity is generally not present in
DN Tau. We detect a spectral hardening during the larger flares
in 2010, but overall a clear correlation between brightness and
hardness is not present. Typically more active coronal stars ex-
hibit harder spectra (see e.g. Schmitt 1997), but a similar trend is
also seen when studying the temporal behavior in individual ob-
jects including CTTSs (Robrade & Schmitt 2006). Remarkably,
we find that the X-ray fainter state in the year 2005 is overall
characterized by harder emission than the brighter 2010 state. In
addition, the individual observation periods again show a broad
scatter and only marginal correlations. Similar conclusions are
obtained when inspecting the time evolution of the hardness
ratio.

4.2. UV light curves, flares and UV/X-ray correlations

The OM light curves of DN Tau are plotted in Fig. 2, and the
associated brightness errors are in the range of 0.01 mag and be-
low the size of the shown symbols. The DN Tau observation
from 2005 was performed in the U band filter (NUV), while
in 2010 the bluer, but less sensitive UVW1 filter (NUV-MUV)
was used.

If comparing the UV light curves with the X-ray ones
(Fig. 1), it is evident that the short term variations of the 2005
U band data do not strictly correlate with those of the X-ray
brightness, suggesting a different origin of the respective emis-
sion. Similarly, Vrba et al. (1993) find the U band bright-
ness variations to be rather stochastic and not as modulated
by the 6.3 d rotation period as the other optical bands (BVRI).

Fig. 2. OM light curves from 2005 (U filter) and 2010 (UVW1 filter),
300 s binning each.

H
R

Fig. 3. Hardness ratio of DN Tau from EPIC data, 2010 (black), 2005
(blue); typical errors are indicated in the upper right corner.

This indicates that a significant fraction of the UV flux is not
associated with the dark spots that are interpreted as magneti-
cally active regions. Furthermore, except for a shorter observ-
ing period where an out-of-phase modulation was found, a sta-
ble accretion configuration, i.e. a dominant hot spot, was not
present, and overall their U band variations are much larger
with ±0.6 mag than those in BVRI with 0.1–0.2 mag. Looking
at long-term variations, DN Tau apparently brightened in the
UV-range over the past decades without comparable changes
in optical bands. While there is also significant variability on
shorter timescales, the U band brightness increased on average
from about 14.5 (14.0−14.9) mag during the monitoring in the
1980s over 13.9 (14.3−13.3) mag in the early 1990s (Grankin
et al. 2007) to a magnitude of 13.25 (13.12−13.36) mag (1.5 ks
XMM-Newton average) in 2005.

Also the moderately “harder” UVW1 flux during the quasi-
quiescent part of the 2010 observation is apparently not corre-
lated with X-ray brightness. During our observation the UV flux
varies significantly on timescales of minutes to hours; for ex-
ample, we observe at about 25 ks an increase in the UVW1 rate
by roughly 20% within a few ks, but without any correspond-
ing X-ray signature as might be expected for magnetic activ-
ity. Since the photospheric UV emission is negligible in M type
stars, the observed behavior favors a scenario where the bulk of
the UV emission is related to several accretion spots located on
the surface of DN Tau, and variability is created by changes in
geometry and/or variable spot brightness.

A rough estimate of the relative contributions from magnetic
activity and accretion to the UV flux of DN Tau can be obtained
by a comparison to purely magnetically active sources under the
assumption of similar X-ray generating coronae and magneti-
cally induced chromospheric UV emission. Here we use the ac-
tive mid-M dwarf EV Lac (Mitra-Kraev et al. 2005) that was
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Fig. 4. The largest 2010 flare as observed in X-rays (black, 300 s bin-
ning) and in the UV (red, 60 s binning.)

observed with the same instrumental setup as DN Tau in 2010.
Accounting for radius and distance, i.e., enlarging EV Lac to
the size of DN Tau and putting it at the same distance, we find
that a scaled-up version of an active M dwarf outshines DN Tau
by a factor of 1.5–2.0 in X-rays, but would only produce 15%
to 20% of its UV flux. When scaling these values to DN Tau’s
true X-ray emission, i.e. accounting for the X-ray overluminos-
ity of the scaled up M dwarf, only about 10% of the UV flux
from DN Tau are attributable to magnetic activity. While a mild
suppression in X-ray brightness in accreting vs. nonaccreting
T Tauri stars is quite typical and might be related to phenomena
not present on M dwarfs, this comparison shows that the bulk
of the UV emission from DN Tau is generated in the accretion
shocks.

In contrast, the three X-ray flares observed in 2010 have clear
counterparts in the UVW1 data, and the most prominent is the
largest flare starting around 55 ks. In Fig. 4 we show its UV light
curve overplotted with the X-ray light curve, scaled to the same
quasi-quiescent preflare level for clarity. The UV emission pre-
cedes the X-rays and peaks about 10 min earlier. This behav-
ior indicates an energy release via magnetic reconnection, suc-
ceeded by evaporation of fresh material from the stellar surface
that is subsequently heated to X-ray emitting temperatures. Flare
events like these are frequently observed on the Sun and low-
mass stars. Using results from spectral modeling (see Sect. 4.3),
we estimate a peak luminosity of LX = 3 × 1030 erg s−1 for the
largest flare, an energy release of about 2.5 × 1033 erg at X-ray
energies, and a loop length of about L ≈ 0.15 R∗, i.e. an event
in a compact coronal structure located close to the stellar sur-
face of DN Tau. The time evolution of the flare is dominated by
the initial event, but shows substructure as visible in the opti-
cal plateau and the secondary X-ray peak, indicating subsequent
magnetic activity. About one hour after the flare onset, the X-ray
and UV light curves roughly reach their preflare values again.

The two smaller X-ray flares show even more complex light
curves. They probably result from an overlay of multiple events,
for example, several magnetic reconnections occurring within a
short time interval in an active region or region complex. Both
flares again show UV counterparts, but these are less pronounced
than during the large event.

4.3. Global X-ray properties from CCD spectroscopy

To study the global spectral properties of the X-ray emission
from DN Tau we use the EPIC data. As an example of the spec-
tral quality we show in Fig. 5 the PN spectra and corresponding
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Fig. 5. X-ray spectra of DN Tau (crosses, PN), spectral fits (histograms),
and respective model components (dashed) for the two observations:
2010 (black), 2005 (blue). Inset: the spectrum above 6.0 keV during the
active (black) and quasi-quiescent (red) half in 2010.

models for the two observations; in the inset, we show the X-ray
emission at high energies, which is discussed below. Visual in-
spection already shows that major changes have occurred in
the softer X-ray regime, whereas the spectra above 1 keV are
virtually identical. The similar spectral slopes suggest that the
changes at low energies are not caused by variable line-of-sight
absorption, but are intrinsic to the emission of DN Tau.

The spectral properties of DN Tau and their changes be-
tween the two observations are quantified by modeling the spec-
tra in iterative steps to obtain the most robust results. We first
investigate potential effects of the flares on the total 2010 spec-
trum, but found no differences between the models for the quasi-
quiescent (t < 55 ks) and active half, except for small renor-
malizations by a few percent. In a next step we fitted the total
data of each observation individually. No significant changes in
absorption column density and coronal abundances were found
between the 2005 and 2010 datasets, and we tied these pa-
rameters. We then modeled both observations simultaneously
with temperatures and emission measures (EM) as free param-
eters. We first used the MOS detectors that have better spec-
tral resolution to determine EMDs, abundances, and absorp-
tion, and cross-checked our results with the PN data, where we
also tied the temperatures. The derived model parameters are
given in Table 3, and a comparison shows that the overall coro-
nal temperature structure and the EMD changes are indepen-
dent of the data used. The X-ray luminosities are the emitted
ones; i.e., they are absorption-corrected. (The observed values
are given in brackets.) We find for the 2010 (2005) observa-
tion X-ray luminosities of log LX = 30.2 (30.1) erg s−1 average
coronal temperatures of TX = 13 (18) MK and an activity level
log LX/Lbol ≈ −3.3, emphasizing that DN Tau is among the most
active and X-ray brightest CTTSs with respect to its mass or ef-
fective temperature.

The emission measure distributions show that intermediate
(∼6–8 MK) and high (�20 MK) temperature plasma dominates
the X-ray emission from DN Tau in both observations, whereas
the cool component around 2 MK contributes only about 5%
(2005) and 15% (2010) to the total emission measure. While the
fitted temperatures are comparable between the 2005 and 2010
data for all plasma components, the emission measure of the in-
dividual components varies distinctly. We find a strong EM in-
crease by roughly a factor three in the cool component and a
moderate increase of 50% in the intermediate-temperature com-
ponent. In contrast, a constant EM or even moderate decrease is
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Table 3. Spectral fit results for DN Tau, EPIC data.

Par. 2005 2010 Unit
MOS

NH 0.8+0.1
−0.1 1021cm−2

kT1 0.17+0.05
−0.03 0.23+0.03

−0.03 keV

kT2 0.60+0.07
−0.06 0.64+0.03

−0.03 keV

kT3 2.27+0.33
−0.21 1.91+0.15

−0.14 keV

EM1 0.8+0.9
−0.5 2.0+0.6

−0.5 1052 cm−3

EM2 3.7+0.5
−0.4 5.6+0.5

−0.6 1052 cm−3

EM3 6.4+0.6
−0.5 5.3+0.5

−0.4 1052 cm−3

Mg (7.6 eV) 0.52+0.26
−0.18 solar

Fe (7.9 eV) 0.35+0.12
−0.10 solar

Si (8.2 eV) 0.32+0.14
−0.12 solar

S (10.4 eV) 0.24+0.18
−0.17 solar

O (13.6 eV) 0.65+0.28
−0.16 solar

Ne (21.6 eV) 1.51+0.49
−0.38 solar

χ2
red(d.o.f.) 1.05 (432)

LX (0.2–8.0 keV) 1.37 (0.99) 1.64 (1.13) 1030 erg s−1

PN
kT1 0.24+0.03

−0.03 keV

kT2 0.64+0.02
−0.02 keV

kT3 1.95+0.11
−0.10 keV

EM1 0.5+0.2
−0.3 2.0+0.3

−0.3 1052 cm−3

EM2 3.5+0.4
−0.4 5.6+0.3

−0.4 1052 cm−3

EM3 5.9+0.3
−0.4 5.2+0.4

−0.3 1052 cm−3

χ2
red(d.o.f.) 1.04 (508)

LX (0.2–8.0 keV) 1.24 (0.90) 1.62 (1.12) 1030 erg s−1

Notes. Parameters absent in the PN results are adopted from the MOS
modeling.

present in the hot component. In relative terms the EM-increase
is most pronounced in the cool component, but in absolute terms
the increase in the intermediate temperature component is at
least comparable to it or even slightly larger.

The X-ray luminosity of 1.6 × 1030 erg s−1 obtained for
the 2010 XMM-Newton data is about 25% higher than those in
the XMM-Newton observation from 2005, but a factor of three
above the values obtained from Einstein data roughly 30 years
ago and from ROSAT data in the early 1990s. Neither
the 2005 nor the 2010 exposure are dominated by strong flaring,
thus significant, likely long-term, variability of DN Tau’s X-ray
brightness must be present, and clearly this distinct change has
to occur in the emission components associated with magnetic
activity.

Our spectral modeling shows that the moderate X-ray bright-
ening is caused by an increase in EM in the cool and intermediate
plasma component. These components contribute much more in
2010 to the EMD than in 2005. Typically magnetically more ac-
tive phases show harder spectra due to the stronger contribution
from hotter plasma, but since cooler and hotter coronal regions
are not cospatial and significant evolution may have occurred
over the five years, a coronal origin for the EMD changes cannot
be completely ruled out by the plasma temperatures alone. Given
the CTTS nature of DN Tau and because a similar trend, al-
beit on timescales of hours, was observed on the prototype of an
accretion-dominated CTTS TW Hya (Robrade & Schmitt 2006),

another possibility would be to attribute the enhanced emission
from cool plasma on DN Tau to the presence of a stronger accre-
tion component. In this scenario the coolest component would
naturally be predominantly affected, since here the contribution
from the accretion shock is greatest. While there is also a coronal
contribution to the low temperature plasma and clearly the 8 MK
plasma does not originate directly in the accretion shocks, the
EM increase at intermediate temperatures might be a contribu-
tion from an accretionally fed coronal component, as suggested
by Brickhouse et al. (2010) in their study of TW Hya. That the
hot component (�20 MK), attributed to the corona of DN Tau,
stayed approximately constant with a tendency toward a mild
decrease again does not favor enhanced magnetic activity as the
origin of the increased X-ray brightness. Furthermore, this sce-
nario would imply that the enhanced accretion component had
at best a very moderate effect on the hot coronal structures asso-
ciated with the magnetically most active regions on the surface
of DN Tau.

We find an overall low metallicity in the X-ray spectra
of DN Tau, but significant differences for individual elemen-
tal abundances are present. The derived abundance pattern of
DN Tau shows in general a so-called IFIP (inverse first ioniza-
tion potential) pattern that is commonly observed in active stars,
where the low FIP elements like Fe are significantly depleted,
and especially the high FIP elements like Ne are enhanced com-
pared to solar composition. The IFIP trend is not strictly linear
in DN Tau (see Table 3 where the FIP of each element is given in
brackets), but appears to be have a broad abundance minimum at
low-to-intermediate FIP elements (Fe-Si-S), while the very low
FIP element Mg and the intermediate FIP element O have higher
abundances and only Ne is enhanced compared to solar photo-
spheric values. While the absolute abundances vary moderately
between the applied models, the derived abundance ratios are
fairly robust. Independent of the specific model or data used, our
best fits give a Ne/O ratio, as well as a O/Fe ratio, of roughly two
for DN Tau, similar to values observed for BP Tau (Robrade &
Schmitt 2006) and in many active M dwarf coronae (Güdel et al.
2001; Robrade & Schmitt 2005).

4.3.1. The spectrum beyond 6 keV

In the inset of Fig. 5 we show the X-ray emission from DN Tau
at very high energies; here the PN spectra above 6.0 keV
from the 2010 observation roughly split in the middle and
binned to a minimum of five counts. The comparison shows
that photons at these energies were predominantly collected dur-
ing the second and more active half of the observation, de-
fined as t > 55 ks. We identify probable contributions from
the 6.4 keV Fe-Kα fluorescence line, which is excited by pho-
tons with energies above 7.1 keV, from the 6.7 keV Fexxv line
complex and possibly also from the 6.97 keV Fexxvi line.
When adding a narrow Gaussian at 6.4 keV to the 2010 spec-
tral model, where fluorescence photons were not included, we
find that the Fe-Kα line is formally detected, but its flux is
with 2.1(0.3−3.9) × 10−15 ergs cm−2 s−1 poorly defined. The ad-
ditional presence of emission lines from highly ionized Fe indi-
cates that plasma with temperatures of �40 MK is generated in
active structures on DN Tau, most likely predominantly during
the detected flares. Nevertheless, while the spectra clearly sug-
gest the presence of very hot plasma on DN Tau, especially in the
more active half of the 2010 observation, even at this phase its
contribution to the total X-ray emission is, with a few percentage
points, very minor.
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Table 4. Line fluxes in 10−5 cts cm−2 s−1, absorption-corrected.

Data Lyα r i f
OVIII OVII

2010 4.0 ± 0.5 1.4 ± 0.4 1.4 ± 0.5 0.5 ± 0.3
2005 2.3 ± 1.2 0.7 ± 0.5 1.3 ± 0.7 1.2 ± 0.7

Ne X Ne IX
2010 1.6 ± 0.2 0.8 ± 0.2 0.2 ± 0.2 0.7 ± 0.2

4.3.2. X-ray absorption towards DN Tau

Absorption can significantly alter the appearance of X-ray spec-
tra and we derive a moderate absorption column density of
NH = 0.8 × 1021 cm−2 from our modeling, showing that no large
amounts of circumstellar or disk material are in the line of sight.
The X-ray absorption is, in contrast to extinction, also sensi-
tive to optically transparent material, and thus it is a useful tool
for studying infalling or outflowing dust-free gas or plasma. As
mentioned above, the modeled X-ray absorption is virtually un-
affected by the observed changes in the EMD. Consequently, if
the cooler X-ray plasma is largely created in the vicinity of the
accretion shocks and the increase in emission measure is caused
by a higher mass accretion rate, then the plasma in the accretion
columns can make at most a very moderate contribution to the
modeled X-ray absorption in DN Tau. The X-ray absorption of
DN Tau is generally consistent with the one expected from the
optical extinction AV ≈ 0.3 . . .0.5 mag, when using the standard
conversion NH = 1.8× 1021 cm−2 × AV cm−2 (Predehl & Schmitt
1995). When adopting a roughly standard gas-to-dust ratio, an
extinction of AV = 0.9 as used by Ingleby et al. (2013) is not sup-
ported by the X-ray results. Several other CTTSs (e.g., BP Tau)
also show agreement within a factor of two between X-ray and
optical absorption. In contrast, the more pole-on CTTS RU Lup
(Robrade & Schmitt 2007) or the near edge-on system AA Tau
(Schmitt & Robrade 2007) exhibit an X-ray absorption that is
up to about one magnitude above the values derived from op-
tical measurements, and indeed most CTTSs show an excess
X-ray absorption in Günther & Schmitt (2008). This finding in-
dicates that mainly matter with a “normal”, i.e. roughly interstel-
lar, gas-to-dust ratio is responsible for the absorption towards the
X-ray emitting regions on DN Tau. Significant amounts of opti-
cally transparent material such as accretion streams or hot winds
are absent in the line of sight, probably favored by the fact that
DN Tau is viewed under an intermediate inclination.

4.4. High-resolution X-ray spectroscopy

The high-resolution RGS spectrum of DN Tau obtained in 2010
is shown in Fig. 6, here flux-converted in the 8–25 Å range. A
global modeling of these data leads to overall similar results as
derived above, and we concentrate in the following on the anal-
ysis of the brighter emission lines denoted in the plot. These
density and temperature sensitive lines are of special diagnostic
interest, since they can be used to study the plasma contributions
originating in the corona and accretion spots.

In our analysis we use the lines of the He-like triplet of
Ovii, namely resonance (r), intercombination (i), and forbid-
den ( f ) at 21.6, 21.8, and 22.1 Å, as well as the Lyα line of
Oviii at 18.97 Å. The absorption-corrected photon fluxes of the
relevant lines, using the NH value from our EPIC modeling, are
given in Table 4, and a zoom on the Ovii triplet for the two
exposures is shown in Fig. 7. We also make a comparison to

DN Tau 2010

Ne X Ne IX

O VIII

O VII

Fig. 6. Flux-converted RGS spectrum (2010 observation) of DN Tau.

Fig. 7. Observed Ovii triplet in 2010 (black) and 2005 (blue).

the 2005 observation to check our results from the global spec-
troscopy, but admittedly the S/N of these data is rather poor. A
similar diagnostic for moderately hotter plasma uses the Ne ix
triplet (13.45–13.7Å) and the Nex line (12.1 Å), which are de-
tected in the 2010 spectrum. These lines allow also an abundance
analysis of the Ne/O ratio when applying the methods described
in Robrade et al. (2008). For DN Tau we find Ne/O ≈ 0.4, a typ-
ical value for an active star and similar to the one derived above.

4.4.1. Oxygen lines – plasma density

To search for high-density plasma from accretion shocks, we
specifically study the density sensitive f /i-ratio of the Ovii
triplet (see, e.g., Porquet et al. 2001), which has a peak formation
temperature of about 2 MK.

The plasma density is determined from the relation f /i =
R0/(1 + φ/φc + ne/Nc) with f and i the respective line inten-
sities, R0 = 3.95 the low density limit of the line ratio, Nc =
3.1× 1010 cm−3 the critical density, and φ/φc the radiation term.
The effect from radiation is neglected in our calculations since
the UV field of DN Tau is not strong enough to influence the
Ovii ratio. A strong FUV flux would lower the derived plasma
densities, but in the case of DN Tau, the FUV emission would
also to be attributed to the accretion shocks, which however only
produce a rather small UV excess. On the other hand, Ovii is not
only produced in the accretion shocks, but also in the corona,
which is dominated by low-density plasma, and the true accre-
tion shock density would be underestimated. As a consequence,
changes in the measured Ovii density can be caused either by
changes in the actual densities in the accretion components or
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by the relative mixture of low- and high-density plasma from the
corona and the accretion shocks.

As shown in Fig. 7, the Ovii intercombination line is
stronger than the forbidden line in the 2010 spectrum, while
in the 2005 data they are of comparable strength. We find a
f /i-ratio below one in both observations; the derived values are
f /i = 0.36 ± 0.26 for the 2010 data and f /i = 0.92 ± 0.73
for the 2005 data from measured line fluxes. Poissonian ranges
(90% conf.) derived from Monto-Carlo methods on the mea-
sured counts are 0.14–0.62 (2010) and 0.06–2.0 (2005). Coronal
sources typically exhibit a higher ratio of f /i � 1.5 (Ness
et al. 2004), indicating the presence of noncoronal plasma on
DN Tau. The f /i-ratio differs by a factor of 2.5 between the
observations, but large errors, especially for the 2005 exposure,
are present. For the Ovii emitting plasma, we find a density of
ne = 3.0 (1.6−11.8)×1011 cm−3 (2010) and ne = 1.0 (0.4−6.1)×
1011 cm−3 (2005), respectively; given the coronal contribution,
these values are likely lower limits for the accretion shocks.
Overall, the densities derived for DN Tau are comparable, but
at the lower end of values found for other CTTSs. Given a the-
oretical “low density” f /i-ratio of around four, the coronal con-
tribution at Ovii temperatures is expected to be only moderate,
and an inspection of our spectral model shows that virtually all
(∼90%) of the Ovii emission is generated by the coolest plasma
component. An apparent higher density in 2010 would be ex-
plained naturally by a stronger contribution of accretion plasma
to the X-ray emission, either owing to a larger spatial extent or
to a higher density of the shock region(s).

Inspecting the f /i - ratio for high densities, i.e. log ne �
12/13 cm−3, one finds f /i � 0.1/0.01. Thus the Ovii triplet is at
the very end of its density-sensitive range, and even small contri-
butions from the omnipresent corona can strongly affect the re-
sults. For example, adding to a high-density plasma with log ne ∼
13 cm−3, a 10% fraction of coronal material ( f /i ∼ 3) already
reduces the apparent density by about one order of magnitude.
In these cases the Ovii analysis does not measure the true den-
sity of the accretion shock or the average density of the stellar
plasma, but primarily traces the relative contributions from the
visible portions of the accretion shocks and corona. Assuming
shocks with high density and a corona with low density, we de-
rive an accretion to coronal EM-ratio of about 0.7:1 in 2005 that
increased to a ratio of 2:1 in the year 2010. Correspondingly, one
would expect, when assuming a similar corona, a comparable in-
crease in the coolest plasma component, and while there appears
to be some deficit in total Ovii photons, this is roughly consis-
tent with our finding from Ovii(r) and the EMD modeling.

A density analysis of hotter plasma at ≈4 MK can be carried
out with the Ne ix triplet, which also has a higher critical density.
Here we find a f /i-ratio that is compatible with its low-density
limit (ne ≈ 1.0 × 1011 cm−3), while at the high end we can only
put an upper limit of ne � 5 × 1012 cm−3 on the plasma density.
In addition, the Ne ix i line is blended by several Fe lines with
Fexix being the strongest one. This is not taken into account
in the above calculation since Fe is heavily depleted in DN Tau,
and statistical errors on the only weakly detected i-line dominate.
Moderately cooler plasma at ∼1.5 MK could be studied with the
Nvi triplet, but the data quality is insufficient to provide any
further constraints.

4.4.2. Oxygen lines – plasma temperatures

Accretion processes that contribute to the X-ray emission can
also be studied with temperature diagnostics. The material that is
accreted by CTTSs has infall velocities of a few hundred km s−1

Fig. 8. The soft excess of DN Tau; Oviii(Lyα)/Ovii(r)-ratio vs.
summed luminosity for main-sequence stars (diamonds) and CTTSs
(triangles).

and thus the post-shock plasma reaches at maximum tempera-
tures up to a few MK. Such plasma is still relatively cool with
respect to the coronal temperatures in active stars or CTTSs
and should therefore be detectable as “soft-excess” X-ray emis-
sion. Here we search for an excess of cool plasma via the
Oviii/Ovii line ratio.

As temperature diagnostic we use strong oxygen emission
lines as measured in 2010, here the Oviii Lyα line (18.97 Å) and
the Ovii He-like triplet lines with peak formation temperatures
of ∼3 MK and ∼2 MK, respectively. An abundance-independent
method is obtained by using the Oviii(Lyα)/Ovii(r) energy flux
ratio in comparison to the summed luminosity of both lines.

In Fig. 8 we compare the Oviii/Ovii-ratio of DN Tau with
those of other CTTSs collected in the literature and with a
large sample of main-sequence stars at various activity lev-
els taken from Ness et al. (2004). The correlation between the
Oviii/Ovii line ratio and LX for main-sequence stars is well
known and caused by the higher coronal temperatures in more
active and X-ray brighter stars. As shown in the plot, DN Tau ex-
hibits a soft excess compared to active coronal sources with simi-
lar X-ray luminosity, but it is quite weak when compared to other
CTTSs. Actually the soft excess of DN Tau is the weakest in the
sample of X-ray studied CTTSs. Calculating the Oviii/Ovii en-
ergy flux ratio of DN Tau, we find a value of around three.
When inspecting theoretical ratios as calculated with, say, the
Chianti code, this corresponds to an average plasma tempera-
ture of 3.0–3.5 MK. This temperature is rather high given the ex-
pected shock temperatures and supports the idea that most of the
oxygen emission in DN Tau is produced by magnetic activity or
consists of mixed accreted and coronal plasma. Another method
based on Ovii alone, and thus more suited for very cool tem-
peratures, uses the temperature sensitive g-ratio, g = ( f + i)/r.
Our value of g = 1.36 ± 0.57 indeed favors low temperatures
of �1 MK for the Ovii plasma, but owing to its weaker temper-
ature dependence, twice as high temperatures are also consistent
with the data.

5. Discussion

5.1. Accretion shocks on DN Tau

At first glance, the soft excess of DN Tau is surprisingly weak
for a young CTTS that is accreting matter from its disk and that
exhibits a high plasma density in Ovii. Two main factors might
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be responsible for this effect: either the relative accretion lumi-
nosity is very low or the accreted plasma is not heated enough to
produce strong Ovii emission.

The estimated mass accretion rates from optical/UV obser-
vations of DN Tau are intermediate for CTTSs, so that they can-
not alone explain the weakness of its soft excess. Here the ratio
of coronal-to-accretion luminosity is another important measure.
While the density analysis suggests a significant contribution of
the accretion shock to the Ovii emission, the relative contribu-
tion from very cool plasma to the overall X-ray emission is quite
weak, and a strong Oviii line from the corona reduces the soft
excess. Also, the evolutionary phase plays an important role, and
DN Tau is a low-mass CTTS that is relatively young and thus
still quite enlarged. As a consequence, shock speeds and tem-
peratures do not reach values found for more massive or older,
more compact stars. Basically, Vsh ∝ √2GM∗/R∗ × (1 − R∗/Rt)
and Tsh ∝ V2

sh (e.g. Lamzin 1998; Calvet & Gullbring 1998),
where M∗ and R∗ are stellar mass and radius and Rt is the disk
truncation radius, i.e., from where matter is falling onto the star.

The calculated shock velocity depends slightly on the
adopted stellar model, using the Donati et al. (2013) values of
M∗ = 0.65 M� and R∗ = 1.9 R�, and their Rmag = 5.9 R∗
(2010) as truncation radius results in shock speeds of about
Vsh = 330 ± 30 km s−1. Adopting the slightly larger or less mas-
sive stellar models with, say, M∗ ≈ 0.5 M� and R∗ ≈ 2.1 R�
gives Vsh = 260−300 km s−1. Here we assumed accretion from
the respective corotating radius. The corresponding strong-shock
temperatures are in the range of 0.9–1.5 MK and similar to the
Ovii-temperature derived above. While these temperatures are
sufficient to produce Ovii emission, they are below the peak
emissivity temperature of about 2 MK, reducing the contribu-
tion from the accretion shocks to these lines and consequently
the strength of the soft excess. Since the hot and active corona
emits predominantly at higher temperatures, it contributes even
more weakly to Ovii and thus preserves the accretion shock
signatures in the applied emission line diagnostic, most promi-
nently seen in the very cool plasma during DN Tau’s 2010 soft
state. However, compared to other CTTSs, the “pure” accretion
shock plasma is a weak contributor to the total X-ray emission
on DN Tau.

The X-ray mass accretion rate for DN Tau can be calcu-
lated from mass conversation under the assumption of a strong
shock by using Ṁacc = 4π f R2∗ρpreVsh. Using our best-fit model-
ing results on the plasma density and adopting a mean molec-
ular weight of μe = 1.2, a filling factor of f = 0.01, and stel-
lar models as above, we derive an X-ray mass accretion rate of
log Ṁ ≈ −9.5 M� yr−1. As a caveat and recalling the discussion
above, the coronal blend means that the Ovii density is very
likely a lower limit for the accretion shock density and the filling
factor is adopted from other analysis. An independent estimate
based on X-ray data can be derived when fitting our X-ray spec-
tra with the model from Günther et al. (2007), where we obtain
a mass accretion rates around log Ṁ = −9.2 M� yr−1. With these
models we find filling factors of f � 0.01 and post-shock den-
sities of ne � 3 × 1011 cm−3, but their interdependency does not
allow the accretion shock properties to be constrained further.
The X-ray accretion rate is about one order of magnitude below
the values mostly found from optical/UV measurements, similar
to results obtained for other CTTSs (e.g. BP Tau, Schmitt et al.
2005). While intrinsic variability probably also plays a role, this
finding might indicate that the accreted material contributes only
fractionally to the observed X-ray emission.

In these scenarios, either not all accreted material produces
X-rays or the X-rays are produced but partially absorbed or both.

In some accretion regions, the shock temperatures might be too
low to generate X-ray emission, so X-rays would trace only the
fastest fraction of the accretion stream, although it remains un-
clear why infalling material should not impact the stellar surface
with similar velocities when accreted from similar distances, i.e.
around the disk truncation radius. Similarly, accretion streams
of low density that produce no strong X-ray emission may re-
main mostly undetected and lead to missing material, but if they
exist they are expected to carry only a small fraction of the to-
tal mass flux. For example, adding low flux columns (F ∝ ρV3)
to the model of DN Tau, increases the maximum spot size ( f )
by a factor of 30, but the mass accretion rate (Ṁ) only by less
than a factor of two (Ingleby et al. 2013). Alternatively, virtually
all infalling material might produce X-ray emission in accretion
shocks, but these X-rays are partly absorbed locally, for exam-
ple, by the accretion column and thus missing in the observed
X-ray spectra as suggested by Sacco et al. (2010).

Recently, Dodin et al. (2013) have performed a non-LTE
modeling of emission components of optical He and Ca lines
by adding an accretion hot spot and a photosphere. Significant
variability is present in the derived accretion parameters for two
DN Tau observations performed in Oct. 2009 and March 2010.
They find preshock (infall) densities of log ne = 12.2/13 cm−3,
velocities of V0 = 230/280 km s−1, and filling factors of f =
3/1.2%, leading to accretion luminosities of 3/16% L∗ and mass
accretion rates of log Ṁ = −8.1/ − 7.6 M� yr−1. These results
again indicate a very high infall density, high mass accretion
rates, and large filling factors for DN Tau. Besides that, they sup-
port an active accretion period in 2010, at least a few months
before the new X-ray data was taken. where a strong accre-
tion stream impacts high- latitude regions. The 2010 data pre-
sented in Donati et al. (2013) was obtained a few months af-
ter our X-ray observation and although they obtained a lower
mass accretion rate of log Ṁ = −9.1 M� yr−1, their surface maps
show a large monolithic dark spot and an embedded accretion
region at similar high latitudes. Their dominant spot is located
in 2010 at about phase 0.55, and our X-ray data was taken at
phase 0.1–0.3. Thus if this configurations is applicable, it in-
volves a relatively unspoiled view on the accretion spot region
during the XMM-Newton observation.

In summary, the low infall velocities and the non-negligible
coronal contribution likely make X-ray diagnostics less favor-
able for a quantitative analysis, but they are still applicable to de-
tect the presence of X-rays from accretion shocks in CTTSs like
DN Tau.

5.2. X-ray variability

The observed X-ray variability can be caused by intrinsic
changes in accretion rate or magnetic activity, as well as by
varying the viewing geometry, absorption, and rotation. While
all these factors contribute to the omnipresent short- and mid-
term variability (seconds to months), the situation is less clear
for the major cause of possible long-term trends on timescales
of years to decades. The changes in X-ray brightness be-
tween 2005 and 2010 can probably be attributed to different
accretion states, unless a large fraction of the accretion spots
are “hidden” in the 2005 exposure. Here, variable mass accre-
tion rates and changing magnetic topology, which influences the
disk truncation radius and viewing geometry, probably play the
main role. Since the X-rays from the accretion shocks expe-
rience absorption by the above accretion streams, some time-
dependent viewing geometry effects may be present in the de-
tected X-ray emission, as suggested in Argiroffi et al. (2011) for
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their V2129 Oph data. Our 2010 observation covers 0.22 in rota-
tional phase and the line of sight is most likely not aligned with
the accretion stream, but the 2005 data (0.06 phase coverage)
could be more severely affected. While the global NH is iden-
tical for both observations and the apparent presence of high-
density plasma in the 2005 spectrum, as well as for the large
EM changes over a broad temperature range, does not strongly
support this explanation for the case of DN Tau, the presence of
a variable contribution from locally produced and re-absorbed
accretion components is not ruled out by the data.

In contrast, the increase in X-ray brightness by a factor of
three compared to the measurements in the 1980s and 1990s
seems to favor a change in the magnetic activity state of DN Tau,
already because its X-ray emission detected by XMM-Newton
is predominantly of coronal origin. On the other hand, DN Tau
showed on average a brightening over the last decades in the
U band, again by a factor of three, probably attributable predom-
inantly to the accretion shocks. These apparently different sce-
narios might at least be explained partially by an accretion-fed
corona that would lead to the observed trends, but unfortunately
most of these observations are not simultaneous, and especially
X-ray data is sparse. Thus there might be no overall long-term
trend at all, but instead UV bright and X-ray bright phases that
are not necessarily related to each other and dominated by the
various kinds of short-term variability.

5.3. DN Tau in the CTTS context

The young low-mass CTTS DN Tau shows a soft excess and a
high density in its cool (∼2 MK) plasma component. Both find-
ings indicate that plasma originating in well-funnelled accretion
streams impacting the stellar surface contributes to the observed
X-ray emission. The plasma densities of DN Tau derived from
Ovii diagnostics are similar to values of other CTTSs, such as
BP Tau or RU Lup (Schmitt et al. 2005; Robrade & Schmitt
2007), but its soft X-ray excess is quite weak for a young CTTS.
The higher mass accretion rates of BP Tau or RU Lup naturally
lead to a more pronounced soft excess, but this effect cannot ac-
count for all CTTSs. Additionally, as a consequence of the low
mass and large radius of DN Tau, the impact velocity is among
the lowest of all studied CTTSs, and expected accretion shock
temperatures are well below the peak formation temperature of
the studied X-ray lines. Therefore only the hottest part of the ac-
creted and shocked material will reach X-ray temperatures; how-
ever, this is still sufficient to produce detectable signatures in the
X-ray data. Combining the only moderate mass accretion rate
and the low impact velocity would explain why the soft excess of
DN Tau is even less than those of old CTTSs, such as V4046 Sgr
or MP Mus. While their accretion rates are even lower, these ob-
jects are more massive and especially more compact (M∗/R∗),
and the accretion shocks have higher temperatures and produce
X-ray emission in the Ovii-lines more efficiently.

Comparing DN Tau to other young stars in the lower mass
regime, we find that a moderate soft excess is also present in
the TWA member Hen 3-600 (Huenemoerder et al. 2007), a
multiple system with an M3/M3.5 binary as principle compo-
nents. The value of its Oviii/Ovii ratio is similar to the one
of DN Tau, although Hen 3-600 is about a factor five fainter in
X-rays, and its soft excess is even less pronounced. In contrast to
DN Tau, Hen 3-600 is old (∼10 Myr) and very likely already in
the CTTS/WTTS transitional phase. While expected to be com-
pact, here the evolved state and corresponding very low accretion
rate reduces accretion shock signatures in its X-ray spectrum.
Correspondingly, its oxygen f /i-ratio of about 1.1, though with

significant error, is at the uppermost end of the values observed
for accretional sources.

Notably, coronal properties as derived from the modeling of
global X-ray spectra are very similar for DN Tau and BP Tau. We
find similar X-ray luminosities and plasma temperatures, as well
as nearly identical abundance patterns. The largest differences
are found in the relative strength of the cool component of their
EMDs, but as outlined above, this is where the accretion shocks
have their strongest impact on the X-ray spectra. Overall, at least
when considering stars with comparable X-ray activity, the coro-
nal properties seem to vary at best moderately in the regime of
young low-mass CTTSs when going to less massive stars.

With DN Tau we extend the X-ray studied sample of young
accreting stars to lower masses, and its X-ray properties clearly
link it to more massive or more evolved CTTSs. The combina-
tion of a very cool accretion component with a strong hot corona
makes DN Tau one of the X-ray brightest CTTSs in its mass
range, but reduces the influence of the accretion shocks in its
X-ray spectrum and emission line diagnostics.

6. Summary and conclusions

From our study of the X-ray emission of DN Tau we obtain the
following main results and draw the subsequent conclusions.

1. DN Tau is among the least massive CTTSs where cool
MK-temperature plasma at high density from accretion
shocks is clearly present, and it is the youngest star in the
regime of M-type stars studied in X-rays in greater de-
tail. DN Tau shares general properties with other low-mass
CTTSs, but differences arise in detail that are mainly related
to its youth and low mass.

2. The Ovii triplet shows an f /i-ratio of about 0.4, attributed
to accretion shocks that contribute significantly to the soft
X-ray emission. The corresponding plasma density is ne =
3−4× 1011 cm−3, and owing to the coronal contribution, this
is likely a lower limit for the accretion shocks. DN Tau shows
a soft excess as measured in Oviii/O vii-ratios, confirming
the presence of accretion shock plasma. While the plasma
density is quite typical when compared to other CTTSs, the
soft X-ray excess is rather weak. Here the low impact veloc-
ity of the accreted material, a consequence of the low mass
and large radius of DN Tau, results in shock temperatures
of about 1.0–1.5 MK, well below peak formation of Ovii.
Overall, the cool plasma component around 2 MK con-
tributes to the X-ray emission only moderately.

3. A strong coronal component with hot (�10 MK) plasma is
present, and at higher energies, the spectrum of DN Tau is
dominated by magnetic activity. Intermediate temperature
plasma clearly originates in coronal structures, but may con-
tain accretion-fed material. The corona reaches temperatures
of �30 MK, and its abundance pattern shows an IFIP effect
that is reminiscent of those of active stars. DN Tau is, with
log LX = 30.2 erg s−1, among the X-ray brighter CTTSs in
its mass- or Teff-range.

4. We find significant changes in DN Tau’s X-ray properties.
In 2010 it was in an X-ray-brighter, but overall softer spectral
state compared to 2005. The emission measure of the cool
plasma changed by a factor of a few, indicating accretion
related variability. Similar, but less pronounced changes are
observed at intermediate temperatures; in contrast, the hot
component stayed virtually constant. No changes in absorp-
tion column or elemental abundances were found; further-
more, the X-ray absorption is consistent with optical values.
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5. Several X-ray flares with durations of �1 h are detected
in the 2010 exposure, which are accompanied by clear
UV counterparts. The UV emission precedes the X-rays as
expected in the chromospheric evaporation scenario, and the
flares are similar to the ones seen on active young M dwarfs.
Outside the observed flares, an obvious correlation between
X-ray and UV brightness is not observed, indicating largely
independent emission regions. Brightness differences by a
factor of three are present in X-ray and U band data on
timescales of years to decades.
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