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ABSTRACT

Context. High resolution X-ray observations of classical T Taurist@TTSs) show a soft X-ray excess due to high density plasma
(ne = 10" — 103 cm3). This emission has been attributed to shock-heated augraaterial impacting onto the stellar surface.

Aims. We investigate the observability of the shock-heated éiogrenaterial in the X-ray band as a function of the accretiteam
properties (velocity, density, and metal abundance) irctse of plasm@-< 1 (thermal pressur& magnetic pressure) in the post-
shock zone.

Methods. We use a 1-D hydrodynamic model describing the impact of ametion stream onto the chromosphere of a CTTS,
including the &ects of radiative cooling, gravity stratification and thafroonduction. We explore the space of relevant parameters
and synthesize from the model results the X-ray emissiohar{@5 — 8.0] keV band and in the resonance lines of10(21.60 A)

and Nex (13.45 A), taking into account the absorption from the chwephere.

Results. The accretion stream properties largely influence the teaype and the standdtheight of the shocked slab and its sinking

in the chromosphere, determining the observability of tiecked plasmafected by chromospheric absorption. Our model predicts
that X-ray observations preferentially detect emissiamftow density and high velocity shocked accretion streanestd the large
absorption of dense post-shock plasma. In all the casesiegdnthe post-shock zone exhibits quasi-periodic odwha due to
thermal instabilities with periods ranging fromx31072 to 4 x 10° s. In the case of inhomogeneous streamsfrd 1, the shock
oscillations are hardly detectable.

Conclusions. We suggest that, if accretion streams are inhomogeneausetéction ffect introduced by the absorption on observable
plasma components may easily explain the discrepancy betthe accretion rate measured by optical and X-ray data haswihe
different densities measured usinfelient He-like triplets in the X-ray band.
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1. Introduction More recently, high resolutiorR~ 600) X-ray observations
of some CTTSs (TW Hya, BP Tau, V4046 Sgr, Hen 3-600, MP

Young accreting stars, also called classical T Tauri st I}/éus and RU Lupi) have revealed a soft X-ray excess produced

: ; lasma at temperatufe~ 2—3x 1P K and electron number
(CTTSs), have been well studied during the last decadeh, b f P 1 3 3 ) )
from the observational and theoretical point of view. Onliae ensityne ~ 10 - 10" cm > (Kastner et al. 2002; Schmitt et al.

sis of the largely accepted magnetospheric accretion s'oena2005; Gunther et al. 2006; Huenemoerder et al. 2007; Affgjiro

gas from the circumstellar disk accretes onto the star cairf eéal'rozdouocz de;) b{ﬁgiﬁ ?lznrgzlatt'[e(zjoqg)s.nl—ahlzt ?ﬁ;nggggrgfﬁﬁzlic-
following the magnetic field lines of the stellar magnetasgeh P y d plas .
(Koenigl 1991). Since the circumstellar disk is truncated retion column, the plasma density being much higher than th

0 —3 H
~ 3—10 stellar radii, accreting gas is accelerated up to veéscit Ne < 10 cr) measured for coronae of active stars (Testa

of ~ 200—600 km s? by the stellar gravitational field and, whenet al. 2004). The discovery of optical deptliieets on the X-ray

impacting on the high-density layers of the stellar atmesgh speft;%rggof MP Mus further supports this hypothesis (Ariro

it forms a strong shock that heats up the accretion column%a' )-

temperatures of few MK (Gullbring 1994; Lamzin 1998). The The idea that the soft X-ray excess detected in CTTSs is due
magnetospheric accretion paradigm is supported by vadbus to shocks formed at the impact of accretion columns onto the
servational evidence: optical emission lines with invé€gygni stellar surface has recently received a convincing theadetup-
profiles indicate infalling material (e.g. Edwards et a949 UV port by time-dependent models of radiative accretion shatk
and optical excess comes from a photosphere heated by the@GETSs (Koldoba et al. 2008; Sacco et al. 2008; Orlando et al.
cretion shock (Calvet & Gullbring 1998; Gullbring et al. Z0 2010). In particular, these studies have predicted pastish
and transition emission lines in the far-UV are producedhgy t plasma characterized by density and temperature valudgin t
shock-heated material at temperature of abo2iKL(.g. Ardila range observed and global shock oscillations induced ba+ad
et al. 2002, Herczeg et al. 2005). tive cooling instabilities analogous to those predicteather



astrophysical contexts (e.g. Sutherland & Dopita 1993;ifaop sured from the Qu and Nex He-like ions can be explained in
& Sutherland 1996; Safier 1998; Sutherland et al. 2003athe framework of 1-D hydrodynamic models, assuming plasma-
Mignone 2005). Sacco et al. (2008; hereafter Paper I) dpeelo 8 < 1. To answer these questions, we perform a set of 1-D hy-
a one-dimensional hydrodynamic model with the aim to investirodynamical simulations using the model introduced indP&p
gate the dynamics and the stability of the shock-heateetingr We explore the parameter space of the accretion stream ljame
material and the role of the stellar chromosphere in determits mass density, velocity, and metal abundance. From the re
ing the position and the thickness of the shocked region. Thelts of the simulations, we synthesize the X-ray emissii a
model takes into account all the important physid&ets, i.e ing from the post-shock zone in the.J0- 8.0] keV band and
the gravity stratification, the thermal conduction, theiatide in the resonance lines of the He-like iony®and Nex, taking
losses from an optically thin plasma, and a detailed detsonip into account the féect of the absorption from the surrounding
of the stellar chromosphere. For simulations based on the gtellar chromosphere.
rameters of MP Mus, they synthesized the high resolutioayX-r ~ The paper is organized as follow: Sect. 2 describes the nu-
spectrum, as it would be observed with the Reflection Gratimgerical setup and the space of the physical parametersrexiplo
Spectrometers (RGS) on board the XMM-Newton satellite, afy the simulations; Sect. 3 reports the results focusinghen t
found an excellent agreement with the observations (Afigiroproperties of the post-shock zone and on the X-ray emission;
et al. 2007). Sect. 4 discusses our results compared with the propeifties o
Although the time-dependent models of radiative shocksTTSs observed by high resolution X-ray spectrographs; in
support well the origin of the soft X-ray excessin CTTSsgsall  Sect. 5, we draw our conclusions.
observational points remain still unclear: a) the massedicor
rates derived from X-ray observations are generally lowant
those derived from optical and UV data by one or two ordefs 1h€ Model
of magnitude (Schmitt et al. 2005; Gunther et al. 2007;A_uﬁji 2.1. The numerical setup
etal. 2009; Curran etal. 2010, in prep.); b) some young #iogre ) )
objects (T Tau, AB Aur, HD 163296) do not exhibit spectra-fea/Ve adopt the model introduced in Paper |. We assume that-accre
tures indicating dense X-ray emitting plasma (Gudel e2@07; tion occurs along the magnetic flux tube linking the circuahist
Telleschi et al. 2007; Giinther & Schmitt 2009); c) a dethildar disk to the star and that plasma moves and transportgyener
time series analysis of the soft X-ray emission from TW HydrePnly along the magnetic field lines. This assumption is vaidid
revealed no periodic variations (Drake et al. 2009). In tioidj values of the plasma paramefer< 1 (whereg = gas pres-
the absorption from the stellar atmosphere could play amimpSure/ magnetic pressure) in the accretion column. We assume
tant role in the observability of accretion shocks in X-ragape- the accretion streams to be perpendicular to the stelldacsr
cially for high density streams (Drake 2005), but up to noig thand focus our analysis on the portion of the stream closeeto th
effect has been not fully explored. star with a constant mass accretion rate. Thls allows us-to as
More recently, Brickhouse et al. (2010) performed a longime the plane-parallel geometry (the maximum expectéal rat
exposure X-ray observation of TW Hydrae, using @fendra between_the hot slab thickness and the stellar ra_ldlglsﬁlﬁ). A _
High Energy Trasmission Grating, that provides a rich setiof Schematic description of the system geometry is shown in Fig
agnostics for electron temperature, electron density hady- 1. The model is one-dimensional and describes the impabeof t .
drogen column density. Temperatuf (~ 2.5 MK) and elec- stream onto the chrompsp_here alo_ng the coord_lnate S (sge Fig
tron density (e ~ 3.0 x 10*2 cm3) derived from the He-like 1). The plasma dynarmcs is d.escrlbed by solving numerically
Neix line ratio diagnostics are in agreement with a standard B¢ time-dependent fluid equations of mass, momentum, and en
cretion shock model describing a single stream with unifor§/9Y conservation for a compressible conducting and dhtica
density and velocity. However, this model cannot explaia thin plasma fluid above the stellar surface:

o (L 1 ~m-3 _
lower values of plasma densitgg~ 6.0 x 10'* cm™3) and tem dp @ )

perature Te 1.5 MK) derived from the G line ratio, be- = + =0, (1)
cause single stream models predict that the density of the poat as

shock plasma increases as the temperature decrease&ﬂmoorda u AP+ pld)

explain both the @u and Nex diagnostics, Brickhouse et al. i P R Lo 09, (2)
(2010) suggested that the X-ray emission originates frameth ot Js

plasma components: a hot{® 10 MK) corona, a high den-

sity (Ne ~ 6.0 x 102 cm™3, Te ~ 3.0 MK) post-shock region % + @ =pug+ Ey — ? = NeNyA(T) , (3)
close to the shock surface, and a cold less demse @ x 10 S S

cm 3, Te ~ 2.0 MK) post-shock cooling region, with 300 times P pksT

more volume and 30 times more mass than that of the post shéékm ’ P=[1+a(p,T)] ,UTH

region itself.

In this paper we analyze the observability of the X-ray emisvheret is the time;sis the coordinate along the magnetic field
sion from the post-shock plasma as a function of the pragsertiines (see Fig. 1)u is the plasma velocityy = umyny is the
of the accretion stream (density, velocity, and metal abuod). mass densityy is the mean atomic mass, that ranges between
The main targets of our work are: a) determining the mainasignl.277 and 1.381 times hydrogen mass as function of the adlopte
tures of the accretion shock in the X-ray band; b) estimdimg metal abundancenry is the mass of the hydrogen atom;and
the X-ray luminosity from the shock-heated plasma depends oy are the electron number density and the hydrogen number
the properties of the accretion stream; c¢) investigatirgrifiu- density, respectively? is the thermal pressurg(s) is the grav-
ence of the absorption from the stellar atmosphere on the dty-of a star with a mass = 0.8 M(; andaradiuR=13Ry; T
served X-ray emission from the post-shock zone; d) undsdstais the plasmatemperatuie;= e+u“/2 is the total gas energy per
ing if the discrepancy between accretion rates measured franit massg is the internal energy per unit mags= 5/3 is the
optical and X-ray data as well as theffdrent densities mea- ratio between specific heats; is the Boltzmann constand;is



code for solving astrophysical problems that handles ap-ada
A tive mesh by theraramesu algorithm (MacNeice et al. 2000).
The code has been extended with an additional module for the
evolution of the fractional hydrogen ionizatiom(ny).

The extension of the computational domain depends on the
specific parameters of the simulations (see Sect. 2.2).argest
domain considered here extends over a rabge 2.4 x 10°
cm above the stellar surface, for the simulation that areslyn
accretion stream density,. = 10'° cm3, velocity Uscc = 600

corona km s, and solar abundances (see Sect. 2.2 for a detailed de-
scription of the space of the physical parameters explored)
The spatial resolution adopted for each simulation depends
on the thickness of the post-shock zone that spans a range of 6
orders of magnitude (See Sect. 3.1). At the highest resaluti
(stream with densitye = 10" cm3, velocity Uaec = 200 km st
and metal abundande= 5, in solar units) we allow for a maxi-
mum of 16 levels of refinement in theramesu algorithm, with
resolution increasing twice at each refinement level, arlad thie
refinement criterion following the changes in density and-te
perature. This grid configuration yields affextive maximum
resolution of~ 10° cm at the finest level. For the simulation re-
chromosphere quiring the highest spatial resolution, we analyzed tfiece of
resolution on the model solution by considering additicsial-
ulations which use an identical setup but with a larger numbe
of refinement levels. We checked that the resolution adopted
this paper is the best compromise between accuracy and compu
tational cost and that the system evolution is well desdribe
Fig. 1. Schematic description of the system geomdiyandhgy are jts details.
Lha?sg);aetfwtstilgﬂcflﬁgfnsihg tigiggggsr:‘;icgnzggaggg mg %L‘é‘r‘; As initial condition we consider a stream with uniform den-
X . sity, temperature and velocity impacting onto a hydrostttro-
and the stellar corona, respectively (see Sect. is the threshold . .
below which, we assume tr?e X-rayye(mission is f%l% absorlseé Sect. _mosphere_(see F.'g' 2). The temperature of the_stream Ishe sa
2.4). in all the s!mulatlons performed and does not influence tI;se sy
tem evolution, because the thermal energy of the streangls ne
gible with respect to its kinetic energy. The chromosphéth®
the heat fluxA(T) is the radiative losses function per unit emisYoungd star is described adopting the solar models in Veemazz
sion measurex(p, T) is the fractional ionizationrg/ny), that €t al- (1973), rescaled to have, at its base, a pressueq(10°
dilyn cnt?) larger than the ram pressure of the streams considered

has been derived from a modified Saha equation for the s ) >
chromosphere conditions (Brown 1978 is a parametrized N€'e and an extension 0ka.0° cm. As boundary conditions, the
values of density, temperature, and velocity are fixed tdrthe

chromospheric heating functiolEg = 0 for T > 8 x 10° K)

defined, as in Peres et al. (1982), to keep the unperturbes ciﬂal onefsrkl)oth atthe top (i.le. a constant aﬁcrektion k:ate)ﬁamcé
mosphere in stable equilibrium. ase of the computational domain. We checked that the adlopte

The thermal conduction includes a smooth transition bgbrtc;]mosp?ere anoll btpundarycondmons prevent boundite
tween the classical and the saturated conduction regimia, a8" tN€ System evolution.

coordinate s

abs

Dalton & Balbus (1993)
) 2.2. Space of the physical parameters
g= (i + i) (4) We explore the space defined by three parameters: the veloc-
Ospi Osat ity and density of the pre-shock accretion flow, and the metal

) ] . abundance of both the stellar and the accreting matteratieat
where dspi = —«(T)dT/ds is the classical conductive flux assumed to be equal. Note however that a discrepancy between
(Spitzer 1962) (with«(T) = 9.2 x 107'T%2 erg s K- cm), chromospheric and accretion metal abundances wouldfeata
Osat = —Sign @T /d9)¢pcS is the saturated flux (Cowie & McKee the results of our simulations, because, as discussed itoSac
1977),¢ < 1 (Borkowski et al. 1989 and references therein) argt al. (2008) and in the Sect. 3.1 of this paper, the chromo-
Cs is the isothermal sound speed. sphere acts as reservoir of matter stopping the accretian flo

The radiative losses per unit of emission meag\(fE) have but it does not influence the properties of the post-shoclezon
been calculated with the PINTofALE spectral code (Kashyap fastead, diferent chromospheric abundances can slighfigca
Drake 2000) and the APED V1.3 atomic line database (Smithe absorption from the chromosphere as discussed in Séct. 2
et al. 2001). Since the radiative losses in the temperaturger We consider three pre-shock velocitieg ¢ = 200, 400 600
10° < T < 10’ K are dominated by the emission lines fronkm s1), 4 pre-shock densities{.c = 10, 10, 10'2 10
heavy ions, the radiative cooling depends on the metal abwmi~3) and 3 metal abundances 0.2, 1.0, 5.0in solar units re-
dance/, which is one of the parameters explored in this work trieved from Anders & Grevesse 1989). Both densities ancimet

The equations are solved numerically using thess code abundances span larger ranges than those obtained from high
(Fryxell et al. 2000) with its implementation of the PPM alspectral resolution X-ray observations. We focused oulyaisa
gorithm (Colella & Woodward 1984)LasH is a multi-physics on a large space of parameters for two main reasons. Probably



10" [T T T ] Table 1.Range of relevant physical parameters explored.
1077 by g <8000
] Parameter Range Units
10%6 L \\ < Nace 109 -10% cm?3
o ] < Uace 200- 600 km st
ol 77000 ¢ Z 02-50
= 1 5 Tos 58x10° —56x 10° K
2 onl S 1 g Teool 8.3x 10°% - 1000 s
S 16000 § s 4.2 x 10" - 1.5x 1010 cm
R ] - Pram 35-7.8x 10* dyn cnr2
] Psink 13x10°-35x10° cm
otk e 15000 Bos 86x10%-20
WOMO “““““ 1‘ “““““ 2‘ “““““ 3‘ “““““ 4 Nacc IS the stream hydrogen number density is the stream velocity;

¢ is the heavy element abundandg; is the post-shock temperature;
Teool 1S the radiative cooling timelys is the expected thickness of the
e post-shock zonePam = pacdi? iS the ram pressure of the accretion

Fig. 2. Density (dashed line) and temperature (dotted line) peof ” ) ram : .
the initial unperturbed stellar chromosphege<( 3.05x 1C8 cm) and  1OW; hsinc is the sinking of the post-shock zone in the chromosphere;
Bos = Pram/(B?/87) is the plasma parameter in the post-shock zone,

an accretion streans & 3.05x 10° cm) with hydrogen number density ~p ' >
Nace = 10*2 cm3 and solar metal abundance. assuming a magnetic fiell= 1 kG.

is the crossing time of the accreting material through th&t-po

the most important is that current high spectral resoluien L .
ray observations of CTTSs are limited to a very small sampja Sk Zone (which is expected to be equal to the radiative coo
time 7cool), Tps is the post-shock temperature, dpglis the

of very close and bright CTTSs. These stars are older and g
crete to a lower rate than typical CTTSs and it is most likbbtt i%ﬁgclt(unrscst?oﬂfhtgs ggj;'zhofgxzi%g?ég&g_\)'vbelr ‘;;hlec;?gd'ﬁi‘f}i co
physical and chemical properties of the correspondingegiocr er% sLem (e.g Orlandgpet al. 2005) A 4

stream may dfer too. Indeed, Bary et al. (2008) and Martin Table 1 reports the ranges of values of all the relevant phys-

i _ it — 2 _ 3 -3
(1996) estimated pre-shock densitfeg. = 10% - 10°° cm™, ical parameters of the simulations explored here. The firstet

while pre-shock densities derived from X-ray data = ; .
10 _p1012 o3, Moreover, densities and n)wletal at?éﬁ:danc%gws report the three independent parameters of our andlysi

are measured from the spatially integrated emission imatud ensity, velocity, and metal abundance of the stream), @ewer

both the coronal and the accretion component. Typical corg)]-e following rows report the parameters derived from the in

nal densities e < 10'° cm™3) are much lower than densi- ependent ones, namely the post-shock tempera(&qg. 8),

ties expected in the accretion stream and metal abundaml:e:st ¢ radiative _coolmg tim&cross (E. 6), the slab th|ck_nesJ§S
g- 9 and Fig. 1), the ram pressure of the accretion stream

lower than photospheric abundances observed in young s T = pacd,, the sinking of the slab in the chromosphere

(Telleschi et al. 2007). Therefore, both accretion streamsd | ™ - : -
ties and abundances derived from X-ray observations cosld %'”k (i.e. the distance of the base of the slab from the transi
tion region between the chromosphere and the stellar cprona

underestimated. see Fig. 1), and the plasma parameter of the post-shock zone
A heuristic model that assumes the strong shock approxi-_ Prm/(B2/87), where the magnetic field strength is as-

mation (Zel'Dovich & Raizer 1967), stationary conditionsda

I . . . umed to beB ~ 1 kG (which is the order of magnitude of the
radiative cooling has been previously used to describeeacck ; . )
tion shock physics in CTTSs (Lamzin 1998: Calvet & Gullbrin ﬁeld strengths derived from observations of CTTSs; JohngtK

1998) and to derive mass accretion rates from the X-ray éoniss 007). Note that the plasryais < 1 for most of the accretion

- ; - ) .“streams considered in this work (thus justifying the |8vas-
éﬁggﬁgrgtiig_zom)' This model provides post-shock regloﬂjmption of our model) except for 5 cases, wherel — 2 (for

the magnetic field assumed). On the other hand, Orlando et al.
Uace (2010) showed that, fg8 ~ 1 — 5, the evolution of radiative
Ups = == Mps = HNacc (®)  shocks in 2D MHD models (thus including an explicit descrip-
tion of the ambient magnetic field) is analogous to that diesdr
1 p 1T by 1-D hydrodynamic models, although the amplitude of ¢scil
Teool = —————— ~ 25x10° = 2| (6) tionsis smaller and the frequency higher than those predilzy
Y = 1nenyA(T) ¢ Dps 1-D models. For the 30 fierent cases analyzed here, the dura-
tion of the simulations ranges from 100 to 19000 s. The domati
— E — ) of each simulation was set much longer than the initial iearts
Ups effect, at the impact of the stream onto the chromosphere, and to
include a large number (at least three) of oscillation pkiof

3 um _ the post-shock zone (see Paper ).
Tps = 3_2Mk—BH W 1.4x 107902, (8) P ( erd
1t 2.3. Synthesis of the X-ray emission
— _ —11 acc . . . . .
lps = Teoollps = 1.7x 107" = Nace” () Foreach simulation, we synthesize the X-ray luminodity)(in

the [05-8.0] keV energy band and in the resonance lines of two

whereu,s and nys are the post-shock velocity and density, He-like ions, namely the @u at 21.60 A (ovi) and the Nex
and nacc are the stream pre-shock velocity and densityss at 13.45 A ((neix), Which can be measured with the high reso-



lution spectrographs on board the XMNewton andChandra  Table 2. Values of the threshold,,s as a function of the energy band

satellites. In particular: and of the metal abundance.

1. From the spatial distributions of density and tempegatur . [0.5-80]keV Ovu Neix
(output of the numerical simulations), we compute the emis- (1C° cm) (1¢cm) (1¢cm)
sion measure of the plasma in tfth domain cell as em= 0.2 3.56 3.57 3.17

2 ; ; i 1.0 3.72 3.74 3.43
N AsyAS, whereny; is the particle number density in the
Hj RS H b v 5.0 3.81 3.83 3.58

cell, As; is the length of theth cell along the stream, and
Agr is the cross section of the stream. In this paper we as-

sumeAgy = 5x 10°7% cn?, (i.e.~ 0.5% of the stellar surface); these configurations a more detailed description of therabso
for the values of stream velocity and density explored herigon effect, including the dependence on the wavelength, a more
this cross section produces mass accretion rates spafRinginooth transition between the full absorption and the fals-
range of values derived from X-ray observations of CTTSgjssion and a dependence of the angle of view should be per-
(see Sect. 3.3). We then derive the distribution of emissiggymed to give a more precise answer to the observabiliteiss
measure versus temperature, HYl(by binning the emis-  The values ofypsfor the three X-ray bands and for the three
sion measure values into slots of temperature; the rangengétal abundances are reported in Table 2. The valisg,96b-
temperature [4 logT(K) < 8] is divided into 81 bins, all jously depends on the chromospheric metal abundances, tha
equal on logarithmic scale\(og(T) = 0.05). we assume to be equal to the abundances of the accreting mate-

2. From the EMT) distributions, we synthesize the X-rayrja|. However, chromospheric abundances may fewint from
emission in the [(b — 8.0] keV band and in the resonanceyccretion stream abundances. For instance, if the chrdmedsp
lines of Ovir and Nex, considering the appropriate metabphyndance is higher or lower than the accretion stream abun-
abundancg, using the PINTOfALE spectral code with thegance, then we underestimate or overestimate the absoggtio
APED V1.3 atomic line database. fect, respectively. A better knowledge of metal abundardes

3. Finally, we derive time-average luminosities, Lovii, Leix  the diferent components of the star-disk system is required to
over a selected time interval including, at least, thredlasc petter address this issue.
tion cycles and outside initial transients. We found thats,ss does not change significantly if we con-

sider the absorbed X-ray emission in the5[0 8.0] keV band or

in the Ovi resonance line, because the absorption in the softer

part of the [05 — 8.0] keV band (which is the same of thev@d

As pointed out by Drake (2005), a large fraction of the X-rajine) is dominant. On the other hand, we found a significantly

emission due to the accretion shock may be absorbed by the g@ager value ofs,ys in the Nex resonance line, this line form-

present in the surrounding stellar atmosphere or by theeacdhg at higher energy (where the absorption is lower) tham.O

tion column itself. The absorption from the stellar atmasgh Therefore, we consider one set of threshagsfor the synthe-

mainly depends on the location of the emitting plasma. Forsgs of the luminosities in the [8—8.0] keV band and in the @u

given shocked slab of material rooted in the chromosphéee, p resonance line, and another segffor the luminosities in the

tons emitted from plasma located at the base of the slab (d@&px resonance line (see Table 2).

into the chromosphere) travel through higher density gesrfa

than photons from plasma located in the shallower portiadhef

slab. The deepness of the emitting plasma in the chromosph@&r Results

depends on the thickness of the slgband on the sinking of

the slab in the chromosphelng.k (Sect. 2.2) to the position at

which the ram pressure of the post-shock plasma equalsehe thn all the simulations, during the first 100200 s, the system

mal pressure of the chromosphere. As discussed in Secat.2,follows the same evolution as described in Paper I. Figure 3

simulations explore a wide range of values ffigrandhs;nk (see shows, as an example, the evolution of plasma temperatme, d

Table 1). sity, pressure and velocity for a stream with, = 10** cm3,

In order to estimate theffect of the absorption on the ob-u,.c = 400 km s? and¢ = 1.0. The accretion stream penetrates
served X-ray emission, we calculate the X-ray luminositigs the chromosphere and generates a transmitted shock and a re-
assuming that only the emission from plasma located in tak shverse shock. After this transient phase, the chromospheps s
lower layers of the shocked slab can be observed (see alge Drthe flow penetration where the ram pressure of the post-shock
2005 for a previous application of this method to estimate aplasma equals the thermal pressure of the chromosphere. The
sorption dfects). Specifically, we assume that all the emissiaeverse shock progressively builds up a nearly isotherlablat
due to plasma located at< syysis fully absorbed, while the the post-shock temperature (heating phase; left panelg 08}
emission produced from plasma located at sysis fully trans-  During this phase the intensity of the radiative coolindhathiase
mitted. The threshol@,sis defined as the height, in the unperef the slab gradually increases. The heating phase endstivben
turbed stellar chromosphere, at which the overlying atrhesp radiative cooling triggers a thermal instability that rdbe post-
absorbs 50% of the energy of a trial X-ray spectrum (see alslbock plasma of pressure support, causing the materialeabov
Fig. 1). We considered as trial X-ray spectrum that produmed the cooled layer to collapse back (cooling phase; right isane
a plasma afl = 1 MK. The plasma temperature does not inef Fig. 3). Consequently the reverse shock moves downwards t
fluence the threshold,,s used for calculating the Ne and the the chromosphere reducing the post-shock zone thicknétes. A
Ovm resonance line luminosities, while it slightly influencks t the hot slab has disappeared, a new slab is re-built by the re-
thresholds used for the D 8.0] keV band. However, we found verse shock, starting a new cycle of quasi-periodic shocKk-os
that the results of only a few of the parameter configuratiotetions. The post-shock zone is separated from the cold-chro
considered here, specifically those leadintpto~ hsne, slightly mosphere by a very steep transition region located where the
depend on the particular choice of the trial X-ray spectrbar. chromospheric thermal pressure equals the ram pressuine of t

2.4. Absorption from the stellar atmosphere

3.1. Physical properties of the post-shock zone



Fig. 3. Time evolution of plasma temperature
(A), density (B), pressure (C) and velocity (D)
during a complete oscillation of the post-shock
zone in the case of an accretion stream with
densitynaee = 10 cm3, velocity Uaee = 400
km st and metal abundanee= 1.0. The left
(right) panels show the time evolution during
the heating (cooling) phase. The dashed lines
describe the profiles of the unperturbed initial
stellar atmosphere (chromosphere and corona).
The shaded areas mark the regions below the
thresholdss,ys used to estimate theffects of
1 2 3 4 5 6 1 2 3 4 5 6 absorption on the luminosity in the & (pale

s (10° cm) s (10° cm) grey) and Nex resonance lines (see Sect. 2.4).

post-shock plasma. The thermal conduction drains eneagy fr post-shock temperatures are slightly lower than thoseveleri
the shock-heated plasma to the chromosphere throughdihis tfrom Eq. 8 because the former are averaged over the whole post
sition region, acting as an additional cooling mechanise (sshock zone, whereas the latter are estimated at the shauk fro
also Orlando et al. 2010). Théfects of the heat conduction areat the maximum extension of the slab. In addition, the sitedla
the largest in the simulations with the highest post-sheck-t post-shock temperatures are averaged over several shaiék os
peratures (i.e. the highest stream velocities). lations, including both the heating and the cooling phasthef

Figure 4 and Table 3 show the main physical parametépéolution. During the former, the temperature is slightigtter
characterizing the structure of the post-shock zone aiteirti- than that derived from Eq. 8, because the plasma velocityen t
tial transient phase, namely the maximum extension of tlsé poféference frame of the shock is higher thags the opposite is
shock slablnay), the oscillation periodRos), and the emission- true during the cooling phase.

measure-weighted temperatufigd of the post-shock zone. In  The post-shock temperature depends on the accretion stream

order to definélmax, we consider all the material hotter thane|ocity, whereas both the oscillation periBgk; and the length

T =3x 10° K as shocked plasma. The steepness of the transitigiihe post-shock zorigay depend on the whole set of model pa-

region makesmox poorly sensitive to this choice. The periods ofgmeters (velocity, density and metal abundance of tharsiye

the oscillations have been determined through a Fourié_ysiaa Figure 4 and Table 3 show thBtsc andlmax both span 5- 6 or-

of the length of the post-shock zone as a function of time. Thgrs of magnitude for the range of parameters explored here.

temperaturd s has been calculated from the emission measuigs complex magnetospheric accretion scenario, the mass de

distribution EM(T) (see Sect. 2.3), considering only bins withsjty and velocity of the flow could vary along the accretion

logT(K) > 5. stream cross section (see for instance Romanova et al. .2004)
The maximum extension of the post-shock zone ranges l&nsequently, in the case @f« 1, an accretion stream cannot

tween a factor 0.3 and 1.7 of the length estimated using Eq.b& described by a single 1-D model but has to be considered as a

whereas the post-shock temperature ranges between a@acttobundle of independent fibrils, each described in terms oftardi

and 1.0 of the temperature estimated using Eq. 8. The sietllaént 1-D model, and each independent on the others (wfiéreli



Table 3. Physical properties of the post-shock zone and X-ray lusiiies

Nacc Uacc é/ Posc |max Tps |Og(|-X)a lOg(I—X)b IOg(l—OVII)C l()g(l—OVII)(j loQ('—NeIX)e IOQ(I-NeIX)T
(cm3)  (kms?) (s) (cm) (MK) (ergs?) (ergs?) (ergs?h) (ergs?h) (ergs?) (ergs?h)

100 400 1.0 1.310° 5.0x10° 2.3 28.41 28.40 27.60 27.60 26.79 26.79
10t0 400 50 5.&1¢% 6.0x10° 2.0 28.20 28.11 27.58 27.46 26.45 26.43
10% 600 1.0 3.&10° 1.5x10° 4.1 29.32 29.32 28.04 28.00 27.66 27.66
10% 600 5.0 1.%10° 5.0x10° 4.6 29.51 29.48 28.11 28.00 27.81 27.79
10M 200 0.2 6.x10 8.0x107 0.5 25.52 25.30 24.90 24.68 21.67 21.67
101 200 1.0 1.510! 2.0x10’ 0.5 25.75 - 25.18 - 22.08 21.36
101 200 50 3.x10° 4.2¢10° 0.5 25.67 - 25.11 - 21.97 -
101 400 0.2 5&107 1.5x10° 2.1 29.30 29.26 28.53 28.49 27.56 27.54
10M 400 1.0 1.&107 4.0x10° 2.1 29.18 28.89 28.49 28.18 27.46 27.32
101 400 50 4.x10 5.5x10’ 2.1 29.00 - 28.36 - 27.23 -
101 600 0.2 1.%10° 7.0x10° 4.4 30.36 30.34 28.89 28.85 28.54 28.53
104 600 1.0 5.&1% 2.5x10° 4.6 30.40 30.34 28.96 28.88 28.65 28.61
101 600 50 3.&1¢? 3.7x10° 4.9 30.18 29.72 28.59 27.72 28.51 28.04
102 200 0.2 5%10° 6.2x10° 0.5 26.30 - 25.69 - 22.38 -
102 200 1.0 1.410° 1.7x10° 0.5 26.54 - 25.96 - 22.76 -
102 200 50 2.&l10! 3.7x10° 0.5 26.51 - 25.92 - 22.66 -
102 400 0.2 4.%10 5.0x10’ 1.9 30.08 - 29.46 - 28.18 26.28
102 400 1.0 1.x10 1.6x107 1.9 30.18 - 29.54 - 28.43 -
102 400 50 210 5.0x10° 2.0 29.68 - 29.08 - 27.88 -
10t 600 0.2 33107 5.5x10P 4.4 31.11 30.72 29.62 28.91 29.36 29.04
10t 600 1.0 1.5%107 1.5x10° 4.6 31.11 - 29.56 - 29.48 -
102 600 50 210 2.5x10° 4.8 31.08 - 29.49 - 29.43 -
103 200 0.2 510! 3.5¢<10° 0.5 27.43 - 26.81 - 23.60 -
103 200 1.0 1.410' 1.5x1C° 0.5 27.15 - 26.53 - 23.11 -
10t 200 50 2.&102% 3.210 0.5 27.49 - 26.91 - 23.63 -
10t 400 0.2 4.x10 5.0x10° 1.8 31.11 - 30.43 - 29.26 -
10t 400 1.0 2.x10° 1.5x10° 2.1 30.91 - 30.32 - 29.04 -
103 400 50 3.x10° 3.4x1CP 1.9 30.63 - 30.04 - 28.80 -
10t 600 0.2 8x%10 3.8x10’ 4.4 32.08 - 30.45 - 30.36 -
103 600 1.0 7.%10 1.3x10° 4.4 32.23 - 30.76 - 30.64 -

a: Luminositity in the 0.5-8.0 keV band not considering theaiption.

b: Luminositity in the 0.5-8.0 keV band considering the alpsion from the stellar atmosphere as discussed in the text.

c: Luminositity in the Ovi resonance line at 21.6 A not considering the absorption.

d: Luminositity in the Ovi resonance line at 21.6 A considering the absorption fronstiléar atmosphere as discussed in the text.
e: Luminositity in the Nax resonance line at 13.45 A not considering the absorption.

f: Luminositity in the Nax resonance line at 13.45 A considering the absorption franstéllar atmosphere as discussed in the text.

ent instability periods and random phases of the shocklascilthe absorption is strong, because the post-shock zonetsdroo
tions) due to the strong magnetic field which prevents mads ateeply in the chromospheris(k is large) and the slab is rather
energy exchange across magnetic field lines. We expect-thahén (Ihax is small). On the other hand, streams with high veloc-
fore that accretion streams consisting of many (2@DO0) dif- ity form extended post-shock zones (belpgy o« uZ.) and the
ferent fibrils with diferent instability periods and random phaseshocked slab may easily emerge above the chromospherdeven i
would produce no periodic variations of the X-ray emissimmf it is deeply rooted in the chromosphere, the ram pressurgbei
shocked plasma, as recently found in the case of TW Hya (Drakeportional to the square of velocity.

et al. 2009).

. As discussed in Sect. 2'4.’ the key parameters for unde;stag_(}_ Distribution of emission measure versus temperature
ing the dfects of the absorption by the stellar chromosphere on

the X-ray emission from shocked accreted plasma are thie-thid@ he distribution of emission measure versus temperatur@fM
ness of the shocked sldhax and the sinking of the slab in theof the shock-heated plasma is a useful source of information
chromosphere to the positidgik at which the ram pressure ofof the plasma components contributing to the X-ray emission
the post-shock plasma equals the thermal pressure of tiee cland is directly comparable with ENIJ distributions derived
mosphere. Figure 4 shows thatyx is anti-correlated with the from X-ray observations (see, for instance, Argjiret al. 2009).
density of the accretion stream and with the metal abundanE&ure 5 shows how the time-averaged BN16f the post-shock
and is correlated with the stream velocity (see also Eqg. ). @lasma varies as a function of velocity (upper panel), dgnsi
the other handhsink is correlated with both the stream densitymiddle panel), and metal abundance (lower panel) of the ac-
and velocity, the ram pressure of the post-shock plasmagbearetion stream. The case with density. = 102 cm3, veloc-
Pram o paccugcc and the thermal pressure of the chromospheitg u..c = 400 km st and solar abundanee= 1 (red dotted
decreasing with height. Consequently, the shocked slam frdine in Fig. 5) is the reference in all the panels. In all cases
high density streams with high metal abundances is expectaddel predicts a monolithic distribution of emission meaf

to hardly emerge from the dense chromospheric layers, whéme post-shock plasma that covers the entire range of vakies
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. . . . Fig. 5. Time-averaged emission measure distribution of the postis
1010 10" 102 1013 plasma for accretion streams with the same metal abundéned.Q)
n, (cm™) and density .. = 102 cm3) but different velocities (upper panel), for

streams with the same metal abundante: (1.0) and velocity (acc =
Fig. 4. Periods of the shock oscillationBd., upper panel), maximum 400 km s?) but different densities (middle panel), and for streams with
extension of the post-shock zorig, middle panel) and the emission-the same densityng,c = 10> cm3) and velocity (lacc = 400 km s?)
measure-weighted temperatufigd bottom panel) of all the cases in- but different metal abundances (lower panel).

vestigated. The labels on the x-axis of the bottom panekatdithe

densities of accretion stream. fRBirent symbols indicate fierent ve-

locities: U, = 200 (circle), 400 (squares), and 600 (triangles) ki s

Different colors indicate fferent metal abundances:= 0.2 (black),

1.0 (red) and 5.0 (green). Note that data points have beeadmver

each density value to prevent overlapping of the symbols. strongly increases with the stream velocity (see Fig. 4 an®f
so that its volume and therefore the overall emission measiur

) the shock-heated plasma increases with

low the temperature of the shock front. The ascending pahteof . , :
EM(T) distribution corresponds to cooled post-shock plasma of NOt surprisingly, the density of the stream determines the
the slab and to the transition region between the shockent cHpVerall emission measure in the hot slab (see middle panel in
mosphere and the hot slab. This characteristic of the®Bis- F9- 5): the higher the stream density, the h'ghﬂ the eomssi
tribution cannot be reproduced by heuristic models (e.qizin  Measure of the slab. Note however that, siRgex ny. (see Eq.
1998; Calvet & Gullbring 1998; Argiri et al. 2007) and has 9), the emission measure of the pqst-shock zone depends only
been proved to be in agreement with observations (e.qg. &fgir Ilnearly_onnacc (noton its squarg). Figure 5 also shows that the
et al. 2009). ascending branch of the ENIY distribution is steeper for larger

The total emission measure of plasma above 1 MK and tHglUes of density.
maximum temperature of the emission measure distribun d  Finally, the EM{T') distribution depends on the metal abun-
pend on the velocity of the accretion stream (upper panel dance: the higher the value gfthe lower the emission measure
Fig. 5). In fact, the temperature of the post-shock plasma d# the slab. In fact, the length of the post-shock zone depend
pends on the square of the stream velocity (see Eq. 8), leaudrersely on the metal abundance (see Eq. 9) as a consequence
ing to a shift of the EM{) profile towards higher temperatureof more dficient radiative cooling for larget. Consequently, the
for higher value ofu,.. The thickness of the post-shock zonemission measure of the hot slab decreases for increasing



3.3. X-ray emission pecially for those cases witlhax ~ hsink. Our results sug-
gest that except for the stream withee = 600 km s*!

and metal abundanee= 0.2, all the streams with density
Nacc & 10% cm3 generate shocked slab whose X-ray emis-
sion is strongly absorbed (see Fig. 7). However, these-inter
mediate cases probably require a more accurate analysis of
the absorptionfect that considers: a) the absorption depen-
dence on the wavelength; b) a detailed model describing the
absorption from the stellar atmosphere with a more smooth
transition between the optically thin and the opticallyckhi
case and dierent angles of view; c) fferent metal abun-
dances in the accretion stream and in the surrounding atmo-
sphere.

X-ray luminosities derived for each simulation are repdrie
Table 3 and in the Fig. 6, where they are plotted against tlesma
accretion rate derived assuming the same accretion stnees c
section Ay = 5x 107° cn?) used for deriving emission measure
distribution (see Sect. 2.3). The left panels show the tesid-
tained not considering absorption due to the stellar atimersp
whereas right panels show the results including the abisorpt
effects using the method discussed in Sect. 2.4.

The dependence of the X-ray luminosities on the model
parameters can be easily explained by interpreting thdtsesu
shown in the right panels of Fig. 6 in the light of the ENJ(
distributions shown in Fig. 5 and of the relations between th
main properties of the post-shock zone and the stream param-
eters in Fig. 4. The spread in the X-ray luminosity due to the
metal abundance is less than 0.5 dex even with the large fange
factor 25) of metal abundances considered in this work. fighis 104 * * * *
sultis due to two dterent €fects working in opposite directions.
The EM(T) of the post-shock plasma is anti-correlated with the
metal abundance (bottom panel of Fig. 5), but higher metatab . HaA :
dances trigger higher emission in the soft X-ray band, bezau j I
soft X-ray emission is mainly due to line emission producedb . 0 _______ 7% :
heavy ions. «

The X-ray luminosity is strongly correlated with the accre- ¢
tion stream velocity: X-ray luminosities derived for stnes at 10 4+ O
velocitieS Ugee = 400 km st and u,ee = 600 km st differ S
for about one order of magnitude, whereas X-ray luminasitie
produced by streams withyee = 200 km s! are more than =
three orders of magnitude lower than the others. In additin 10 »
spread between the streams at 400 and 600 Rrissnuch less Moo (Mo yr™)
in the Ovi resonance line (left-central panel of Fig. 6) than in
the [05 — 8.0] keV band. Evidently, the relation between X-rayFig. 7. The ratiol .a/hsnk as function of the mass accretion rate. Filled
luminosity and stream velocity strongly depends on the lgrofiand empty symbols indicate if X-ray emission from the stréarb-
of the EM(T) distribution. In fact, low velocity (200 km$) ac- servable or absorbed, respectively. Symbols and colors Fig)i 4.
cretion streams cannot heat up plasma to temperatureegreat
than 1 MK (top panel of Fig. 5), so that the accretion energy is
emitted mainly in the extreme ultraviolet band and verytfXin
ray emission is expected. The peak of the EMfor the stream
at 400 km s? (logT(K) = 6.4) is very close to the peak of the
emissivity function of the Qu resonance line and it is compara
ble to the EM value at logj(K) = 6.4 for the case at 600 km's

|

L 3 |

>
D 2

It is worth to emphasize that if accretion streams are not
uniform in density, the chromospheric absorption triggesse-
lection efect, absorbing preferentially the X-ray emission from
high density plasma components. In addition, since therohro
‘spheric absorption does not equalljegt the diferent density
explaining the small dierence between the @ luminosities tFrIe;ceGr)s \(/\?égéx?)gca;rt]ﬁal:eiﬁ ;eenglr(g"t{hpéertgéjﬁse Of]!gtlﬁé %asgzl’;sén

for streams at 400 and 600 kim's N tracers may dfer significantly (see also discussion at the end of
The comparison between the X-ray luminosities reported ct. 4).

the right and left panels of Fig. 6, as well as the relatiomieen
the ratiol nax/hsnk @nd the model parameters (Fig.7), allow us to

highlight the role of absorption from the stellar atmosghen 4. Discussion
the observability of the post-shock zone in the X-ray band a
function of the accretion stream properties. Specificallyfind
that:

SObservational data and 3D magnetospheric models of the star

disk interaction in young stars draw a very complex scenario

(see Bouvier et al. 2007 for a review of the recent resultegne

— Low density flacc < 10 cm3) and high velocity (acc > circumstellar gas accretes onto the star through manynssrea
400 km s?1) streams form shocked slabs with X-ray emissionbserved from dferent angles of view and, likely, non-uniform
poorly absorbed by the surrounding stellar chromosphene,density. Our modeling focuses on the portion of the stream
the thickness of the post-shock zone being much larger thampacting on the chromosphere where a shock develops and as-
the sinking of the stream in the chromosphégg,(> hsink), sumes the stream with a constant mass accretion rate. Itk wo
so that most of the emitting plasma is located in the shab emphasize, however that the model results presentec¢aere
lower and low density portion of the chromosphere. be combined together in a tool-box like fashion, if the plasm

— High density flacc > 10" cm~3) and low velocity (lacc < 200 3 < 1 (assumption which is valid for many CTTSs as discussed
km s1) accretion streams form shocked slabs with X-rayn Sect. 2.2), allowing us to build up inhomogeneous streams
emission strongly absorbed by the chromosphere, beingas bundles of independent fibrils, each describable in tefras
these caselgs << hgink. different 1-D model (see discussion in Sect. 3.1). This method

— The dfects of the absorption in the case of intermediate decan be easily applied to investigate the X-ray emission etege
Sity (Nacc ~ 10 — 10*2 cm3) streams are less evident, esfrom a 3D density structured accretion flow, adding together
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contribution to the emission of the distribution of fibrilaah lower densities (e.g. Sacco et al. 2008); ¢) no signaturégybf
with its own density. In the following, we apply this idea tery density plasma have been found in the high méés> 2Mp)
simplified cases. In the future the method could be applied ascreting objects, namely T Tau, AB Aur and HD 163296 (Gudel
describe more complex configurations. et al. 2007; Telleschi et al. 2007; Gunther & Schmitt 2009).

The hypothesis that the soft X-ray emission from CTTSs is
mainly due to post-shock accreting plasma is supported &y t(lﬂs
evidence that the emission originates from high densitgmka
(ne > 10 cm™3). This evidence has been found in all (six
CTTSs with mass lower than 1M observed to date by high
resolution X-ray spectrographs. In addition, no signatuvé
high density plasma have been revealed in current X-ray
servations of weak-line T Tauri stars (e.g. Kastner et 420 . i 'ate derived from the emerging X-ray emission sihpn
Argiroffi et al. 2005) in which accretion is known to be absent.depend on absorptiorffects.

However, although the soft X-ray excess in CTTSs can be in-
terpreted as due to accretion shocks, some observaticndise  Our exploration of the model parameter space has shown that
are still not easily explained in terms of post-shock adeget only a fraction of modeled streams predict post-shock pdasm
plasma: a) if we assume to observe all the energy emittedeby thith measurable X-ray emission. Interestingly, in five ofit o
post-shock zone, the accretion rates derived from X-rag dag  six CTTSs (MP Mus, BP Tau, TW Hydrae, V4046 Sgr and
generally about + 2 orders of magnitude lower than those deRU Lupi) observed with high resolution X-ray spectrogrgphs
rived from optical data (Schmitt et al. 2005; Giinther eR@07; the pre-shock densities derived from the He-like tripl€ltis
Argiroffi et al. 2009; Curran et al. 2010, in prep.); b) plasma dens.c < 102 cm3), the escape velocities (408 Uxc S 600
sities derived from the @ triplet are generally lower than thosekm s) and the metal abundancés< 1) lie in the ranges of val-
derived from the N& triplet (Brickhouse et al. 2010), althoughues that, according to the plots in Fig. 6, are the most deifab
we expect the opposite result as therh&iplet forms at higher the observation of X-ray emission from the post-shock decre
temperatures than @ where accretion shock models predicing plasma. The CTTS Hen 3-600 lies at the boundaries of our

The above issues can be addressed in the light of the results
cussed in Sect. 3. The comparison of the right and leftlgan
f Fig. 6 highlights the importance of the absorption frora th
ptically thick plasma of the chromosphere in the selectibn
post-shock plasma components that produce observable emis
ion in the X-ray band. As a consequence, we found that the
-ray luminosity of the post-shock zone as well as the mass ac

10



range of observability due to its low escape velocity{~ 290 are much less dense than streams of low-mass staes<(10'°

km s1) and the nearly solar metal abundancges (1.0).

cm~3), so that the resulting X-ray emission from the shocked ma-

Our results can help us to reconcile the (apparent) discréﬁfial cannot be distinguished from the coronal emissiontHer

ancy found between the accretion rates measured from X-r&/&

lysis of optical and X-ray observations of high mass goun

and optical data (Schmitt et al. 2005; Gunther et al. 200F¢Creting objects is needed to assess if the lack of X-rag-emi
Argiroffi et al. 2009; Curran et al. 2010, in prep.). In fact, in th&'on from high density plasma is a general feature of these ob

case of accretion streams with non-uniform mass densit;galdeCts and if some hints on the density of accretion streambea
the stream cross section (or in the case of multiple streaiths wPPtained.

different density simultaneously present on the star), we éxpec
g.eConclusions

to observe X-rays preferentially from the low density pamti
of the post-shock plasma, the high density shocked plasma

ing strongly absorbed. For instance, as suggested by 3D MW®& performed an intensive simulation campaign, using tie 1-
models of the star-disk system (Romanova et al. 2004), aoore hydrodynamic model introduced in Paper |, exploring the etod
streams may consist of a high density central region, snded parameter space which is representative of almost all l@gsm

by material at lower densities. Consequently, the shoclenl SCTTSs observed to date in the X-ray band. The model describes
should be constituted by a dense core (rooted deeply in tioe chthe impact of an accretion stream onto the chromosphere of a
mosphere and with a short stanfi-beight) surrounded by lessCTTS under the hypothesis théit< 1. Our aims include: 1)
dense shocked material (located shallower in the chronswsphto investigate the physical properties of shocked slabltiagu

and with a large standfbheight). According to our results in from the stream impact as a function of the density, velomitg
Sect. 3, the X-ray emission from the dense core is expectee tometal abundance of the accretion stream and 2) to investigat
largely absorbed by the stellar chromosphere and by the-aceabservability of the post-shock plasma in the X-ray barking

tion stream itself, whereas X-rays emitted from the (lessdg into accountthe absorption from the optically thick plassfitae
shocked plasma at the boundary of the slab mafeswnly a surrounding chromosphere. Our main results can be sumedariz
minor absorption by the chromosphere. All the shocked pdasms follows:

contributes to the optical emission, whereas only a fraabioit
contributes to the X-ray emission. The result is that theetmmn
rates deduced from optical observations are expected ardper|
than the rate values deduced from X-ray observations.

Under the assumption that the accretion streams are inho-

1. The post-shock zone resulting from the impact of the ac-

cretion stream onto the stellar surface is characterized by
temperatures ranging from 0.5 to 5 MK (depending on the
stream velocity) and by stand¥dieights of the post-shock

mogeneous and taking into account the chromospheric absorp ZOne spanning six orders of magnitude frem0* to ~ 101

tion, our model predicts thatflierent He-like triplets, in general,

measure dferent densities of the emitting plasma. In fact, sincé-

the dfects of absorption increases with wavelengthiN@&3.45

A) emission is expected to be less absorbed tham (21.60
A) emission. Consequently, the high density plasma (i.e. th
component sfiering more absorptionféects) should contribute
more to Nax than to Ovit emission. In the case of inhomoge-
neous streams, therefore the average density of the plasda |

ing to Neix emission is expected to be larger that that of plasma

leading to Ovir emission. This argument can be checked with
a simple case of an accretion stream with velocify: = 600
km s1, metal abundance = 0.2 and two components with the
same cross section, one with density. = 10" cm2 and the
other withnaec = 10 cmi3. From Table 3, we obtain that the

and high density stream components are lgg() = 2885
and loglovi) = 289 erg s?, respectively, whereas the lumi-
nosities in the Nex resonance line are logfex) = 2853 and
log(Lneix) = 29.04 erg s®. In other words, the denser stream
contribute for 73% to the Ne emission, but only for 53% to
the Ovi emission. The average density measured with thexNe
triplet is expected therefore to be larger than that measuiin
Ovm triplet although Nex lines form at temperatures higher than
Ovi lines.

Finally, our results do not allow us to formulate a unique hy-
potheses to explain why soft X-ray emission from high densit

X-ray luminosities in the Qu resonance line due to the low s.

cm (mainly depending on the stream density).

In all the case the post-shock zone oscillates quasi-
periodically. Oscillations are composed by a heating phase
during which the accretion shock builds up a slab of hot
plasma and a cooling phase during which the post-shock
zone cools down under thefect of thermal instabilities

at its base. The oscillation period ranges frens x 102

to ~ 4 x 10° s within the space of physical parameters.
However, these oscillations are verytiiult to observe, be-
cause the accretion stream is, most likely, inhomogeneous
and clumped (i.e. with variable accretion rate) and, in the
case off < 1, constituted by several fiérent fibrils with
different instability periods and random phases, leading to
no evident periodic variations of the X-ray emission

The dfect of the absorption from the local chromosphere on
the X-ray emission from the post-shock zone strongly de-
pends on the accretion stream properties. The stream yensit
is a key parameter to make observable in the X-ray band the
post-shock material: the higher the stream density, thre thi
ner and more deep rooted in the chromosphere the shocked
slab, and the larger the absorption of X-ray emission from
the slab. We found that, in general, high density accretion
streams ffacc > 102 cm3) produce shocked slab which
are strongly absorbed. Shocked plasma from high velocity
streams is more easily observable than that from low veloc-
ity ones, the standfbheights of the shocked slab increasing
rapidly with the stream velocity.

plasma have not been detected in high mass young accreting @b Our results suggest that the discrepancy between the mass

jects (e.g. T Tau, AB Aur and HD 163296; Gudel et al. 2007,
Telleschi et al. 2007; Gunther & Schmitt 2009). In partarul
two hypotheses can be formulated: a) accretion streamegeth
objects are, in general, characterized by densities hitjtzer
Nace = 1012 cm3, so that the X-ray emission from shocked mate-

accretion rates derived from optical and X-ray data as well
as the diferent densities measured, in general, from th& O
and Nex line triplets diagnostics can be explained if ac-
cretion streams are inhomogeneous (anchultiple streams

rial is fully absorbed by the chromosphere; b) accretioaastrs

! Inthe case of > 1, see discussion in Orlando et al. (2010).
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with different densities are present simultaneously). In faéres, G., Serio, S., Vaiana, G. S., & Rosner, R. 1982, AR], 78
only the light component of the post-shock plasma is prefobrade, J. & Schmitt, J. H. M. M. 2007, A&A, 473, 229

erentially observed in the X-ray band, leading to an und

é?gmanova, M. M., Ustyugova, G. V., Koldoba, A. V., & Lovelage V. E. 2004,

ApJ, 610, 920

estimation of the mass accretion rate with respect to thee rat, .., 'c. c., Argirsi, C., Orlando, S., et al. 2008, A&A, 491, L17
value deduced from optical observations. Also, the absorguier, P. N. 1998, ApJ, 494, 336

tion in Ovn lines is larger than in N& lines and, therefore,

Schmitt, J. H. M. M., Robrade, J., Ness, J.-U., Favata, F.t&z8r, B. 2005,

the weight of dense plasma is expected to be larger ix Ne_ A&A, 432,135

than in Ovi.

Smith, R. K., Brickhouse, N. S., Liedahl, D. A., & RaymondCl.2001, ApJ,
556, L91
Spitzer, L. 1962, Physics of Fully lonized Gases (New Yorkiey
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