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Abstract—The dependence of the spectrum of a hot spot at the surface of accreting young stars on the
angle at which the material falls onto the star is considered. For typical parameters of T Tauri stars the
structure of the shock at oblique incidence has been found to be no different from its structure at normal
incidence, but at the same time the inclination, along with the gas density and velocity, is shown to be an
independent accretion parameter the changes in which lead to noticeable changes in the hot-spot spectrum.
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INTRODUCTION

The currently existing calculations of the struc-
ture and spectrum of accretion regions in T Tauri
stars were performed under the assumption of nor-
mal incidence of the material on their surface (Calvet
and Gullbring 1998; Dodin 2015). In this case, the
magnetic field whose field lines are perpendicular to
the surface channels the gas flow but does not affect
the structure of the emerging shock. However, the
material falls onto the star at a certain angle to its
surface even in the simplest case of a dipole field. The
work is aimed at revealing the changes in the hot-spot
spectrum to which oblique incidence of the material
on the stellar surface leads. Recall that the stellar
atmosphere located under the shock and heated by
stellar radiation is meant by the hot spot.

Let us first specify the domain of physical parame-
ters typical of magnetospheric accretion onto magne-
tized young stars. The typical magnetic field strength
in the accretion region is 1-8 kG (Chuntonov
et al. 2007; Donati et al. 2008; Dodin et al. 2012).
The typical preshock gas velocity Vj lies within the
range 200—400 km s~!. The total preshock number
density of atomic nuclei is Ny ~ 101 —10'% ¢m™3
(Kastner et al. 2002; Schmitt et al. 2005; Dodin
et al. 2013), corresponding to a gas density pg ~
10713—-10" g em~=3. Consequently, the ratio of the
kinetic energy density to the magnetic energy density

5= poﬁ/%ﬁ <0.1. At such parameters the gas
motion in a magnetic field at an angle to the stellar

surface gives rise to the so-called slow MHD shock.
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General questions about the structure of MHD
shocks were discussed in the book of Somov (2006)
and in the papers of Ledentsov and Somov (2012,
2015), while we are primarily interested in the radi-
ation emerging behind the shock iront. This radiation
has already been calculated by Lamzin (1998), but
only for normal incidence. In the next section we will
show that Lamzin’s results can be applied to the case
of oblique incidence at § < 0.1.

THE STRUCTURE OF AN OBLIQUE MHD
SHOCK

Figure | presents a scheme of the plasma flow
through an oblique shock. Let us assign the sub-
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Fig. 1. Scheme of the flow through an oblique MHD
shock. The shock front is indicated by the thick horizontal
line.
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scripts 0 and 1 to the preshock and postshock phys-
ical parameters, respectively. To be specific, let us
introduce a Cartesian coordinate system whose z
axis is perpendicular to the discontinuity plane and
is directed toward the star and whose y axis lies in
the discontinuity plane in such a way that the velocity
component V.o = 0. Using the standard notation for
physical quantities, let us write the conditions at the
MHD discontinuity (see, e.g., Somov 2006):

{Bw} = 07 (1)
{pvx} = 07 (2)
{VxBy - VyBx} =0, (3)
{pvzvy - Bzfy} o, (4)
{P+pV2+—}=O, (5)

Pelreen)

+ 1 (BQV (v-B)B,) } =0.

Recall that {X} denotes the difference between the
values of quantity X behind and ahead of the discon-
tinuity.

From conditions (1)—(4) for the plasma flowing
into the discontinuity along the magnetic field we can
calculate the relation between the physical quantities
ahead of and behind the discontinuity:

Bml = BwOa

By = Byotanag,

1—
1= %5 tan ap,
Vzl = kaOa

tanag =

Vy1 = kVyo tan ay.

Here, « is the inclination of the streamlines to the
normal. The quantity k = po/p1 is determined from
conditions (5) and (6), which in the case of a strong
shock (Py < poVg@) in a monoatomic ideal gas (e =
1.5P/p) lead to the equation

5. 1-6\2
5(5(1—k)k+§ktan Qg [1— <1—k5> ]

2
1 + tan? ag <11 _;5> ] =0 (14 tan® ap).

In our case, a fortiori k6 < 1; the equation is then re-
duced to a quartic equation and must have four roots.

+ k%5
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The trivial root & = 1 corresponds to the absence of
a discontinuity. Two more roots have no physical
meaning, because they correspond to a rarefaction
wave. The fourth root corresponds to a compression
wave and when expanded to the first power in 4 is

1 9. .9

k~1<1—|—3—2551n a0>. (7)
The structure of the cooling postshock gas will be
determined by the parameters immediately behind the

shock front: the density p; and temperature. The
latter can be expressed as
1
T ~ Ty (1 + 1—655in2 a0>, (8)

where T,,1 is the postshock temperature in the case
of normal incidence of the material. To calculate the
structure of the hot spot, we will also need to know
the pressure on its outer boundary:

Pus = PL 4+ p VY 9)
1
~ P+ POVO2 <1 - 3—;55in2 a0>.

[t can be seen from the derived expressions (7) and
(8) that at & < 0.1 the changes in shock structure will
be less than 3%. This means that the distribution
of parameters for the cooling postshock gas along
the magnetic field lines is virtually independent of the
angle of incidence of the material. The structure of
the postshock region is determined only by the initial
conditions (7) and (8) and gas cooling processes.
Such a structure was calculated by Lamzin (1998),
who assumed the gas to be optically thin at all fre-
quencies. Consequently, under the same assump-
tions the structure of the postshock region along the
streamlines will correspond to the structure calcu-
lated for normal incidence. Such a simple result is
attributable to the presence of a strong magnetic field
that channels the material. For comparison, note that
the postshock temperature in the case of an oblique
hydrodynamic shock (without a magnetic field) would
be determined by the normal velocity component:
T x Vo o cos? ayg, i.e., Ty would exhibit a strong
dependence on the angle (Landau and Lifshitz 1986).

The spectrum of the region behind the MHD
shock front is determined by its structure and will not
change compared to normal incidence. However, the
postshock region will be thinner along the normal,
which will lead to a decrease in the intensity that
will be

I(pn) = I,(u) cos a, (10)

where I,,(p) is the angular distribution of the radia-
tion intensity in the case of normal incidence of the
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Fig. 2. Spectral energy distribution of the hot spot for the models IT,.c = {300, 12.5, 1} (upper black line), ITiec =

{300, 12.5, 0.3} (middle black line), TT}..

= {300, 12, 1} (middle gray line), IT..c = {300, 12.5, 0.1} (lower black line),

and I, = {300, 11.5, 1} (lower gray line). IT, = {4000, 4.0, 1.25, 2.0}. The Eddington Hy fluxinergs™* em™2 A=t s~ !

is along the vertical axis.

gas. The external pressure on the hot-spot boundary
will be

(11)

because the remaining terms in (9) may be neglected.
Consequently, in the case of a strong magnetic field,
the inclination of the magnetic field lines to the dis-
continuity surface leads to a decrease in the intensity
of the radiation incident on the hot spot without any
change in the pressure applied to its outer boundary.

Phs ~ POV()27

THE HOT-SPOT SPECTRUM IN THE CASE
OF AN OBLIQUE SHOCK

Using the boundary conditions (10) and (11)
and the methods described in Dodin (2015), we
calculated the hot-spot structure and spectrum for
the accretion parameters Vp =300 km s~! and
log Ng = 12.5 and a set of cosag =0.1-1.0. The
stellar parameters are T.; = 4000 K and log g = 4.0,
the mixing-length parameter is a7 = 1.25, the
microturbulence is V; =2 km s7!, and the ele-
mental abundances are solar. Below, for brevity,
we will denote the accretion parameters as Il =
{Vo(km s™1), log Ny, cos ap}, and the stellar param-
eters as II, = {Tw(K), log g, anrr, Vi(kms™1H)}.
The results of our calculations for the continuum
and some of the most important spectral lines are

represented by the solid curves in Figs. 2 and 3.
[t it can be seen from these figures that the hot-
spot radiation is attenuated with increasing angle «y,
which is explained by the decrease in I(u).

[t should be noted that the shape of the shock
spectrum I, (p) is almost independent of the infalling
gas density and, to a first approximation, I, (u) o
po < Ny (Lamzin 1998). Thus, I(u) equally depends
on Ny and cosag. It could then be assumed that
the set I.. = {Vb, log(Npcosap), 1} should be
used instead of e = {Vp, log Ny, cos agp}, because
both sets I, and IT, . give identical spectra ().
For example, the models II,.. = {300, 12.5, 0.3}
and ITae. = {300, 12.5, 0.1} have virtually the same
spectrum of the incoming radiation as do the models
IT,.. = {300, 12.0, 1} and II,.. = {300, 11.5, 1},
respectively. As can be seen from Fig. 2, the con-
tinuum emissions for the models T, and II, . in
the visible spectral range closely coincide with one
another. However, differences appear in spectral lines
and in the ultraviolet (see Figs. 2 and 3). This is
because the upper boundary condition, apart from the
radiation I o pg cos ap, includes the pressure Pg o
po that does not depend on coscag. An elevated
pressure in the model I, in comparison with IT/ ..
leads to a weakening of the He II lines (in qualitative
agreement with Saha’s formula) and to a greater line
broadening (see Fig. 3). Consequently, the radiation
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Fig. 3. Profiles of some of the most interesting lines. The model parameters are the same as those in Fig. 2. The Eddington H
fluxinergs™* cm™2 A lsrtis along the vertical axis. The radial velocity in km s ™! is along the horizontal axis.

originating in the upper layers of the hot spot, where
the external pressure P, dominates, can be described
only by the set II,.., and, as was shown previously
(Dodin 2015), this radiation is almost independent of
the stellar parameters Il.. The intrinsic hydrostatic
pressure of the stellar atmosphere increases in im-
portance as we go into the deeper layers. Therefore,
the deeper the radiation originates, the smaller the
differences between the spectra calculated with the
sets of parameters IT,.. and II}., and the bigger the
role of IL,.

CONCLUSIONS

We showed that oblique incidence of material on
the surface of a star leads to a decrease in the effective
temperature of the hot spot, mimicking a decrease
in the infalling gas density in the model with normal
incidence as pg cos ag. However, for the spectral lines
that are formed in the upper layers of the hot spot, for
example, for the emission in He II lines, such a com-
bination of parameters is impossible—the angle must
be considered as yet another accretion parameter.
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