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Abstract: Scattered radiation of circumstellar (CS) dust plays an important role in the physics of
young stars. Its observational manifestations are various but more often they are connected with
the appearance of intrinsic polarization in young stars and their CS disks. In our brief review we
consider two classes of astrophysical objects in which the participation of scattered radiation is key for
understanding their nature. First of all, these are irregular variables (UX Ori type stars). The modern
idea of their nature and the mechanism of their variability has been formed thanks to synchronous
observations of their linear polarization and brightness. The second class of objects is the CS disks
themselves. Their detailed investigation became possible due to observations in polarized light using
a coronographic technique and large telescopes.
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1. Introduction

Scattered radiation of circumstellar disks, as a rule, makes a small contribution to the
optical radiation of young stars. The exception is a subclass of irregular variable stars with
UX Ori as a prototype [1], and a small number of highly embedded stars and stars with
edge-on disks. The family of UX Ori stars includes mainly the stars of the Ae spectral
type. For a long time broadband photometric observations were the only method for
their investigation. However, such observations could not unambiguously determine the
mechanism of their unusual variability, representing a sequence of stochastic brightness
weakening with an amplitude up to 2-3" and duration from a few days to a few weeks.
The same observations can often be explained in completely different ways. For example,
the reddening of the star with a decrease in its brightness has been equally well interpreted
with both an increase in the CS extinction [2], and an appearance of magnetic spots on the
star [3].

The important role of scattered radiation in understanding the nature of the variability
of these objects was first pointed out by one of the authors of this paper [4]. During the deep
brightness minima caused by screening the star with the CS gas and dust clouds, the direct
radiation of the star is blocked by the screen. At such moments, the scattered radiation of
the CS dust dominates the observed radiation. This explains a range of properties of these
objects, including the unusual behavior of color indices at brightness fading, restriction of
the brightness amplitudes and increases in the linear polarization in the brightness minima.
Based on these facts, Grinin et al. [5] determined the evolutionary status of the stars from
this subclass: the UX Ori stars (or UXOrs) are usually young stars, namely, intermediate-
mass Herbig Ae stars surrounded by protoplanetary disks, and they differ from the usual
photometrically inactive Herbig stars only with a small inclination of their CS disks to the
line of sight. This conclusion has been supported by further investigations [6,7], including
interferometric observations in the near-infrared region of the spectrum [8,9].

It should be noted that an addition of the photometrically active UX Ori type stars to
the photometrically inactive (“classical”) Herbig AeBe stars had a strong influence on the
further development of our ideas about all classes of Herbig stars. It turned out that these
stars are not surrounded by spherical gas and dust envelopes, as previously assumed (see,
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e.g., [10]), but by circumstellar disks. It was also found that the Herbig stars demonstrate
not only spectral signs of the matter outflow but also signs of accretion. It all depends on
the angle between the disk plane and the line of sight [11,12].

2. Coronographic Effect

During the long-standing photopolarimetric observations of the UX Ori type stars,
it turned out that the observed changing in the linear polarization parameters is well
described with the model suggested in [4]. It claims that the CS dust clouds obscure the
star from the observer but do not influence the optical properties of the scattered radiation
of the CS disk. The latter means that the shadow zones on the disk created by the clouds
are much smaller in comparison with its size. Herewith the dust cloud themselves also do
not influence the polarization of the stellar radiation that passes through them. The latter
means that the dust grains in the clouds are not lined up. In this condition, changes in the
intensity of the observed radiation during the eclipse I, are described with the following
simple relationship:

Lops = Le™ ™ + I, (1)

where I, is the intensity of the stellar radiation out of the eclipse, T, is the optical depth of
the cloud screening the star at the wavelength A, and I, is the intensity of the scattered
radiation, which is considered unchanged during the eclipse, as was mentioned above.

The dependence of T on A is assumed as Ty = T f(A), which suggests that within the
stellar disk the screen is homogeneous (this permits us to treat the star as a point source of
light), and dependence of its optical depth on the wavelength does not change during the
eclipse. The latter assumption is based on a very important observational fact: the existence
of the straight section on the color-magnitude diagram that is used to determine the CS
extinction law (see, e.g., [13]).

From Formula (1) one can directly obtain a link between the intensity of the scattered
radiation of the disk and the possible maximum amplitude of the stellar brightness reduction:

(A1) ax = 2.51og(1 + L/ L), @)

Knowing the magnitudes (Am)0x from the photometric observations, one can imme-
diately find for each star the contribution of the scattered radiation of the CS disk to the
optical radiation of the star out of the eclipse. On average about 10% [4] is confirmed when
modeling the interferometric observations [9].

This model explains changes in the color indices observed in UX Ori type stars during
the brightness minima (Figure 1), and describes well the observational link between the
brightness variations and parameters of the linear polarization of these stars. It permits us
to distinguish with high accuracy between the intrinsic polarization of the star caused by
the scattered radiation of the CS disk and the interstellar one:

Pyps = Pis + Py, (Am), 3)

Here P, Pjs and P;;, are pseudo-vectors of the observed, interstellar and intrinsic
polarization of the investigated star, and Am is the amplitude of the diminution of the star
brightness counted from its brightest state.

P;,(Am) = Py, (0) e 044™M, )
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Figure 1. Color-magnitude diagram of the UX Ori type star WW Vul from observations of the deep
brightness minimum in 1997 [14]. Open circles mark the ascending part of the minimum; triangles
mark its descending part. Lines show theoretical dependencies calculated in [15] on the base of
Equation (1).

After making up such equations for each i-th observation, we obtain a redundant
system of equations for each photometric band. The solution of such a system with the
least square method allows us to find two unknown quantities, P;s and P;,(0). Each of
them is a pseudo-vector that gives the degree of the interstellar and intrinsic polarization
and their position angles. Thus, for each photometric band the model solution is obtained
on the base of the observed photometry and polarimetry of the object investigated. Then,
this information is used for modeling the physical parameters of the CS dust (including
the chemical composition and the particle size distribution), and what is more important,
parameters of the protoplanetary disks (see, e.g., [16-18]). The most important results
obtained in this field are as follows: (1) the circumstellar dust in the surface layers of the
protoplanetary disks is close to the dust in the interstellar medium with its chemical com-
position and differs from it in minimum grain size, which is about an order of magnitude
larger than that in the interstellar medium; and (2) the best agreement with observations is
provided by the model of the protoplanetary disk with thickening in the dust evaporation
zone [18]. In particular, this model explains a non-trivial observational fact: the hopping
change in the position angle of the linear polarization in some young stars with changing
in the wavelength of the radiation [19].

As an example, in Figure 2 it is shown that the linear polarization degrees depend on
the brightness of the UX Ori type star WW Vul in the U band from [14]. One can see that it
corresponds rather well with the model curve calculated on the base of Equations (2) and
(3). Generally, the results of the synchronous observations of the linear polarization and the
brightness of the UX Ori type stars show that, like in T Tauri stars [20], the main source of the
linear polarization in the Herbig Ae stars in the visible spectrum is the scattered radiation
of the circumstellar dust. The role of the optical dichroism in the formation of intrinsic
polarization in the young stars is negligible. The circumstellar clouds intersecting the line
of sight play the role of a natural coronograph: in blocking the direct radiation of the star,
they permit us to observe the weak scattered radiation of the disk. This radiation turned
out highly polarized (5-8%) [5], leading to the conclusion about the small inclinations of
the disks in UX Ori type stars to the line of sight.
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Figure 2. Dependence of the linear polarization degree on the brightness of the UX Ori type
star WW Vul in the U band from [14]. Lines show theoretical dependencies calculated using
Equations (2) and (3).

2.1. Simulations of Long-Lasting Eclipses

Cases are known in which eclipses of the UX Ori type stars lasted several months.
During such events an interesting phenomenon was observed: the change in the position
angle of polarization was out of sync with the change in the star brightness [14,21]. Simu-
lation of such events showed [22] that the reason of these anomalies was an obscuration
of a noticeable part of the disk with the dust screen. This led to the appearance of vast
shadows on the disk whose movement on the disk behind the screen generated changes in
the parameters of the disk intrinsic polarization. Of course, in such cases the coronographic
effect mentioned above cannot be realized completely.

Very seldom are deep eclipses lasting more than a year observed in young stars [23-27].
Their physics apparently differs from the simple model of the CS dust cloud transit across
the stellar disk accepted for the UX Ori type stars. Such eclipses indicate the appearance
of a large amount of matter in the nearest vicinity of the star, for example, as a result of
the fall of massive gas and dust blobs from the remnant of the protostellar cloud onto
the CS disk. Such a type of cloudy accretion onto the young objects was discussed in the
literature according to FUORs outbursts [28]. Certain hopes were placed on this mechanism
in connection with the discussion of the nature of the eclipses of UX Ori type stars [29].
However, this hypothesis did not receive support because of the significantly modest scale
of the eclipses observed in these stars. This can be due to density fluctuations in the dusty
atmosphere of the disk, or in the disk wind.

In the case of eclipses lasting years, the cloudy accretion may well be a source of
matter into which the young object is temporarily immersed. In favor of this suggestion
two observational facts testify: (1) an increase in infrared fluxes at the wavelengths >2 um
observed during the optical minima in some T Tauri stars [30-32] (this means that during
such events the CS dust blocks the large amount of stellar radiation and that this dust is
fairly close to the star); (2) an increase in the linear polarization of one of them (RW Aur) up
to 30% in the I band [33]. Such high polarization is typical for very young stars immersed in
gas and dust cocoons. Its source is the radiation of the star scattered in the polar (optically
semi-transparent) regions of the cocoon [34]. The position angle (P.A.) of linear polarization
in such objects is parallel to the disk plane (see, e.g., [33]).

2.2. Scattering by Moving Dust

As is known, the main part of the thermal radiation of the protoplanetary disks in the
near-infrared spectrum region originates near their inner boundary of the dust sublimation
zone [35,36]. In the vicinity of this region, the main part of the scattered radiation is
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also formed. In T Tauri stars this region is at a distance of 5-10 stellar radii and rotates
with velocities of about 150-200 km/s. Therefore, in the scattering of stellar radiation
by dust particles the frequency of the scattered radiation will change due to the Doppler
effect [37,38]. For the broadband observations this effect has no meaning. However, when
studying the spectra of the UX Ori type stars and relative objects it has to be taken into
account. Such a problem was first solved in [39]. An example of the photospheric line
transformation in the spectrum of the T Tauri type star during the deep brightness minimum
is presented in Figure 3. It is seen that at first in the absorption line wide wings appear
due to an increase in the contribution of the scattered radiation. In the deep minimum
the photospheric line transforms into a shallow but wide absorption band. Keeping in
mind that the spectrum of T Tauri type star is rich with photospheric lines, one should
expect that in its spectrum of the scattered radiation wide bands will overlap because of
blending and form a quasi-continuum [40]. This case is illustrated by the fragment of the
synthetic spectrum of the typical T Tauri star in the vicinity of Ca I 6103 and 6122 Alines
shown in Figure 4 in the bright state and in the deep minimum. Namely, the same spectrum
transformation was recently observed at the deep brightness minimum for RW Aur [41,42].

Figure 3. Photospheric line broadening in the T Tauri type star (solid line) during an eclipse due to
scattering at the inner boundary of the protoplanetary disk. The dot-dashed line corresponds to the
total eclipse.
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Figure 4. A part of the synthetic spectrum of RW Aur in the vicinity of the Ca 16103 and 6122 A lines
in the bright state (black) and the deep minimum (red).

The other source of the intrinsic polarization of young stars can be the dust component
of the disk wind [18]. In this case the moving dust has two velocity components: tangential
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and poloidal ones. Therefore, the scattering of stellar radiation by the disk wind can lead
to more complex transformation of the photospheric lines: to the line broadening due to
rotation and redshift due to the poloidal motion. This issue is briefly discussed in [38,39]
and deserves a more detailed quantitative analysis.

In UX Ori type stars the effect considered above is revealed in a significantly weaker
form [38]. This is caused by two reasons: (1) in most of these stars the photospheric lines
are broadened by the strong stellar rotation; (2) the dust sublimation zone is located much
farther from the star due to the higher luminosity. Therefore, the Keplerian velocities of
the disk in this region are significantly less compared to those in T Tauri stars. Figure 5
demonstrates the part of the synthetic spectrum of the UX Ori type star CQ Tau in the
vicinity of the Fe II 5018 line in the bright state and the deep minimum. It is seen that in
this case the spectrum of the scattered radiation differs little from the photospheric one.
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Figure 5. A part of the synthetic spectrum of CQ Tau in the vicinity of the Fe II 5018 A line in the
bright state (black) and the deep minimum (red).

The same occurs in the emission lines in the spectra of young stars. Nevertheless,
the influence of the scattered radiation on the emission lines is well known from the
observations of the linear polarization (see [43] and cited papers therein). When traversing
the Ha line profile, both the value and position angle change, which reflects the contribution
of various parts of the CS disk to the polarization of the different parts of the line profile.
As shown in [43], this effect is sensitive to the parameters of the inner CS disk regions,
and may shed additional light on their structure.

3. Images of Circumstellar Disks in the Scattered Light

The coronographic method has been very successful in observations of the scattered
radiation of the CS debris disks. In particular, with its help Smith and Terrile [44] first
observed the circumstellar disk of B Pictoris. This disk is seen nearly edge-on on the
coronographic image. Therefore, its radiation (as well as the radiation of the UX Ori type
stars) was found to be strongly polarized [45]. The coronographic observations with HST
revealed that the inner region of the f Pic disk was slightly curved relative to its outer
part [46]. The authors of the paper quoted above suggested that this curvature was caused
by a disturbing body (a massive planet) whose orbit was slightly inclined relative to the
plain of the outer disk. Fourteen years later this planet has been found [47], also with the
coronagraphic technique. An important contribution to such observations has been made
with the Hubble Space Telescope (see, e.g., [48,49] and references there).

At the present time the technique of observations of weak objects in the vicinity of
stars based on the coronographic method is widely used in the different astrophysical fields,
among them the study of the fine structure of the circumstellar disks in polarized light
(see, e.g., [50-53] and the references therein). Of particular interest are the first and rather
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successful attempts to monitor the protoplanetary disk images in the polarized light [51].
They showed that on the images of the CS disk of HD 135344B (observed nearly pole-on),
the shadows were caused by absorption of the stellar radiation by local perturbations
in the inner disk. These shadows are manifested as narrow radial bands of the variable
brightness, and also as the wide bands caused by absorption by large scale structures.
These observations point to the direct physical connection between eclipses of the UX Ori
type stars and shadow formation on the circumstellar disks.

Another example of successful monitoring of a circumstellar disk in the polarized light
is the long-term observations of CQ Tau [54]. This star is one of the most active members of
the UXOrs family [55], having a very complex light curve [56]. According to interferometric
observations in the near-IR [57] and millimeter wavelengths [58,59], the inner and outer
parts of the CS disk of CQ Tau have different inclinations: i = 48.5 £5° and i = 35°,
correspondingly. In such cases, a narrow shadow from the inner disk can be observed on
the outer one (see, e.g., [60-62]). The observations of CQ Tau have demonstrated that such
a shadow exists on the peripheral region of its CS disk [54].

The aforementioned interferometric observations of CQ Tau support the point of view
according to which the extinction events in UX Ori stars take place in the innermost part of
the CS disk where the NIR radiation is formed. Continuation of such observations is of
undeniable interest for understanding the nature of the perturbations in the inner regions
of CS disks, which can be caused by different reasons such as an azimuthal heterogeneity
of the dusty disk wind, collisions of planetesimals or hydrodynamical fluctuations in the
dust evaporation zone of the disk.

If the extinction events are driven by the disk wind, the UXOrs activity will depend
not only on the disk inclination but also on the mass loss rate and the dusty wind loading
area. The latter depends on the magnetic field in the disk and the star luminosity. The mass
loss and accretion rates are closely connected. Therefore, in this case the UXOrs activity
will be sensitive to the disk inclination, as well as the stellar luminosity and mass accretion
rate.

The Edge-On Disks

Young stars with edge-on CS disks are also observed through scattered light. The proto-
type of such objects is the well-known T Tauri star HH 30. The first image of this object was
obtained with high resolution by Burrows et al. [46] with the Hubble Space Telescope. It re-
vealed a flared CS disk (in accordance with the prediction of the Shakura and Sunyaev [63]
model (see Kenyon and Hartmann [64]) and the highly asymmetric jet. In addition to the
jet, a conical molecular outflow is also observed in the CO lines [65]. Photometric and po-
larimetric observations have shown that HH 30 is a variable object [66—68]. It demonstrates
the periodic variability of brightness and linear polarization with a period of 7.49 days [67].
The physical model of such a periodicity is not clear. It could be a hot spot on the rotating
star or periodic variations of the CS extinction in the star’s vicinity.

Variable illumination of the disk leads to changes in its shape [67]. These changes
are one of the most interesting manifestations of the circumstellar activity of young stars
reminiscent of the moving shadows on the disk images [50]. The other non-trivial special
property of HH 30 is its almost one-side jet and molecular outflow [46,64,69]. The origin of
such asymmetric outflows is discussed in [70]. An opposite case of the edge-on disk with a
well-developed and almost symmetrical jet is HH 212 [71].

To date, more than ten young stars with edge-on disks are known (see, e.g., [72] and
the references there). Most of them are T Tauri stars. Observations and modeling of such
objects permit us to study in detail the internal structure of CS disks (see, e.g., [73,74]). It is
obvious that the spectra of such objects are strongly distorted by the scattered radiation [37].

4. Intrinsic Polarization of Young Stars and Orientation of Their CS Disks

The position angle of linear polarization depends on the geometry of the scattering
medium. Calculations show [75] that in models with the classical accretion disk (with a
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flared surface) the P.A. is orthogonal to the disk plane. In the stars at earlier evolution-
ary stages surrounded by accreting envelopes the P.A. is parallel to the disk plane [76].
The average age of the UX Ori type stars is several million years [77]. Therefore, most
of them belong to the first group of young stars. Keeping in mind what was mentioned
above, one can use the position angle of the intrinsic polarization in order to determine the
orientation of protoplanetary disks in the projection on the sky plane. Such a possibility
was confirmed by results of interferometric observations of UX Ori in the near-infrared
spectrum region: according to [9] the position angle of the symmetry axis of its circumstellar
disk is equal to 127.5 4 24.5°. Polarimetric observations of UX Ori in the deep minima give
P.A. =125°-129° [21,78]. Orientation of the circumstellar disk of another UX Ori type star
VV Ser is determined with the position of the shadow formed by the disk on the reflective
nebula behind the star. According to [79], the P.A. of the shadow is equal to 15 £ 5°, which
corresponds to the P.A. of the disk symmetry axis 105 = 5°. Observations of the intrinsic
polarization of VV Ser gives the position angle in the close range: P.A. = 88°-100° [80].

These two examples testify that the linear polarization of most UX Ori type stars in
the deep brightness minima in fact characterizes the position of the symmetry axis of the
circumstellar disk on the sky plane, and this position can be compared with the direction of
the interstellar magnetic field determined with the help of polarization of the neighboring
stars. Unfortunately, this is not always possible because of the complex structure of the
interstellar magnetic fields in star formation regions. Figure 6 shows an example of the
polarization map of the BM And, as well as the vicinity in which the polarization pseudo-
vectors of BM And itself are shown in the bright stage and deep brightness minimum. It
is seen that the interstellar magnetic field in the stellar vicinity is fairly homogeneous in
direction, and the position angle of the stellar intrinsic polarization coincides with this
direction with high accuracy [81]. This implies that the interstellar magnetic filed controlled
the star formation process from the protostellar cloud, and that the circumstellar disk of the
star “remembered” the direction of the magnetic lines.

Similar results have also been obtained during photopolarimetric observations for
three other UX Ori type stars: WW Vul [14], BF Ori [82] and VV Ser [79,83,84]. Furthermore,
the same method was used in [85] for a large group of Herbig AeBe stars. It was shown
that subsamples of the more polarized stars from their list present a statistically significant
tendency toward intrinsic polarization aligned with the interstellar magnetic field.

1950
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Figure 6. Polarization map of the BM and as well as the neighborhood from [81,84]. Two values of
the star polarization are given: at the bright state and at the deep minimum. Credit: Grinin et al. 1995,
A&AS, 112, 457, reproduced with permission © ESO.
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5. Conclusions

Thus, although the scattered radiation of protoplanetary disks makes up only a very
small part of the radiation of young stars, its existence provides us very important infor-
mation about young stars and their circumstellar environment. Of great interest is the
possibility to study the orientation of CS disks not resolved in a telescope with the help
of polarimetric observations. Polarized radiation makes it possible to see fine details on
the disk images and study their structure and variability. Photopolarimetric observations
of UXOrs and their modeling permit us to investigate the perturbations in the innermost
regions of the disks where planetary systems are formed.
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