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Abstract: Eclipses of UX Ori stars by compact gas—dust
clouds and large-scale circumstellar disk perturbations
are modeled. A flared disk and a disk with a puffing-up
in the dust sublimation zone are considered. The disk
puffing-up explains several observed features of eclipses.
The linear polarization degree can remain unchanged
during the eclipse. There might be no star reddening in
the blue and ultraviolet spectral regions. Strong changes
(up to 90°) in the positional angle of the linear polariza-
tion may happen when passing from one spectral band to
another. An eclipse by a large-scale disk perturbation can be
noticeably deeper than an eclipse by a compact gas—dust
cloud. The polarization degree in such an eclipse can
also be significantly higher. In addition, an eclipse by a
large-scale perturbation of a star with a puffed-up disk
explains the significant scatter of eclipse parameters at
the same fading level. A significant change in the posi-
tional angle of the linear polarization may occur during
a large-scale disk perturbation eclipse minimum and
after it. We attempted parametric identification of long-
lasted deep minima of UX Ori and WW Vul. The con-
sidered simple model can only partially explain the
observed phenomena and need further development.
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1 Introduction

UX Ori-type stars are a subclass of Herbig Ae/Be stars
with deep sporadic brightness minima. These are young
stars with spectral types from A to F. They are surrounded
by protoplanetary disks slightly inclined to the line of
sight. The brightness minima last from several days to
several months. The usual depth of the fadings is 2-4™.
At this time, a nonlinear increase in the linear polariza-
tion degree up to 5-8% is observed. In addition, the
stellar color changes during the fading: first, the star
becomes redder, and then the color track bends. Near
the minimum, there is a bluing of the star.

Numerous observations demonstrating such proper-
ties of brightness fadings led to important conclusions
about the UX Ori stars. Grinin (1988) proposed a model
of a star eclipsed by a compact gas—dust cloud. The
model assumes that the cloud absorbs the radiation
from the star and does not affect the radiation scattered
by the circumstellar disk. Such a simple model explains
the main features of eclipses. When the direct light from
the star is fully absorbed in the cloud, we obtain the max-
imum eclipse depth. The increase in the contribution of
scattered radiation also explains the nonlinear increase in
polarization and color changes.

Usually, the compact gas—dust cloud eclipses were
simulated for the model with a flared disk. For example, a
detailed study of the eclipse properties is given by Natta
and Whitney (2000). The nature of the cloud itself is often
left out of consideration (we can simply call it “screen”).
It could be a structure in the disk wind or outer layers of
the disk.

It is worth noting that infrared excesses are observed
in the spectrum of UX Ori-type stars, which cannot be
obtained within the flared disk model. Natta et al. (2001)
proposed a puffed-up disk model. Now there are different
models of the disk puffing-up in the dust sublimation zone
(Dullemond and Monnier 2010). One of them is a dusty
disk wind. So Bans and Konigl (2012), using the Safier

8 Open Access. © 2022 Sergey Shulman and Vladimir Grinin, published by De Gruyter. This work is licensed under the Creative Commons

Attribution 4.0 International License.


https://doi.org/10.1515/astro-2022-0010
mailto:sgshulman@gmail.com

68 —— Sergey Shulman and Vladimir Grinin

(1993a, b) disk wind model, explained the infrared
excesses in the spectrum of stars. The compact gas—dust
cloud eclipse model has limitations. In particular, for
one disk model and a fixed observer position, the depen-
dence of the polarization degree and color indices on the
fading level will always be the same (with some scatter
of values due to scattered radiation fluctuations and
observational errors).

Moreover, the compact screen model explains the
positional angle changes during the minima when the
position angle of intrinsic polarization of the star and
the interstellar one does not coincide. But it cannot
explain the variations of polarization positional angle
observed some time after the eclipse. Significant changes
in the position angle after the deep minima were observed
during the eclipses of UX Ori (Grinin et al. 1994) and WW
Vul (Grinin et al. 1988). The observations of UX Ori deep
minima followed by the position angle changes are pre-
sented in Figure 1.

The compact cloud eclipse model for a star sur-
rounded by a flared disk can be extended in two ways.
The first is the study of a disk puffed-up in the dust sub-
limation zone. The second is the study of eclipses by
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Figure 1: Magnitude (top panel), polarization degree (medium
panel), and polarization position angle (lower panel) in the V band
during UX Ori long-lasted deep eclipse (Grinin et al. 1994).
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extended structures. We have chosen large-scale disk
perturbations as these structures. Such perturbations
may be caused by various physical processes studied
now actively. These can be atmospheric vortices (Godon
and Livio 2000, Wolf and Klahr 2002), magneto-rota-
tional instability that lifts charged dust grains above
the disk (Turner et al. 2014), as well as instability or
asymmetry of accretion and disk wind. We started work
on these generalizations in our previous papers (Shulman
and Grinin 2019a, b). Here we present the main results and
formulate the parametric identification problem for long-
lasted deep eclipses of UX Ori and WW Vul. Such eclipses
seem to be the most interesting and complicated for the
interpretation and study of the disk structure.

2 Model

We consider a model consisting of a star at the coordinate
system origin and a circumstellar disk. We use a flared
disk, which can have a large-scale perturbation. The disk
puffing-up is obtained by adding a dusty wind to the disk.
The resulting matter density is the maximum density of
the disk and disk wind. It gives a smooth transition
between flared disk and wind.

2.1 Flared disk

In the Cartesian coordinate system, the flared disk den-
sity is described by the formula

pix,y,z)
Ro . 1 z ’
= -=|—=—|1|, RR<r<R, @
(oo i) meren
o, otherwise,

where r = \/x? + y? is the radius in the disk plane and

r B
h(r) = hO(R_()) . 2)
hg is the disk scale height at a radius Rq. To study
eclipses, in this article, we use disk parameters from
Shulman and Grinin (2019b), which are based on the
results of Kreplin et al. (2016). The inner disk radius is
R; = 0.46 au, the outer disk radius is Ry = 26 au, and the
disk mass is 0.6M,. The disk flaring power  was esti-
mated to be 1.25 and the radial density exponent a was
taken equal to 3.04. We accepted hy = 0.035au at
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Ro =1 au, which made it possible to consider eclipses at
disk inclination angles close to 70°.

2.2 Disk perturbation

Previously we used a one-dimensional perturbation model,
where the perturbation shape was a function of a distance
from the perturbation center (Shulman and Grinin 2019b).
In this study, we use a more general disk perturbation model
based on two Gaussian functions. They determine the pertur-
bation shape by distance from the star and azimuth. The
resulting perturbation can be extended around the star, which
resembles the vortices of cyclones and anticyclones predicted
by gas-dynamic models (see, e.g., Godon and Livio 2000, Wolf
and Klahr 2002). The disk perturbation height is

hy(b, 1)
J ool s3]

where hy, is a relative perturbation height. The perturbation
center has polar coordinates ¢, and 1, (¢p = arctan(y, x)).
Ag¢ and Ar determine the perturbation extension along azi-
muth and radius. The relative position of the perturbation
and the observer is described by two parameters: ¢, and the
observer’s longitude ¢,.. To simplify the model, we can
assume ¢, = 0 and discuss changes in the perturbation
position in terms of ¢, .

To add a perturbation to the disk model, we replace
(2) with the following one:

¢¢o

r—ro

= hyp, exp[ 2

h(¢,r) = ho( ) [1+ hy(¢p, D] (4)

The perturbation increases the disk scale height locally,
it may lead to a star eclipse.

2.3 Disk puffing-up

We use the Safier (1993a, b) disk wind to obtain a disk
puffing-up. Safier (1993b) provides the approximations
for several wind models. So we can easily add a dusty
wind to the disk. In this work, we restrict ourselves to
using only the C wind model. A comparison of different
wind models is presented in our previous studies (Shulman
and Grinin 2019a, b).

The wind model is described by three main para-
meters. k,, is the mass loading (the normalized mass-to-
magnetic flux ratio). A,, is the normalized total specific
angular momentum. It characterizes the angular momentum
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transport efficiency of the wind. The last parameter is tan 6,
measuring the initial inclination of the magnetic field lines.
Here 6, is the angle between the disk normal at the disk
surface and the poloidal field component. For the considered
model k,, = 0.01, A,, = 75.43, and tanf, = 1.73.

The wind density is determined not only by the afore-
mentioned model parameters but also by the mass out-
flow rate M,y. The density is proportional to the mass
outflow rate. Hence, a higher mass outflow rate leads to a
more significant puffing-up. We will vary My to get dif-
ferent puffing-ups and explore how the observed eclipses
depend on the puffing-up magnitude.

2.4 Dust properties

We use the same dust parameters as in our previous
works (Shulman and Grinin (2019a, b)). The scatterings
are simulated using the Henyey—Greenstein phase func-
tion with White (1979) approximation for polarization
functions. Neglecting circular polarization, we assumed
the peak circular polarization equal to O and the skew
factor equal to 1. We use the absorption coefficient k,
the single-scattering albedo w, and the peak linear polar-
ization p; from the study by Natta and Whitney (2000),
where the absorption coefficient is given with the gas to
dust ratio of 100:1 already taken into account. The values
of Kim et al. (1994) were taken for the phase function
asymmetry parameter g.

For simplicity, we assume the matter properties to be
constant for the entire model. Table 1 presents dust prop-
erties in different spectral bands. It is worth noting that
the dust parameters can differ significantly from that
adopted in Table 1, mainly due to the heterogeneous struc-
ture of the dust particles (ice mantles) and/or their porosity
(fluffy dust). The dust properties noticeably affect the simula-
tion results, which should be considered when studying spe-
cific systems. In this article, while demonstrating the general
properties of the large-scale disk perturbation model, we will
restrict ourselves to only one dust model.

Table 1: The dust properties

K cm? g1 ) p g
U 330 0.525 0.33 0.53
B 273 0.53 0.37 0.53
Vv 225 0.545 0.38 0.48
R 183 0.54 0.43 0.43
| 133 0.525 0.5 0.38
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3 Method of calculations

In this study, we use the direction grid enumeration method
(DGEM) proposed by one of the authors (Shulman 2018).
While the widely used Monte Carlo method assumes simula-
tions of photon packet propagating in random directions
and scattering after passing through random optical depths,
DGEM uses a uniform grid of directions for modeling the star
radiation. We emit a photon packet into each direction of the
grid. For every photon packet, we simulate several scatter-
ings after passing through different optical depths so that an
equal fraction of the energy is scattered each time. For single
scatterings, this approach allows obtaining result signifi-
cantly faster compared to the simulation of random photon
packets. The speed gain can reach one or two orders of
magnitude. For multiple scattering, DGEM is not yet so effec-
tive. Therefore after the first scattering, we use the Monte
Carlo method to simulate multiple scatterings. Combining
DGEM for single scatterings with the Monte Carlo method
for multiple scatterings turns out to be more efficient than
using the Monte Carlo method for all scatterings.

Preliminary calculations showed that the star could be
considered a point source of radiation in our problems.
Moreover, we can restrict ourselves to modeling only the
first four scatterings. These simplifications make very little
change in the final result, so their effect can be neglected.

We use an unstructured tetrahedral mesh to approx-
imate the spatial distribution of the matter density. This
kind of meshes allows obtaining densification of the mesh
in areas with high-density gradients. Consequently, we
receive more precise results.

4 Results for eclipse shape

We begin the discussion of the results by considering the
dependences of the polarization degree and color indices
on the fading level. First, we look at how the results for a
puffed-up disk differ from the results for a flared disk in
the compact cloud eclipse model. After that, we will com-
pare compact cloud eclipses with eclipses by large-scale
disk perturbations for the same disk models.

4.1 Compact cloud eclipses

The compact gas—dust cloud eclipse model has one para-
meter describing the eclipse. It is the optical depth of a
cloud eclipsing a star. Thus, simulating an eclipse, we
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vary the optical thickness from O to infinity. The cloud
absorbs the star radiation. The light scattered by the disk
does not change. As a result, the disk model and the
observer position unambiguously determine the change
in the eclipse parameters depending on the optical depth.
Since the optical thickness is not obtained in the obser-
vations, we consider the dependence of the parameters
on the fading level.

4.1.1 Magnitude and polarization

We have simulated compact cloud eclipses for disks with
different puffing-ups. Figure 2 shows the dependence of
the polarization degree on the fading level for these
eclipses. The angle between the disk axis and the direc-
tion towards the observer is 65°.

An increase in the mass outflow rate has several
important effects. The disk wind scatters the starlight,
thereby increasing the contribution of the circumstellar
disk to the total system radiation. In addition, we look at
the star through the disk wind layers, hence the disk
wind obscures the star, decreasing its brightness. As a
result, the eclipses become less deep.

The scattering substance geometry is most important
for the polarization degree. Its dependence on the mass
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Figure 2: Dependence of the linear polarization degree on the fading
level in the V band in the compact screen model for disks with
different puffing-ups. The angle between the direction to the
observer and the disk axis is 65°. For puffed-up disks, the wind mass
outflow rate is indicated in units of 10°M, per year. No wind line
matches the flared disk model. The Deep Minima line shows
changes in the eclipse depth and the degree of polarization at the
minimum brightness, depending on the mass outflow rate. Its break
in the point with zero polarization corresponds to a change in the
positional angle of linear polarization by 90°.
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outflow rate turns out to be more complex than the
dependence of the eclipse depth. It consists of three sec-
tions. The scattered radiation of a thin disk is polarized
perpendicular to the disk plane. Adding a slight puffing-
up, we get slightly higher linear polarization degrees than
in a flared disk model at the same fading level. With a
further increase in the mass outflow rate, the disk becomes
thicker, and the polarization degree decreases to zero. After
this, the disk becomes thick. Its scattered radiation is polar-
ized along its plane. A further increase in the mass outflow
rate leads to an increase in the polarization degree.

In Figure 2, the change in parameters for the deepest
eclipse point is shown by the Deep Minima line. Its point
with p = 0 corresponds to a change in the orientation of
the polarization plane of the radiation.

The various mass outflow rates lead to different
polarization degree changes during an eclipse. It is a
new model property that was unattainable in the flared
disk model. In particular, there may be an eclipse without
a change in the linear polarization degree or with a slight
increase in it. Rostopchina-Shakhovskaja et al. (2012)
observed such an eclipse of WW Vul.

In disk wind models, it is usually assumed that the
mass outflow rate is related to the accretion rate. Bans
and Koénigl (2012) estimated the mass outflow rate to be
1-5% of the accretion rate. Mendigutia et al. (2011) and
Pogodin et al. (2012) showed that the accretion rate varies
up to 0.5 dexes. Then we can assume that the mass out-
flow rate also has variability. As a result, the disk wind
density changes over time. Consequently, the depen-
dence of the polarization degree on the fading level can
differ between different eclipses of the same star. Such a
scatter of polarization parameters is indeed observed in
UX Ori-type stars.

We investigated compact gas—dust cloud eclipses of a star
with a puffed disk for different disk parameters (Shulman and
Grinin 2019a). Numerically, the results can vary greatly, but
the behavior described above remains. The results are weakly
dependent on the disk mass and its outer radius. Moreover,
the stronger the puffing-up, the less important these para-
meters are. The inner disk radius (R;) strongly influences at
what mass outflow rate a change in the orientation of the
linear polarization plane occurs. The larger the radius, the
higher the mass outflow rate should be. The disk scale height
(ho) strongly affects both the depth of the eclipse and the
parameter scatter at the same eclipse level. Lower hq leads
to deeper eclipses and higher parameter scatter.

The optical depth of the disk wind depends on the dust
properties. Therefore, the mass outflow rate at which the
orientation of the linear polarization plane changes depends
on the wavelength. The dust absorption coefficient decreases
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from the U to I band. Therefore, the rotation of the polarization
plane occurs in the U band first and in the I band last. Some
stars demonstrate this behavior at the boundary of optics and
the near-infrared ranges (Pereyra et al. 2009). Its explanation
could be that we have an optically thick disk in the visible
spectrum. The scattered radiation polarization is oriented along
the disk plane. But in the near-infrared region, the disk is opti-
cally thin. Its radiation is polarized perpendicular to its plane.
In our model, this feature may present from time to time,
depending on the mass outflow rate.

4.1.2 Color indices

The disk puffing-up also affects the change in color indices
during an eclipse. Figure 3 demonstrates the results for
different disk models. The direct light of the star with a
puffed-up disk is partially absorbed in the disk wind. The
stronger the disk puffing-up, the less the eclipse depth is.
As a result, the part of the track on which the star red-
dening occurs is reduced. Close to the minima, the color
indices track changes weaker. Consequently, we can get
an eclipse without the star reddening at all. Its color will
change to the blue side from the very beginning of the
eclipse. This effect happens earlier in the blue region of
the spectrum, where the wind optical depth is higher. Such
eclipses of UX Ori star were observed during the ultraviolet
observations (Grady et al. 1995).

The closest to the minima part of the color indices
track for a puffed-up disk does not repeat the corre-
sponding part of the track for a flared disk. Thus, we can
take partial star eclipse by the disk wind into account.
Then the simulation result shows that the disk puffing
also leads to some scatter of the color indices at the
same fading level.

4.2 Eclipses by disk perturbations

The model of a star eclipsed by a large-scale disk pertur-
bation is much more complicated than the model of an
eclipse by a compact gas—dust cloud. In this model, both
the star and the inner regions of the disk are eclipsed.
There are more parameters to describe these eclipses.
Instead of one (the optical depth of the cloud), we have
five parameters characterizing the perturbation shape
and its position relative to the observer. For simplicity,
in this section, we assume the perturbation center to be
between the star and the observer. When the perturbation
moves around the star, the described dependences in
this section do not change significantly. Changes in the
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Figure 3: Changes in color indices during eclipses by compact screen for different disk models. The angle between the direction to the
observer and the disk axis is 65°. For puffed-up disks, the wind mass outflow rate is indicated in units of 10°M, per year. No wind line

matches the flared disk model.

positional angle of linear polarization, for which the per-
turbation rotation around the star plays a decisive role,
will be considered in the next section.

4.2.1 Magnitude and polarization

We simulated eclipses of a star with a flared disk by a
large-scale disk perturbation, alternately varying all four
perturbation parameters. The dependence on Ar turned
out to be the simplest: the larger Ar, the higher the optical
depth of the perturbation, the deeper the eclipse, and the
higher the linear polarization degree.

An increase in the perturbation scale height (h),) and
azimuthal extension (Ag) may cause new disk regions to
be eclipsed. As a result, the system fades. But changes in
the linear polarization degree may be nonmonotonic. The
polarization degree increases first and then decreases.

The effect of the perturbation center radius (rp) is
somewhat more complicated. Since we consider a flared
disk, with increasing ry, the disk perturbation height (hy)
grows faster than linearly. In addition, increasing ry leads
to eclipsing of the wider disk regions. Therefore, at small
1o, the eclipse does not occur, then r, becomes large
enough to eclipse the star and the central regions of the
disk. The system brightness decreases rapidly, and the
polarization degree increases. Then, a further increase in
1o leads to more fading. At the same time, the polarization
degree can either increase or decrease slightly, depending
on the perturbation extension along the azimuth and what
areas of the disk it will eclipse.

To demonstrate some general properties of such eclipses,
we chose the dependences on hp,, and A¢. Figure 4 shows a

comparison of a compact gas—dust cloud eclipse and a large-
scale disk perturbation eclipse for a star with a flared disk. In
these models, r, = 0.5 au and Ar = 0.3 au. We vary A¢ from
0.03 to 0.6 and hy, from O to 5. The main changes in the
eclipse depth and the polarization degree fall on a small
interval of changes in hy,. In our case, from 1.4 to 1.7. This
interval depends on the observer position, disk model, and r.
For clarity, we connected points with the same values of hp,;
and A¢ with lines. We named them isoheights and isoexten-
sions, respectively. They show complex changes in the linear

14 1 1 l I | 1 1 al
Isoheights

12k Isoextensions _
Compact cloud eclipse

10 =

p, %

Figure 4: Dependence of the linear polarization degree on the fading
level in the V band in the disk perturbation eclipse model for the star
with a flared disk. The dots show the simulation results for eclipses
with different parameters. Isoheights and isoextensions present
results for perturbations with equal h,;, and A¢, respectively. The
compact cloud eclipse is shown with a thick black line for
comparison.
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Figure 5: Dependence of the linear polarization degree on the fading
level in the disk perturbation eclipse model for the same disk
models as in Figure 3. The eclipses are shown with isoheights and
isoextensions like in Figure 4.

polarization degree. The smaller, A, the closer the results
are to a compact cloud eclipse since the perturbation has a
weaker effect on the disk scattered radiation.

Isoextensions run approximately along with the com-
pact cloud eclipse plot. We have studied the polarization
dependence on the fading level during the rotation of a
constant-height perturbation. It also goes along the com-
pact cloud eclipse one. It allows us to consider the iso-
extensions as a simplified model of such an eclipse.

In Figure 5, we present similar results for the flared
disk (from Figure 4) and puffed-up disks. The results for
puffed-up disks show the same behavior as for the flared
one. In the large-scale disk perturbation model, it is
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possible to obtain a substantially deeper eclipse compared
to the compact cloud model. The maximum polarization
degree is also significantly higher. The results depend on
the wavelength, the disk model, and perturbation para-
meters. We can roughly conclude that the eclipse depth
and the polarization degree increase by a factor of 1.5.
However, even larger values are achievable.

In addition, the large-scale perturbation model gives
a noticeable spread in the linear polarization degree at
one fading level. Usually, in this model, the polarization
degree is lower compared to the compact cloud model at
the same fading level. However, sometimes you can get a
little higher polarization. Near the minimum brightness,
the polarization degree spread can be about 1-2% (and
even more in corner cases). Rostopchina et al. (2000)
observed such a scatter for UX Ori-type stars.

4.2.2 Color indices

An eclipse by a large-scale disk perturbation affects
not only the polarization parameters but also the color
indices. Figure 6 shows changes in color indices for the
same perturbation models as in Figure 5. For ease of
comparison with a compact cloud eclipse, we use the
same disk model as in Figure 3 and show compact cloud
eclipses with thick lines. Eclipses by an extended screen
are represented by points and a grid of isoheights and
isoextensions. As before, the isoextensions go along the
eclipse line as a compact cloud, and the isoheights go
perpendicular to it.

Compared to a compact cloud eclipse, extended per-
turbation eclipse results have wider ranges of color

-0.2 0 0.2
A(U-B)

-0.2 0 0.2 0.4
AB-V)

0 0.2 0.4
A(V-R)

-0.2 0 0.2 0.4 0.6
AR-1)

Figure 6: Changes in color indices during the disk perturbation eclipses for the same disk models as in Figure 3. The compact cloud eclipse

results are shown with thick lines for comparison.
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indices. In addition, there is a noticeable spread of color
indices at one fading level.

Near the brightness minimum, when the eclipse gets
deeper than in the compact cloud model, there is an
interesting isoextension feature. Until some moment, there
is a rather noticeable bluing effect. And then the depen-
dence nature changes. With a further system fading, both
a weak bluing and a weak reddening are possible. A
deeper eclipse may also have no changes in color indices.

It is worth noting that the initial star reddening is
associated with the selective absorption of dust, which
is why the star’s light weakens faster in the short-wave-
length region of the spectrum. Closer to minima, the star
radiation in different spectral bands weakens very strongly.
As a result, the difference between them due to selective
absorption becomes less significant. Hence, the bluing
effect arises. In our model, eclipses can get deeper even
when the direct starlight is fully absorbed. In this case,
the selective absorption of light scattered in the central
regions of the disk plays a prime role. Thus, the line break
corresponds to the transition from a star eclipse to an
eclipse of the inner disk regions.

5 Eclipse phase dependence

A large-scale disk perturbation revolves around the star.
This movement leads to a change in the perturbation
location relative to the observer. Consequently, the system
radiation parameters change over time. In addition to
changes in the magnitude and linear polarization degree,
it also allows one to obtain changes in the positional angle
of the linear polarization.

The last changes are caused by the perturbed disk
asymmetry relative to the direction toward the observer.
For a general discussion of the phenomenon’s nature, we
can omit the time elapsed after the brightness minimum.
Instead of it, we can directly use the observer position
longitude ¢, ., which characterizes the eclipse phase. So,
for now, we avoid calculations that take into account the
rotation speed of the disk.

While studying changes in the positional angle, the
disk puffing-up is more important than the perturbation
shape. With a slight puffing-up, the disk is strongly polar-
ized perpendicular to its plane. Consequently, even a
strong disk perturbation is not capable of causing signif-
icant changes in the position angle. On the contrary,
when the disk turns out to be close to the transition
from thin to thick, its radiation is weakly polarized, and
the position angle can vary greatly. Figure 7 shows the
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Figure 7: Change in magnitude (top panel), polarization degree
(medium panel), and polarization position angle (lower panel) in the

V band versus longitude of the observer (¢,,.). For all hump models

Ar=0.3 au, A = 0.2, rp = 0.8 au, and h,, = 6. The mass outflow
rate, determining the disk puffing-up, is indicated in units of 107°M,
per year. The disk inclination angle is 65°.

changes in magnitude, polarization degree, and posi-
tional angle (¥) for eclipses caused by a perturbation
with fixed parameters. At the same time, we varied the
mass outflow rate, increasing the disk puffing-up.

The position angle changes in the flared disk model
are insignificant and can reach only a few degrees. For an
unperturbed flared disk ¥ = 0. With the puffing-up addi-
tion, the deviations of the positional angle gradually
increase and can be up to 60°. Then the disk becomes
thick. Its radiation is polarized along the disk plane (for
an unperturbed disk ¥ = -90°). The deviations change
their behavior and can reach 30°. A further increase in
the mass outflow rate leads to a decrease in the amplitude
of changes. For the first time, we got such changes at
Shulman and Grinin (2019b) for various perturbations.

It is worth noting that with a significant azimuthal
extension, the eclipse can be quite prolonged. In this
case, the maximum polarization degree can be achieved
not at the point, when the perturbation is exactly between
the star and the observer, but be slightly shifted relative to
it. A strongly perturbed disk polarization degree changes
over time. When the perturbation begins to shift to the
side, the disk polarization increases. For small longitudes,
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this effect prevails over the growth of the contribution of
unpolarized radiation from the star.

Figure 8 shows examples of eclipses with different
perturbation parameters and mass outflow rates. They
demonstrate the above described effect with a polariza-
tion maximum shifted from the brightness minimum. We
also show a model with an almost unpolarized disk,
where the position angle changes reach almost 80°,
which surpasses our past results.

An extended perturbation can also lead to such a disk
shape that the disk appears thick from the perturbation
side. At the same time, from the opposite side, it is thin.
In this case, the positional angle changes by 90°, but the
main changes occur not after the brightness minimum
but right during it.

We have already noted above that the disk wind influ-
ence depends on the spectral band. The same is true for
position angle changes. In different spectral bands, our
model predicts different amplitudes of changes.

6 Parametric identification of long
eclipses

Deep and long-lasted eclipses of UX Ori (Grinin et al.
1994) and WW Vul (Grinin et al. 1988) demonstrated a
high polarization degree at the brightness minimum and
strong changes in the positional angle after passing
through it. The model of a star eclipsed by a large-scale
disk perturbation makes it possible to obtain both a high
polarization degree and heavy changes in the position
angle. At first glance, it seems that this makes it possible
to determine the possible disk puffing-up and perturba-
tion parameters, which give the observed eclipses. For
simplicity, we can start with a model where the mass
outflow rate and the perturbation shape do not change.
Actually, the situation turns out to be much more com-
plicated. Using Figures 7 and 8, we can conclude that
the higher the polarization degree at the brightness
minimum, the smaller the change in the positional
angle, and vice versa. Thus, we can obtain the observed
eclipse parameters in different models, but not together.
Consequently, the first problem is to find out whether it
is generally possible to get the observed parameters in
one model.

To study this issue, we decided to consider eclipses
by perturbations with random parameters. The mass out-
flow rate was also a random variable. Each parameter is
varied over a wide range. The ry values are from 0.5 to
2.6 au, Ar from 0.1 to 0.3 au, A¢ from 0.03 to 0.6, hp, from
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Figure 8: The same as in Figure 7 for various disk perturbations and
mass outflow rates. The mass outflow rate is indicated in units of
107°M,, per year. I, is measured in au. Ar = 0.3 au for all models.
When h,,, and ry are not listed, they are 6 and 0.8 au.

1to 6, and the mass outflow rate is from 0 to 3.5 x 10-8M,
per year. For more representativity, we conducted simu-
lations for several observer positions.

We have simulated 4,000 random UX Ori eclipses.
We filtered out those models where the major change in
the positional angle was at the minimum brightness
(these are models with a total change in the angle by
90°) and not after passing through it. The results of the
remaining models are shown in Figure 9.

We investigated the ratio of the eclipse depth with
the change in the positional angle after it and the max-
imum degree in the minimum brightness with the same
angle changes. A model with close to WW Vul observa-
tion values of the eclipse depth and changes in the posi-
tion angle is possible. Observations of UX Ori are outside
the range of model possible values. For the relationship
between changes in the positional angle and the polar-
ization degree, the situation is even worse — the observa-
tions of both stars are far from model results.

For a better understanding of the situation, it is worth
discussing the selected ranges of parameters. The mass
outflow rate range makes it possible to study all models
from a flared disk to a thick disk with a near-zero polar-
ization degree. A further increase in the mass outflow rate
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Figure 9: The comparison of the model results (black) with UX Ori and WW Vul observations (red). The left panel shows ratios of maximum
fading level and the maximum change in the positional angle after passing through it. The right panel demonstrates ratios of the
polarization in the brightness minimum and the maximum change in the positional angle. For several perturbation models with a constant
shape, the simulation results with a variable mass outflow rate are shown by blue lines.

will lead to a thicker disk and lighter changes in the posi-
tion angle. Moreover, stars with too thick disks have a
shallow depth of eclipses.

The ry value starts from the inner disk radius and
reaches 2.6 au. UX Ori mass is estimated to be about 2.4
solar masses (Rostopchina 1999, Natta et al. 1999). Hence,
when 1y = 2.6 au, the period of the perturbation rotation
together with the disk around UX Ori will be about 32
months. The modeled duration of the brightness minima
followed by a heavy change in the positional angle is about
a quarter of a rotation period. So, it is about 8 months. The
UX Ori and WW Vul observations show that the duration of
such eclipses was just no longer than 8 months.

The perturbation extension along the azimuth deter-
mines the duration of the deep part of the eclipse. With
Ag greater than 0.6, this part exceeds one-sixth of the
orbital period. The observed deep brightness minima
passed before the beginning of heavy deviations of the
position angle. Therefore, it makes no sense to consider
larger A¢ values.

We considered such perturbation extensions along the
radius so that they were noticeably less than ry. As a result,
the perturbations are more elongated around the star than
along the radius, which is more consistent with vortex models
(see, e.g., Godon and Livio 2000, Wolf and Klahr 2002).
Above, we obtained the dependence on the model is quite
simple, so this range of values can be considered sufficient.

The last variable model parameter is the relative
height of the perturbation. Too small values give very
shallow minimums, so we started from h, = 1. The upper
limit turns out to be pretty arbitrary. We believe that the

perturbation with hj,, = 6 is very high, and there is hardly
any sense in our model in higher perturbations.

From the above, we can conclude that the observa-
tions of UX Ori and WW Vul do not fall into the range of
possible values because of the model nature. The consid-
ered ranges of variation of the model parameters do not
limit the model unreasonably. So, we cannot explain the
observed eclipses by a model with a constant disk per-
turbation shape and a mass outflow rate.

The possible ratios of the model parameters have
clear dependence on the mass outflow rate. Therefore,
in the next step, we propose considering a model with
a variable mass outflow rate. To demonstrate this model,
we add additional lines in Figure 9. They show parameter
ratios corresponding to several fixed perturbation models
and variable mass outflow rates.

Thus, there should be a low mass outflow rate at the
minimum brightness. It makes a deep eclipse with a high
polarization degree possible. Then the mass outflow rate
increases, leading to the possibility of heavy changes in
the positional angle. In this case, the disk puffing-up par-
tially eclipses the star, which explains the slow recovery of
the star’s brightness after the minimum. Finally, the mass
outflow rate returns to the initial level. Consequently,
the star reaches its initial brightness, and the positional
angle of linear polarization takes on its value before the
minimum.

This concept also explains one more model difference
from the observations. The constant parameter model
predicts a heavy change in the position angle before
the brightness minimum. These changes before the
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minima and after it should have comparable amplitude
and opposite directions.

When the maximum deviation of the positional angle
is reached, the star brightness is lower than before the
eclipse. We can explain this by the partial eclipse of the
star by the disk wind. The ratio of the maximum changes
in the positional angle to the fading level at the same
moment can be easily compared to observations. For sim-
plicity, we can assume that a large-scale disk perturbation
does not eclipse the star at this moment. So, the weak-
ening of gloss is associated exclusively with the disk
wind. If the disk perturbation eclipses the star at this
time, then the change in magnitude will only increase.

Figure 10 shows the dependence of the maximum
attainable change in the position angle on the mass out-
flow rate. In our model, for the value observed during
UX Ori eclipse, the mass outflow rate is not less than
2.5 x 108 M, per vear. It corresponds to AVing = 2™.
When the maximum deviation is reached, the stellar
magnitude is less than after the eclipse by 0.5-1". There-
fore, to explain the gloss fading due to the disk wind, we
should assume that the mass outflow rate is lower outside
the eclipse. Consequently, we can estimate the minimum
mass outflow rate as ~1.2 x 108 M, per year.

The deep brightness minimum of UX Ori was not very
long in comparison with the entire eclipse. In our models,
the duration of the minimum strongly depends on two para-
meters: A¢ and h,,. An increase in each of them leads to a
longer and deeper minimum. We examined the eclipse with
A¢ = 0.15 and hp,, = 1.5 (1 ~ 2.5, we found above that the
maximum deviation of the positional angle is reached after a
1/6-1/4 of a rotation period after the minima, i.e., the entire

A% ax, ©
AVwind

My 10° Mg year™!

Figure 10: Dependence of the maximum change in the position angle
on the mass outflow rate for the eclipse models from Figure 9 (black
dots). The red line shows the disk wind eclipse depth depending on
the mass outflow rate.
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Figure 11: Dependence of the eclipse depth on the mass outflow rate
for the eclipse models from Figure 9. The color dots present different
ranges of A¢ and Ahp,.

period should be of the order of 600 days). The eclipse
duration was close to the expected one, but the depth was
too small (the observed depth is about 2.5™). In Figure 11,
we show the dependence of the eclipse depth on the mass
outflow rate. With colors we present different ranges of Ag
and Ahy,. So, we can increase any of the parameters, while
the duration of the deep minimum will increase and may
become longer than the observed one. At the same time, the
depth of the minimum will remain insufficient.

As a result, we find that the observed phenomena have
a complex shape with several key features. They are the
minimum depth and duration, the polarization degree at
the minimum, changes in the positional angle after the
minimum, and a corresponding fading level. We can get
any of these parameters separately, but not all of them at
once. Models with a constant perturbation shape and a
fixed mass outflow rate can not explain the considered
eclipse. The model with a variable outflow rate of matter
turns out to be noticeably closer to observations, but even in
it, we cannot achieve full agreement. If the perturbation
parameters are also allowed to change over time, an exact
match can be achieved, although questions about the
nature of such changes remain. In any case, this is an addi-
tional complication of the model and must be done care-
fully. We plan to devote our subsequent work to further
study the perturbation shape and the disk puffing-up.

7 Conclusion

We present our study of UX Ori-type stars eclipses based
on our previous works, Shulman and Grinin (2019a,b).
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We have significantly expanded and generalized the
compact gas—dust cloud eclipse model (Grinin 1988).
Both previously simulated eclipses of a star with a flared
disk and eclipses of a star with a puffed-up disk are con-
sidered. In addition to compact cloud eclipses, we stu-
died eclipses by a large-scale disk perturbation that
revolves around the star.

We found that the disk puffing-up makes it possible
to explain several features of UX Ori-type star eclipses.
First of all, eclipses with little or no change in the linear
polarization degree. Rostopchina-Shakhovskaja et al. (2012)
observed WW Vul eclipse with almost no increase in the
polarization degree. Second, the positional angle of linear
polarization may differ by 90° in different spectral bands.
Pereyra et al. (2009) observed such differences for several
young stars in the transition from the optical region of the
spectrum to the near-infrared region. Finally, there might
be eclipses without a star reddening. Grady et al. (1995)
observed UX Ori eclipse without the reddening in the ultra-
violet region of the spectrum.

The large-scale disk perturbation eclipse model, the
model of a star with a puffed-up disk, and both models
together lead to an additional scatter of linear polariza-
tion parameters and color indices at the same fading
level. It is a widespread feature of the eclipses of UX
Ori-type stars (Rostopchina et al. 2000).

An eclipse by a large-scale disk perturbation can lead
to a few interesting phenomena. First, such eclipses can
be noticeably deeper than eclipses by a compact gas—
dust cloud. Also, at the minimum brightness, the polar-
ization degree can be much higher. The effect depends on
the disk shape and the dust properties. Generally, we
achieve an increase in the depth and polarization degree
by a factor of 1.5. In some cases, even a more significant
increase may present. Second, the maximum of linear
polarization can be slightly shifted from the minimum
brightness. It can be reached when the star already
begins to restore brightness after the minimum. Third, a
heavy change in the linear polarization positional angle
may present during the brightness minima and after it. When
the positional angle changes at the minimum brightness, the
total changes can be as high as 90°. If the main changes
occur after passing through the minimum brightness, then
the changes in the positional angle can reach 80°.

The changes in the positional angle were observed
for UX Ori (Grinin et al. 1994) and WW Vul (Grinin et al.
1988). We compared the model results with the observa-
tions. Our goal was to determine the possibility of parametric
identification for determining the perturbation parameters
and the disk puffing-up. We varied all the perturbation para-
meters and the mass outflow rate, which determines the
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thickening of the disk. We also looked at several observer
positions. At the same time, we limited ourselves to one disk
model (UX Ori disk) and one wind model in order to reduce
the number of variable parameters.

We considered a model with fixed perturbation para-
meters and the mass outflow rate. We have determined
that, within this model, it is impossible to achieve agree-
ment between the model and the observations. It is
impossible to simultaneously obtain a high linear polar-
ization degree at the brightness minimum and the change
in the positional angle of about 60° after it. The first
requires a thin disk, and the second requires a strongly
thickened disk. Therefore, we have to vary the mass out-
flow rate in the eclipse model. Start with a low mass out-
flow rate to obtain a deep eclipse, then increase it to
change the position angle, and, finally, decrease it again
to return the star’s brightness to its level before the
eclipse.

The model with a variable mass outflow rate made
it possible to approach even closer to modeling the
observed UX Ori eclipse. Nevertheless, we have not yet
been able to achieve full compliance.

The disk wind model of the puffing-up is not the only
possible one. There are other puffing-up models. For
example, Turner et al. (2014) considered magneto-rota-
tional turbulence, which also leads to disk puffing. It is
important to compare how the puffing-up model influ-
ences the eclipse properties. If different models give close
observable results, or we can distinguish puffing-up models
based on the eclipse shape.

Parametric identification of the eclipse model turned
out to be a difficult task with many parameters. Some of
these parameters must change during an eclipse. In addi-
tion, the proposed perturbation model may be poorly
suited for this problem and require correction. The iden-
tification is important for determining the structures in
the inner regions of the circumstellar disks. Few eclipses
with such complex positional angle behavior were observed.
Monitoring of UX Ori-type stars and detailed observations of
such unique eclipses in different spectral bands are neces-
sary for a deeper understanding of the processes in the disks
of young stars.
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