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Abstract. This paper offers an interpretation of the photomein a number of papers, reviewed most recently in Waters &
ric and polarimetric variability of UXORs where the star is suaelkens 1998, Herbst & Shevchenko 1999, Grady et al. 2000,
rounded by an optically thick, flared circumstellar disk similadxatta et al. 2000.
to pre-main—sequence disks. A screen of dust sporadically ob- The most widely accepted interpretation of such phenomena
scures the stellar radiation, causing a minimum of the stell@ut see Herbst & Shevchenko 1999) is in terms of a star+disk
light. Using a Monte Carlo code developed by Whitney & Harsystem, seen almost edge-on. A minimum in the observed light
mann (1992) we compute the polarization and colors of the db-caused by a clump of dust which suddenly intercepts the
served radiation, and compare it to the available observatiolise of sight to the observer and obscures the stellar light. At
The agreement is remarkably good. We find that the UXORinimum, the observer only sees radiation scattered by the disk
phenomenon occurs for systems seen in a well-defined rainge the line of sight, which is therefore bluer and more polarized
of inclinations, roughly betweem5° and 65—-68°. About 1/2 than the unshielded radiation from the star+disk system (e.g.,
of the optically visible Herbig Ae stars should be UXORs, i.eGrinin 1992). It has been argued that the dust clouds may contain
have deep photometric minima accompanied by a large increasteroid-sized bodies (see, forexample, Friedemann etal. 1995).
in the polarization fraction, provided that screens can form. The The properties of the UXORs photopolarimetric variabil-
results are not sensitive to the disk parameters, as long asithédave been studied by modeling the disk as a large, ellip-
disk intercepts about 20% of the stellar radiation. The screes@dal optically thin cloud of grains (Voshchinnikov et al. 1988,
causing the light minima have sizes of the order of 1-few stdl995; Voshchinnikov & Grinin 1991; Krivova & II'in 1997,
lar radii, optical depthr, ~3-5, and contain relatively small2000). However, recent interferometric millimeter observations
grains. We find a good fit to the observations with a MRN disf some UXORs (CQ Tau, UX Ori and WW Vul) (Mannings &
tribution with average radius: 0.03um. The lack of UXORs Sargent 1997, 2000; Natta et al. 1997, 1999) and the analysis of
with low polarization in deep minima can be understood if thiaeoretical SEDs in the IR and millimeter ranges (Natta et al.
screens are confined in aregion close to the disk plane. Howet®&99) have shown that these stars are surrounded by circumstel-
the nature and origin of the screens remain open questions.lar disks similar to those associated with T Tauri stars (TTS):
flared, optically thick, with mass 0.01-0.1.M
Key words: stars: pre-main sequence — stars: circumstellar mat- We presentinthis paper models of UXORs where we assume
ter — stars: variables: general that the circumstellar disk has the properties of a typical pre-
main—sequence disk, as inferred from the SEDs. We will discuss
the predicted behaviour of the visual colors and polarization of
the observed radiation as the star is occulted by an intervening
1. Introduction clump of dust, and show that these models can account perfectly

UXORs are defined as pre-main—sequence stars of intermedfégdl for the observations.

mass, mostly Herbig Ae (HAe) stars, characterized by large and

irregular variability. At visual wavelengths, they show sporadis \10dels

deep minima, when the star fades by as much as 2—-3 magnitudes.

As the star fades, its colors become first redder, approximatkBt us consider a star and disk system. The disk absorbs and
following the expectations for dust extinction; however, whegfatters the stellar radiation, so that the observed flux at any
the star is close to minimum light, one often observes a colavelength where the disk emission is negligible is just the
reversal (called “blueing”). The decrease of the stellar light #/m of the direct stellar light not intercepted by the disk plus
accompanied by a simultaneous increase of the fraction of poléat scattered by the disk into the direction of the observer.

ized light seen by the observer. These phenomena are describeig fraction depends on the disk geometrical properties, its
inclination with respect to the line of sight, and on the kind of
Send offprint requests 1é. Natta (natta@arcetri.astro.it) grains on the disk surface. Unless the disk is seen exactly face-
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on and is uniformly illuminated, the scattered light is polarized,
and so is the observed flux.

We describe the UXORs variability assuming that at some
instant in time a fractiorf of the stellar surface is obscured by—~
a screen of optical depth,, so that the light received by the )
observer is given by: NE

Fobs:F*(l_e) [1_.]((1_6_7—)\)} + Fscat (1) -

wheree is the fraction of the stellar radiation intercepted by thé

300 —

> 200
Q.

disk. The observed flux at maximum light,0) is equalto &

Tt = F* (1 - 6) + E@cm‘n (2)

obs

I
|

The effect of the screenisto decrease the amount of direct stellarto0 - , 402

light (and therefore the total flux), thus increasing the fraction of 0.4 0.6 0.8 1

scattered light received by the observer, and as a consequence, A (um)

also the observgd polarization. . F(i'g. 1.Dust properties. Plotted as functionoére the adopted opacity
The calculations have been performed using the code de= . . SR .
ibed in Whi & H 1992). b dified Scattering+absorption; solid line), the albed(short-dashed line) and

Scribed I itney . artmann ( ), but modified to us e maximum polarization which occurs at roughlg@ scattering

the exact phase function of the adopted dust rather than fge (1ong-dashed line).

commonly used Henyey-Greenstein approximation for phase

function. This is done by sampling from tables of the 8-element dis th ical depth f . f | h
scattering matrix (for spheres in this case) using the rejectiﬁ?\con Is the screen optical depth as a function of wavelength.

method. Rotations of the scattering matrix in and out of {8 our main gr!d of models, we have assumeq that the screen

scattering frame are performed as in Code & Whitney (19955;_0v_ers the entire stellar surface (but not the disk), and that the
The model requires us to define a number of parameters, ﬁg'

we have proceeded in the following way: we have considere

star of~ 2 Mg, L,~50 Ly, T,~9000K (early A spectral type)

surrounded by an optically thick circumstellar disk extendi

ns in the screen are similar to those in the surface layers of
disk. We will comment on these assumptions in Sect. 4.

For each value ofthe screen optical depth, we have computed
V, i.e., the variation of the observed V magnitude with respect

from the dust sublimation radius; (~ few R, for the adopted t _thehu?_ObSC#red case S;ee dE?J' (I??)\)/ lt?hle frz:\jctri]on OT polarization
stellar parameters) to an outer raditis. The disk is flared due Pinthefive photometric bands U,B,V,R,| and the color excesses

to its thermal pressure; following Chiang & Goldreich (1997_[,3(U'B)’ A(B-V), A(V-R), A(V-). The reference magnitudes

in the following CG97), we describe the height of the disk phd &l bands are those of the unocculted system, i.e., observed
tosphere as: at maximum light. The stellar properties do not affect directly

the polarization fraction, nor the color excess. When computing
H/R, ~ (. (R/R*)gﬁ (3) color-magnitude diagrams for individual stars (see Sect. 3), we
have used as reference the observed magnitudes of the star at

with ¢, the height of the disk (in units of B at the fiducial maximum.
radius R. The combination of the flaring exponent and the as- The contribution of the screen to the amount of scattered
sumed height of the disk;,, determines the amount of fluxjight we receive is not taken into account in our models. If the
scattered from the disk. In our reference (standard) models, g¢¢een is a roughly spherical cloud of particles, we show in the
have assumed,=0.032, as appropriate for the adopted stekppendix that unless it is very large, it will scatter in the most
lar parameters (CG97R;=4 R,, Rp=100 AU, surface den- favorable situation an order of magnitude less flux than the disk.
sity ¥ o R~!5, and we have considered two disk massesus, ignoring its effect should not change the nature of our
Mp = 0.01 and 0.1 M. Disks in this mass range accountesults. If there is not one or few clumps only, but mazyp(),
for the observed millimeter fluxes of most UXORs (Natta et aheir contribution to the scattered light may become significant
1997, 1999). In Sect. 3, we will briefly discuss the dependenggd should be taken into account. We defer a further discussion
of the results on the adopted disk model. of this possibility to a forthcoming paper.

The dust on the disk surface is made of small grains, with
properties similar to those of grains in the ISM (Mathis et a& Results
1977, MRN; Kim et al. 1994). We summarize their properties in
Fig.[. In fact, itis possible that some grain growth has occurr@&tie main result of our calculationsis shownin [Elg. 2. This figure
on the disk surface of UXORs (Reimann et al. 1997; Natta gibts the predicted fraction of polarized radiation (in the V band)
al. 1999), and we will come back to this point in Sect. 4. received by the observer as the star is occulted by a screen of

Itis not the purpose of this paper to investigate the natureintreasing optical depth. Each curve corresponds to a different
the screen. Here we only need to specify two properties, onérislination angle of the disk with respect to the observer, from
the fractionf of the stellar surface covered by the screen and thbmost face-onf = 13°) to 6 = 68°. Largeré have to be ruled
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. . L L line) andP(I) (long-dashed line) as function of the cloud optical depth
Fig. 2. This figure plots the values of the polarization fraction in the V

. ; L Tv. The disk is the reference CG97 disk withip=0.1 M, seen at an
band as function of the brightness variatidv caused by a screen of inclination 0=60".
increasing optical depth intercepting the stellar light. To the right, the
two roughly vertical lines show model predictions for different disk
masses (0.01 M, dashed line, and 0.1 M solid line) when the stellar
light is completely blocked by the screen, i.e., when only the scatterde Crimean Astrophysical Observatory (Grinin 1994; Grinin
light reaches the observer. Along each (vertical) line, the inclinatidh Rostopchina 1996 and references therein); in a few cases we
of the disk with respect to the line of sight varies frdsf (face-on) have re-estimated the value AV from the original sources,
to 68” (edge-on), as labelled. For larger inclinations (not plotted), tghd we have added more recent data from the literature for the
outer disk intercepts the line of sight to the star..%¢ decreases, i.e., |ags massive star BM And (spectral type F8; Grinin et al. 1995)
as the fraction of stellar radiation received by the observer gets Iar%ﬁd for RR Tau (Rostopchina et al. 1997). When several minima

the points move to the left, as shown by the thin solid and dashed Iin??'similar AV have been observed, we plot the averag@of

The dots show the observed points (see text). Each corresponds {0 a . . o
star, seen at its minimum light. n general, the dispersion is small, less than 1%iand 0.1-

0.2 mag inAV. Note that the values of maximum declide/
can be underestimated, especially if only short time sequences
out, since the outer disk will begin to obscure the star causiage available. However, this is not the case for most of the stars
an extinction much larger than that observed in UXOR4{2 plotted in Fig[2, for which we can be quite confident that deeper
mag). When the star is not occulted by the scre&¥£0), the minima can be ruled out.
fraction of polarized lightis minimal. Its value is proportionalto  The observations are well accounted for by the models. No
the contribution of light scattered by the disk in the direction afbservational point lies to the right of the vertical lines, a region
the observer, and depends on the disk inclination, being largérich, as discussed above, is forbidden in these models. Most
for more edge-on systems. However, itis never largerthitb.  stars are accounted for by models with inclination lower than
As the star fades due to the screen, the relative contribution68°. More precisely, 8 out of 12 stars require disks with
of the scattered light increases. The polarization also increasedination roughly between 45and 68. We will come back
until it reaches a maximum value which, 2 60°, is of the to this point and its implications in the following section.
order of 8-9%. For any givef there is anaximunvalue, which Fig[4 shows the dependence of the results on disk param-
corresponds to a situation where only scattered light reacheseters. We have varied the inner disk radils = 4-22 R,,
observer. Increasing further the optical depth of the screen dties outer disk radiustp = 50-200 AU, the surface density
not cause further changesitor AV. The asymptotic behaviour profile (Z o« R71Y, o« R7!%, o« R~2) and the disk mass
of P andAV with the clump optical depthisillustrated in FHig. 3.(Mp = 0.01 and 0.1 M,; see Fig.R). The results are easily
Note thatAV 22.5 mag requires arather large valuergfn this  understood if we consider that the maximuxiv depends only
particular exampley 2 4. on the fraction of stellar light that is intercepted and scattered
The dots in Fig.P show the observed values of the V pby the disk. For any given value 6f AV decreases for higher
larization fraction as function cAV in deep minima for those disk mass, larger outer radius and flaffebecause more light
HAe stars for which simultaneus photopolarimetric observisscattered from these disks. The maximum valug,ah con-
tions exist in the literature. Each point refers to one star atidst, does not depend on the fraction of scattered light, but
plots the value ofP observed in its deepest minimum. Mosbnly on the relative contribution to it from different parts of the
of the data come from the monitoring program carried on disk, which scatter light at slightly different position angles. In
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Fig.5. Same as Figl2 for different disk heigtt. Solid lines refer

to (,=0.032, dashed lines ©.=0.01. The other disk parameters are
AV (mag) Mp=0.01 Mg, R;=4 R., Rp=100 AU, ¥ o« R, Note that for
(«=0.01,0 can be much larger than 66° before the outer disk begins

Fig. 4a and b.Same as Fidl2 for different disk models. In all panelg obscure the star.

the solid lines show the predictions of a model with,=0.01 M,

R;=4R,, Rp=100 AU,% « R™"%,(,=0.032. The dashed lines show

models where we have changed one parameter at the time: In&anel

R;=22 R,, in Panelb Rp=50 (short-dashed) and 200 (long-dashedar radiation is completely absorbed at all wavelengths{

AU. In all casesM p=0.01 Mo 10; see FigB) and the dependencePodn ) reflects the dust
properties. For the adopted ISM grains, the polarization of the
scattered light increases with wavelength roughly as a power-

our models, light scattered by the outer disk, where the positilanv of slope~ 0.43. As AV decreases, the observer sees a

angle of the polarization causes some cancellation, is less polarger fraction of unpolarized stellar radiation, which increases

ized than light scattered by the inner disk; therefBréecreases with wavelength due to the reddening caused by the screen:
slightly with increasing/p andR, and flatte. There is also the polarization decreases at all wavelengths, and its slope be-

a small dependence &V and P on R;, as disks with larger comes negative. In this particular disk model, for example, for

inner radius scatter slightly less stellar radiation. The differenéd/ = 1.7 mag the slope is- —0.53. When the star is not oc-

is small because the disk wall at the inner radius intercepts mogtted at all A\V=0), the residual small polarization again has

of the stellar radiation that would have hit the surface if the i positive slopedg \°-33).

ner radius were smaller. The flux from the wall is less polarized The transition from positive to negative slopes occurs for a

however, than if it had hit the disk surface. Inspection of Fis\2ry small change id\V (~ 0.1 mag), which, however, corre-

and4 (the results for differedt are practically identical and aresponds to a large variation iy, from ~ 10 to ~ 4 (see Fig[B).

not shown) shows that many different sets of disk parametdrs this particular example, while for;,=10 we observe only

within the range we have explored, can account equally well fecattered light at all wavelengths, foy=4 there is a contribu-

the observations. tion of 13% from unpolarized stellar radiation¥hand of 45%

The only critical parameter is the fiducial disk height, as I.

shown by Figh, where we compare models with0.032 and The other three panels show observations for three represen-

0.01. The small, disk intercepts significantly less stellar lighttative UXORs, namely UX Ori, WW Vul and CQ Tau at different

so that the maximum\V for any givend is about 1 mag larger. epochs. At least qualitatively, the behaviour is in agreement with

In order to further check the capability of the disk models tmodel predictions. Note that while the run Bfwith X is sen-
explain the overall behaviour of UXOR minima, and not onlgitive to the grain properties, it does not depend much on disk
the observed relation of the maximum valuefoivith AV, we parameters such as flaring, mass, etc. Changing the inclination
have computed the dependence of the polarization fractionaffects the values aP at all wavelengths, but almost insignifi-

wavelength. Fid.J6 shows in Panel a) the results for the standaaahtly its dependence on wavelength. Of the three stars inlFig. 6,

CG97 disk of masd/p5=0.1 M, seen at an inclination of 80 we find the best agreement between observations and models

as the star fades i.e., for increasing valueg\af The curve for inclinationsf = 53° for WW Vul, § = 60° for UX Ori and

labelled AV=2.4 mag corresponds to the case when the stél= 66° for CQ Tau.
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Fig. 8.Photometric variation of CQ Tau at various epochs as function of

A (,um) A (,um) . The variation is measured with respect to the bright state (Berdyugin
Fig. 6a—d. Polarization fraction as function of wavelength for the 3-993)- The dashed curves plot model predictions for the a disk with

bands U,B,V,R,I. Panel shows model predictions for the CG97 stan}/ D = 0.01 Mo, Ri=10R., Rp=100 AU,(,=0.032§ = 66°. Labels
dard disk,Mp = 0.1 Mo, seen at an inclination angle of 6@Curves to the right refer to the modé\V. For AV=2.4 mag only scattered light

from bottom to top correspond to increasing valueAdf, as labelled, '€aches the observer at all wavelengths. The obsekkedan be read
Paneld, c andd show the observed values Bfvs. \ for the stars Wy from the figure.

Vul, CQ Tau, UX Ori seen at varioldV, as labelled. Data are from

Berdyugin etal. 1992 (WW Vul), Vo_shchinnikov etal. 1988 (U)_( Ori), A good agreement between models and observations is
Berdyugin et al. 1990 and Berdyugin 1993 (CQ Tau), respectively. ¢, 5vn also by the UX Ori magnitude-color plot of Aiy. 7. The
dots show the observational data from the Crimea Observatory
_ database, and the curves are predictions of a disk model with
UX Ori parameters specified in the figure caption. Note the well-known
. “blueing” effect, which characterizes the minima of UXORs.
Finally, we show in Fid.18 the dependence on wavelength of the
photometric variation observed at different epochs in CQ Tau
(Berdyugin et al. 1990; Berdyugin 1993) and compare it with
model predictions. Again, the agreement is rather good.

9T T T T T T T | T T T T

4, Discussion
4.1. Grain properties

The results discussed in Sect. 3 depend somewhat on the as-
sumed dust properties. Dust on the disk surface determines the
fraction of stellar light scattered and polarized at the various
wavelengths, while dust in the obscuring screen determines the
dependence on wavelength of the fraction of stellar light that
reaches the observer directly. The dependence on wavelength of
Lo e Lo e w1 w1 PandAm observed in UXORSs minima can be used to constrain
0020406 0020406 020406 04 08 12 grain properties, once the geometry of the system is known.
U-B B-v V=R V-l Although a detailed analysis of the required grain properties
Fig. 7. Color-magnitude diagrams for UX Ori. The observed points aig beyond the scope of this paper, we want to stress here two
from the database of the Crimean Astrophysical Observatory, kingdgints.
provided to as by A. Rostopchina. The solid lines show the model The firstis that the observed colors of the radiation as the star
predictions. The disk hasfp = 0.1 Mo, Ri=4 R, Rp=100 AU, ades (see Fighl 7 ahH 8) are not consistent with a dominant pop-
€+=0.032,6 = 60°. ulation of large grains 1 m) in the occulting screen, which
would cause a grey extinction. Some deviation from a MRN dis-
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tribution, slightly varying from star to star and between differertan fit well the data for WW Vul fof ~ 53°, while Krivova
minima, is however likely. Voshchinnikov et al. (1995) find tha& II'in (2000) proposef ~ 75°. This result supports strongly

a MRN grain distribution with grain sizes roughly between 0.08ur hypothesis that UXORs are associated with “normal” pre-
and 0.15-0.25:m fits well the color-magnitude behaviour ofmain—sequence disks. If a larger inclination was required, we
UX Ori and WW Vul (see also Friedemann et al. 1993). would run into the problem that &t= 65° — 68° (depending

The second point concerns the properties of the dust onthe disk model) the outer layers of the disk obscure the star
the surface of the disk. The radiation scattered by large graatsll times (see, for example, Chiang & Goldreich 1999). This
(21 m) has awavelength-independent polarization fraction, @snot observed, since UXORs at maximum light have typical
observed, for example, ifi Pic (Gledhill et al. 1991; Wolsten- extinction<1 mag (van den Ancker et al. 1998).
croft et al. 1995). If we consider individual UXORSs, we cannot If we consider that stars obscured by the outer disk will not
exclude the existence of large grains on the surface of the disk,classified as Herbig Ae stars, because they are not optically
as long as the optical depth of the obscuring cloud decreasisble, we expect to have 50% of HAe with disk inclination
with increasing wavelength. On a statistical basis however, Wwetween)® and45°, and 50% between5° and67°, assumed
note that large grains have lower scattering cross section ascthe limiting value of. The inclination angle distribution of
polarizability, so that for any given set of disk parameters akdown UXORs is skewed towards large inclinations, with 10/12
orientation the maximum value &V is larger andP is lower stars a#) 2 45° and only 2/12 a# < 45°. In other words, there
than for smaller grains. The agreement betwBeandAV ob- is a lack of objects with large photometric variability and small
served in the deep minima of UXORs, which is remarkablalues ofP. This suggests that the screens do not have a spher-
good for small grains (see Fid. 2), disappears. In fact, given thedlly symmetric distribution, but must be roughly confined to
the timescales for grain settling to the disk midplane are longée disk, possibly physically related to it.
for smaller grains, it is expected that only the smallest grains If screens can form in all HAe stars, then about 1/2 of them
remain suspended in the upper layers where the stellar radiafifose seen & > 45°) should be UXORs, i.e., have irregu-
is scattered (Ruden 2000 and references therein). Thus ourlaseninima due to variable circumstellar extinction. Herbst &
of the ISM Kim et al. (1994) grain model may not be such a baghevchenko (1999) list the rangeléffor a sample of about 80
approximation in this initial exploration. However, it comes allerbig AeBe stars, mostly from the ROTOR program of pho-
a surprise that the models fit as well as they do, indicating thatmetric monitoring carried out in Uzbekistan. The observed
the grains are not significantly larger than pm. range ofl/ is greater than 1 mag for about 1/2 of them. Van den
Ancker et al. (1998) collected Hipparcos data on HAe variabil-
ity, covering a much shorter time interval than those in Herbst
and Shevchenko, and found 9 stars out of 28 wWith> 0.5 mag,

As discussed in Sect. 3, detailed disk properties are not stronghd 11 withAV <0.1 mag. These results are roughly consistent
constrained by the observations, as long as a significant fractwith our predictions, but both samples have limited statistical
of the stellar radiation is intercepted by the disk. We can estimatgue (selection criteria, time coverage).

the fraction of scattered light to be10% from the maximum

depth of the minima, which is of the order of 2.5 mag. For a .

albedo of~0.5, this means that the disk must intercept abo€t4' The obscuring screen
20% of the stellar radiation, a very reasonable value for mamjze model we propose does not make any specific assumption
flared disk models, even when the disk has a large inner holen the origin and properties of the obscuring screens except for

Inthe CG97 models, most stellar light is intercepted at largieeir reddening law. There are however a few points that can be
radii and the contribution of the inner disk to the observed scatade, which can help in better understanding their nature.
tered radiation is negligible. It is however possible that the inner The deep minima of UXORs are caused by rather optically
disk is more flared than in our assumptions (see, for examptleick dust, withy, ~ 3-5. The obscuration caused by such
Bell etal. 1997 and Bell 1999). Such an inner bulge can happescreen is total only in the blue, while inwe estimate that
on the 10-20 AU scale and, if optically thick, will obscure mosibout 1/2 of the observed radiation is due to the star, and 1/2
of the outer disk. However, we do not expect any major chanigeradiation scattered by the disk. The screen, at least at the
in our results, as long as the fraction of the stellar radiation intéime of deep minima, must have a core+halo structure, since for
cepted and scattered remains similar. This possibility needsatty given event the star fades and recovers slowly, with typical
be explored further, since it may have interesting implicatiotisnescales of several days. Voshchinnikov & Grinin (1991) in
for the nature of the obscuring screens. their study of two minima of WW Vul derive a core radius and
mass of 0.05-0.15 AU anth'® — 102° g of dust respectively,
and a halo radius about three times larger.

The characteristics of the polarimetric and photometric vari-
The results of Fidl12 show that most UXORSs can be explained &tions of UXORs allow us to set some constraints on the pro-
disks seen at an inclination angle-ofd5° — 68. This is signifi- jected size of the screen. A minimum radiuR, is set by the
cantly less edge-on than required by models where the scattefacsthat it is very difficult to account for the large values of the
have an ellipsoidal distribution around the star. For example, we

4.2. Disk properties

4.3. Disk orientation
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observedP if the screen is smaller in projection than the stellar V band <O .55 micron >

surface. 100
Could the screen be much larger than the star? A large screen

will occult the inner disk, reducing the fraction of the radiation

scattered by the disk we receive, and also, if its optical depth 50

is large enough, obscuring part of the infrared emission of the

disk itself. However, there is a compensation effect, because an

increasingly larger cloud will intercept an increasingly larger,

fraction of the stellar radiation (see Appendix), which will bet

in part scattered and in part re-emitted at infrared wavelengths.

Detailed models are needed, but itis clear that, in order to better

understand this issue, one needs to understand the infrared vari- —50

ability of UXORs. At present, the observations are very scarce.

The only existing near-IR variability study we know of concerns

UX Ori, where Hutchinson et al. (1994) report an increase of — 100

~ 0.9 mag in M and~ 0.5 mag in N occurring simultaneously —100 =50 0 50 100

with a decrease in the visual &V~0.3 mag. Simultaneous AU

J,H,K observations did not show any variation. The infrared

variability of UXORs is obviously an area where one can exi9- 9.V image of the CG97 standard disk wiftip=0.01My seen

pect much progress in the future. during a_cleep mmmw_uﬁm atan mclnn_ast@h 500_ The contours are
The origin and evolution of the screen cannot be constrain%é XJQO 1.7 1077 andd.2 > 107 in units of theV” stellar flux

by our analysis. However, the fact that all the observatiorf%ﬁrA '

properties of UXORs (SEDs, millimeter interferometry data,

behaviour of the visual photometric and polarimetric variabimarized in the literature. The results are not sensitive to the
ity) are consistent with the presence of an optically thick, rathgisk parameters, as long as the disk intercepts about 20% of
massive circumstellar disk, as observed in the lower mass TTi§e stellar radiation. Although these results do not rule out the
suggests to look for mechanisms which can give origin to th@ssibility that other models can also explain the observations,
screens within the disk itself. We find, for example, particularbhey prove that disks are comfortably capable of doing so.
interesting the possibility that the bulging of the inner disk may A comparison of the model predictions with the observations
vary with time, due to a variable rate of accretion, and occasiasf- UXORs during photometric minima shows that the UXOR
ally intersect the line of sight between the observer and the Séenomenon occurs for systems seen in a well-defined range of
(Belletal. 1997; Bell 1999). The applicability and implicationsnclinations, which we estimate roughly to be betwesfand
of such models in the context of Herbig Ae stars need to Bg° —8°. More edge-on disks will intercept the stellar radiation
explored in a more quantitative way. at all times, while more face-on systems cannot reproduce the
observed polarization fraction. Hence, the orientation of the disk
seems to have an important role. This range of viewing angles
however is quite large. If we consider that stars obscured by the
This paper discusses the photometric and polarimetric varialailiter disk will not be classified as Herbig Ae stars (because they
ity of UXORs in terms of a model where the central star igre not optically visible) we expect to have 50% of HAe with
surrounded by an optically thick circumstellar disk, with propdisk inclination betweefi and45°, and 50% betweet)° and
erties similar to those of disks around pre-main—sequence stérs. Thus, if the phenomenon which causes the screens exists in
We have been motivated by the fact that similar disks can adlsystems, we can expect that about 1/2 of the HAe stars should
count for the millimeter fluxes detected in many UXORs angk UXORs, i.e., have deep photometric minima accompanied
for their IR emission. The light received by the observer is th®y a large increase in the polarization fraction.
sum of direct stellar light and of light scattered by the disk into The nature and origin of the screen remains an open ques-
the line of sight. A UXORs minimum is simulated by adding téion. The results discussed in this paper help in constraining
the system a screen of dust, which sporadically intercepts there precisely their properties. As we have seen, the screens
line of sight from the observer to the star. If the optical depth pfobably have sizes of the order of 1-few stellar radii, optical
the screen is infinite, only light scattered by the disk can readbpthr,, ~3-5, and relatively small grains. We find a good fit
the observer. to the observations with a MRN distribution with average radius
We consider flared disks such as described by Chiang~&0.03:m. Furthermore, the lack of UXORs with low polar-
Goldreich (1997) and compute the polarization and colors iahtion in deep minima can be understood if the screens are in
the observed radiation as a function of the optical depth of tkeme way confined in a region close to the disk plane.
screen using a Monte Carlo code developed by Whitney & Hart- Finally, we wantto point out that at minimum light the clump
mann (1992). We find a remarkably good agreement betwésia perfect coronograph, so that it may be possible to image the
our model predictions and the observations of UXORs, as suimAer regions of the disk. We show in Fig. 9 the model-predicted

5. Summary and conclusions
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image of our CG97 standard model of ma$5=0.01 M, seen 30 times more than a close-in spherical cloud for realistic values
ataninclination of 60in V during a deep minimum. The disk isof the parameters. Ignoring the scattering from the cloud should
tilted toward the observer, but one can see some scattered lighttchange the results by any significant amount.
from the edge of its bottom side. The location of the star (which
is completely obscured) is in the center. The three contour IevEJéferences
overlayed on the image correspond to flux levels relative to the
stellar flux 0f6.7x 1078, 1.7x 1076, and4.2x 10~° per AU?. If ~ BellK.R., 1999, ApJ 526, 411
we Consider’ for examp|e’ the rather distant UX (an450 pc, Bell KR, Cassen M.P,, Klahr H.H., Henning Th, 1997, ApJ 486, 372
V=9.6 mag) and the Hubble Space Telescope WFPC2 canfefglyugin A.V., 1993, Crimean Bull. 87, 107
(pixel size 0.048), we obtain for the three contours a visua'?erdsy‘fngA%éBerdyug'“aS'V" Grinin V.P., Minikulov N.Kh., 1990,
magnitude per pixel of 21.3, 17.8, and 14.3, which is withi erd;ugin;AV Grinin V.P., Minikulov N.H., 1992, Crimean Bull. 86
the sensitivity limits of HST. In this ideal experiment, we coul o o o ' T
image not only the outer disk but also its inner parts, down @ﬂang E., Goldreich P., 1997, (CG97), ApJ 490, 368
radii of ~ 40 AU. On a closer star, like CQ Tad ¢~ 100 pc) one chiang E., Goldreich P., 1999, ApJ 519, 279
could resolve the disk down te 10 AU. The best observations code A.D., Whitney B.A., 1995, ApJ 441, 400
of the HAe star AB Aur {=130 pc; Grady et al. 1999) usingFriedemann C., Reimann H.-G., Guertler btV., 1993, A&A 277,
STIS on HST can only see the disk at radii larger thari” 184
(130 AU), due to the presence of the occulting wedge mask.Friedemann C., Guertler J., Reimann H.-G., 1995, A&A 300,, 195
Gledhill T.M., Scarrott S.M., Wolstencroft R.D., 1995, MNRAS 252,
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! ! Grinin V.P., Rostopchina A.N., 1996, Astron. Rep. 40, 171
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: Kim S.-H., Martin P. G., Hendry P. D., 1994, ApJ 422, 164

where 2, is the angle subtended by the cloud. The fraction &fivova N.A,, Il'n V.B., 1997, Astron. Let. 23, 791
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