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Abstract. The results of a monitoring programme of high and
intermediate resolution spectra covering Hei 5876Å, NaiD2,1
and Hα of the isolated Herbig Ae star BF Ori are presented.
We detect the presence of blue and redshifted emission and
absorption components of these lines which vary from day-to-
day with correlated changes suggesting a similar origin.

The appearance, strength and variations of the redshifted
NaiD absorption component on a time scale of days show vari-
able accretion activity similar to that seen toward the Herbig Ae
star UX Ori andβ Pic, suggesting evaporation of star-grazing
bodies. We estimate for one event that such a body is kilometer
sized, evaporates at a distance of about 0.4 AU from the central
star and has a mass comparable to comets in the solar system.

A dependence was found of the Hα line profile on the photo-
metric brightness of BF Ori similar to that observed for UX Ori.
It is evidence for obscuration of a dense dusty body located in
the outer disk regions as no extra absorption components from a
gaseous content and no direct influences on the cometary activ-
ity were observed. More complex variations of the Hα profile
could be explained in part by absorption of star-grazer mate-
rial, equal to the absorption at the sodium lines, and in part
by obscuration of its line forming region by the cometesimal.
More evidences for detections of revolving clumpy material are:
observed changes in the velocity direction of the very strong
NaiD2,1 low velocity absorption components and the observed
flip over of the relative strength of the blue and red peak of Hα
simultaneous with the change of blue to redshifted absorption
components in both the NaiD2,1 and Hei lines. In case of orbit-
ing bodies, the estimated period lies between 60 and 100 days
with a distance from 0.35 to 0.57 AU, respectively.

The detection of possible orbiting and comet-like objects in
the disk of BF Ori, a3+2

−1 Myr old pre-main sequence A5–6 IIIe
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star, making it a possible progenitor of the HR 4796 (protoplan-
etary) disk system, suggests the existence of structures similar
to those probably present in the solar system at a time of forma-
tion of planetesimals. The estimated much higher than cosmic
abundances of refractory (Na) over volatile (H, He) gases for
the detected bodies supports this suggestion.
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1. Introduction

In the past few years the formation and evolution of planetary
systems has moved from theoretical studies to the forefront of
observational research with detection, via reflex motion effects,
of Jupiter-mass objects in close proximity to nearby Solar-type
stars (Mayor & Queloz 1995; Marcy & Butler 1996), and high
resolution imaging of dust disks with cleared central cavities
around 10–350 Myr old A stars (Holland et al. 1998; Koerner
et al. 1998; Jayawardhana et al. 1998). More recently, infrared
imaging of the binary system HR 4796 has provided another
clear example of a possible protoplanetary disk system around
a nearby8±3 Myr old A-type star (Jura et al. 1993; Stauffer et
al. 1995).

Models for planetary system formation predict that such ob-
jects should be the end-products of the evolution of gas and dust
disks. Promising support for these models is provided by the de-
tection of circumstellar gas and dust disks around young stars
(Beckwith & Sargent 1996; Mannings et al. 1997). However,
linking the protoplanetary and debris disks to mature planetary
systems requires a demonstration that collisionally-grown bod-
ies are routinely produced and resemble our expectations for
planetesimals, as noted by Beckwith & Sargent (1996).

Such bodies are exceedingly difficult to detect directly, com-
pared to dust disks, since they lack the large surface area of com-
parable amounts of micron-sized dust grains. However, they can
be indirectly sensed if they approach the star sufficiently close,
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and in sufficient numbers that a kind of cometary activity occurs.
Redshifted circumstellar gas features have been recognized in
the optical and UV spectra ofβ Pic for the past 13 years (Kondo
& Bruhweiler 1985; Lagrange et al. 1988; Boggess et al. 1991;
Ferlet et al. 1993), and have been most successfully interpreted
as the comae of swarms of star-grazing bodies (Beust et al.
1996). The on-going controversy over the age ofβ Pic (Jura et
al. 1993; Backman & Paresce 1993; Lanz et al. 1995; Crifo et
al. 1997) means that it is uncertain whether the infall activity in
this system reflect planetary formation processes or the evolu-
tion of the debris disk following any epoch of these processes.
Detection of similar activity in unambiguously younger stars
offers the opportunity of probing planetesimals at the epoch of
planet formation.

In this paper, we present the results of four spectroscopic
monitoring campaigns of one of such a system, BF Ori. Sect. 2
provides a general background and astrophysical parameters for
our target. Sect. 3 summarizes the observations. Sect. 4 contains
a discussion of the individual line profiles, which are evaluated
in the context of the infalling evaporating bodies model. Indi-
vidual spectral features are discussed in Sect. 5. In Sect. 6 we
estimate the dimensions of a comet-like body for the October
1993 observations. The accretion activity of BF Ori is compared
with those of other Herbig Ae/Be (HAeBe) stars in Sect. 7. In
Sect. 8 we include a discussion on the two possible CS bodies
able to interpret the data. Finally Sect. 9 include some conclud-
ing remarks.

2. BF Ori: background and astrophysical parameters

The Herbig Ae star BF Ori has a history of large amplitude,
photometric variability overV = 9.m6–12.m6 (Shevchenko et
al. 1993), and blueing of the colours during deep minima (Bibo
& Thé 1991), similar to that seen in UX Ori and other Herbig
Ae stars with strong photometric variability, which Herbst et al.
(1994) have termed UXORs. Anti-correlated linear polarization
variability consistent with intermittent occultation of the star has
been reported by Grinin et al. (1991), implying that the star is
viewed close to edge-on through a circumstellar gas and dust
disk (Grinin & Rostopchina 1996).

To derive the astrophysical parameters of BF Ori, the to-
tal luminosity of BF Ori was computed by integrating over a
Kurucz (1991) model for the stellar photosphere, fitted to its
extinction-corrected spectral energy distribution (SED). For the
construction of this SED, literature data from the ultraviolet
to the infrared were combined with unpublished photometry
near maximum system brightness. For BF Ori, a spectral type
of A5–6 IIIe (van den Ancker et al. 1998), and a distance of
430 ± 60 pc, assuming a membership of Orion OB1 c (Warren
& Hesser 1978), were adopted. We then determine the stel-
lar mass and age by comparing the position of the star in the
Hertzsprung-Russell diagram with the PMS evolutionary tracks
and isochrones by Palla & Stahler (1993). These tracks were cal-
culated for solar metallicity, but we expect no important changes
on these estimates for slightly differentZ values. The result-
ing stellar parameters for BF Ori arelog L?/L� = 1.37+0.11

−0.13,
M? = 2.0 ± 0.2 M� and log(Age/yr) =6.5 ± 0.2.

For comparison purposes, we followed the same procedure
for the UXOR prototype UX Ori, adopting a spectral type of A3
IIIe (Timoshenko 1985) and the Orion OB1 distance of430 ±
60 pc by Warren & Hesser (1978). The results for UX Ori are
log L?/L� = 1.47+0.11

−0.13, M? = 2.1 ± 0.2 M� and log(Age/yr)
= 6.5 ± 0.2. Both UX and BF Ori are thus not only extremely
similar in all their observed properties but also in their PMS
phase.

In common with other Herbig Ae stars, probably viewed
through their disks (Grady et al. 1996), BF Ori exhibitsβ Pic-
like infalling circumstellar gas, and was one of the first Herbig
Ae star for which such activity was detected (Welty et al. 1992;
Graham 1992). Subsequently, Grinin et al. (1996a) presented
for the UXORs WW Vul, RR Tau and BF Ori series of Nai and
Heiλ5876 profiles showing infalling material and correlated
changes in these profiles. Their observations, while suggesting
a strong parallel withβ Pic, did not have the duration and obser-
vation frequency to determine whether the infall episodes they
reported had a similar duration to such activity inβ Pic.

3. Observations

Our observing program consists of high and intermediate res-
olution spectroscopy obtained during epochs between October
1993 and January 1995. During these runs intensive monitor-
ing could be carried out covering time scales of days and in
one occasion even of hours. A detailed observing log of all the
spectroscopic observations is given in Table 1.

The high resolution spectra, with R≈ 50,000–55,000, were
all taken with the ESO CAT/CES combination. The equipment
and methods used for both the observations and reduction are
already described by Grinin et al. (1994) and de Winter et
al. (1994). The December 1994 high resolution spectroscopy
around Nai were supplemented by intermediate resolution Hα
spectra (R≈16,500) taken simultaneously and therefore, only
exposed optimally over the 6260–6860Å range. These obser-
vations were taken with the Boller and Chivens spectrograph
mounted on the ESO 1.52 m telescope stationed at La Silla. The
detector was a Ford Aerospace 2048× 2048 pixel CCD, with a
15× 15µm pixel size. The spectra were reduced using the MI-
DAS software running under SUN/OS at the ESO headquarters.

4. Analysis of the spectra

In the first subsection the various monitoring data-sets will be
analysed. Because of the special character of the December 1994
spectra, exact simultaneous monitoring of all the line profiles,
they will be analysed in a second subsection.

4.1. The NaI D, HeI & Hα line profiles and variations

NaI: In October 1993, when the star was at intermediate bright-
ness level, the NaiD lines, Fig. 1b, were characterized by
prominent, high velocity (v ≥ 100 km s−1) redshifted absorp-
tion components (RACs) with absorption extending in the red
wings up to 200 km s−1. Complex absorption at lower veloc-
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Table 1. Journal of Spectral Observations. The magnitudes given are from A.N. Rostopchina (private communications, Ref. 1), unpublished
photometry by the authors (Ref. 2) and from A. Miroshnichenko (private communications, Ref. 3).

Date J.D. Spectral Resolution Exp. No. of Figure V Ref.
+240000 region time spectra

’93 Oct. 7 – 12 9268 – 9273 Hα 50,000 45min 6 1c 11.m7 1
’93 Oct. 8 – 14 9269 – 9275 Hei & Na i D 55,000 45min 7 1a,b 11.m7 1
’94 Jan. 11 9364 Hα 50,000 60min 1 3 –
’94 Aug. 17 9582 Hei & Na i D 55,000 35min 1 2 10.m1 2
’94 Aug. 18 9583 Hei & Na i D 55,000 26min 1 2 10.m1 2
’94 Aug. 20 9585 Hei & Na i D 55,000 40min 1 2 10.m1 2
’94 Dec. 13 – 15 9699 – 9701 Hα 16,500 45min 11 4c,5 –
’94 Dec. 13 – 16 9699 – 9702 Hei & Na i D 55,000 45min 12 4a,b –
’94 Dec. 16 9702 Hα 55,000 45min 2 4c –
’95 Jan. 15 – 20 9733 – 9738 Hα 55,000 45min 6 3 10.m2 3

ity is also seen, with the foreground interstellar (IS) absorption
visible at21±2 km s−1. The profiles exhibit striking day-to-day
changes. While all parts of the profiles are variable, the most
prominent changes occur for velocities≥100 km s−1, and short-
ward of the interstellar absorption component. The observed
profiles closely resemble those observed in UX Ori for Nai
(Grinin et al. 1994), and those seen in other transitions for sev-
eral HAeBes (e.g. Grady et al. 1996; 1997) andβ Pic.

Most of the red absorption wings and RACs have a similar
shape and depth in both lines of the Nai doublet, being consis-
tent with the presence of optically thick absorption (Grinin et
al. 1996a). The RAC profiles on 9 and 10/10/93 are seen up to a
maximum depth of≈40% below the continuum level. Compar-
ison of the 1993 October data with the profiles shown in Grinin
et al. (1996a), which were obtained closer to optical maximum,
shows similar absorption strengths, which means that these fea-
tures are independent of optical brightness level.

The October 1993 spectra also contain weak blueshifted
emission components, especially in the 9 and 13/10/1993 data,
which were not detected for UX Ori. Variations in these com-
ponents are also seen, such as the relatively strong absorption
at 10/10/1993 preceded at the 9th by emission in this velocity
range.

The sodium line profiles of 17–20 August 1994, Fig. 2b,
taken at optical maximum light do not show any RACs. Only
several strong sharp absorption components blended with the
IS component at+13± 2 km s−1 are visible. Such components
were also detected for UX Ori, but only redshifted. When the
strongest absorption components are compared with the data
of Grinin et al. (1996a) and those of October 1993, filling in
of the low velocity portion of the profile from about 0.9, Octo-
ber 1993, to about 0.6, August 1994, of the continuum level is
apparent. These changes and the different velocities measured
suggest that this component is not IS, as proposed for UX Ori,
but circumstellar.

The August 1994 monitoring covered only three nights
but a dynamical sequence seems to be present though. At
17/08/1994, a strong shortward absorption component cen-
tered at−2 ± 2 km s−1 of which the blue wing extends up to

−40 km s−1 is observed. The following night this component
becomes slightly weaker, but the velocity ranges are similar.
Additionally a weak red wing is visible, stronger than on the
17th, and extending up to+143 km s−1, a comparable value
to that observed at 11/10/1993. The third night the interstellar
absorption line is not only accompanied by a blue but also by
a redshifted component at+28 ± 2 km s−1 both being of com-
parable strength. The red absorption wing of the sodium lines
got even slightly stronger, 20% of the continuum level, and are
almost flat from around 0 up to the maximum of+153 km s−1.
The presence of flat bottomed absorption features suggest that
the absorption is saturated and does not fully obscure the star.
The maximum absorption depth gives a measure of the projected
covering onto the stellar disk. As there is no photospheric com-
ponent for these lines, influences of the stellar rotation (Beust
& Lissauer 1994; Hubeny & Heap 1996) on these values are not
to be expected.

HeIλ5876: As noted by Grinin et al. (1994), the presence of
Heiλ5876 absorption is unexpected in the spectrum of any HAe
star. However, in common to other UXORs with high resolution
optical spectra, BF Ori exhibits prominent, variable Heiλ5876
absorption (Grinin et al. 1994, 1996a), which does not exceed
a maximum absorption depth of 20% of the local continuum
level. In the 1993 October data, Fig. 1a, the prominence of the
Hei absorption is correlated with the occurrence and strength of
the Nai RACs, with the high velocity Hei absorption following
the Nai velocity distribution. This is best seen for the spectra
taken on the 8th, which contains the highest redshifts for both
lines,+280 and+250 km s−1 for the Hei line and the RACs
respectively; and for the almost not redshifted RACs of the 10th,
vmax = + 150 km s−1, for which the Hei lines extends up to
+170 km s−1. In cases where we have blueshifted emission at
the Nai lines, the Heishows a cut-off at relatively low velocities,
suggesting either that the Hei line may be partially filled in with
emission, or that the Hei is preferentially associated with the
infalling material.

During August 1994, Hei 5876 Å is again present in ab-
sorption although the strong RACs are absent, Fig. 2a. There
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Fig. 1. aHei andb NaiD line profiles of BF Ori, taken from October 8 to 14, 1993.c Hα line profiles of BF Ori, taken during October 7–12,
1993. The normalized continuum levels are indicated by thin dotted lines. For the Hα spectra the drawn continuum level is influenced by the
photospheric absorption line. To visualize the variability the preceding spectrum is plotted by dots.

is a clear co-variation with the development of the red wing of
the sodium lines, both in strength and velocity range. The ab-
sorption peak is first seen at 0 and in the following two nights
at +18 km s−1, while the extended wings to the red change
from +173 to+190 and finally about+150 km s−1. Absorp-
tion shortwards is seen at remarkable stable velocities of about
−180 km s−1. The detections are very similar to that observed
for the October 1993 sequence.

Hα: Like other UXOR-type HAeBe stars, BF Ori exhibits
double-peaked Hα emission (Grinin & Rostopchina 1996). Pre-
viously published Hα data for this star show the red (R) emission
component stronger than the violet (V) component in Finken-
zeller & Mundt (1984) with the central absorption feature reach-
ing only 1.6 times the local continuum level, and V> R with
the central absorption reaching 1.3 times the local continuum
in Reipurth et al. (1996). The 1993 October data, Fig. 1c, are
similar to the Finkenzeller & Mundt (1984) profile with a weak
central absorption, and the red emission component typically
stronger than the violet component. The 1995 January data,

Fig. 3, show unusually weak Hα emission, with the absorption
reversal going below the local continuum level. Such apparent
weak emission, relative to the continuum, might be a normal-
ization effect as will be discussed in Sect. 5.1.3.

Night-to-night variations in both the violet and red emission
portions of the Hα profile are present during the October 1993
and January 1995 series. During both series the largest profile
changes are seen on the red emission peak to +400 km s−1 with
∆t≤24 hours. During the October 1993 run, the largest changes
at Hα coincided with the presence of prominent RAC features
in Nai. We notice a diminished red Hα component when the
RACs are at maximum strength (compare the spectra taken on
the 8, 9, 10 and 11/10/1993). On the 8th and 9th the NaiD1,2
RACs are strongest and V/R≈ 1 for Hα. The recovery of the
red Hα component occurs simultaneously with the weakening
of the RACs on the 10th and 11th. During the January 1995 se-
ries, there are also significant changes in the violet emission out
to−200 km s−1 with prominent absorption compared to the red
peak. Such absorption occurs in the red peak on 19/01/1995 as
well, while diminished in the blue peak, causing a slight reversal
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Fig. 2. a Hei and b NaiD high resolution line profiles of BF Ori,
taken between August 17 and 20, 1994. The continuum levels are again
indicated by thin dotted lines.

of the V/R value. A more distinguished reversed Hα profile is
seen on 11/01/1994, Fig. 3, without any extra absorption com-
ponents. Despite the variability in other portions of the profile,
the depth of the central absorption is not variable during either
run for∆t=5–6 days and even not between the December 1994
and January 1995 run.

4.2. The December, 1994, data

The previous observations confirmed the presence of significant
day-to-day variability in all of the observed line profiles of BF
Ori, but did not resolve the variability time scale. The 1994 De-
cember high and intermediate-resolution run has a monitoring
coverage of 3–4 observations per night with regular intervals
of about 1 hour (Figs. 4 and 5), being enough to resolve much
shorter time scales.

We have no information on the light level, but the S/N in
the Nai spectra compared to previous data taken with the same
equipment and exposure time, and the strength of the Hα self-
absorption suggest that these observations were made closer to
optical maximum light than the October 1993 data.

4.2.1. The NaiD, Hei & Hα line profiles and variations

The three spectra obtained on 13 December 1994 (JD 9699, top
of Fig. 4), are remarkably different from the line profiles dis-
cussed before. The NaiD lines show blue absorption profiles
with wings up to−140 km s−1. A similar feature is observed
in the Hei absorption line. The Hα profile during this night is
comparable to the one detected on 8/10/1993, with the R≥ V
but the R emission peak distributed to lower velocities than in
the V peak. The observations clearly indicate a strong correla-
tion between the blue components of these lines. No significant
changes between the three different observations, separated by
about 2 hours, were detected.

Apart from weak changes, the stability of the line profiles
during a night is also seen in the two following ones. However, in
comparison with the first night dramatic variations are detected.
The central NaiD absorption lines are now accompanied by ex-

Fig. 3. Hα high resolution line profiles of BF Ori, taken on 11 Jan-
uary 1994 (top) and a time series taken between January 15 and 20,
1995. The continuum levels of the surrounding wavelength region are
indicated by thin dotted lines; levels which are influenced by the photo-
spheric component. To visualize the variability, the preceding spectrum
is plotted by dots.

tended red absorption wings up to+140 km s−1 (14/12/1994),
followed by more developed strong absorption components
(15/12/1994) comparable to the October 1993 RACs, which also
remain during 16/12/1994. In this last night the redshifted ab-
sorption is accompanied by a somewhat stronger absorption in
the blue, at low velocities, than at 15/12/1994. Also blueshifted
emission is seen during 14 and 15/12/1994, extending up to
+150 km s−1, with small variations within a night. This emis-
sion is strongest and more peaked to lower velocities in the
first spectra of 14/12/1994 and weakest in the last spectrum
(16/12/1994). The Hei profiles follow the behaviour of sodium
in a similar manner as detected in the October 1993 spectra. The
Hei absorption wings are weak and extended to the red when
absorption longward of NaiD starts to appear, and are stronger
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Fig. 4. a Hei andb NaiD high resolution line profiles, andc Hα high and intermediate resolution line profiles of BF Ori, all taken exactly
simultaneously between December 13–16, 1994. The continuum levels are again indicated by thin dotted lines as in Fig. 1c. To visualize the
variability the preceding spectrum is plotted by dots.

in absorption but less extended to the red when the RAC struc-
tures develop. The appearance of extra blueshifted absorption
during 16/12/1994 is also seen in the Heiprofile. Finally, the Hα
profiles show an unexpected event; flipping over the strengths of
the V and R peaks. During 14/12/1994 the blue peak increased
in strength, a comparable profile as observed on 11/01/1994,
Fig. 3. The red peak is significantly less extended to the red, but
in strength equivalent as before. On 15/12/1994 the red peak be-
came less prominent but well extended to high velocities. The
blue peak did not change very much, but diminished a bit. These
last two effects also continue during 16/12/1994 weakly.

4.2.2. The intermediate resolution 6260–6860Å spectra

Several strong absorption lines of Siii and Feii are identified,
see Fig. 5. These lines are narrow (2–3Å in equivalent width)
well known shell lines, although the silicon lines are unusu-
ally strong. The detected features are quite stable in strength
and profile throughout the observations compared with the Nai,

Hei and Hα lines. This is the reason we only have shown the
averaged spectrum for each night in Fig. 5. Remarkable is the
detection of another weak Hei line at 6678Å. Unfortunately
this line is weak and the resolution too low to make a proper
analysis.

5. The spectral features discussed

5.1. Evidences for extra-solar cometesimals

5.1.1. The sodium resonance lines

Most observed profiles and (dynamical) characteristics of the
sodium lines appear identical to those observed for UX Ori
(Grinin et al. 1994). We, therefore, propose a similar origin
by infalling (solid) bodies that evaporate when approaching the
star. Furthermore, neutral sodium does not survive for more than
a few seconds near an A-type star (Sorelli et al. 1996). When
it is observed for longer periods it is proposed to come from
the continuous and complete evaporation of meter-size bodies
(Grinin et al. 1996b).
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Fig. 5. The 6260–6860̊A intermediate resolution spectra. For each
night we show the averaged one of 3 or 4 spectra taken between Decem-
ber 13 and 15, 1994. The following sharp weak and strong absorption
lines are identified: Siii (2) 6347.1 and 6371.4̊A, Feii (74) 6456.4Å,
Feii (40) 6516.1Å and Hei (46) 6678.1Å. The line at 6278.3̊A and
several weak broad absorption features could not be identified.

Blueshifted sodium components present in BF Ori are not
observed for UX Ori. Grinin et al. (1996a) explained the appear-
ance of blueshifted emission, in such a case, as being part of an
inversed P Cygni profile, caused by longer time scale accretion
than the RACs events. This is inconsistent with: (a) our observed
time scales of these changes, being not different as for the RACs;
(b) the emission may be also absent when redshifted absorption
is observed, and (c) an inversed P Cygni profile does not ex-
plain the almost discrete change from blueshifted absorption to
emission in one day during the December 1994 sequence.

Model calculations by Grinin et al. (1996b) show that
blueshifted emission lines are expected when the evaporation
is efficient and the gaseous tail is swept up by the radiation
pressure of the central star. If the gaseous tail material is still
dense, absorption will appear blueshifted, e.g. in the 10/10/1993
spectrum, or it depresses the shortward emission. Support for
this mechanism is the strong RAC (an evaporation event) the
night before (09/10/1993). We expect then the reappearance of
the blueshifted emission when the density decreases again the
day after, as detected in the 10 to 11/10/1993 sequence. In con-
trast to this, the sodium profile of 12/10/1993 shows a shortward
absorption component and emission even more to the blue, not
preceded but followed by a RAC. It might be that we undersam-
pled this RAC occurrence. In view of the 08 to 10/10/1993 RAC
event this seems hardly plausible. We, therefore, consider other
(additional) mechanisms to explain the blueshifted absorption
and emission components of sodium.

The calculations of Grinin et al. (1996b) and Sorelli et al.
(1996) showed that the radiation pressure is so efficient in accel-
erating atoms from the evaporated material that the infall motion
is turned in an outflow motion within 105 s for 1 m sized bodies,
giving evaporation densities for nH of 1012 to 109 cm−3 from
solar to comet like abundances. Consequently, it was even ques-

tioned why red shifted absorption lines are observed at all. Our
observations show that blueshifted line features are present, but
about 1/10 to 1/5 in strength of the RACs. This supports these
model calculations but also indicates that the calculated values
of the densities must be significantly lower, given that the radi-
ation pressure is a stable value. Either the proposed evaporation
or the desintegration processes are less efficient than proposed
in these studies. Incomplete evaporization is well known to hap-
pen for solar system comets too.

Infalling material in or coming from the back side of the disk
will produce also blueshifted features if visible. The evapora-
tion of a star-grazer out of the line of sight can only be detected
when emission is produced, as explained for the gaseous tails.
Such blueshifted emission will appear weaker than the RACs,
as observed. Blueshifted absorption component (BAC) can be-
come visible if an evaporating body crosses the line of sight,
after or close to its periastron passage. In such a case, the pe-
riastron itself can be located outside the line of sight or even
in the line of sight. In fact, the key parameter is the longitude
of periastronW defined as 0◦ when aligned along the line of
sight, in the observer-star direction (see Fig. 6). BACs are due
to bodies withW ≈ 180◦ and RACs to bodies withW ≈ 0◦.
However, observing a BAC requires the corresponding body to
survive a more or less long time after periastron passage, and
that the passing distance still permits evaporation. The most
favourable (and realistic) situation is achieved forW ∼ 180◦,
i.e., the periastron located in the line of sight (see Fig. 6). Such
a body would be first be visible as a BAC when entering the line
of sight, and as a RAC when leaving the line of sight. Again,
it might be followed by the blueshifted tail emission. As ex-
plained by Kholtygin et al. (1997) the RAC is more dispersed in
velocity range than the original BAC. This effect also depends
on the periastron distanceQ, the eccentricity of the orbit and the
velocities of the objects, see Fig. 6. The shorter the periastron
passage takes, the larger the velocity shifts and the smaller the
delay of a RAC following a BAC. For a periastron passage a cor-
rect time scale is of the order 10–20 hours, given the observed
October 1993 BAC and RAC charateristics. Another point to
note here, is that the sum of the covering factors for both BAC
and RAC when caused by one transit object, may not exceed
the 100%. If so, the events are due to two different bodies or
separate fragments of the same initial body.

We might have detected two of such events, BACs preceed-
ing RACs. Note the sodium profiles in the 12 to 14/10/1993 and
the 17 to 20/08/1994 sequence. Only in the latter the shortward
emission is very weak. However, we expect that BACs are not as
frequently observed as RACs or that they produce weaker lines
for the following two reasons: (1) as suggested by Grinin et al.
(1996b) and Beust et al. (1996) evaporating bodies are disrupted
in smaller pieces, e.g. the Shoemaker-Levy impact on Jupiter.
We suspect, therefore, a situation similar as in the solar system,
that most cometaries are not periodic but are disrupted during
one passage and/or collide with the star; (2) the studied systems
are very young, the disk is not tenuous and therefore, enhances
the disruption of a star-grazer by friction and collisions (causes
of the Hei lines, see Sect. 5.1.2.). It is, therefore, possible that
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Fig. 6. A hypothetical arbitrary presentation of possible orbits of
cometaries as proposed in the text. The cometaries may describe only a
part of the orbit as the evaporization might be that efficient that no com-
plete orbit can be fulfilled. Furthermore, the cometary may be desin-
tegrated in many smaller parts, as discussed by Grinin et al. (1996),
or collide with the central star, alike the Shoemaker-Levy event. We
present here: (top:) definition of some orbits and orbital parameters
such as the periastron (P ), periastron distance to the central star (Q)
and the periastron longitude (W ) defined as 0◦ when being the exten-
sion of the line of sight seen from position A). We assumed that the
inclination of the cometary orbits and the line of sight is around 0◦.
(middle:) The situation in which an RACs is preceeded by a BACs, as
fully described in Sect. 5.1.1. and when seen from position A). In these
situations the tail, being swept up by radiation pressure and stellar wind,
may only be presented by blueshifted emission. When being situated
in position B) no absorption components but only the tail emission
is again seen. (bottom:) A more detailed presentation in which cases
RACs (II) and BACs (I) sodium components are seen when the ob-
server is in position A). Note that these features may be seen in any
part of the orbit, as drawn in the above figures, when the evaporating
body is in the line of sight. To observe BACs, however, the cometary
must have had survived a closer to stellar part of the orbit than the ob-
ject causing RACs, a reason, probably, that RACs are more frequently
seen. From observers position B) only the tail emission (I & II) might
be seen blueshifted, as it is probably been swept up, as noted above.

a RAC following a BAC is due to different star-grazers or frag-
ments. This will certainly be the case when separated a few days
in a periastron passage of which the timescale is of the order
10–20 hours, as noted before. In our observations different star-
grazers or fragments might have been the origin of the BAC to
RAC evolutions from 12 to 14/10/1993 and 17 to 20/08/1994.

Finally, we must consider an origin of the blueshifted com-
ponents due to the stellar wind as for the UV features (Grady et
al. 1996). We expect then these components to appear indepen-
dent of the infall activities, which is not the case. It may be that
the wind features are suppressed during infall activities. This
is difficult to understand as various spectra with low accretion
activities, see also those in Grinin et al. (1996a), hardly contain
blueshifted (wind) absorption. On the contrary, when RACs are
present blueshifted emission is observed, possibly arising from
the comet tail swept up by the stellar wind.

In the time series of the August 1994 spectra, we detect vari-
able sharp strong absorption, accompanying and blending the
interstellar absorption at the blue and red side. These low ve-
locity lines are observed in UX Ori (Grinin et al. 1994) and are
most pronounced when the star is at maximum brightness and
RACs are present. The velocities of the strongest sharp absorp-
tion lines in each data-set, normally identified as the interstellar
component, are not similar. This suggests that the real interstel-
lar line at LSR of Orion is blended by the various very sharp
deep absorption lines. We interpreted them as caused by cold,
slow moving, dense and clumpy gaseous material (partly) in
the line of sight, and might be identified as orbiting evaporating
bodies. The disruption of such clumps (Grinin et al. 1994) may
be the origin of the infalling material. More monitoring data are
necessary to support this as more explanations are possible, see
Sect. 5.2.

5.1.2. The helium absorption lines

The observed Hei absorption lines, Figs. 1a, 3a and 4a, cannot
be of photospheric origin as BF Ori is of spectral type A and
because of the detected day-by-day variations. These changes
of intensity, line profile, and velocity range strongly co-variate
with the accretion events. In analogy with UX Ori, we pro-
pose that they originate from collisionally ionized gas caused
by the interaction of the infalling matter with inner disk material
(Grinin et al. 1994; de Winter et al. 1994). The rapid changes of
velocities and direction, especially seen in the December 1994
data (Sect. 5.2), exclude that the absorption is due to the stellar
wind.

Note that the Hei absorption line is also present in variable
strength when accretion observed by the sodium lines is almost
absent (Fig. 4). Grinin et al. (1996a) explained a similar detec-
tion by accretion being different from the star-grazers events,
being also the cause of the blueshifted emission in the sodium
lines. However, we detected at least some Hei absorption in all
spectra of BF Ori. A more stable situation is the presence of a
hot, kind of boundary, layer produced by the accreting material.
This layer might not be restricted to the near circumstellar envi-
ronment but also around all kind of (accreting) clumpy material
that is “ploughing” through the disk.

An additional explanation is that volatiles, such as Hei, are
released by evaporation when trapped in clathrate structures
(Grady et al. 1998). But again such a mechanism explains only
the Hei variations when accompanied by other, observed, evap-
orated products, such as Nai.
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5.1.3. The Hα emission line

Herbig Ae/Be stars have very complex and variable Hα profiles
(Ferńandez et al. 1995; Reipurth et al. 1996). Probable mecha-
nisms that may explain those for BF Ori, Figs. 1c, 3 and 4c, will
be discussed here.

First, the “standard” strong and broad double peaked Hα
profile for HAeBes is explained by Kholtygin et al. (1997).
Here the main emission is formed in a shell with a stellar wind
of which the velocity law can be described by a standard Lamers
law. Then emission up to 250 km s−1 is formed within 9 R?, with
v∞ = 400 km s−1, as being the maximum value at which emis-
sion is still observed in the BF Ori case. However, the Hα profile
can be dominantly influenced by accretion, note the reversed P
Cygni profile of Hα for UX Ori (Grinin et al. 1994). Although
for both stars similar RACs in the sodium lines are detected,
such straightforward evidence of accreting gas is not detected
for BF Ori. It seems that no direct relation for both accretion
detections exists. This might be evident as the Hα emission
is formed closer to the star than features due to material from
evaporating bodies, see Sect. 6.

Second, obscuration of the Hα emission region by large dust
clouds during strong photometric minima was first detected for
UX Ori and determines the resulting profile (Grinin et al. 1994).
The double peaked emission line then appears as a weak sin-
gle peak, as the direct line of sight to the star is blocked and
only emission radiation from the shell or disk is visible. A sim-
ilar event for BF Ori, during October 1993, Fig. 1c, shows that
the star was at intermediate brightness with the self-absorption
component being much weaker than observed at brighter stages
such as January 1995, Fig. 3c. Also the total emission is less
than at maximum brightness, but normalized to the weaker con-
tinuum it might occur relatively strong as perfectly observed
for UX Ori (Figs.3 & 4 in Grinin et al. 1994). This normal-
ization effect may explain the high emission volume observed
in Fig. 1c compared to those observed at other epochs. Due to
this artefact, the same amount of gas in infalling material might
result in stronger variations in minima than at brighter stages.
On one hand the self-absorption peak follow the large changes
in light level which seems both to be stable during monitor-
ing runs and might have been stable from December 1994 until
January 1995. On the other hand also rapid large photometric
changes are known for BF Ori. In this way obscurations can
influence indirect the shorter time scales variations of Hα too.
Note for instance the different self-absorption components on
8 and 12/10/1993. Moreover, the self-absorption peaks seems
to be stable during monitoring runs and might have been stable
from December 1994 until January 1995.

Third, the evaporated material from the star-grazers will
cause extra Hα redshifted absorption components equivalent to
the RACs of the sodium lines. Such variations are seen by the
co-variation of the red peak with the sodium RACs in all of
the Hα profiles. In case of the same origin and same covering
factors, the strength of these variations compared to those in the
RACs of sodium will depend on their relative abundances and
transition probabilities. We assume that the transitions originate

from material just released from solid-state, so neutral and with
mostly non-excitated atoms, in the same physical conditions.
The transition probabilities are approximately 3/1/1 for NaiD
doublet/Hα/Hei5876 triplet in case the first excitation levels are
well populated, if not the ratios are up to 3/0.1/0.1. The rela-
tive estimated averages of the amplitude of these variations are
2×1.3 for Nai/H i and 2×2.0 for Nai/Hei. Although individ-
ual estimates differ and the picture is simplified, it is clear that
[Na i] > [H i] > [He i] in relative abundances in our first ap-
proximation, or in the second at least equivalent, but in any case
not comparable with cosmic abundances. We want to add here
that the assumption of similar covering factors for the species
considered is an assumption of equal radiation pressures. Al-
though, the radiation pressure still plays a crucial rôle in the
evaporation process as noted in Sect. 5.1.1.

Good examples for such redshifted absorption components
occurred in the blue Hα peaks of the January 1995 spectra,
Fig. 3. Unfortunately, no sodium lines are observed for compar-
ison. In this time series the absorption peak first increases in
strength and velocity, from−80 (15/01/1995) to−100 km s−1

(16/01/1995), and diminishes continuously the following 4
days. When the radial velocity of the absorbing material is close
to the self-absorption peak at+17 km s−1, e.g. 19/01/1995, both
the blue and red emission peaks show a similar absorption com-
ponent, here at about 50 km s−1 away from the self-absorption
component. Note that the Hα emission originates from the direct
stellar environment. Star-grazers are, therefore, also visible in
Hα if they evaporate between this emission region, about 9 R?,
and the observer. Thus they are also observable more frequently
and in different regions of the disk than when observed in the
NaiD lines.

Fourth, as most of the Hα emission is formed in the vicin-
ity, <9 R?, of the central object, rotational effects must be taken
into account also. The rotational period of BF Ori is about 3
days, derived fromv sini ∼ 100 km s−1 (Böhm & Catala 1995)
and R? (Sect. 6). Such effects are then difficult to separate from
any accretion effect, without the help of other, simultaneously
observed, lines. For example the co-variations with the sodium
RACs, but also the relative weak changes in the blue Hα emis-
sion peaks for BF Ori and UX Ori on this time scale (Grinin et
al. 1994; de Winter et al. 1994), are reasons to exclude a pure ro-
tational origin. Rotation though could explain the behaviour of
the January 1995 absorption components in the emission peaks
when dense material close to the star is dragged into similar
rotations.

Rotation of the Hα emission region might even strengthen
the current complexity. For example, in case the evaporating
bodies will move in a similar direction as the star and the coro-
tating Hα emission region, they will obscure the redshifted part
of the Hα profile at lower velocities than the blue peak. As
the emission peak lies at low velocities, this means relatively
stronger absorption in the red than in the blue. Such an effect
may be visible during the 08 to 09/10/1993 obscuration, in the
latter the emission ranges up to +250 and to−300 km s−1,
when the RACs, i.e. the screening, is the strongest. When get-
ting brighter the emission extents to higher velocities, up to +350
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and−350 km s−1 in the spectra of 10 and 11/10/1993. This is
followed the 12th by a stronger decrease at higher velocities
of the blueshifted emission peak than in the red. The later be-
ing in accordance with the blueshifted absorption ofsodium
that night. We suggest, therefore, “co-rotation” of the accretion
process with the star or local environment. Moreover, that dur-
ing the infall of much material part of the Hα velocity field is
screened, which is then “biased” to lower velocities.

Fifth, in the case that evaporated gas from infalling bodies
causes Hα variations, blueshifted events as observed for sodium
must be seen also. This would explain the differences in the
self-absorption profile between 11 and 12/10/1993. A reason to
observe blueshifted emission, as discussed for the sodium lines,
is the result of evaporated material swept up by the stellar wind
and radiation pressure. Indeed, the dramatic weakening of the
blue peak at 10/10/1993 follows the strongest RACs of the days
before. Hydrogen gas produced by evaporation will survive the
stellar radiation field longer than neutral sodium. Therefore, Hα
features are in general stronger, easier to detect and useful to
explain the blueshifted sodium events.

For example, in the case where we mentioned the occur-
rence of extra emission, around−200 km s−1, in the 11/10/1993
spectrum. It is preceded by emission at higher velocities and dis-
appears the day after. Again this emission feature follows the
strong RAC of sodium, so a connection with a star-grazer is
tempting. The velocity is close to the maximum velocity for the
accreting sodium. When the star-grazer is out of the line-of-
sight its gaseous material could be seen as emission, hydrogen
will “survive” longer. So, such an observable accretion effect
does not have to show similar features in Nai and Hα.

Without simultaneous guiding Nai D spectra Hα profiles are
hard to understand, e.g. the 11/01/1994 spectrum (Fig. 3). In this
spectrum the Hα emission peaks are flipped in strength com-
pared those shown in Figs. 1c and 3. Similar profiles were de-
tected during December 1994, see Fig. 4, and will be explained
in the following section.

5.2. Spectroscopic evidences for revolving clouds

Photometric minima of UXOR type stars are explained by the
obscurations by large optically thick dust clouds. Supporting
spectroscopic evidences for UX Ori (Grinin et al. 1994) seem
also to be present for BF Ori during the intermediate brightness
phase in October 1993. The spectroscopic absence of any strong
additional component in the observed lines shows us that the
obscuring material is not very gaseous. In the case that the dust
to gas ratio is very low, we then expect evidences for revolving
clouds, which will be addressed now.

A clear difference between BF Ori and UX Ori is the V/R
ratio of most Hα profiles, mainly< 1 for BF Ori and> 1 for UX
Ori. For V /= R and variations therein, could be explained by the
presence of a density structure in the disk. When it rotates a flip
over of the peaks is observed (Telting et al. 1994). A flip over
of the V/R value for the Hα profiles was detected both during
December 1994 and January 1995, it happened only once per
time series and lasted at least two days. The time scale must

be at least of the order of weeks and excludes an explanation
exclusively based on stellar rotation.

Simultaneous with the flip over in Hα, during the Decem-
ber 1994 observations, absorption components of NaiD and
Hei changed from blue to redshifted, Fig. 4. This proves again
a common origin of the line forming regions. We use the absorp-
tion/obscuration hypothesis of the previous sections to explain
this behaviour. The Hα emission is formed much closer to the
stellar surface than the distance where the star-grazers evapo-
rate. The continuous evaporation of refractories in the gaseous
tail, cool gaseous material, causes the NaiD absorption and the
hot collisionally ionized gas the lines of Hei. On 13/12/1995 the
cool material moves towards the observer but the hot Hei region
is roughly at systemic velocity with a more extended wing in the
red. The day after, the NaiD and Hei features are followed by
similar profiles but clearly redshifted. The blueshifted absorp-
tion in sodium changed to weak emission. In case of Hei the
blue part may be filled in by some emission too. This emission
might have been present before and was explained earlier by
swept up gas from the evaporation process. The almost instant
change of velocity in both the cool and hot regions indicates
that the absorbing material causing this is rather clumpy.

The evaporated gas of this clump or body absorbs part of the
Hα emission. It does not explain why this absorption is peaked
to higher velocities than for sodium though. It might be that the
absorbing hydrogen covers a larger region than the sodium, as
mentioned in Sect. 5.1.3. If due to a higher hydrogen abundance
the ratio must be 0.6 for [Na/H] and for [Na/He] roughly 2, but
note the simplified picture of these estimations as discussed in
Sect. 5.1.3. point three, and that parts of the absorption might
be filled in with emission.

When the absorbing body changes its direction of move-
ment from towards us to away from us, it will not absorb in the
blue anymore. Reasons for the increase of the violet Hα peak.
The change seen in the red Hα peak is less extended emission,
being cut-off at 220 km s−1 instead of at 260 km s−1. The latter
again strongly supports our obscuration and co-rotation hypoth-
esis: the absorbing body is now seen more in the line-of-sight,
covering only the Hα emission regions closest to the star that
co-rotates, only the red wing diminishes at higher velocities. In
another way, it is hard to explain influences on the Hα profile
in the blue and red over a velocity range of about 500 km s−1

in one day. From the center of the Hei profiles and wings of the
sodium lines we estimate that this body or clump itself changed
about 70 km s−1 in radial velocity in one day.

The third night (15/12/1994) the sodium lines are stronger
and peak to lower velocities, the latter is also seen for the Hei
line. Probably more cool gaseous material is produced in the
line of sight. This extra material causes also extra absorption
in Hα at low velocities. As the body moves around the central
object, and is now seen further out the line-of-sight, parts of the
Hα emitting region close to the star will be less obscured, the
red wing at higher velocities is indeed stronger again.

The observed properties and changes in this data-set are very
different from those observed before. In view of these data we
propose a larger body that moves in a wider orbit but of which
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material is evaporating and falls to the star as the red absorption
wings get more pronounced. This body must be partly gaseous,
for the absorption components, and partly dusty, for the obscu-
ration.

6. Size of the October, 1993, comet-like body

With the different data-sets we have solved the time scale of the
accretion events. Consequently, we can interpret the increase of
strength of the RAC, on 8 and 9 October 1993, and the disappear-
ance during the following nights as accretion of cool material
in a certain concentration or clumpy structure. As we proposed
this to be a comet-like evaporating body we can estimate: (1) its
size and mass when it is or becomes (by evaporation) completely
gaseous, and (2) the distance to BF Ori when evaporation takes
place.

The optical depth can be written as

τν =
πe2

mec
N f Qabs(ν) (1)

in which e and me denote the charge and mass of an electron,
respectively; c is the light speed;N is the number of absorbing
atoms per cm3 in the energy level from which the absorption
occurs;f is the oscillator strength andQabs the absorption ef-
ficiency.

The absorption efficiency∫ ∞

0
Qabs(ν) dν ≈ 1 (2)

for absorption at most dust materials around A-type stars with
grain sizesa � 10−5 cm (Gilman 1974). As BF Ori was ob-
served at a relatively bright phase, either the optical depth of the
absorbing material was not too large, option (1), or the stellar
surface was only partly obscured, option (2). Option (2) seems
more realistic as the relative strength of both sodium lines are
equal which points to saturated lines, so optically thick gas. As
the RACs go down to roughly 0.5 of the continuum level we
estimate a 50% projected covering of the stellar surface by the
evaporated gas. We shall, however, start our calculations with
option (1) being the first approximation.
Option (1): For the NaiD RACs of 9 October, 1993, we can
estimateτν ≈ 0.5 compared to the component at rest velocity.
The amount of evaporated sodium particles from this infalling
body can then be estimated from∫

τν dν ≈ 0.5∆ν =
πe2

mec
Nf (3)

The material detected in the RACs is shifted by about
100 km s−1, so for theD2 line at 5890Å the ∆ν = v/λ can
be calculated. As the transitions from the ground state of Nai to
the first upper term are single and strong we can put for the Nai
resonance lines approximatelyf = fD2 + fD1 ≈ 1

3 + 2
3 = 1.

We then obtain for theD2 line

NNaI ≈ 9.7×1012 atoms cm−2 (4)

in the line of sight on October 9, 1993. For the abundance
of sodium we adopt two values: (a) the normal IS abundance

Table 2. Estimated parameters, see text, for a clump of material that
causes by complete evaporation the 9 October 1993 RACs. The calcu-
lations are done for the IS and comet Halley’s abundance. The errors
in rc proceed from the ones in the stellar radius.

Abund. NH NTot.
H MH

c MCorr.
c rc

Na/H cm−2 atoms g g km

2×10−6 4.5×1018 2.8×1042 4.5×1018 — 10 ± 2
5×10−3 1.8×1015 1.2×1039 1.8×1015 3.6×1016 2.0 ± 0.4

(Na/H≈ 2×10−6), which gives an upper limit for the amount of
hydrogen; (b) the dust abundance for material evaporated from
comet Halley (Na/H≈ 5×10−3), as we have indicated the non
cosmic abundances for the evaporated material. (Our abundance
estimates itself are not useful, they are very rough values and the
absolute influences of the evaporated material on especially Hα
can not be properly made, note the line complexity and the many
influences as discussed.) For each abundance we have listed in
Table 2: (1) the estimated amount of hydrogen (NH cm−2) re-
leased by the evaporation, (2) with logL?/L� = 1.37+0.11

−0.13,
log Teff = 3.90 (Sect. 2) we getR? = 6.2+1.8

−1.6 R�, and obtain
NTot.

H , being the total amount of hydrogen atoms in the line of
sight when the evaporating material obscures the whole stellar
surface, (3) the hydrogen mass of the evaporated material:MH

c

and (4)MCorr.
c , the massMH

c corrected for the overabundance
of heavy elements for comet Halley’s abundances (Jessberger
et al. 1988).

The masses derived are comparable to those of comets in
the solar system. The radii of the evaporating cloud (rc), given
in Table 2, are estimated from:

r3
c =

3Mc

4πρc
(5)

and the cometary densityρc ≈ 1 g cm−3, similar to the density
of the outer planets in the solar system.

When the evaporating material obscures only 50% of the
stellar surface the size will be about 8 to 1.6 km, instead of the
values given in Table 2.
Option (2): This option is now easy to describe as the latter
numbers will change to>8 and>2 km, for respectively the
cosmic and mass corrected Halley’s abundances, in the 50%
covering approximationbut with an optical depth ofτν � 1.0
taken.

Because rc ∼ρ
−1/3
c , different densities only play a crucial

role when our solid body approximation is wrong. For higher
optical depths,Mc will be an equivalent factor higher. As a
general result we have in the solid approximation evaporating
bodies which are at least solar-type comets in their sizes and
masses. Assuming that such “cometaries” are falling straight
toward the star, along the line of sight, the evaporation will take
place at a distance

rd =
2GM?

v2
esc

(6)

with vesc ≈ 100 km s−1 andM? = 2 M� we get
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rd ≈ 0.4 AU (7)

This value can be used as a rough indication of typical values
to consider. In a more realistic case the cometary crosses the
line of sight with some projected observed velocities, being in
this case≈ 100 km s−1. The deduced 0.4 AU is, therefore, only
an upper limit. In case the RAC is caused by fragmentation,
as discussed for our October spectra, from an orbiting body
as detected in the December 1994 monitoring programme, this
“parental-body” must have been orbiting at a larger distance
than estimated, so at least 0.4 AU (≈14 R?). The period of a
comet orbit would then be at least 65 days for zero eccentricity.

We have detected another revolving body, in Sect. 5.2., to
move from one side of BF Ori to the other, or 12.4+3.6

−3.2 R�,
within 1.8 days. Adopting a Keplerian orbit we obtain a period
of 80±20 days for such a body if periodical, with distancea =
0.46±0.11 AU. Possible follow-up observations must therefore
include a monitoring programme covering these time scales.

7. Comparison with other Herbig Ae/Be stars

Routine detection of infalling, circumstellar gas in all of the
UXORs with high resolution optical or UV data suggests that
infall episodes are frequent in the disks of Herbig Ae stars.
Recent UV studies of AB Aur (log(Age/yr) =6.3±0.2, van den
Ancker et al. 1997, 1998) and HD 163296 (log(Age/yr) =6.6±
0.4) suggest that infalling circumstellar material is visible at all
epochs in AB Aur (Grady et al. 1998) while more sporadic, about
25% for the time sampled, for the slightly older HD 163296
system (Grady et al. 1999). The still older HD 100546 system
(age> 10 Myr), despite very limited UV temporal coverage,
shows distinct strong/weak infall episodes (Grady et al. 1997),
similar to those observed inβ Pic. The level of infall activity
for BF Ori, about 60% of the observed nights, with pronounced
night-to-night variations as well as some indication of short
duration quiescent periods, appears intermediate in character
between AB Aur and HD 163296.

8. Model interpretations and results

The study of spectroscopic features which can be interpreted
arising from (solid) star grazing bodies, as observed in UX
Ori, motivated the spectroscopic monitoring of BF Ori at differ-
ent epochs and wavelength regions including the Hei 5876Å,
NaiD and Hα lines. The selection of BF Ori is based on its
similarities with UX Ori. Both are Herbig Ae stars of the same
age, 3+2

−1 Myr, belong to the UXOR subclass, and are known to
have many observational phenomena in common. The follow-
ing similarities between BF Ori and UX Ori are observed in our
time series:

–) Very extended red wings in the NaiD lines. Sometimes seen
as complete redshifted absorption components (RACs).
–) The existence of Heiλ5876 in absorption, and co-variations
with the redshifted absorption NaiD profiles.
–) A double peaked Hα emission profile. Although for BF Ori
the red peak is the strongest in most spectra, while for UX Ori

V/R > 1, the day-to-day variations of this profile are similar
and in phase with those seen for the NaiD lines.

Most observed spectroscopic properties in BF Ori can be
explained by the detection and dynamics of two types of CS
bodies, namely by the presence of extra-solar comets and re-
volving dust clouds. Both mechanisms are separately discussed
below.

8.1. Detection of extra-solar comets around BF Ori

In agreement with observations of UX Ori (Grinin et al. 1994;
de Winter et al. 1994), some other UXORs (Grinin et al. 1996a;
Grady et al. 1996) and theoretical studies (Sorelli et al. 1996;
Beust et al. 1996; Grinin et al. 1996b; Kholtygin et al. 1997)
our monitoring data strongly supports the general interpretation
that we observe the evaporation process of solid star-grazers,
based on the following arguments:

1) Neutral atomic gas species near an A-type star have a short
photoionization lifetime (Sorelli et al. 1996). This indicates the
in-situ production of Nai at free-fall velocities as detected.
2) These high velocity redshifts of several hundreds of km s−1

rule out a more classical grain transport process such as the
Poynting-Robertson drag and an origin in small grains. Radia-
tion pressure will rapidly remove grains below a few microns
from the stellar vicinity (Sitko et al. 1994).
3) The infalling material is clumpy and not ionized. We resolved
in our time series that infall events last several days with strong
variations, and the absence of infall in some occasions. This dis-
agrees with a more continues accretion and mechanisms consid-
ered, such as magnetospherically channeled accretion (Edwards
et al. 1994).
4) The presence and the variations of Hei absorption cannot
be accounted for by the photosphere of an A-type giant. It is
explained, note the co-variations, by collisionally ionized gas
produced by interaction of the infalling material with the disk
material. Other explanation are discussed, such as Hei released
from icy clathrates (Grady et al. 1998), but these do not fully
explain the observations.
5) The Hα profile changes are very complex, but can be
explained as absorption by the evaporated material, e.g. the
gaseous comae, and obscurations of the Hα emission line form-
ing region, extending up to 0.2 AU, by the infalling bodies and
clumpy (partly evaporated) material at larger distances.
6) The equal structure and strength of both the RACs of the
sodium D components indicate the presence of optically thick
gas. Together with the flat-bottomed absorption and the covering
factors it supports that significant parts of the stellar surface, up
to about 50%, are obscured.
7) The resolved time scale of the infall events suggests that
we witnessed the evaporation of one infalling clump from 8 to
10 October 1993. Calculations show that this “cometary” had a
possible mass of3.6 × 1016–4.5 × 1018 g and a size of 2–10 km
when completely evaporated and depending on the abundances
taken. The distance to the central star during evaporation was
in the order of 0.4 AU.
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8) The determined abundances for the infall events are typically
not cosmic, [Na]≥[He]≥[H]. The presence of refractory ele-
ments and their high ratio against the volatiles, as best observed
in the UV (Grady et al. 1996a), constitutes evidence for repro-
cessed material with an origin in grains or larger solid bodies.

This is in fact what we observed: the reprocessing mech-
anism, the evaporated material, originating from the outer re-
gions, enrich the inner disk material with fresh dust and heavy
elements (Grinin et al. 1996b), both required for the formation
of true planetesimals. In view of the similar evaporation pro-
cess with the (reprocessing) comets in our solar system, and the
common dimensions as mass and size we prefer to speak about
extra-solar comets, cometaries or cometesimals. Additional ar-
guments for this interpretation are given by de Winter et al.
(1997).
9) A difference with UX Ori is that we detected for BF Ori
blueshifted absorption and weak emission components in the
NaiD lines. We have shown that the blueshifted events are ei-
ther due to swept up gaseous material, as shown theoretically
to occur when the evaporation of the star-grazers is efficient
(Grinin et al. 1996b), or due to accretion activities coming from
the “back-side” of the disk. With the current data no good dis-
tinction between the two can be made.

Referring to cometaries for our detected star-grazers one
may expect periodicity and therefore these blueshifted features.
We have shown that blueshifted events similar to the redshifted
ones are visible, but weaker. Note that for young objects the life
time of accreting bodies are shortened as they move through
disk-material, as seen by the strong shell lines (Fig. 2). A situa-
tion, in general, not very different from that in the solar-system
where most comets do not survive a solar passage.

Indeed infall or passage fragmentation will occur as indi-
cated by theoretical calculations (Grinin et al. 1996b; Beust et
al. 1996) and visible by the Shoemaker-Levy event. Calcula-
tions of Beust et al. (1996) show to a sharp limit in the red wing
of the absorption profile when one observes the evaporation of
one single body. Indeed the 09/10/1993 spectra show a sodium
RACs with a sharp limit at∼ 120 km s−1, which support the
calculations made before. A number of them in the line of sight,
with gaseous overlapping velocities, produces a RAC that de-
creases slowly to higher velocities, e.g. the spectra of 08 and
13/10/1993. We have evidences of both situations. In case frag-
mentation occurred in the 09/10/1993 case, the parental body
was larger than the calculations made for this cometary or frag-
ment. Evidences for large bodies are also found in our spectro-
scopic monitoring. However, we have discussed in Sect. 5.1.1.
that a complete evaporation of 1 m sized bodies desintegrated
from a large cometary, as proposed by Grinin et al. (1996b), does
not follow our observations. In a way their calculation show a
too efficient desintegration process, which might point to a more
solid body that “resists” longer.

8.2. Detection of revolving dust clouds

1) The infall activity identified as evaporating star-grazers is
observed to be dependent of the light level. It is supporting

evidences that this accretion activity and the obscuring dust
clouds are mainly located in different regions of the CS disk.
2) The low velocity components of NaiD are very strong in
absorption, for both UX Ori and BF Ori, but being variable
and not always present for BF Ori. They were explained by
slow moving dense cool gaseous bodies of which their covering
factors and densities determines the line strength as in the case
of the “cometesimals”.
3) The strongest support for rotating clumpy gaseous material,
though, are found in the most intensive monitoring programme;
that of December 1994. Apart from this, we observed the pres-
ence of blueshifted absorption in the NaiD lines that appeared
redshifted the night after and developed to more prominent com-
ponents, similar to the RACs, on the third night. These changes
are detected with exact co-variations of the Hei absorption pro-
file and a flip over of the red and violet peak strength of the
Hα profile, clearly indicating that the variations of these three
different lines must have had a common origin of one single
body.

The exact changes with the Hα profile can be well explained
again by the hypothesis that parts of the inner disk, where the Hα
emission mainly originates, are obscured by cool gaseous bodies
orbiting BF Ori. The orbital period of this probably large, partly
gaseous, body is calculated to be between 60 and 100 days and
a distance of0.46±0.11AU. Note here that the self-absorption
peak remains stable for∆t ≥ 6 days during several runs and
co-variates with the large brightness changes.

These observations support previous detections of clumpy
material by photometric and polarimetric monitoring (e.g. Ros-
topchina et al. 1997). Calculations show that such clouds, with
mass≈1021 g and radius≈ 8 R? resist tidal forces only down
to 10 AU (Grinin et al. 1994).

9. Concluding remarks

Assuming that UXORs are PMS stars, an assumption recently
questioned by Kovalchuk & Pugach (1997), they are Herbig
Ae stars that are slightly more massive than the progenitors of
β Pic like systems. It is tempting, but not fully justified yet (Natta
et al. 1997), to assume, as shown by the accretion properties,
an evolutionary sequence among these objects. Moreover, the
recent detection of a centrally cleared region in the CS disk of
the 10 Myr A0 V star HR 4796 (Sandage et al. 1998) might have
been triggered by planet formation processes. Note that UXORs
like BF Ori and UX Ori may end their PMS phases on the MS as
∼A0 V type objects and can, therefore, be considered possible
progenitors of the HR 4796 system.

Based upon all the information that we have gathered in
this study, plus the inference of types of observed CS bodies,
their characteristics and the fact that we have enriched material
in these few Myr old systems, we argue that we are looking at
accreting and orbiting planetesimals. A future goal must be to
carry out further spectroscopic monitoring of additional UXORs
or other young objects in order to justify these conclusions. By
covering different time scales and epochs, one might gain more
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insight in the relations of the (accreting) CS bodies, if present,
with planetesimals and the evolutionary status of the systems.
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Grady C.A., Ṕerez M.R., Bjorkman K.S., Massa D., 1999, ApJ, to be

submitted
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