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Abstract. We present sub-arcsec observations of a sample of 31 Herbig Ae/Be and related stars obtained with the
technique of near-infrared speckle interferometry. In 18 of the 31 stars we find evidence for circumstellar halos.
These halos have a typical size of 1.1”, corresponding to ~1000 AU at the distances of the objects. Most of the
halos have blue colours, hence are seen in scattered light. The incidence of observable circumstellar matter is
significantly higher than in a larger sample of T Tauri stars observed with the same technique (Leinert et al.
1993a). We suggest that this difference results as a consequence of a faster initial evolution of the more massive
Herbig Ae/Be stars. The near-infrared halos found in our study appear to correspond to the “envelopes” invoked
to model the strong mid-infrared excesses of Herbig Ae/Be stars.
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1. Introduction

Herbig Ae/Be stars are the more massive counterparts
of T Tauri stars, and they show similar signs of stellar
activity. It may be expected that the formation processes
for these two groups of stars are similar as well.

For the young, low-mass T Tauri stars, observations
have shown that they are surrounded by circumstellar
disks, formed during the collapse of the protostellar cloud.
This disk provides an important reservoir for the star,
from which it draws a large fraction of its mass. In the
initial phases of accretion, the disk dominates the lumi-
nosity of the system. Later, the disk becomes “passive”
and is heated by radiation from the newly-formed young
star, which still leads to substantial excess emission at in-
frared wavelengths. The infrared spectral energy distribu-
tions (SEDs) indicate that in many T Tauri stars the disk
temperature decreases quite slowly with distance from the
star. A simple explanation for these flat temperature pro-
files has been given by Natta (1995): thin, nebulous halos
surrounding star and disk scatter the stellar radiation and
thus provide additional heating of the outer parts of the
disk.

Herbig Ae/Be stars by their original definition (Herbig
1960) are associated with mass concentrations giving rise
to reflection nebulae, and in addition they often are
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surrounded by substantial amounts of circumstellar mat-
ter. This is part of their general similarity to T Tauri stars.
However, it has been questioned whether the disk-based
scenario accepted for the formation of low-mass stars also
should apply to the Herbig Ae/Be stars, as pointedly for-
mulated by Hartmann et al. (1993) in the title of their pa-
per: “The excess infrared emission of Herbig Ae/Be stars —
Disks or envelopes?”. This should not be taken as a fully
exclusive alternative, but as an encouragement to study
the relative importance of envelopes and disks for star
formation in the mass regimes of Herbig Ae/Be stars and
of T Tauri stars. High spatial resolution observations are
the most direct way to access this question.

Our first observations showed strong near-infrared ha-
los around a few Herbig Ae/Be stars (LkHa 198, V376 Cas
and AFGL 490, see Leinert et al. 1991a; Haas et al. 1992).
Here we will report on near-infrared speckle observations
of a sample of Herbig Ae/Be stars which we searched
systematically for extended emission on the scale of a
few hundred AU. The aim is to see if there are differ-
ences in the circumstellar matter distribution between
Herbig Ae/Be stars and the lower mass T Tauri stars
studied earlier, and if so, to understand the reason for
this difference.

2. Sample and data

The sample of 31 Herbig Ae/Be and related stars stud-
ied with near-infrared speckle-interferometry was based
on the list of Finkenzeller & Mundt (1984), with emphasis
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on selecting apparently active objects. It is the same sam-
ple that was analysed by us for duplicity in a previous
paper (Leinert et al. 1997, Paper I). In fact, we use here
the same data to search for the incidence of halos.

The observations were performed with the 3.5 m tele-
scope on Calar Alto and with the 3.6 m telescope on
La Silla between 1985 and 1995. The sample, the journal
of observations and the general method of near-infrared
speckle-interferometry have been described in Paper I.
A preliminary report on resolved emission found around
some of these stars was given at the Amsterdam 1993 con-
ference on Herbig Ae/Be stars (Leinert et al. 1994).

For speckle-interferometric data, the spatial informa-
tion is best derived from the “visibility”, i.e. the modulus
of the Fourier transform of the object brightness distribu-
tion. The basic signature of extended emission is a drop of
the visibility at low spatial frequencies (e.g. 1-2 arcsec™1),
followed at higher frequencies by a constant plateau which
represents the unresolved contribution from the star and
its closest vicinity (see Fig. 1). For quantitative evaluation
of the data, we approximate the brightness distribution of
the halos by a Gaussian, normalised to the total object
brightness:

I o Ihalo 1 1'2

(z) = Lot 270 exp( 202> ’

where x and o are measured in arcsec, and the full width
at half maximum brightness is FWHM = 2.35 ¢. For one-
dimensional slit scans, the method mostly used in our
observations, this usually is an adequate representation
also for more structured two-dimensional brightness dis-
tributions (Ridgway et al. 1986). The visibility for this
Gaussian brightness distribution, when normalised to the
total brightness Iiq, results as

- exp(—2m20%u?),
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where u is the spatial frequency in arcsec™'. If such a halo
symmetrically surrounds an unresolved source, the visi-
bilities of the two components simply add, and a system
visibility like those shown in Fig. 1 results. A halo around
a binary would affect the system visibility curve in a cor-
responding, similar way (see Figs. 2 and 3 in Leinert &
Haas 1989).

Our standard procedure for the study of halos in this
sample consisted of assuming a Gaussian halo brightness
distribution centered on an unresolved source (or on a bi-
nary composed of unresolved sources) and solving by a
least squares fit for the observables Inalo/lior and o. In a
few cases, two Gaussian distributions of different FWHM,
a narrow one and an extended one, were needed to appro-
priately fit the data. In this case, the total halo brightness
is the sum of the brightnesses of the two halo components.
Again, if both of these halos symmetrically surround an
unresolved source, the visibilities of the three components
simply add. Errors in halo parameters were determined
from separate fits to subsets of the data (Dyck et al. 1984).
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Fig.1. Examples of one-dimensional visibility curves. They

refer to an unresolved source (AB Aur, K = 4.3 mag), a source
with an intermediate halo with little wavelength dependence
(LkHa 234, K = 8.3 mag) and a source with a strong “blue”
halo (AFGL 4029, K = 7.8 mag). In all cases, the visibility
scale is 0.1 per tick mark.

Measurements at 2.2 um (K band) are available for all
of the sources. For several objects, the search for halo emis-
sion included two or more of the near-infrared wavelength
bands between J and M, which in these cases allowed to
study the wavelength dependence of the halo emission.

The objects cover the K magnitude range from 3.5 mag
to 9.5 mag. Observations of good quality, with visibili-

ties measured to spatial frequencies of 3 arcsec™! or more,



Table 1. Summary of the survey for halos: (1) object, (2) distance and (3) spectral type (see Paper I), (4) fractional halo brightness in the band indicated in Col. (9), (5) to
(8) geometry of the halo, (9) wavelength bands observed; data refer to the one shown in boldface, (10) wavelength dependence of fractional halo brightness, (11) scattering
mass (dust plus gas), calculated according to Leinert et al. (1991a), (12) characterisation of the halo or the source, (13) references. For two-compaent models of the halo,
these two components are referred to separately in Cols. (4) to (6) and occasionally also in (7) and (8). The remaining columns always refer to the full halo or system.

Uncertain results are qualified by “” (see text).
Name d Spectral Thato/ Ttot Halo: FWHM Elon- Position Observed Relative Scattering Character of  Refer-
(kpe) type (") (AU) gation angle bands spectrum  mass (Mp)  halo or source  ences

) (2) (3) (4) (5) (6) ) (8) ) (10) (11) (12) (13)

LkHa 198 0.6 B/Ae 0.19+0.03 0.50+£0.07 300 no JHKL' A0 5.6 x 1073 strong 1
0.23£0.02 1.65+0.18 990

V376 Cas 0.6 B5e 0.13+£0.03 0.49 £ 0.09 290 no HKL A28 8.6 x 1073 strong 1
0.18 £0.02 2.28+0.10 1370 slight 220°

BD +61°154 0.65 B:e 0.12+£0.03: 0.7+0.2: 450:  uncertain E-W: HKL 2.4 % 1073: intermediate

AFGL 4029 2.2 Be 0.22+0.03 14+£03 3100 no 315° HKL A7L0 0.50 strong

AFGL 490% 0.9 B4 0.30+£0.03 1.16+0.11 1040 no 225° HKL' M A2 0.045 strong 2

Elias 1 0.14 A6e 0.114+0.02 1.1+02 150 yes E-W JHKL' 222 0.3x 1073 intermediate 3

LkHa 101 0.8 F?e 0.154+0.02 0.9+0.2 720 HKL'M intermediate

AB Aur 0.16 B9,A0e <0.02 K <0.1x1073 unresolved

HK Ori 0.46 B8/A4ep <0.05 JHK <21x1073 binary 4

T Ori 0.46 A3e <0.03 K <1.3x 1073 unresolved 4

V 380 Ori 0.46 B8/Ale <0.14 JHKL <2.4 x 1073; binary 4

LkHa208 1.0 FOeV <0.05 K <0.01 binary 4

R Mon 0.8 BOe 0.21+£0.02 0440.1 320 slight N HKL A723 0.12 strong
0.16 £0.02 3.0+0.3 2400

LkHa25 0.8 B8pe <0.10 K <0.01 unresolved

Z CMa 1.15 FUOR <0.03 HKL'M <2.1x 1073 binary 5,6

13395-6153% ? 0.09 £ 0.02: 1.6 £0.4: KL faint

HR 5999 0.15 ATe <0.03 JHK <0.1 x 1073 binary 4

V921 Sco 0.16 Bep? 0.06 £ 0.04: 0.8 +£0.4: 130 KI' 0.2x 1073 faint 4

KK Oph 0.16 B,Ae <0.05 HKL <0.2x1073 binary 4

17216-3801% ? 0.10 + 0.04: 0.3 £0.1: KL' no scattering  intermediate

MWC 300 15.5 eq/Ble  0.07 +0.02 1.1£03 1700 no HKL' 0.02 faint

VV Ser 0.44 B,Ae 0.08+0.03 0.6 £0.2 260 slight E-W JHK 0.4 %1073 faint

R CrA 0.13 A5:e  0.08 £0.02 1.0+04 130 HKL 0.9 x 1073 faint

T CrA 0.13 FO:e <0.08 HKL <0.9x 1073 unresolved

G70.7+1.2° 1-4.5 B: 0214002 12402 2500 JHKL' M 08 no scattering strong

BD +40° 4124 1.0 B2,3e 0.12+£0.03: 1.1 +0.3: 1100:  uncertain N-S HKL' 0.02 intermediate

PV Cep 0.6 Abe <0.05 K <4x107? unresolved

V645 Cyg 3.5-5.6 OT7e <0.03 HK <0.12 unresolved

LkHa234 1.0 B5/7¢  0.10 £0.02 1.84+0.5 1800 yes N-S HKIL' A0 0.03 intermediate

LkHa233 0.88 A7e 0.33+0.06 0.51+0.03 450  uncertain NNE: HKL A3 0.01 strong 7
0.17 £ 0.02 22+£03 1900  uncertain NNwW

MWC 1080 1.1-2.2 B0?e <0.02 JHKL' M <0.7 x 1073 binary 4

@ High mass ° IRAS high mass YSO candidate © high mass YSO.
References: [1] Leinert et al. (1991a), [2] Haas et al. (1992), [3] Haas et al. (1997), [4] Leinert et al. (1997), [5] Koresko et al. (1991), [6] Haas et al. (1992),
[7] Leinert et al. (1997).
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were obtained down to a brightness of K = 8.5 mag (see
Fig. 1). In these cases halos more extended than by 0.2”
FWHM are well characterised by the measurements. For
the two fainter sources, Lk Ha 208 and Lk Ha 25, the mea-
surements suffered from noise.

3. Results
3.1. The full sample

The results of our halo search are summarised in Table 1.
The most striking detections have already been pub-
lished separately: LkHa 198 and V376 Cas in Leinert et al.
(1991a), AFGL490 in Haas et al. (1992), LkHa 233
in Leinert et al. (1993b), Elias1 in Haas et al. (1997).
The near-infrared halo around R Mon was first dis-
cussed by Beckwith et al. (1984). In our full sample of
31 Herbig Ae/Be and related stars we have 18 objects
where at least a faint extended brightness on arcsec scale
is indicated. In general, these halos are quite symmetric.
The typical (median) halo size is FWHM = 1.1”, or, with
an assumed average distance of 1 kpc, FWHM =~ 1000 AU.
No evidence for halos was found in the thirteen remaining
sources within the limits given in Table 1. Fields for which
no significant values can be derived from the data are left
blank.

When measurements in several wavelength bands
were available we have chosen to present results for the
wavelength band with the best S/N ratio. The wave-
length dependence of halo brightness relative to the unre-
solved central source usually was derived from all observed
wavelength bands. The exceptions are Elias 1, where at
K and L’ we see a narrower structure possibly due to
a close companion; G70.74+1.2, where the J band, and
LkHa 233, where the L' band do not definitely show re-
solved emission.

A special source of uncertainties in the halo parame-
ters are seeing variations during the measurements. Such
variations to some extent can mimick the decay in visi-
bility curves at low spatial frequencies typical for resolved
halo emission. This in some cases leads to an unknown ad-
ditional systematic error on the measurements. Where a
significant systematic contribution of this error cannot be
excluded, this has been indicated by the “:” sign following
the halo parameters in Table 1. In the case of V380 Ori, a
0.15” binary, the visibility curve in the H band showed a
small dip at low spatial frequencies superimposed on the
cosine shape typical for a binary. In principle, this could be
the signature of halo emission around this star. However,
since from observations in the other wavelength bands we
have no additional evidence supporting this assumption,
we only give an upper limit for a possible halo contribu-
tion. The linear size of the halos is given on the basis of
available distance determinations (see Paper I), and there-
fore is affected by the uncertainty of those determinations.
The errors on the relative spectrum of halo brightness,
expressed as error in the exponent of the adopted power
law, are estimated as £0.3-0.4. This error is comparatively
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large but sufficient to distinguish between halos dominated
by scattering and those probably containing a substantial
contribution of thermal emission.

Table 1 shows separate columns for elongation and po-
sition angle. The information under “elongation” refers to
the question of whether we see an intrinsic flattening of
the extended brightness distribution or whether we see
none. In the case of a flattened distribution, such as for
Elias 1 and LkHa 234, the column “position angle” shows
the orientation of the long axis. Even for quite circularly
symmetric distributions of brightness, however, the center
of the light distribution may be offset from the unresolved
central source. In this case, denoted with elongation “no”,
the direction of this offset is given in the column “position
angle”, too.

3.2. Comments on individual sources
3.2.1. LkHa 198 and V 376 Cas

In these sources, an additional argument for scattering as
the main process of halo radiation comes from the strong
polarisation of the halos observed in the near-infrared
(Leinert et al. 1991a). For a more detailed overview on
the complex geometry of these two neighbouring objects
see the discussion in Leinert et al. (1991a) and the more
recent studies by Koresko et al. (1997) and Asselin et al.
(1996).

3.2.2. AFGL 4029

AFGL 4029 is surrounded by a strong halo (see Fig. 1): at
all three wavebands the visibility declines at low frequen-
cies followed by a nearly constant plateau. The height of
the plateau is different for the three wavebands; it is small-
est at H, meaning that the relative contribution of the
halo increases at the shorter wavelengths. Also, at H the
decline is steepest, meaning that the halo extent is largest.
These are typical signatures for a scattering halo.
Interestingly, for AFGL 4029, a source with a strong
halo, the phase of the Fourier transform (not shown here),
which contains the information about the halo symmetry,
deviates from zero. This means that the halo is not located
symmetrically around the central unresolved source, but
is shifted towards PA = 315°. This picture appears to be
quite consistent with the L’ and K band data. At H, how-
ever, and to a lesser extent at K, a thorough inspection
of the visibility reveals a faint dip at spatial frequency
0.6 arcsec™! and an — admittedly noisy — maximum at
about 1.2 arcsec™!. Together with the strong asymme-
try in the phase, this suggests that we see two maxima
in brightness. The possibility of a double star, embed-
ded within a strong halo, can be excluded on the basis of
the K and L' band data. Rather AFGL 4029 could have
an underlying bipolar structure. The unresolved central
object dominates the flux and the extended emission is
strongest in the NW direction, with a brightness minimum
between its peak and the central source. Such a brightness
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distribution would naturally result with an optically thick
circumstellar disk, which is responsible for a strongly
asymmetrical extinction of an intrinsically bipolar halo,
dimming one of the lobes (the southeastern in this case).
Forward scattering also would tend to boost the brightness
of the nearer lobe. This structure of the source has also
been proposed by Deharveng et al. (1997) from an opti-
cal and near-infrared study of the region. The presence of
both high optical thickness regions and low optical thick-
ness regions around AFGL 4029 is also concluded from the
mid-infrared observations of Zavagno et al. (1999).

3.2.3. LkHa 101

Recently, Tuthill et al. (2001) resolved LkHa 101 at
1.65 pm and 2.2 pm by aperture masking techniques on
the KeckI telescope. They found a limb-brightened struc-
ture with a radius of 21 milli-arcsec (mas) for the circu-
lar ridge of brightest emission and in addition a probable
companion at 180 mas to E-NE, contributing 4% to the
system brightness at H. They interpret the ridge as the
location of the hot edge of an inner cavity in an accretion
disk seen more or less face-on. The results, published as
high-resolution maps over a field of 0.3 x0.3”, show no ev-
idence for the arcsec-sized halo found in our observations.
Possibly their method is not sensitive to this wide struc-
ture. Our speckle observations, performed on a 3.5m tele-
scope, could not have resolved the limb-brightened struc-
ture and would not have shown the close, faint companion.

3.2.4. AB Aur

AB Aur is unresolved in our measurements: the visibility
shown in Fig. 1 remains nearly constant, corresponding
to a size of less than 30 mas. Millan-Gabet et al. (1999)
were able to resolve this source in the near-infrared at
the IOTA interferometer and found a Gaussian FWHM
of 4.7 + 0.1 mas. Marsh et al. (1995) infer a consid-
erably larger extension of ~0.3"” at mid-infrared wave-
lengths between 10 pym and 20 pum. In continuum mm-
interferometry AB Aur was unresolved, but measurements
in the 1*CO(1—0) line gave evidence for an inclined disk
of 3" size (Mannings & Sargent 1997). Ground-based
(Nakajima & Golimowski 1995) and HST coronographic
observations (Grady et al. 1999) show extended nebulos-
ity with the size of this CO disk; but in contrast to the
mm observations, the HST images show a largely circu-
larly — symmetric structure. Thus AB Aur gives a good
example of how different observing methods are sensitive
to different parts of the circumstellar matter distribution.
It appears that on scales of 100 AU (or roughly 1”) there
is insufficient dust around to appear as a scattering halo.
However, the density distribution must be quite peaked
towards the star in order to appear — probably in thermal
emission — at the interferometric resolutions.
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Fig.2. Near-infrared speckle observations of Z CMa from
Calar Alto. Top: the H band (1.65 pm) observations from
February 13, 1992, performed at PA 30°, i.e. perpendicular
to the line connecting the two components of Z CMa, show
the source spatially unresolved in this direction. The line at
visibility 1.0 corresponds to a perfect point source. Bottom:
the M band (4.8 pm) visibility observations (e) at PA 160°
from January 7, 1993, are compared to the expectations for a
binary with brightness ratio 0.15 (Koresko et al. 1991, dashed
line) and a model including an extended disk-like structure in
this system, as proposed by Malbet et al. (1993, solid line). Our
observations support the binary model, but require a bright-
ness ratio of 0.25 at the time of observations.

3.2.5. R Mon

This is a highly structured region with R Mon at the
apex of the visible lobe of the underlying bipolar geome-
try. From HST WFPC2 and near-infrared adaptive optics
observations, Close et al. (1997) detected a T Tauri com-
panion star at 0.69” + 0.01”, which is fainter by about
5 mag in the near-infrared. Including previous determi-
nations of the SED of the source, they also give a model
of R Mon which, in addition to a close-in circumstellar
disk, requires a denser envelope well within the orbit of
the companion, and a thinner one extending well beyond.
The model is not presented in a quantitative way. But the
extent of these envelopes, the effective radii of which may
be estimated from the qualitative information given in the
paper to ~0.5"” and ~2.5"”, appears to match the sizes of
0.4"” and 3" given for our two halo components in Table 1.

3.2.6. Z CMa

7Z CMa is a binary with a separation of 0.1” at PA 120°
(Koresko et al. 1991). These authors also found that
the spectral energy distribution of Z CMa could best
be modeled when including a circumbinary disk of size
~400 AU. Malbet et al. (1993) claimed discovery of an
elongated emission region of this size with an orientation
in PA 160° from their observations in the L’ (3.87 pm)
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and M (4.75 pm) bands. Figure 2 shows that in our near-
infrared observations at H no sign of extended emission
can be seen in the direction perpendicular to the line con-
necting the two components of Z CMa. Similarly, our M
band 1D-speckle observations at PA 160°, performed at
higher spatial resolution than those of Malbet et al., do
not show the proposed extended emission. The slightly
decreasing visibility curve is naturally explained by the
existence of the companion (see Fig. 2), if the brightness
ratio is 0.25, a little larger than the ratios of 0.14-0.22
found previously (Koresko et al. 1991; Tessier et al. 1994).
We conclude with the latter authors that our near-infrared
study does not show any evidence for a resolved circumbi-
nary disk-like structure around Z CMa.

3.2.7. LkHa 234

LkHa 234 lies in a complicated region with several
young sources around (see, e.g. Weintraub et al. 1994;
Fuente et al. 2001). The visibility curve shown in Fig. 1
declines at low frequencies from 1.0 to about 0.9, and
remains nearly constant at higher frequencies. This be-
haviour, signifying the presence of extended emission
around an unresolved source, is similar in all three wave-
bands, with FWHM=1.8" + 0.5”. The decline is slightly
steeper at L’ than at K and H. This means that the ex-
tent of the halo is larger at L’ than at K and H, which
is not typical for a scattering halo, but which could result
if heating of the circumstellar material plays a role in the
emission. In our measurements, Lk Ha 234 is significantly
less extended in east-west direction (FWHM = 0.6"+0.4").
This suggests a flattened distribution extending north-
south. Indeed, the polarisation map of Weintraub et al.
(1994) shows across LkHa 234 the parallel pattern ex-
pected for a bipolar geometry with a disk extending north-
south. In the case of Lk Ha 234, our data are consistent
with a primarily disk-like structure of the circumstellar
dust distribution.

3.3. Relation to more recent studies

Since our observing campaigns in 1995, a few high spatial
resolution observations on Herbig Ae/Be stars have been
performed with superior techniques.

Millan-Gabet et al.  (2001) have studied
15 Herbig Ae/Be stars at near-infrared wavelengths
with the Infrared Optical Telescope Array (IOTA) on
Mount Hopkins with a baseline of up to 38 m. They
have four sources in common with our list: AB Aur,
MWC 1080, T Ori and V380 Ori. T Ori was found
unresolved, as in our data. For AB Aur, V380 Ori and
MWC 1080 they found extended emission from regions
several milliarcsec in size, which was not and could not
have been resolved in our single dish data from a 3.5m
telescope. Although sensitive to smaller spatial extents
than our survey, these interferometric data lead to a
similar conclusion: the resolved near-infrared brightness
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distributions show no evidence for elongated bipolar or
disk-like geometries.

The Hubble Space Telescope (HST) has observed only
a few intermediate-mass young stars, with publications on
R Mon (Close et al. 1997) and on AB Aur (Grady et al.
1999). Results relevant in our context have been men-
tioned in the section on individual sources above. The
HST observations are sensitive to fainter nebulosity than
our near-infrared study and therefore show both more
complex detail and the structures of the regions lying far-
ther out.

Corporon & Lagrange (1999) report on the detection
of six spectroscopic companions to Herbig Ae/Be stars, of
which T Ori, MWC 300 and MWC 1080 appear in our
list. In addition they have indirect evidence for spectro-
scopic companions from the identification of the Li6709 A
line in seven more Ae/Be stars, among which HK Ori and
V380 Ori belong to our sample. Because most of these
companions probably are very close to the primary star,
these new detections are important for the overall picture
but have no obvious relation to the distribution of circum-
stellar material on the scales we are searching. However,
we note that none of the five binaries common to our sam-
ple exhibits a strong halo.

Far-infrared studies from the Kuiper Airborne
Observatory (Di Francesco et al. 1998) or from the
ISO satellite (Abrahdm et al. 2000) have a spatial resolu-
tion of 60”—120", thereby covering regions which include
much more distant material than our halos. In addition,
in the crowded regions around many of our objects they
may be contaminated by other sources. Therefore we do
not consider the far-infrared emission further, although it
may be very informative for a comprehensive picture of
the objects. For similar reasons, we did not include in our
discussion the extensive mm continuum mapping survey
performed by Henning et al. (1998) on Herbig Ae/Be and
FU Orionis stars with beam sizes of 11”7-23". But we will
come back to the recent findings from mm interferometry
in Sect. 4.3.

4. Discussion
4.1. Incidence of extended emission

As already indicated in Table 1, we classify near-infrared
halos as strong, if in one of the observed wavelength bands
they contribute more than 20% to the system bright-
ness, as faint, if this contribution is less than 10% but
detected, and as intermediate in the intervening cases.
With this classification we then find in our sample of
31 Herbig Ae/Be and related stars 7 objects with strong
near-infrared halos, 6 with intermediate and 5 with faint
halos; 7 sources are binary and 6 are unresolved. Thus
more than a third of the sources have strong or interme-
diate halos and for more than half of them at least some
extended emission on the arcsec scale can be detected.
This contrasts to the case of the low mass T Tauri
stars, where we studied in Taurus a sample of 104 objects
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(Leinert et al. 1993a) with the same observing and re-
duction technique. Among these objects, only HL Tau
shows a strong near-infrared halo (Beckwith et al. 1984),
marginal detection of extended emission occured around
DG Tau (see Leinert et al. 1991b) and extended emission
of intermediate strength was found in the binary Haro
6-10 (Leinert & Haas 1989). If we omit the 33 sources
fainter than K = 8.5 mag from the Taurus sample,
in order to have a better matching of the brightness
range with the Herbig Ae/Be sample, the percentage of
T Tauri stars with halo still is only 3/71 ~ 5%. This
low frequency of observable near-infrared halos around
the T Tauri stars in Taurus does not seem to be un-
typical: in the younger and more embedded population
of T Tauri stars in the p Ophiuchi cloud, among the
brighter objects accessible to speckle interferometric ob-
servations, also only few extended sources are known from
near-infrared observations: Elias 21, Elias 29, WL16 and
YLW 16A (Zinnecker et al. 1988). This Ophiuchus sample
also contains about 100 stars, leading to essentially the
same conclusion regarding halo frequency around T Tauri
stars like the Taurus sample.

We therefore conclude that halos occur significantly
more frequently in the intermediate mass Herbig Ae/Be
stars than in the low mass T Tauri stars. This is true in
particular for the strong halos.

The larger luminosity of Herbig Ae/Be stars with re-
spect to T Tauri stars should not per se influence the
detectability of circumstellar extended emission, since the
detection is in the relative flux coming from these halos.
Primarily, the detection is therefore limited neither by
spatial resolution nor by source brightness, but by con-
trast and stability of observing conditions. With our tech-
nique we should have found the halos contributing more
than 5% to the system brightness. However, for sources
fainter than K = 8.5 mag, the noise in the signal may hide
all the signatures of faint and intermediate halos. This is
why we limited the comparison between Herbig Ae/Be
and T Tauri stars to magnitudes brighter than this limit.

Among the seven binaries in Table 1, we have no defini-
tive detection of halo emission. In part this may be a se-
lection effect, since faint and sometimes even intermediate
halos are difficult to detect in binaries with separation sim-
ilar to the halo size, although we found one in the T Tauri
star Haro 6-10. However, there are also physical reasons
why halos could be rare in binaries: the orbital motion
of the binary components may lead to a faster dispersal
of circumstellar matter, as was concluded from mm con-
tinuum observations of single and binary T Tauri stars
(Osterloh & Beckwith 1995). Given the similar incidence
of companions in T Tauri and Herbig Ae/Be stars, no sig-
nificant influence of duplicity on the comparison between
the two groups is expected.

We suggest an explanation of the higher incidence of
halos among Herbig Ae/Be stars based on different evolu-
tionary time scales: the Herbig Ae/Be stars on the av-
erage develop faster and are still younger at the time
we observe them. E.g., taking the evolutionary tracks of
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D’Antona & Mazzitelli (1994), a star of 2.5 Mg will start
approaching the main sequence at an age of 10 years
and reach it at 5 x 108 years, while a young star of mass
1 Mg or less will spend a much longer time on its track
towards the main sequence. The chances that the diffuse
material from the parental cloud core, swirling around the
young star, has not yet been fully accreted or has not yet
been dispersed are therefore more favourable in the case
of Herbig Ae/Be stars than for the more slowly evolving
and longer-lived T Tauri stars. This could lead to the sig-
nificantly higher frequency of circumstellar halos in the
Ae/Be stars.

4.2. Nature of the extended near-infrared emission:
Morphology and relation to mid-infrared emission

There is ample evidence for circumstellar disks in T Tauri
stars, but our near-infrared speckle-interferometric sur-
veys did not show evidence of the extended emission as-
sociated with them. The lack of disk-like extended emis-
sion in our sample of Herbig Ae/Be stars therefore does
not preclude the existence of circumstellar disks in these
objects. Such disks may play an important role also for
the structure of these more massive systems (Waters &
Waelkens 1998; Natta et al. 2000), but our observations
would not tell, because they are not sensitive to those par-
ticular spatial structures.

When we studied the extended emission around a
source in more than one (scanning) direction, the derived
sizes depended very little on position angle, which indi-
cates a more or less circularly symmetric brightness dis-
tribution. This was also true for sources where images at
visual wavelengths clearly show bipolar structure proba-
bly in combination with an edge-on or moderately inclined
disk, like for LkHa 233 or V 376 Cas. The notable excep-
tion is Elias 1 (Haas et al. 1997) which at J and H shows
a narrow structure elongated east-west. However, even in
this case it is not clear whether we are seeing radiation
from a circumstellar disk. LkHa 234 also shows a substan-
tial elongation, in this case in north-south direction; the
remaining elongations and preferential directions given in
Table 1 for other sources are not very pronounced.

The roughly symmetrical shape of the resolved near-
infrared brightness in our objects suggests that the cir-
cumstellar material fills a large part of the circumstellar
volume. Lobes in a bipolar geometry, confined by denser
material with conical openings, highly flared extensions
of disks, denser doughnut-shaped as well as thinner more
isotropic distributions all would be natural contributors
to this appearance. In the combined effect, the circum-
stellar matter we observe as halos must be optically thick
at visual wavelengths, otherwise it could not contribute
substantially to the near-infrared flux. Most of the sources
nevertheless can be well studied in the visual, which speaks
for an anisotropic distribution of the circumstellar mate-
rial within the first few hundred AU from the star. The
halos cannot continuously surround the star but must con-
tain substantial regions of lower optical thickness.
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Fig. 3. a) mid-infrared color-color diagram of those sources
from Table 1 where KMQ photometry was available in the
literature. Symbols: Herbig Ae/Be stars with strong halo (o),
with faint and intermediate halo (4). For comparison: HL Tau
(o) is an extreme T Tauri star, and the only one in Taurus
with a strong halo. The dashed rectangle marks the area popu-
lated by normal T Tauri stars, including flat spectrum sources.
b) correlation diagram between the relative intensity of the
observed halos and the mm continuum (1.1 mm or 1.3 mm flux
density), normalised by the K band flux (which is dominated
by the stellar emission).

Further clues about the nature of the extended emis-
sion come from a comparison with published radia-
tive transfer calculations. Most recent models predict-
ing the spectral energy distribution of Herbig Ae/Be
stars build on both a compact dense circumstellar disk
and an optically thin more extended envelope (e.g.
Miroshnichenko et al. 1999). Note that the “envelopes”
in these models refer to the same geometrical distribu-
tion as our “halos”. The models predict that, due to their
shallower temperature dependence with radial distance,
the envelopes dominate the extended near-infrared and of-
ten the total mid-infrared brightness of the system, while
the disks are conspicuous at far-infrared/submm/mm
wavelengths. The characteristic sizes of these model en-
velopes are in the order of 500-1000 AU, corresponding
to 0.5”-1.0" at an average distance of 1kpe, which is in
excellent agreement with the sizes of the observed halos
(see Table 1). Therefore it is tempting to identify the en-
velopes used by e.g. the models of Miroshnichenko et al.
(1999) with the halos detected by us. The morphological
information resulting from the near-infrared observations
then provides empirical evidence for the size of these en-
velopes, which is not so well constrained by the models
themselves.
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The identification of mid-infrared emitting envelopes
with the observed near-infrared halos suggests a correla-
tion between strength of the halo and mid-infrared prop-
erties of Herbig Ae/Be stars. In Fig. 3a we plotted a
mid-infrared colour-colour diagram of those sources from
Table 1 where KMQ photometry was available in the liter-
ature. The figure reveals an interesting trend: sources with
strong halos (Ihalo/ltot > 0.2) occupy the reddest part of
the diagram, beyond the locus of even the most active
T Tauri stars like HL Tau. (Also in other colour-colour
plots, like K-N/K-Q or M-N/N-Q, the trend is clearly
seen.)

According to the model calculations  of
Miroshnichenko et al. (1999, see their Fig. 1) a high
mid-infrared spectral index indicates that the bulk of the
mid-infrared emission is produced by an envelope, while
for sources of lower spectral index the contributions from
disk and envelope are comparable. The high mid-infrared
emission also indicates that a significant amount of
material is relatively far from the star, i.e. the envelopes
observable in scattered light are not only strong, but
also extended on the 100 AU scale, perhaps due to a
relatively shallow radial density distribution. Sources with
weak or non-detectable halos are therefore those having
either a weak tenuous envelope, or having an envelope
so strongly peaked that our techniques cannot resolve
it. A further possibility for the suppression of extended
mid-infrared emission was suggested by Meeus et al.
(2001) from a discussion of the SEDs in a sample of
isolated Herbig Ae/Be stars: if the circumstellar matter
distribution contains a geometrically and optically thick
structure close to the star, then the outer regions will be
shadowed and neither enhanced mid-infrared excesses nor
near-infrared halos will be observed.

Still, the question remains whether the observed strong
near-infrared halos also require the presence of large
amounts of dense circumstellar matter, of which they
would simply be the optically thinner extension. To this
end we plotted in Fig. 3b a correlation diagram between
the relative intensity of the halos and the mm continuum
flux density (1.1 mm or 1.3mm) of the system. Detection
of mm flux in these optically visible objects requires that
the circumstellar dust be distributed in dense, highly flat-
tened structures. The lack of any obvious correlation in
Fig. 3b supports our conclusion that our observed halos
are a phenomenon different from and at most weakly re-
lated to the circumstellar disks.

4.3. Herbig Ae stars and Herbig Be stars

Recently, Natta et al. (2000) have emphasised a structural
difference between Herbig Ae/Be stars with spectral types
later than B8 (the Herbig Ae stars) and those with earlier
spectral types (the Herbig Be stars). While almost all of
the Herbig Ae stars studied by them were detected in mm
interferometric measurements, this was the case for only
one out of seven Herbig Be stars. These authors suggest
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that in the latter group the strong stellar radiation field
initiates a rapid evolution of the circumstellar environ-
ment, depleting a larger volume from dust concentrations
in disks.

In our data, there is no such pronounced difference
regarding the occurence of halos between these two sub-
groups of stars. Nevertheless there are indications that
with respect to halos these two subgroups are not iden-
tical. For most of the early-type stars in our sample we
detected extended near-infrared emission on the scale of
several hundred AU, with a median value of 0.1 for the
fractional halo brightness. For most of the Herbig Ae stars,
on the other hand, no halo could be detected, and the me-
dian result then is a non-detection.

This finding suggests again that these near-infrared
halos have little structural relation with the typical cir-
cumstellar disks. The underlying reason for the indicated
difference between Herbig Ae and Herbig Be stars may
be the same as that which we propose to be responsible
for the difference of intermediate mass stars to T Tauri
stars: that the faster evolution of the more massive stars
allows more remnant circumstellar material at the outer
reaches of the close stellar environment to be present in
recognisable amounts. It will be worthwhile studying how
this apparent richness of circumstellar material around the
most massive Herbig Ae/Be stars should be combined with
the “inside” destructive action advocated by Natta et al.
(2000).

5. Conclusions

From our near-infrared speckle-interferometric study of a
sample of active Herbig Ae/Be stars we conclude:

1. Halos on an arcsec scale are much more common
around young stars of intermediate mass than around
T Tauri stars;

2. This finding could simply be a result of the faster evo-
lution of the more massive Ae/Be stars;

3. Within our sample of Herbig Ae/Be stars it is the ear-
lier spectral types which more often show detectable
near-infrared halos;

4. We classify the observed extended emission as halos
because in almost all cases it appears roughly symmet-
rical, with little dependence of size on position angle;
Elias 1 and Lk Ha 234 are exceptions, but in both the
extended emission is only of moderate strength;

5. Based on the observed wavelength dependence of the
extended emission, most of these halos are seen in scat-
tered light. Estimates for the amount of scattering ma-
terial typically result in 1073 My-10"2 Me;

6. The halos can be identified with the envelopes assumed
in recent modellings of the spectral energy distribu-
tions of Herbig Ae/Be stars to explain the strong mid-
infrared excesses. Sources without observable near-
infrared halos have probably either too weak or too
centrally peaked envelopes or have the halo shadowed
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by optically thick material lying closer to the central
star;

7. No obvious relation between the occurence of halos and
of circumstellar disks was found.
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