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ABSTRACT

We have investigated the X-ray emission from Herbig Ae/Be stars, using the full set of Einstein IPC obser-
vations. Of a total of 31 observed Herbig stars, 11 are confidently identified with X-ray sources, with four

additional dubious identifications.

We have used maximum likelihood luminosity functions to study the distribution of X-ray luminosity, and
we find that Be stars are significantly brighter in X-rays than Ae stars and that their X-ray luminosity is
independent of projected rotational velocity v sin i. The X-ray emission is instead correlated with stellar bolo-
metric luminosity and with effective temperature, and also with the kinetic luminosity of the stellar wind.

These results seem to exclude a solar-like origin for the X-ray emission, a possibility suggested by the most
recent models of Herbig stars’ structure, and suggest an analogy with the X-ray emission of O (and early B)
stars. We also observe correlations between X-ray luminosity and the emission at 2.2 um (K band) and 25 um,
which strengthen the case for X-ray emission of Herbig stars originating in their circumstellar envelopes.

Subject headings: stars: emission-line, Be — stars: pre-main-sequence — X-rays: stars

1. INTRODUCTION

Herbig Ae/Be stars are more massive (M ~2-10 M)
counterparts of T Tauri stars, associated with reflection nebu-
losity and obscured regions. Since their original definition by
Herbig (1960), the number of known stars of this class has
increased continuously with the studies by Strom et al. (1972)
and Finkenzeller & Mundt (1984), among others, which have
confirmed the pre-main-sequence nature of these stars. They
share with the lower mass T Tauri stars peculiarities such as
infrared excess emission, conspicuous (optical and UV) line
emission, and irregular photometric variability.

All these peculiarities have a circumstellar, rather than an
intrinsic stellar, origin in both Herbig and T Tauri stars.
According to classical models (Iben 1965), manifestations of
purely stellar activity were not expected to be similar in Herbig
and T Tauri stars because of the essential differences in these
stars’ internal structure. These models indicated that A and B
stars were completely radiative, while deep convective zones
were present within late-type stars. However, more recent
models of protostellar and pre-main-sequence evolution of
Herbig stars (Palla & Stahler 1990, 1991, 1993) have suggested
that during the pre-main-sequence phase a transient
deuterium-burning shell develops, inducing a period of sub-
photospheric convection, at least in the cooler (Ae) stars.

Since the presence of a convective zone is supposed to be a
necessary ingredient for the operation of a stellar (0-w)
dynamo, some magnetic activity might also be expected to be
observable in Herbig Ae/Be stars, and observational evidence
of magnetic fields on these stars, although indirect, has been
found in some cases. In IUE UV spectra of the Herbig Ae stars
AB Aur, Praderie et al. (1986) found periodical variations in
the extent of the Mg 11 12800 line wings and interpreted them
as due to alternating fast and slow streams in a wind, forced by
the magnetic field to corotate with the star up to some dis-
tance. Other indications of a chromospheric-like activity exist
for Ae/Be stars, as summarized by Catala (1989).

In late-type stars, in addition to chromospheric emission,
coronal X-ray emission (Vaiana et al. 1981) can be an indicator
of magnetic activity. In these stars, the X-ray emission level has
been shown to correlate with magnetic dynamo parameters
such as stellar rotation rate (Pallavicini et al. 1981; Maggio et
al. 1987; Bouvier 1990; Damiani & Micela 1994).

In order to ascertain whether X-ray emission is present in
Herbig stars, as in their low-mass T Tauri counterparts, and to
determine whether such emission can be taken as a (further)
indication of magnetic activity in these stars, giving additional
support to theoretical models, we have undertaken a search for
X-ray sources, detected with the Einstein IPC (Giacconi et al.
1979) and positionally coincident with Herbig stars. To date,
only three Herbig Ae/Be stars have been reported as X-ray
emitters on the basis of Einstein data, namely TY CrA (Walter
& Kuhi 1981), V380 Ori (Pravdo & Marshall 1981; Sanders,
Cassinelli, & Anderson 1982), and HD 200775 (Grillo et al.
1992a), but their detailed X-ray properties have not been sys-
tematically investigated. Very recently, preliminary reports on
new X-ray observations of Herbig stars, performed with the
ROSAT PSPC, have been presented by Zinnecker & Preibisch
(1994) and by Damiani, Sciortino, & Micela (1994b), regarding
samples of 14 and three stars, respectively. Although the
ROSAT PSPC has higher sensitivity and better spatial and
spectral resolution than the Einstein IPC, the present study
may serve as a basis for these forthcoming, more detailed
investigations. Also, the information provided by the Einstein
data will allow the study of the long-term X-ray variability of
these stars and of their X-ray emission between 2 and 3.5 keV
(due to the different Einstein and ROSAT bandpasses).

Our paper is structured as follows: § 2 is a description of the
data selection and X-ray source identification, and § 3 deals
with X-ray data analysis; in § 4 we present the resulting dis-
tributions of X-ray luminosity for Herbig Ae/Be stars and
explore correlations between X-ray emission and other stellar
parameters, and in § 5 we discuss the results we obtained.
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2. SAMPLE SELECTION

2.1. The Optical Sample

Our initial optical sample consisted of all Herbig Ae/Be stars
listed by Finkenzeller & Mundt (1984), together with all stars
listed in the Herbig & Bell (1988) catalog of pre-main-sequence
(PMS) stars with spectral type earlier than F5. This choice,
although not strictly conforming to the original definition of
the Herbig Ae/Be class (Herbig 1960), may allow us to investi-
gate possible dependences of X-ray emission on spectral type
over a somewhat larger sample of stars. In support of this
choice, we note that some of the stars listed by Finkenzeller &
Mundt (1984) and Hillenbrand et al. (1992) as (likely) members
of the Herbig Ae/Be class have an F spectral type.

We have excluded from our sample the star Z CMa,
although it is listed by Finkenzeller & Mundt (1984), since
more recent studies (Hartmann et al. 1989) have shown that it
should be, more appropriately, considered a FU Ori object
rather than a Herbig Ae/Be star.

In a search of the stellar database of Einstein X-ray observa-
tions (Sciortino et al. 1988; Harnden et al. 1990) for X-ray
sources associated with Herbig Ae/Be stars, we cross-checked
the positions of stars in our optical sample with those of all
IPC X-ray sources, retaining an X-ray source as a possible
identification whenever it fell within 2’5 of an optical position.
Optical coordinates were taken primarily from the Herbig &
Bell (1988) catalog. For the few stars in our optical sample not
listed in this catalog, we have precessed the coordinates given
by Finkenzeller & Mundt (1984) and have checked them using
the SIMBAD database; among these stars, only two (HD
53367 and LkHa 119) fell within IPC fields of view. With this
preliminary criterion we identified 15 stars with X-ray detec-
tions, while for 16 other stars that fell within IPC fields of view
we obtained only upper limits.

However, not all 15 stars satisfying this identification cri-
terion were actually reliably associated with an X-ray source.
For some of them, another PMS (usually late-type) star was
also a possible counterpart for the given X-ray source, so we
had to examine carefully each individual case. As a result, we
have discarded four stars as unlikely optical-X-ray identifica-
tions (see below for the criteria used). Since positional uncer-
tainty up to ~1' may exist both in X-ray source positions
(because of low signal-to-noise ratio [S/N]) and in the optical
position (because of circumstellar diffuse emission; Herbig &
Bell 1988), some of the stars we have discarded could actually
be true X-ray sources. Until more accurate optical and X-ray
positions become available, however, we conservatively regard
these stars as undetected in X-rays; this raises the number of
undetected stars to 20, leaving only 11 stars with a sufficiently
reliable (to our judgement) X-ray identification.

2.2. Retained Identifications

A detailed description of our adopted criteria for accepting a
given optical identification is given below. A similar descrip-
tion is given in the next subsection for the discarded identifica-
tions.

1. BF Ori—This star is about 10 from the corresponding
X-ray source. There is no other obvious optical counterpart.

2. LkHo 220.—This star is offset 0’4 from the X-ray position.
No other PMS star lies within 3’ of the X-ray position.

3. V380 Ori—This star is closely coincident with a strong
(10.2 o) X-ray source (with an offset of 0.1-0.4) detected in three
distinct IPC observations. Although Proust, Ochsenbein, &
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Pettersen (1981) reported the existence of a companion, Herbig
& Bell (1988) remark that this may be simply a structure in the
surrounding nebula. We therefore retain V380 Ori as the X-ray
emitter. Furthermore, its X-ray luminosity is too high to arise
from a T Tauri companion (Damiani et al. 1991, 1994a).

4. LkHo 234—This star is 11 from the X-ray position, lying
within 1’ of the IPC image center. With the same X-ray source
is associated another Herbig star (+65° 1637, with an offset of
079), as well as a T Tauri star (HBC 731, with an offset of 1.7).
Both Herbig stars are closer to the X-ray position than the T
Tauri star, and because of the small off-axis angle of the source
we consider the two former stars as associated with the X-ray
source. Zinnecker & Preibisch (1994) have recently reported on
the lack of X-ray detection of LkHa 234 with the ROSAT
PSPC, with an upper limit on L, much smaller than the value
we derive here. However, since we cannot resolve the two stars
(LkHa 234 and + 65° 1637) with the IPC nor can we rule out
X-ray variability between the two epochs of observation, we
retain LkHa 234 as a possible X-ray identification.

5. +65° 1637—See note on LkHa 234. This star can be
confidently associated with the X-ray source.

6. HD 200775.—This star is closely coincident with the posi-
tion of a fairly strong (8.5 ) X-ray source (with an offset of 0.3).
The T Tauri star FU Cep is 11 distant from the same X-ray
source. However, and Einstein HRI observation of the same
field shows that the positional coincidence of HD 200775 with
the X-ray source is within about 3”, confirming the identifica-
tion of the X-ray source with this star rather than with FU
Cep.

7. HD 259431 —This star is offset 03 from the X-ray posi-
tion. The T Tauri star LkHa 217 lies 23 from the same X-ray
source, and on the basis of this larger offset is a less likely
optical counterpart than HD 258 431.

8. TY CrA—This star coincides closely with an X-ray
source, with a 02 offset. Since TY CrA is a known eclipsing
binary (Kardopolov, Sahanionok, & Philipjev 1981), we will
discuss in § 4.1 the likelihood that its X-ray emission is due to
the companion.

9. VY Mon—This star is one of the six PMS counterparts
of an X-ray source and is offset from it by 1'2. The other five
stars (LkHa 274, VY Mon/G4, VY Mon/G2, V481 Mon, and
VY Mon/G5) all lie within 11 of the X-ray source and are all
equally likely counterparts.

10. VY Mon/G2.—See note on VY Mon.

11. LkHoa 215—This star is 1'5 from the X-ray position.
Other counterparts are LkHa 213 (with an offset of 1/4) and
LkHa 214 (with an offset of 0.7). Given the large off-axis angle
of the X-ray source (27') all three stars are equally likely identi-
fications.

2.3. Discarded Identifications

1. T Ori—This star and the T Tauri star AN Ori are both
identified with the same X-ray source, but their offsets from the
X-ray position are 1:7 and 0.5, respectively, at an off-axis angle
of 26’. In another observation, where these stars lie 8 off-axis
and the positional accuracy of the IPC is better, the discrep-
ancy between the positions of T Ori and of the X-ray source is
even larger; therefore, the T Tauri star AN Orri is to be regard-
ed as the most likely counterpart to the X-ray source.

2. LkHo 25 (V590 Mon, W90)—This is one of the many
counterparts of an X-ray source in Monoceros, from which its
offset is 1:5. The star LR Mon is closer to the X-ray position,
with an offset of 09 (at an off-axis angle of 4').
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3. CU Cha (HD 97048)—This star is offset 2'3 from an
X-ray source. A more likely counterpart is LkHoa 332—17,
offset by only 0/3 (at an off-axis angle of 9").

4. MR Ori—This star is near the Orion Trapezium region,
1’5 from a strong X-ray source (0:2 off-axis). Many other stars
are closer to the X-ray source position and are more probable
counterparts.

3. X-RAY ANALYSIS

There were two automatic source detection algorithms for
IPC data in the Rev 1 processing (Harnden et al. 1984), the
so-called Local and Map methods, differing in the evaluation
of the background at a given position in an image. Source
detection was done separately in the “soft” (0.16-0.8 keV),
“hard” (0.8-3.5 keV), and “broad” (0.16-3.5 keV) IPC spec-
tral bands. We have adopted in each case the count rates given
by the Map method, which is more sensitive in the case of weak
X-ray sources, applied to the broad band. Whenever this
method did not detect the source, we have made use of count
rates given by the Local method (in the broad band if possible,
or alternatively in the hard band).

In those few cases in which a star has been detected in many
IPC images, we have retained the count rates of the corre-
sponding X-ray sources only if these were unobscured by the
detector window support structure. In two cases (V380 Ori and
HD 200775) where a choice among different X-ray count rates
still remained, we adopted the one with the highest S/N, after
having explored whether the individual rates obtained gave
any indication of variability. While HD 200775 was constant
within errors, X-ray variability seemed to be present in the case
of V380 Ori (a star with a good optical-X-ray identification).
Two X-ray detections gave count rates differing by a factor of 2
(at the 3 ¢ confidence level). We have adopted the lower count
rate, since this detection has higher S/N (another detection of
this star, although partially affected by the detector support
structure, gave a similarly low count rate).

The derived count rates were then divided by the number of
(a priori) equally likely counterparts. Five stars of our sample
(out of 11 likely detections) belong to groups unresolved by the
IPC, and the determination of their X-ray fluxes is therefore
affected by this choice.

Count rates have been transformed to intrinsic source fluxes
using suitable conversion factors (Harris et al. 1993), which
depend on source spectrum and on line-of-sight absorption of
X-rays (parameterized by the hydrogen column density Ny). A
rough idea of intrinsic source spectrum and intervening
absorption can be gained directly from the limited spectral
resolution of the IPC, provided that a sufficient number of
X-ray counts (more than ~ 70) have been recorded, as was the
case for three Herbig stars (V380 Ori, TY CrA, and HD
200775). Fits to the IPC spectra (using the IRAF/PROS spec-
tral package) showed that in all three cases a Raymond model
provided a reasonable fit to the observed spectrum, as sum-
marized in Table 1.

TABLE 1
SUMMARY OF X-RAY SPECTRAL FIT RESULTS
Star x?> dof. T logNg  logNu(Av)

(keV) (cm~2) (cm—2)
1.08¥952 21.87%518 21.58
1.04%7 5 21747338 21.35
0.801335 21.68%932 21.65

V380 Ori 72 6
TY CrA 137 7
HD 200775 5.2 7
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The source temperatures appear similar to those inferred in
the case of T Tauri stars (Walter & Kuhi 1981; Damiani et al.
1994a). To derive the conversion factor of count rate to flux, we
assumed kT =1 keV for all stars of our sample, while our
choice of a value of Ny for each star is problematic. If one
assumes an average interstellar gas-to-dust mass ratio along
the lines of sight toward the Herbig stars, the Ny values
derived from the optical extinction 4, (Ny = 2.22 x 10%'4,
cm ™~ 2; Gorenstein 1975) would be more than a factor of 2 lower
than those we have derived for V380 Ori and TY CrA from
direct fitting procedure (see Table 1), although this discrepancy
remains within the typical uncertainties on Ny determination.
We are unable to ascertain on the basis of the IPC data alone,
whether this apparently systematic effect is real. For stars
without published A4, values, we assumed for Ny the median
value of the other stars.

Most of the absorption toward these stars probably arises in
the immediate stellar neighborhood, where prevailing condi-
tions are expected to differ substantially from those in the
average interstellar medium (higher ionizing radiation flux, or
some unspecified stellar-wind heating mechanism); hence rela-
tions derived on the basis of average interstellar conditions
may not be appropriate. However, since no better estimates of
Ny are presently available for most stars in our sample, we
elected to infer Ny from the optical extinction, with the caveat
that this introduces an uncertainty, on the order of a factor of 2
in Ny and no more than 30% in the derived X-ray flux.

X-ray luminosities L, were inferred from the derived fluxes,
corrected for absorption, using the distances given by Hill-
enbrand et al. (1992). For stars of our sample not considered by
those authors, we have assumed the same distance as for other
stars associated with the same clouds (associated clouds for
each star are reported by Herbig & Bell 1988).

We also computed upper limits on X-ray luminosities of
undetected stars, with limiting count rates taken as equal to
those of the neighboring X-ray source for the stars listed as
“discarded identifications ” in § 2.3. For other stars, a limiting
count rate was calculated using the prescription of Harris et al.
(1993), choosing a significance level of 3.5 ¢. Limiting count
rates were converted to upper limits on L, following the same
method as used for detections.

The X-ray luminosities together with other relevant X-ray
data are listed in Table. 2. In the identification flag (“Id. Flag™)
column we give an estimate of the reliability of the optical-X-
ray identification, on the basis of the arguments presented in §§
2.2 and 2.3. Relatively certain identifications are labeled with
“H,” while tentative identifications requiring confirmation are
labeled with “L.” Note that we have classified as good identifi-
cations both stars of the pair LkHa 234/+ 65°1637, since at
least one of the two Herbig stars (and not another late-type
star) is the likely X-ray source.

4. RESULTS

4.1. The X-Ray Luminosity Distribution of Herbig Ae/Be Stars

Given the large fraction of sample stars not detected in
X-rays, we choose to study the X-ray luminosity distribution of
our sample using the Kaplan-Meier estimator (Avni et al.
1980; Feigelson & Nelson 1985; Schmitt 1985), an approach
justified by the fact that the detection and upper limit thresh-
old distributions are indistinguishable. Detection fractions
were 9/20 for Be stars, 1/8 for Ae stars, and 1/3 for FO-FS stars.
Since we detected less than half of our Herbig stars (11 of 31),
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TABLE 2
X-RAY DATA FOR HERBIG Ae/Be STARS

HBC Name IPC Offset Offaxis Count rate S/N Nr. of 1d. log L.,
Seq. (") ") (cts/sec) Counterp. Flag (ergs/s)
164 V380 Ori 7241 0.1 2.6 0.019 10.25 1 H 31.38
169 BF Ori 7241 1.0 15.7 0.006 4.18 1 H 30.56
287 TY CrA 4512 0.2 7.9 0.040 7.58 1 H 30.42
309 LkHa 234 5038 1.1 0.8 0.009 3.73 2 H 31.66
202 VY Mon 5034 1.2 29.1 0.009* 2.51 6 L 30.66
522 VY Mon/G2 5034 1.1 29.1 0.009* 2.51 6 L 30.66
528 LkHa 215 7237 1.5 27.1 0.006 3.80 3 L 30.95
529 HD 259431 7237 0.3 18.8 0.003 3.19 1 H 31.04
551 LkHa 220 10726 0.4 5.3 0.005 3.57 1 H 31.59
726 HD 200775 10066 0.3 0.2 0.031 8.51 1 H 31.92
730 +65° 1637 5038 0.9 0.8 0.009 3.73 2 H 31.46
154 T Ori 7248 e 25.0 <0.021 <31.42
219 LHa 25 5089 N 6.1 <0.012 <31.47
246 CU Cha 10350 . 7.0 <0.011 <30.41
456 MR Ori 2567 cee 1.6 <0.132 <32.22
3 LkHa 198 2244 cee 27.2 <0.034 <31.99
78 AB Aur 3810 cee 8.1 <0.003 <29.31
192 HD 250550 5033 e 0.3 <0.008 <31.16
201 LkHa 341 7237 N 28.9 <0.006 <31.36
281 LkHa 118 3124 e 27.5 <0.013 e
288 R CrA 4512 . 9.0 <0.011 <30.08
290 T CrA 4512 N 10.0 <0.011 <30.04
310 +46° 3471 5039 e 1.2 <0.016 <31.89
312 LkHa 257 5039 ves 18.3 <0.021 <32.00
325 V376 Cas 2244 A 27.0 <0.034 <32.04
451 HD 245185 9060 N 5.9 <0.009 <30.62
493 V350 Ori 4921 e 0.1 <0.009 <31.05
689 +40° 4124 5036 e 0.5 <0.010 <31.97
690 V1686 Cyg 5036 v 0.6 <0.010 <32.14
e HD 53367 10725 . 7.3 <0.007 <31.84
LkHa 119 3124 - 29.1 <0.014 <32.48

2 X-ray source detected only in the hard band with the Map method.

we failed to sample the median of their L, distribution, and our
maximum likelihood luminosity function is therefore represen-
tative only of the high-luminosity end of the true distribution.
Moreover, the upper limits on L, that we derived are generally
rather high and therefore do not put stringent constraints on
the X-ray luminosity, but merely rule out L, above 103°-103!
ergs s~ ' for some stars. On the other hand, we positively
detected a few Herbig stars with X-ray luminosity as high as
L,>10%" ergss™ 1.

Since the whole sample of Herbig stars ranges in spectral
type from BO to F2, it may be so heterogeneous a sample of
objects that constructing separate X-ray luminosity functions
for the Ae and for the Be stars could prove revealing. Such
luminosity functions are plotted in Figure 1, where we also
report for comparison the X-ray luminosity function of the T
Tauri population in the Taurus-Auriga star-forming region
(Damiani et al. 1994a). The obvious difference between the
luminosity functions of the T Tauri and the Be stars strength-
ens our identifications of X-ray sources with Herbig stars
rather than with other possible T Tauri counterparts (§ 2.2).

Note that for the Herbig Be stars, the percentage of X-ray
detections (~45%) is apparently higher than that found
(~5%) for the overall sample of B stars (Grillo et al. 1992a),
despite the similarity in the distributions of detection thresh-
olds for the two samples. The Herbig Be star X-ray luminosity
function compares well with the high-luminosity tail of that of
bright B stars (Grillo et al. 1992b). This similarity in X-ray
emission levels suggests that the X-ray emission mechanisms
might be similar in Herbig Be and in other bright B stars.

The X-ray luminosity function of Herbig Ae stars looks
quite different from that of Be stars, with the average L, being
more than an order of magnitude lower. A quantitative
(Wilcoxon) test shows these distributions to be different at the
99.1% confidence level, suggesting that the X-ray emission of
Ae and Be stars might have different origins. However, a caveat
is in order: the very limited sample size, and the even smaller
number of detections, requires that this and other conclusions
be confirmed by further (more sensitive) observations.

While it appears different from that of Be stars, the X-ray
luminosity function of Ae stars is very similar to that of T
Tauri stars in Taurus-Auriga (Damiani et al. 1991, 1994a); a
Wilcoxon test cannot reject the hypothesis that the two
samples are extracted from the same parent population
(confidence level only 28%). Therefore, present data are in
agreement with the hypothesis that the X-ray emission of
Herbig Ae stars might actually originate from (mostly
unknown) T Tauri companions, rather than from the Ae stars
themselves, a hypothesis put forth by various authors (Schmitt
et al. 1985; Caillault & Zoonematkermani 1989; Micela et al.
1990) to explain the (rare) cases of detection of X-ray emission
from main-sequence A or late B stars, which lack both a con-
vective structure, necessary to drive a magnetic dynamo (as in
late-type stars), and strong winds, whose instabilities may give
rise to shocked, X-ray—emitting regions (as in O stars). It
should be noted, however, that a few cases exist in which the
X-ray emission apparently does arise from the A star itself
(Micela et al. 1990 and references therein).

We note that we adopted a spectral type B9 for the star TY
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Fi16. 1.—Maximum likelihood luminosity distributions for Herbig Be stars
(solid), Ae stars (dashed), and Taurus-Auriga T Tauri stars (dotted).

CrA, as reported by Herbig & Bell (1988; see also Finkenzeller
& Mundt 1984; Casey et al. 1993), and not A5 as tabulated by
Hillenbrand et al. (1992), although a B9 type implies a value of
R(=A,/Eg_,) ~ 6.5, rather than the usual R = 3.1, in order to
be compatible with photometric data.! Had we assumed an A5
spectral type, TY CrA would turn out to be the brightest
Herbig Ae star in X-rays. However, since it is a known eclips-
ing binary (Kardopolov et al. 1981), we would attribute its
X-ray emission to the companion rather than the the Ae star
itself. In fact, assuming for the companion a rotation period
equal to the binary period (2.888777 days; Kardopolov et al.
1981), the observed L, agrees with the correlation between
X-ray emission and rotation found for low-mass PMS stars
(Bouvier 1990; Damiani et al. 1991; Damiani & Micela 1994).
Therefore, even assigning an A5 spectral type to TY CrA, there
is no need to invoke intrinsic X-ray emission from the Herbig
Ae star itself. We also note that the only detected Ae star (VY
Mon/G2) has an uncertain identification and could not be
responsible for the observed emission.

4.2. Relationships between X-Ray Emission and Spectral T ype,
Bolometric Luminosity, and Rotation

A plot of L, versus spectral type (taken from Hillenbrand et
al. 1992, or Herbig & Bell 1988) is shown in Figure 2. A trend
of increasing L toward earlier spectral types, for types earlier
than about AS, is supported by the low upper limits for four
AO-A5 stars. Application of statistical tests, available in the
ASURY package (Rev. 1.1, LaValley, Isobe, & Feigelson 1992;
see also Isobe, Feigelson, & Nelson 1986), yields the result that
L, and T, (derived from spectral type using the calibration of
Cohen & Kuhi 1979) are correlated (probabilities of no corre-
lation are only P = 0.0010 and P = 0.0013, according to a Cox
proportional hazard test and to a generalized Kendall’s t-test,
respectively). Effective temperatures and other data for Herbig
stars, taken from the literature are listed in Table 3.

! Accordingly, we also adopted bolometric luminosity and v sin i from
Casey et al. (1993).

Spectral Type

FiG. 2—X-ray luminosity L, as a function of spectral type. Filled dots
indicate stars with the most reliable X-ray identifications, and empty dots the
remaining stars. Arrows are X-ray upper limits. Error bars on L, reflect only
statistical uncertainties.

In order to check to what extent the correlation probabilities
found may be affected by errors in the adopted data, we have
repeatedly added randomly scattered errors to the original
data, each time applying the above tests. As noted by Skinner
et al. (1993), typical uncertainties for T, are about 25% for
Herbig stars. Applying the tests to the scattered data 100 times,
we obtained a range of values for the probabilities of no corre-
lation, whose 16%, 50%, and 84% quantiles are P = 0.0004,
0.0017, and 0.0049 (Cox test) and P = 0.0011, 0.0028, and
0.0058 (Kendall’s z-test), respectively. Therefore, the corre-
lation found is not significantly affected by possible errors in
the adopted effective temperature.

Since Herbig (Be) stars are not far off the main sequence in
the H-R diagram, a dependence on spectral type implies a
dependence on stellar bolometric luminosity. Such a depen-
dence might provide a clue about the origin of X-ray emission
in Herbig stars that is easier to interpret than the correlation
with T,¢. A scatter plot of L, versus Ly, is shown in Figure 3:
as expected, a trend of increasing L, with Ly, is indeed visible.
Values of Ly, for Herbig stars have been derived by various
authors (e.g., Strom et al. 1972; Finkenzeller & Mundt 1984;
Berrilli et al. 1992; Hillenbrand et al. 1992) and differ some-
times by more than one order of magnitude for one given star.
However, we have preferred to use here the values of Hill-
enbrand et al. (1992) (rather than some average value), which
take appropriately into account the large (up to 90% of total
L,,,) radiative output of these stars at UV wavelengths. The
errors for the Ly, estimates of Hillenbrand et al. (1992) are
typically a factor of 2, in agreement with the average uncer-
tainty estimated by Skinner et al. (1993).

We have previously suggested that any X-ray emission from
Herbig Ae stars might be intrinsic to the Ae stars themselves
and that therefore one should consider the Ae stars separately
from the Be stars when looking for correlations between L,
and L,,. If one ignores stars of type Ae and later (Fig. 3,
squares) in the L.-L,,, plot, the Be sample alone (circles) no
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TABLE 3
OPTICAL DATA FOR HERBIG Ae/Be STARS

HBC Name Sp. Dist. loglia EW(Ha) FWHM(Ha) Ay 14 vsini  logLasu log M log Liin
Type  (pc) (Lo) (4) (km/s) (km/s) (ergs/s) (Mo/yr) (ergs/s)
164 V380 Ori B9 460 1.93 58 260 1.7 10.00 e 34.23 -7.94 32.69
169 BF Ori F2 460 0.49 13 350 0.0 10.32 N 33.37 -8.81 32.08
287 TY CrA B9 130 1.94 2 e 1.0 8.95 <15 33.94 . e
309 LkHa 234 B3 1000 3.24 25 140 3.4 11.90 <200 35.94 -7.16 32.94
202 VY Mon B8 800 . 50 12.89 e 35.61 .. cee
522 VY Mon/G2 A0 800 21 ... 17.90
528 LkHa 215 B5 800 2.95 25 380 2.1 10.42 <200 34.67 -7.33 33.63
529 HD 259431 B5 800 3.80 52 200 1.6 8.69 100 35.07 -6.82 33.58
551 LkHa 220 B5 1150 e 35 280 .o 12.30 . 34.40 e e
726 HD 200775 B3 600 4.25 32 280 2.0 7.39 60 35.16 -6.55 34.14
730 +65° 1637 B2 1000 3.38 26 280 1.9 10.15 180 35.21 -7.07 33.62
154 T Oni B9 460 1.92 16 280 1.7 9.96 100 . -7.95 32.75
219 LHa 25 B8 800 0.96 47 340 06 12.78 N 34.62 -8.52 32.34
246 CU Cha A0 215 1.84 30 . 1.3 8.45 140 34.23 -8.00
456 MR Ori A2 460 ... 10.55
3 LkHa 198 A5 600 0.75 85 eee 25 14.29 e 35.49 -8.65 e
78 AB Aur A0 140 1.76 27 240 0.4 7.07 140 33.94 -8.04 32.52
192 HD 250550 B7 700 2.38 40 220 0.5 9.48 110 34.65 -7.67 32.81
201 LkHa 341 B3 800 42 cee ... 13.36 33.10
281 LkHa 118 B5 . 20 400 3.3 11.13 “ee
288 R CrA A5 130 1.90 1.9 10.74 34.58 -7.96
290 T CrA Fo 130 0.78 . e 1.7 13.37 - 33.77 -8.63 eee
310 +46° 3471 A0 900 2.73 20 210 1.7 10.10 150 34.09 -7.46 32.98
312 LkHa 257 B8 900 ... cee oo 1317 33.77 cee
325 V376 Cas Fo 600 0.45 37 e 29 15.60 . 35.46 -8.83 e
451 HD 245185 A2 400 1.23 12 180 0.1 9.93 80 33.94 -8.36 31.95
493 V350 Orni BS 460 33.53
689 +40° 4124 B2 1000 3.85 94 360 3.0 10.52 180 - -6.79 34.12
690 V1686 Cyg B5 1000 3.25 . e 4.8 12.90 e 36.03 -7.15 .
HD 53367 Bo 1150 5.38 11 270 2.3 7.01 30 35.44 -5.87 34.79
LkHa 119 B1 1900 14 280

REFERENCES.—Spectral types, distances, bolometric luminosities, and optical extinctions are taken from Hillenbrand et al. 1992, except for
TY CrA (Casey et al. 1993), the distance of LkHa 119 (Boesono, Thé, & Tlin A. Djie 1987), and the 4, of LkHa 119 (Finkenzeller & Mundt
1984). He EWs are from Finkenzeller & Mundt 1984 and Herbig & Bell 1988; Ho FWHMSs are from Finkenzeller & Mundt 1984. V
magnitudes are from Herbig & Bell 1988, except for HD 53376 (Hillenbrand et al. 1992). Rotational velocities are from Davis et al. 1983,
Finkenzeller 1985, and Casey et al. 1993. Luminosities at 25 um, mass-loss rates, and wind kinetic luminosities are also derived from literature

data, as described in the text.

longer shows correlation. Hence the suggested trend of L,
versus L, should be interpreted with caution. On the other
hand, the (low) upper limits on L, for Ae stars do give mean-
ingful constraints on the L,-Ly,, relation: they imply that any
physical mechanism giving rise to X-ray emission in Herbig Be
stars is no longer efficient for Ae stars of lower bolometric
luminosities (or at least, results in L, values two orders of
magnitude smaller). On this basis, the gross features of the
mechanism giving rise to X-ray emission in Herbig stars
should include a substantial dependence on the stellar bolo-
metric luminosity, reminiscent of the behavior of O stars. A
statistical analysis, applied to the whole Ae/Be sample, yields
probabilities of no correlation between L, and L,, of
P = 0.0039 (Cox test) and P = 0.0061 (Kendall’s t-test), respec-
tively. The correlation between L, and L, is therefore not
significantly different from that between L, and T. Also in
this case, we have applied the same tests 100 times to randomly
scattered L., data, obtaining (for the probabilities of no
correlation) distributions whose 16%, 50%, and 84% quantiles
are P = 0.0025, 0.0044, and 0.0084 (Cox test) and P = 0.0055,
0.0104, and 0.0168 (Kendall’s z-test), respectively. Also in this
case, uncertainties on Ly, do not significantly affect the corre-
lation.

A related possibility is that a bimodal distribution of X-ray
activity levels exists for Ae/Be stars, namely, that the mecha-

nism giving rise to X-ray emission in the hotter (or more
luminous) stars ceases to operate for stars cooler (less
luminous) than some threshold, but is otherwise unrelated to
T.ir (Lypoy)- Our data are insufficient, however, to discriminate
between this possibility and a “ true ” correlation.

We have also investigated whether this correlation could be
a spurious effect of the limited sensitivity of the X-ray observa-
tions. Indeed, we have verified that the X-ray detection thresh-
olds for the given IPC observations increase with increasing
L. However, if L, were actually independent of Ly, (a “flat”
dependence), one would see an increasing proportion of nonde-
tections toward high L, because of the detection threshold
distribution, which is just the opposite of what is shown in
Figure 3. We conclude that any bias introduced by instrument
sensitivity is not strong enough to induce a spurious relation
and that a real correlation between X-ray and bolometric lumi-
nosity does exist.

A similar correlation between X-ray and bolometric lumi-
nosities has been obtained by Feigelson et al. (1993) for the T
Tauri population of the Chamaeleon star formation region, as
well as by Damiani & Micela (1994) for the weak-lined T Tauri
stars in Taurus-Auriga (but not, however, for the whole T
Tauri population of this region). Note however that the X-ray
emission from T Tauri stars was found to correlate more
strongly with the stellar rotation, at least in Taurus-Auriga,

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994ApJ...436..807D&amp;db_key=AST

J. - T436. 807D

]

[T992A

No. 2, 1994 X-RAY OBSERVATIONS OF HERBIG Ae/Be STARS 813
3 F T T T T T = S F T T T
—
_ ? i o L i
8ty 7 ? e ? ® —— _H—
i —q
T e e e T
@ @ -
& 5
Eol P, T — o
3 b
Bl e, T . T
CH i - 8 .
¥ i
Sk | 1 ] ] | 2k ] ] 1 A
0 1 2 3 4 5 6 0 50 100 150 200

Log Lbol (Lsun)

F1G. 3—X-ray luminosity L, vs. bolometric luminosity Ly,. Squares indi-
cate AO-AS stars, and circles BO-B9 stars. Filled symbols indicate stars with
the most reliable X-ray identifications, and empty symbols the remaining stars.
Arrows are X-ray upper limits. The segment in the upper left indicates the
average error on L.

while this seems not to be the case for Herbig stars (see below).
For this reason, and also since classical models of stellar struc-
ture show that early- and late-type stars have different internal
structure, we suggest that this apparently similar trend of
X-ray emission correlating with bolometric output is not due
to analogous X-ray emission mechanisms in early- and late-
type stars.

Although classical models assume early-type stars to be
entirely radiative, as mentioned in § 1, recent models of Herbig
star structure include the existence of an interior transient
deuterium-burning shell which might induce subphotospheric
convection at some time during PMS evolution. Such a feature
could in turn produce a transient magnetic dynamo, leading to
magnetic activity otherwise unexpected in Ae/Be stars. In spite
of some evidence of magnetic fields on the surface of Herbig
Ae/Be stars, the observed X-ray emission seems not to be due
to magnetic dynamo activity, since this is not expected to scale
with stellar luminosity. Moreover, if such a subphotospheric
convection zone were related to a magnetic origin for the X-ray
emission, a decrease of X-ray emission would be expected in
going from Ae to Be stars, since the convection zone should be
much more conspicuous in the late type stars (if present at all
in Be stars; Palla & Stahler 1991, 1993), a trend directly
opposite to what we have found. This casts further doubt on a
substantial role for dynamo generation of the X ray emission
from Herbig stars.

As a final test of the plausibility of a magnetic origin for this
X-ray emission, we examined the relation between L, and the
projected stellar rotational velocity v sin i; this provided no
support for a magnetic dynamo origin for the X-ray emission
of Herbig stars. For practically all late-type stars, in which
X-ray emission most likely originates from magnetic dynamo
activity, X-ray emission is found to be correlated with the
stellar rotation (e.g., Pallavicini et al. 1981; Maggio et al. 1987),
a result that holds for T Tauri stars as well (Bouvier 1990;

v sin i (km/sec)

F1G. 4—X-ray luminosity L, vs. projected rotational velocity v sin i.
Uncertainties on v sin i are taken from Finkenzeller (1985). The symbols have
the same meaning as in Fig. 3.

Damiani et al. 1991; Damiani & Micela 1994). A scatter plot of
L, versus v sin i for Herbig stars is shown in Figure 4 (v sin i
values are taken from Finkenzeller 1985; Davis, Strom, &
Strom 1983; or Herbig & Bell 1988). Although projection
effects (contained in the sin i factor) might be present and might
alter the appearance of this plot, no relation is apparent (taking
into account the limited statistics available). In particular, the
X-ray-bright star HD 200775 has a relatively small v sin i,
while the relatively fast rotator CU Cha has a lower upper
limit onits L,.

4.3. Relationships of X-Ray Emission with Circumstellar
Envelopes and Winds of Herbig Stars

To gain further insight into the meaning of the apparent
L,-L,, correlation, we studied the correlation properties
between X-ray emission and other diagnostics, whose energy
sources may be related to stellar bolometric output.

The intensity and profile of the strong emission lines of
Herbig stars indicate an origin from extended circumstellar
envelopes. Clear signatures of strong winds (e.g., P Cygni
profiles) are detected only for 20%-30% of the stars
(Finkenzeller & Mundt 1984; Hamann & Persson 1992), but
conversely only in a very small number of Herbig stars have
profiles suggesting infall has been found (Hamann & Persson
1992). The existence of outflows from some Herbig stars has
also been established through radio observations in the CO
lines (e.g., Levreault 1988). It therefore appears that outflow
motions are much more common than infall, and we will
assume in the following that, in general, the emission lines of
these stars arise from stellar winds. Note that this is not neces-
sarily ruled out by the lack of P Cygni profiles in the strongest
emission lines, since these may be canceled by radiative trans-
fer effects: for example, the star HD 200775 has a strong and
symmetric Ha line, while its higher Balmer lines show P Cygni
profiles (Strom et al. 1972). It is also unlikely that the (broad
and structured) emission-line profiles of Herbig stars may be
mainly due to circumstellar turbulent motions.
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Also IR excesses are commonly detected in Herbig stars, in
both the near-IR photometric bands (JHKL) and the IRAS
bands (12-100 um), and may constitute a relevant part of the
total stellar radiative output in some cases (e.g., Hillenbrand et
al. 1992; Lada & Adams 1992; Berrilli et al. 1992). Recent
models show that these likely originate from extended dusty
envelopes (Hartmann, Kenyon, & Calvet 1993).

We have looked for correlations between X-ray emission of
Herbig stars and properties of their envelopes, choosing as
representative two distinct bands, namely, the K band at 2.2
um and the TRAS 25 um band. The IR spectra of these stars are
broader than single-temperature blackbodies, suggesting emis-
sion from material with a range of temperatures. The choice of
these two IR bands permits the sampling of different regions of
these stars’ envelopes: relatively hotter ones, plausibily closer
to the star, in the K band, and more extended and cooler ones
in the IRAS 25 pm band. Although the spatial regions where
the emission in these bands arises are different, they are physi-
cally linked in some way. With the K-band photometry from
Hillenbrand et al. (1992) and the IRAS data from Weaver &
Jones (1992), we find that the K absolute magnitude and the
luminosity in the 25 um IRAS band are loosely correlated,
with a scatter of one order of magnitude. We have not attempt-
ed to subtract any photospheric contribution from the K-band
flux.

Figure 5 is a plot of L, versus the luminosity in the 16-30 um
IR band, derived from the IRAS flux at the nominal wave-
length of 25 um (following the prescriptions by Emerson 1988).
The probabilities that no correlation exists between L, and 25
um luminosity are P = 0.0071 (Cox test) and P = 0.0169
(Kendall’s z-test). This suggests that either X-ray emission orig-
inates in the extended envelopes of Herbig stars or at least that
X-ray and IR emission share a common energy source.

A correlation is also present, as shown in Figure 6, between
the X-ray luminosity and the K absolute magnitude (the prob-
abilities of no correlation being 0.0192 and 0.0214 for Cox and
Kendall’s t-test, respectively). Given a correlation between L,
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FiG. 5—X-ray luminosity L, vs. 25 um IRAS luminosity. Symbols as in
Fig. 3.
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FiG. 6—X-ray luminosity L, vs. 25 um IRAS luminosity. Symbols as in
Fig. 3.

and the 25 um emission, a correlation with K magnitude as
well is not guaranteed, since the 25 yum and K-band emissions
are only loosely correlated. Hence, this correlation between L,
and K magnitude does provide a new piece of information. The
probability of no correlation between L, and L5 ,,, turns out
to be close to that between L, and K magnitude.

In view of such suggestions that X-ray emission is correlated
with the IR emission arising both from relatively extended
regions (25 pm), it is tempting to speculate that the X-ray
emission originates in circumstellar regions, where the large
stellar radiative output interacts strongly with matter, espe-
cially in the case of Be stars. We have summarized above the
available evidence for winds and outflows in Herbig stars, and
strong winds are also detected in main-sequence early-type
stars, such as O and early B stars. For these stars, systematic
investigations of their X-ray emission (Chlebowski, Harnden,
& Sciortino 1989; Sciortino et al. 1990; Grillo et al. 1992a)
have shown that these stars are strong X-ray sources, with
X-ray luminosities up to L, ~ 103* ergs s~ !. Sciortino et al.
(1990) and Chlebowski & Garmany (1991) have suggested that
the X-ray emission of O stars is correlated with the so-called
kinetic luminosity of their winds, namely, the mechanical
power output 1/2M V2 ; on the other hand, the X-ray emission
of O stars is not correlated with the stellar v sin i (Sciortino et
al. 1990). For B stars, Grillo et al. (1992b) find that the X-ray
luminosity distributions are different for stars with bolometric
luminosities below and above a threshold, corresponding to
the onset of intense radiation-driven winds. They therefore
suggest that, at least in bright B stars (mostly early B stars), the
X-ray emission mechanism should be analogous to those
invoked to explain the X-ray emission of O stars.

We have therefore looked for relationships between X-ray
emission and wind diagnostics in Herbig stars. We have started
from the most readily available diagnostic, the equivalent
width (EW) of the Ha emission line. With the values of EW(Ha)
taken from Finkenzeller & Mundt (1984) and Herbig & Bell
(1988), we have plotted L, versus EW(Ha) (Fig. 7), finding them
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F1G. 7—X-ray luminosity L, vs. Hx equivalent width. Symbols as in Fig. 3.

to be uncorrelated. This is confirmed by the statistical tests,
which give probabilities of no correlation of P = 0.2393 (Cox
test) and P = 0.2675 (Kendall’s z-test). We have tried also using
the Ho FWHM instead of equivalent width, and again this
quantity is not correlated with L, (He FWHMs have been
taken from Finkenzeller & Mundt 1984). The rationale of such
an attempt is that the He FWHM is related to a characteristic
velocity of the stellar wind. However, this result is not discour-
aging our attempt to identify in a radiatively driven wind the
region where X-rays from Herbig stars originate: also in O
stars, it is found (Sciortino et al. 1990) that the X-ray lumi-
nosity is not correlated with the wind terminal speed V,,, not-
withstanding the correlation between X-ray and kinetic
luminosity.

We have therefore tried to evaluate the wind kinetic lumi-
nosity in Herbig stars. Since, as we have mentioned, radiative
transfer effects may be nonnegligible in the optical emission
lines, the outflowing envelope may be optically thick to line
radiation and therefore (partially) invisible. Optical emission
lines are therefore not best suited for mass-loss rate estimates
(at least in the absence of a detailed model of the line
formation). Instead, Skinner et al. (1993) gives an useful rela-
tion between the mass-loss rate of Herbig stars, obtained
through radio measurements, and stellar bolometric lumi-
nosity, namely, log M = —9.1 + 0.6 log (Ly,/Lo) Mo yr™ 1.
We shall adopt this parametrization for the mass-loss rate in
deriving wind kinetic luminosities. The wind terminal speed V
might in principle be evaluated from the extent of the wings of
emission-line profiles, but again the wide variety of line profiles
encountered in Herbig stars makes it difficult to find a well-
identified line-profile feature, unambiguously marking the
wind terminal speed for every star in the class. Rather, we have
preferred to estimate V,, by taking it equal to the He FWHM
(using AA/A = v/c), which should approximately scale pro-
portionally to the wind speed.

The scatter plot in Figure 8 shows that L, and the kinetic
luminosity 1/2M V2, are indeed correlated, although with some
scatter. The Cox and Kendall’s tests give as probabilities of no

Log Kinetic luminosity (ergs/sec)

FIG. 8—X-ray luminosity L vs. wind kinetic luminosity 1/2M V2, derived
as explained in the text. Symbols as in Fig. 3. The straight line is the best-fit
relation found by Sciortino et al. (1990) for O stars.

correlation P =0.0266 and P = 0.0493, respectively. Our
hypothesis that, like in O stars, the X-ray emission of Herbig
stars originates from instabilities (shocks) in a radiatively
driven wind is not contradicted by these data. The scatter
visible in Figure 8 is probably mainly due to our rough evalu-
ation of the kinetic luminosities, and in some cases to the low
S/N of the X-ray data. We should note again, as we did about
the L,-L,,, correlation, that the correlation between L, and
kinetic luminosity tends to disappear when we consider only
the Be stars, but nevertheless the occurrence of strong X-ray
emission almost uniquely in stars having strong winds still
argues in favor of a wind origin for the observed X-ray emis-
sion for Herbig stars.

A wind origin for the X-ray emission is further suggested by
the close proximity of the data points in Figure 8 to the best-fit
regression line derived by Sciortino et al. (1990) for the case of
O stars (also reported in Fig. 8), despite the quite different
X-ray emission levels of O stars with respect to Herbig stars.
We also note that Grillo et al. (1992b) find that ordinary Be
stars follow the same relation, extending it to even smaller
X-ray luminosities than those of Herbig stars.

As a final check, we have estimated the wind momentum flux
MV, using mass-loss rates and wind speed, as before, and
have made a scatter plot of L versus MV . This looks very
similar to the previous one involving the kinetic luminosity,
giving essentially no new information. It is not possible, on the
basis of available data, to establish which one of these two
correlations better describes the real situation. We should
mention a possible difficulty of the wind-shock model when it
is applied to Herbig stars, namely, that wind terminal velocities
are here much lower than in OB stars, leading to weaker
shocks. In any case, shock speeds of about 300 km s~ %, not
implausible in Herbig stars, are sufficient to raise the tem-
perature of the shocked material to 10 K (see MacFarlane &
Cassinelli 1989), making it detectable with the IPC. Although
the IPC X-ray spectra are of insufficient quality to give us
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further insight on this issue, the analysis of new ROSAT PSPC
data of Herbig stars will allow us to put more stringent con-
straints on the proposed model.

Our suggestion that the X-ray emission of Herbig stars
arises from shocked regions within the stellar wind is not in
contradiction with existing models of optical/UV line forma-
tion in the wind (Catala 1988, and references therein), since we
have checked that in order to produce the observed X-ray
emission only a small fraction of the wind volume needs to be
hotter than the maximum temperature allowed by these
models (about 2-3 x 10* K), and such a small amount of very
hot material is unlikely to alter the thermal balance in the wind
significantly. Assuming that X-ray emission arises in a single,
spherically symmetric shocked region of width dR and radial
distance R, we have computed an order-of-magnitude estimate
of dR/R for HD 200775, the star of our sample detected with
the highest S/N in X-rays. From X-ray spectral fits, we get an
emission measure EM (=n2 V) of 4.3 x 105 cm~3, where n, is
the electron density and V is the emitting volume. We write
V = 4nR?dR and n, ~ M/4nR?v{m), the latter corresponding
to ionized hydrogen gas, appropriate for shocked regions; v is
the wind speed at R, and (m) is the average particle mass.
Using the same parametrization as above, M = 2.8 x 107’
Mg yr~!; we get v =280 km s~ ! from the He FWHM, and
the stellar radius R, = 9.6 x 10'! cm from Ly, = 4nRZ 6 T%;.
Setting the distance of the shocked region R to be twice R,,, we
obtain dR/R ~ 1073, Therefore, hot X-ray—emitting regions
occupy only a minor fraction of the envelopes of these stars.

We should remark that the suggested wind-shock picture
does not apply to a star such as TY CrA, which lacks emission
lines entirely, and accordingly it does not appear in Figure 8.
Other evidence exists that this is a peculiar object (a binary star
with a nonthermal radio spectrum; Kardopolov et al. 1981;
Skinner et al. 1993), and therefore its X-ray emission also may
have a different nature than that of other Herbig Ae/Be stars.

5. CONCLUSIONS

Although the sample available for our study of X-ray emis-
sion from Herbig Ae/Be stars was rather limited and the sensi-
tivity of Einstein IPC observations allowed us only to detect
the X-ray-brightest members of the class, some interesting
results have nevertheless been obtained from this study.

Herbig Ae stars remained mostly undetected in X-rays. The
only case of detection is VY Mon/G2, a member of an X-ray—
unresolved group, and its X-ray emission level is well compat-
ible with its originating from the companions. Furthermore,
the derived upper limits on L, are lowest in the case of Ae stars,
excluding X-ray luminosities in excess of 103%% ergs s™! in
many cases. Therefore, no clear evidence exists from IPC data
of any X-ray emission intrinsic to Herbig Ae stars, at least none
of any above L, ~ 103%-3 ergss™1.

On the other hand, Herbig Be stars have in many cases been
confidently identified with X-ray sources, and X-ray lumi-
nosities L, > 103! ergs s™! seem to be produced by the Be
stars themselves; such high luminosities are incompatible with
emission from late-type PMS companions. In the case of unde-
tected Be stars, the L, upper limits we have found are compat-
ible with the high X-ray luminosities of the detected stars.

Herbig Be stars are more frequently detected in X-rays than
main-sequence B stars. On the main sequence, Grillo et al.
(1992a) find that almost exclusively early B stars are detected in
X-rays, while late B stars are more rarely X-ray emitters. We
detect three (out of seven observed) B7-B9 Herbig stars, a
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fraction apparently higher than the main-sequence value,
although the small statistics prevents any definitive conclusion.
Since we have also found that the X-ray luminosity is corre-
lated with bolometric luminosity, the location of the Herbig
stars above the main sequence in the H-R diagram might
explain their apparently higher X-ray detection percentages
with respect to main-sequence B stars.

The trend of increasing X-ray luminosity with stellar bolo-
metric luminosity (or effective temperature) we observe contra-
dicts some of our initial expectations, namely, that during
PMS evolution transient magnetic dynamo activity might give
rise to observable X-ray emission. As we pointed out in § 1,
there is both theoretical support (Palla & Stahler 1990, 1991,
1993) and some observational evidence for the existence of
such magnetic activity, at least for Ae stars. It is worth noting
here that exactly those stars for which evidence of magnetic
fields has been found (AB Aur [Praderie et al. 1986] and HD
250550 [Catala et al. 1991]) remain undetected in our X-ray
study. Thus, magnetic activity, although likely present in these
stars, is not able to produce very strong X-ray-emitting
coronae; to probe the existence of moderately active magnetic
coronae on Herbig (Ae) stars, X-ray observations more sensi-
tive than those available with the IPC are needed.

The X-ray emission of the detected Herbig stars, instead,
seems not to have a magnetic origin. It is not correlated with
the stellar rotation, as in late-type stars, but rather increases
with the total stellar luminosity. Moreover, L, is correlated
with the emission in the near-IR K band and in the 25 um
IRAS band, and this may suggest that the X-ray emission
region lies at some distance from the stellar surface.

We suggest that the X-ray emission of Herbig Be stars may
have an origin analogous to that of the X-ray emission O and
early B stars: in these latter, the strong UV line emission from
the stellar photospheres is able to radiatively drive a strong
wind; however, the wind-driving mechanism is intrinsically
unstable, and shocks may easily develop in which the out-
flowing plasma is locally heated to sufficiently high tem-
peratures to emit X-rays. This is in accordance with the
dependence of X-ray luminosity on stellar luminosity (which
ultimately drives the wind) and can be checked by investigating
the relationships between X-ray emission and the power (or
momentum flux) deposited in the wind. The fact that a corre-
lation is indeed found between L, and the wind kinetic lumi-
nosity (and momentum flux) gives additional support to our
suggestion of a wind origin for X-ray emission of Herbig stars.
It is also noticeable in this respect that the X-ray emission from
Herbig stars follows the same relation with the wind kinetic
luminosity derived by Sciortino et al. (1990) in the case of O
stars. Our data are of insufficient quality, however, to discrimi-
nate between this picture and the existence of some other (yet
unknown) alternative mechanism directly relating the gener-
ation of X-ray emission to stellar bolometric luminosity; in the
latter case, the correlations we find between L, and wind diag-
nostics would simply be a by-product of the correlation
between L, and Ly;.

To overcome many of the ambiguities encountered in the
X-ray source identification and to detect a larger number of
stars in X-rays at lower luminosity levels, new X-ray observa-
tions are needed, with higher spatial resolution and sensitivity
than those performed with the Einstein IPC. Advances in the
X-ray study of Herbig stars are expected from new ROSAT
observations. To this end, we have recently obtained ROSAT
PSPC data on three Herbig stars (HD 200775, BD +61°154,
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and VV Ser; see Damiani et al. 1994b for a preliminary report),
and we are currently investigating the applicability of the
wind-shock picture to the X-ray emission of Herbig stars in the
light of the more detailed PSPC X-ray spectra now available.
We plan to report on these new observations in a future paper.
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