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Abstract. — We report results from a spectroscopic and photometric survey of optical counterpart candidates of
X-ray sources in the p Ophiuchus dark cloud. Low and medium resolution spectrograms are presented for 47 stars
lying in 29 Einstein IPC X-ray error circles. Ha is seen in emission above the continuum in the spectra of 27 stars, 12
of which were not detected during previous Ha surveys of the cloud. The Hoa equivalent width is less than 10 A in most
of the stars. The emission-line stars also have strong Li I A6707 absorption indicative of stellar youth, which indicates
that they are pre-main sequence cloud members. Three additional stars without Ha emission are most certainly cloud
members. In total, 30 pre-main sequence stars are identified as being likely optical counterparts of 24 X-ray sources.
An HR diagram constructed for these stars using spectral types and stellar luminosities derived in this study shows
that they have an age between 108 to 107 yr, and a mass in the range from 0.3 to 2.5 M. We conclude that the optical
counterparts of the p Ophiuchus X-ray sources mostly are weak emission-line T Tauri stars with an evolutionary status
similar to that of bona fide T Tauri stars found in other stellar formation regions.
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1. Introduction.

At a distance of 170 pc, the p Ophiuchus dark cloud
(Barnard 42) is one of the nearest site of star formation.
It is part of a vast molecular complex which extends over
more than 252 degrees on the sky and whose total mass is
of the order of 10* Mg (de Geus et al. 1990). Large-scale
mapping of the 3CO and C®0 molecular gas distribu-
tion shows that the p Ophiuchus dark cloud consists of
two major clumps of gas with associated “streamers” ex-
tending more than 10 pc away in the North-East direction
(Wilking & Lada 1983, Loren 1989). The gas distribution,
as well as the increased density of young stellar objects at
the southwestern edge of the dark cloud, led Vrba (1977)
to suggest that a compression front originating from the
nearby Sco OB2 association propagates through the cloud
in the northeastward direction, trigerring star formation.
Vrba’s shock hypothesis was later confirmed by Loren &
Wootten (1986) who found steep molecular density gradi-
ents at the southwestern edge of the cloud facing the Sco
OB2 association.

* Based on observations collected at the European Southern

Observatory, La Silla, Chile

Multi-wavelength surveys of the dark cloud reveal that
it is an active site of star formation, with an unusu-
ally high star formation efficiency (SFE > 22%, Wilk-
ing et al. 1989) compared to other dark clouds such as
Taurus-Auriga. Early optical surveys list 75 emission-line
stars (Haro 1949, Struve & Rudkjgbing 1949, Dolidze
& Arakelyan 1959), while more recent Ha surveys with
greater sensitivity have increased this number to more
than 110 (Wilking et al. 1987). Most of these optically
visible stars are located at the edge of the densest parts of
the cloud, where the extinction is the lowest. Only 25 or so,
however, have been studied at low spectral resolution and
are listed in Herbig & Bell’s (1988) catalogue of emission-
line objects. Near- and far-infrared surveys of the central,
densest regions of the cloud, where the visual extinction
may reach up to 100 magnitudes, have led to the discovery
of as many as 78 IR sources, some of which have no op-
tical counterparts and form a deeply embedded, possibly
bound, protostellar cluster (see Wilking et al. 1989 and
references therein). In the same region, a deep VLA survey
at 5 GHz revealed a cluster of 14 faint radio sources (Leous
et al. 1990), some of which are associated with near-IR
sources. On a larger scale, medium-sensitivity surveys at
1.4 and 5 GHz led to the detection of 12 additional stellar
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radio sources (André et al. 1987, Stine et al. 1988), which
sometimes exhibit extreme flarelike variability indicative
of non-thermal emission processes (André 1987). Finally,
radio continuum observations at 1.3 mm led to positive
detections in 16 of the 20 young stellar objects observed,
which suggests that most of them are surrounded by cold
circumstellar material (André et al. 1990).

The present study is directly connected with the X-ray
survey of the cloud conducted by Montmerle et al. (1983,
hereafter MKFG) with the Einstein Observatory. From
repeated observations of various parts of the cloud, they
confidently detected 47 X-ray sources and listed 20 addi-
tional source candidates near the detection limit. Thirty
p Ophiuchus X-ray (ROX) sources had possible coun-
terparts at other wavelengths, which led MKFG to sug-
gest that most ROX sources are pre-main sequence cloud
members. This suggestion was further supported by the
large flux variations most sources exhibit at X-ray wave-
lengths and by their spatial distribution at the periphery
of the densest regions of the cloud in areas where the gas
column density is too low to significantly absorb X-ray
emission. Assuming that the sources are cloud members,
MKFG derived X-ray luminosities between 103° and a
few 103! erg. s—!, quite typical of X-ray luminosities mea-
sured for T Tauri stars in other stellar formation regions
(e.g., Walter et al. 1989, Feigelson & Kriss 1989, Strom et
al. 1990).

In order to assess the evolutionary status of the ROX
sources, we undertook a spectroscopic and photometric
survey of 47 stars located in 29 X-ray error circles. Low-
and medium-resolution spectrograms covering the 3700-
7500 A range, as well as visual and some near-IR photom-
etry, obtained for these objects are presented in Section 2.
Spectral types, Ho, HB3, and Ca II H-K equivalent widths,
as well as stellar luminosities and visual extinctions are
derived in Section 3. We find that 3 stars have a spectral
type which strongly varies with wavelength, being ear-
lier at shorter wavelengths. The origin of these composite
spectra is discussed. The probability that the observed
stars are cloud members is investigated in Section 4 on
the basis of their spectroscopic and photometric proper-
ties. We identify 30 pre-main sequence cloud members as
being likely optical counterparts of 24 ROX sources, while
most of the 17 remaining stars are probably background
giants. An HR diagram is constructed for the X-ray emit-
ting pre-main sequence stars to derive their evolutionary
status and physical properties. Finally, the properties of
optical pairs of emission-line stars lying in the same X-ray
error circle are discussed. The results are summarized in
Section 5.

2. Observations.

We studied 47 optically visible stars lying in the Einstein
IPC error circles of 29 ROX sources. Eighteen additional
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sources detected by MKFG were not included in this study
for the following reasons: 6 of them (ROX 17, 22, 23, 24,
26, 46) have no visible stellar counterparts on POSS red
prints, while the optical counterparts of 9 other (ROX
11, 15, 18, 19, 25, 27, 28, 32, 41) were too faint to be
observed. The optical counterparts of ROX 1 (= Struve &
Rudkjgbing (1949) object # 2, a non-emission-line star)
and ROX 37 (= SAO 184429) are bright, presumably field
stars, and were not considered. Finally, no stars could be
seen near the ROX 13 error circle on a blue-sensitive TV
monitor during the observations. The five stellar-like spots
seen on POSS red prints at that position are artifacts.

Low- and medium-resolution spectrograms, as well as
visual and near-IR photometry, were obtained at ESO La
Silla, Chile, between June 1983 and May 1986. Coordi-
nates of the 47 stars in our sample are listed in Table 1 and
finding charts are provided in Figure 1. The coordinates
were measured on POSS red prints with an accuracy of
+ 2 arcsec using the X —Y measuring machine of the Insti-
tut d’Astrophysique de Paris. In order to avoid semantic
confusion between the X-ray sources and their optical
counterpart candidates, the latter were given the name
“ROXs # n” (which stands for ROXstar # n), where # n
is the X-ray source number. Thus, ROX 2 refers to the
X-ray source detected by MKFG, while ROXs 2 refers to
the star observed in the corresponding X-ray error circle.
The distinction is made necessary by the fact that we have
no a priori knowledge of which star in the error circle is
the actual optical counterpart of the X-ray source. When
several stars were observed in a given error circle, the
star’s name is followed by an arabic letter (e.g., ROXs
20A, 20B) with the alphabetic order corresponding to in-
creasing right ascension. A cross-identification list is given
in Table 2 for stars which have been detected in previous
surveys of the cloud.

2.1. SPECTROSCOPY.

Spectroscopic observations were conducted at ESO La Silla
during seven observing periods between July 1983 and
May 1986. The Journal of Observations is given in Ta-
ble 3. Low-and medium-resolution spectrograms were ob-
tained at the ESO 1.5 m telescope using the Boller &
Chivens spectrograph. The detector was either the Image
Dissector Scanner (IDS) or photographic plates coupled
to an EMI image tube. During five observing periods, the
spectroscopic study of the ROX optical counterparts was
merely a backup program and the instrumental set-up was
dictated by the primary scientific program. Therefore, the
spectrograms presented here do not constitute an homo-
geneous data set but spectral dispersion ranges from 39 to
224 A/mm. Nevertheless, the spectral range from 3700 A
to 7500 A was covered for most of the stars.

Low-resolution spectrograms were obtained with a dis-
persion of 114, 116, 172, and 224 A/mm using the IDS
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detector, which leads to a spectral resolution of 5 to 10 A.
The star and the sky 1 arcmin apart were simultaneously

recorded through 4*4 arcsec? apertures. Each stellar ex-

posure was followed by a 10 s integration on a He-Ar lamp
for subsequent wavelength calibration. At the beginning
and at the end of each night, a 30 mn flat-field exposure
was obtained on the telescope dome illuminated with a
white lamp. The flat-field exposures were later used to
correct the pixel-to-pixel variations of the detector re-
sponse while spectrophotometric standards were observed
each night in the same conditions than the program stars
in order to derive the low-frequency response curve of the
instrument. When the observations were obtained under
photometric conditions, the spectrograms were flux cali-
brated using the spectrophotometric standards observed
on the same night. Spectrograms were corrected for atmo-
spheric extinction assuming mean extinction coeflicients
for La Silla. Finally, spectroscopic standards with spec-
tral types in the range from G4 to M5 were selected from
Gliese’s (1969) catalogue and observed under the same
conditions. They were later used as templates for the
spectral classification of the program stars.

For some of the brightest stars, medium-resolution
spectrograms were obtained with a dispersion of 39 A /mm
in the blue spectral region (3700-5000 A) and 59.5 A/mm
in the red region (5800-7700 A) using a 3-stage EMI im-
age tube and photographic plates. The spectrogram was
recorded through a 2 x 30 arcsec slit and a rocking plate
was used to increase the height of the spectrogram to 560
microns on the photographic plate. After each stellar ex-
posure, an He-Ar spectrum was obtained for wavelength
calibration purposes and spectrophotometric standards
were observed to derive the instrumental response. In ad-
dition, flux calibration plates were obtained using the ESO
spot sensitometer in order to convert photographic densi-
ties to relative intensities. The plates were digitalized at
ESO Garching using the PDS 1010A microdensitometer
with a 10 x 10 microns aperture. The resulting spectral
resolution is 2 and 3 A in the blue and red spectral regions,
respectively. The digitalized spectrograms were reduced at
ESO Garching using the standard IHAP reduction pack-
age. No sky subtraction nor photometric calibration were
attempted. Consequently, spectrograms obtained with the
EMI tube are affected by sky emission lines.

2.2. PHOTOMETRY.

Optical photometry was conducted in the Johnson UBV,
Cousins UBVRI, and Geneva 7-color systems at ESO La
Silla between June 1983 and June 1984 with the ESO
50 cm, ESO 1 m, Bochum 60 cm, and Swiss 70 cm tele-
scopes. The instrumentation used at the ESO 50 cm, ESO
1 m, and Swiss 70 cm telescopes as well as the observa-
tional procedure and the reduction process are described
in Bouvier et al. (1988) and will not be repeated here. Ex-
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tensive photometric data for 8 ROX optical counterparts
(ROXs 3, 6, 8, 21, 29, 34, 44, and 47A) appear in that pa-
per. Johnson UBV photometry was done at the Bochum
60 cm telescope through a 15 arcsec diaphragm using the
Bochum single channel photometer and an EMI 9558A
photomultiplier tube. The observational procedure and
reduction process were the same as those used at other
telescopes. Johnson JHKLM photometry was obtained in
January 1984 at the ESO 1 m telescope for 4 ROX optical
counterparts (ROXs 6, 8, 29, and 47A). The observational
procedure and reduction process are described in Bouvier
et al. (1988).

3. Results.

3.1. SPECTROSCOPIC PROPERTIES OF THE OPTICAL
COUNTERPART CANDIDATES.

Figure 2 displays the low- and medium-resolution spec-
trograms of the optical counterpart candidates ordered by
increasing ROX source number. The spectrograms of stars
with strong emission lines were plotted twice on different
intensity scales to show both the spectral continuum and
the line strength. For flux-calibrated spectrograms, the
ordinate is in units of 10716 erg s~! cm=2 A™". Other-
wise, the stellar continuum was normalized to unity. The
signal-to-noise ratio is a few tens for most spectrograms
though the faintness of some stars, especially at short
wavelengths, coupled with the poor efficiency of the IDS
detector below 4000 A sometimes results in a poor signal-
to-noise ratio shortwards of 4200 A.

Spectral types and equivalent widths of the major
emission lines (Ha, HB, Ca II H-K) are listed in Table 4.
Spectral classification was done by comparing the spectro-
grams of the stars with those of spectroscopic standards
obtained under the same conditions. Only 3 stars have a
spectral type earlier than GO, while 37 have a spectral
type in the range from KO to M5. The primary criterion
used for the spectral classification of late K and M stars
was the appearance and relative depths of TiO bands in
the 5500-7700 A spectral region. The depth of TiO band
is extremely sensitive to effective temperature in this tem-
perature range, so that the spectral type is derived with
an accuracy of & 1 subclass. The spectral classification of
early- and mid-K stars in the blue range mainly rests upon
the strength of the Ca I A4226 line compared to that of
the neighboring G-band of CH A4290-4314. Spectral types
derived in this way are accurate to within 1 subclass. The
spectral type of early- and mid-K stars with strong emis-
sion lines (e.g., ROXs 6, ROXs 44) was deduced from red
spectrograms with an accuracy of + 2 subclasses. Except
for a few striking cases (see below), spectral types derived
from blue and red spectrograms usually agree to within 1
subclass. Due to the paucity of spectroscopic templates,
classification of stars with a spectral type earlier than K0
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may be uncertain by up to several subclasses. In this case,
a “” is appended to the spectral type given in Table 4.
Finally, some spectrograms had too low a signal-to-noise
ratio to reliably assign a spectral subclass. The spectral
type of these stars is followed by “?” in Table 4.

The Ha emission line equivalent width (column 3) was
measured above a linear interpolation of the adjacent con-
tinuum. No allowance was made for the underlying pho-
tospheric absorption profile whose equivalent width can
amount to a few A in late-type dwarfs. For strong emission
line stars (EW (He) > 10 A), the uncertainty is less than
20% but is may reach up to a factor of 2 for EW(Ha) of a
few A, especially when measured on low-resolution spec-
trograms. When the Ha line was seen neither in emission
nor in absorption, it was assumed that the photospheric
profile is filled-in by emission, and an “f” is given in
Table 4. It should be noted that Ha emission-lines with
an equivalent width less than 2 A are usually not de-
tected on low-resolution spectrograms, though easily seen
at medium spectral resolution. Finally, when significant
time variations of the Ha equivalent width occurred, the
extreme observed values are listed in Table 4 followed by
“(v)”. HB, Ca Il K, and Ca II H + He equivalent widths
(columns 4 to 6) were measured only when the lines unam-
biguously appear in emission or in absorption (a positive
equivalent width in Table 4 indicates an emission-line).
When emission merely appears as a reversal in the core
of the Ca II photospheric absorption line, the equivalent
width was measured above the continuum interpolated
between the base of the photospheric profile.

The presence of the Li I A6707 line in absorption pro-
vides a strong clue for stellar youth in late-type stars since
lithium is rapidly depleted on the main sequence. There-
fore, this feature is very useful to differentiate between p
Ophiuchus cloud members and field stars in our sample.
Unfortunately, the equivalent width of this line does not
exceed a few tenth of an A in young stars, which is too
small to be reliably measured on the spectrograms pre-
sented here. However, because this line provides a primary
criterion to assess cloud membership, it was searched for
in all the spectrograms. On medium-resolution spectro-
grams, the A6707 Li I line can be easily distinguished
from the neighboring A6717 Ca I line. At lower resolution,
however, the Li I/Ca I blend increases and the identifi-
cation of the lithium line becomes more uncertain. We
estimated that a lithium line with an equivalent width
less than 0.3 A cannot be detected on our low-resolution
spectrograms. The results are listed in column 7 of Ta-
ble 4: “y” means that the line was seen in absorption while
“n” indicates that it was not detected. In case of possible
confusion between the Li I and Cal lines, “” is appended
to the result. Finally, when the spectrogram has too low a
signal-to-noise ratio to decide whether the line is present
or not, “?” is given in Table 4.
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In addition to the spectroscopic survey, four optical
counterpart candidates (ROXs 3, 21, 29, 44), known to
be pre-main sequence cloud members, were monitored for
spectral variations in the 5500-7500 A range on a night-
to-night basis between June 10 and June 21, 1985. The
spectrograms are shown in Figure 3a)-d) and Ha equiva-
lent width measurements are listed in Table 5. The surface
of two stars, ROXs 21 (= SR 12) and ROXs 29 (= SR9),
was known to be covered with large, cool starspots (Bou-
vier & Bertout 1989) and the aim of the spectroscopic
monitoring was to search for a link between spectral char-
acteristics variations and spot’s visibility. Although the
spectrograms were obtained over a time period covering
several rotational cycles for both ROXs 21 (Prot = 3.4 d)
and ROXs 29 (Pt = 6.4 d), no significant variations of
the photospheric spectrum are seen. The lack of detectable
changes in the TiO band depth of these M stars indicates
that spectral type variations did not exceed 1 subclass dur-
ing the whole observational period. Similarily, the photo-
spheric spectrum of the two other stars, whose rotational
periods, however, are unknown, remained unchanged. In
contrast, significant night-to-night variations of the Ha
equivalent width occured. For instance, the Ha equivalent
width of ROXs 29 increased from 12.2 to 26.1 A from
one night to the other. We find, however, no evidence
for a periodic behaviour in the variations of the Ha line
strength that could be related to the visibility of surface
spots. Apart from the He line, only the A5876 He I line
is clearly seen in emission in the spectrum of ROXs 44
(and marginally in the spectrum of ROXs 29). Although
He I equivalent width measurements are uncertain due to
the blend with the neighboring NaD lines at low spectral
resolution, it appears that Ha and He I line variations are
correlated.

3.2. STARS WITH PECULIAR SPECTRA.

While the agreement between spectral types deduced from
the blue and the red spectrograms is usually very good,
some widely different results were obtained in a few cases.
This is illustrated in Figure 4, where the blue and red
spectrograms of three pre-main sequence cloud members,
ROXs 3, 21, and 47A, are compared to those of spectro-
scopic standards having a spectral type K4, K7-M0, and
MO, respectively. While the blue spectrograms of the 3
pre-main sequence stars clearly point to a spectral type
K4 or even slightly earlier, the deep TiO bands seen in
the red spectral region unambiguously indicate a spectral
type MO or later. The blue and red spectrograms of ROXs
3 were obtained two days apart, while those of ROXs 21
and ROXs 47A are separated by 15 days. Consequently,
we cannot rule out the possibility that the effective tem-
perature of the stars drastically changed over a period
of a few days. However, as discussed above, we failed to
detect any effective temperature variation for ROXs 3 and
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ROXs 21 from red spectrograms obtained over 12 consec-
utive nights. This strongly suggests that the increasingly
later spectral type as a function of wavelength is a real
effect and not merely the result of temporal variations.
Similar wavelength dependent spectral characteristics (al-
ways indicating an earlier spectral type in the blue spectral
range) have already been found in other T Tauri star sam-
ples (e.g., Walker 1980, Appenzeller 1977, Appenzeller et
al. 1983). However, the present data illustrate this effect
particularly well.

We discuss below three possible explanations for the
origin of such composite spectra, namely: i) the objects
are unresolved binary systems, ii) the temperature dis-
tribution at the stellar surface is inhomogeneous due to
the presence of either cool starspots or bright chromo-
spheric plages, and iii) the emission from a shock-heated
region near the stellar surface dominates the stellar flux
in the blue spectral range. In order to get further con-
straints from the observations, we first tried to reproduce
the observed spectra in the 4000-7200 A range. A grid
of composite spectra was constructed from the digital
addition of the spectrograms of two standard stars, one
having a spectral type between KO and K4, and the other
between MO and M5. After several trials, we found that
the synthetic spectrum which best approximates the ob-
servations is the sum of a KO and a M1.5 spectrograms
normalized to the same flux at 5500 A. This spectrum
is compared to the observed ones in Figure 5. The K0
component (Teg = 5250 K) dominates in the blue spec-
tral region while the contribution of the M1.5 component
(Tesr = 3590 K) clearly appears at longer wavelengths. Al-
though the synthetic spectrum does not provide a perfect
fit to the observations, the agreement is good enough for
the present purpose (note that the slope of the spectral
continuum in the observed and synthetic composite spec-
tra may not be compared since the former have not been
corrected for reddening).

The most straightforward explanation for the observed
composite spectra is that the objects are binary systems
with the two stars having widely different effective tem-
peratures. Indeed, Simon et al. (1987) found ROXs 21
(= SR 12) to be a binary system from lunar occulta-
tion observations with a projected separation of less than
0.2 arcsec. From the flux ratio of the two components at
near-IR wavelengths, they derive an effective temperature
of 5000 K for the primary star and of 2500 K for the
low-mass companion. However, while the temperature of
the primary star roughly agrees with that derived for the
hot component of the synthetic spectra (Teg = 5200 K),
the cool companion has much too low an effective tem-
perature to significantly contribute to the total flux of the
system at optical wavelengths. The binary interpretation
faces the additional difficulty that, according to our crude
modelling of the composite spectra, the two components
must have comparable luminosities at 5500 A. The radius
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of the M1.5 star then has to be 3.7 times larger than that
of the KO0 star, which implies that the hot component is
on the main sequence while the cold one is still in the T
Tauri phase, an uncomfortably large age difference indeed
for such a close binary system.

Alternatively, the composite spectra may arise from
an inhomogeneous temperature distribution at the stellar
surface. A cold starspot located at the surface of a KO
star and radiating like a 3590 K photosphere would have
to cover 93% of the star’s visible hemisphere in order to
have the same luminosity than the remaining unperturbed
photosphere at 5500 A. This fractional area is unrealisti-
cally large compared to the usual properties of dark spots
on pre-main sequence stars, which typically cover from 10
to 20% of the stellar surface (Bouvier & Bertout 1989).
Conversely, a bright region with a temperature of 5250 K,
e.g., a chromospheric plage, located at the surface of a
M1.5 photosphere would only have to cover 7% of the
stellar surface to yield the same result. As empirically
shown by Finkenzeller & Basri (1987) and Appenzeller et
al. (1986), the emission from such a chromospheric region
would differentially affect photospheric line profiles. Lines
of low-excitation potential which form in the upper pho-
tosphere may be significantly filled-in by chromospheric
emission, while those which arise in the deep photosphere
are essentially unaffected. They further showed that the
differential veiling of photospheric lines by chromospheric
emission is more apparent in the blue spectral region
than in the red one. In contrast to the atomic lines, the
TiO bands used for spectral classification in the red will
be much less affected by chromospheric emission as the
molecular species cannot exist in the hot, rarefied chro-
mospheric layers. Therefore, spectral types deduced from
blue spectrograms may be largely in error if the relative
intensities of photospheric lines are affected by chromo-
spheric veiling. This, however, may not be the case for
the stars considered here because, as indicated by their
faint Ca II H and K emission features, they possess very
weak chromospheres. In comparaison, all the pre-main se-
quence stars included in Finkenzeller & Basri’s study have
much stronger Ca II H and K emission peaks. Yet, none
shows evidence for spectral type variations as a function
of wavelength.

Since ROXs 3, 21, and 47A are found below to be
young, low-mass stars embedded in the cloud, the pos-
sibility that these stars possess circumstellar disk from
which they might accrete material must be contemplated.
One of the clearest signature of the presence of optically
thick circumstellar disks around pre-main sequence stars
is the near-IR continuum flux excess which results from
the thermal emission of circumstellar material near the
stellar surface (e.g., Kenyon & Hartmann 1987, Bertout
et al. 1988). Quasi-simultaneous visual and near-IR pho-
tometry was only obtained for ROXs 47A which is found
to exhibit a continuum excess of a few tenth of a magni-
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tude at near-IR wavelengths. We also note that ROXs 21
has been detected at near- and far-IR wavelengths (Wilk-
ing et al. 1989). Part of the infrared excess, however, may
be due to the presence of a low-mass companion (Simon
et al. 1987). No near-IR photometry is available for ROXs
3. A major clue for disk accretion comes from the optical
excess which arises in the accretion boundary layer lo-
cated at the interface between the star and the disk. This
excess is usually referred to as optical veiling since its
major consequence is to fill-in the photospheric line pro-
files with continuous emission. Optical veiling correlates
with Ho emission strength (Hartigan et al. 1990) and is
easily seen in the high-resolution spectrograms of strong
emission-line T Tauri stars which accrete from their disk
at a rate of typically 10~7 Mg yr~! (e.g., Basri & Batalha
1990, Hartigan et al. 1990). In contrast, the lack of de-
tectable optical veiling in the medium-resolution spectro-
grams of the stars studied here sets an upper limit of a
few 10™% Mg yr~! on the mass-accretion rate (see Basri
& Bertout 1989). Similarly, the weak Ha emission these
stars display suggests that, if accretion actually occurs, it
must proceed at a somewhat reduced rate.

Obviously, the spectral characteristics of ROXs 3, 21,
and 47A do not provide compelling evidence for disk
accretion, though they may still be consistent with low
accretion rates. Since alternative explanations of the ob-
served composite spectra are unsatisfactory, we feel that
it is worth investigating this possibility further. If entirely
derived from the kinetic energy released in the accretion
boundary layer, the luminosity of the blue component in
the observed composite spectra points to a mass-accretion
rate of approximately 4 107% Mg yr~!. Alternatively, if
the luminosity of the red component resulted from vis-
cous energy dissipation in the inner disk regions, a much
larger accretion rate would be required and would result
in significant optical veiling and line-emission. Since the
observed spectra show no evidence for veiling and have
only weak line emission, we will assume in the following
that the red component corresponds to the photosphere of
a M1.5 pre-main sequence star while the KO component
seen at shorter wavelengths is related to the accretion
process. '

According to classical disk models, accretion of disk
material at a rate of 4 1073 Mg yr~! at the surface of a
M1.5 pre-main sequence star results in a black-body tem-
perature of the order of 8000 K for the boundary layer
and 3000 K or less for the inner disk regions (see, e.g.,
Basri & Bertout 1989). Hence, even though the accretion
luminosity is then sufficient to account for the luminosity
of the blue component, neither the boundary layer nor
the inner disk regions are expected to mimic a KO pho-
tosphere. None of the accretion disk models developed so
far, however, take into account the heating of the inner
disk regions by the hot boundary layer. Presumably, some
of the boundary layer luminosity is lost to this process,

J. Bouvier and 1. Appenzeller

N°3

thus leading to a somewhat higher temperature in the
inner disk regions than predicted by current disk models.
An intriguing possibility is that the KO component of the
composite spectrum arises from the photosphere of the
inner disk regions whose temperature has been increased
by this process.

There are some obvious difficulties with this inter-
pretation. One is that a very significant fraction of the
boundary layer luminosity must be intercepted by the in-
ner disk in order for the disk photosphere to have the
same flux than the star at 5500 A. Another is that, to
our knowledge, there has been no report of optical com-
posite spectra (at least not at the level observed here)
for T Tauri stars which accrete from their disk at a rate
in excess of 10~7 Mg yr~! (with the exception of FU
Orionis objects where the star’s luminosity is completely
masked by disk emission, see, e.g., Hartmann & Kenyon
1985). Furthermore, all bona fide T Tauri stars observed
so far with high spectral resolution show in all spectral
ranges absorption line profiles fully consistent with those
expected from slowly rotating stellar photospheres with-
out significant contributions by a rapidly rotating inner
Keplerian disk. Therefore, until more convincing evidence
is produced for the presence of accretion disks around the
stars considered here, and pending a consistent modelling
of the heating of the inner disk regions by the accretion
boundary layer, we see this interpretation of the observed
composite spectra as being highly speculative.

As a further possibility for explaining the effective
temperature discrepancy we note that it could be caused
by small but hot and bright infall-heated regions of the T
Tauri photosphere. High-resolution emission line profiles
of T Tauri stars suggest that at least part of these objects
have more or less extended “free-fall zones” between the
inner edge of their accretion disks and the photosphere
(e.g., Krautter et al. 1990). These free-fall zones seem
to be caused by magnetic fields corotating slowly with
the central star, preventing stable Keplerian disk rota-
tion inside the corotation radius (e.g., Camenzind 1990).
Accretion inside the corotation radius presumably occurs
along the magnetic lines of force, resulting in localized
shock-heating of regions near the stellar surface. This ex-
planation was put forward by Bertout et al. (1988) in
order to explain the existence of a small but hot spot at
the surface of the T Tauri star DF Tauri. Photospheric
hot spots originating from this local heating could possi-
bly give rise to the earlier spectral characteristics of the
blue light emitted from there.

A wavelength-dependent spectral type is also sug-
gested for ROXs 2 and, perhaps, ROXs 29. The low-
resolution spectrogram we obtained for ROXs 2 extends
from 5500 to 7700 A. A spectral type of K3 is deduced
from the spectral region bluewards of Ha, while the pres-
ence of a TiO band between 7050 and 7200 A suggests
MO. The discrepancy between the spectral types deduced
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from blue (K4) and red (K6) spectrograms of ROXs 29 is
barely significant.

3.3. PHOTOMETRIC PROPERTIES OF THE OPTICAL
COUNTERPART CANDIDATES.

Table 6 lists the photometric properties of the optical
counterpart candidates. Some were repeatedly observed
in the UBVRI Cousins system in which case only the
mean V, B—V,U - B, V — R, and V — I colors are
listed in Table 6, while individual measurements are given
in Table 7 if not published elsewhere. Extensive optical
photometry was published in Bouvier et al. (1988) for
ROXs 3, 6, 8, 21, 29, 34, 44, and 47A. For stars with no
photometric measurements, the V magnitude was derived
from flux calibrated spectrograms when available and the
B-V,V —R., and V — I. colors from the continuum
slope of low-resolution spectrograms, whether flux cali-
brated or not. Magnitudes and colors derived in this way
appear within parentheses in Table 6. The uncertainty of
the spectroscopically derived V magnitude is of 0.4 mag
(compared to 0.02 mag for photometric measurements),
while colors are uncertain by approximately 0.2 mag. The
results of JHKLM photometry obtained for ROXs 6, 8,
29, and 4TA are given in Table 8.

Column 7 of Table 6 lists the visual extinction on the
line of sight computed from the (V — R) color excess as-
suming a standard extinction law (A, = 3.81- E[V — R]).
The Cousins’ (V — R) index was first transformed to John-
son’s (V — R) using Fernie’s (1983) relationships. Then,
the (V — R) color excess was obtained by subtracting the
intrinsic (V — R) index of a dwarf having the same effec-
tive temperature (Johnson 1966). This procedure assumes
that the color excess is entirely due to reddening, an as-
sumption which should hold at least for weak emission-line
stars which constitute the vast majority of our sample (see
Strom et al. 1989). In strong emission-line stars, however,
the (V — R) index may be affected in a complex way by
continuum emission arising from a circumstellar disk and
the associated accretion boundary layer. Hence, while the
error on the visual extinction is estimated to lie within 0.3
mag for weak emission-line stars, its derivation is more
uncertain for strong emission-line stars.

The stellar luminosity (column 8) was derived from
the dereddened V magnitude applying bolometric correc-
tions listed by Johnson (1966) for dwarfs and assuming
a distance of 170 pc for the p Ophiuchus cloud (see Car-
rasco et al. 1973, and references therein). De Geus et
al. (1989) recently derived a distance of 125 + 25 pc for
the cloud from a spectrophotometric study of early-type
stars belonging to the Upper-Scorpius OB association. In
that case, the luminosities listed in Table 6 are reduced by
0.27 dex. The luminosity of strong emission-line stars may
be systematically overestimated by as much as a factor of
2 due to the contribution of an accretion boundary layer
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to the observed flux in the V-band (Kenyon & Hartmann
1990). However, the adopted procedure should provide a
reliable estimate of the true stellar luminosity of weak
emission-line stars.

4. Discussion.

4.1. CLOUD MEMBERSHIP.

All the stars studied here are projected against the p Ophi-
uchus dark cloud. Unfortunately, we lack radial velocity
measurements to unambiguously assess membership. We
used the following primary criteria to identify young mem-
bers of the cloud: the Li I A6707 line is present in absorp-
tion in the spectrum and the Ha line appears in emission
above the continuum. While the former criterium provides
strong evidence for stellar youth, the latter is more am-
biguous. On the one hand, not all pre-main sequence stars
show He in emission (see, e.g., Walter et al. 1989), and,
on the other, late-type active main-sequence stars such as
dKe and dMe stars exhibit a faint Ha emission line, with
an He equivalent width up to 5 A (Stauffer & Hartmann
1986). Therefore, only stars which have an Hoa equiva-
lent width larger than that of active dwarfs of the same
spectral type can be confidently classified as pre-main se-
quence cloud members. When the results obtained from
these two criteria are inconclusive, secondary criteria may
be helpful. For instance, the presence of a near-IR excess
suggests membership while significant visual absorption
indicate that the star is either embedded within the cloud
or lie beyond it. Similarly, the far-IR or radio properties
of some stars in our sample sometimes provide additional
clues to their youth. In the following, we discuss the prob-
ability that the observed stars are cloud members based
on these criteria.

The following stars exhibit He in emission: ROXs 2,
3, 4,5, 6, 7, 10A, 10B, 12, 16, 20A, 20B, 21, 29, 30B,
30C, 31, 33, 34, 39, 42B, 42C, 43A, 43B, 44, 45F, 47A.
Except for ROXs 4, 20A, 20B, 31, 33, and 42B, these
stars also have lithium absorption, which leaves no doubt
as to their pre-main sequence status. The lithium line was
only marginally detected in ROXs 4, 33, and 42B and
could not be seen in the low-resolution spectrogram of
ROXs 31. Nevertheless, ROXs 4, 20B, 31, and 33 can be
unambiguously classified as pre-main sequence stars on
the basis of their strong Ha emission compared to that of
active dwarfs of similar spectral types. Moreover, all four
stars have possible near- or far-IR counterparts (see Ta-
ble 2). Interestingly enough, Struve & Rudkjgbing (1949)
found ROXs 33 (= SR 20) to be a non-emission line star,
while, 10 years later, Dolidze & Arakelyan (1959) detected
strong Ha emission (= DoAr 38). We measured an Hoa
equivalent width of 21 A for this star, and the Ha line ex-
hibits a well-developed P Cygni profile. The non-detection
of the lithium line in the low-resolution spectrogram of
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such a late-type star as ROXs 20 A (Sp = M5) does not
constitute a strong evidence against pre-main sequence
status because the line is located within deep TiO and
CaH bands, and thus difficult to detect. In fact, ROXs
20 A suffers strong visual extinction (Ay = 2.6 mag) and
since its luminosity is far too large to be compatible with
that of a background dMbe star, we conclude that it is
a cloud member. Its proximity to ROXs 20B (projected
separation of 10”) suggests they form a physical pair (see
Sect. 4.3). Similarly, ROXs 42B has only faint Ha emis-
sion, with EW (Ha) = 1.7 A, but its high visual extinction
(Ay = 2.5 mag) and large stellar luminosity suggest that
it is embedded within the cloud.

ROXs 8, 14 and 45 E are most likely additional cloud
members, even though no Ha emission is seen above the
continuum in their spectrum. ROXs 8 displays a strong
lithium line, and, while Ha now appears as a faint ab-
sorption feature, it was previously detected in emission by
Dolidze & Arakelyan (1959). It also has strong near- and
far-IR excesses and has been detected in the radio range
at 1.4 and 5 GHz (see references in Table 2). ROXs 14, a
B4 star, exhibits strong Ha absorption and no lithium ab-
sorption, as expected for such a massive star. Nevertheless,
it suffers strong visual extinction (A, = 10.3 mag) which
indicates that it is either a background object or a young
massive star deeply embedded within the cloud. Since it
is projected against the central regions of the cloud where
the gas column density is very high (A4, > 50 mag), the
former possibility is very unlikely. Moreover, radio obser-
vations at 5 GHz showed that the star excites a compact
HII region whose age is estimated to be of the order of 5
102 yr (André et al. 1988). Finally, the Ha line of ROXs
45E seems to be filled-in by emission but the signal-to-
noise ratio is too low to investigate lithium absorption. It
might be a foreground dKe star since its visual extinction
is negligeable (Ay = 0.1 mag). However, the close prox-
imity of ROXs 45E and 45F, the latter being identified
above as a pre-main sequence star, as well as their similar
properties, suggest that they form a physical pair. More-
over, ROXs 45E and 45F seem to coincide with the stars
# 49 and # 50 of Dolidze & Arakelyan’s (1959) Ha sur-
vey, which were both found to exhibit faint Ha emission
at that time.

A total of 30 stars are identified above as certain cloud
members. An additional cloud member may be ROXs
45D since its position coincides with that of Dolidze &
Arakelyan’s (1959) Ha emission-line star # 48, though
Ha now appears in absorption. The 16 remaining stars
have either Ha in absorption or no apparent Ha feature
and no lithium line is seen in their low-resolution spectra.
Except for ROXSs 35B, none of them have been detected at
other wavelengths (most of them, however, lie in areas of
the cloud not covered by previous near- and far-IR stud-
ies). ROXs 36 (HD 148562) has a low visual extinction
(Ay = 0.4 mag) and was classified as a main sequence
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member of the Upper Sco-Cen association by Garrison
(1966). ROXs 35B and ROXs 47B suffer insignificant ex-
tinction (Ay < 0.2 mag) and are most likely foreground
dwarfs. The 13 other stars, however, are strongly red-
dened with a visual extinction between 1.5 and 4.5 mag,
which indicates that they are either cloud members or
background objects.

We believe that most, perhaps all, of these stars are
late-type background giants (they have too high a stellar
luminosity to be background dwarfs). Although a lumi-
nosity class cannot be confidently assigned from the low-
resolution spectrograms of these stars, several lines of ev-
idence support this hypothesis. In contrast to most cloud
members identified above, the non emission-line stars are
projected against the very edge of the cloud where the
13CO gas column density is quite low (Loren 1989), so
that background objects can easily be seen. Moreover,
these stars have a higher visual extinction than identified
cloud members on adjacent lines of sight, as expected for
background objects. Finally, non-emission line stars which
lie in the same X-ray error circle suffer comparable visual
extinction (see, e.g., ROXs 9A, 9B, 9C, 9D), which further
suggests that they all lie behind the cloud.

Nevertheless, we note striking similarities between the
spectral properties of these non emission-line stars and
those of some X-ray emitting, pre-main sequence stars
in the Taurus-Auriga cloud. In a similar study, Walter
et al. (1989, hereafter WBMMYV) found that a number of
X-ray sources in the Taurus-Auriga region are young, late-
type stars which have Ha in absorption on low-resolution
spectrograms. While WBMMYV classified them as cloud
members on the basis of radial velocity measurements,
Hartmann et al. (1990) concluded from a proper motion
study that some may actually be low-mass members of
the nearby Cassiopeia-Taurus B star group. Both studies
agree, however, that these stars have an age less than a few
107 yr. WBMMYV note that all the non emission-line stars
in their sample have a spectral type K5 or earlier, and
argue that the lack of Ha emission above the continuum is
due to the presence of a deep underlying Ho photospheric
profile. Similarly, all the stars that have He in absorption
in our sample have a spectral type K6 or earlier, except
for ROXs 9A, an MO star. Moreover, the non emission-line
stars of WBMMV’s sample have lithium equivalent widths
of 0.3 A or less, which would be difficult to detect in our
low resolution spectrograms. Finally, WBMMYV found the
non emission-line stars to be located in low-density parts
of the cloud, much like the non-emission line stars in our
sample.

Clearly, in the absence of radial velocity measure-
ments, we are unable to assign a definite status to the
non emission-line stars in our sample. If membership is
assumed, their location in the HR diagram (not shown)
indicates ages ranging from a few 10° to a few 107 yrs.
In turn, this would imply that star formation has been
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an ongoing process in the p Ophiuchus cloud for a few
107 yr.

4.2. THE ROX OPTICAL COUNTERPARTS.

Of the 29 Einstein IPC error circles investigated here,
24 contain at least one pre-main sequence (pms) star,
sometimes two. This confirms the suggestion of MKFG
that most ROX sources are young cloud members. The
maximum count rate in the 0.2 — 4 keV range quoted by
MKFG for the 5 remaining sources (ROX 9, 35, 36, 38,
and 40) is a factor 2 to 4 lower than the average maximum
count rate for pms stars. Their optical counterparts may
be either main sequence stars or background sources, as
discussed below:

ROX 9: we observed 4 stars lying more than 2 arcmin
away from the center of the error circle. All are late-type,
non emission-line stars. The optical counterpart may be
one of the much fainter objects located closer to the circle
center.

ROX 35: one of the two observed stars, ROXs 35A, a
non emission-line K3 star, lies right at the center of the
error circle and is probably the optical counterpart of the
X-ray source. The other, ROXs 35B, a G4 foreground field
dwarf, lies 3 arcmin away. Two other stars located near
the center of the error circle were too faint to be included
in this study.

ROX 36: the center of the X-ray circle coincides with
HD 148562, a young main sequence member of the Upper
Sco-Cen association according to Garrison (1966).

ROX 38: two stars, ROXs 38A and 38B, are located 88
and 28 arcsec away from the center of the error circle. Both
are late-type stars and plausible optical counterparts.

ROX 40: ROXs 40, a K6 star, lies 3 arcmin from
the center of the X-ray circle. A faint object is located
approximately 30” away from ROXs 40, for which we
obtained a very low quality spectrum which shows no
evidence for Ho emission. Several fainter stars are located
closer to the error circle center.

Of the 30 pms X-ray sources identified here, 17 were
detected in previous He surveys of the cloud (Struve &
Rudkjgbing 1949, Doldze & Arakelyan 1959, Wilking et
al. 1987). Most of them are also near- or far-IR sources
and a few have been detected in the radio range at 1.4 and
5 GHz (see Table 2). We used the bolometric luminosities
derived above and the effective temperature deduced from
the spectral type using the Sp — T.q scale given by Cohen
& Kuhi (1979) to construct and HR diagram for these pre-
main sequence cloud members. The HR diagram is shown
in Figure 6 and contains more than twice as many stars as
the previous one presented for this cloud (Cohen & Kuhi
1979). Only ROXs 14, for which we have no luminosity
estimate, does not appear in this figure. However, Lada
& Wilking (1984) found that ROXs 14 has a dereddened
IR spectral energy distribution similar to that of a ZAMS
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dwarf of spectral type B3-B5. This is in agreement with
the spectral type of late B derived from a low-resolution
optical spectrogram by Grasdalen et al. (1973, Source 1)
and with radio data which indicate that ROXs 14 is a
young, massive member of the cloud (André et al. 1988).

As expected for young cloud members, all the stars in
Figure 6 lie well above the main sequence. According to
the theoretical isochrones given by Cohen & Kuhi (1979),
their age ranges from =~ 10° to 107 yr and their mass
from 0.3 to 2.7 M. Histograms of spectral types, stellar
masses, and He equivalent widths are shown in Figure 7.
Most of the stars have a spectral type K or early M.
In fact, the age, mass, and spectral type distributions
of ROX sources are quite similar to those of bona fide
T Tauri stars in the Taurus-Auriga cloud (see Cohen
& Kuhi 1979). Unlike the Taurus-Auriga T Tauri stars
studied by Cohen & Kuhi, however, most of the optical
counterparts of the ROX sources are weak emission-line
stars (EW(Ha) < 10 A). Only 9 X-ray sources (ROXs 6,
104, 16, 29, 30B, 30C, 33, 34, 44) are classical T Tauri
stars with EW(Ha) > 10 A and all have been detected at
near- or far-IR wavelengths.

In a similar study, WBMMY identified a number X-
ray sources in the Taurus-Auriga molecular cloud as being
“naked” T Tauri stars, i.e., weak emission-line pms stars
with no near-IR excess. They went on to suggest that
naked T Tauri stars outnumber classical T Tauri stars
by a factor of 10 in the Taurus-Auriga cloud. Among the
20 weak-line ROX optical counterparts, only 9 (ROXs 3,
5, 12, 39, 42B, 42C, 43A, 45E, 45F) have optical and
IR properties similar to those of WBMMYV’s naked T
Tauri stars. The 11 remaining weak emission-line stars
(ROXs 2, 4, 7, 8, 10B, 20A, 20B, 21, 31, 43B, 47A) were
detected at near- or far-IR wavelengths, which points to
a significant IR excess. Thus, while the ratio of weak- to
strong-emission line stars is close to 2:1 in our sample, we
find an approximately equal number of classical and naked
T Tauri stars. If the 18 ROX sources not investigated
in the present study turned out to be naked T Tauri
stars, the ratio of naked to classical TTS in the X-ray
population of the p Ophiuchus cloud would be 3:1. These
figures are similar to those derived for X-ray sources in
the Chameleon and Lynds 1641 dark clouds (Feigelson &
Kriss 1989, Strom et al. 1990).

As far as their evolutionary status is concerned, the
ROX sources form an homogeneous population of low-
mass, pms stars (with the exception of ROXs 14, a young,
massive B star). Moreover, they span a relatively limited
range of X-ray luminosity, from 103 to a few 10%! erg s~!
(MKFG). This strongly contrasts with the wide range
of spectral properties they display at other wavelengths.
The sample includes both weak- and strong-emission line
stars, some of which are strong near-IR or IRAS sources
while other have no IR excess, and some ROX sources
are radio emitters although the majority are not detected

© European Southern Observatory * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992A%26AS...92..481B

1B.

FT902A8AS. ©. 927 !

490

at radio continuum wavelengths. Clearly, X-ray emission
is not the privilege of a subclass of visible pms stars
with well-defined spectral properties. On the contrary,
X-ray emission appears to be largely independent of the
spectral properties of the stars at other wavelengths. It
is commonly -believed that X-ray emission in these stars
is a manifestation of solar-like, magnetic surface activity
(MKFG, WBMMYV, Bouvier 1990, Strom et al. 1990). In
contrast, strong IR excesses and line-emission are thought
to be related to the accretion of material from a circum-
stellar disk at the stellar surface (e.g., Kenyon & Hart-
mann 1987, Bertout et al. 1988, Basri & Bertout 1989,
Cabrit et al. 1990). The lack of a correlation (or an anti-
correlation) between the X-ray properties and IR excess
or Ha emission of young, visible stars in the p Ophi-
uchus cloud is fully consistent with the view that distinct
physical mechanisms are responsible for these properties.

4.3. THE CLOSE OPTICAL PAIRS.

Six X-ray error circles contain pairs of emission-line stars:
ROX 10, 20, 30, 42, 43, and 45. In each case, the two stars
are probably X-ray emitters but the spatial resolution of
Einstein IPC frames is too low to separate their relative
contributions. Although it is difficult to decide whether
these close optical pairs are true binary systems in the ab-
sence of radial velocity measurements, their properties are
reviewed below and the likelihood of physical association
discussed:

ROXs 10A, 10B: according to their position in the HR
diagram, the two stars have similar ages (approximately
106 yr) but widely different masses (1.3 and 2.3 Mg, re-
spectively). The separation of 94” at P.A. = 113° makes
physical association unlikely. Moreover, ROXs 10B suf-
fers much stronger extinction than ROXs 10A (Ay = 6.6
and 3.3 mag, respectively). From IR speckle observations,
Chelli et al. (1988) found ROXs 10B (= DoAr 24E) to
have a low-mass, infrared companion at a distance of 2.3
arcsec at P.A. = 30 &£ 10°.

ROXs 20A, 20B: two M stars with weak Ha emission
separated by 10” at P.A. = 126°. While they have similar
masses (0.4 and 0.3 Mg, respectively), their location in
the HR diagram suggests that they have widely different
ages. The two stars suffer quite different amounts of visual
extinction (A, = 2.6 and 0.7 mag, respectively), which
is surprising for such a close optical pair. If a physical
system, most of the extinction towards ROXs 20A must
be of circumstellar origin.

ROXs 30B, 30C: the separation is 48” at P.A. = 170°.
The two stars have very similar properties (spectral type,
mass, age, Ha equivalent width), and comparable extinc-
tion values, which suggests that they form a wide binary
system.

ROXs 42B, 42C: the two stars have similar ages ac-
cording to their position in the HR diagram but widely
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different masses and spectral types. The separation of 77"
at P.A. = 174° casts doubt upon their physical associ-
ation. ROXs 42C is a double-lined spectroscopic binary
with a period of 35.95 days (Mathieu et al. 1989).

ROXs 43A, 43B: with a separation of 6” at P.A. = 13°,
the two stars are hardly separated on POSS red prints.
Although they have quite different spectral types and
luminosities, their similar age suggests they form a close
physical system. Mathieu et al. (1989) found ROXs 43A
to be a single-lined spectroscopic binary with an orbital
period of 89.1 days.

ROXs 45E, 45F: located 15” apart at P.A. = 75°,
the two stars have similar properties and lie at the same
position in the HR diagram. In fact, we classified ROXs
45E as a cloud member partly on the basis of its assumed
physical association with ROXs 45F.

In addition to the above optical pairs, ROXs 21 (=
SR 12) and ROXs 31 were found to be sub-arcsecond
binaries by Simon et al. (1987) from lunar occultation
observations. Both systems have also been resolved at
near-IR wavelengths by speckle observations (Zinnecker
& Perrier 1988).

5. Summary and conclusions.

Of the 47 stars included in this study, 30 were identified
as being the pre-main sequence optical counterparts of 24
X-ray sources in the p Ophiuchus dark cloud. Most X-ray
sources are weak emission-line stars that have an evolu-
tionary status similar to that of bona fide T Tauri stars in
the Taurus-Auriga stellar formation region. These results
confirm the ability of X-ray surveys of star-forming regions
to reveal pre-main sequence stars which might have es-
caped detection at other wavelengths. Indeed, while some
X-ray sources are detected at infrared or radio wave-
lengths, the X-ray population of the cloud, as a whole, is
distinct from the populations of infrared or radio sources.

Although the spectral properties of the 17 remaining
stars of our sample provide no compelling evidence for
membership, they bear strong similarities with weak-line
pre-main sequence stars discovered during X-ray surveys
of other stellar formation regions. If cloud members, these
stars are significantly older than the emission-line stars,
implying that star formation has been lasting for several
107 years in the p Ophiuchus cloud.
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TABLE 1. Coordinates of ROX optical counterpart candidates.

ROXs R.A.(1950) Dec.(1950) ROXs R.A.(1950) Dec.(1950)

h m s o > n h m s o > n
2 16 22235 -234819 33 16 25 31 -24 16 06
3 1622476 -2444 43 34 1625435 -242142
4 16 22487  -24 3226 35A 16 26 31.5 -24 48 58
5 16 22 548  -23 48 23 35B 16 26 32.1 -24 4553
6 16 22547 -24 14 01 36 16 26 52.1 -2452 15
7 1622559 -242345 38A 16 27 124  -2529 07
8 16 23 01.5 -24 16 49 38B 16 27 16.8  -2529 43
9A 16 23207 -254033 39 16 27 33.6  -24 27 50
9B 16 23275  -2536 56 40 16 27499 -24 0506
9C 16 23347  -2538 30 42A 16 28 122 -24 27 50
oD 16 23429  -2539 02 42B 16 28 13.0  -2426 19
10A 16 23156  -24 13 36 42C 16 28 13.6  -24 27 36
10B 1623219 -241413 43A 16 28 18.1  -24 23 40
12 1623252 -252003 43B 16 28 182  -2423 34
14 16 2332.6 -2416 43 44 16 28 31.5 -242113
16 16 2345.1  -2405 15 45A 16 28 41.8  -2524 05
20A 16 24 123 -24 44 51 45B 16 28 446  -252509
20B 16 24 129  -24 44 57 45C 1628 49.2  -2523 58
21 16 24 17.5  -24 34 58 45D 1628 545 -252313
29 1624 38.6  -24 1523 45E 16 28 57.3  -252407
30A 16 24 36.0  -235253 45F 16 28 58.4  -2524 03
30B 16 24 37.3  -23 50 50 47A 16 29 09.6  -24 33 59
30C 16 24379  -23 51 37 47B 16 29 21.0  -24 33 58
31 16 24 50.1 2434 11

Note: ROXs #n stands for ROXstar #n and indicates a visible star lying within the error
circle of the X-ray source ROX #n. Stars lying in the same error circle have an arabic
letter appended to their name, with the alphabetic order corresponding to increasing
right ascension (see text).
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TABLE 2. Cross-identification list of ROX optical counterpart candidates.

ROXs He Optical Infrared Radio Notes
SR DoAr WSB Other HBC C Other GSS VSS EL WLY Other AMF SFAM
2 635 MKFG 20
3 636 MKFG
4 23 IRS10
6 4 20 25 AS 206 259 7 CK 13 IRS12, IRAS25 IRAS 1
. 16229-2413
7 20 IRS13, IRAS24
8 21 Haro 1-6 | 637 10 MKFG 23 93 14 IRAS26 ROS4, ROC8 Src7 1,2,
10A 24 27 638 14 28 19 2
10B 24E 30 639 16 31 22 2
14 19 CK 35 26 25 IRAS36 . IRAS ROS8, ROC15  Src13 3,4
. S 16235-2416
16 38 MKFG 27 IRAS37?
20A 317 45 640 MKFG MC16
20B 317 46 641 " MKEG MC16
21 12 263 CK, R IRS40 YLW13a 5,6
29 9 34 54 AS 207 264 29 MKFG, 34 IRS52, IRAS49 IRAS 1
CK, R 16246-2415
30B 32 51 Haro 1-11? MC2169
30C 33 53 MC2169
31 642 IRS5S5, IRASS1? ROC32 6
33 20 38 61 643 38 R IRAS60? 7
34 13 40 266 CK, R, IRAS
V853 Oph 16257-2421
35B 44 3
36 HD148562
39 ’ Src87
42C IRAS 8
16282-2427
43A IRAS | 9
16283-2423
43B 49 IRAS 3
16283-2423
44 44 Haro 1-16 | 268 CK, AJK ‘ IRAS
16285-2421
45D 48?7
45E 49
45F 50
47A 51 647 R 62 3
Notes:
1: Also detected at 1.3mm by André et al. (1990).
2: Additional near-IR measurements are in Chini (1981).
3: VSS only list optical polarization measurements for this star.
4: ROXs 14 (=S1) was extensively studied at S and 15 GHz by André et al. (1988) and André et al. (1991).
5: Also a 5 GHz radio source (Leous et al. 1990).
6: Sub-arcsecond binary (Simon et al. 1987,.Zinnecker & Perrier 1988).
7-

: This star was noted as a non emission-line star by Struve & Rudkjgbing (1949). It now exhibits a strong P Cygni
profile at Hor.

8: A double-lined spectroscopic binary with an orbital period of 35.95 days (Mathieu et al. 1989)

9: A single-lined spectroscopic binary with an orbital period of 89.1 days (Mathieu et al. 1989)

" References:
Ha: AS=Merrill & Burwell (1950), DoAr=Dolidze & Arakelyan (1959), Haro=Haro (1949), SR=Struve & Rudkjgbing
(1949), WSB=Wilking et al. (1987)
Optical: AJK=Appenzeller et al. (1983), C=Chini (1981), CK=Cohen & Kuhi (1979), HBC=Herbig & Bell (1988),
MKFG=Montmerle et al. (1983), R=Rydgren (1980)
Infrared: EL=Elias (1978), GSS=Grasdalen et al. (1973), IRAS sources: Ichikawa & Nishida (1989), MC: quoted in
WSB, V55=Vrba et al. (1976), WLY=Wilking et al. (1989), YLW=Young et al. (1986)
Radio: AMF=André et al. (1987), SFAM=Stine et al. (1988)
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TABLE 3. Journal of spectroscopic observations.

J. Bouvier and 1. Appenzeller

lines, and Li I A6707.

N°3

TABLE 4. Spectral types, equivalent widths of emission

Date Detector Dispersion Spectral domain -
Amm) & ROXs  Sp.T. Ha Hj CallK  Call H¥He Lil 6707 Notes
07.24.83 DS 172 4100-6800 A GY) (G A
07.25-28.83 EMI tube 39 3700-5000 2 K3/MO: 28 y 1
08.12-1483 EMI tube 3 3700-5000 3 K3MO 23127 (v) none 03 02 y 1
" " 595 5800-7700 4 K2 25 none y:
04.08-12.84 DS 114 3700-5500 3 K7 14 y
. . 14 3900-6000 6 K6 87220 (v) 23738 (v) 403 244 y
. 116 $500-7700 7 K7 £/1.5 (V) 1.0: y
07.13-18.84 DS 116 55007500 8 Ko -06 -08 05 0.15: y 2
. . 224 3600-7300 9A MO -1.0 n
. 224 3700-8000 9B K2 05 ?
06.10-21.85 DS 116 5400-7700 9C K4 -10 n
05.14-19.86 DS 116 54007700 9D G? 38 n
16 6400-8800 10A K5 20 57 y
v 10B KO 5 none y
12 MO /1.2 (v?) none y
14 B4: -35 n
16 G9: 19 2 y
20A M5 30 n
. . . . 20B M2 6.3 55 n
TABLE 5. Night-to-night Ha equivalent width 2 K4M2S 4588 () s 20 30 y .
variations (A). 29 K4/K6 105138 (v) 3748() 56 59 y 1
30A G? -2.0 none n
Date 6/10/85 6/11 6/12 6/13 6/15 6/16 6/17 6/19 6/20 6/‘21 308 K4 22 y
30C K4 143 y
ROXs 3 25 28 2.6 29 34 34 31 2.8 31 K7 33 none ?
ROXs 21 48 49 53 6.5 35 6.0 55 4.1 6.2 55 33 GO: 21 0.9: y: 5,6
em M MmN B B M s s wse e ws 2y
35A K3 -1.0 n
35B G4 20 n
36 A2 19 n
38A K2 -15 n
388 K? 238 ?
39 K5 3.6/6.0 (v) y
40 K6 -12 n
2A <G5 -40 2.0 ? 7
42B MO 1.7 none y:
42C K6 1.6 (V) 19 y
43A Go: 1.8/3.4 (v) 34 -11.9 -10.3 y 6
438 KS 0.8 2.0: y
44 K3 60.5/76.1 (v) 137 16.8 114 y
45A F? 8.1 19.1 -4 n
45B K? f: none n
45C K5 -1.0: none n
45D KO -1.0: none n
45E K7 f none ?
45F K7-M0 1.1 none y
47A  K2KT-MO 92 04 03 03 y 1
47B K3 -2.0: none ?
Notes:

1: The spectral type varies with wavelength, being earlier at shorter wavelengths (see text).
2: Ha was previously detected in emission by Dolidze & Arakelyan (1959).

3: The spectral type is earlier than GO. The FWHM and equivalent width of the Ha line
suggest a spectral type B4.
4: The strong [OI] A5577, 6300, and 6330 lines seen in the spectrogram may be due to sky
contamination.

5: Strong P Cygni profile at Ha.

6: The spectral type is late F or early G
7: The spectral type is probably F or G.
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TABLE 6. UBVRI photometry, visual extinction, and stellar luminosity.

ROXs v B-vV U-B V-R¢ V-L Av log L/Lg
2 15.4 2.2 13 15 3.1 5.9 0.7
3 132 15 13 1.0 2.0 0.6 -0.2
4 15.3 22 1.0 14 2.9 59 0.7
5 14.5 1.1 2.3 -0.2
6 12.8 L5 -0.1 1.1 2.1 22 0.4
7 (16.9) (1.5) 3.3) 417 -0.2
8 139 22 12 1.5 30 6.6 15

9A (1.3) 33

9B (L1 33
9C 0.9 1.9
9D 0.8) 2.4:
10A 14.2 1.9 1.4 1.2 2.4 33 0.2
10B 14.6 22 1.0 (1.5) 6.6 12

12 (15.4) 2.0) (1.1) 1.7 -0.7

14 (1.6) 10.3:

16 (15.7) 2.2) (1.4) 6.1: 0.6:
20A (16.7) (1.5) 2.6 -0.3:
20B (15.1) 2.1) (1.1) 0.7 -0.8

20A+B 15.1 1.7 1.0

21 13.4 15 12 1.0 2.3 0.6 -0.2

29 11.5 1.2 0.65 0.8 1.6 0.2 0.1
30A (16.1) (1.8:) (L.1) (2.4) 4.6: -0.2:
30B 154 13 4.1 0
30C 15.0 1.2 3.6 0

31 (16.8) (2.3) (1.4) 3.3) 43 -0.3

33 14.0 2.0 12 1.4 2.7 6.5: 1.3:

34 13.3 1.1 -0.35 0.95 2.4 0 -0.2
35A (12.6:) 0.9) 1.7 0.1:
35B 0.4) 0

36 8.2 0.1) 0.4 12
38A (1.0) 3.0
38B (1.1) 2.4:

39 (13.0) (1L.1) 24 0.3

40 (1.0) 1.6
42A (15.2) (1.42) (0.9) (1.9:) 3.1: -0.5:
42B (15.0) (2.2:) (1.2) 2.72) 2.5 -0.2
42C (12.5) (W) (1.0) 2.1 1.9 0.4
43A (11.4) (1.3) 0.8) (1.6) 2.3: 0.7:
43B (12.3) 2.1 (0.9) (1.9) 1.3 0.2

44 12.6 1.35 0.55 0.9 1.8 2.1 0.3
45A (13.7) (1.1) 0.8) (1.6:) 2.8: 0.0:
45B (17.4) (1.3) 2.8:) 4.4: -0.6:
45C (16.0) 2.2:) (1.3) 2.7:) 39 -0.25
45D (15.1) (1.7 (1.0) (2.0:) 33 -0.3
45E (13.5) (1.4) 0.8) (1.57) 0.1 -0.7
45F (13.8) (1.5) (0.9) (1.79) 0.3 -0.7
47A 13.6 1.7 1.1 12 2.5 2.3 0.2
47B (12.3) (1.25) 0.6) 0.2 -0.3
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TABLE 7. UBVRI photometry: Individual measurements.

ROXs Date v B-V U-B V-Re V-I
2 8/4/83 15.53 2.37 1.49 3.10
8/8/83 15.36 1.79 1.32
8/8/83 15.36 2.56
4 8/4/83 15.32 2.26 0.12 1.44 291
8/8/83 15.31 2.13 2.37
8/8/83 15.28 2.18
8/8/83 15.31 2.04 0.62
10A 8/4/83 14.25 1.90 0.86 1.20 241
8/7/83 14.09 1.84 0.90
8/7/83 14.11 1.90 1.88
8/8/83 14.19 1.86 1.95
8/8/83 14.20 1.88 1.51
10B 8/8/83 14.60 2.33 0.90
8/8/83 14.57 2.13 1.16
20 A+B 8/8/83 15.10 1.71 1.11
8/8/83 15.09 1.77 092
33 8/4/83 14.05 1.97 L.15 1.39 272
8/7/83 14.0 2.10 091
8/8/83 14.04 1.96 1.31
8/8/83 14.07 2.01 1.32

Note: UBVRI photometry for ROXs 3, 6, 8, 21, 29, 34, 44, and 47A has been published
in Bouvier et al. (1988).

TABLE 8. JHKLM photometry .

Star J.D. J H K L M
244

ROXs 6 5719.65 9.2 8.3 7.4 6.4 6.5

5721.61 9.5 83 79 - 14 6.3

5722.63 9.2 8.0 8.1 8.6 7.8

ROXs 8 5719.62 8.3 6.9 6.5 5.7 6.0

5721.58 8.3 6.9 6.3 5.8 52

572257 8.2 6.8 6.2 5.8 53

ROXs 29 5719.65 85 1.7 7.3 6.4 6.6

5721.64 85 1.7 72 6.4 6.0

5722.61 8.5 7.7 72 6.5 6.0

ROXs 47A 572259 9.1 82 79 74 75
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[IOD2A&AS] D 92:

FIGURE 1. Finding charts for the optical counterpart candidates of p Ophiuchus X-ray sources. North is at the top, and east is
to the left.
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FIGURE 1. (continued)
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FIGURE 1. (continued)
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FIGURE 3. Low-resolution spectrograms of a) ROXs 3, b) ROXs 21, ¢) ROXs 29, and d) ROXs 44 obtained on a night-to-night
basis between June 10 and June 21, 1985. An arbitrary offset has been applied to the spectrograms in each panel to allow direct
comparison.
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FIGURE 4. a)

FIGURE 4. a) Medium-resolution spectrograms of ROXs 3, 21, and 47 A in the 3700-4950 A spectral region. The spectrograms
of two standard stars, with a spectral type K4 and K7-MO0, respectively, are shown for comparison. b) Same as a) for the 5800-
7200 A spectral region. The late-type standard star has a spectral type M0. The Ha line in the red spectrograms of ROXs 21
and 47A has been truncated for clarity. An arbitrary offset has been applied to the spectrograms in each panel to allow direct
comparison. The spectrograms of the ROX stars were obtained with a higher spectral resolution than those of the standard
stars, which results in a noisy appearance. In the blue range, the ROX stars have a photospheric spectrum similar or slightly
earlier than that of the K4 template, while in the red range, deep TiO bands indicate a spectral type MO or slightly later.
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FIGURE 5. Composite spectra of ROXs 3, 21, and 47A over the 3700-7200 A region. The lower spectrum was obtained by
summing the spectrograms of two standard stars with a spectral type K0 and M1.5, respectively, after normalization to the
same flux at 5500 A (see text). An arbitrary offset has been applied to the spectrograms to allow direct comparison. The

synthetic spectrum approximates the spectral type variation as a function of wavelength observed in the 3 ROX stars.

© European Southern Observatory * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992A%26AS...92..481B

1B.

FT902A8AS. ©. 927 !

N°3 SPECTROSCOPIC, PHOTOMETRIC SURVEY OF p OPHIUCHUS X-RAY SOURCES 515
T l T
\'-‘ |
[]
5
)
o Oof s
i
B all 2
. Y 204
20B
- -
4 F —
0.35M,
- | i I 1
3.9 3.5 34

log Tesy

FIGURE 6. Distribution of the identified X-ray emitting cloud members in the HR diagram. The stars are labelled with their
respective ROXs number. The spectral type deduced from the red spectral region has been adopted for the ROX stars which
exhibit spectral type variations as a function of wavelength. Solid lines are theoretical pre-main sequence evolutionary tracks for
stars with a mass between 0.35 and 3 M. The theoretical zero-age main sequence locus is shown as a dashed line. The upper
and lower dotted lines are theoretical isochrones corresponding to an age of 10% and 107 yr, respectively. The location of the
X-ray emitting cloud members in the HR diagram is similar to that of bona fide T Tauri stars of the Taurus-Auriga association.
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FIGURE 7. Histograms of Ha equivalent vﬁ&th, spectral type, and stellar mass for the p Ophiuchus pre-main sequence X-ray

. sources.
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