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ABSTRACT 
An extensive Guest Observation of the p Ophiuchi dark cloud region was conducted with the 

Einstein Observatory, featuring in particular repeated observations of several parts of the cloud, on 
time scales down to a day, or even hours. In all, 14 IPC and 3 HRI fields were obtained. 
Initially motivated by a search for a possible compact counterpart to the COS B y-ray source 
3CG 353 +16 (for which no evidence was found), the present study gave a wealth of data, which 
turned out to be mostly relevant to early stages of stellar evolution. 

Among the most significant results are the following: 
1. About 50 weak sources were discovered in the 2° x 2° area investigated. There is some 

evidence for up to 20 more sources. 
2. These sources form a class of X-ray sources, which are most likely pre-main-sequence or 

very young objects; only ~one-half of them are known to be so at present from “standard” 
criteria (optical, IR, etc.). 

3. Most sources are highly variable, largely beyond what could be caused by unknown gain 
fluctuations. Variability factors may reach one order of magnitude or more in a day. 

4. The overall distribution of the normalized amplitude variations follows a power law. 
We interpret the time variability in terms of strong stellar flares, which dominate the X-ray 

luminosity of the sources (this is the case in particular for the 9 T Tauri stars we detect, out of 
the 11 contained in the investigated area.) In one extreme case, we may even have observed the 
strongest stellar X-ray flare ever recorded. 

Finally, we discuss several implications bearing on early stages of stellar evolution and some 
consequences of the presence of X-ray active objects within dark clouds. Several comparisons are 
made with the Orion complex. Possible observational tests are suggested. 
Subject headings: gamma rays: general — nebulae: individual — stars: flare — 

stars : pre-main-sequence — X-rays : sources 

I. INTRODUCTION 

a) Motivation 
The p Oph dark cloud region has been extensively 

investigated at various wavelengths. Optical, radio, and 
IR observations point to the presence of very young 
objects, like T Tauri stars, and early-type stars having 
very recently reached the main sequence (e.g., Falgarone 
1979; Elias 1978, and references therein). In the high- 
energy range, the first results were those of the COS B 
satellite (Scarsi et al. 1977), which discovered a weak 

1 Also at Laboratoire de Physique de l’Ecole Normale Supérieure, 
Paris. 

2 Alfred P. Sloan Foundation Fellow. 
3 Visiting Astronomer, Cerro Tololo Inter-American Observatory, 

which is operated by the Association of Universities for Research 
in Astronomy, Inc., under contract with the National Science 
Foundation. 

y-ray source in the direction of the cloud, 2CG 353 -b 16 
(Swanenburg et al 1981). On the basis of existing 
estimates of the mass of the cloud, especially from CO 
measurements, it was found that the y-ray flux resulting 
from the interaction of average density cosmic-ray 
protons and electrons with the cloud (via n° decay and 
bremsstrahlung, respectively) fell short of the observed 
flux by a factor ~5. Particle acceleration within the 
cloud, or in its immediate vicinity, was then suggested 
by several authors to account for the excess y-ray flux 
(e.g., Bignami and Hermsen 1982 and references therein), 
contrary to what is thought to take place, for instance, 
in the Orion Nebula, where no such excess is observed 
(Caraveo et al. 1980). 

However, one cannot a priori rule out that a compact 
object (like an unknown pulsar or a black hole) on the 
line of sight—or inside—the cloud, may instead be the 
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actual counterpart to the y-ray source. An observation 
program using the Imaging Proportional Counter (IPC) 
aboard the Einstein Observatory (Giacconi et al. 1979, 
1981) was set up to map the COS B error box and to 
look for the possible X-ray signature of such a counter- 
part. 

The COS B error box, a circle of ~1° radius, was 
covered by a mosaic of 5 IPC fields, the “middle” field 
(i.e., centered on the middle of the COS B error circle) 
overlapping the four other, mutually adjacent fields. This 
mosaic was the subject of two set of observations, made 
6 months apart in 1979, which showed not merely one 
but at least a dozen weak sources in the immediate 
vicinity of the molecular cloud, some of them being 
highly variable (Montmerle, Koch-Miramond, and 
Grindlay 1981a, b). On the basis of preliminary 
identifications with pre-main-sequence (PMS) objects 
(including one T Tauri star), several follow-up IPC and 
HRI (High Resolution Imager) observations were made, 
separated by only 1 or 2 days. Altogether, the 14 IPC and 
3 HRI exposures thus obtained make up a unique 
investigation, in both space and time, of the p Oph dark 
cloud region. The analysis of the data, covering a 
~2° x 2° area, led to the discovery of about 50 distinct 
sources, almost all variable, and up to 20 weaker sources. 

b) Outline of the Paper 
In this paper, we mainly discuss the results obtained 

on the field centered on the densest part of the cloud 
(hereafter the “center” field), which was the target of six 
repeated IPC observations made at various epochs, and 
three spatially distinct HRI observations. 

After having briefly described the observations and 
some specific features of the data analysis (§ II), we 
discuss the space distribution of the sources (§ III), 
emphasizing their specific nature as highly variable X-ray 
objects (§ IV). Because variability turned out to be 
particularly remarkable in one source, we discuss in 
more detail the corresponding observations (§ V) and 
focus on a very strong event, for which arguments in 
favor of a flare interpretation are given (§ VI). 

A discussion of the results in a more general framework 
is presented in § VII, and main conclusions are drawn 
in § VIII. 

II. OBSERVATIONS AND ANALYSIS 

a) Source Detection 

The standard data processing led to the detection of 
about 20 sources in the COS B error circle, with effective 
exposures ~ 1600-2500 s for the IPC, and ~ 11,000- 
12,000 s for the HRI. However, the sources were not 
always present in separate images, and strong variability 
was clearly a general trend from the outset. As an 
illustration, we present in Figure 1 the contour maps 
corresponding to the six IPC exposures of the center field, 
normalized to 2000 s. 

Owing to the complex structure of the IPC images 
(blended sources and sources away from the axis), the 
detection of weak sources by the standard processing 
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is difficult. For instance, there is no source in the middle 
of the “center” field, where the detector is best known, 
and a majority of sources lie in the annulus from which 
the standard background is estimated, thus raising it 
artificially. Therefore, on the basis of the contour maps, 
a number of candidate sources were studied using 
interactive processing programs. Their background, 
taken from a nearby area free from sources, as well as 
their detection radius, were generally different from one 
source to the next, but were also varied in several cases 
to check the consistency of the results. This treatment 
allowed us to push down the detection limit when a 
weak source (for instance, detected below 2 cr in a single 
observation and thus usually discarded) was seen 
repeatedly. In the center field, the best lower limit (2 o) 
achieved was 3 x 10"3 counts s-1 in the total IPC 
passband, i.e., a luminosity of 3 x 1029 ergs s-1 (see 
§ Hid); in general, this lower limit corresponds to 5 
counts during one exposure. 

b) Variability 
Count rate variations can be caused simply by 

unknown gain changes from observation to observation, 
or from pixel to pixel if the observation axes and roll 
angles are not exactly identical. This is because the gain 
is not known accurately beyond the first 4' off the axis 
(Gorenstein, Harnden, and Fabricant 1981). In principle, 
this is a problem for us, since most sources lie at least 
^10' or 20' away. However, in almost every case, the 
spectral distribution of the counts is very deficient in 
low-energy photons (< 1 keV) (see § IIW), so that a shift 
in the relationship between pulse height channel and 
energy, corresponding to a gain variation, does not affect 
the total number of counts in the IPC passband (i.e., 
the source flux). Specifically, in most cases, the difference 
in total counts resulting from a possible shift of ± 2 units 
in the A1 peak channel monitoring the gain remains 
within the statistical uncertainties, after removal of the 
background. An extreme shift of ±3 units broadens the 
uncertainties but does not affect the results significantly. 
In addition, many observed count rate variations are 
large (at least a factor of 2, and up to an order of 
magnitude; see § IVh), and include increases as well as 
decreases. Also, vignetting corrections cannot introduce 
an erroneous variability, since the roll angles of the 
various sets of images differ usually by much less 
than Io. 

In view of all these arguments, we conclude that the 
variations we observe must be real when they are larger 
than the statistical uncertainties. 

III. SPACE DISTRIBUTION AND NATURE OF THE SOURCES 

a) Overview 
The overall distribution of the sources in the “center” 

region is shown on a merged image of the six IPC 
observations, superposed on a Palomar Sky Survey red 
print (Fig. 2 [Plate 1]). There are apparently diffuse 
structures (in particular near the remarkable concentra- 
tion of stars around a æ 16h23m20s, ô ^ — 24°15'), which 
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were noticed by Montmerle, Koch-Miramond, and 
Grindlay (1981a) in the first two observations. These 
structures can in fact be resolved into several variable 
sources (see Fig. 1). In this area the HRI image shows 
only one source, which is locally the brightest IPC 
source, by at least a factor of 3. The roughly annular 
structure of the source distribution in Figure 2 is 
intriguing. In fact, it closely follows the densest parts 
of the cloud in this region, where the visual absorption 
exceeds ~ 8 mag over an area ~ 10' in radius, centered 
ata ä 16h23m20s,(5 = -24°25' (see Encrenaz, Falgarone, 
and Lucas 1975). In the same region, but in a more 
localized area (5' radius), around a= 16h23m46s, <5 = 
— 24025'44", Lada and Wilking (1980) have found 
evidence for 13CO self-absorption, implying there is a 
visual absorption of more than 100 mag. 

Since in order to be detected by Einstein, the sources 
must have absorption column densities typically below a 
few times 1022 cm-2, only the sources about the 
periphery of the densest regions of the cloud are 
expected to be visible (see also below, § Hid). Hence, 
the ring structure could be explained, at least in part, 
by absorption effects linked to the matter distribution. 

The whole 2° x 2° area covering the COS B error 
circle is shown in a similar way, on two figures 
(Figs. 3a and 3b [Plates 2 and 3]), corresponding to 
two observations separated by several months. 
Variability can also be seen for many sources. As a whole, 
the strong sources appear to be grouped in the upper 
half of the figure, when the absorption is greatest, 
confirming the trend noted in the center region. 

A detailed discussion of the correlation between the 
distribution of the X-ray sources and of the dense matter 
will be presented elsewhere. 

b) Source Lists 

About 30 resolved sources are clearly visible in the 
“center” field (Fig. 2). In addition, 16 sources are 
detected in the adjacent fields, by the same method as 
described above. Altogether, we give in Table 1 a list 
of 47 sources detected above 3.5 o in the ~2° x 2° 
area covering the COS B error box. These sources will 
be referred to as the “ROX” (Rho Oph X-ray) sources 
and are discussed extensively in this paper. In the 
“center” field, it is even possible to draw a 
complementary list of 20 candidate sources, detected 
above 2 o (Table 2). Normally, one would have discarded 
these sources, but a remarkably high fraction (more than 
50%) have possible counterparts at other wavelengths, 
as do the ROX sources. 

In addition, several sources are also seen by the HRI, 
and several are seen repeatedly by the IPC, albeit with 
a very low statistical weight in each observation. 
Nevertheless, it is likely that a few sources are only 
statistical fluctuations. As to variability, owing to the 
small number of counts detected in these sources, it is 
clearly impossible to give any significant estimate. 

Other such candidate sources with a low statistical 
significance do appear also in the fields adjacent to the 
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“center” field (Figs. 3a and 3b). However, the number of 
repeated observations (2) is too low to assess the reality 
of the corresponding features, which can only be 
established with future observations. 

In what follows, the discussion will deal only with 
the ROX sources. 

c) Identifications 

Thirty out of the 47 ROX sources have possible 
counterparts in one or several surveys (optical, Ha, 
near-IR, radio continuum; see references in Table 1), 
while 17 have no such identification (^30%). Only five 
have no optical counterpart on the PSS red print. 

Several findings may be pointed out. 
1. Out of 11 T Tauri stars known in the 2° x 2° 

field investigated, nine (80%) are detected, a much 
higher proportion than the ~30% previously found 
(e.g., Walter and Kuhi 1981). The two undetected 
T Tauri stars have the smallest optical luminosities 
(see Cohen and Kuhi 1979; see also discussion in 
§ Vile). 

2. Out of eight emission-line stars found by Struve and 
Rudkj^bing (1949), six (75%) are detected. 

3. Out of 19 near-IR sources associated with the cloud, 
according to Elias (1978), 15 (80%) are detected. 

4. As part of a preliminary investigation of the optical 
properties of ROX sources previously unknown 
optically, one of us (J. E. G.) obtained spectra in 1980 
May on three new stars, using the 4 m telescope at 
Cerro Tololo Interamerican Observatory and the SIT 
vidicon detector. All show Ha emission; as an example, 
the spectrum of ROX 3, typical of a late-type PMS star, 
is shown on Figure 4. A similar finding has been 
reported for several stars by Feigelson and Kriss (1981), 
and by Walter and Kuhi (1981), in the Taurus-Auriga 
complex. The above characteristics, together with the 
spatial distribution of the ROX sources, which follows 
rather closely the dense matter distribution (§ Ilia), 
strongly suggest that, as a whole, the ROX sources are 
PMS objects, or at least, very young objects, such as 
early B stars surrounded by compact H n regions. Thus, 
as seen from the X-ray data, there could be up to 2 times 
more PMS objects in the cloud than previously known 
(see Table 1), in the regions where the absorption does 
not forbid soft X-rays to leak out. 

However, there is no evidence for a compact counter- 
part to the y-ray source 2CG 353 + 16, emitting X-rays 
by strong accretion from a companion, or from the 
presumably dense circumstellar cloud material. Although 
unlikely, the possibility remains that an absorbed source 
of this kind lies in the densest parts of the cloud. A 
possible test is as follows. It has been recently suggested 
by McCray (1982) that strong molecular hydrogen line 
emission might be expected from the periphery of an 
X-ray heated ionization zone (such as considered by 
Halpern and Grindlay 1980), around an accretion source 
embedded in a cloud. Deep high resolution maps of the 
p Oph cloud in the ~2 pm vibrational lines of H2 
would be very useful. But of course the X-ray counter- 
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Fig. 4.—Optical spectrum of the previously unknown stellar counterpart to ROX-3. Several emission and absorption features (shown) are 
typical of late-type pre-main-sequence stars. 

part, if any, of 2CG 353 + 16 may still be a different 
type of object (for instance, a background quasar; see 
the case of 2CG 135 + 01, Pollock et al 1981). 

d) Absorption 
We summarize here a number of salient features 

which are common to most ROX sources. As indicated 
by a general deficiency in low-energy photons after 
removal of the background (~70% of the sources have 
a strong maximum near ~ 1 keV), most sources have a 
high absorption column density NHtX along the line of 
sight. The absorption, however, cannot be known reliably 
when the number of counts in the total IPC passband 
(~0.2-0.4 keV) falls below about 40. Above this, the 
value of NHtX, can be estimated if one assumes a 
spectrum, but the uncertainty on spectral parameters, 
hence on NHtX becomes reasonably low only above ~ 100 
counts. (The signal-to-noise ratio cannot be improved by 
merging the images, because the gain and the fluxes are 
different in each image.) Although various kinds of 
spectra may be assumed, we have chosen thermal spectra, 
in accordance with our interpretation (§ IVc); most 
sources have then kT æ 0.5-2 keV. As a result, whenever 
NHtX can be determined, we find NHfX ~ several 1021- 
1022 cm-2. This is in fact within a factor 2 to 5 of the 
values deduced from visual extinction, when available 
(see Table 1). 

Because of the impossibility of having good spectral 
fits below 40 counts, the conversion from counts to flux 
in the total IPC passband has to be estimated indirectly. 
For sources detected with more than 100 counts, taking 
into account the various column densities and 
temperatures actually deduced from spectral fits and 
including the uncertainties introduced by possible 
unknown gain variations (§ lb), we find 1 count s-1 æ 
(3.3 + 0.5) x 10“11 ergs cm-2 s-1. Between 40 and 100 
detected counts, spectral fits are poorer, and the 

uncertainties correspondingly larger: 1 count s-1 æ 
(3 + 1) x 10“11 ergs cm-2 s-1. If we fold through the 
IPC response a thermal spectrum with kT = 1 keV, 
jVH = 3 x 1021 cm-2 (quite typical of the ROX sources 
detected above 40 counts), we find 1 count s-1 = 
3 x 10”11 ergs cm-2 s-1. Therefore, for the sources 
detected below 40 counts, we take this value as a good 
estimate of the conversion factor, in view of the wide 
similarity between the ROX sources. One then finds for 
X-ray sources lying at the distance of the cloud 
(~ 160 pc): 

10“3 counts s“1 = 9 x 1028 ergs s“1 , (3.1) 
so that apparent luminosities of the ROX sources are 
in the range ~ (0.5-25) x 1030 ergs s“1 (see § Vila). 

IV. TIME VARIABILITY 

a) Time Scales 
As previously discussed, all count rate variations 

larger than the statistical uncertainties must be real. Now 
what we observe (see Figs. 1 and 3) is the apparent 
luminosity; because of the uncertainties in the spectra, 
it is often difficult to derive the intrinsic luminosity. 
However, for a given source, their relative variations 
should be identical: we checked whether luminosity 
variations could be caused by fluctuations in absorption 
by studying hard/soft flux ratios, and no variation 
can be seen beyond the large error bars (a factor of 
~2 for sources with >40 counts and up to 10 for 
weaker sources). 

We cannot show here all the individual light curves 
corresponding to Figure 1. Suffice it to say that strong 
variations (up to a factor of > 10) are detected in several 
sources, down to within 1 day (see Table 1), i.e., between 
observation 3 and 4. This is most readily visible when 
cycling observations 1-6, which make the cloud look like 
an X-ray Christmas tree. Even the variations observed 
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at longer time intervals may reflect similarly short time 
scales. One source, 20 in Table 1, has been observed 
at even shorter intervals (a few hours) and shows the 
strongest variability of all ROX sources (see § Vb below). 

b) Distribution of the Flux Variations 
The similarity of the spectra and light curves of the 

ROX sources leads us to assume that the detected sources 
are statistically independent and of the same nature 
(at least in X-rays). In other words, we assume that all 
the sources belong to one single type of X-ray object, seen 
in different states, which we seek to define. We take into 
account only the positive detections, and we assume 
further that the “ground state” is the state corresponding 
to the lowest energy detected. These are admittedly 
crude approximations, but they are found a posteriori 
to be probably valid for most ROX sources. 

It is then possible to draw a histogram ^(Fx) of 
the normalized amplitude distribution of the fluxes 
(Fx = flux in observation i for any source normalized 
by the minimum flux detected for that source). This 
histogram (Fig. 5) is derived from 86 points = 
E (number of sources) x (number of positive detections 
above ground state), which we assume is statistically 
equivalent to one single source observed 86 times. It is 
remarkable that ^(F*) may be approximated by a 
power law for the lower values of Fx (where the 
statistics are good): 

^(F^ocF*-1-4*02. (4.1) 
This law is compatible even with large values of Fx 

Fig. 5.—Histogram of the amplitude distribution of flux variations 
^ (Fx) f°r all ROX sources (see text, § l\b). The increment of Fx is AF* = 0.5. Fx = (flux detected in one observation)/(minimum flux 
detected). 

Vol. 269 

(up to 15), in spite of a few gaps, which probably 
reflect only the poorer statistics beyond Fx = 3. 

c) Possible Interpretation of the Flux Variations 
We wish now to suggest that the observed flux 

variations may be interpreted in terms of strong stellar 
flares, which dominate the X-ray activity of the underlying 
stars, on the basis of the following arguments. 

1. The exponent of the power law found in equation 
(4.1) is similar to that found by Drake (1971), 
1.44 ± 0.01, for the time-integrated flux of solar X-ray 
flares. This similarity can be explained if all the detected 
ROX “ flares ” have durations of the same order (e-folding 
time of 1-2 hours in the case of ROX-20; see below, 
§ Via). 

2. Equation (4.1) is reminiscent of the amplitude 
distribution found by Kunkel (1973) for flares in dMe 
stars. The distribution is exponential in U magnitude, 
which can be translated to a power-law distribution 
^(iT/): 

^(Fjj) cc Fu~109±0 05 . (4.2) 

In equation (4.2), only the flare luminosity in the U band 
is taken into account, whereas in equation (4.1), the 
total X-ray luminosity is used, but this is also essentially 
the flare luminosity in X-rays. The exponents are not 
very different. Such a power-law behavior for flares may 
be explained in terms of a stochastic relaxation 
phenomenon (Rosner and Vaiana 1978; see also Kuan 
1976). 

3. While the overall observed light curve does not 
differ significantly from that of the other ROX sources, 
this explanation also accounts for several rises in 
luminosity observed in source ROX-20 (with the 
amplitude Fx reaching 25). 

This is shown by the following detailed study. 

V. OBSERVATIONS OF SOURCE ROX-20 

a) Identification 
As mentioned before (§ la), the ROX sources were 

found in a mosaic of five IPC fields covering the COS B 
error box with the “middle” field overlapping the four 
other, mutually adjacent, fields. The source 20 in the list of 
Table 1 was found in one of the overlapping areas. 
It was thus observed eight times: twice in the “middle” 
field, in addition to six times in the “center” field (Fig. 6), 
at time intervals down to a few hours. 

The conspicuous optical counterpart on the PSS red 
print is an apparent visual binary, with mR& 14 and 16 
(Fig. 7 [Plate 4]), located at a(1950) = 16h24m13?l, 
<5(1950) = — 04°45'0". It is the only object visible within 
the ~30" radius IPC error boxes, one for the “middle” 
field, one for the “center” field (their centers are —18" 
apart). This star has never attracted the attention of 
astronomers before. It has not been detected in previous 
surveys, i.e., Ha, optical, near-infrared, or radio 
continuum (for references, see Table 1). It was also not 
reported in our own preliminary investigation 
(Montmerle, Koch-Miramond, and Grindlay 1981a, b). 

MONTMERLE ET AL. 
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Fig. 6.—Relative positions of two of the five IPC fields observed 
several times with the Einstein Observatory in the region of the 
p Oph dark cloud. The “center” field corresponds to the densest part 
of the cloud (axis at a = 16h23m58s, Ô = -24°19/52"). The “middle” 
field corresponds to the region in the middle of 2CG 353 + 16 (axis at 
a = 16h26m, ô = —25°; see also Figs. 3a and 3b) and partially overlaps 
from neighboring IPC fields. The position of the source ROX-20 
is indicated, as well as the IPC ribs in each field. 

On a Palomar Sky Survey red print, it appears to be 
lying near the southern edge of a dense part of the 
p Oph cloud (Fig. 7), like many other sources we have 
detected in the “center” field (Fig. 2). 

Spectra of both components of the apparent visual 
binary were obtained by one of us (J. E. G.) in 1982 
June at the Whipple Observatory, Mount Hopkins. Both 
stars appear to be late-type pre-main-sequence stars 
with weak Ha emission. The spectra are rather similar 

193 

to that shown in Figure 4 and do not allow an 
obvious choice to be made as to which component gave 
rise to the X-ray flare. 

b) Light Curve 

In the “center” fields, the source ROX-20 was 
analyzed by taking source counts in a circle of radius 
2Ï7, and the background in an annulus of radii I'.l and 
6!7. In the “middle” fields, the counts were taken in a 
circle of radius 33, and the background in an off- 
centered circle, 7(2 away, of the same radius. 

Using the nominal vignetting corrections, we find the 
light curve of Figure 8, which spans nearly 2 years 
(additional details may be found in Table 3). Two 
strong luminosity variations (factor > 10) are seen, on 
time scales of a few hours. Of particular interest is the 
event beginning on 1981 February 7, i.e., observations 4, 
5, and 6. After (presumably) an unseen rise, the luminosity 
decreased by a factor of 5 in less than 3 hours, and by 
a factor of more than 25 in 27 hours. Two days later, 
the luminosity had risen again, then returned to about 
the same value 2 days later still. 

Now the validity of the data leading to this rather 
spectacular behavior could a priori be affected by some 
problems. 

First, in both the “center” and “middle” fields, 
ROX-20 is extremely off-centered, being even beyond 
the ribs (Fig. 6), where corrections are not well known. 
However, the respective positions with respect to the 
axis are about the same (“center” field: 253; “middle” 
field: 29!0); hence the vignetting corrections must be of 
the same order (nominally 1.6 and 2.2, respectively) 
and should not affect much the relative luminosities. 

Second, as mentioned previously (§ lib), more than 4' 
away from the axis, the gain of the IPC is not known 
precisely (Gorenstein, Harnden, and Fabricant 1981). 
This is particularly critical for ROX-20 since it lies far 
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3 
1 -/h 
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ROX-20 
Einstein IPC 

Mar 1979 Sep 1979 Feb 1981 

8 9 8 9 7 8 9 10 11 12 13 

Time_^ 
Fig. 8.—Light curve of ROX-20, based on the eight observations of this source obtained between 1979 and 1981. Numbers refer to the 

observations (see Table 3). The dotted horizontal line is a possible quiescent flux from the source; the dotted line at observations 4 and 5 is 
an exponential fit to the decrease in intensity, which we interpret as the cooling phase of a very strong stellar flare. We note that the data is 
compatible with a similar interpretation for observations 2 and 7. The ordinate is the apparent luminosity of the source; because of absorption 
along the line of sight, the intrinsic luminosity should be approximately 5 times larger (see Table 3). 
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TABLE 3 
Observational Data on Source ROX-20 

Variable 

Obs. 1 
13749.1a’ 

Cc 

Obs. 2 
13829a 

Mc 

Obs. 3 
13749.2a 

Cc 

Obs. 4 
18276a 

Mc 

Obs. 5 
18374a 

Cc 

Obs. 6 
19541a 

Cc 

Obs. 7 
19542a 

Cc 

Obs. 8 
19543a 

Cc 

Date 
(begin)    

Hour (UT) 
begin   

Hour (UT) 
end    

Exposure 
(s)  

Raw counts 
(bins 3-13)   

Corrected count rate 
( x 10-3 s"1)  

Lx( x 1030 ergs s~ 1)e . 

1979 Mar Í 

0933:10 

1009:21 

1979.2 

< 10.0d 

<10.6 
<4.5 

1979 Sep 7 

2326:11 

0006:33 

1247.0 

38.1 ± 6.8 

68.5 ± 12.3 
30.0 ± 5.5 

1979 Sep 8 1981 Feb 7 1981 Feb 7 1981 Feb * 

0854:56 

0933:51 

2141.8 

<10 

<9.7 
<4.5 

0132:24 

0201:45 

1646.4 

193 ± 16.3 

262 ± 22.2 
114 ±9.5 

0424:26 

0509:29 

2004.2 

71.0 ± 9.7 

56.6 ± 7.8 
24.5 ± 3.5 

0521:31 

0604:31 

1688.0 

9.5 ± 4.0 

9.0 ± 3.8 
4.0 ± 1.5 

1981 Feb 10 1981 Feb 12 

0856:03 0639:41 

1355:03 

2881.9 

48.9 ± 7.8 

27.2 ± 3.5 
12.0 ± 1.5 

0956:58 

3509.1 

24.3 ± 6.3 

11.0 ±2.7 
5.0 ± 1.0 

a Field location. 
b We designate the two observations merged in field 13749 by 13749.1 and 13749.2. 
c M = middle field; C = center field (see Fig. 6). 
d 2 <7 upper limits. 
e Intrinsic luminosity, with an absorption factor a = 5, and with 10“3 counts s~1 = 9 x 1028 ergs s“1 at 160 pc. 

from the observation axes, and because, in the case of 
repeated observations, the actual gain may differ in an 
unknown way from the nominal gain between 
neighboring pixels and between observations. However, 
the observed spectrum of ROX-20, taken for instance 
at maximum observed luminosity (Fig. 9) shows that the 
low-energy channels (<1 keV) are strongly cut off*. 
Because of this, the total number of counts, and hence 
the observed flux in the IPC passband, is essentially 
insensitive to differences between nominal and actual 

IPC gains (as was the case of most ROX sources; see 
§ nfc). 

Therefore, only the absolute values of the count rates 
may be affected (because of possible deviations from the 
nominal vignetting corrections, or unknown systematic 
errors) but not their relative values. Hence, we conclude 
that the observed count rate variations (i.e., flux 
variations) are real, the associated errors being only the 
standard statistical errors. We will now discuss further 
the 1981 February 7 event. 

Energy (keV) 
Fig. 9.—Spectrum of source ROX-20 at its maximum observed intensity (field 18376, observation 4). Left: incident spectrum; right: observed 

spectrum. The fit with a thermal spectrum (here kT — 1 keV) and NH = 8.9 x 1021 cm”2 has been found excluding the two first, and two last 
channels (thin vertical lines): xmin

2 = 6.8. Other spectra (even nonthermal) may, however, provide fits only slightly less good than this kind of 
spectrum, because the total number of raw counts (here, 193 ± 16 after background removal) is not sufficient to make a significant 
difference between various incident spectra. 
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VI. ANALYSIS OF THE 1981 FEBRUARY 7 EVENT 

a) Time Variation 

First, we note that the time scale for the decrease in 
luminosity between observations 4 and 5 is of the same 
order than the e-folding times of the decrease of large 
solar flares (e.g., Moore et al. 1980). Assuming that we 
are indeed in the presence of a flare (see § IVc), the 
apparent luminosity of ROX-20, Lx\ can be split into a 
“quiescent” (coronal ?) component LXfQ, and a “flare” 
component Lx F'. At any given time i, 

Lx'(t) = Lx,Q' + LX'F'(t). (6.1) 

For observations 4, 5 and 6 (Table 3), we find a 
possible representation of the form 

^'(lO30 ergs s"1) = 0.8 + 22.2 exp [-i(hr)/1.75] (6.2) 

with i = 0 in the middle of observation 4, and t > tm, 
unknown time of the flare maximum. It is reasonable 
to consider that LXtQ = 0.8 x 1030 ergs s-1 is indeed a 
quiescent state, since it is compatible with observations 
1 and 3 (which give Lx < 0.9 x 1030 ergs s-1), and 8 
(Lx = 1.0 ± 0.2 x 1030 ergs s-1), as shown on Figure 8 
(see also Table 3). 

Now it is possible to check whether equation (6.2) 
is also compatible with the count rate measured within 
the ~ 1600 s duration of observation 4. The count rate 
variation between the beginning and the end of that 
observation, expected on the basis of equation (6.2), is 
~ 0.020 counts s_ 1 per 1000 s, corresponding to a ~ 1.4 <7 
deviation in the observed average count rate (Table 3). 
Such a deviation is obviously unobservable against the 
normal statistical fluctuations, and indeed no variation 
was detected within observation 4 (see also § Vile). 

b) Spectrum and Energy Content 

At maximum, the best Xm2 fitt0 the observed spectrum 
(removing the extreme channels 1-2 and 14-15 as being 
dominated by background) gives an absorption column 
density iVH,x = 1022 cm , with a thermal spectrum 
characterized by kT = 2 keV. Writing the intrinsic 
luminosity Lx = <xLx, one finds, with such a spectrum 

a » 5 . (6.3) 

(This figure, however, is rather uncertain since other 
spectra, even nonthermal, may give fits nearly as good 
with respect to a Xm2 test ) 

From (6.2), the intrinsic luminosity of the event is 
then 

L^IO30 ergs s_1) ä 4.0 + 100 exp [-i(hr)/1.75], (6.4) 

provided that NH x does not change during the flare 
decrease, i.e., is dominated by interstellar absorption. 
This is a reasonable hypothesis in view of the high 
value of Nu>x and of the location of ROX-20 with 
respect to the cloud (Fig. 7). The energy of the flare 
in X-rays, Ex F = Lx Fdt, is readily computed to be 
(from the beginning of observation 4) at least 

Ex F > 8 x 1035 ergs . (6.5) 
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This is almost two orders of magnitude larger than the 
energy detected in the flare of the T Tauri star DG Tau 
by Feigelson and De Campli (1981), ~1034 ergs. (This 
figure is really a lower limit to the actual energy, since 
only the rise phase of that flare was observed.) Therefore, 
the 1981 February 7 event observed in ROX-20 appears 
as perhaps the most powerful stellar flare ever recorded 
(see § Vllh for further discussion). 

c) Physical Parameters of the Plasma 
Assume now that the observed decrease is due simply 

to flare cooling, after an unobserved phase of energy 
input. From equation (6.4), the characteristic cooling 
time ic is 

tc = 1.75 hr . (6.6) 

In solar flares, two cooling mechanisms compete: 
radiative cooling and conductive cooling. Usually, 
radiative cooling is thought to dominate, especially in 
large flares, but conductive cooling may also be 
important (Moore et al 1980; see also, e.g., Gabriel, 
et al. 1981). On the Sun, flares are thought to occur 
from magnetic reconnection (Priest 1981), and we suspect 
this is the case here. The corresponding characteristic 
times are 

tc,rad = 3/cT/[ne P(T)] (radiative) (6.7) 

tc,cond = 3kßne 12/k(T) (conductive). (6.8) 

In these expressions, the X-ray emitting plasma has a 
density ne, a temperature T, and a typical size /. 
P(T) is the radiative cooling function, P(T) æ 2 x 10“ 23 

ergs cm3 s-1 around 107 K (within a factor of 2, 
depending on the authors; see, e.g., McWhirter, 
Thonemann, and Wilson 1975; Raymond, Cox, and 
Smith 1976; Raymond 1979); k(T) is the thermal 
conductivity, k(T) = 10-6T5/2 ergs s-1 K-1 cm-1. The 
factor ß takes into account the influence of geometrical 
factors on the transport of electrons out of the X-ray 
emitting region: if one assumes, in analogy with the 
solar case, that the plasma is contained in one or 
several arches, then ß ä 5-10 (Moore et al. 1980; 
Antiochos and Sturrock 1976). 

Now, from Feigelson and De Campli (1981) (for 
instance), the emission measure EM at maximum 
(observation 4; T — 1-2 keV) is computed to be 

EM ä (0.6-1.2) x 1055 cm"3 . (6.9) 

With EM defined by 

EM - (47T/3K2/3 (6.10) 

and from equations (6.7) and (6.8), one finds a critical 
density nc such that ic>rad = iCjCOnd 

nc = 5 x io25T21/4/C3/2 EM-1 cm-3 . (6.11) 

Thus, when > nc& 2 x 106 cm-3, radiative cooling 
dominates. From equation (6.7), the plasma density 
corresponding to the radiative cooling is 

^(lO11 cm"3) = 0.6T(107 K)/ic(hr), (6.12) 

RHO OPHIUCHI DARK CLOUD 
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i.e., ne ä 3-6 x IO10 cm-3. Hence, radiative cooling is 
by far the dominant cooling mechanism. This density is, 
remarkably, on the low side of the densities typical of 
large solar flares. 

In addition, from equation (6.10), one can estimate 
the typical size of the X-ray emitting plasma 

/(1010 cm) = l.5Lx{1030 ergs s“1)1/3 

x tc(hr)2/3T(107 K)_ 1/3 . (6.13) 

For ROX-20, the observed maximum corresponds to 
/ > 1011 cm. This is about one order of magnitude larger 
than the largest solar flares and than flares on dMe stars 
or other ROX sources (see below). In fact, this size is the 
main factor explaining the increase in luminosity (or 
emission measure), ~ 105 times with respect to the largest 
(class 3) solar flares. If ROX-20 is a T Tauri star of 
typical radius R* ~ 2-3 R0 (see> e-g-> De Campli 1981; 
also Cohen, Bieging, and Schwartz 1982), one has 
/ ~ 0.5-0.7 R*, impressive enough, perhaps, to speak of 
a “superflare.” 

VII. DISCUSSION AND IMPLICATIONS 

a) Energetics of Flares from ROX Sources 

The preceding sections have shown that an interpreta- 
tion of the time variability in terms of flares in ROX 
sources is quite plausible, and requires very few 
assumptions. If this is indeed the case, this flaring 
activity dominates the X-ray emission. Hence, it is a priori 
difficult to define a “typical” ROX luminosity. 
Quantitative estimates may, however, be obtained in 
two ways: by taking a space average <LX)S, i.e., 
dividing the total luminosity in IPC exposures by the 
number of sources detected, and by taking a time 
average (Lx}t, for a given source, by dividing the total 
counts observed by the total effective exposure. When 
considering all the sources together, the range of (Lx}t 
gives a measure of the dynamic range of (Lx}s. Taking 
into account an average factor ~3.5 representing a 
mean absorption (weighted according to the values of 
Nn,x 

over the sources where it can be estimated), the 
intrinsic average ROX luminosities turn out to be: 

<LX>S ^ 5 x 1030 ergs s-1 (7.1) 

(Lx)t ^ 2-20 x 1030 ergs s_1 . (7.2) 

These results were obtained for the ROX source in the 
“center” field, but from Table 1, it can be seen that they 
are also compatible with the luminosities of the other 
ROX sources, for which there is less information. 

Assuming the flare events have typical durations 
comparable to that of the flare from ROX-20, the 
typical flare energies æ 1034 ergs. The typical flare 
emission regions have size scale / ^ 1 x 1010 cm (cf. 
eq. [6.13]). Thus if the flares are due to magnetic 
reconnection, the typical magnetic fields are in the range 
100-300 gauss. 

Now comparing the flare activity with the underlying, 
presumably coronal, emission, one has the following 
results: (1) one flare out of two has an intensity at least 

twice that of the quiescent value (i.e., Fx > 2, see § IVh), 
and (2) these flares contain about half of the total X-ray 
energy detected in the cloud 

L;c>tot(flares with Fx > 2) & 0.5Lx tot ä 1032 ergs s~1 . 

(7.3) 

For individual stars, the average X-ray luminosity is at 
most a fraction of a percent of the total bolometric stellar 
luminosity, but in particular cases, like ROX-20, it can 
reach a few percent. In fact, in X-rays, the ROX-20 
“superflare” alone is almost as luminous as the entire 
cloud. 

But is ROX-20 really a peculiar object? Probably not, 
in view of the power-law flare amplitude distribution 
discussed in § IVh, and its other characteristics which 
seem, at face value, typical of the other ROX sources. 
Rather, ROX-20 appears as having been the seat of a 
particularly strong (but rare) event, belonging only to the 
tail of the flare amplitude distribution. The flaring 
mechanism for the event observed on 1981 February 7, 
must however be quite efficient. 

Ongoing optical observations will help in assessing 
the exact nature of this star. 

b) Comparison with Other Flare Phenomena 
It is useful to compare the “typical” value of the 

ROX luminosity, given by equation (7.1) (but bearing 
in mind the dynamic range given by eq. 7.2), with the 
corresponding values for other stars displaying X-ray 
flares. Table 4 gives a comparison of this figure and 
other derived parameters, for the Sun, several dMe 
(flare) stars, and PMS-related objects (ROX sources, and 
the T Tauri star DG Tau). 

From Table 4, it can be seen that ROX sources and 
dMe stars have essentially similar properties, except that 
the size of the ROX flares is somewhat larger (assuming 
that the cooling time of ROX-20 is typical of all ROX 
sources). Correspondingly, to a lesser extent—and as is 
observed on the Sun—the plasma density decreases. This 
can be expected since on the Sun larger flares tend to 
occur at higher altitudes with respect to the surface 
(see Moore et al. 1980). Note also that, although more 
extreme, the flares in DG Tau and ROX-20 follow the 
same trend—an additional argument in favor of our 
interpretation. A further matter of comparison is the 
study of the Lx/Lopi ratio (see, e.g., Kahn et al. 1979), 
which gives an insight into the physical mechanism of the 
flares. The ideal tool, in this respect, is to perform 
simultaneous X-ray and optical observations. Although 
such data are unavailable for ROX sources, it can be 
noted that the results obtained by Worden et al. (1981) 
on optical flares of T Tau stars, if scaled to the 
duration of the ROX-20 flare, assumed to be typical 
of the ROX sources, suggest a ratio Lx/Lopt ^ 1 on 
average. This is in the range of what is observed for 
flare stars (e.g., Haisch et al. 1911; Kahn étal. 1979). 
If this proves to be the case, then X-ray heating may 
be an important contributor to the energy balance in 
the layers of T Tauri stars and related objects, as it is 
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TABLE 4 
Properties of Stellar X-Ray Flares at Maximum 

Star 
Lx(max) T EM Ex Size Density 

(lO^ergss“1) (107 K) (1053 cm"3) (1030 ergs) (109 cm) (lO^cm"3) Reference 

Sun . 

dMe stars . 

T Tau and related stars ... 

compact flares 
flares 
class 3 flares 
AD Leo 
YZ CMia 

AT Mic 
Prox. Cenb 

UV Cet 
ROXc sources 
DG Tau 
ROX 20 

~10~4 

~ 10~3 

>10~3 

1.6 
8 

16 
1.8 
2.0 
~5 

>20 
-100 

1-2 
1-2 
1-2 
(3) 
(1) 
3 

(1) 
(-1) 

2 
(1) 
1-2 

10 
-10”5 

5 to 10"4 

>10"3 

1.4 
5 

14 
0.46 
1.2 

5 
>10 

-100 

10~1 

-1 
>10 

>500 

<104 

> 104 

-106 

-10"1 

>1 
>10 
(-3) 

(-7) 

(10-30) 
[50] 
-100 

10-100 
10 

1-10 
(10) 

(10) 

(10-20) 
[10] 
3-6 

Note.—Parentheses enclose figures estimated or assumed by the authors; square brackets enclose figures estimated or assumed by us. 
a For coordinated X-ray, optical, and radio observations of a smaller flare, see Kahler et al. 1982. 
b For the X-ray detection of the quiescent state and observation of a smaller flare, see Haisch et al. 1980. 
c Average properties; see § Vila for details. 
References.—(1) Moore et al. 1980. (2) Kahn et al. 1979. (3) Haisch et al. 1977. (4) This work. (5) Feigelson and De Campli 1981. 

for dMe stars (Cram 1982), and may perhaps give a 
clue to their peculiar structure. 

c) X-Rays from T Tauri Stars 
Restricting the total sample of ROX sources to those 

identified with known T Tauri stars (Table 1), it is 
remarkable that they correspond to ~ 80 % of successful 
detections, whereas ~ 30 % only were seen by previous 
authors from various samples (Gahm 1980; Feigelson 
and De Campli 1981; Walter and Kuhi 1981). 

The time variability of the ROX sources and our 
longer overall exposure fully explains this effect. Indeed, 
in individual exposures, we see only between 10 % and 
50% of the known T Tauri stars; the remainder is 
obtained by summing up the exposures. This variability 
supports one conclusion of Gahm (1980) who noted a 
correlation between the Herbig luminosity class and the 
positive detection in X-rays (there is no luminosity class 
available for the p Oph T Tauri stars). It is also of 
course consistent with the count rate variability observed 
in DG Tau by Feigelson and De Campli (1981) within 
one observation. Interpreting this variability in terms of 
flares is also consistent with previous negative results. 
The reason for this somewhat paradoxical statement is 
as follows. The exposure times of the previous Einstein 
observations on T Tauri stars were all in the range 
TeXp ^ 1600-2500 s (like our own, if taken separately). 
Compared to this, the flare rise time Tr, such as 
observed in DG Tau, is only of a few minutes. On the 
other hand, since the e-folding time for the flare decrease 
Td observed in ROX-20 is on the order of a few hours, 
the time interval between subsequent flares (detectable 
by Einstein) from the same star 7} is presumably at 
least several Td, i.e., at least about half a day. Therefore, 
for a “typical” T Tauri star observation by Einstein, 
one has Tr Tf, and Td $> Texp: it is clear that, within 
a random observation, the probability of detecting a 
rising flare is very small (in fact, it has been 1 in 56 
known T Tauri stars observed to date, or 1 in 94 if one 

includes the ROX sources), and finding evidence for a 
flare decrease is essentially impossible, owing to statistical 
uncertainties on low count rates, within one observation 
(see above § Via). 

The only way to detect such a flaring activity in 
X-rays in typical IPC images is by using several repeated 
exposures of the same region, whereas the previous 
authors had only sets of single exposures at their 
disposal. Another way is of course to observe the same 
region continuously during several days : such observa- 
tions are planned with the EXOSAT satellite. On the 
other hand, we note that recent observations of T Tauri 
stars at UV and optical wavelengths also concur towards 
the same interpretation. Giampapa et al (1982) find 
evidence for the existence of extensive regions similar 
to solar plages (see also Kuan 1976), and Mundt and 
Giampapa (1982) have detected a rapid time variability 
in optical line profiles. However, optical observations 
of coronal lines put very low upper limits to the 
presence of an X-ray emitting corona (Gahm and 
Krautter 1982). 

In this context, the suggestion by Walter and Kuhi 
(1981) of the presence of a “smothered corona” to 
explain the low detection fraction of T Tauri stars in 
X-rays may have to be revised—unless, of course, the 
T Tauri stars in p Oph are of a very different nature 
than the stars surveyed by these authors. To illustrate 
this point, we plot the X-ray luminosity (maximum, 
minimum, and time-average <Lx)f in the sense defined 
above, § Vila) as a function of the equivalent width EW 
of the Ha emission line, when known (Fig. 10). 

From the Walter and Kuhi data, there was some 
evidence for an anticorrelation of Lx versus EW (Ha), 
i.e., for a decrease in Lx accompanying an increase in 
the size of the “smothering” envelope. This anti- 
correlation essentially disappears for the ROX sources, 
although, strictly speaking, some trend remains when 
one splits the data into two groups, below and above 
EW(Ha) —í 20 Â. The situation is obviously complex, 
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Fig. 10.—A plot of the intrinsic luminosity Lx vs. the equivalent width (EW) of the Ha emission line, for the ROX sources in which it is 
available (see Table 1). Crosses indicate time averages (Lx}t; minimum and maximum detected luminosities are also shown. No observation 
of time variations in EW(Ha) is available. 

and some kind of “smothering” effect cannot be 
completely excluded. 

d) Possible Links between X-Ray Activity and Age 
It is possible to broaden somewhat the implications 

of this flaring activity in T Tauri stars by bringing 
together several soft X-ray results. 

1. A variability of a factor of <2 has been observed 
on time scales of days in Cyg OB2 stars 8A and 5 
(Vaiana 1981), and on time scales of hours in several 
stars of the central Orion region (Ku, Righini-Cohen, 
and Simon 1982). 

2. The possible detection of a Herbig-Haro object, 
HH-1 in Orion, at a level of ~6 x 1030 ergs s-1, has 
been reported (Pravdo and Marshall 1981). 

3. The ROX sources associated with early B stars are 
variable and detected at a level of ~a few 103O-1031 

ergs s-1 (see Table 1). These stars must be very young, 
since they are embedded in compact H n regions 
(<10" across). Conversely, the B2V star HD 147889, 
close to ROX-1, is probably much older, since the 
associated H n region is several arc minutes in size 
(see Falgarone and Gilmore 1981) and is not detected 
(HRI data). The corresponding upper limit, ~ 1030 ergs 
s- ^ is not incompatible with the Einstein data on main- 
sequence B stars (Vaiana et al 1981). 

Therefore, we wish to suggest that the intense flaring 
activity in the ROX sources is in fact a general feature 
of very young stellar objects whatever their mass or 
exact evolutionary status. If true, X-rays would be one 
of the best tools so far to detect them, provided one 
has the adequate field of view and time coverage. 

Going one step further, the X-ray activity, as measured 

by an “average” luminosity (in the sense defined in 
§ Vila) may be linked closely with rotation. Indeed, 
there is already a strong correlation between the X-ray 
luminosity Lx and rotation (v sin i) in late-type stars, a 
possible coupling being .magnetic fields (Pallavicini et al 
1981; Vaiana 1981). This correlation covers four orders 
of magnitude in Lx, and two orders of magnitude in 
v sin i; the typical spread of the data points is a factor 
of 3 in Lx. This spread may include a contribution from 
flares. However, without some kind of time-dependent 
observations, this contribution would be hard to single 
out: more than 80% of the flares are expected to be less 
than 3 times brighter than the quiescent (coronal) 
luminosity, if the flares of late-type stars behave like 
those of the Sun or of ROX sources. On the other 
hand, links between rotation and X-ray activity are also 
advocated in the case of close binaries, for which the 
orbital momentum forces synchronous rotation, for 
instance in the dMe stars, probably all close binaries. 
The existence of flare phenomena in the Hyades (Stern 
1982) goes along the same lines. Inasmuch as rotation is, 
in turn, linked with age, the X-ray activity for single 
stars or loose binaries would decay with age, a readily 
testable suggestion. There is already some preliminary 
evidence for such a trend (Vaiana 1981). 

e) Ionization Balance and Heating of the p Oph Cloud 
The total intrinsic X-ray luminosity Lx æ 2 x 1032 

ergs s-1 (eq. [7.3]), observed within the IPC fields 
corresponding to the COS B error box, may indicate 
that a significant source of ionization (of the gas) and 
of heating (of the dust) is present within the cloud, 
owing to the X-ray emission of embedded PMS objects. 
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The ionization will affect the molecular chemistry of 
the cloud. This influence may even be higher in p Oph 
than in Orion (Krolik and Kallman 1983), as can be 
seen when comparing the corresponding mass for both 
clouds. 

In Orion, the total X-ray luminosity observed within 
the square degree of the IPC field is Lx & 1.2 x 1033 

ergs s-1 (Ku and Chanan 1979). From Kutner et al. 
(1977), we estimate the corresponding mass, which 
appears as a condensation in the southern complex, 
to be ~ 5 x 104 M ©. In p Oph, Lx is smaller by a factor 
of 6, whereas the mass of the central region (encompassed 
by our observations) is ~2 x 103 M0 (Encrenaz, 
Falgarone, and Lucas 1975; see also Myers et al. 1978; 
Pérault and Falgarone 1982). Therefore, the observed 
X-ray luminosity per unit mass in the IPC fields is 
comparatively higher in p Oph than in Orion by a 
factor of ~4 (for y-rays, see § VII/). 

The study of molecules like C2 + , C2H
+, CH+, C2H2 + , 

or HCN + , which are the most sensitive to X-ray 
photoionization (Krolik and Kallman 1982) would yield 
valuable information, in particular on various arrays of 
chemical reactions. This would be in fact easier in p Oph, 
since the cloud is 3 times closer than Orion. On the 
other hand, in p Oph, Lx is much smaller than the 
bolometric luminosity of the earlier B stars known to be 
embedded in the cloud or closely associated with it: 
the three B2V and six B3V stars (Falgarone and 
Gilmore 1981), altogether supply LB& 2.5 x 104 L0 (see 
Panagia 1973). This value is only a lower limit to the 
energy input from stars into the essentially optically 
thick cloud, since it does not include the contribution 
from lower mass stars. Even assuming that the unknown 
contribution of the absorbed X-ray sources presumably 
present in the ~500 M0 core of p Oph (Lada and 
Wilking 1982) is very high, for instance by taking 
(LJM)core ~ 10 or 50, LB is already a factor > 105 

larger than Lx. In other words, the contribution of 
X-rays to heating dust grains will surely be negligible 
with respect to heating by stars. The thermal balance 
of the cloud must be assessed from far-IR (~100 pm) 
data, by wide field experiments, like the AGLAÉ balloon 
experiment (see Boissé et al. 1981, and references therein). 
Such data are now being analyzed (E. Caux and 
J. L. Puget 1982, private communication). 

/) Possible Links with the Protosolar Nebula 
and the y-Ray Source 

The present study has shown that the eruptive 
phenomena on the suspected PMS object, counterparts 
to the ROX sources, are essentially solar-like, the 
differences being only in size (more and more surface 
phenomena on stars may also be explained in term of 
solar-like phenomena; see, e.g., the starspots of BY Dra 
stars). If this is so, then one would expect the X-ray 
flares to be accompanied by a massive injection of low- 
energy particles (in the MeV range) (e.g., Gorenstein 
1981; see also Mullan 1979). Therefore, one can expect 
observable consequences as regards the irradiation of 
the protosolar nebula (e.g., Worden et al. 1981 ; Feigelson 
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1982), and, also, one can perhaps explain the excess 
y-ray flux in the p Oph cloud, as follows. 

1. Protosolar nebula. There are large uncertainties 
in the particle flux derived from a scaling of X-ray 
flares. Nevertheless, Feigelson (1982) argues that a 
number of abundance anomalies in meteorites (14N/15N, 
26A1, etc.) may be accounted for by spallation reactions 
during the irradiation of the protosolar nebula, by 
flares ~4000 times stronger in the proto-Sun than the 
most powerful present-day solar flares. This figure is 
consistent with Ha emission, U band photometry, and 
X-ray observations of PMS stars. From Table 4, one 
gets an average factor < 5000 for ROX sources, 
consistent with the above picture. Note that the high 
level of activity we find for T Tauri stars is also 
consistent with that required for the proto-Sun to 
explain the Earth’s primordial atmosphere (e.g., 
Nakazawa and Nakagawa 1981). 

2. Gamma-ray source. If associated with the p Oph 
cloud, the y-ray source 2CG 353 + 16 has a luminosity 
Ly ä 1033 ergs s-1, i.e., 10 times the energy derived 
from equation (7.3). Hence, there cannot be a direct 
connection between the observed X-rays and y-ray 
source. However, if the ROX sources are more or less 
typical PMS objects, then along the lines of Paul, Cassé, 
and Montmerle (1981), but based on more recent data, 
one can expect them to have a considerable mass loss, 
with mass loss rate ~10_8 M0 yr-1, terminal velocity 
~300 km s-1 (see Cohen, Bieging, and Schwartz 1982; 
Bertout and Thum 1982; Felli et al. 1982; De Campli 
1981), i.e., a mechanical energy of ~3 x 1032 ergs s-1 

each. This mass loss may be driven by Alfvén waves 
provided the surface magnetic field is of order ~100 
gauss (De Campli 1981). This value is in fact consistent 
with our value derived above for the magnetic field in the 
flare emission regions. If ~60 such objects are present 
in the cloud (assuming that half of the sources of Table 2 
are real; see above § Illh) the overall kinetic 
“luminosity” Lw is: 

Lw ~ 2 x 1034 ergs s~1 , (7.4) 

i.e., 20 times Ly. This figure is in fact a lower limit, 
because of the possible presence of unseen sources in the 
core. It could be up to 20 times higher if the nine 
early B stars embedded in the cloud (Falgarone and 
Gilmore 1981 ) lose mass in accordance with their spectral 
type (see Lamers 1981). Then, winds may provide the 
necessary energy and acceleration (since MeV particles 
have to be boosted in the GeV range to induce y-rays), 
perhaps at the wind shock boundary (Cassé and Paul 
1980; see also Montmerle and Cesar sky 1981). The details 
of such a model, involving injection by PMS stars, 
acceleration at the wind boundary, and particle trapping 
within the cloud, are now under study (T. Montmerle 
et al. 1982, in preparation). We note the various 
possible difficulties specifically connected with shock 
acceleration by stellar winds in dense regions (Volk, 
Morfill, and Forman 1981; Volk and Forman 1982). 
Finally, it is interesting to note that the y-ray 
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luminosity of that part of the Orion cloud which lies 
within the IPC field of Ku and Chanan (1979), scaled 
to the relevant mass (§ Vile), is 6.1 x 1033 ergs s-1 

(see Caraveo et al 1980), i.e., 4 times less than the 
p Oph cloud (per unit mass), just as in X-rays. 

VIII. CONCLUSIONS 

In the course of an extensive guest investigation, 
both in space and time, of the p Oph dark cloud 
region, with the Einstein Observatory, ~ 50 time-variable 
soft X-ray sources were discovered (“ROX” sources), 
20 more being tentative detections. As a class, these 
sources are most likely pre-main-sequence, or very young 
objects; this is shown by the spectral information on 
their stellar counterparts, when available, and by their 
spatial distribution, closely following that of the cloud 
material. 

We interpret the time variability of these sources as 
due to a strong and widespread flare activity. If this is 
the case, and to the extent that PMS (or very young) 
objects in the p Oph cloud are representative of similar 
objects in general, then X-ray flares appear to be the 
dominating form of surface activity of PMS and very 
young objects. This is the case, in particular, for T Tauri 
stars. One of these flares may even have been the largest 
X-ray stellar flare ever recorded, reaching a luminosity 
of ~ 1032 ergs s-1, i.e., more than one order of magnitude 
above most other ROX flares. The amplitude of the flares 
is seen to be distributed according to a power law, 
as is the case in the Sun and in flare stars. 

As such, X-rays appear to be the best tool so far to 
detect PMS or very young objects near molecular clouds. 
More generally, a high X-ray activity may be character- 
istic of the very early stages of stellar evolution for all 
types of stars. The X-ray emission and time variability 
may indicate the presence of (relatively) large magnetic 
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fields (with flares then arising from magnetic field 
reconnection) on these young and highly convective stars. 
This is perhaps connected with rotation, and in this case, 
the X-ray activity is expected to decay with age, unless 
the sources are close binaries (flare stars). 

Also, this activity has presumably had a strong influ- 
ence on the environment. The presence of numerous 
sources of X-rays, scattered within the cloud, affects 
strongly its ionization balance. On the other hand, it is 
highly probable that low-energy (MeV) particles are 
copiously injected in the circumstellar cavities created by 
the strong winds known to be emitted in general by PMS 
objects. Under certain conditions, still to be worked out, a 
weak intrinsic y-ray emission may result. 

Future work will be oriented more toward the various 
connections between the stars and the cloud. From this 
and previous works, it appears that soft X-rays are 
definitely a new major component of star formation 
regions. In the near future (until the AXAF mission takes 
over), planned EXOSAT observations as well as ongoing 
observations at other wavelengths will hopefully help to 
assess a number of points we have raised. 
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PLATE 2 

Rho Oph cloud region. Sep. \1\ - 1981 
Einstein IRC 10 ! 7 

FWHM IRC 
« 0.25-5.0 keV 

6h30ro t6h24m à (1950) 16h22m 

Fig. 3a 
Fig. 3.—Overlays of the mosaic of five IPC fields covering the COS B error box for 2CG 353 + 16, on a PSS red print. The exact observation 

times for the IPC images differ typically by at least several hours: because of variability, these overlays are not snapshots of the entire field. 
Single contours were suppressed. Observation dates: Fig. 3a, 1979 September 7-10; Fig. 3b, 1981 February 7. The brightest source at that time 
is ROX-20; see text, §§ V and VI. Large crosses refer to the intersections of the IPC ribs; circled crosses refer to the observation axes. The part 
of the “middle” field shown is delimited by squares. The contours have the same meaning as in Fig. 1. 

Montmerle et al. (see page 187) 
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16h30n 

Rho Oph cloud region. Feb. 7 1981 
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Fig. 

Montmerle et al. (see page 187) 
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PLATE 4 

Fig. 7.—PSS red print of the region surrounding the source ROX-20 (crosshairs). This region is located at the southern edge of the dense part 
of the p Oph cloud. The star with a fuzzy appearance at the NNW of ROX-20 is the T Tau star SR24, also detected in the present 
investigation (see Table 2). North is at top. The two components, which the IPC cannot resolve, are ROX 20-1 (NW) and ROX 20-2 (SE); 
see Table 1. 

Montmerle et al. (see page 192) 
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