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Abstract. We present a comparison of the gas and dust properties of the dense interstellar matter in six nearby star−forming
regions (d < 500 pc):ρ Oph, Cha I, R CrA, IC 348, NGC 1333, and Orion. We measure fromChandraandXMM−Newton
observations the X-ray absorption toward pre-main sequence stars (PMS) without accretion disks (i.e., Class III sources) to
obtain the total hydrogen column densityNH,X. For these sources we take from the literature the corresponding dust extinction
in the near−infrared,AJ, or when unavailable we derive it from SED fitting using the availableDENIS, 2MASS, ISOCAMand
other data. We then compareNH,X andAJ for each object, up to unprecedently high extinction. For theρ Oph dark cloud with
a relatively large sample of 20 bona-fide Class III sources, we probe the extinction up toAJ <∼ 14 (AV <∼ 45), and find a
best-fit linear relationNH,X/AJ = 5.6 (± 0.4)× 1021 cm−2 mag−1, adopting standard ISM abundances. The other regions reveal a
large dispersion in theNH,X /AJ ratio for each source but for lack of adequate IR data these studies remain limited to moderate
extinctions (AJ <∼ 1.5 or AV <∼ 5). Forρ Oph, theNH,X/AJ ratio is significantly lower (>∼2σ) than the galactic value, derived
using the standard extinction curve (RV = 3.1). This result is consistent with the recent downwards revision of the metallicity
of the Sun and stars in the solar vicinity. We find that theρ Oph dense cloud has the same metallicity than thelocal ISM
when assuming that the galactic gas-to-dust ratio remains unchanged. The difference between galactic and local values of the
gas-to-dust ratio can thus be attributed entirely to a difference in metallicity.

Key words. X-rays: stars – stars: pre-main sequence – ISM: clouds – ISM: dust, extinction – open clusters and associations:
general

1. Introduction

One of the key parameters to study galactic evolution, star for-
mation, and other fundamental problems in astrophysics is the
so-called “gas-to-dust ratio”. The only way to measure this ra-
tio is to start from the “gas-to-extinction” ratio, expressed in
terms of the ratio of the gas (i.e., hydrogen in all forms) col-
umn densityNH toward some sources, to the dust extinction in
front of the same source, usually expressed in near-IR or optical
magnitudesAJ or AV. The dust extinction is generally derived
from data covering a limited wavelength range in the UV to
near-IR bands. The actual ratio by mass (Mgas/Mdust) can then
be obtained from theNH/AV ratio, at the cost of some knowl-
edge of the physical state of the gas to deriveMgasfrom NH, and
some modeling of dust grains to go fromAV or AJ to Mdust.
Although Mgas/Mdust a priori depends both on the length and
direction of the line-of-sight, the well-known remarkable result
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is that this ratio has almost the same value (with some disper-
sion) throughout the Galaxy, withMgas/Mdust' 100.

Perhaps the most widely known method to determine the
NH/AV ratio is to use the Lyα absorption to measure the HI col-
umn density in front of hot, UV emitting OB stars, and use
their spectral types andB−V color excess to derive the extinc-
tion. Such measurements have been performed in the past using
the Copernicus(Bohlin et al. 1978) andIUE satellites (Shull
& van Steenberg 1985; Diplas & Savage 1994).Copernicus
also provided a complementary measure of the H2 column den-
sity from the rotational and vibrational levels of hydrogen in
the UV. However, the method is limited to low extinctions since
UV photons can only penetrate up toAV <∼ 2−3.

In this paper, we measure hydrogen column densities using
X-ray absorption toward young stars. The method is conceptu-
ally similar to the classical method based on Lyα absorption in
the UV, with two major improvements:

1. X-ray absorption measures thetotal hydrogen column den-
sity (solid state, molecular, atomic and ionized), contrary
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Table 1.Methods for determiningNH/AV ratios.

Method AV max Medium Length scale Ref.

B stars (UV) ∼2 mag diffuse local ∼few 100 pc Bohlin et al. (1978)

B stars (UV) ∼2 mag diffuse local ∼pc Whittet (1981)

SNR (X-rays) ∼30 mag diffuse galactic ∼kpc Gorenstein (1975)

SNR (X-rays) ∼30 mag diffuse galactic ∼kpc Ryter et al. (1975)

SNR+ compact objects (X-rays)∗ ∼20 mag diffuse galactic ∼kpc Predehl & Schmitt (1995)

Diskless T Tauri stars (X-rays)∗ ∼50 mag dense clouds ∼sub−pc This work
∗ X-ray spectroscopy with imaging X-ray satellites.

to Lyα absorption which measures only theatomichydro-
gen column density.

2. X-rays can probemuch higher extinctions(with the single
assumption of a metallicity ratio) than the UV range: sev-
eral tens of magnitudes or more (depending on the X-ray
energy range available), as opposed to only a few mag-
nitudes for the UV, which is ideal for the study of dense
material.

More precisely, X-rays are absorbed along the line of sight by
photoelectric effect on heavy atoms (Morrison & McCammon
1983; Wilms et al. 2000). The X-ray extinction cross section
varies asE−2.5

X , hence rapidly decreases at high X-ray ener-
gies (e.g., Ryter 1996). In dense regions such as the cores
of molecular clouds or the immediate vicinity of young stel-
lar objects (YSO), self-shielding effect may become important
giving a reduced contribution to the X-ray absorption. Except
for this effect which concerns only the relatively minor K-shell
edges of refractory elements, partially ionized, atomic, molecu-
lar and solid phases contribute equally to the X-ray absorption.
In other words, the X-ray absorption is dominated not by the
H atoms themselves but by metals, mainly C, N, and O, and is
almost insensitive to the presence of grains along the line-of-
sight (e.g., Morrison & McCammon 1983).

The method of using X-rays to determine the total hydrogen
column density is not new. It has been applied as early as 1975
from X-ray spectra obtained using scanning X-ray collimators
aboard rockets or satellites. Gorenstein (1975) and Ryter et al.
(1975) derived relations between interstellar X-ray absorption
and optical extinction, from the correlation of measurements of
supernova remnants (SNRs) and the opticalE(B−V) color ex-
cess, up toAV ∼ 30. More recently, Predehl & Schmitt (1995)
usedROSATimages to study X-ray halos produced by dust
scattering around bright compact point sources and supernova
remnants, and determined with this technique dust extinctions
up to AV <∼ 20. All these studies have assumed solar abun-
dances for the ISM absorption.

However, all the above methods probe mostly the low-
density, diffuse interstellar medium. High extinctions are
reached in these X-ray studies only because the line-of-sight
is long, typically on the kpc scale, so that many local effects
are averaged out, not only in depth but also in projection on
the plane of the sky (in the case of SNRs, which are extended
X-ray sources).

In the present paper, we want to address this issue for the
first time in the case of nearby (d ≤ 500 pc),densemolec-
ular clouds, where the line-of-sight is dominated by H2. The
high extinction is here the result not of a long line-of-sight,
but of the high densities of molecular clouds (n > 105 cm−3);
the relevant length scale is heresmall, on the order of parsecs
or less. The idea is to make use of the fact that “young stel-
lar objects” (YSOs) are ubiquitous X-ray emitters, and at the
same time may suffer high extinction, either because they are
deeply embedded in, or because they are located behind, dense
material. We show below that after having defined appropriate
selection criteria, we are able to construct a reliable sample of
X-ray “candles” allowing the derivation ofNH (from X-ray ab-
sorption) andAJ (applying standard methods) for each object,
up to AJ ∼ 15 (equivalent toAV ≈ 45), and potentially even
more. This is now possible because of the spectroscopic capa-
bilities of the new generation of X-ray observatories (Chandra,
XMM-Newton) with much higher sensitivity and angular reso-
lution in a wide (0.5−10 keV) energy band.

Table 1 summarizes the above mentioned approaches, for
comparison with that used in the present paper.

The origin of the X-ray emission from T Tauri stars (TTS)
is an enhanced solar-type activity generated by powerful
magnetic reconnection flares (see review by Feigelson &
Montmerle 1999). X-ray emission is caused by thermal
bremsstrahlung and emission lines from an optically thin coro-
nal plasma confined by magnetic loops, at temperaturesTX ∼
106−108 K (∼0.1−10 keV). The averageLX/Lbol for T Tauri
stars is∼10−4±1, or 102−104 times higher than the active Sun,
enabling their detection up to large distances.

Obtaining AV measurements for the dust component of
highly obscured young stellar objects can be difficult because
the V-band flux is often not measurable and the infrared
(IR) spectrum may be dominated by local circumstellar emis-
sion. For this reason, we select a sample of X-ray emitting
stars without circumstellar envelopes or disks. In the contem-
porary classification scheme of pre-main sequence evolution,
such stars are identified as Class III sources in the near-IR, or
“weak-lined” T Tauri stars (WTTS) in the optical (e.g., Lada
1991). The WTTS are characterized by the small equivalent
width of their Hα emission lines (EW(Hα) < 10 Å) (e.g.,
Martı́n et al. 1998). The spectral energy distributions (SED)
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of Class III sources is consistent with a simple reddened black-
body photosphere.

In this paper, we present a study of the foreground extinc-
tion of the bona-fide Class III stars in several nearby molecu-
lar clouds based onChandraandXMM-Newtonobservations
and IR data. We describe the determination of the gas column
density from the X-ray spectra (Sect. 2) and the dust extinc-
tion from the IR data (Sect. 3) for various regions. Next, we
compare the gas column density and the IR extinction lead-
ing to NH,X/AJ (Sect. 4), comparing with the galactic value
and considering the spatial dependence. Section 5 discusses the
effects of grain properties, as well as that of new stellar and
ISM abundances. Conclusions and implications are presented
in Sect. 6.

2. Determination of the hydrogen column density
from X-ray absorption

2.1. Observational context

The principle of deriving the hydrogen column density from
the X-ray spectrum of any X-ray source is as follows. A num-
ber of parameters can be adjusted to fit the observed spectrum
with an input spectrum, which reflects the intrinsic X-ray emis-
sion mechanism of the source, in our case bremsstrahlung con-
tinuum plus emission lines from an optically thin, hot plasma
(106−108 K). The main fitting parameters are the absorption
hydrogen column density (NH,X) constrained mainly by the soft
energy part of the spectrum (below 1−2 keV) as a consequence
of the energy dependence of the extinction cross section dis-
cussed above and the temperatureTX of the emitting plasma,
which is determined by the hard part of the spectrum. It is not
unusual for T Tauri stars that the spectral fit is improved by us-
ing two-temperatures plasma to describe the continuous tem-
perature distribution of the corona. In this paper, we are only
interested in derivingNH,X for each source, but the accuracy of
this derivation depends on the overall quality of the spectral fit,
which implies a correct modeling of the plasma temperature.

We consider six nearby star forming regions observed with
Chandra and XMM−Newton: R CrA (∼130 pc, Marraco &
Rydgren 1981),ρ Oph (140 pc, see Grosso et al. 2000, and ref-
erences therein), Cha I (160 pc, Whittet et al. 1997), IC 348
(310 pc, Herbig 1998), NGC 1333 (320 pc, de Zeeuw et al.
1999) and the Orion Nebula Cluster (450 pc). Part of theρOph,
NGC 1333, IC 348 and OrionChandraobservations have been
already published by Imanishi et al. (2001a), Getman et al.
(2002), Preibisch & Zinnecker (2002) and Feigelson et al.
(2002), respectively. These papers do quote the gas column
densityNH but no information on the goodness-of-fit is pro-
vided, we therefore reprocessed the corresponding archived
data.

To compare with previous X-ray work, we assume standard
solar abundances (Anders & Ebihara 1982; Grevesse & Anders
1989; Grevesse & Sauval 1998) as used by default inXSPEC
for the ISM. We defer the effect of adopting more recent abun-
dance determinations to Sect. 5.

2.2. Chandra data reduction

All of the X-rayChandraobservations we use here are obtained
with the ACIS-I array consisting of four front-side illuminated
CCDs with a field of view about 17′ × 17′ (Weisskopf et al.
2002). The spectral resolutionE/∆E is ∼20. The pixel size
is 0.′′5 and the on-axis effective area is 600 cm2 at 1.5 keV. We
start the data analysis with the Level 1 processed events pro-
vided by the pipeline processing at theChandraX-ray Center.
We apply the techniques developed by Townsley et al. (2000)
to correct the energy and grade of data events affected by the
degradation of charge transfer inefficiency (CTI) in the en-
ergy range 0.5−8 keV. We remove bad pixels, events arising
from cosmic rays and detector noise using the ASCA grades
(0, 2, 3, 4, 6) filter. We keep events flagged as cosmic ray after-
glow events for source spectral analysis to avoid loosing X-ray
events on bright X-ray sources. We use thermf files (response
matrix files) and the quantum efficiency uniformity (QEU) files
provided with the CTI corrector package1. These QEU files are
used bymkarf in the CIAO package2 to generatearf files (an-
cillary response files) consistent with our CTI corrected events.
A more detailed discussion of these data analysis methods is
provided by Feigelson et al. (2002) and Getman et al. (2002).

We extract events (i.e., individual photons) in the energy
range 0.5−8 keV for source analysis using circular apertures
centered on the source position. The events are grouped into
spectral bins of 15 photons using theftoolscommandgrppha.
To have enough statistics for the spectral fitting, we keep only
Class III sources detected in X-rays with a good signal-to-
noise i.e., at least 100 counts. We measure the background
from a neighboring area devoid of X-ray sources. Lightcurves
are studied for each source. For the sources displaying obvi-
ous X-ray flares during the observation, we retain for the spec-
tral analysis only the quiescent phase, since plasma abundance
changes are seen to occur in YSO X-ray flares (Kamata et al.
1997), correlated with the rise of temperature.

The spectra are background subtracted and fitted with
bremsstrahlung continuum models usingXSPEC ver-
sion 11.0.1 (Arnaud 1996). The fitted models are a combina-
tion of an absorption model using the atomic cross-sections
of Morrison & McCammon (1983) and an optically thin hot
plasma with bremsstrahlung and emission lines using the
mekal code. The free parameters of the fit are the plasma
temperatureTX and absorbing gas column densityNH,X.
The errors are given for 90% confidence intervals obtained
using the commanderror or steppar in XSPEC. The
coronal plasma abundance is also a parameter of the fitting
(see discussion in Sect. 2.6). Our 1–temperature modeling
is relevant if the Q−probability, (i.e., the probability that
one would observe theχ2

ν, or a larger value, if the assumed
model is true, and the best-fit model parameters are the true
parameter values), is greater than 5%. Otherwise we add
another plasma temperature component to satisfy the criterion
of Q−probability>5%.

1 http://www.astro.psu.edu/users/townsley/cti/

install.html
2 http://cxc.harvard.edu/ciao/
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Fig. 1.Sample ofChandraX-ray spectra and their corresponding IR SED fitting spectra. The left panels show X-ray spectra for three moderately
absorbedρ Oph sources (GY135, VSSG11 and WL5). Their corresponding IR spectral energy distribution (SED) are in the right panels. Note
the physical parameters (NH,X, TX, LX) derived from the X-ray spectra, using the default solar ISM abundances in XSPEC (Sect. 2), and the
corresponding (AJ, Tbb, Lbol) derived from the IR SED fitting (Sect. 3). See Tables 3 and 4 for the errors.

Figure 1 illustrates a sample of moderately absorbed X-ray
spectra for threeρ Oph sources. Table 3 presents the spec-
tral parameters and the deduced X-ray properties of Class III

sources observed with bothChandra and XMM-Newton
satellites.
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Table 2.Chandradata used in this work.

Region name Position (J2000) Obs ID Observation date Exposure time Ref.

ρ Oph cores B+F 16h27m17s −24◦34′39′′ 635 2000-04-13 100 ks Imanishi et al. (2001a,b, 2002)

ρ Oph core A 16h26m34s −24◦23′28′′ 637 2000-05-15 100 ks Daniel et al. (2000)

ρ Oph mosaic 16h25m32s −24◦25′03′′ 618 2000-06-22 5 ks This work

ρ Oph mosaic 16h28m26s −24◦17′33′′ 623 2000-02-08 5 ks This work

Cha I 11h10m12s −76◦34′30′′ 1867 2001-07-02 70 ks This work

R CrA 19h01m50s −36◦57′30′′ 19 2000-10-07 20 ks This work

IC 348 03h44m30s +32◦08′00′′ 606 2000-09-21 50 ks Preibisch & Zinnecker (2001, 2002)

NGC 1333 03h29m05s +31◦19′19′′ 642 2000-07-12 50 ks Getman et al. (2002)

Orion 05h35m15s −05◦23′20′′ 18 1999-10-12 47 ks Feigelson et al. (2002)

Orion 05h35m15s −05◦23′20′′ 1522 2000-04-01 36 ks Feigelson et al. (2002)

2.3. Chandra observations of the ρ Ophiuchi dark
cloud

TheρOphiuchi dark cloud is a nearby low-mass star formation
molecular cloud which has been the subject of numerous X-ray
studies. Early observations with theEinstein Observatorysatel-
lite showed that YSOs are bright and variable X-ray emit-
ters in the 0.2−4.5 keV energy band (Montmerle et al. 1983).
Koyama et al. (1994) and Kamata et al. (1997) detected hard
X-rays from T Tauri stars withASCAin the range 0.5−10 keV.
Casanova et al. (1995) and Grosso et al. (1997, 2000) reported
deepROSATPosition Sensitive Proportional Counter (PSPC)
and the follow-upROSATHigh Resolution Imager (HRI) imag-
ing of theρ Oph cloud dense cores A and F.

The Chandraobservations were made with the ACIS−I
CCD array in the 0.2−10 keV band. A large area of the
ρ Oph region has been covered (∼40′ × 40′). It consists in a
100 ks exposure observation of cores B and F, a 100 ks ex-
posure observation of the core A and seven 5 ks shallow ex-
posures forming a mosaic (see Table 2 for details). In the
core B and F region, Imanishi et al. (2001a) identified 58 X-ray
sources with near-IR counterparts. From this data set, we select
6 T Tauri stars without mid-IR excess, i.e., without accretion
disks (ISOCAMdata, Bontemps et al. 2001). We re-analyze the
X-ray spectrum of these sources to obtain the goodness-of-fit
parameters. Five sources have enough counts for our study. For
the other fields, we identified 8 bona-fide Class III sources in
theρ Oph A field and 3 Class III sources in the mosaic using
the classification of Bontemps et al. (2001). The selectedρOph
sources have 166 to 7400 X-ray counts.

Figure 2 presents the color–color diagramsJ−H vs.H −K
and J − K vs. K − L of our resulting sample of X-ray emit-
ting Class III sources inρ Ophiuchi with availableL band pho-
tometry. These NIR sources previously classified as Class III
usingISOCAMdata (Bontemps et al. 2001) are located within
the area defined by the reddening vectors. SinceISOCAMdata
are not available for the other regions, we then use similar di-
agrams to define bona-fide Class III sources as those, taking
into account their color uncertainties, which lie in the area be-
tween the reddening vectors extending from the extremity of
the ZAMS in both diagrams (cf. Figs. 3).

2.4. Chandra observations of other star forming
clouds

The Chamaeleon complex is one of the star formation regions
nearest to the Sun (between 160 and 180 pc, Whittet et al.
1997). It consists of three main dark clouds, designated Cha I,
II and III. Cha I is the most active and hence the most stud-
ied dark cloud of the Cha complex. X-ray observations of
the Cha I region have been obtained withEinstein(Feigelson
& Kriss 1989) and withROSAT(Feigelson et al. 1993). We
use a 70 ks exposure archival image of Cha I obtained with
Chandra (see Table 2). Eight X-ray sources are previously
known WTTS and have publishedJHKL photometry (Kenyon
& Gómez 2001). To select the TTS without circumstellar disks,
we used two color–color diagrams (J−H vs.H−K andJ−K vs.
K−L) shown in Fig. 3 and apply the same criterion as forρOph
(Fig. 2). We then select 4 X-ray emitting Class III sources with
more than 100 counts.

Like Cha I, the R Coronae Australis (R CrA cloud) has
also been extensively studied in X-rays: withEinstein(Walter
& Kuhi 1981; Walter et al. 1997), withASCA(Koyama et al.
1996) and withROSAT(Neuhäuser et al. 2000). In the 20 ks
archivalChandraexposure, three Class III sources are identi-
fied but only two are sufficiently bright for our study.

NGC 1333, an active star forming region within the Perseus
molecular complex, was previously observed and studied in
X-rays by Preibisch (1997) usingROSATand by Getman
et al. (2002) withChandra. In the 37.8 ks exposure time,
they detected 127 X-ray sources and identified 95 with pre-
viously known cluster members in the optical and near IR.
Spectroscopy is not available for these known cluster mem-
bers. Seventeen X-ray sources are identified withJHKLsources
(Aspin et al. 1994; Aspin & Sandell 1997) and have been plot-
ted in the two color–color diagrams (Fig. 3). We find 14 sources
within the area defined by the reddening vectors extending
from the extremity of the ZAMS in both diagrams including
the foreground B star BD+30◦547. These sources are symbol-
ized as circles in both diagrams. Three sources meet the X-ray
selection criterion, but unfortunately they fall outside of this
area, so that their status is unclear (see discussion in Aspin
& Sandell 1997). We have not included these sources in our
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Table 3.X-ray properties of Class III sources inρ Oph, IC 348, R CrA, Cha I and Orion Nebula observed withChandra, and X-ray properties
of Class III sources inρ Oph observed withXMM-Newton(using the default standard solar ISM abundances inXSPEC). Multiple entries ofT
correspond to a multiple temperature model.

Region Sources counts NH,X (1022 cm−2) χ2
ν χ2/d.o.f.a Qproba T(keV) LX

b (1030 erg s−1)

GY12 3730 3.58 (3.36−3.81) 1.07 117/110 28% 2.2(2.0−2.4) 4.91
DoAr21 3097 1.04 (0.95−1.13) 1.14 133/117 15% 2.8 (2.6−3.2) 31.37
S1 2846 2.43 (2.25−2.62) 1.20 97/81 11% 1.14(0.93−1.37) 3.49

3.55 (fixed)
GY135 1580 2.10 (1.88−2.22) 1.06 56.6/53 34% 2.0 (1.8−2.3) 1.34
GY156 319 3.63 (3.00−4.36) 0.99 16.8/17 47% 1.4 (1.1−1.8) 0.76

ρ Oph B162607 728 2.98 (2.66−3.31) 1.04 33/32 40% 2.1 (1.8−2.4) 1.12
VSSG11 627 1.46 (1.22−1.75) 1.15 39/34 25% 2.0 (1.6−2.5) 0.40
LFAM8 354 3.49 (3.00−4.15) 1.00 14/14 45% 1.7 (1.4−2.1) 0.57
SR20 195 0.96 (0.45−1.27) 1.06 9.6/9 39% 1.6 (1.1−3.0) 2.29
SR12 7378 0.07(0.04−0.09) 1.06 104/98 31% 0.67(0.63−0.70) 1.26

2.1 (fixed)
GY289 388 3.77 (2.99−4.47) 1.01 16.1/16 44% 1.9 (1.4−2.8) 0.60
IRS 55/GY380 1976 0.96 (0.80−1.40) 1.17 82/70 15% 0.7 (0.3−1.0) 2.49

2.3 (1.6−3.9)
WL5 1322 7.21 (6.56−7.96) 1.24 47/38 15% 2.0 (1.7−2.3) 4.39
WL19 116 7.56 (4.40−14.8) 0.26 0.8/3 85% 2.90 (fixed) 0.36

L91 315 0.41 (0.31−0.54) 1.00 12/12 44% 2.6 (1.9−4.1) 0.83
L6 3416 0.68 (0.59−0.81) 1.05 100/96 35% 0.8 (0.7−0.9) 13.9

2.8 (2.5−3.2)
IC 348 L154 136 0.39 (0.14−0.62) 1.06 9.5/9 39% 1.4 (1.0−2.5) 0.28

H93 348 0.42 (0.33−0.65) 1.23 34/28 19% 0.9 (0.7−1.1) 0.79
L65 443 0.41 (0.25−0.65) 1.03 14.5/14 42% 0.7 (0.6−0.9) 8.82

2.2 (1.7−3.2)
L58 361 0.31 (0.19−0.54) 1.16 14/12 30% 0.8 (0.2−1.3) 0.83

2.8 (1.7−4.4)
H-IfA48 524 1.13 (0.99−1.31) 1.26 24/19 20% 3.1 (2.2−5.3) 5.78

0.6 (0.3−0.7)
L36 532 0.88 (0.74−1.03) 1.16 21/18 29% 0.6 (0.5−0.8) 2.63

1.9 (1.5−3.0)

R CrA CrA PMS1 5141 0.35 (0.29−0.39) 1.20 128/107 8% 2.7 (2.5−3.3) 6.32
0.4 (0.3−0.7)

CrA PMS3 825 0.37 (0.29−0.49) 1.19 35.6/30 22% 1.5 (1.2−1.8) 0.94
0.77(0.64−0.9)

CHX13a 1023 0.34 (0.26−0.51) 1.13 38/34 27% 0.7 (0.6−0.8) 0.60
2.6 (2.0−4.7)

Cha I CHRX 37 2439 0.86 (0.74−1.00) 1.15 88/77 18% 0.22(0.17−0.24) 16.4
1.6 (1.5−1.9)

GK1 2126 0.49 (0.40−0.57) 0.93 68/74 66% 0.8 (0.7−0.9) 1.17
2.3 (2.0−2.5)

CHRX 40 2954 0.63 (0.53−0.74) 1.14 92/81 18% 0.90 (0.82−0.96) 4.62
2.6 (2.1−3.5)

0.23 (0.20−0.24)

JW45 927 0.18 (0.13−0.25) 1.02 34.7/34 44% 0.75(0.70−0.84) 10
2.1 (1.8−2.5)

JW 197 239 0.19 (0.10−0.42) 1.10 8.8/8 38% 1.2 (0.9−1.4) 1.0
ONC JW260 1724 0.71 (0.66−0.89) 1.25 77/62 9% 2.1 (fixed) 170

0.6 (0.5−0.7)
P1889 477 0.12 (0.05−0.19) 1.18 20/17 27% 0.61 (0.55−0.67) 1.7
P2074 280 0.68 (0.53−0.83) 1.00 10/10 76% 0.25 (0.2−0.31) 11.9

WL19 152 14.7(7.70−23.52) 1.20 12/10 24% 1.62(0.98−3.74) 1.52
GY380 3190 1.04 (0.94−1.15) 1.01 209/207 43% 0.66−2.52 4.66
GY112 504 0.41 (0.33−0.52) 1.02 59/58 43% 0.88(0.77−1.00) 0.53

ρ Oph GY193 619 1.16 (1.04−1.29) 0.94 43.2/46 59% 1.25(1.15−1.35) 0.85
(XMM) GY194 262 1.15 (0.71−1.49) 1.15 19/17 30% 1.25(1.0−1.73) 0.36

GY253 704 4.39 (3.68−5.10) 1.19 93.8/79 12% 1.67(1.42−2.06) 1.97
GY410 228 1.57 (1.21−1.87) 1.21 35/28 20% 1.91(1.57−2.34) 0.39
B162730 494 0.83 (0.73−1.04) 1.03 67/65 40% 1.87(1.54−2.23) 0.55

a Degrees of freedom.
b Absorption corrected luminosityLX (1030 erg s−1) from the X-ray spectrum in the 0.5−10 keV range.
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Fig. 2. JHK andJKL color–color diagrams for X-ray selected (>100 counts) Class III sources inρ Oph. The solid lines are the intrinsic colors
of dwarfs and giants (Bessell & Brett 1988). The dashed lines extending from the extremity of the ZAMS/RGB are Rieke & Lebofsky (1985)
reddening vectors representingAJ = 5 mag (AV ' 16 mag). The typical error bar is shown in the upper left corner.

sample, and therefore the whole region, in spite of its interest,
has to be excluded from our study for lack of appropriate data.

IC 348 is a nearby star forming region also belonging to
the Perseus molecular cloud complex. The most massive clus-
ter member is the B5V star BD+31◦643.ROSATX-ray obser-
vations of IC 348 (Preibisch et al. 1996) had shown that this
region contains over a hundred stars. Preibisch & Zinnecker
(2001, 2002) obtained a 50 ks exposure image of IC 348
with ACIS−I. They detected 215 X-ray sources and identi-
fied 115 of these sources with known cluster members. They
used the absorption derived from optical/near-IR spectroscopy
(Luhman et al. 1998) to fit the spectra instead of deriving
it from the X-ray spectra. Therefore, we have re-analyzed
this dataset to derive the gas column density from our X-ray
spectra. Optical/near-IR spectroscopy of this region is avail-
able (Luhman et al. 1998; Luhman 1999). But Preibisch &
Zinnecker (2002) noticed that many TTS selected on the basis
of Hα equivalent widthEW(Hα) < 10 Å have aJHK infrared
excess. We first pre-select the X-ray sources whose counter-
parts haveEW(Hα) < 10 Å and we found 29 sources. Next,
we useJHK photometry and the 3.5µm data from Haisch et al.
(2001) of these sources to construct the color–color diagrams
(Fig. 3). Twenty X-ray sources are located within the redden-
ing band in both color–color diagrams which have noL band
excess. Eight have>100 counts required for a good fit to the
X-ray spectrum.

The Orion Nebula is the most distant highly active star
forming region of our sample. Observations with theEinstein,
ROSATand ASCAsatellites have been carried out but could
identify only a small fraction of X-ray sources of the cluster
population due to sensitivity, angular resolution and bandwidth
limitations. With much higher sensitivity and angular resolu-
tion, Chandrarecently detected more than 1000 sources in the
ONC identified with previously known members (Feigelson
et al. 2002). Hillenbrand (1997) studied the optical spec-
troscopy of∼900 stars in this region but did not provide
information on the Hα equivalent width (to distinguish be-
tween CTTS and WTTS), due to the contamination of this line

by the emission of the blister HII region associated with the
Orion Nebula. UsingJHKLMNQ catalog in Hillenbrand et al.
(1998), we correlate this catalog with the X-ray source list de-
tected by Feigelson et al. (2002) and find 16 sources which have
JHK andL data and a good X-ray spectrum. We select seven
of these sources which have noL−band excess and are located
within the reddening band (Fig. 3). Six sources have small or
zeroK−band excess∆(I − K) < 0.3 (Hillenbrand et al. 1998).
The column density derived from the Feigelson et al. (2002)
paper is not sufficiently accurate because of the automated fit-
ting procedure of a large number of sources. We re-analyze the
X-ray spectra of these 6 sources and find improved spectral pa-
rameters which are listed in Table 3.

2.5. XMM–Newton observation of the ρ Ophiuchi dark
cloud

TheρOphiuchi cloud was also observed withXMM-Newtonin
the 0.2−10.0 keV band for 32 ks on 2001 February 19 centered
at RA= 16h27m26.0s and Dec= −24◦40′48.0′′. XMM-Newton
features three coaligned X-ray telescopes with 6′′ FWHM an-
gular resolution at 1.5 keV and with large total effective area
up to 5000 cm2 at 1 keV (Jansen et al. 2001). The European
Photon Imaging Camera (EPIC) consists of two MOS (MOS 1
and MOS 2) and one backlighted PN, X-ray CCD arrays placed
on each focal plane of the telescopes. The EPIC provides capa-
bility of imaging with a field of view of 30′ and spectroscopy
with moderate spectral resolution of∼60 eV at 1 keV.

The data reduction followed standard procedures using the
XMM-NewtonScience Analysis Software (SAS version 5.3).
We ranemchain and epchain to obtain photon event lists.
We removed bad pixels and selected single, double, triple, and
quadruple pixel events for MOS and single and double pixel
events for PN usingevselect. We extracted light curves from
whole field of view and excluded the time region where the
X-ray counts are extremely high, which could result from solar
flare protons.
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Fig. 3. JHK andJKL color–color diagrams for X-ray sources in Cha I, NGC 1333, IC 348 and Orion Nebula. The solid lines are the unreddened
ZAMS and red giant branch. The dashed lines extending from the extremity of the ZAMS/RGB are Rieke & Lebofsky (1985) reddening vectors
representingAJ = 5 mag (AV ' 16 mag). The plus signs (+) are sources representing IRL band excess, open circles (◦) are faint X-ray sources
(<100 counts) without IR excess and filled circles (•) are the bright bona-fide Class III X-ray sources with>100 counts used in this paper. The
representative error bar is shown in the upper left corner.
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Fig. 4. Confidence contours ofNH,X versus temperature spectral fit of IRS 55 in theρ Oph cloud detected by bothChandra(left) and mutually
XMM-Newton(right). The contours are 1σ, 2σ and 3σ levels respectively. The values ofNH,X from these two independent observations are
consistent within 1σ confidence.

The background-subtracted X-ray spectra were ob-
tained from 8 Class III sources with good statistics
(150−3200 counts). The counts were extracted from the
90% enclosed energy circle. In the case other X-ray sources
are found close to the Class III sources, we adjusted the radius
of the reference regions to minimize the contamination by these
sources. The background X-ray counts were extracted from an-
nular regions around each Class III source. The X-ray spectra
were obtained from each EPIC CCD detector (MOS1, MOS2,
and PN), and fit simultaneously with the same model used for
Chandraspectral analysis usingXSPEC.

We find that three sources (IRS 55, SR 12 and WL 19) of
our sample are in common withChandra. This allows a test for
possible systematic errors between the two satellites.

2.6. Reliability of the X-ray derived NH,X values

We consider here several contributions to the uncertainty of the
NH,X values derived from the Class III X-ray spectra: possible
systematic errors associated with satellite calibrations; statis-
tical errors from the limited source counts; possible system-
atic errors associated with the uncertain X-ray spectrum of the
underlying star; and with uncertainties in the stellar coronal
abundances.

The spectra are fitted usingχ2-fit statistics with the min-
imization technique of Levenberg-Marquardt (Bevington &
Robinson 1992). The errors ofNH,X from the model fitting are
given for 90% confidence intervals obtained using the com-
manderror in XSPEC. Table 3 reports these values.

We first compare the instrumental errors of the deter-
mination of NH,X betweenChandra and XMM-Newton for
three Class III sources observed by both satellites. Figure 4
shows the confidence contours ofNH,X and two-temperature fits
for IRS 55 inρOph. The agreement between the values ofNH,X

from these two independent observations, which are consistent
to better than 1σ, is remarkably good, and gives us confidence
in the reliability of the X-ray spectral fitting procedure.

Another factor of uncertainty may be the influence of statis-
tics, i.e., whether the number of counts affects the determina-
tion of NH,X. Getman et al. (2002) have performed simulations
with sources of known spectra using thefakeit utility in the
XSPEC package. Since our sources are physically of the same
nature (T Tauri stars), their results are also valid in our case.
They found that the standard deviations of the derived col-
umn density values∆NH,X (×1022) range from∼0.6 for sources
with <∼300 counts to∼0.3 for sources with>∼300 counts. These
values are included in the error bars given in Table 3.

We have also checked the effect of the coronal abun-
dance on the value ofNH,X. The coronal plasma abundance
is first fixed at the best fit value. We then test with different
values for each spectrum until theχ2 deteriorates beyond a
Q−probability= 5%. We find that changing the coronal abun-
dance by a factor of∼2 leads to a<10% variation in the value
of NH,X, a range which is already comprised in the error bars.

Lastly, a systematic uncertainty inNH,X could also arise
due to a possible unobserved, absorbed soft component. Such
a component would be a priori undetectable in case of high ex-
tinction, but could modify the spectral fit and surreptitiously af-
fect the determination ofNH,X. We have checked this by adding
a fake soft component to the X-ray spectra. We have used
the observed spectrum of WL5, which has the highestNH,X

and enough counts to study the effect of the soft component.
Usingfakeit utility in the XSPEC package, we simulated the
spectrum of WL5 by adding a soft component at 0.3 keV to
a hard component at 2 keV. We fitted the resulting spectrum
with one-temperature model as seen with the real spectrum.
We found that if there is a soft component in the spectrum
of WL5 brighter than 5% of the total flux, it would be picked
up by XSPEC. This is already what we find in other sources
which require a two-temperature model (like IRS 55 just men-
tioned, see Fig. 4). For WL 5 we conclude that no significant
unseen soft component can affectNH,X, and a fortiori the other
sources with smallerNH,X are not affected.
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3. Determination of the extinction
from IR photometry

3.1. IR SED fitting

Different methods may be used to derive the extinction by dust
grains. Because the spectra of Class III sources lie in the near-
IR range, the extinctionAJ is directly derived, instead of the
more usualAV. Available optical/IR spectroscopy leads to the
spectral type determination and intrinsic colors which, when
compared to the observed colors and an extinction law, give an
estimate of the dust extinction. This is the case for most sources
in IC 348 (Luhman et al. 1998; Luhman 1999), Cha I (Lawson
et al. 1996; Gauvin & Strom 1992), R CrA (Walter et al.
1997), ONC (Hillenbrand 1997) and for some objects inρOph
(Luhman & Rieke 1999). These sources generally have low or
moderate extinction, allowing optical/IR spectroscopy.

If the spectral type is unknown, the dust extinction is deter-
mined by fitting the near to mid-IR spectral energy distribution
(SED) with a blackbody spectrum. This is the case of some em-
bedded sources inρ Oph whereAJ can be as high as 14 mag
(AV ' 50 mag) and optical/near-IR spectroscopy cannot lead
to an accurate determination of the spectral type. We use
the I band (DENIS), JHK photometry (2MASS) and 6.7µm
and 14.3µm photometry from ISOCAM (Bontemps et al.
2001) to construct the SED. For some sources, we also have
L(3.5µm), M(4.8µm) andN(10µm) photometry (Greene et al.
1994).

The wavelength dependence of the interstellar extinction
and polarization provides constraints on the characteristics of
interstellar grains. It is well-established that the extinction law
depends only on the ratio of total to selective extinctionRV =

AV/E(B− V) ' 3.1 for the diffuse interstellar medium (Rieke
& Lebofsky 1985; Cardelli et al. 1989) and is higher in some
regions. An important point is that, as shown by Cardelli et al.
(1989),the determination of AJ is independent of RV, contrary
to the determination ofAV (see below).

Draine (1989) reviewed the extinction by interstellar dust at
IR wavelengths and showed that for wavelengths between 0.7
and 7µm the observed extinction, both in the Galaxy and in the
Magellanic clouds, is consistent with a power-lawAλ ∼ λ−α
with indexα ' 1.75. Cardelli et al. (1989) adopt the Rieke &
Lebofsky (1985) curve withα ' 1.6. Martin & Whittet (1990)
established a power law extinction curve withα ' 1.8 extend-
ing from 0.8 to 4.8µm for both diffuse and dense clouds. In this
work, we adoptα = 1.8 but consider the effect of values rang-
ing from 1.6 to 2.0. Beyond 4.8µm, we use the extinction law
given by Lutz et al. (1996) based on the ISO/SWS observation
of the galactic center.

We fit the SED of each object using the absorbed black-
body model (Myers et al. 1987). The photospheric flux
of the sourceFbb(Tbb) is assumed to be a blackbody at
temperatureTbb.

Fobs= Fbb(Tbb) × e−τλ

with

τλ =
AJ

1.086
×

(
Aλ
AJ

)
=

AJ

1.086
×

(
λ(µm)
1.25

)−α

(valid for λ ≥ 1µm), whereFobs andFbb are the observed and
blackbody flux in Jansky,τλ is the optical depth at the wave-
lengthλ andα is the power law index. We assume that the
dust emission is negligible. The best estimate ofAJ is found
by using a least-squares fit to the blackbody model. The fit-
ting parameters are thenTbb, AJ. We vary the power law in-
dexα from 1.6 to 2.0 to obtain the resulting uncertainties on
the parameters.

Eleven of 20 X-ray emitting Class III sources inρ Oph
have IR spectra and therefore known spectral types (Luhman
& Rieke 1999). These authors derived the absorptionAJ using
near IR photometry and spectral type. The nine other Class III
sources ofρ Oph lack IR spectroscopy. We derive a blackbody
fit of the SED of these objects to estimate the extinction value,
which is given in Table 4. Figure 1 illustrates a sample of three
fits corresponding to the three X-ray sources analyzed in the
previous section.

3.2. Comparison with other extinction determinations

Table 4 compares the parameters (AJ, Tbb) derived from the
SED fitting with the values from Luhman & Rieke (1999).
The two values of the extinction and the temperature represent
the range resulting from the variation of the power-law indexα
from 1.6 to 2.0. Luhman & Rieke (1999) usedK-band spec-
troscopy inρ Oph to obtain determine spectral types and ex-
tinctions. Our fitting values are generally in agreement with
those given in the literature when available.

Figure 5 compares the values of the dust extinctionAJ

derived fromK-band spectroscopy (Luhman & Rieke 1999)
and those derived from the IR SED fitting (This work). A
linear relation can be found:AJ [(Luhman & Rieke 1999)]=
1.16 × AJ [This work] − 1.06. The values ofAJ from spec-
troscopy is∼10% larger than our SED fitting values.

4. The NH,X/A J ratio in nearby star forming regions

4.1. Comparison with the galactic value

Figure 6a shows the correlation between the hydrogen column
density derived from the X-ray spectraNH,X, and the dust ex-
tinction AJ derived from optical/IR spectroscopy for 19 bona-
fide Class III TTS in theρ Oph cloud, assuming the default
solar ISM abundances inXSPEC. The extinctionAJ is probed
up to 14 mag (AV ' 45 mag). For the sources whereAJ is de-
termined from the blackbody model, the horizontal error bars
represent the range inAJ obtained by varying the indexα
from 1.6 to 2.0 (Sect. 3.1). The resulting best-fit linear relation
is NH,X = 5.57 (±0.35)×1021 AJ (cm−2 mag−1).

However, the gas-to-dust ratio is usually studied with the
help of NH/AV. In our Galaxy, this ratio is (NH/AV)gal =

1.8−2.2 × 1021 cm−2 per visual magnitude (Table 5). This
galactic relation, obtained using X-ray absorption, and valid
up toAV ' 30 mag (Gorenstein 1975; Ryter et al. 1975; Ryter
1996; Predehl & Schmitt 1995, see Table 1) is consistent with
the one determined using Lyα absorption in the UV limited to
low extinctions (AV <∼ 2−3 mag).
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Table 4. Comparison betweenAJ, and our SED blackbody tem-
perature fitting with those from Luhman & Rieke (1999) for the
ρ Oph sources.

SED fittinga K−band

spectroscopyb

Sources AJ Tbb AJ Teff

GY12 5.02–5.23 3549–3925 4.6 3955

GY135 3.61–3.64 4323–4690 4.4 4205

GY156 5.05–5.22 4268–4733 6.1 3955

LFAM8 5.51–5.81 3434–3873 6.6 3595

VSSG11 3.50–3.51 3894–4262 4.0 3850

B162607 4.98–5.11 3533–4103 . . . . . .

S1 3.57–3.81 17665–19935 . . . 18 700

DoAr21 1.80–1.97 4614–4929 1.6 5080

SR20 2.47–2.53 3677–3945 2.1 3955

GY289 6.39–6.81 3910–4420 . . . . . .

IRS 55 1.41–1.51 3950–4175 . . . . . .

WL5 12.26–13.93 5775–6970 . . . . . .

SR12 0.21–0.22 3610–3640 0.20 3850

GY112 0.96–1.05 3505–3745 . . . . . .

GY193 1.80–1.87 3360–3650 . . . . . .

GY194 2.19–2.24 3550–3865 . . . . . .

GY253 7.08–7.59 3350–3820 8.2 3350

GY410 2.51–2.53 3870–4120 2.7 4060

B162730 2.44–2.49 3555–3850 . . . . . .

WL19 14.46–16.45 6000–7210 . . . . . .

a This work;b Luhman & Rieke (1999).

We want now to compare these values with that obtained
above from theNH/AJ correlation. This requires the conversion
of AV into AJ, which depends on the shape of the dust extinc-
tion curve. Cardelli et al. (1989) have shown that this shape,
for a variety of interstellar regions, is well represented with a
single parameterRV = AV/(AB − AV) whereAB is the dust ex-
tinction in theB−band. From this parameterization, they found
that AJ/AV = 0.4008− 0.1187(RV/3.1)−1. We use this empir-
ical relationship, and the average galactic value ofRV = 3.1,
to convertAV into AJ, yielding the galactic gas-to-dust correla-
tion in theJ−band: (NH/AJ)gal = 6.4−7.8× 1021 cm−2 mag−1.
This range is indicated by the shaded area in Fig. 6, and com-
pared with our results forρ Oph: it is clear from Fig. 6 thatthe
NH/AJ correlation lies significantly below (>∼2σ) the galactic
values.

The four other regions (Cha I, R CrA, IC 348 and Orion)
are probed only to low extinctions,AJ <∼ 1.5 mag (AV < 4).
Figure 6b compares the hydrogen column density and the dust
extinction toward 4 bona-fide Class III sources in the Cha I
dark cloud. Three points deviate from the galactic relation.
Figures 6c and 6d represent 8 lines of sight toward IC 348
and 5 lines of sight toward the Orion Nebula Cluster (ONC).
Note that Fig. 6d displays directlyAV, instead ofAJ: the values

Fig. 5. Comparison of the values of the dust extinctionAJ derived
from spectroscopy (Luhman & Rieke 1999) and those derived from
the IR SED fitting (this work) for 10 Class III sources inρ Oph. The
dashed line is the linear fitting line. The solid line is the equality line
AJ (this work)= AJ (Luhman & Rieke 1999).

of AV for Class III sources in ONC are taken from Hillenbrand
(1997) using optical spectroscopy. Due to the small sample
in each of these regions, we cannot obtain a relationship be-
tweenNH,X andAJ like in ρ Oph. We note that the comparison
of NH,X andAV has already been done by Feigelson et al. (2002)
for the ONC and Getman et al. (2002) for NGC 1333, but only
in global terms, for instance without distinguishing between
Class III sources and Class II sources (TTS with disks), or with
automated fits. In these studies, the general behavior shows a
large dispersion, and no correlation betweenNH andAJ or AV

can be found. For comparison, there are only two data points
in ρ Oph havingAJ < 1.5, so that spanning a large range inAJ

is crucial to look for a correlation.
In conclusion, forρ Oph we find that (i) a tight correla-

tion exists betweenNH and AJ up to AJ ∼ 15, and (ii) this
correlation lies significantly below the galactic correlation ob-
tained by convertingAV into AJ using the canonical value
RV = 3.1 andNH/AV determined from UV and X-ray mea-
surements. For the four other regions studied (Cha I, R CrA,
IC 348, and the ONC), the data probe a too small extinction
range (AJ ≤ 1.5), and no similar correlation can be found.

4.2. Spatial dependence of the NH/AJ ratio

4.2.1. High extinction: ρ Oph

We now investigate whether the deviation from the galac-
tic NH vs. AJ correlation found inρ Oph, and the dispersion of
theNH vs. AJ or AV data points, depend on the location of the
sources within the clouds. Figure 7 symbolizesNH,X/AJ along
individual lines of sight in relation with optical, mid−IR and
molecular maps. Lines-of-sight with values close (within 10%)
to theNH vs. AJ correlation are indicated by circles; those for
which theNH/AJ ratio deviates by more than+ or − 10% are
indicated by triangles, pointing upwards or downwards respec-
tively. We find no spatial correlation between the value of the
observedNH,X/AJ ratio and the DCO+ contours indicating the
dense cores.
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Fig. 6. X-ray absorption column densityNH,X versus visual extinctionAJ for Class III sources ina) ρ Oph, b) R CrA and Cha I,c) IC 348,
d) Orion Nebula using the default standard solar ISM abundances inXSPEC. The error bars in X-ray column densities are represented by
vertical bars at 90% confidence (1.6σ). The dashed line inρ Oph is the fitting curve:NH = 5.57(± 0.35)× 1021 AJ (cm−2). The shaded area is
the range of published galactic gas/dust relationship (see Table 5). The symbol size is proportional to the number of photons detected in X-ray
spectra in log (from 195 to 7378). Note thatAJ is up to 14 mag (AV ' 45 mag) in theρ Oph region whereasAJ < 1.5 mag (AV < 5 mag) in the
other regions.

Table 5.TheNH/AV ratios from the literature (see also Table 1).

NH/AV Ref.

1.8× 1021 cm−2 a Bohlin et al. (1978)

1.9× 1021 cm−2 a Whittet (1981)

2.2× 1021 cm−2 a,b Gorenstein (1975); Ryter (1996)

2.0× 1021 cm−2 b Ryter et al. (1975)

1.8× 1021 cm−2 b Predehl & Schmitt (1995)

a UV; b X-rays.

We now discuss more precisely the two sources with the
highestAJ, particularly WL 5 which plays an important role in
theNH,X–AJ correlation: WL5 (AJ ' 14) and WL19 (AJ ' 16).

• WL 5: this source is located in the core B and has been
extensively studied at many wavelengths: radio by Andr´e et al.
(1987), mm observation by Andr´e & Montmerle (1994), near
and mid-IR by Greene et al. (1994). Greene & Meyer (1995)

determined an F7 spectral type, bolometric luminosity 33.5L�
and extinctionAV = 51 mag, using near-IR spectroscopic ob-
servations. This value ofAV is overestimated because Greene
& Meyer (1995) used the conversionAJ/AV = 0.265, which
corresponds toRV = 2.7 (Cardelli et al. 1989). The 100 ks
Chandraobservation provided 1322 photons for this source.
WL5 is also detected in theXMM-Newtonobservation but its
spectrum is contaminated by a Class II source (IRS 37) located
only 7′′ away. Given the large number counts in theChandra
spectrum, there is no particular problem, andNH.X is accurately
derived (Fig. 1). This source is included in Fig. 6a.

• WL 19: this object was classified as a Class I YSO by
Wilking et al. (1989) and as a Class II by Andr´e & Montmerle
(1994). Bontemps et al. (2001) detected no mid-IR excess from
this source and concluded that it is likely a luminous Class III
source locatedbehindthe cloud (i.e. not embedded within the
cloud) with very high extinction. This source was observed
by both Chandra and XMM-Newton. The 100 ksChandra
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Fig. 7.Spatial distribution of our sample of Class III sources inρOph. Background: DSSRoptical image. Foreground:ISOCAM7+15µm image
(Abergel et al. 1996). This combination background map is taken from Grosso et al. (2000). The DCO+ map of Loren et al. (1990) is shown by
contours and the dense cores are labeled. The circles (◦) are sources withNH,X/AJ normalized by the regression line (5.57× 1021 cm−2 mag−1)
with a correlation±10%. The triangles up (4) are sources with normalized values ofNH,X/AJ higher than 1.1 and the triangles down (5) are
lower than 0.9. The dashed lines areChandraandXMM field-of-views (squares and circles, respectively).

Fig. 8. Chandra(left) andXMM-Newton(right) spectra of WL19 (NH,X = 7−14× 1022 cm−2, TX = 1.5−3 keV, LX = 0.4−1.5 × 1030 erg s−1,
using the default standard solar ISM abundances inXSPEC).

spectrum provides only about 120 photon counts and the 30 ks
XMM spectrum has 150 counts. The spectra are shown in
Fig. 8. The values ofNH,X derived from these two spectra with
low statistics are∼2 σ apart. For this reason, we have not in-
cluded this source in theNH,X/AJ relation.

4.2.2. Low extinctions

Unlike ρ Oph, the other star forming regions have only one
Chandraobservation and their spatial coverage is limited by
the ACIS field-of-view (17′ ×17′). We could build only a small
sample of Class III sources in Cha I, R CrA, IC 348, and the

ONC. In these regions, Figs. 6b–d show large deviations of
the NH,X/AJ ratio (>±10%) from the galactic value. Figure 9
shows the spatial distribution of our sample of Class III sources
in IC 348. The background image is the DSSI band image,
and the contours representIRAS60µm isophotes, taken as col-
umn density tracers. As inρ Oph, we use circles and triangles
pointing upwards and downwards to symbolize deviations of
theNH/AJ ratio, here with respect to the galactic value. Again,
no correlation with column density is apparent. The reasons
from the deviations observed in Fig. 6c are unclear, although
they would probably play a minor role if the available range
in AJ was larger as inρ Oph.
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Fig. 9. DSS I band image and spatial distribution of our sample
Class III sources in IC 348 withIRAS60 µm contours overlaid. The
circles (◦) represent sources withNH,X/AJ normalized by the galac-
tic value ofNH/AJ with a correlation±10%. The triangles up (4) are
sources with normalized values ofNH,X/AJ higher than 1.1 and the
triangles down (5) are lower than 0.9.

5. Constraints on the gas and dust properties
from the NH,X/A J ratio

The properties of the gas and dust inρ Oph can be constrained
from our measurement of the gas-to-dust ratio. Indeed, our
value of the slope of theNH,X − AJ correlation inρ Oph is
lower than in the Galaxy. This may arise(i) because we under-
estimate the total gas column densityNH,X (through the metal-
licity Z) or, (ii) because the grain properties (abundance with
respect to the gas, extinction per unit mass in theJ−band) are
modified toward theρ Oph cloud.

5.1. Effect of metallicity

As recalled in Sect. 1, the total hydrogen column densities are
inferred from the photoelectric cut-off observed in the X-rays.
Such a cut-off depends on the column density of metalsNZ,
which is then converted into hydrogen column densityNH by
assuming a set of element abundances, irrespective of whether
the heavy elements, mostly C, N, O (which we will refer to as
“metallicity”) are in the gas or in the grains.

Solar abundances (determined from analysis of the solar
photosphere or meteorites) have generally been used as the
reference abundance for the ISM (Anders & Ebihara 1982;

Grevesse & Anders 1989; Grevesse & Sauval 1998), and this
is what we have used so far in this paper: as noted previ-
ously, these abundances are the default inXSPEC. We now re-
fer to these abundances as “old” solar abundances. Recently,
Holweger (2001), Allende Prieto et al. (2001, 2002) published
a “new” determination of photospheric solar abundances, in
particular for carbon and oxygen. Therefore, we have included
these “new” solar abundances inXSPECand re-calculated the
derivedNH,X from our X-ray spectral fits. We find that for a
given AJ, NH,X is '20% higher than when using the “old”
solar abundances. This is illustrated in Fig. 10a, where we
compare the X-ray derived hydrogen column densities using
the “old” solar and the “new” solar abundances. We find:NH

(new solar) = 1.32 × NH (old solar)− 0.15 × 1022 cm−2.
The linear relation betweenNH,X and AJ for ρ Oph be-
comes:NH(new solar)= 7.24(± 0.46)× 1021 AJ (cm−2). This
new relation is then in remarkable agreement with the rela-
tion (NH/AJ)gal = 6.4−7.8 × 1021 cm−2 mag−1 quoted above
for the Galaxy when using the galactic valueRV = 3.1.

Abundance measurements have also been made in the local
diffuse ISM with theHST, toward field B stars (Wilms et al.
2000; Sofia & Meyer 2001). More recently, Reddy et al. (2003)
presented photospheric abundances of 181 F & G disk stars. We
shall refer to these abundances as the “diffuse ISM Wilms et al.
2000”, “diffuse ISM B star” and “photospheric F & G star”
abundances, respectively. These total gas plus dust abundances
are 20−30% lower than the “old” solar abundances (depend-
ing on the element) (Snow & Witt 1996; Cardelli et al. 1996;
Meyer et al. 1997; Sofia & Meyer 2001). Therefore, we have
re-run our X-ray spectral fits for theρ Oph sources using these
abundances. Figures 10b–d show that the derived X-ray column
densities using these diffuse ISM and photospheric abundances
are almost equal (±∼10%). Note that these recent measure-
ments probe relatively short lines of sight (<∼1 kpc for B stars
and<∼150 pc for F & G stars). We shall refer to this new set of
abundances simply as the “local” abundances.

We conclude that the lower value ofNH,X/AJ for ρOph may
be fully accounted for by adopting the metallicity correspond-
ing to the “local” abundances.

5.2. Effect of grain properties

However, recall that several works (e.g., Vrba et al. 1993)
showed that inρ Oph, RV is not galactic. In this section, we
keep the “old” solar abundances and discuss the effect of grain
properties in relation withRV.

As shown in Appendix A, theNH,X/AJ ratio is proportional
to the gas-to-dust mass ratioMgas/Mdust (hereinafterG/D).
Thus, the lowNH,X/AJ ratio could be explained ifG/D = 70
(instead of the average galactic value of 100). Assuming that
this higher dust mass is due to the formation of ice mantles
(Tanaka et al. 1990), about 80% of the gas phase oxygen should
be depleted onto grains (with [O/H]gas = 3 × 10−4, Savage &
Sembach 1996). We do not consider this possibility in greater
detail however because the depletion inρ Oph is not expected
to be strong (see Appendix B).
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Fig. 10.Comparison between the derivedNH,X using “new” solar abundances (Holweger 2001; Allende Prieto et al. 2001, 2002) anda) those
using “old” solar abondances,b) those using photospheric F & G star abundances (Sofia & Meyer 2001; Reddy et al. 2003),c) those using
diffuse ISM abundances (Wilms et al. 2000) andd) those using diffuse ISM B-star abundances (Sofia & Meyer 2001). The solid line is the
equality line.

Another possibility to lower theNH,X/AJ ratio is that the
AJ/AV ratio is larger. This ratio and the shape of the extinction
curve forλ ≤ 1 µm depend onRV. This parameter is closely
related to the mean size of dust grains as shown in Fig. A.1.
Changes ofRV thus trace processes affecting the dust size dis-
tribution. In particular,RV is expected to increase in cold, dense
molecular clouds (Cardelli et al. 1989) where grain coagulation
probably occurs (Stepnik et al. 2003).

From polarimetry in optical bands, Vrba et al. (1993)
found RV = 4 in a peripheral region of theρ Oph cloud
where AV ≤ 3 mag. To extend this study to regions with
largerAV’s requires near-IR or mid-IR polarimetry, which has
never been performed before. To deriveRV in ρ Oph, we as-
sume thatNH,X/AV is constant throughout the Galaxy, equal
to 1.9×1021 cm2 mag−1 (±20%, e.g., Kim & Martin 1996). We
thus findRV = 6.0±2.5, i.e.,AJ/AV = 0.34+0.02

−0.04 (instead of 0.28
for RV = 3.1) using the parameterization of the extinction curve
given by Cardelli et al. (1989). We note that this value brackets
that of Vrba et al. (1993). Note that because of the functional
dependence betweenRV andAJ/AV, the uncertainty onRV is
large. Therefore, with the present measurement ofNH,X/AJ, it
is difficult to reach a firm conclusion on the value ofRV and
on its possible variation from the periphery to the center of the
cloud.

5.3. Constraints on the dust size distribution in ρ Oph

We now use a physical model of gas and dust properties to
constrain the grain size distribution and the gas-to-dust mass

ratio inρ Oph. The details of the grain modeling are described
in Appendix A.

Using the observationnally derived value ofRV for ρ Oph,
including the uncertainties (see Sect. 5.2), we find the mini-
mum grain sizeamin = 0.025µm for RV = 4 and 0.07µm for
RV = 6 (see Fig. A.1). These values are∼5−10 times larger
than in the galactic diffuse medium. Figure A.1 shows that the
average grain size< a > increases withamin. For ρ Oph, it
is ∼0.035−0.095µm instead of 8× 10−3 µm (Eq. (A.4)) in the
galactic diffuse medium. We also find that the corresponding
gas-to-dust mass ratioG/D for ρ Oph lies between 80 and 95
using the MRN size distribution as described in Appendix A.
This is to be compared with Savage & Sembach (1996) who
investigatedG/D using HS T abundance measurements to-
ward ζ Oph. When calibrating this measurement with solar
abundances, they foundG/D ' 72. This number corresponds
to diffusemedium atlow extinction (AV ' 1.2 mag). Our de-
rived values ofG/D for ρ Oph is consistent with this value
within ∼10%. We have however used other dust grain models,
like Désert et al. (1990), which use a different grain composi-
tion and slightly different extinction cross-sections, and found
G/D ∼ 130. While this value seems to be ruled out by the
work of Savage & Sembach (1996), it shows that the conclu-
sion is rather sensitive to the grain composition. Also, the in-
spection of Fig. A.1 shows that a wide range of values of grain
size parameters (amin, amax, indexq) is compatible with a large
value ofRV.
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Fig. 11. Metallicity Z as a function ofRV for ρ Oph using the “old”
solar and “local” abundances. The shaded area represents the uncer-
tainties. The dashed line is the extension of the empirical relation of
Cardelli et al. (1989) valid for 2.6 ≤ RV ≤ 5.6. The dotted and dashed-
dotted lines indicate the metallicity forRV = 3.1 and 4 (Vrba et al.
1993) using the “local” and “old” solar abundances.

5.4. Relationship between metallicity and RV

Both explanations (“local” metallicity or largerRV) for a
lower NH,X/AJ ratio in ρ Oph are plausible and the values of
metallicity andRV quoted above correspond to extreme cases.
Either grain coagulation has occurred andRV ∼ 6 (Sect. 5.2), or
the standard galacticRV = 3.1 applies but the galacticNH/AV

relation was derived from X-ray measurements using the “old”
solar abundances. The “local” metallicity is indeed lower than
the “old” solar values as shown in Figs. 10. Therefore, we
have looked for an independent indication inρ Oph from the
CO/H2 ratio derived from millimeter-wave measurements. But
as explained in Appendix B, CO may be depleted onto grains,
and above all the uncertainties on this ratio are much larger than
the∼20−30% accuracy needed to test metallicity values.

The trade-off between these two interpretations of our re-
sults – RV vs. Z – can be expressed in a quantitative man-
ner. We now combine them to show they compensate each
other: this will be helpful when more observational constraints
on the metallicity and/or RV come about. Using the Cardelli
et al. (1989) empirical relation betweenRV andAJ/AV (found
for RV = 2.6 to 5.6), we obtain a relation between the cloud
metallicity relative to solar,Z/Z�, andRV:

Z
Z�
=

(NH/AJ)ρOph

(NH/AV)gal
×

[
0.4008− 0.3679

RV

]
(1)

taking NH/AV = 1.9 × 1021 cm2 mag−1 throughout the
ρ Oph cloud, and using the fact that the hydrogen column den-
sity derived from the X-ray spectra is almost inversely propor-
tional to the metallicityZ for 0.4 <∼ Z/Z� <∼ 1.2. (Beyond this
range, the higher order terms of theNH,X − Z relation can no
longer be neglected.)

This Z(RV) relation is plotted in Fig. 11 using the “old”
solar and “local” abundances. The solid portion of the curve
represents the most likely region where theρ Oph dense gas
lies, constrained byZ ∼ Zlocal andRV = 3.1. The shaded area
shows the uncertainties onRV (resulting from the uncertainties

on NH,X /AJ, ∼10%) and onZ/Z� (from Eq. (1)). As discussed
qualitatively above, theρ Oph metallicity is close to the “new”
solar abundances forRV close to 3.1 when assuming that the
galactic gas-to-dust ratio remains unchanged. This is consis-
tent with the local ISM abundances toward B stars and photo-
spheric F & G star abundances.

6. Conclusions and implications

We have used the X-ray spectra of 41 young stars without cir-
cumstellar matter (Class III IR sources, or equivalently “weak-
line” T Tauri stars) obtained withChandraandXMM-Newton,
to derive the hydrogen column densitiesNH,X in six nearby
molecular clouds, and we have determined or re-determined
the corresponding dust extinction for these stars in theJ−band,
AJ. Only in theρ Oph cloud do we have a large enough sample
(19 stars) to establish a linear correlation betweenNH,X andAJ:

NH,X/AJ(Z�old) = 5.6(±0.4)× 1021(cm−2 mag−1),

NH,X/AJ(Zlocal) = 7.2(±0.5)× 1021(cm−2 mag−1),

using the “old” solar and “local” abundances for the X-ray ex-
tinction, respectively. These relations are valid up toAJ <∼ 14
(AV <∼ 50), i.e., probe for the first time the gas-to-dust ra-
tio in the dense interstellar medium up to very large extinc-
tions. Also, we find that there is no significant deviation of the
NH,X /AJ ratio along the various lines of sight toward the X-ray
sources, i.e., no significant difference as a function of their re-
spective column densities.

Comparing with the similar relation for the Galaxy
(Table 5), (NH/AJ)gal = 6.4−7.8 × 1021 cm−2 mag−1, obtained
by using the usual value of the total-to-selective extinction ra-
tio RV = 3.1 (which givesAJ/AV = 0.28), we find that the
ρ Oph NH,X/AJ(Z�old) relation lies significantly (>∼2σ) below
the galactic relation.

We show that this result is consistent with the recent
downwards revision of the solar abundances. We find that the
lower value of (NH/AJ)ρOph previously determined using the
“old” solar abundances changes by 20% when using the new
set of abundances. But the galactic relation derived from the
X-ray absorption (see Table 5) was obtained using “old” solar
abundances. Therefore, the difference between theρ Oph and
Galactic relation persists and can be accounted for entirely by
a difference in metallicity.

In order to compare with the galactic relation derived from
previous X-ray absorption measurements, we keep the “old”
abundances. We investigated the possibility that this was due to
a change inRV, resulting from a change in dust grain properties
(size distribution, composition, etc.). We findRV = 6.0± 2.5.

Quantitatively, the combination of the dark cloud metallic-
ity Z/Z� and ofRV (Fig. 11) shows that the metallicity inρOph
is close to the “local” abundances (the Sun, photospheric F
& G stars and diffuse ISM toward B stars) forRV close to 3.1
if the galactic gas-to-dust ratio remains unchanged.

By contrast, a similar study on five other star-forming re-
gions observed in X-rays turned out to have a limited value,
with only a few X-ray sources with sufficiently high count
statistics, and insufficiently well-defined IR properties. These
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studies do not go deeper thanAJ ∼ 1.5 (AV ∼ 5), preventing us
to derive a reliableNH,X /AJ ratio.

The use of the updated solar metallicity and the relative
difference between thelocal (d <∼ 1 kpc) and thegalactic ISM
at large distances(up to 4 kpc) gas-to-dust extinction relation
has some interesting implications:

1. A first implication is on the chemical evolution of the
Galaxy. By cross-correlating X-ray absorption and abun-
dance measurements, we have shown that the metallici-
ties of the Sun, of nearby F & G stars, of the local dif-
fuse ISM and dense ISM (in the case of theρ Oph cloud)
are all identical within∼10%. This seems a priori paradox-
ical, since the associated timescales for the nucleosynthetic
evolution of the Galaxy are very different, being respec-
tively 5 Gyr,∼1 Gyr, a few Myr, and∼1 Myr: we would
expect the youngest objects (namely the dense ISM) to be
chemically the most evolved, i.e., to have larger metallic-
ities. This “lazy nucleosynthesis” is in contrast with the
strong chemical enrichment observed over kpc scales to-
wards the center of the Galaxy. Mishurov et al. (2002) have
noted the almost flat behavior of the metallicity as a func-
tion of galactic radius in the solar vicinity (which is now
confirmed by our measurement of the metallicity of the
ρ Oph cloud). According to the chemical diffusion model
proposed by these authors, this can be explained by a slow
mixing and low star formation rate at the galactic solar ra-
dius, resulting from to the fact that the solar radius lies close
to the galactic corotation radius.

2. A second (related) implication is on the metallicity of the
Galaxy. We have shown using X-rays that the metallici-
ties of theρ Oph cloud (using the local abundances) and
of the Galaxy (also using X-rays, but with the “old” so-
lar abundances) differ by>∼20%. This can be interpreted as
the Galaxy being “overmetallic” with respect to theρ Oph
cloud and the local medium (stars+ ISM). As recalled
above, the Galaxy does show an enhanced metallicity to-
wards the galactic center. This means that (i) the X-ray
absorption measurements are indeed quite sensitive to the
ISM metallicity provided the absorption column density is
high enough, and (ii) that by a numerical coincidence, the
∼20% downwards revision of the local abundances matches
the metallicity difference between the local medium and the
galaxyaveraged over the long lines of sight of the galac-
tic X-ray absorption measurements(see Tables 1 and 5).
A detailed modeling of the metallicity along the directions
towards distant galactic X-ray sources (compact binaries
and SNR, up to∼4 kpc), using Mishurov et al. (2002) for
example, would be required to demonstrate this quantita-
tively, but this is beyond the scope of the present paper.

3. A third implication is on grains in dense clouds. The main
conclusion is that no strong deviations from the usual grain
properties are found, like size or composition, even in
dense regions, as constrained by the behavior ofRV us-
ing grain models. However, the uncertainties are large, and
some qualitatively important changes (like coagulation in
the densest regions, CO depletion on grains, etc.) could go
unnoticed. But if one could independently and precisely

measure the cloud metallicity (for instance by measuring
the photospheric metallicity of the young stars they gave
birth to), one could estimate RV in dense regionsfrom the
curve in Fig. 11. This may then better constrain the grain
properties. As far as we are aware, there has been up to
now only one attempt at measuring the metallicity of young
low-mass stars by Padgett (1996). She determined the iron
abundances of about 30 PMS stars in nearby clouds, and
found their [Fe/H] to be solar within±0.15 dex: this uncer-
tainty however is larger than the precision level of∼10%
which we need on the metallicity, so more accurate mea-
surements are needed.

4. A fourth implication is more practical, and has to do with
the determination of X-ray luminosities. In recent years, as
illustrated in this paper, X-ray spectra from the new gener-
ation of X-ray satellites have allowed to directly measure
hydrogen column densities, which in turn allow to correct
the X-ray luminosities for extinction. In all cases of the ex-
isting literature,XSPECfits were made by default using
“old” solar ISM abundances. Our work shows thatXSPEC
should use abundances revised downwards by∼20% for
distances up to<∼1 kpc, with the resulting (upwards) cor-
rections onLX for sources in nearby clouds.

The present work should be considered as a pilot study, illus-
trating various successes and problems which can be attacked
using X-ray absorption in molecular clouds in relation with
IR extinction data. More work, on more clouds, including new
X-ray and IR observations, for which existing archival data are
clearly not optimized or insufficient, is needed to extract all the
potentialities of the method.
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Appendix A: Modeling the interstellar grain
population

A.1. Modeling

We modelNH/AJ andRV using the Draine & Lee (1984) extinc-
tion cross section and the MRN grain size distribution (Mathis
et al. 1977).

NH/AJ depends on the gas-to-dust mass ratioMgas/Mdust

(hereinafterG/D) and the extinction cross sectionQJ,ext(a) av-
eraged over a size distribution of grainsn(a), wherea is the
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Fig. A.1. a)RV, b) gas-to-dust extinction ratioNH/AJ, andc) the mean
grain size as a function ofamin. The dashed line and the shaded area
in b) are the mean value±1σ of the observedNH,X /AJ in ρ Oph. The
dotted lines represent the interval ofamin for RV between 4 and 6.

grain (assumed spherical) radius. Absorption and scattering
cross sections are calculated for grains of radius up to 1µm
(Draine & Lee 1984). We consider a mixture of silicate (53%)
and graphite (47%) as described by Draine & Lee (1984). The
grain size distribution is described by a power law:n(a)da ∝
a−qda, amin ≤ a ≤ amax, andn(a)da is the density of grains
along the line of sight with radii in the rangea to a + da
andq = 3.5, amin = 0.005µm andamax = 0.25 µm (Mathis
et al. 1977). Specifically,

NH

AJ
=

Mgas

Mdust
× 1

mH
× Mdust∫ amax

amin
QJ,ext(a)πa2n(a)da

(A.1)

with Mdust=

∫ amax

amin

ρ(a)
4
3
πa3n(a)da. (A.2)

The dust mass densityρ(a) is assumed to be 3.3 g cm−3 for
silicate and 2.26 g cm−3 for graphite.

RV only depends on the extinction cross section atV
(0.55µm) andB (0.44µm) bands respectively, averaged over
the grain size distribution:

RV =
< a2QV,ext(a) >

< a2QB,ext(a) > − < a2QV,ext(a) >
· (A.3)

We note that(i) RV does not depend on the ratioG/D and
(ii) RV is very sensitive to the grain composition (graphite or

silicate) and to the dust size distribution. The simplest way to
obtainRV is to measure it inB andV bands but this is very
difficult for sources withAV >∼ 4−5 mag. One can then use
sub-mm observations to constrain the size distribution and/or
optical properties.

The mean grain size is defined as follows:

< a > =

∫ amax

amin
a n(a)da∫ amax

amin
n(a)da

· (A.4)

The solid curves in Figs. A.1a–c showRV (a), the gas-to-dust
extinction ratioNH/AJ (b) and the mean grain size (c) as a
function of amin as derived from Eqs. (A.3), (A.1) and (A.4),
respectively. The two dashed lines in Fig. A.1b represent the
values ofNH,X/AJ for RV = 6 (or Z/Z� = 1) andRV = 4
(or Z/Z� = 0.9) (see Fig. 11). ForRV between 4 and 6, we
find thatG/D is comprised between 95 and 80 andamin be-
tween 0.025 and 0.07µm.

Appendix B: The N(CO)/N(H2) ratio
and CO depletion onto grains

We discuss here whether we can test the conclusion from our
combined X-ray/IR analysis that the ISM abundance of heavy
atoms (or metallicity) is lower than solar inρ Oph, using the
CO/H2 ratio derived from X-ray and millimeter observations.
We take as a test case WL 5, the most deeply extincted source in
our sample (AV ∼ 45; see Sect. 4.2.1), using the total hydrogen
(mostly H2) column densityNH,X derived from the X-ray spec-
trum. Wilking & Lada (1983) have done C18O observations of
the dense cores of theρ Oph cloud. They determined the col-
umn density of C18O adopting a local thermodynamic equi-
librium (LTE) approach. Along the line of sight toward WL 5,
the C18O column density is 1.53× 1016 mag cm−2 (Wilking &
Lada 1983). Since H2 is the dominant component of H along
the line of sight, the H2 column density isN(H2) = NH,X /2. To
convertN(C18O) to N(13CO), we use the isotopic abundance
ratios [12C/13C] = 77 and [16O/18O] = 560 (Wilson & Rood
1994). For WL 5, we findN(H2)/N(13CO) ∼ 3.3 × 105 us-
ing solar abundances, andN(H2)/N(13CO) ∼ 4.5 × 105 using
B-star abundances. These values are consistent with the usual
relationshipN(H2)/N(13CO) = 5.0 ± 2.5 × 105 by Dickman
(1978). Note that the determination ofN(CO) does not depend
on metallicity. In conclusion, given the errors we are not sen-
sitive to changes in the CO/H2 ratio, whether we take solar or
B-star abundances. Since we are looking for evidence of un-
derabundances, the fact that CO can be depleted on grains in
dense clouds (see Alves et al. 1999 for a study of the corre-
lation between C18O line emission and dust extinction toward
the L 977 molecular cloud) is an additional difficulty. We can
only exclude an underabundance of CO (intrinsic or by deple-
tion) by a factor>2, i.e., much larger than the effect we are
looking for.
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André, P., & Montmerle, T. 1994, ApJ, 420, 837
Arnaud, K. A. 1996, Astronomical Data Analysis Software and

Systems V, 5, ASP Conf. Ser., 101, 17
Aspin, C., & Sandell, G. 1997, MNRAS, 289, 1
Aspin, C., Sandell, G., & Russell, A. 1994, A&AS, 106, 165
Bessell, M., & Brett, J. 1988, PASP, 100, 1134
Bevington, P., & Robinson, D. 1992, 2nd ed. (New York: McGraw-

Hill)
Bohlin, R., Savage, B., & Drake, J. 1978, ApJ, 224, 132
Bontemps, S., Andr´e, P., Kaas, A. A., et al. 2001, A&A, 372, 173
Cardelli, J., Clayton, G., & Mathis, J. 1989, ApJ, 345, 245
Cardelli, J., Meyer, D., Jura, M., & Savage, B. 1996, ApJ, 467, 334
Casanova, S., Montmerle, T., Feigelson, E. D., & Andr´e, P. 1995, ApJ,

439, 752
Daniel, K., Gagn´e, M., & Skinner, S. 2000, Am. Astron. Soc. Meet.,

197
Désert, F.-X., Boulanger, F., & Puget, J. L. 1990, A&A, 237, 215
de Zeeuw, P., Hoogerwerf, R., de Bruijne, J. H., et al. 1999, AJ, 117,

354
Dickman, R. 1978, ApJS, 37, 407
Diplas, A., & Savage, B. 1994, ApJ, 427, 274
Draine, B., & Lee, H. 1984, ApJ, 285, 89
Draine, B. 1989, Infr. Spectrosc. Astron., 93
Feigelson, E. D., & Kriss, G. 1989, ApJ, 338, 262
Feigelson, E. D., Casanova, S., Montmerle, T., & Guibert, J. 1993,

ApJ, 416, 623
Feigelson, E. D., & Montmerle, T. 1999, ARA&A, 37, 363
Feigelson, E. D., Broos, P., Gaffney, J. A. III, et al. 2002, ApJ, 574,

258
Gauvin, L., & Strom, K. 1992, ApJ, 385, 217
Getman, K. V., Feigelson, E. D., Townsley, L., et al. 2002, ApJ, 575,

354
Gorenstein, P. 1975, ApJ, 198, 95
Greene, T., Wilking, B., Andr´e, P., Young, E., & Lada, C. 1994, ApJ,

434, 614
Greene, T., & Meyer, M. 1995, ApJ, 450, 233
Grevesse, N., & Anders, E. 1989, Cosmic Abundances of Matter, AIP

Conf. Proc., 183, 1
Grevesse, N., & Sauval, A. 1998, Space Sci. Rev., 85, 161
Grosso, N., Montmerle, T., Feigelson, E. D., et al. 1997, Nature, 387,

56
Grosso, N., Montmerle, T., Bontemps, S., Andr´e, P., & Feigelson,

E. D. 2000, A&A, 359, 113
Grosso, N., & Montmerle, T. 2001 in X-ray Astronomy 2000, ASP

Conf. Ser. 234, ed. R. Giacconi, S. Serio, & L. Stella, CD-rom
Haisch, K., Lada, E., & Lada, C. 2001, AJ, 121, 2065
Herbig, G. H. 1998, ApJ, 497, 736
Hillenbrand, L. 1997, AJ, 113, 1733
Hillenbrand, L. A., Strom, S. E., Calvet, N., et al. 1998, AJ, 116, 1816
Holweger, H. 2001, Joint SOHO/ACE workshop Solar and Galactic

Composition, AIP Conf. Proc., 598, 23
Imanishi, K., Koyama, K., & Tsuboi, Y. 2001, ApJ, 557, 747
Imanishi, K., Tsujimoto, M., & Koyama, K. 2001, ApJ, 563, 361
Imanishi, K., Tsujimoto, M., & Koyama, K. 2002, ApJ, 572, 300
Jansen, F., Lumb, D., Altieri, B., et al. 2001, A&A, 365, L1

Kamata, Y., Koyama, K., Tsuboi, Y., & Yamauchi, S. 1997, PASJ, 49,
461
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