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Abstract. We present new infrared and X-ray data on the op-
tically invisible infrared source SVS 16 in the NGC 1333 star
forming region. We show that SVS 16 is a binary with a separa-
tion of 1′′. The infrared spectrum displays photospheric atomic
and CO absorption lines, and thus shows that SVS 16 is a highly
obscured(AV ∼ 26 mag) low mass young stellar object. Our
infrared data allow us to derive basic stellar parameters of SVS
16. We find that the binary system probably consists of two M-
type pre-main sequence stars, which seem to be younger than a
few 105 yrs.

Our new ROSAT PSPC data confirm the previous detection
with the ROSAT HRI and show that SVS 16 has an extremely
high quiescent X-ray luminosity of about2×1032 erg/sec in the
0.1 – 2.4 keV band, making it the young stellar object with the
brightest quiescent X-ray emission ever detected. We discuss
the origin of the strong X-ray emission.

Key words: stars: pre-main sequence – stars: binaries: visual –
stars: individual: SVS 16 (NGC 1333) – infrared: stars – X-rays:
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1. Introduction

Infrared young stellar objects are generally classified by the
slope of their broad-band infrared spectrum between2 µm and
10 µm (see Lada 1987; Adams et al. 1987). Class I sources have
a steeply rising spectrum in that range and are generally opti-
cally invisible. They are interpreted as extremely young objects
(typical age<∼ 100 000 years) which are still deeply embedded
in a dense envelope of circumstellar matter. Class II sources
have already accreted and/or dispersed most of their circum-
stellar material, are no longer embedded in a dense envelope
(cf. André & Montmerle 1994) and thus visible in the optical,
but still display a near-infrared (NIR) excess caused by rem-
nant circumstellar matter. Typical examples for class II sources
are the classical T Tauri stars. Class III sources exhibit no in-
dications of an infrared excess and thus are thought to be es-
sentially free of circumstellar matter. Typical examples are the
weak line T Tauri stars, sometimes also called “naked” T Tauri
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stars (e.g. Walter et al. 1988). Flat spectrum sources are thought
to represent an intermediate state of evolution between class I
and class II.

Since the EINSTEIN era, T Tauri stars are known to be
strong X-ray sources (for a recent review see Montmerle 1996),
and X-ray observations have proven to be an extremely effi-
cient tool for discovering T Tauri stars (e.g. Walter et al. 1988;
Neuḧauser et al. 1995). In the last few years, very deep ROSAT
and ASCA observations of star forming regions have led to
some interesting detections of deeply embedded objects, which
are much younger than T Tauri stars. Since X-rays with ener-
gies above∼1 keV are much less affected by extinction than
optical light (e.g. Ryter 1996), X-ray observations can penetrate
very high column densities (AV ≈ 30 − 40 mag) and provide
us with a deep look into dense molecular cloud cores. Up to
now, X-ray emission from 6 deeply embedded class I infrared
sources in the star forming regionsρ Oph (Casanova et al. 1995,
Grosso et al. 1997, Kamata et al. 1997) and R CrA (Koyama
et al. 1996; Neuḧauser & Preibisch 1997) could be reliably de-
tected. The quiescent X-ray luminosities of these objects are
generally rather high, ranging from a few times1030 erg/sec up
to several times1031 erg/sec in the0.1−2.4 keV ROSAT band,
i.e. factors of103 to more than104 above the solar level.

In a deep ROSAT HRI study of the NGC 1333 star form-
ing region, Preibisch (1997) could detect X-ray emission from
another optically invisible infrared source, known as SVS 16
(cf. Strom et al. 1976). However, unlike the objects mentioned
above, SVS 16 was not well studied and it was not even clear
whether it is related to the star forming region or a background
object.

2. Previous observations of SVS 16

SVS 16 is one of the optically invisible infrared sources found
in the near-infrared (NIR) survey of the NGC 1333 region by
Strom et al. (1976); it was detected atK (2.2 µm) andL (3.5
µm), but not atJ (1.2µm) andH (1.6µm). Aspin et al. (1994,
ASR hereafter) performed a much more sensitiveJHK-survey
of the region and detected SVS 16 (star No 106 in ASR) in all
three NIR bands, but not in their deepR- andI-band images,
giving magnitude limits ofR > 21.5 andI > 20.0. Finally,
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Aspin & Sandell (1997) surveyed the region at3 µm and found
SVS 16 to be one of the brightest3 µm sources in that region.

Preibisch (1997) performed a deep ROSAT X-ray observa-
tion of the NGC 1333 region and could clearly detect X-rays
from SVS 16. If SVS 16 actually is a young stellar object (YSO)
in the NGC 1333 dark cloud, its X-ray luminosity must exceed
1032 erg/sec in the0.1 − 2.4 keV ROSAT band, making it the
most X-ray luminous low-mass star in terms of non-flaring qui-
escent emission found so far. However, before accepting such
a record as real, one should carefully exclude alternative ex-
planations. While its location in a star forming region suggest
SVS 16 to be a YSO, it might also be a background object not
related to the star forming region at all. For example, it might
be a luminous background star, or an extragalactic object like
the infrared-loud quasar IRAS 13349+2438 (cf. Beichmann et
al. 1986; Brinkmann et al. 1996), which shows very similar in-
frared and X-ray properties as SVS 16. In order to reveal the
true nature of SVS 16, we have analyzed additional data and
performed further infrared and X-ray observations of SVS 16,
which also provide us with information about its evolutionary
status.

The NGC 1333 star forming region is part of the Perseus
molecular cloud complex (e.g. Bachiller & Cernicharo, 1986).
The distance to this cloud complex and to its two main sites of
recent or ongoing star formation, IC 348 and NGC 1333, is still
a matter of debate. Rather different distance estimates ranging
from 220 pc (Cernis 1990) to 500 pc (Strom et al. 1974) can
be found in the literature. Here, we assume that the distance
to NGC 1333 is the same as to IC 348, and use a value of
300 pc, following the detailed argumentation of Herbig (1998)
concerning the distance to IC 348.

3. Infrared imaging and photometry

3.1. HST archive data

SVS 16 lies in the field of view of an archival HST observation
consisting of datasets U2LS0101T to U2LS0106T. These ob-
servations were performed on 30 August 1995 with the WFPC2
camera, using the narrow band filters F656N (Hα) and F673N
(SII), and the long pass filter F850LP (bandpass0.85−1.1 µm).
Two individual 2000 sec exposures were taken in each filter. We
retrieved the set of calibrated data from the archive of the Space
Telescope European Coordinating Facility and analyzed them
using IRAF1. For each filter, we combined the two individual
exposures with the task CRREJ, which very effectively removed
cosmic rays.

SVS 16 could not be detected in the narrow band filter im-
ages, but it is clearly visible in the F850LP image (see Fig. 1).
Also, it is resolved in two components. The separation of the
peaks is 10.0 pixel, corresponding to1.0′′, or 300 AU at the dis-
tance of 300 pc. Both components appear unresolved and have

1 IRAF is distributed by the National Optical Astronomy Obser-
vatories, which are operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.

a FWHM of 0.15′′ (east) and0.14′′ (west). We determined the
absolute J2000 coordinates with the PIXCOD command and
foundα = 3h 28m 59.29s, δ = +31◦ 15′ 47.4′′ for SVS 16-e,
andα = 3h 28m 59.20s, δ = +31◦ 15′ 47.3′′ for SVS 16-w.
This agrees very well with the infrared source position given by
ASR. The X-ray source position in our HRI image (Preibisch
1997) wasα = 3h 28m 59.37s, δ = +31◦ 15′ 47.5′′, i.e. 1.0′′

away from SVS 16-e and2.1′′ away from SVS 16-w. Since the
90% confidence radius for the X-ray positional error circle is
5′′, both components of SVS 16 are clearly within the X-ray
error circle (see Fig. 1).

We performed aperture photometry for both components of
SVS 16 with the IRAF task APPHOT. Using the most recent
photometric calibrations for filter F850LP and WFPC chip 2,
we found fluxes ofF (SVS 16-e)= (5.03 ± 0.53) × 10−19

erg/sec/cm2/Å and F (SVS 16-w)= (1.35 ± 0.08) × 10−18

erg/sec/cm2/Å for the effective wavelength of0.9 µm.

3.2. UKIRT infrared imaging and photometry

In the night of 27 August 1997, infrared images of SVS 16 were
obtained for us under photometric conditions as a part of the
UKIRT Service Programme. The observations were performed
with IRCAM3, a cooled1 − 5 µm camera with a256 × 256
InSb array. The plate scale was0.286′′ per pixel. Images of
SVS 16 were taken in standardJ, H, K photometric filters, a
nbL filter (λc = 3.41 µm, ∆λ = 0.072 µm), and a nbM filter
(λc = 4.67 µm, ∆λ = 0.25 µm). The total exposure times
were 300 sec inJ , 50 sec inH, 25 sec inK, 120 sec in nbL,
and 168 sec in nbM . For photometric calibration, standard stars
were observed immediately before or after SVS 16 at nearly
equal airmass.

The data were reduced in the usual way with IRAF. The
dark subtracted object images were flat-fielded using a median-
filtered set of object images. Then, the individual object images
were mosaiced together to produce the final images. The FWHM
of the point spread function in the standard star images was
0.6′′ − 0.8′′. As an example for our NIR images, we show our
J-band image in Fig. 1. SVS 16 is resolved in all NIR bands,
however, the separation of the peaks is only∼ 3 pixels and thus
the point spread functions significantly overlap.

We utilized two different techniques to perform photometry
for SVS 16. First, we performed PSF fitting photometry for the
individual components of SVS 16, using the DAOPHOT pack-
age in IRAF, and also a PSF fitting routine in MIDAS. In both
cases, we used the standard stars to compute the PSF models.
Second, we performed aperture photometry for the binary sys-
tem, using an aperture radius of6′′. Such a large aperture should
include possible extended emission around the binary system.

We related the nbL and nbM fluxes directly to the broad
bandL andM fluxes of the standards. The photometric results
are summarized in Table 1, where we also give the magnitude
differences in each band and the summed magnitudes for the
binary system.
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Fig. 1. Images of SVS 16: Left: HST image, taken with filter F850LP and showing a field of view of about50′′ × 50′′. The 90% confidence
error circle for the ROSAT HRI X-ray source position is shown. Right: UKIRTJ-band image, showing a slightly larger field of view.

Finally, we compare our results to theJ, H, K magnitudes
found by ASR and theL magnitude reported by Aspin & Sandell
(1997, AS hereafter). Both of these studies also used IRCAM,
however with a considerably larger pixel size of1.24′′ for ASR,
and0.62′′ for AS, and thus the SVS 16 binary system was not
resolved in their data. For theJ, H, K data our combined mag-
nitudes agree very well with the ASR results. AtL, our result
seems to deviate significantly from the magnitude given by AS.
This might be related to the use of different nbL filters.

The location of SVS 16 in the NIR color-color diagram is
shown in Fig. 2. Both components lie only slightly outside the
reddening band and thus show a small NIR excess. A com-
parison with other YSOs shows that the NIR excesses of the
components of SVS 16 are more similar to those of class II or
class III sources rather than those of class I or flat spectrum
sources.

3.3. 10 µm imaging

In the night of 2 December 1996 we used the ESO mid-IR
camera TIMMI (K̈aufl et al. 1994) at the 3.6 m telescope on La
Silla to obtain10 µm images of the SVS 16 region. This camera
contains a 64×64 pixel Gallium doped Silicon array, cooled with
liquid Helium. Chopping of the secondary mirror and nodding of
the telescope was used to subtract the strong thermal background
radiation. No flatfield correction was applied to the images, since
the sensitivity of the array is uniform within∼20% . TheN
broad band filter (λc = 10.1 µm, ∆λ = 5.1 µm) was used.
The pixel scale was0.5′′ per pixel, yielding a field of view of
∼ 32′′ × 32′′. The total integration time was 26 minutes. No
source was detected in the image. We estimate a point source

sensitivity of∼0.25 Jy for our image and will use this value as
upper limit for SVS 16.

3.4. Upper limits from other observations

3.4.1. IRAS data

We have searched the IRAS Point Source Catalogue and Faint
Source Catalogue for a possible IRAS detection of SVS 16.
The only potential IRAS counterpart for SVS 16 is FSC
03258+3105, which lies about40′′ away from SVS 16. How-
ever, this FSC source is also only40′′ away from IRAS 2, a
well studied protostellar object with strong far infrared emis-
sion (cf. Sandell et al. 1994). It is much more likely that
IRAS 2 rather than SVS 16 is the true counterpart of the FSC
source. We thus conclude that SVS 16 was not detected by
IRAS. Its position between the strong sources IRAS 2 and
SVS 13 makes it very difficult to say something about the far-
infrared emission from SVS 16. We thus use the fluxes for FSC
03258+3105, i.e.Fν(12 µm) = 13.6 Jy, Fν(25 µm) = 46.5
Jy,Fν(60 µm) = 204 Jy, andFν(100 µm) = 380 Jy, as upper
limits for SVS 16.

3.4.2.350 µm flux

Recently, a350 µm survey of the NGC 1333 star forming region
was performed with SHARC, a linear array of 24 bolometers
at the Caltech Submillimeter Observatory 10.2 m telescope on
Mauna Kea (cf. Hunter et al. 1996). SVS 16 could not be de-
tected in the SHARC data, to an upper flux limit (3σ) of 6.1 Jy
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Table 1. HST- and UKIRT-Photometry for SVS 16 compared with literature data.

band SVS 16-e SVS 16-w difference sum 6′′ aperture ASR AS
[mag] [mag] [mag] [mag] [mag] [mag] [mag]

ST850 24.63 ± 0.16 23.55 ± 0.08 1.07 23.21 ± 0.14
J 17.17 ± 0.05 16.38 ± 0.05 0.80 15.95 ± 0.07 15.91 ± 0.05 15.83 ± 0.07
H 13.56 ± 0.07 12.91 ± 0.06 0.65 12.43 ± 0.09 12.35 ± 0.03 12.50 ± 0.07
K 11.37 ± 0.05 10.85 ± 0.05 0.52 10.33 ± 0.07 10.33 ± 0.03 10.39 ± 0.07
L 9.55 ± 0.10 9.23 ± 0.10 0.32 8.63 ± 0.14 8.75 ± 0.11 8.36 ± 0.05
M 9.04 ± 0.13 8.65 ± 0.10 0.40 8.07 ± 0.16 7.91 ± 0.25

Fig. 2. NIR color-color diagram for SVS 16 and other YSOs. The solid
dots with the error bars show SVS 16-e and SVS 16-w. For comparison
we also have included data from Barsony et al. (1997) for those YSOs in
theρ Oph star forming region for which Greene et al. (1994) determined
infrared classes. The solid dots show class I sources, grey dots flat
spectrum sources, open circles class II sources, and asterisks class III
sources. Furthermore, we have included 5 class I sources in the CrA
core (Wilking et al. 1997). The solid line shows the main sequence,
the dashed line the giant branch. The dotted lines show the reddening
band for main sequence colors, the arrow shows the reddening vector
for AV = 10 mag.

within a 30′′ diameter aperture (M.A. Nassir and J.R. Deane,
priv. comm.).

3.4.3. 1.3 mm flux

Lefloch et al. (1998) presented very sensitive 1.3 mm continuum
and CS maps of the NGC 1333 cloud. No source could be found
at the position of SVS 16. Due to its proximity to the bright mm
source SVS 13, it is quite hard to derive an upper limit for the

mm flux of SVS 16. We note that SVS 16 would have probably
been detected, if its mm flux were as strong as that of the weak
core Cor1, for which a flux of 57 mJy per beam was found. We
will use this value as an upper limit for the 1.3 mm flux of SVS
16.

4. Infrared spectroscopy

4.1. Observations and data reduction

K- andH-band spectra of SVS 16 were obtained for us as a
part of the UKIRT Service Programme. The observations were
performed with CGS4, a1 − 5 µm multi-purpose 2D grating
spectrometer containing a256 × 256 InSb array. In the night of
17 February 1997,K-band spectroscopy was performed with
a 75 l/mm grating, in the night of 25 October 1997, aH-band
spectrum was obtained using a 40 l/mm grating. SVS 16 turned
out to be too faint for obtaining a usableJ-band spectrum.

Since the slit width was1.23′′, the spectra contain contribu-
tions from both binary components. In theK-band, the total ex-
posure time for SVS 16 was 160 sec, the B8V star BD +30◦540
was observed as a calibration star and an Argon lamp spectrum
was used for wavelength calibration. In theH-band, the total
exposure time for SVS 16 was 240 sec, the A2V star BS 1041
was observed as a calibration star and a Xenon lamp spectrum
was used for wavelength calibration.

The first step of the data reduction was to remove the tilt of
the spectra to the direction perpendicular to the dispersion. Then,
we differenced object and sky frames, extracted the positive and
negative spectra with the IRAF task APALL, and co-added all
spectra. In order to remove the instrumental and atmospheric
features in the spectra, we divided the object spectrum by the
spectrum of the early type calibration star, from which we had
removed the H I absorption lines. Finally, the resulting spectrum
was multiplied by a Planck function at a blackbody temperature
equal to that of the calibration star. The features and shape of the
final spectra should be representative of the true object spectrum.
For further details on NIR spectral data reduction we refer to
Greene & Lada (1996).

The resulting spectrum is shown in Fig. 3. The effective
resolution isR ∼ 750 for theK-band spectrum andR ∼ 400
for theH-band spectrum. The signal to noise ratio is∼ 150 in
theK-band and∼ 50− 100 in theH-band. Several atomic and
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Fig. 3. This plot shows theH- andK-band spectrum of SVS 16. The
positions of important lines are marked. The dotted line is a Planck
function ofT = 3500 K reddened byAV = 26 mag as determined in
Sect. 4.2.

Table 2.Line widths in theK-band spectrum.

line Na Ca CO [0-2] CO [2-4]

λ [µm] 2.21 2.26 2.29 2.35

EW [Å] 3.1 2.3 4.9 5.5

CO absorption lines can be clearly seen. The most prominent
lines are identified in Fig. 3. The presence of these absorption
lines clearly shows that SVS 16 is a late type stellar object. The
spectrum does not show any emission lines, which are found in
some YSOs. Also, no line can be seen at the position of Brγ.
The seemingly strong Paα and Brε absorption lines probably
are artifacts caused by the strong blending of these lines with
atmospheric extinction lines in the standard spectrum.

4.2. Determination of spectral types

We have used the line widths measured from theK-band spec-
trum and summarized in Table 2 to estimate the spectral type
and surface gravity with the method presented by Greene &
Meyer (1995). The location of SVS 16 in the diagram of atomic
versus CO indices is shown in Fig. 4, where we also show the
calibration lines from Greene & Meyer (1995) for stars of lu-
minosity class V and III. However, one cannot directly read off
the spectral type from the position in this diagram, since we
have to take into account spectral continuum veiling, which is
caused by the excess emission from hot circumstellar matter. In
order to correct for this veiling, we used the iterative procedure

Fig. 4. Diagram of line widths, adapted from Greene & Lada (1996).
The big grey rectangle shows the position for SVS 16, the size of the
symbol corresponds to the errors. The cross connected to the rectangle
by the dotted line indicates the position after correcting for veiling.
We also have included other YSOs from Greene & Lada (1996). The
assignment of infrared class to plot symbol is as in Fig. 2.

described by Greene & Meyer (1995). We assumed veiling to be
significant in theK-band only, what can be justified by the very
modest NIR excess of SVS 16 as inferred from its position in
the color-color diagram, and used the reddening relationsAV =
9.37 E(J − H) = 3.55 AJ = 16.25 E(H − K) = 8.93 AK

(cf. Rieke & Lebofsky 1985). Furthermore, we assumed that
the spectrum is dominated by SVS 16-w, which is nearly twice
as bright as SVS 16-e in theK-band and we thus related all
properties derived from the spectrum to SVS 16-w.

The uncorrected line widths suggest a spectral type∼K7
and a veiling factorrk = 0.33. Using this veiling factor to
correct the line widths results in a new estimate of the spectral
type, which again can be used to obtain a new veiling factor,
and so on (see Greene & Meyer 1995 for details). This iteration
procedure converged within 3 steps, yielding a spectral type M2,
an extinction ofAV = 26.2 mag, and a veiling factor ofrk =
0.24. Finally, we computed the luminosity from the dereddened
J-band magnitude, using theBCJ bolometric correction from
Hartigan et al. (1994) and findL? = 3.83 L� We note that
a Planck function for a temperature corresponding to spectral
type M2 and reddened by 26 mag of visual extinction reproduces
the general shape of the spectrum quite well (see Fig. 3). For
the uncertainties of the derived parameters we assume± 2–3
subclasses in spectral type and±0.2 in log L?.

What can we say about SVS 16-e? We know that it is fainter
and redder; this might be caused by higher extinction, a later
spectral type, or both. It is not possible to disentangle this with
the available data. All we can do is to assume a spectral type
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Table 3.Stellar parameters for SVS 16

SVS 16-w SVS 16-e

L? [L�] 3.8 2.7

SpT M2 M3:

R? [R�] 5.3 4.9

AV [mag] 26.2 28.0

rk 0.24 0.22

age [yrs] <∼ 105 <∼ 105

and then compute extinction and luminosity. However, we note
that in most T Tauri binary systems the components seem to be
coeval (cf. Brandner & Zinnecker 1997; Ghez et al. 1997). If
we assume a spectral type of M3, we findAV = 28.0 mag, a
luminosity ofL? = 2.70 L�, and then SVS 16-e and SVS 16-w
lie roughly parallel to the isochrones in the HR diagram. Thus
we prefer this set of parameters. Of course, due to this indirect
argument, the uncertainties for the parameters of SVS 16-e are
are higher than for SVS 16-w; we assume±3 subclasses in
spectral type and∆ log L? ∼ ±0.3.

5. The evolutionary state of SVS 16

TheK-band spectrum clearly shows that SVS 16 is a late type
PMS star and not an extragalactic object. The analysis of the
line widths also shows that SVS 16 is more similar to a dwarf
star rather than a giant. This is a clear argument against the
interpretation as a giant star behind the star forming region.
Further evidence for this comes from the X-ray properties (see
next section): We find a (distance independent) fractional X-ray
luminosity ofLX/Lbol = 8×10−3 for SVS 16, while late type
giant stars generally show much lower ratios ofLX/Lbol <∼
10−5 (cf. Hünsch et al. 1996). Thus we conclude that SVS 16
is not a luminous background star. Since it obviously cannot be
a foreground star, it must be related to the star forming region.

5.1. Location in the HR diagram

With the available data it is possible to place SVS 16 into the
HR diagram and compare its position with PMS evolutionary
tracks. In Fig. 5 this is done using the tracks from D’Antona
& Mazzitelli (1994). Both components of SVS 16 lie above
the105 yrs isochrone and the birthline. Taking into account the
uncertainties of the stellar parameters and also in the theoreti-
cal tracks, we restrict ourself to the conclusion that SVS 16 is
younger than a few105 yrs, i.e. a very young PMS object. We
note that SVS 16 has a quite similar position in the HR diagram
as the very young flat spectrum source VSSG 17 (Greene &
Lada 1997). A comparison with the recent tracks of Siess et
al. (1997) confirms our upper limit for the age.

Even if the distance to the NGC 1333 star forming region
were only 220 pc instead of the 300 pc we use here, SVS 16
would still lie significantly above the106 yrs isochrone and

Fig. 5.HR diagram with isochrones and PMS evolutionary tracks from
D’Antona & Mazzitelli (1994). The solid lines show the isochrones for
ages of 0.1, 0.3, 1, 3, and 10 Myrs. The dotted lines show evolutionary
tracks which are labeled by the corresponding masses in solar units.
The thick dashed-dotted line shows the birthline according to Palla
& Stahler (1990). The positions for both components of SVS 16 are
shown by the solid squares. Other YSOs are from Greene & Meyer
(1995) and Greene & Lada (1997). The assignment of infrared class to
plot symbol is as in Fig. 2.

the birthline, and none of our conclusions would be changed
significantly.

5.2. Infrared class and circumstellar environment

Since we only have upper limits to the flux beyond5 µm, it is
not possible to determine the infrared class, which is usually
given by the slope of the spectrum between2 µm and10 µm. In
Fig. 6 we show the broad-band NIR spectral energy distribution
for both components of SVS 16. Although our upper limit to
the10 µm flux does formally not exclude the classification as
a class I source, the spectral slope between3.5 µm and4.8 µm
suggests SVS 16 to be a class II or class III source. A comparison
with the reddened colors of stellar photospheres for the spectral
parameters as found above, shows that both components exhibit
small infrared excesses, which seem to peak near3.5 µm.

Further information can be derived by comparing our spec-
trum of SVS 16 to those of other YSOs (cf. Greene & Lada
1996). The presence of atomic and CO absorption lines is rather
untypical for class I sources, most of which display strongly
veiled featureless spectra. The spectrum of SVS 16 looks more
like that of class II or class III sources. Another argument can
be based on theK-band veiling determined above. Our value
of rk = 0.23 is consistent with SVS 16 being an infrared class
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Fig. 6. Spectral energy distribution for SVS 16-e (open circles) and
SVS 16-w (solid circles). The arrow marks the upper limit for the
10 µm flux. The flux limits for the different infrared classes, i.e. I,
flat (F), II, and III, are indicated by the horizontal lines at10 µm. The
dashed and dotted lines show model SEDs constructed from the empiric
colors of M2 and M3 stars with appropriate reddening (see Sect. 4.2)
which are normalized to theJ-band fluxes of SVS 16-w and SVS 16-e,
respectively.

II or III object rather than a class I or flat spectrum object (see
Fig. 8 in Greene & Lada 1996). Taking everything together, our
NIR data strongly suggest that SVS 16 is a class II or class
III YSO. Thus, the amount of circumstellar matter seems to be
rather small.

However, these arguments derived from NIR data can con-
strain only the amount of hot or warm circumstellar matter rel-
atively close to the stars. We can derive upper limits to the
possible amount of cold circumstellar matter, i.e. material at
distances of more than a few 100 AU from the stars, from the
upper limits to the 350µm and 1.3 mm fluxes given above. Us-
ing dust opacities appropriate for circumstellar matter around
young stars (e.g. Preibisch et al. 1993; Ossenkopf & Henning
1994), these flux limits roughly transform into mass upper lim-
its in the range0.1 − 0.3 M�. Thus, we cannot fully exclude
the possibility that the SVS 16 binary might be surrounded by
a circumbinary envelope or disk. However, we emphasize that
there is no direct evidence for this possibility.

Our results suggest that SVS 16 has dissipated most of its
circumstellar material very quickly, in less than a few105 years.
This dissipation time scale is very short, considering that many
well studied classical T Tauri stars with large infrared excesses
seem to be at least several106 years old (e.g. Kenyon & Hart-
mann 1995). At the end of the next chapter we will consider a
possible explanation for this.

1’

SVS 16

X 13
X 11

X 12

X 5

XP 2
XP 1

X 6

X 10

Fig. 7. Illustration of the X-ray sources in the SVS 16 region. In or-
der to create this image, we merged the PSPC and the HRI data and
finally smoothed the image with a Gaussian filter. Source numbers are
indicated next to each detected X-ray source. The cross marks the HST
position of SVS 16. Note that this image is only meant to be an illustra-
tion and was not used for source detection or count rate determination.

6. ROSAT X-ray observations

We have obtained deep ROSAT pointed X-ray observations of
the NGC 1333 star forming region with the HRI as well as with
the PSPC detector. These data are described below. For details
on the ROSAT satellite and its instruments, we refer to Trümper
(1983), Pfeffermann et al. (1988), and David et al. (1996). We
also investigated the data of the ROSAT All-Sky Survey. SVS
16 was not detected as an X-ray source in the survey, what is no
surprise since the sensitivity of the survey data is about a factor
of 20 less than that of our deep pointed observations. From the
survey data we derive an upper limit for the PSPC count rate of
< 0.036 cnts/sec.

6.1. HRI data

The 40 ksec deep HRI observation in which X-rays from SVS
16 were detected for the first time has be analyzed and discussed
in detail by Preibisch (1997). Here, we just summarize the basic
results: SVS 16 was clearly detected as an X-ray source with a
background subtracted source count rate of0.8±0.2 cnts/ksec.
A Kolmogorov-Smirnov Test suggested the count rate to be vari-
able (probability of variability: 0.97), however, there seems to
be only irregular variability not exceeding a factor of 2–3. Al-
though we cannot study the X-ray variability very well because
the count rate and thus the S/N of the light curve is very low,
we can at least exclude a large X-ray flare like that observed on
YLW 15 (Grosso et al. 1997) during our observation.
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6.2. New ROSAT PSPC data

On 28 February and 1 March 1997, we performed a 8.9 ksec
ROSAT PSPC pointed observation of SVS 16. In comparison
with the HRI, the PSPC has higher sensitivity and spectral res-
olution, but much lower spatial resolution. In our PSPC image,
43 sources could be detected, among them all HRI sources with
the exception of the faint HRI source X 6. In both the HRI and
the new PSPC image, we find three sources within90′′ of the IR
position of SVS 16, namely HRI X10 = BD+30◦547, X11 =
SVS 16, and X13 = HJ 4 (see Fig. 7). In particular, SVS 16 itself
is detected as a weak source in the PSPC image with a back-
ground subtracted count rate of3.5 ± 1.2 cts/ksec. The number
of detected photons is too small for a meaningful analysis of
the X-ray spectrum. Nevertheless, we can get some spectral in-
formation from the ROSAT hardness ratios, which are defined
by

HR 1 =
Sh + Sm − Ss

Sh + Sm + Ss
and HR 2 =

Sh − Sm

Sh + Sm

with count ratesSs,m,h in the soft (0.1 − 0.4 keV), medium
(0.5 − 0.9 keV), and hard (0.9 − 2.1 keV) band, respectively.
No source counts from SVS 16 could be detected in the soft
band, yieldingHR 1 = 1 with a lower limit ofHR 1 ≥ 0.62.
This can easily be understood by the strong absorption of soft
X-rays caused by the large extinction. For the second hardness
ratio we findHR 2 = 0.14 ± 0.25.

We did not find any significant variations of the count rate.
A Kolmogorov-Smirnov Test gave a probability of variability of
only 0.42. We thus conclude to observe quiescent X-ray emis-
sion. Furthermore, the X-ray luminosity derived from the PSPC
count rate agrees well with that derived from the HRI count rate
(see below). This shows that the X-ray luminosity of SVS 16
during the PSPC observation was about the same as during the
HRI observation, i.e. 2.5 years earlier.

6.3. X-ray luminosity

In order to compute the X-ray luminosity from the observed
count rate, one has to specify the form of the X-ray spectrum.
We interpret the X-ray emission as optically thin thermal plasma
emission (see Raymond & Smith 1977). In the simplest model of
isothermal emission, the X-ray spectrum can be described by the
plasma temperature and the extinction. For the extinction we use
AV = 26.2 mag as found above, and the relationNH = AV ×
1.8 × 1021 cm−2 (Paresce 1984; see also Predehl & Schmitt
1995). The plasma temperature can in principle be determined
by a fit to the X-ray spectrum, however for SVS 16 the number
of detected source photons is too small for a detailed spectral
analysis. We thus assume a plasma temperature ofkT = 1 keV,
which is typical for active stellar X-ray sources (cf. Schmitt et
al. 1990) and also for T Tauri stars (e.g. Neuhäuser et al. 1995;
Preibisch et al. 1996). Furthermore, this temperature is fully
consistent with the observed spectral hardness: For an extinction
of ∼ 26 mag the hardness ratios given above suggest a Raymond
Smith plasma temperature in the range0.7−1.4keV (cf. Fig. 4 of
Neuḧauser et al. 1995). We also note that in a recent deep ASCA

observation of the NGC 1333 region, SVS 16 was detected only
in the soft ASCA band (0.5−2 keV) but not in the hard band (4−
10 keV) (Koyama, priv. comm.). We thus see no indication for
a significantly higher or lower plasma temperature and believe
that 1 keV should be appropriate.

With the parametersNH = 4.7 × 1022 cm−2 andkT = 1
keV we computed a model X-ray spectrum and determined
the transformation factor between count rate anddereddened
X-ray flux by folding this spectrum through the detector re-
sponse function with the corresponding EXSAS commands.
We found that a PSPC count rate of 1 cnts/sec corresponds
to adereddened X-ray flux in the0.1 − 2.4 keV ROSAT band
of 5.21 × 10−9 erg/sec/cm2. For the HRI, a count rate of 1
cnts/sec corresponds to1.95 × 10−8 erg/sec/cm2. Since the
computation of the transformation factor is a crucial step in the
calculation of the X-ray luminosity, we performed an additional
check and also computed these transformation factors with the
Portable Interactive Multi-Mission Simulator (PIMMS), pro-
vided by the High Energy Astrophysics Science Archive Re-
search Center. We found very good agreement of the EXSAS
and PIMMS results.

With these transformation factors we derive an X-ray lu-
minosity of (1.8 ± 0.5) × 1032 erg/sec for the HRI data,
and, in good agreement,(2.0 ± 0.7) × 1032 erg/sec for the
PSPC data. The fractional X-ray luminosity of SVS 162 is
LX/Lbol = 8 × 10−3, and for the X-ray surface flux we find
FX = 1.1 × 108 erg/sec/cm2. We note that the last two values
are independent of the assumed distance and thus are valid even
if we would have overestimated the distance to SVS 16. The
X-ray luminosity of SVS 16 exceeds the solar value by nearly
five orders of magnitude (cf. Table 4), its fractional X-ray lumi-
nosity is 10 000 times higher than that of the Sun. Finally, we
note that the quoted X-ray luminosity includes only the flux in
the0.1 − 2.4 keV band. If we extrapolate this to the flux in the
total X-ray band (0.1 − 100 keV), the total X-ray luminosity is
higher by a factor of about 4.8. This means that SVS 16 radiates
as much as some 4% of its total luminosity in X-rays.

6.4. How to explain the extreme X-ray properties?

For a proper assessment of these results we now will compare
the X-ray properties of SVS 16 to those of different classes of
X-ray active stars. Since we could find no evidence for flares on
SVS 16, we will consider only quiescent X-ray emission. We
start with the class of T Tauri stars. These YSOs show X-ray
luminosities exceeding the solar level by factors of 100 to 1000.
Nevertheless, their X-ray properties can be explained by en-
hanced solar like coronal activity due to their fast stellar rotation
(c.f. Montmerle et al. 1993). We have collected ROSAT X-ray
data for all X-ray detected T Tauri stars in the star forming re-
gionsρ Oph (Casanova et al. 1995), Chamaeleon I (Feigelson et
al. 1993), IC 348 (Preibisch et al. 1996), NGC 1333 (Preibisch

2 Since the two components of SVS 16 are not resolved in the X-ray
data, we use the system luminosity and surface area to compute these
values.
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Table 4. The X-ray properties of SVS 16 compared to those of other classes of stellar X-ray sources. The references for the T Tauri stars are
given in the text, RS CVn data are from Dempsey et al. (1993).

quiet T Tauri stars T Tauri stars RS CVn SVS 16
Sun median maximum maximum

LX [erg/sec] 3 × 1027 1 × 1030 6 × 1031 7 × 1031 2 × 1032

LX/Lbol 8 × 10−7 5 × 10−4 3 × 10−3 3 × 10−3 8 × 10−3

FX [erg/sec/cm2] 5 × 104 8 × 106 6 × 107 1.6 × 108 1.1 × 108

1997), Orion (Gagńe et al. 1995), and Taurus (Neuhäuser et
al. 1995). For more than 270 stars X-ray luminosities are known,
for most of them alsoLX/Lbol, and for some of them also the
X-ray surface fluxes. The median and maximum values of these
three quantities are summarized in Table 4. The X-ray luminos-
ity of SVS 16 exceeds that of any known T Tauri star by at least
a factor of 3. SVS 16 also exceeds all reportedLX/Lbol ratios
and X-ray surface fluxes for T Tauri stars.

Is it still possible to explain the extreme X-ray properties
of SVS 16 as coronal activity? To investigate this question, we
now will compare SVS 16 to the most coronally active stars, the
RS CVn systems. These systems are close binaries, in which
tidal forces cause very high stellar rotation rates, leading to
extremely high levels of coronal activity. While SVS 16 seems
to exceed any RS CVn in terms of absolute and fractional X-ray
luminosity (see Table 4), there is at least one RS CVn system,
BD+25◦580, which shows an even higher X-ray surface flux
than SVS 16. This means, that the extreme X-ray activity of
SVS 16 can probably still be explained by coronal emission.
While the separation of the two components in SVS 16 is far
too large to produce tidal effects, one or both components might
be RS CVn like systems.

Finally, we note that there seems to exist a class of YSOs,
which are qualitatively similar to SVS 16 in the sense that they
are very young, essentially free of circumstellar matter, and
very strong X-ray sources: André et al. (1992) could detect a
small population of class III YSOs with rather strong nonther-
mal radio emission in theρ Oph star forming region. These ob-
jects seem to be younger than the majority of the T Tauri stars
and thus must have cleared their circumstellar material very
quickly. Their radio properties indicate that these objects have
very extended magnetic structures, which might be explained by
strong primordial magnetic fields. André et al. (1992) speculate
that the conservation of the strong fossil magnetic fields might
have caused the very fast dispersion of their circumstellar mat-
ter. Interestingly, these objects are among the X-ray brightest
YOSs in theρ Oph star forming region (Casanova et al. 1995).
Thus, strong primordial magnetic fields might cause not only
fast clearing of the circumstellar material, but also very high
X-ray activity. Perhaps, SVS 16 is an extreme (the most X-ray
luminous) example of such an object.

7. Summary and conclusions

We have shown that SVS 16 is a highly obscured young stellar
object in the NGC 1333 star forming region. It is a binary system
consisting of two very young (probably less than a few105

yrs old) M-type PMS stars. In our observations we could not
detect significant amounts of circumstellar matter associated
with SVS 16. The high extinction is probably mainly caused
by dust absorption in the molecular cloud material in front of
SVS 16. Despite its youth, the system has already accreted or
dispersed nearly all of its circumstellar material.

An extremely high, quiescent soft X-ray luminosity of2 ×
1032 erg/sec is confirmed by our new ROSAT data. This is the
highest value ever found for the non-flaring X-ray emission from
a late type star. An extrapolation to the total X-ray band shows
that SVS 16 radiates about 4% of its energy as X-rays. These
X-ray properties are extreme, but we believe that they can still
be explained by coronal activity, since the X-ray surface flux we
derive for SVS 16 does not exceed those of the most coronally
active RS CVn binaries.

SVS 16 is in many aspects qualitatively similar to some
very young and very X-ray active class III sources, which prob-
ably possess strong fossil magnetic fields. This, and the fact that
coronal activity is assumed to be strongly linked to stellar rota-
tion, offers an interesting explanation for the properties of SVS
16: The strong fossil magnetic field of the YSO caused a very
quick clearing of the circumstellar matter. Due to the lack of a
circumstellar disk, the magnetic coupling between the YSO and
its disk, which is believed to brake the stellar rotation of YSOs
(cf. Camenzind 1990; K̈onigl 1991) could not work for SVS 16.
Therefore, the stellar contraction caused a strong spin-up of the
YSO and the rapid rotation might finally be the reason for its
extreme X-ray activity.
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