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Abstract. We analyze the data of a deepXMM-NewtonX-ray imaging observation of the NGC 1333 star forming region.
The observation covered a period of about 14 hours and has a total MOS-equivalent exposure time of 235 ksec. In addition
to 46 bright X-ray sources revealed by source detection routines, we find weak X-ray emission at the positions of 40 X-ray
sources detected originally in a recentChandraobservation of NGC 1333. TheXMM-Newtoncountrates of most sources agree
well with their countrates in theChandradata; about 80% of the sources vary by a factor of less than 3 between the two X-ray
observations which are separated by 18 month. The X-ray lightcurves of several sources reveal large flares with parameters
typical for X-ray active young stellar objects. We also construct and analyze the X-ray spectra of the stronger sources and
derive plasma temperatures between∼0.7 keV and∼3 keV for the T Tauri stars in NGC 1333, and higher temperatures up
to ∼12 keV for flaring sources and deeply embedded young stellar objects. We consider in detail the X-ray properties of the
optically invisible infrared source SVS 16, which showed a large X-ray flare during our observation. Its X-ray spectrum confirms
that the hydrogen column density towards SVS 16 is much lower than expected from the extinction determined from near-IR
spectroscopy and photometry. The reason for this inconsistency remains unclear. Finally, we search for, but do not detect any
X-ray emission from HH 7-11 or one of the other Herbig-Haro objects in NGC 1333. Also, none of the class 0 protostars in the
region is detected in X-rays.
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1. Introduction

NGC 1333 is an optical reflection nebula within a highly active
star forming region in the Perseus molecular cloud complex.
Near infrared observations of NGC 1333 (Strom et al. 1976;
Aspin et al. 1994; Lada et al. 1996) found about 150 young
stellar objects that are contained within two subclusters sepa-
rated by about 5′. By modeling the infrared luminosity func-
tion, Lada et al. (1996) estimated the age of the double-cluster
to be no more than 106 years. The northern cluster contains
the optically prominent reflection nebula which is mainly il-
luminated by the B9 star BD+30◦549. The southern cluster
is associated with dense molecular cloud material (e.g. Lada
et al. 1974) and contains many signposts of ongoing star forma-
tion: the famous HH 7-11 outflow and numerous other Herbig-
Haro objects (Herbig & Jones 1983; Bally et al. 1996; Bally &
Reipurth 2001), molecular outflows and jets (Hodapp & Ladd
1995), and several extremely young class 0 protostars (Knee &
Sandell 2000; Looney et al. 2000; Chini et al. 2001). The pres-
ence of numerous molecular outflows and Herbig-Haro objects
suggests that a nearly coeval microburst of star formation is go-
ing on in the NGC 1333 region (Bally et al. 1996) and there is
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evidence for ongoing shock driven star formation (Warin et al.
1996; Knee & Sandell 2000).

For the distance to NGC 1333 we adopt here a value
of 310 pc, based onHipparcosparallactic measurements of
the Perseus OB2 association (318± 27 pc; de Zeeuw et al.
1999) and a careful determination of the distance to IC 348
(Herbig 1998), the other center of recent star formation activity
in the Perseus cloud complex. The optically bright G-type star
BD +30◦547 in the southern part of the NGC 1333 region is
probably a foreground object (Cernis 1990), perhaps related to
the Taurus star forming region.

The motivation for ourXMM-Newtonstudy was several-
fold: first, the high sensitivity ofXMM-Newtonfor hard X-rays
makes it well suited for a deep look through the molecular gas
towards the embedded young (proto-)stars in one of the most
active nearby star forming regions (for a review see Feigelson
& Montmerle 1999). Second, the presence of the numerous
outflows and Herbig-Haro objects in the NGC 1333 region
offers an interesting opportunity to search for X-ray emission
from jets and outflows. After the first X-ray discoveries of jets
(Pravdo et al. 2001; Favata et al. 2002; Bally et al. 2003), the
detection of similar objects would strongly improve the under-
standing of the processes giving rise to the observed emission.
Third, we have recently performed a comparable sensitive
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Fig. 1. The central∼26′ × 20′ region of theXMM-Newtonimage of NGC 1333. This image is the sum of the MOS1+MOS2+PN images,
displayed with a square-root intensity scale.

X-ray study of the young cluster IC 348 (Preibisch & Zinnecker
2001, 2002), which is the other center of star formation activity
in the Perseus molecular cloud complex. The comparison of
these clusters allows one to study two embedded clusters in
different stages of evolution.

The first X-ray observation of NGC 1333 was performed
with the ROSAT HRI (Preibisch 1997). Twenty X-ray sources
were detected, 16 of which are probably members of the
cluster. Recently, NGC 1333 has been observed with the
ACIS-I detector on board theChandra X-ray Observatory. This
observation, presented in Getman et al. (2002; G02 hereafter)
lead to the detection of more than 100 X-ray sources down to
the sensitivity limit of∼1028 erg/s. G02 presented identifica-
tions of the X-ray sources with optical, infrared, and submm
counterparts. While 32 of these sources appear to be fore-
ground stars and extragalactic background, 95 X-ray sources
could be identified with known cluster members. G02 also per-
formed a very comprehensive analysis of the X-ray properties
of the young stellar objects in NGC 1333.

2. Observations and data analysis

NGC 1333 was observed with the European Photon Imaging
Cameras (EPIC) on boardXMM-Newton. The EPIC system
(see Jansen et al. 2001) consists of two identical EPIC-MOS
cameras (Turner et al. 2001) and the EPIC-PN camera
(Strüder et al. 2001). The cameras were operated with the
medium optical blocking filter and in the Full-Frame mode.
They provide a≈30′ diameter field-of-view, energy coverage
from≈0.15−15 keV, and moderate energy resolution (E/∆E ≈
20−50). In comparison toChandra, XMM-Newtonoffers a
considerably larger effective area (2350 cm2 at 1 keV for

EPIC compared to 700 cm2 for Chandra/ACIS), especially
at high energies (1400 cm2 at 6 keV for EPIC compared
to 200 cm2 for Chandra/ACIS), but has a much lower spatial
resolution (15′′ half-energy width of theXMM-Newtonmirror
PSF compared to 0.5′′ for Chandra).

The observation of NGC 1333 was obtained during
the satellite revolution number 407 and lasted from
27 February 2002, 22:07:35 UT until 28 February 2002,
12:50:40 UT. The exposure times were 51.6 ksec for the
MOS1 camera, 51.7 ksec for the MOS2 camera, and 44.8 ksec
for the PN camera. As the sensitivity of the PN camera
is 2.94 times higher than the individual MOS cameras for the
case of the medium filter, the total MOS equivalent exposure
time was 235.0 ksec. The optical monitor was turned off due
to the presence of optically bright stars in the field-of-view.
Extraction of science products from the Observation Data
Files followed standard procedures using theXMM-Newton
Science Analysis System (SAS). For the extraction of the
counts, spectra, and lightcurves we used the SAS version 5.3.3.
We first investigated the total light curves of the cameras and
found several intense background flares during our observation
(see Fig. 3). This flaring background is usually attributed
to soft protons which are presumably funneled towards the
detectors by the X-ray mirrors. We therefore created cleaned
event files in which the periods of high background intensity
were excluded. As this cleaning step removed nearly half
of the original exposure time, the sensitivity of the cleaned
data is significantly reduced. For our analysis of the count
rates, lightcurves and spectra we therefore used the un-cleaned
original events files; the flaring background component was
corrected for by background subtraction.
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Fig. 2. Optical image of NGC 1333 (Digitized Sky Survey; field-of-view about∼20′ × 13′). The positions of the X-ray sources detected by
Chandra(see G02) are marked by circles, the sources detected byXMM-Newtonare marked by boxes. The objects discussed in the text are
marked.

For a detailed comparison of ourXMM-Newtondata to the
Chandradata presented by G02, we retrieved the observation
files from theChandradata archive and analyzed them with the
CIAO 2.1.2 software package.

2.1. Source detection and identification

Our compilation of the list of X-ray source was performed in
several steps. We started with a source list obtained by the
standard SAS detection pipeline. This automatic detection re-
trieved most of the bright X-ray sources correctly, but it also
“detected” many spurious sources and missed a few source that
are easily visible in the image. We manually removed the ob-
vious false detections and added the missing strong sources.
Then we tried thewavdetectprogram within the CIAO data
analysis system (Freeman et al. 2002) on a variety of input im-
ages (full energy band versus soft-band and hard-band images;
background-flaring cleaned images versus un-cleaned images;
summed MOS+ PN images versus individual images). These
efforts revealed several additional faint sources and finally left
us with a combined list of 46 X-ray sources. We compared the
source coordinates derived from theXMM-Newtondata to op-
tical images and found no indications for systematic errors in
the X-ray source positions.

We then compared ourXMM-Newtonsource list to the
Chandralist of 109 sources given in G02 (their Table 2). Six of
our 46XMM-Newtonsources were outside the field-of-view of
theChandraimage. While one of the 40XMM-Newtonsources
in the common field-of-view was not detected byChandra, the

other 39XMM-Newtonsources can be reliably identified with
Chandrasources. In 9 cases the much sharperChandraimages
resolved one of ourXMM-Newtonsources into two individ-
ual X-ray sources. Taking this into account, ourXMM-Newton
source list retrieves 48 of the 109Chandrasources. This means
that 61 of the 109Chandrasources (i.e. 56%) are “missing” in
the XMM-Newtonimages. To investigate this in more detail,
we determined the counts in ourXMM-Newtonimages at the
locations of theseChandrasources and compared them to the
expected counts in source-free background regions. In 28 cases
the sum of the counts determined in the MOS1+MOS2+PN
data exceeded the background level by at least 5σ; we consider
these objects as marginally detected sources. For 12 other cases
the number of counts was between 3σ and 5σ above the ex-
pected background level; we consider these objects as tentative
sources. For the other 21Chandrasources, ourXMM-Newton
data show no indication for the existence of an X-ray source.

Table 1 provides a list of all X-ray sources in
NGC 1333 detected byChandra and/or XMM-Newton.
For the Chandra sources we use the names of the form
CXONGC1333 JHHMMSSS.s+DDMMSS defined in G02.
The 7 sources only seen byXMM-Newtonare denoted by
names of the form XMMU JHHMMSSS.s+DDMMSS based
on their J2000 coordinates.

2.2. Determination of countrates

With SAS we extracted the counts for all sources in 15′′ ra-
dius apertures in the energy band [0.2−10] keV. This radius
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Fig. 3. Background flaring during theXMM-Newton observation,
probably due to solar energetic particles. The black line shows the
mean of the two EPIC-MOS lightcurves, the grey line shows the
EPIC-PN lightcurve, extracted from two large source-free regions.

contains 70% of the point-source flux. We also determined
the exposure time for each source in each detector from the
corresponding exposure maps. The mean source count rates
were then computed by subtracting the expected background
counts, dividing by the exposure time, and applying the PSF
correction factor (1/0.7). The resulting count rates are listed in
Table 1. The faintest detectable sources have MOS countrates
around∼0.7 cnts/ksec; the brightest source (the foreground
G-type star BD+30◦547) has a MOS countrate of 0.1 cnts/s
and a PN countrate of 0.4 cnts/s; these numbers show that the
“photon pile up” effect1 is not a problem for our data.

At the nominal positions of the 21Chandrasources that
are undetected in ourXMM-Newtondata we determined the
number of counts and the expected background level. We used
the Bayesian statistics method described by Kraft et al. (1991)
to determine 90% confidence upper limits for their count rates
in our XMM-Newtondata. For 5 of the undetectedChandra
sources no useful upper limits could be determined because
they are located at positions with very low exposure in our
XMM-Newton images (e.g. in the gaps between individual
chips or close to the edge of the image).

2.3. Comparison of Chandra and XMM-Newton
countrates

The expected count rates of different detectors for a given
X-ray flux can be computed with the PIMMS2. We computed
the expectedXMM-Newton and Chandra-ACIS countrates
for thermal Raymond-Smith plasma-spectra with temperatures

1 According to theXMM-NewtonUsers’ Handbook, photon pile up
occurs only for source count rates ofCRMOS > 0.7 cnts/s andCRPN >
8 cnts/s.

2 PIMMS is the Portable, Interactive Multi-Mission Simulator pro-
vided by the HEASARC Online Service; for further information see
http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html

Fig. 4. Comparison ofXMM-NewtonandChandracountrates for the
sources in NGC 1333. Solid dots show sources detected by both ob-
servatories, open dots with arrows show upper limits for those sources
that were detected by only one of the observatories. Flaring sources are
marked by triangles. The solid line shows the theoretically expected
relation of the countrates based on typical spectral properties of the
sources (see text), the dotted lines define the band corresponding to
variations by a factor of 3.

between 1 keV and 3 keV and a range of hydrogen column
densities between 5× 1021 cm−2 (AV ∼ 2.5 mag) to 5×
1022 cm−2 (AV ∼ 25 mag). The resulting count rate ra-
tios are not very sensitive to these parameters and vary by
less than 10% around the valuesCRMOS/CRACIS = 1 and
CRPN/CRACIS = 2.8.

In Fig. 4 we plot the totalXMM-Newton count rate
(CRMOS1+ CRMOS2+CRPN) against theChandra-ACIS count
rate. The solid line shows the theoretically expected relation as-
suming identical source luminosities at the time of theChandra
andXMM-Newtonobservations. As ourXMM-Newtonobser-
vation was performed more than 18 months after theChandra
observation, and the X-ray emission of young stars is gener-
ally variable (e.g. Montmerle et al. 1983), we expect to see
some deviations from this line. The dotted lines define the band
corresponding to variations by a factor of 3. The great ma-
jority of the objects lies inside this band; therefore, there is
a generally good agreement between ourXMM-Newtondata
and theChandradata. Most of theChandrasources that are
undetected in ourXMM-Newtonimages are among the faintest
Chandrasources; their non-detection in ourXMM-Newtondata
can probably be explained by variability. Some of those ob-
jects with large count rate differences showed a flare in either
the XMM-Newtonor the Chandraobservation. For example,
CXONGC1333 J032911.2+311718, the only object for which
our XMM-Newtonupper limit is much below the mean count
rate from theChandradata, showed a large flare during the
Chandraobservation (see Fig. 5 in G02, source # 67); its qui-
escent level is consistent with theXMM-Newtonupper limit.
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Fig. 5. Lightcurves for the sources exhibiting strong variability during ourXMM-Newtonobservation. In each panel the grey histogram shows
the 0.2–10 keV band background subtracted lightcurve extracted from the PN data, rebinned into 30 min bins (5 min for SVS 16). The black
solid histogram shows the mean of the two MOS lightcurves.

The source XMMU J032930.4+311903, which was not seen
by Chandrashows rather strong irregular variations during the
XMM-Newtonobservation; the minimum countrate is consis-
tent with the upper limit we determined for this source in the
Chandradata.

2.4. Source identification

The identifications of theChandrasources are listed in Table 1
of G02; for 80 out of the 109 X-ray sources optical and/or in-
frared counterparts could be found. For the 7XMM-Newton
sources not seen byChandrawe searched for optical and in-
frared counterparts. Three X-ray sources have optical counter-
parts, two have infrared counterparts, but for the other two we
could not find any counterpart. The singleXMM-Newtonsource
in the common field-of-view that was not detected byChandra
is identified with the T Tauri star LkHα 356.

3. Temporal variability

With SAS we extracted the lightcurves for allXMM-Newton
sources with more than∼200 counts to study their temporal

variability. In addition to the source lightcurves, we also ex-
tracted the lightcurves from two large source-free background
regions. Visual inspection of the individual background-
subtracted lightcurves showed irregular count rate variations in
many sources. For six sources, however, we found clear evi-
dence for systematic variability; these lightcurves are shown
in Fig. 5. In most cases we see typical flares with rise and
decay times of a few hours, very similar to flares on other
X-ray active young stars (e.g. Montmerle et al. 1983; Preibisch
& Neuhäuser 1995; Feigelson et al. 2002). The large flare on
CXONGC1333 J032859.2+311548=SVS 16 is discussed in
detail in Sect. 6. The lightcurve of XMMU J032810.9+311353
shows a continually decreasing count rate that might reflect ro-
tational modulation. XMMU J032811.0+311730 shows a re-
markable double flare, separated by about 4 hours.

4. X-ray spectra and luminosities

For all sources containing at least∼200 source counts we per-
formed a spectral analysis to derive plasma temperatures and
X-ray luminosities. With SAS we extracted the pulse hight
spectra for each source and a background region, and built the
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corresponding redistribution matrix files and ancillary response
files. We grouped the spectra with 25 counts per bin and per-
formed joint spectral fits to the background subtracted MOS1,
MOS2, and PN spectra of each source with the Sherpa pack-
age contained in CIAO. We used the XSPEC model “raymond”
describing the emission from a thermal plasma spectrum and
“wabs” for the absorption model. We fixed the abundances to a
value of 0.3 times solar elemental abundances; this value is typ-
ical for young stellar objects (see e.g. Imanishi et al. 2002) and
is also supported by our spectral analysis of two bright sources
with strong emission lines (CXONGC1333 J032912.9+311815
in Fig. 6 and the flare spectrum of SVS 16 in Fig. 8), for which
fits with abundances used as a free parameter also yield a value
of ∼0.3 times solar.

A single-temperature plasma model plus absorption yielded
statistically acceptable fits to most spectra. For the remain-
ing spectra we used two-temperature models, which always
gave statistically acceptable fits. We did not consider more
complicated spectral models, although we are fully aware that
the coronae of active stars are generally not monothermal
(e.g. Brickhouse et al. 2000; Sanz-Forcada et al. 2001). The
purpose of our analysis wasnot to perform a detailed investi-
gation of the temperature structure of those sources, which is
hardly possible given the relatively low numbers of counts per
spectrum, but just a simple characterization of the coronal tem-
perature distribution3. The fitted plasma temperatures are listed
in Table 2, and Fig. 6 shows the spectra of four selected sources,
which are representative for our data. The fits generally yield
plasma temperatures between∼0.7 keV and∼3 keV for most
sources. The spectra of five sources suggest the presence of
very hot plasma withkT > 4 keV (T >∼ 50 × 106 K); most
of these sources showed flares during theXMM-Newtonob-
servation. In the spectra of CXONGC1333 J032912.9+311815
(Fig. 6) and of SVS 16 (Fig. 8) we also see a strong emission
line at 6.7 keV, which we identify with the K line of Fe XXIV
and Fe XXV. The presence of this line directly confirms very
high plasma temperatures in excess of 50× 106 K.

In general, the plasma temperatures we derive for the
sources in NGC 1333 are in the typical range for quiescent
and flaring young X-ray sources (e.g. Feigelson & Montmerle
1999; Preibisch 1997; Preibisch & Zinnecker 2002) and gen-
erally agree (within the errors) with the values determined
by G02 from theChandradata.

The spectral fits were also use to compute the intrinsic
(extinction-corrected) X-ray luminosities by integrating the
model source fluxes over the 0.2−10 keV band. The X-ray
luminosities are also listed in Table 2, and range from about
2×1029 erg/s up to about 2×1031 erg/s, and to even higher val-
ues for flaring sources. Again, these numbers are in good agree-
ment with other X-ray observations of young stellar objects
(e.g. Feigelson & Montmerle 1999; Preibisch & Zinnecker
2002).

3 As demonstrated for example by Peres et al. (2000), fits of simu-
lated spectra based on continuous temperature distributions with sim-
ple single-temperature models usually yield temperatures near the
peak of the underlying temperature distribution.

For the objects yielding less than about 200 source counts
in the XMM-Newtondata, for which no X-ray spectral analy-
sis was performed, X-ray luminosities can in principle be esti-
mated from the count rates, but only if reasonable estimates of
the the hydrogen column density and the plasma temperature
are available. As the extinction of the objects in NGC 1333
varies widely, it is hardly possible to determine reliable X-ray
luminosity estimates without further information. Therefore,
we will only estimate the X-ray luminosities of the faintest
detectable sources. The detection limit depends most strongly
on the extinction. For obscured T Tauri stars in NGC 1333,
for which we assume typical parametersNH = 1 × 1022 cm−2

(AV ∼ 5 mag) andkT = 2.5 keV, the detection limit isLX,lim ∼
4× 1029 erg/s. For much less obscured objects (e.g. weak-line
T Tauri stars located at the near side of the cloud), for which we
assume typical parametersNH = 1×1021cm−2 (AV ∼ 0.5 mag)
andkT = 1 keV, the detection limit isLX,lim ∼ 5× 1028 erg/s.

5. The different populations of X-ray emitting
objects

5.1. Intermediate mass stars

NGC 1333 contains two B-type stars: the B9 star BD+30◦549
is the optically brightest member of the region; the B6 star
SVS 3 is fainter in the optical due to extinction, but the bright-
est near-infrared source in NGC 1333. Both B stars were de-
tected byChandra. In ourXMM-Newtondata, BD+30◦ 549 is
only marginally detected as a weak X-ray source; our data are
consistent with theChandraresults, suggesting an X-ray lu-
minosity of about 1029 erg/s (G02). SVS 3, on the other hand,
is one of the brightest X-ray sources in ourXMM-Newtonim-
ages. A fit the the X-ray spectrum requires two temperature
components, one at∼1 keV and a second at∼3 keV, and gives
an X-ray luminosity ofLX ∼ 2× 1031 erg/s.

The X-ray detections of these two stars are of special inter-
est, because as intermediate-mass stars they are not expected
to show intrinsic X-ray emission: they lack both the magnet-
ically driven X-ray emitting coronae of low-mass stars, and
the strong high-mass stellar winds in which internal shocks can
cause X-ray emission (see discussion in Preibisch & Zinnecker
2001). The most likely explanation for the observed X-ray
emission is that it originates not from the B stars themselves,
but from unresolved T Tauri star companions. This interpre-
tation is supported here by the large difference (by a factor
of 200) of the X-ray luminosities of the two B-stars.

5.2. T Tauri stars

The majority of the X-ray sources detected in NGC 1333
belongs to the class of T Tauri stars. Their X-ray plasma tem-
peratures (∼1–3 keV, higher for flaring sources) and X-ray lu-
minosities (from spectral fits:∼1×1029 erg/s to∼3×1031 erg/s)
are in the typical range for T Tauri stars in other regions, in
particular they are very similar to the properties of the T Tauri
stars in IC 348 (Preibisch & Zinnecker 2002).

The brightest X-ray source in the field-of-view is the bright
star BD+30◦547. According to Cernis (1990), this object is a
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Fig. 6. Some representativeXMM-Newton-EPIC-PN spectra of X-ray sources in NGC 1333. The solid dots with error bars show the observed
spectra, the solid histogram lines show the best fit models. The upper left panel shows the spectrum of the G-type foreground star BD+30◦547.
The upper right panel shows an optically invisible infrared source which is probably a deeply embedded young stellar object; this source
showed a strong flare (see Fig. 5); note the strong emission line at 6.7 keV. The lower plots show the spectra of two moderately obscured
optically visible stars.

foreground star at a distance of about 190 pc. The rather low
hydrogen column density ofNH = 2× 1021cm−2 (AV ∼ 1 mag)
derived from the fit to its X-ray spectrum supports the assump-
tion that BD+30◦547 lies in front of the NGC 1333 molecular
cloud. The X-ray luminosity (assuming a distance of 190 pc)
of 4.9×1030 erg/s and the ratioLX/Lbol = 2×10−4 are in the typ-
ical range for coronally active young stars. TheXMM-Newton
lightcurves of BD+30◦547 shows no variability. Interestingly,
BD +30◦547 is known to be a strongly variable radio source
(Rodriguez et al. 1999). In a recent VLA radio observation it
showed significant variations on a timescale of hours, which
was interpreted as synchrotron emission from an active stellar
magnetosphere (Reipurth et al. 2002).

5.3. Protostars

As already reported by G02 and confirmed here in our
XMM-Newtondata, no matches of X-ray sources to one of the

known, deeply embedded class 0 or submilimeter protostars in
NGC 1333 are found. This is in contrast with theChandrade-
tection of MMS 2 and 3 in the Orion OMC-3 cloud by Tsuboi
et al. (2001) and suggest that the protostars in NGC 1333 are
weaker X-ray sources or more strongly obscured. The fact that
XMM-Newtondid not detect any embedded object that was not
already seen byChandra is also somewhat surprising, given
the considerably higher sensitivity ofXMM-Newtonfor hard
X-rays, which should strongly support the detection of highly
obscured objects.

5.4. Unidentified X-ray sources

For 32 X-ray sources no optical or infrared counterpart can
be found. These sources are most likely extragalactic objects,
for example active galactic nuclei. Their number is consistent
with the expected number of extragalactic background X-ray
sources (see discussion in G02).
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6. The optically invisible source SVS 16

The optically invisible infrared source SVS 16 is one of the
most interesting X-ray sources in NGC 1333. Faint X-ray emis-
sion from this object was initially detected in the ROSAT
HRI observation discussed in Preibisch (1997). As this object
was the only optically invisible infrared source in NGC 1333
with a ROSAT detection, we performed a detailed infrared
study of SVS 16 (Preibisch et al. 1998), the results of which can
be summarized as follows: SVS 16 was resolved into two com-
ponents separated by 0.99′′ at position angle 87.1◦ (roughly in
east-west direction). We obtained near-infrared photometry at
UKIRT and found that both components exhibit only a rather
small infrared excess. An attempt to detect SVS 16 at 10µm
failed and yielded only an upper flux limit. The analysis of
K- andH-band spectra of the (unresolved) SVS 16 system ob-
tained at UKIRT yielded a spectral type M2 and suggested an
extinction of AV = 26 mag for the brighter western compo-
nent SVS 16-w. For the fainter eastern component SVS 16-e
we estimated a spectral type of∼M3 and an extinction of
AV ∼ 28 mag. These results suggested that SVS 16 isnota sys-
tem of deeply embedded protostars, but rather of more evolved
YSOs that have already cleared at least their inner, hot, circum-
stellar material. The strong obscuration is either due to cool
outer circumstellar material or due to dust in the surrounding
cloud environment.

New ROSAT PSPC data confirmed the previous detec-
tion with the ROSAT HRI. We estimated the X-ray luminosity
by assuming a Raymond-Smith plasma of temperaturekT ∼
1 keV and a column density ofNH = 4.7× 1022 cm−2 based on
the extinction derived from the near-infrared colors. This gave
an extremely high X-ray luminosity of about 2× 1032 erg/s in
the 0.1–2.4 keV band. The ROSAT X-ray lightcurves provided
no indication of any flaring events or significant variability.

6.1. The X-ray flare on SVS 16

In our XMM-Newtonimages, SVS 16 is the second brightest
X-ray source. Inspection of the lightcurve (Fig. 5) shows a
huge flare that started near the end of our observation. Figure 7
shows the flare lightcurve in more detail. The PN countrate in-
creased from∼0.05 cnts/s in the pre-flare phase to∼0.7 cnts/s
during the flare peak, i.e. by a factor of∼14. In Fig. 7 we
also show PN lightcurves extracted in the soft (0.2–2 keV)
and hard (2–10 keV) band. It is interesting to note that the
peak in the hard band occurs about 25 min before the peak
in the soft band. Similar effects have been found flares on the
Sun (e.g. Sato 2001; Reale et al. 2001) and on other YSOs
(Preibisch & Zinnecker 2002) and can be explained by the the
magnetic reconnection flare model: the collision of nonther-
mal electrons from the coronal reconnection site with chromo-
spheric plasma strongly heats the plasma at the impact site to
very high temperatures and causes the emission of hard X-rays.
The softer X-ray emission comes from the hot plasma in the
postflare loops which are filled only after the impulsive flare
phase.

The observed rise phase for the flare on SVS 16 is relatively
slow: it extends over 2 hours and can be well described by an

Fig. 7. Upper plot: theXMM-Newtonlightcurve of SVS16 during the
strong flare near the end of our observation. The histogram shows
the 0.2–10 keV band background subtracted EPIC PN lightcurve, re-
binned into 5 min bins. The grey solid lines shows the smoothed
lightcurve in the soft (0.2–2 keV) band, the dark solid lines the
smoothed lightcurve in the hard (2–10 keV) band.Lower plot: the
lightcurve of SVS16 extracted from the archive data of theChandra
observation.

exponential rise with a time scale of 0.5 hours. The shape of the
rising lightcurve may indicate rotational modulation, i.e. that
the flare erupted in a loop that initially was (partly) on the back
side of the star and gradually moved into the line of sight due to
the stellar rotation (see Stelzer et al. 1999). Unfortunately, the
XMM-Newtonobservation terminated shortly after the start of
the flare decay phase; therefore it is not possible to model the
flare lightcurve to infer some basic parameters of the flaring
plasma, such as the plasma density and the length scale of the
flaring loop.

We also extracted a lightcurve of SVS 16 from theChandra
data (Fig. 7). This lightcurve also shows significant variability
and suggests a flare that peaks 5.5 hours after the start of the
observation. This flare, however, has a much smaller amplitude
than the event seen in theXMM-Newtondata.
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30.5

SVS16   pre-flare

30.5
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Fig. 8. X-ray spectra of SVS16 in the pre-flare and flare phase. Note the differenty-axis scales and the strong 6.7 keV emission line in the flare
spectrum.

6.2. The X-ray spectrum of SVS 16

We extracted X-ray spectra for SVS 16 during the flare and dur-
ing the quiescent phase before the flare (Fig. 8). We first fitted
the pre-flare spectrum with a single-temperature plasma model
to derive the quiescent temperatureTq. For the fit of the flare
spectra we then used a two-component model, in which the
temperature and emission measure of the first component was
fixed to the values found from the pre-flare spectrum, while
the parameters for the second temperature component were al-
lowed to vary. The fit then yields the temperatureTf of the addi-
tional X-ray flux that can be attributed to the flare. The fit to the
pre-flare spectrum yieldsNH = (1.80±0.05)×1022 cm−2, kTq =

(2.32± 0.08) keV and results in a quiescent X-ray luminosity
of LX,q = 7.8× 1030 erg/s. For the flare spectrum we findNH =

(1.95± 0.04)× 1022 cm−2, kTf = (6.36± 0.35) keV. The X-ray
luminosity at the flare peak isLX,peak = 1.4 × 1032 erg/s. The
very prominent emission line at 6.7 keV in the flare-spectrum
probably represents the K line of Fe XXIV and Fe XXV, which
is known to trace material at temperatures above 50× 106 K.
The line is already present, although considerably weaker, in
the quiescent spectrum; this demonstrates the presence of ex-
tremely hot plasma even during the quiescent phase.

We also extracted an X-ray spectrum of SVS 16 from the
Chandradata. A spectral fit yielded the following parameters:
NH = (1.63±0.08)×1022 cm−2, kT = (2.27±0.17) keV and re-
sults in an X-ray luminosity ofLX = 5.6×1030 erg/s. These pa-
rameters are in good agreement with the fitting results reported
by G02 and also agree very well to our fit to theXMM-Newton
pre-flare spectrum.

The most remarkable aspect of these fitting results is the
relatively low hydrogen column density, which corresponds to
a visual extinction of onlyAV,(X) ∼ 10 mag; this is much lower
than the extinction determined from the infrared spectrum and
photometry ofAV,(IR) = 26−28 mag. To see how significant this
difference is, we computed the covariance matrices of the spec-
tral fits and the corresponding confidence regions inNH versus

kT space. We found the 3-σ confidence intervals forNH (corre-
lated) to be [1.66−1.99]×1022 cm−2 for theXMM-Newtonpre-
flare spectrum, and [1.42−1.95]× 1022 cm−2 for theChandra
spectrum. These results imply that with 99.7% confidence the
extinction is belowAV,(X) < 11 mag, and is therefore, beyond
any doubt, inconsistent with the infrared extinction determi-
nation ofAV,(IR) = 26−28 mag (see also G02, who arrived at
the same conclusion). Since the infrared extinction value seems
equally well constrained as the X-ray spectral fitting result, this
inconsistency is quite remarkable. Potential solutions of this
problem will be discussed below.

The quiescent X-ray luminosity of SVS 16 derived from
the spectral fits to theChandra and XMM-Newtondata is
LX ∼ 6 × 1030 erg/s. This value is considerably lower than
the earlier estimate deduced from the ROSAT data and the in-
frared extinction (see above) and lies within the typical range
for X-ray active young stellar objects. The revised X-ray lumi-
nosity is also consistent with the non-detection of coronal radio
emission from SVS 16 by Smith et al. (1999) and Rodriguez
et al. (1999).

6.3. The spatial distribution of the X-ray emission

As SVS 16 is a close binary, one would of course like to know
which of the binary components is the X-ray source. With a bi-
nary separation of only 1′′, this question can definitely not be
considered with ourXMM-Newtondata. TheChandradata pro-
vide a spatial resolution that allows us to obtain at least some,
although limited, information on that question. We started our
analysis of theChandraarchive data by creating a new (level-2)
events file in which we removed the±0.5 pixel randomization,
which is applied in standard data processing. We then com-
pared the position of SVS 16 determined from HST/WFPC
archive images (datasets U2LS0105T and U2LS0106T) with
the Chandraimage. Two other, apparently single stars in the
HST image with X-ray counterparts could be used to align
the Chandraand HST coordinate systems with an estimated
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astrometric accuracy of∼0.1′′. The centroid of the SVS 16
X-ray source position (SVS 16-X hereafter) is located just
between the optical components of SVS 16, with an offset
of 0.74′′ to the west of SVS 16-e and 0.30′′ to the east of
SVS 16-w. This is a first indication that both stars contribute
to the X-ray emission.

We also measured theFWHM of SVS 16-X and found
values of 2.12′′ and 1.84′′ in x andy (RA and Dec) direction,
respectively4. Comparison to several other sources at similar
off-axis angles in theChandraimage suggests that SVS 16-X is
slightly more extended, another indication of a double source.
To investigate this in more detail, we used the MARXChandra
data simulator5 to simulate images of artificial single and dou-
ble X-ray sources at the location of SVS 16. These simulations
took into account the parameters of the actual observation, in
particular, we used the original aspect solution data. The simu-
lations showed that the PSF of a single point source at the loca-
tion of SVS 16 should actually be slightly narrower (FWHM
of 1.82′′ and 1.78′′ in x- and y-direction) than observed for
SVS 16-X. Two equally strong X-ray sources at the locations
of SVS 16-w and SVS 16-e, on the other hand, should pro-
duce a slightly wider PSF (FWHM of 2.51′′ and 1.89′′) than
observed. Further simulations showed that the observed PSF
of SVS 16-X is most consistent with the assumption of a dou-
ble X-ray source in which the secondary component is several
times (but not orders of magnitude) fainter than the brighter
component.

If this interpretation is correct, the X-ray spectrum of
SVS 16 is the sum of two different sources. Might this pro-
vide a solution to the “extinction problem”? If the intrin-
sic spectra of the two components would be very different,
e.g. if one source would have a much softer spectrum and
suffer much less extinction than the other source, the fit to
the combined spectrum might, in principle, underestimate the
extinction significantly. However, since the infrared proper-
ties of SVS 16-w and SVS 16-e are quite similar and there is
no indication of significantly different extinctions, we have no
reason to assume that both components are intrinsically very
different.

6.4. Clues to the X-ray emission process

How can we understand the X-ray properties of SVS 16,
especially the strong discrepancy of the infrared and X-ray
extinction estimates? We first consider possible geometries
of the circumstellar material around SVS 16 and then differ-
ent possibilities for the origin of the X-ray emission. As de-
scribed above, the lack of strong near- or mid-infrared excesses
and strong veiling in the near-infrared spectra shows that the
amount of hot or warm circumstellar matter close to the stars
must be small. Nevertheless, the observational data do not ex-
clude the possible presence of relatively cool (T <∼ 300 K)

4 These values are clearly larger than the nominal mirror PSF be-
cause the image is blurred by small residual errors in the reconstruc-
tion of theChandraaspect solution.

5 Further information on the MARX simulator can be found at
http://space.mit.edu/CXC/MARX/.

circumstellar matter at distances of more than∼10 AU from
the stars. For example, a disk with an inner hole of radius
Rin ∼ 20 AU around one or both stars would cause significant
infrared excess emission only at wavelengths above 10µm. If
such a disk6 would be seen nearly edge on, it could explain the
strong obscuration of the stellar fluxes.

An alternative possibility is that there is no circumstellar
material in the system and the obscuration is due to dust in the
local cloud environment. A rough estimate of the column den-
sity of the cloud along the line-of-sight to SVS 16 can be made
from the 1.25 mm map of NGC 1333 presented by Lefloch
et al. (1998). Comparison of the 1.25 mm flux at the position of
SVS 16 with the flux in the nearby core called Cor1 suggests
that the cloud column density in the direction of SVS 16 is
aboutNH,(cloud) = 1.4× 1022 cm−2. This value is an upper limit
to the column density along the line-of-sight towards SVS 16
and is roughly consistent with the column density derived from
the X-ray spectra, but much lower than the extinction implied
from the infrared colors. This suggests that some part of the
strong obscuration of the stellar fluxes is actually caused by
circumstellar matter rather than by intra-cloud material.

Now let us consider different possibilities for the origin of
the X-ray emission.

6.4.1. Colliding stellar winds or outflows

One possibility is that the X-ray emission originates from col-
liding winds or outflows in the region between the two bi-
nary components. Strong X-ray emission from colliding stellar
winds is frequently observed in very tight O-star binary sys-
tems (e.g. Zhekov & Skinner 2000). Although the low-mass
stars in SVS 16 must have much weaker and slower winds, and
although their separation (∼310 AU) is quite large, the model
calculations of Zhekov et al. (1994) suggest that colliding
winds in a system like SVS 16 might, under favorable condi-
tions, produce soft X-ray emission at levels of some 1029 erg/s.

This scenario would, in principle, offer an elegant solution
of the “extinction problem”, because the light from the stars
could be strongly obscured by circumstellar material, whereas
the X-rays emitted in the wind collision zone between the two
stars would only suffer from the much lower extinction in the
intra-cloud material. However, the model can neither explain
the high X-ray luminosity of SVS 16 and the hot plasma tem-
peratures7, nor can it account for the observed X-ray flaring;
these properties clearly require that at least the bulk of the
X-ray emission is caused by some kind of magnetic activity.

Perhaps, the observed X-ray emission from SVS 16 is a
combination of coronal emission from the young stars and
some soft X-ray emission from colliding wind/outflow shocks;

6 We note that there is also a constraint on the outer radius of a hy-
pothetical disk, because the maximum size of the circumstellar disks
in a binary system is expected to be at most about 1/3 of the binary
separation, i.e.∼100 AU in the case of SVS 16. However, since we do
not know the projection angle under which we look at the system, this
value might be substantially larger.

7 The observed plasma temperature of∼25× 106 K would require
wind velocities of the order of>∼1000 km s−1, much larger than typical
for low-mass stars.
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this shock emission would then produce a soft excess in the
X-ray spectrum that could help to explain the low X-ray ex-
tinction estimate.

6.4.2. X-ray scattering in the circumbinary
environment

Another possibility is that the X-ray emission from the stars is
not seen directly, but scattered into the line-of-sight by outer,
circumbinary material. One might imagine favorable geome-
tries in which the scattered X-rays would then suffer much less
extinction than the direct light from the stars that is strongly
obscured by circumstellar disks seen nearly edge on. This sce-
nario was considered by Bally et al. (2003) to explain the differ-
ence between X-ray and infrared extinction in the protostellar
binary system L1551 IRS 5.

While this scenario can certainly not be excluded, we note
that there is, at least so far, no direct evidence for any circum-
stellar or circumbinary material in the SVS 16 system. Also,
as the scattering takes place relatively far from the stars, one
would expect the X-ray emission to be offset from the po-
sitions of the stars; such an positional offset is observed in
L1551 IRS 5, but not in SVS 16.

6.4.3. X-ray emitting plasma displaced from the stellar
surface

Might it be possible that a peculiar circumstellar structure ab-
sorbs much of the optical/infrared flux from the stellar disk,
but not the X-ray flux that might originate from an extended
structure above the stellar surface, e.g. from a giant coronal
loop? To explore this possibility, we need to estimate the size of
the X-ray emitting region. The volumeV of the X-ray emitting
plasma can be estimated from the emission measureEM that
was found in the fit to the X-ray spectrum, and the mean plasma
densityn, which are related byEM ∼ n2 V. Since our X-ray
data do not provide us with direct information about the plasma
densities, we will consider the typical range of plasma densities
in the coronae of late type stars,n ∼ [109 . . . 1012] cm−3 (see
e.g. discussion in Drake et al. 2000). We then can estimate a
characteristic sizer for the X-ray emitting region by assuming
for example a simple spherical distribution, i.e.V = 4π

3 r3.

The emission measure derived from theChandrafit to the
quiescent X-ray spectrum of SVS 16 is 4.71× 1053 cm−3. The
resulting volumes are thereforeV ≈ [4.7 × 1029 . . . 4.7 ×
1035] cm3 and the corresponding sizes arer ≈ [4.8 ×
109 . . . 4.8×1011] cm, what corresponds to∼ [0.014 . . . 1.4]×
the stellar radius ofR∗ ∼ 5.2R� for SVS 16-w (Preibisch et al.
1998). If the X-ray emitting star were surrounded by a homo-
geneous shell of coronal plasma, this shell would have an outer
radius of at most 1.5 R∗.

In more realistic magnetic loop geometries, emission mea-
sure and characteristic length scalel are related throughEM =
Nα2 n2 l3, whereN denotes the number of coronal loops andα
the loop aspect ratio. Assuming that all X-ray emission comes
from a single giant loop, i.e.N = 1, and usingα = 0.1,

the derived length scale would bel = [3.6 × 1010 . . . 3.6 ×
1012] cm = [0.1 . . . 10] R∗.

We conclude from this analysis that the size of the X-ray
emitting plasma must by rather compact and can hardly be dis-
placed by more than a few stellar radii from the stellar surface.
If a circumstellar disk were to occult the star but not a coronal
loop extending a few stellar radii above the stellar surface, this
disk would have to be extremely flat and be seen exactly edge
on. While we cannot exclude such a scenario, it appears very
unlikely.

6.4.4. Conclusions on the origin of the X-rays

None of the scenarios explored above provides a satisfying
explanation for the observed X-ray properties of SVS 16.
Perhaps, a combination of different effects is at work, e.g. some
X-ray scattering plus a contribution from colliding winds.
Possible alternative explanations might also include a non-
canonical dust-to-gas ratio8, or perhaps some rapid process that
has changed the circumstellar environment of SVS 16 between
the time of our infrared study in 1997 and theChandraand
XMM-Newtonobservations 3 to 5 years later.

7. No X-ray emission from HH7-11

An interesting characteristic of the NGC 1333 star forming
region is the presence of the numerous outflows and Herbig-
Haro (HH) objects (see e.g. Bally et al. 1996; Bally & Reipurth
2001; Hodapp & Ladd 1995). Pravdo et al. (2001) recently
reported the first X-ray discovery of a Herbig-Haro object,
HH 2, with Chandra. The derived X-ray luminosity is a few
times 1029 erg/s, and the X-ray spectrum is rather soft, con-
sistent with the idea that the emission originates from shock-
heated material at the leading edge of the jet bow shock with
temperatures of∼106 K. Favata et al. (2002) claimed the detec-
tion of X-ray emission from the HH 154 jet in aXMM-Newton
observation of the L1551 region. However, aChandraobserva-
tion (Bally et al. 2003) recently showed that the X-rays do not
come from the jet knot but from a compact source located at
the base of the jet. The X-ray detection of further HH objects
would strongly improve the understanding of the processes giv-
ing rise to the observed emission.

None of theChandraandXMM-NewtonX-ray sources in
NGC 1333 can be identified with HH objects (see also G02). In
order to see whether we can find faint extended X-ray emission,
that might have been missed by the source detection routines,
we carefully investigated the region of the HH 7-11 chain of
HH objects, the most prominent jet in the NGC 1333 region.
We defined four circular areas with 3′′ to 5′′ radii centered on

8 We note that Bary et al. (2002) recently reported the detection of
molecular hydrogen gas orbiting the weak-line T Tauri star DoAr 21;
this object shows no thermal emission from circumstellar dust and
was heretofore presumed to be nearly devoid of circumstellar mate-
rial. This discovery provides evidence for a deviation from the usual
dust-to-gas ratio, which is the basis of the canonical relation between
hydrogen column density and extinction. However, in order to explain
the properties of SVS 16, we need exactly the opposite situation, i.e. an
essentially gas-free dust disk.
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the optically brightest parts of HH 7, HH 8, HH 10 and HH 11
and compared the numbers of counts in these area to the lo-
cal background. None of these regions shows a significant ex-
cess of counts over the expected background values. From the
Chandradata we derive upper limits of<0.33 cnts/ksec for
HH 79, <0.05 cnts/ksec for HH 8,<0.10 cnts/ksec for HH 10,
and <0.07 cnts/ksec for HH 11. In theXMM-Newtondata
we find upper limits to the MOS1+MOS2+PN countrates
of <0.13 cnts/ksec for HH 7,<0.09 cnts/ksec for HH 8,
<0.05 cnts/ksec for HH 10, and<0.05 cnts/ksec for HH 11.

Is the non-detection of X-ray emission from HH 7-11 sur-
prising? X-ray emission at levels similar to that of HH 2 or
HH 154 should clearly be detectable in our data. The most
important physical differences between HH 7-11 on the one
hand and HH 2/HH 154 on the other hand are the rather
low shock velocities (<∼40−50 km s−1; see Noriega-Crespo &
Garnavich 2001) and the correspondingly low-excitation na-
ture (e.g. Molinari et al. 2000; Solf & B¨ohm 1987) of the
HH 7-11 chain, in contrast to the considerably higher shock
velocities (∼150−200 km s−1) and higher excitation in HH 2
and HH 154. In a recent paper, Raga et al. (2002) describe a
simple analytic model for predicting the X-ray luminosity of
a bow shock from the parameters of the flow, that fits the ob-
served X-ray fluxes from HH 2 and HH 154 well. For the pa-
rameters of HH 7-11 (taken from Solf & B¨ohm 1987; Molinari
et al. 2000 and Noriega-Crespo & Garnavich 2001), i.e. shock
velocitiesvbs ∼ 50 km s−1, densitiesne ∼ 220−1300 cm−3,
and radiirb ∼ 0.5 − 1 × 1016 cm, the model by Raga et al.
(2002) predicts X-ray luminosities of less than≈1× 1027 erg/s;
this is clearly below the sensitivity limit of theChandraand
XMM-Newtonobservations. Another aspect is that the expected
shock temperatures (Eq. (2) in Raga et al. 2002) for HH 7-11
are only 24 000 K to 54 000 K, i.e. more than one order
of magnitude lower than the expected shock temperature for
HH 2 and HH 154. Therefore, any high-energy emission from
HH 7-11 should be extremely soft, with most of the flux below
the passbands ofChandraandXMM-Newton.

8. Summary and conclusions

Our deepXMM-Newtonobservation of NGC 1333 confirms the
Chandraresults recently obtained by G02. Despite the higher
sensitivity of XMM-Newtonfor hard X-ray emission as ex-
pected from deeply embedded young stellar objects, none of
the known protostars in NGC 1333 is detected. For the optically
invisible infrared source SVS 16, the remarkable inconsistency
of the hydrogen column density derived from the X-ray spec-
trum and the extinction determined from the infrared photom-
etry and spectroscopy remains puzzling. In agreement with the
Chandraresults, we find that the (quiescent) X-ray luminos-
ity is much smaller than suspected earlier. SVS 16 showed a

9 A 5′′ radius circle at the position of HH 7 contains 12 photons
in the 0.1–10 keV band, whereas the expected background value is
only 4.5 photons. However, we do not believe that this indicates X-ray
emission from HH 7, because 8 of the 12 photons have energies above
2 keV, whereas the soft X-ray emission from an HH object should
give almost exclusively soft (<1 keV) photons. The accumulation of
photons seems to be a random background fluctuation.

spectacular X-ray flare during our observation; the unfortunate
fact that the observation terminated shortly after the flare peak,
however, prevented a detailed analysis. The non-detection of
X-ray emission from HH 7-11 can probably be understood as
a consequence of the low-velocity and low-excitation nature of
these shocks.
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