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Abstract. We report the detection during ti@handra Orion Ultradeep Project (COUP) of two soft, constant, and faint X-ray
sources associated with the Herbig-Haro object HH 210. HHi&1ocated at the tip of the NNE finger of the emission line
system bursting out of the BN-KL complex, northwest of thapgzium cluster in the OMC-1 molecular cloud. Using a recent
Ha image obtained with thACS imager on boarddST, and taking into account the known proper motions of HH 21@sem
sion knots, we show that the position of the brightest X-rayrse, COUP 703, coincides with the emission knot 154-040a o
HH 210, which is the emission knot of HH 210 having the highasgential velocity (425 knts). The second X-ray source,
COUP 704, is located on the complicated emission tail of HBl@bse to an emission line filament and has no obvious opti-
calinfrared counterpart. Spectral fitting indicates for bathirges a plasma temperature~df.8 MK and absorption-corrected
X-ray luminosities of about fdergs? (0.5-2.0keV). These X-ray sources are well explained by dahimvoking a fast-
moving, radiative bow shock in a neutral medium with a dgnsit~12000 cm®. The X-ray detection of COUP 704 therefore
reveals, in the complicated HH 210 region, an energeticlshotyet identified at other wavelengths.
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D 1. Introduction excesses were found in the X-ray spectra of the ‘Beehive’ pro
plyd (Kastner et 4 2005) and DG Tdu (Gudel df al. 2005), two
YSOs with jets. Remarkably, in both sources, this soft amd co
stant X-ray emission gters less extinction than the harder and
riable X-ray component likely emitted by the stellar awap
ggesting that it comes from shocks along the base of these
ets.

\Y

~Outflow activity is ubiquitous in young stellar objects (Y5O
<t and intimately connected to the accretion process buildmg
the mass of stars. The interaction of outflow from YSO a
the interstellar medium produces bow shocks associatdd V\gb
optically luminous small nebulae, called Herbig-Haro (Hi8) .
Sjects {Herbif 195d; Hafp 19F2; see review by Reipurth & Bal
R001). Optical emission from HH objects includes Hydrogen
Balmer lines, [Q], [Su], [N u], [Om], tracing plasma with In January 2003, th&€handra Orion Ultradeep Project
1 temperatures of several 1@ 1C° K. During these last years (COUP) was carried out with ACIS-I[ (Garmire et] &l. 2003)
“O a handful of HH objects have been detected in X-rays, trasa board theChandra X-ray Observatory |(Weisskopf et |al.
8 ing plasma with temperatures of a fewf1Q as expected from ). COUP consisted of a nearly continuous exposure over
Othe high velocities of these shocks (e[g., Ragajgt al]2aw@). 13.2days centered on the Trapezium cluster in the Orion
emission knot H of HH 2 was the first detected in X-rays; Nebula, yielding a total on-source exposure time of 838.ks, i
also exhibits strong bl and free-free radio continuum emis-9.7 days|(Getman etfal. 2005b). Among the 1616 COUP X-ray
sion (Pravdo et @|. 2001). HH 80 and HH 81 are excited bysaurces, there are only about fifty X-ray sources with the me-
massive protostar, and are among the most luminous HH alian energy of their X-ray photons lower than 1 keV, i.e. hgvi
jects in the optical; emission knots A angdHGof HH 80, and a very soft X-ray spectrum. The bulk of this soft X-ray source
emission knot A of HH 81 are now the most luminous knowsample is associated with optitiafrared stars; two sources
in X-rays (Pravdo et @|. 2004). may be spurious; and two other sources without counterparts
The soft X-ray emission from L1551 IRS5, associated wittmay be newly discovered very low mass members of the Orion
HH 154 by|Favata et alf (20D2), is now considered as arisingbula cluster. Of the very soft sources, only COUP 703 and
from a shock at the base of the jet of this protostar binaGOUP 704 are possibly associated with an HH object, HH 210
(Bally et all [200B;{ Bonito et &l. 2004). Recently, soft X-rayGetman et dl| 20054d; Kastner ef pl. 2005). More generally
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Fig. 1. HSTWFPC2 image of HH 210 for epoch 2000.70 inFig.2. COUP view of HH 210. Red, green, and blue represent
[Su] (adapted from Fig. 2 of Doi et Al. 2002). Each pixel iphotons in the 0.5-1.7keV, 1.7-2.8keV, and 2.8-8.0keV en-
071 on a side, the color stretch is linear. HH 210 shows a typrgy bands, respectively (Lupton ef pl. 2004). Green crosse
ical bow shock structure containing numerous emissionkn@nd countours mark the centre of COUP sources and source
and filaments. The two crosses mark epoch 2003.04 positi@xgraction polygons 87% encircled energy using PSF at
of COUP 703 and COUP 70¢ (Getman gt al. 2005b); cross side§ keV). Cross sizes indicate the total positional unaetits
indicate the total positional uncertainties of these Xgayrces of these X-ray sources’(05). White contours show dd+[N 1]
(014). The white arrows indicate velocity and epoch 2003.04hots observed wittHST/ACS (0705-pixels on a side; epoch
position for emission knots with proper-motion measured #004.05[Bally et dI[ 2005), which were moved individually
[Su] by {200p). The white’®8-radius circles indi- to epoch 2003.04 using proper-motions[of Doi €t hl. (2002).
cate the optical resolution &fST. COUP 703 coincides with 154-040a HH 210, the emission knot
having the highest tangential velocity (425 knh;ssee Fig[ll).

there is in COUP no other X-ray source associated with HH
objects (Getman et gl. 20Q5a). We useHST archival images to compare the position of COUP
HH 210 is located 2/7north of 1 OriC in the OMC-1 sources with emission knots of HH 210.
molecular cloud, and is one of the brightest HH objects ia thi  The best view of the HH210 emission system is obtained
area revealed by emission of {[gAxon & Taylof[L984; Taylor in the optical using [§] doublet (16717+16731 lines) or [Q]
et al.), It belongs to the powerful CO outflow from th€16300 line), where both bow shocks and a complicated emis-
BN-KL region, which produces a spectacular set of bbw sion tail are visible, whereas indHonly the heads of the bow
shocks and trailed wakes; it is located at the tip of the NNghocks are visible. Figuf¢ 1 shows the HH 210 emission system
finger which is one of the brightest emission systems im]Feat epoch 2000.70 obtained with tth&PC2 on boarcdHST with
and lacks a trailed piwake [Allen & Burtoh[1998). HH 210 F673N filter, selecting [8] (program GO8121NW{ Doi et hl.
has a pronounced bow shape containing numerous knots ). The HH210 emission system in thei[@ine is very
complicated filaments in [ (see Fig[]L). similar. We extracted star positions in the full field-okwi
We present in Secf] 2 the astrometry and spectral analy@idiSTMWFPC2 using Source Extractor (version 2.3.2; Bertin
of the X-ray sources associated with HH 210; we discuss &Armouts[199b}, and cross-correlated these with COUP po-
Sect[B the origin of these X-ray emissions. sitions. The estimated residual registration error betwfie
teen stars in th&/PFC2 image and the corresponding COUP
sources is 008. Finally, the total positional accuracy of X-
2. Astrometry and spectral analysis of the X-ray ray sources, which has a positional uncertainty in COUP of
sources associated with HH 210 0712, is @14 in Fig.[1. From thisMFPC2 image and a previ-

ous one obtained five years befdre, Doi ét[al. (P002) measured

We used the COUP source catalog and data products of Gethroper-motion of several [ knots of HH 210, ranging

etal. (2005p). A detailed discussion of the COUP data, €RCOR} 1y 153 km s! for 155-040 HH 210 to 425 knté for 154-
passing source detection, photon extraction, spectréysiaa

and variability analysis can be found|in Getman ¢t[al. (2[)05b ! Available athttp://terapix.iap. fr.
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Fig. 3. X-ray spectra of COUP 703 (left) and COUP 704 (middle), antfidence regions of the plasma parameters (right). Each
spectral bin contains at least 5 events. We used for therspétting a collisionally-ionized plasma modd&KEC), assuming a
plasma with solar elemental abundar|ce (Anders & Gre)es8@) 1®ith X-ray absorption modelWABS; Morrison & McCammoh
@) Fit parameters are given in Taﬂle 1. In the right pahelgrey region indicates for COUP 703 the confidence regidn
the 68% level of the plasma temperature and the absorptio plus sign and diamond mark the best parameter values for
COUP 703 and COUP 704 (hig¥y/low KT solution), respectively. The arrow indicates the high terafure value for the null
absorption solution of COUP 704.

Table 1. Spectral parameters of X-ray sources associated with HHIgiH@) aWwABSxAPEC plasma model with solar elemental
abundance. We used Chi statistics with standard weigh@iagfidence ranges at the 68% leu{{ = 1; corresponding to- = 1
for Gaussian statistics) are given in parenthe®@eas.Col. (8) is the probability that the best-fit model matcttesdata, given the
value ofy? andv, the degree of freedom in Col. (7). The emission measure in(€cand the logarithm of the X-ray luminosities
in the 0.5-2keV energy range obseriemirected for absorption in Col. (9) were computed assuraidigtance of 450 pc.

COUP CXOONCJ Net Ny KT EM ¥20) Q logls/logls.
# conts 18'cm? keV 105cm3 % ergs?
1) 2 3 4) ®) (6) ) (8) )

703 053515.4-052040.3 31 8(5-11) 0.07 (0.05-0.14) 15  @)0 62  27.330.0
704  053515.4-0520455 24  @@.3) 0.33(0.22-0.45) 810° 1.08(3) 36  27.127.1

10(7-13)  0.07£0.09) 48 1203) 31  27/803
040a HH 210. Using these proper motions we plotted in [fig[doi et all (200p). The most southermeHknot has no known

white arrows pointing at the estimated position of HH 210roper-motion; therefore we conservatively assumed f@r th
knots for COUP epoch 2003.04. We conclude that the positiknot the largest proper-motion of HH 210 knots. We conclude
of COUP 703 is consistent with the position of thenJ%not that COUP 703 coincides with the emission knot with the high-
154-040a HH 210, whereas COUP 704 is located on the coest tangential velocity (425 kmY, 154-040a HH 210. In con-
plicated emission tail of HH 210 close to an emission filameritast, COUP 704 is not associated with any briglt émis-

, i ) sion knot, or point source in théLT J-, H-, Ks-band survey
The image of HH 210 obtained withCS on boardHST at  (\1ccaughrean et al., in preparation) and ER&F L-band sur-

epoch 2004.05 by Bally et jal} (2405) is the closest in time {R (McCaughrean et H. 1996). We note that it is located near
COUP. ThisACSobservation was made in F658N filter selecté filament of [Si] emission (see Fi(ﬂ 1).

ing Ha (16563 line) and [Ni] (16584 line), and hence detected . o )
mainly the heads of the bow shoc005). To reg_ We compared th_e spatlal_ distribution of events in
ister thisACSimage with COUP, we extracted positionacs COUP 703 and 704 with those in the X-ray counterpart of a
stars, and cross-correlated these with COUP positionsegheN€arby star, after adding to this reference source uniforml
timated residual registration error between about nirE§p distributed background e\_/ents to_ match the background leve
stars and their corresponding COUP source< 20Finally, measured in thg extraction regions of COUP 703 and 704.
the total positional accuracy between X-ray sources, whizh KoImog_orov-_Smwnov test shows that COUP 703 and 704 are
a positional uncertainty in COUP of D, andACS sources is cOmPpatible with unresolved sources. Therefore the angesar
0'15. Figure[lz shows the COUP image of HH 210 using yolution qf Chandra at 2_7’ off-axis, i.e. ~1”, is an upper limit
ray colors. The contour map indicates the brightest emissif9" the size of these objects.

knots observed in & with HST/ACS, which were moved in- The observed X-ray spectra are shown in Iﬂg. A 3IAEC
dividually to match epoch 2003.04 using proper-motions ¢fersion 11.3), we used for the spectral fitting between 0.5
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and 8 keV (corresponding to channels:B5-548) a photoelec- 10?®nigor? | Vi ; and for a non-radiative shodly,/ergs* =

tric absorption {ABS) combined With a collisionally-ionized 1.8 x 102° nioofﬁ 16 V100, Wherenyog is the preshock density in
plasma model APEC), which provides plasma temperaturegpits of 100 cm? and rn1e is the radius of the object driv-
down to 01MK. Table[] gives our best fit parameters. Fqfg the shock in units of Zcm. The X-ray luminosity of a
the source with the highest net counts, COUP 703, we fougg,v shock is the minimum of these two values. The multi-
a colurznn density of absorbing material Mfi21>8¢nT~ (5— pjicative factor to take into account line emission is 2.8l an
11cnt?), equivalent toAy~5mag (3-7mag)[(Vuong et fal.3 9 a4t 0.1 MK and 1 MK, respectively| (Raga et] &l. 2002).
P003), and a plasma temperatureTef0.8 MK (0.5-1.6MK). The HST/ACS observation of 154-040a HH 210 shows a ra-
For COUP 704, the absolug¢ minimum corresponds to null iy of @15 (Fig.[2), or about 1§ cm at a distance of 450 pc.
absorption and high plasma temperature, with a low in€ingijsing this dimension for the X-ray source, a shock speed of
X-rfiy Iummosﬂy (see the right panel of Fifl. 3). This cpmk)_|170 kms?, and a preshock density of about 120008nwe
natlon_of high plasma temperature and low -X-rayllgmmosmynd L~3.3x 10?%ergs?. Thus taking into account line emis-
would imply a small radius<10"*cm) of the object driving the sion, a how shock flow can readily explain the X-ray lumi-
shock (see Sedf] 3). However, another solution with a similgosities observed from COUP 703 and COUP 704. citetallen93
goodness-of-fit exists with higher absorption and lowespia tond a similar density of 10* cm for the electronic density
temperature, similar to the best-fit plasma parametersféam inferred from the [Fa] spectra of the emission knots. The lo-
COUP 703. The latter parameters therefore likely repreaentagion of HH 210 inside OMC-1 but close to the limit of therH
better approximation of the actual physical c_ondltlonshe t region may explain this density and why the medium is not yet
plasma giving rise to COUP 704. The absorption-corrected gy jonized by the radiation field of the Trapezium cluster

ray luminosities of COUP 703 and 704 implied by the spectral \ye conclude that COUP 703 is the counterpart of the emis-

fitting are about 1¥ ergs™ (0.5-2.0 keV). sion knot 154-040a of HH 210, and its X-ray emission can be
explained by a radiative bow shock. The X-ray emission of
3. Discussion COUP 704 can also be explained by a fast-moving, radiative

) ) shock toward the tail of HH 210. Optigaifrared observations
HH 210 displays the largest proper motion among the outflaye giill needed at other epochs to reveal in the complicated

fingers extending away from BN-KL, moreover the line emigy 210 region the proper motion of the counterpart to this X-
sion is blue-shifted, suggesting a deprojected velocighafut ray source.

500kms? (Bxon & Taylo}[L984 Taylor et [ 1984, Hu 1996).
154-040aHH 210 is also the brightest feature inifand has  acknowledgements. We thanks an anonymous referee for useful com-
a small bow shock attached to it (O’'dell e{[al. IPP7; Doi ét akents which improved the paper. COUP is supported bytiadra
p002). The tip of the bow shock is seen as a knot in]|[NHa, ~Guest Observer grant SAO GO3-4009A (E. Feigelson, Pl).heurt
[Om]; hence the tip is the fastest moving portion of the shockupport was provided by th€handra ACIS Team contract SV4-
However, the fact that the [@] emission requires only a shock74018.
with a speed of about 90 km'sand that the [Qu] emission is
seen only at the tip of the bow, indicates that this HH ObjsCtIi%eferences
moving in the wake of other shocks moving ahead of it (Dol
et al.[200p). Allen, D. A. & Burton, M. G. 1993, Nature, 363, 54
The observed X-ray emission can be explained with faghders, E. & Grevesse, N. 1989, Geochim. Cosmochim. Acta,
moving bow shocks. The postshock temperature in the adias3, 197
batic (non-radiative) portion of a shock is given Bys;/K = Axon, D. J. & Taylor, K. 1984, MNRAS, 207, 241
2.9x10°/(1+X)xVZ, (Ostriker & McKe{1988), wheréqois  Bally, J., Feigelson, E., & Reipurth, B. 2003, ApJ, 584, 843
the velocity of the shock front with respect to the downgtreaBally, J., Licht, D., Smith, N., & Walawender, J. 2005, AJ9]2
material (the shock velocity) in units of 100 kmtsand X is 355
the ionization fraction of the preshock gas=0 for a neutral Bertin, E. & Arnouts, S. 1996, A&AS, 117, 393
medium and 1 for a fully ionized one). Thus, COUP 703 ar8lonito, R., Orlando, S., Peres, G., Favata, F., & Rosner, R.
COUP 704 plasma temperatures~9.8 MK require a shock 2004, A&A, 424, L1
speed of~170kms? for a shock moving into a mostly neu-Doi, T., O’Dell, C. R., & Hartigan, P. 2002, AJ, 124, 445
tral medium, or~240kms? for a shock moving into a fully Favata, F., Fridlund, C. V. M., Micela, G., Sciortino, S., &#s,
ionized medium. The lower speed is comparable with the bowA. A. 2002, A&A, 386, 204
shock velocity of 133kms estimated by O’'dell et &l (1997) Giidel, M., Skinner, S. L., Briggs, K. R., et al. 2005, ApJ662
from the deprojected velocity and the opening angle of thve bo L53
wing. Garmire, G. P., Bautz, M. W,, Ford, P. G., Nousek, J. A,, &
The expected X-ray luminosity of a shock-heated sourceRicker, G. R. 2003, in X-Ray and Gamma-Ray Telescopes
depends on the emissivity per unit volume, which dependsand Instruments for Astronomy, J. E. Truemper, H. D.
on the plasma temperature and density, the volume of thélfananbaum (eds.), Proceedings of the SPIE, vol. 4851,
emitting region, and the type of shock, radiative or non- p. 28-44

radiative [Raga et §l. 2002). Neglecting the line emisdaga Getman, K. V., Feigelson, E. D., Grosso, N., et al. 2005aSApJ
et al. {200R) find for a radiative shodk/ergs?! = 1.64 x 160, 353
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