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X-rays from HH 210 in the Orion nebula
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ABSTRACT

We report the detection during the Chandra Orion Ultradeep Project (COUP) of two soft, constant, and faint X-ray sources associated with the
Herbig-Haro object HH 210. HH 210 is located at the tip of the NNE finger of the emission line system bursting out of the BN-KL complex,
northwest of the Trapezium cluster in the OMC-1 molecular cloud. Using a recent He image obtained with the ACS imager on board HST, and
taking into account the known proper motions of HH 210 emission knots, we show that the position of the brightest X-ray source, COUP 703,
coincides with the emission knot 154-040a of HH 210, which is the emission knot of HH 210 having the highest tangential velocity (425 kms™").
The second X-ray source, COUP 704, is located on the complicated emission tail of HH210 close to an emission line filament and has no
obvious optical/infrared counterpart. Spectral fitting indicates for both sources a plasma temperature of ~0.8 MK and absorption-corrected
X-ray luminosities of about 10* ergs™! (0.5-2.0keV). These X-ray sources are well explained by a model invoking a fast-moving, radiative
bow shock in a neutral medium with a density of ~12 000 cm™3. The X-ray detection of COUP 704 therefore reveals, in the complicated HH 210

region, an energetic shock not yet identified at other wavelengths.
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1. Introduction

Outflow activity is ubiquitous in young stellar objects (YSO),
and intimately connected to the accretion process building up
the mass of stars. The interaction of outflow from YSO and
the interstellar medium produces bow shocks associated with
optically luminous small nebulae, called Herbig-Haro (HH) ob-
jects (Herbig 1950; Haro 1952; see review by Reipurth & Bally
2001). Optical emission from HH objects includes Hydrogen
Balmer lines, [O1], [S1], [N1], [O1I], tracing plasma with
temperatures of several 10° to 10° K. During these last years
a handful of HH objects have been detected in X-rays, trac-
ing plasma with temperatures of a few 10° K, as expected from
the high velocities of these shocks (e.g., Raga et al. 2002). The
emission knot H of HH2 was the first detected in X-rays; it
also exhibits strong Ha and free-free radio continuum emis-
sion (Pravdo et al. 2001). HH 80 and HH 81 are excited by a
massive protostar, and are among the most luminous HH ob-
jects in the optical; emission knots A and G/H of HH 80, and
emission knot A of HH 81 are now the most luminous known
in X-rays (Pravdo et al. 2004).

The soft X-ray emission from L1551 IRSS, associated with
HH 154 by Favata et al. (2002), is now considered as arising
from a shock at the base of the jet of this protostar binary
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(Bally et al. 2003; Bonito et al. 2004). Recently, soft X-ray
excesses were found in the X-ray spectra of the “Beehive” pro-
plyd (Kastner et al. 2005) and DG Tau (Giidel et al. 2005), two
YSOs with jets. Remarkably, in both sources, this soft and con-
stant X-ray emission suffers less extinction than the harder and
variable X-ray component likely emitted by the stellar corona,
suggesting that it comes from shocks along the base of these
jets.

In January 2003, the Chandra Orion Ultradeep Project
(COUP) was carried out with ACIS-I (Garmire et al. 2003)
on board the Chandra X-ray Observatory (Weisskopf et al.
2002). COUP consisted of a nearly continuous exposure over
13.2days centered on the Trapezium cluster in the Orion
Nebula, yielding a total on-source exposure time of 838 ks, i.e.
9.7 days (Getman et al. 2005b). Among the 1616 COUP X-ray
sources, there are only about fifty X-ray sources with the me-
dian energy of their X-ray photons lower than 1 keV, i.e. having
a very soft X-ray spectrum. The bulk of this soft X-ray source
sample is associated with optical/infrared stars; two sources
may be spurious; and two other sources without counterparts
may be newly discovered very low mass members of the Orion
nebula cluster. Of the very soft sources, only COUP 703 and
COUP 704 are possibly associated with an HH object, HH 210
(Getman et al. 2005a; Kastner et al. 2005). More generally
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Fig.1. HST/WFPC2 image of HH210 for epoch 2000.70 in [S1I]
(adapted from Fig. 2 of Doi et al. 2002). Each pixel is 0”1 on a side,
the color stretch is linear. HH 210 shows a typical bow shock structure
containing numerous emission knots and filaments. The two crosses
mark epoch 2003.04 positions of COUP 703 and COUP 704 (Getman
et al. 2005b); cross sizes indicate the total positional uncertainties of
these X-ray sources (0”14). The white arrows indicate velocity and
epoch 2003.04 position for emission knots with proper-motion mea-
sured in [S1I] by Doi et al. (2002). The white (7 08-radius circles indi-
cate the optical resolution of HST.

there is in COUP no other X-ray source associated with HH ob-
jects (Getman et al. 2005a).

HH 210 is located 2.7’-north of #' OriC in the OMC-1
molecular cloud, and is one of the brightest HH objects in this
arearevealed by emission of [OT] (Axon & Taylor 1984; Taylor
et al. 1986). It belongs to the powerful CO outflow from the
BN-KL region, which produces a spectacular set of Hy bow
shocks and trailed wakes; it is located at the tip of the NNE
finger which is one of the brightest emission systems in [Fe II]
and lacks a trailed H, wake (Allen & Burton 1993). HH210
has a pronounced bow shape containing numerous knots and
complicated filaments in [S 1] (see Fig. 1).

We present in Sect. 2 the astrometry and spectral analysis
of the X-ray sources associated with HH210; we discuss in
Sect. 3 the origin of these X-ray emissions.

2. Astrometry and spectral analysis of the X-ray
sources associated with HH210

We used the COUP source catalog and data products of Getman
et al. (2005b). A detailed discussion of the COUP data, encom-
passing source detection, photon extraction, spectral analysis,
and variability analysis can be found in Getman et al. (2005b).
We use HST archival images to compare the position of COUP
sources with emission knots of HH 210.

The best view of the HH 210 emission system is obtained
in the optical using [S II] doublet (16717+16731 lines) or [O1]
(46300 line), where both bow shocks and a complicated emis-
sion tail are visible, whereas in Ha only the heads of the bow
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Fig.2. COUP view of HH210. Red, green, and blue represent pho-
tons in the 0.5-1.7keV, 1.7-2.8 keV, and 2.8-8.0 keV energy bands,
respectively (Lupton et al. 2004). Green crosses and countours mark
the centre of COUP sources and source extraction polygons (~87%
encircled energy using PSF at 1.5keV). Cross sizes indicate the total
positional uncertainties of these X-ray sources (0”15). White contours
show Ha+[N11] knots observed with HST/ACS (0" 05-pixels on a side;
epoch 2004.05, Bally et al. 2005), which were moved individually to
epoch 2003.04 using proper-motions of Doi et al. (2002). COUP 703
coincides with 154-040a HH 210, the emission knot having the highest
tangential velocity (425 kms™'; see Fig. 1).

shocks are visible. Figure 1 shows the HH 210 emission system
at epoch 2000.70 obtained with the WFPC2 on board HST with
F673N filter, selecting [S 1] (program GO8121NW; Doi et al.
2002). The HH210 emission system in the [OT1] line is very
similar. We extracted star positions in the full field-of-view
of HST/WFPC?2 using Source Extractor (version 2.3.2; Bertin
& Arnouts 1996)!, and cross-correlated these with COUP po-
sitions. The estimated residual registration error between fif-
teen stars in the WPFC2 image and the corresponding COUP
sources is 0”08. Finally, the total positional accuracy of X-
ray sources, which have a positional uncertainty in COUP
of 0712, is 0”14 in Fig. 1. From this WFPC2 image and a pre-
vious one obtained five years before, Doi et al. (2002) mea-
sured the proper-motion of several [STI] knots of HH210,
ranging from 153kms™! for 155-040 HH210 to 425kms™!
for 154-040a HH210. Using these proper motions we plot-
ted in Fig. 1 white arrows pointing at the estimated position
of HH 210 knots for COUP epoch 2003.04. We conclude that
the position of COUP 703 is consistent with the position of the
[S 1] knot 154-040a HH 210, whereas COUP 704 is located on
the complicated emission tail of HH 210 close to an emission
filament.

The image of HH 210 obtained with ACS on board HST
at epoch 2004.05 by Bally et al. (2005) is the closest in time
to COUP. This ACS observation was made in F658N filter se-
lecting Ha (16563 line) and [N1I] (16584 line), and hence
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Fig. 3. X-ray spectra of COUP 703 (left) and COUP 704 (middle), and confidence regions of the plasma parameters (right). Each spectral bin
contains at least 5 events. We used for the spectral fitting a collisionally-ionized plasma model (APEC), assuming a plasma with solar elemental
abundances (Anders & Grevesse 1989), with X-ray absorption model (WABS; Morrison & McCammon 1983). Fit parameters are given in
Table 1. In the right panel, the grey region indicates for COUP 703 the confidence region at the 68% level of the plasma temperature and the
absorption. The plus sign and diamond mark the best parameter values for COUP 703 and COUP 704 (high Ny/low kT solution), respectively.
The arrow indicates the high temperature value for the null absorption solution of COUP 704.

Table 1. Spectral parameters of X-ray sources associated with HH 210 using a WABSXAPEC plasma model with solar elemental abundances. We
used Chi statistics with standard weighting. Confidence ranges at the 68% level (Ay? = 1; corresponding to o = 1 for Gaussian statistics) are
given in parentheses. Q in Col. (8) is the probability that the best-fit model matches the data, given the value of x? and v, the degree of freedom
in Col. (7). The emission measure in Col. (6) and the logarithm of the X-ray luminosities in the 0.5-2 keV energy range observed/corrected for

absorption in Col. (9) were computed assuming a distance of 450 pc.

COUP CXOONC]J Net Nu kT EM X2 Q logLs/logLs.
# counts  10?! cm™2 keV 105 cm™3 % ergs™!
@ @) 3 “ (5 (6 ) ®) ©
703 053515.4-052040.3 31 8 (5-11) 0.07 (0.05-0.14) 1.5 0.70 (5) 62 27.3/30.0
704 053515.4-052045.5 24 0(<0.3) 0.33(0.22-045)  3x107 1.08 3) 36 27.1/27.1
10 (7-13) 0.07 (<0.09) 48 1.203) 31 27.1/30.3

detected mainly the heads of the bow shocks (Bally et al.
2005). To register this ACS image with COUP, we extracted
position of ACS stars, and cross-correlated these with COUP
positions. The estimated residual registration error between
about ninety ACS stars and their corresponding COUP sources
is 0710. Finally, the total positional accuracy between X-ray
sources, which have a positional uncertainty in COUP of 0”12,
and ACS sources is 0”15. Figure 2 shows the COUP image
of HH 210 using X-ray colors. The contour map indicates the
brightest emission knots observed in Ha with HST/ACS, which
were moved individually to match epoch 2003.04 using proper-
motions of Doi et al. (2002). The most southern Ha knot has no
known proper-motion; therefore we conservatively assumed for
this knot the largest proper-motion of HH210 knots. We con-
clude that COUP 703 coincides with the emission knot with the
highest tangential velocity (425kms™"), 154-040a HH 210. In
contrast, COUP 704 is not associated with any bright Ho emis-
sion knot, or point source in the VLT J-, H-, Kg-band survey
(McCaughrean et al., in preparation) and the /RTF L-band sur-
vey (McCaughrean et al. 1996). We note that it is located near
a filament of [S1I] emission (see Fig. 1).

We compared the spatial distribution of events in
COUP 703 and 704 with those in the X-ray counterpart of a
nearby star, after adding to this reference source uniformly
distributed background events to match the background level
measured in the extraction regions of COUP703 and704.
Kolmogorov-Smirnov test shows that COUP 703 and 704 are

compatible with unresolved sources. Therefore the angular res-
olution of Chandra at 2.7" off-axis, i.e. ~1”, is an upper limit
for the size of these objects.

The observed X-ray spectra are shown in Fig. 3. In XSPEC
(version 11.3), we used for the spectral fitting between 0.5 and
8keV (corresponding to channels PI = 35-548) a photoelec-
tric absorption (WABS) combined with a collisionally-ionized
plasma model (APEC), which provides plasma temperatures
down to 0.1 MK. Table 1 gives our best fit parameters. For
the source with the highest net counts, COUP 703, we found
a column density of absorbing material of Nyp; =~ 8cm™
(5-11cm™2), equivalent to Ay ~ 5mag (3—7 mag) (Vuong
et al. 2003), and a plasma temperature of T 0.8 MK
(0.5-1.6MK). For COUP 704, the absolute y*> minimum cor-
responds to null absorption and high plasma temperature,
with a low intrinsic X-ray luminosity (see the right panel of
Fig. 3). This combination of high plasma temperature and low
X-ray luminosity would imply a small radius (~10'*cm) of
the object driving the shock (see Sect. 3). However, another
solution with a similar goodness-of-fit exists with higher ab-
sorption and lower plasma temperature, similar to the best-
fit plasma parameters found for COUP703. The latter pa-
rameters therefore likely represent a better approximation of
the actual physical conditions in the plasma giving rise to
COUP 704. The absorption-corrected X-ray luminosities of
COUP 703 and 704 implied by the spectral fitting are about
10 ergs™ (0.5-2.0keV).

~
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3. Discussion

HH 210 displays the largest proper motion among the outflow
fingers extending away from BN-KL, moreover the line emis-
sion is blue-shifted, suggesting a deprojected velocity of about
500kms~! (Axon & Taylor 1984; Taylor et al. 1986; Hu 1996).
154-040aHH 210 is also the brightest feature in [O I1T] and has
a small bow shock attached to it (O’dell et al. 1997; Doi et al.
2002). The tip of the bow shock is seen as a knot in [N11], He,
[O111]; hence the tip is the fastest moving portion of the shock.
However, the fact that the [O IIT] emission requires only a shock
with a speed of about 90 km s~ and that the [O IIT] emission is
seen only at the tip of the bow, indicates that this HH object is
moving in the wake of other shocks moving ahead of it (Doi
et al. 2002).

The observed X-ray emission can be explained with fast
moving bow shocks. The postshock temperature in the adia-
batic (non-radiative) portion of a shock is given by Tps/K =
2.9%10°/(1+X)x V{, (Ostriker & McKee 1988), where V) is
the velocity of the shock front with respect to the downstream
material (the shock velocity) in units of 100kms™' and X is
the ionization fraction of the preshock gas (X = 0 for a neutral
medium and 1 for a fully ionized one). Thus, COUP 703 and
COUP 704 plasma temperatures of ~0.8 MK require a shock
speed of ~170kms~! for a shock moving into a mostly neu-
tral medium, or ~240kms~! for a shock moving into a fully
ionized medium. The lower speed is comparable with the bow
shock velocity of 133kms~! estimated by O’dell et al. (1997)
from the deprojected velocity and the opening angle of the bow
wing.

The expected X-ray luminosity of a shock-heated source
depends on the emissivity per unit volume, which de-
pends on the plasma temperature and density, the vol-
ume of the emitting region, and the type of shock, ra-
diative or non-radiative (Raga et al. 2002). Neglecting the
line emission, Raga et al. (2002) find for a radiative shock
L,/erg s71 = 1.64 x 102 119 rﬁ’l 6 Vls(')%; and for a non-radiative
shock L /erg sT'=1.8x10% ”%00 rg’m V100, where nyg is the
preshock density in units of 100cm™ and ry 16 is the radius
of the object driving the shock in units of 10'® cm. The X-ray
luminosity of a bow shock is the minimum of these two val-
ues. The multiplicative factor to take into account line emission
is 2.5 and 3.0 at 0.1 MK and 1 MK, respectively (Raga et al.
2002). The HST/ACS observation of 154-040a HH 210 shows a
radius of 015 (Fig. 2), or about 103 cm at a distance of 450 pc.
Using this dimension for the X-ray source, a shock speed of
170kms™!, and a preshock density of about 12000cm™, we
find L; ~ 3.3 x 10% ergs~!. Thus taking into account line emis-
sion, a bow shock flow can readily explain the X-ray luminosi-
ties observed from COUP 703 and COUP 704. Allen & Burton
(1993) found a similar density of ~10* cm™3 for the electronic
density inferred from the [FeII] spectra of the emission knots.
The location of HH 210 inside OMC-1 but close to the limit of
the HII region may explain this density and why the medium
is not yet fully ionized by the radiation field of the Trapezium
cluster.
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We conclude that COUP 703 is the counterpart of the emis-
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
COUP 704 can also be explained by a fast-moving, radiative
shock towards the tail of HH210. Optical/infrared observa-
tions are still needed at other epochs to reveal in the compli-
cated HH210 region the proper motion of the counterpart to
this X-ray source.
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