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L.E. Ellerbroek et al.: The history of HH 1042 and HH 1043

Figure 13. Line ratios of HH sources with ‘low-’ (open circles),
‘intermediate-’ (filled circles) and ‘high-excitation’ (crosses) spectra
(data and definitions adopted from Raga et al., 1996). Red symbols rep-
resent the brightest knots in HH 1042 (knot E) and HH 1043 (knot B).
The shaded region denotates the ratios predicted by the plane-parallel
shock and bow-shock models in Hartigan et al. (1987). The high exci-
tation in HH 1042 and HH 1043 can be explained by photoionization
and/or -excitation by an external source of radiation.

a relatively early stage of evolution. The rates are higher than
those observed in CTTS and are comparable with HAeBe-stars
and the continuum stars, to which 08576nr292 bears many spec-
troscopic similarities. The accretion luminosity is of the same
order as the stellar luminosity, which is consistent with mod-
els for intermediate-mass stars with high accretion rates (Palla
& Stahler, 1993). Our results imply a Ṁjet/Ṁacc ratio of ∼ 0.1,
consistent with values predicted by magneto-centrifugal forces
(see e.g. Cabrit, 2009).

For HH 1043 (08576nr480), the estimated ratio Ṁjet/Ṁacc
exceeds unity. This indicates either an ‘outflow-dominated’ sys-
tem, or an underestimate of the accretion rate due to the accretion
region being too embedded or obscured to be probed by the di-
agnostics used in Sect. 4.4 (see e.g. the discussion in Bacciotti
et al., 2011). Based on the previous, 08576nr480 is likely a Class
0/I object.

6.3. Validity of the kinematics analysis and interpretative
model

The results of Sect. 5 allow us to derive quantitative constraints
on the launching mechanism of the HH 1042 jet (and to a lesser
extent the HH 1043 jet), and also to comment qualitatively on its
general outflow properties. First of all, the dynamical timescale
(to be interpreted as the minimum jet lifetime, based on the mean
velocity and spatial extent of the jets, taking into account the
uncertainty in inclination) is 500 – 1000 yr for the blue lobe of
HH 1042. The red lobe is visible up to 300 – 600 yr. For HH 1043
the dynamical timescales are 100 – 300 yr (blue lobe) and 100 –
400 yr (red lobe). The periods associated with the spatial in-
tervals between the knots and the modulations of the outflow
velocity are in the order of 10 – 100 yr in both jets. More specif-

Figure 14. Observed mass outflow rate Ṁjet versus accretion rate Ṁacc
of HH 1042 and HH 1043 (red squares) compared with different classes
of YSOs associated with jets and outflows. The Ṁacc value of some
HAeBe stars (grey triangles) was determined from the Hα luminosity
in Hillenbrand et al. (1992). The orange symbols indicate ‘continuum
stars’, objects classified as CTTS (orange circles) or HAeBe stars (or-
ange triangles) with a high degree of veiling whose spectral type is very
uncertain (see Calvet & Gullbring, 1998; Hernández et al., 2004); these
objects are spectroscopically similar to 08576nr292, the driving source
of HH 1042. The dashed lines indicate the Ṁjet/Ṁacc = 0.01 and 0.1
range, which is predicted by jet formation models.
References: Class 0/I objects: Hartigan et al. (1994); Bacciotti &
Eislöffel (1999); Podio et al. (2006, 2011, 2012); Antoniucci et al.
(2008); Cabrit (2009); FU Orionis objects: Hartmann & Calvet (1995);
Calvet (1998); HAeBe stars: Levreault (1984); Boehm & Catala (1994);
Nisini et al. (1995); Garcia Lopez et al. (2006); Wassell et al. (2006);
Melnikov et al. (2008); Mendigutı́a et al. (2011); Donehew & Brittain
(2011); Liu et al. (2011); CTTS: Hartigan et al. (1995); Gullbring et al.
(1998); Muzerolle et al. (1998a); Coffey et al. (2008); Cabrit (2009);
Melnikov et al. (2009); Brown dwarfs: Whelan et al. (2007); Herczeg
& Hillenbrand (2008); Bacciotti et al. (2011).

ically, the shape of HH 1042 in position-velocity space can be
reconstructed reasonably well with periodic modulations of the
outflow velocity !(t) (with period T1 tan i = 83 yr) and the mass
outflow rate ṁ(t) (T2 tan i = 12 yr). The stochastic model pro-
duces similar knotted structure but a smaller velocity spread. The
faint spike in the flux periodogram at T tan i ∼ 80 yr (Fig. 11)
may reflect a periodic signal in the outflow rate. Incidentally, it
coincides with the best-fit value T1 tan i of the longest period in
the periodic model.

Instead of modulating ṁ(t), one could also reproduce the
knotted structure by superposing a second small amplitude mod-
ulation on !(t), as done in e.g. Raga et al. (2012). The resolu-
tion of our data does not allow us to distinguish between either
a single-mode velocity and mass outflow modulation or a two-
mode velocity modulation. In Fig. 9 (top) it can be seen that at
the location of the knots, the velocity drops and the width of the
individual components in the spectral profile increases. This sug-
gests that they consist of different components scattered in veloc-
ity, which is not an uncommon observation in jets (Hartigan &
Hillenbrand, 2009). While the detection of multiple shock fronts
would put constraints on the launching mechanism, the spectral
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Figure 3
The HH 111 jet and outflow system. The color scale shows a composite Hubble Space Telescope
image of the inner portion of the jet (WFPC2/visible) and the stellar source region
(NICMOS/IR) (Reipurth et al. 1999). The green contours show the walls of the molecular
outflow using the v = 6 km s−1 channel map from the CO J = 1–0 line, obtained with BIMA
(Lee et al. 2000). The yellow star marks the driving source position, and the grey oval marks
the radio image beam size; the total length of the outflow lobe shown is ≈0.2 pc.

low-mass stars, which have been observed in much greater detail than their high-mass
counterparts.

Recent reviews focusing on the observational properties of jets include those of
Eisloffel et al. (2000), Reipurth & Bally (2001), and Ray et al. (2007). Jets are most
commonly observed at high resolution in optical forbidden lines of O, S, and N,
as well as Hα, but recent observations have also included work in the near-IR and
near-UV. For CTTs, which are YSOs that are themselves optically revealed, observed
optical jets are strongly collimated (aspect ratio at least 10:1, and sometimes 100:1),
and in several cases extend up to distances more than a parsec from the central source
(Bally, Reipurth & Davis 2007). The jets contain both individual bright knots with
bow-shock morphology and more diffuse emission between these knots.

The emission diagnostics from bright knots are generally consistent with heating
by shocks of a few tens of kilometers per second (Hartigan, Raymond & Hartmann
1987; Hartigan, Morse & Raymond 1994), producing postshock temperatures of
Te ≈ 104 K. The electron density ne , ionization fraction xe = ne/nH, and temperature
Te can be estimated using line ratios (Bacciotti & Eislöffel 1999). Analyses of spectra
from a number of jets yields a range of parameters ne = (50 − 3 × 103) cm−3 and
xe = 0.03 − 0.6 so that n = (103 − 105) cm−3 (Podio et al. 2006). The total mass loss
rate in jets Ṁjet, and hence the total jet momentum flux, Ṁjetvjet, can be estimated

www.annualreviews.org • Theory of Star Formation 649

A
n
n
u
. 
R

ev
. 
A

st
ro

. 
A

st
ro

p
h
y
s.

 2
0
0
7
.4

5
:5

6
5
-6

8
7
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 w

w
w

.a
n
n
u
al

re
v
ie

w
s.

o
rg

b
y
 U

n
iv

er
si

ty
 o

f 
A

ri
zo

n
a 

- 
L

ib
ra

ry
 o

n
 0

9
/1

9
/1

2
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.

Reipurth et al. 1999, Lee et al. 2000, McKee & Ostriker 2007 

driving source 

atomic jet (HST) 

Molecular ouTlow (BIMA) 

HH 111 



UV / winds 

Hα‐bright bow shock 



No. 1, 2001 IRRADIATED HERBIG-HARO JETS 301

quoted in this paper are with respect to the velocities of the
di†use nebular lines produced by M42 and NGC 1333,
which are assumed to trace the stationary ambient medium.

3. RESULTS

3.1. Irradiated Jets in the Outskirts of the Orion Nebula
The Orion Nebula (Fig. 1) is the nearest region of active

high-mass star formation. Located at a distance of about
470 pc, the nebula contains the Trapezium cluster of O and
early B stars and over 700 low-mass stars within a region
less than a few parsecs in diameter (e.g., McCaughrean &
Stau†er 1994). The most luminous member, h1 Orionis C
(O6pe), is responsible for ionizing the H II region. The 10 pc
long dense Ðlament of molecular gas at the northern end of
the Orion A cloud, which spawned the Orion Nebula, is
associated with at least 2000 YSOs, the majority of which
are less than 106 yr old (Hillenbrand 1997 ; Hillenbrand &
Hartmann 1998). Bally, OÏDell, & McCaughrean (2000)

report the discovery of 24 compact irradiated microjets
emerging from the ““ proplyds ÏÏ (an acronym for protoÈ
planetary disks) in the nebular core.

Figures 2È6 show [S II] and Ha images of the irradiated
jets embedded in the outskirts of the Orion Nebula. Four
irradiated jets lie in the southern and western parts of this
nebula. The appearance of these jets is likely to be domi-
nated by the Lyman continuum or EUV radiation Ðeld of
the Trapezium stars. One jet lies toward the northeast well
beyond the projected boundary of the nebula where it is
likely to be only exposed to softer far-ultraviolet (FUV)
radiation. The new objects are cataloged5 in Reipurth
(2000).

HH 502.ÈThis outÑow (Fig. 2) consists of a knotty 60A
long jet, extending south toward at least three bow shocks
of progressively larger size and lower surface brightness that
lie up to 150A from the source. Although the counterjet is

5 Published electronically at http ://casa. colorado.edu/hhcat.

FIG. 1.ÈSubÐeld of the MOSAIC 4 m prime-focus [S II] image of the Orion Nebula from which the large-scale intensity gradients have been removed.
The locations of the various jets, HH objects, and LL OriÈtype wind-wind collision fronts are marked. The image is an 80% unsharp mask of the logarithm of
the pixel values (““ soft unsharp mask ÏÏ). To make the mask, the logarithmic image was clipped to eliminate bright stars and a two-dimensional seventh-order
polynomial function was Ðtted to the image intensity surface. After scaling the mask by an amplitude factor of 0.80, it was subtracted from the logarithmic
image. North is at the top and east is to the left. The image is in extent in the horizontal (east-west) direction and in extent in the vertical direction.26@.0 28@.2

Bally 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The Orion Nebula (Fig. 1) is the nearest region of active

high-mass star formation. Located at a distance of about
470 pc, the nebula contains the Trapezium cluster of O and
early B stars and over 700 low-mass stars within a region
less than a few parsecs in diameter (e.g., McCaughrean &
Stau†er 1994). The most luminous member, h1 Orionis C
(O6pe), is responsible for ionizing the H II region. The 10 pc
long dense Ðlament of molecular gas at the northern end of
the Orion A cloud, which spawned the Orion Nebula, is
associated with at least 2000 YSOs, the majority of which
are less than 106 yr old (Hillenbrand 1997 ; Hillenbrand &
Hartmann 1998). Bally, OÏDell, & McCaughrean (2000)

report the discovery of 24 compact irradiated microjets
emerging from the ““ proplyds ÏÏ (an acronym for protoÈ
planetary disks) in the nebular core.

Figures 2È6 show [S II] and Ha images of the irradiated
jets embedded in the outskirts of the Orion Nebula. Four
irradiated jets lie in the southern and western parts of this
nebula. The appearance of these jets is likely to be domi-
nated by the Lyman continuum or EUV radiation Ðeld of
the Trapezium stars. One jet lies toward the northeast well
beyond the projected boundary of the nebula where it is
likely to be only exposed to softer far-ultraviolet (FUV)
radiation. The new objects are cataloged5 in Reipurth
(2000).

HH 502.ÈThis outÑow (Fig. 2) consists of a knotty 60A
long jet, extending south toward at least three bow shocks
of progressively larger size and lower surface brightness that
lie up to 150A from the source. Although the counterjet is
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FIG. 1.ÈSubÐeld of the MOSAIC 4 m prime-focus [S II] image of the Orion Nebula from which the large-scale intensity gradients have been removed.
The locations of the various jets, HH objects, and LL OriÈtype wind-wind collision fronts are marked. The image is an 80% unsharp mask of the logarithm of
the pixel values (““ soft unsharp mask ÏÏ). To make the mask, the logarithmic image was clipped to eliminate bright stars and a two-dimensional seventh-order
polynomial function was Ðtted to the image intensity surface. After scaling the mask by an amplitude factor of 0.80, it was subtracted from the logarithmic
image. North is at the top and east is to the left. The image is in extent in the horizontal (east-west) direction and in extent in the vertical direction.26@.0 28@.2
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FIG. 2.ÈHH 502 in Ha (right) and [S II] (left). The intensity gradient produced by the Orion Nebula has been removed by subtracting a third-order
polynomial function Ðtted to the background data. North is toward the top and east is toward the left in all illustrations.

more than 3 times fainter, there are two relatively high
surface brightness bow shocks on the north side of this
outÑow. Overall, the jet and the chain of bow shocks bend
away from the Orion Nebula core.

The outÑow originates from a 17th magnitude Ha emis-
sion line star located east and south of the Tra-2@.8 6@.2
pezium (h1 Orionis C). The stellar Ha emission has an
equivalent width (EW) of about 60 and can be traced toA!
about ^700 km s~1 on either side of the nebular Ha emis-
sion, indicating that the source of the HH 502 jet is a
classical T Tauri star. Strong forbidden [O I] emission
in the j6300 and j6363 lines is seen from the star with
EW([O I]) D 10 in each line. This emission is predomi-A!
nantly redshifted by about 30 km s~1 from the nebular
[O I] emission. However, faint [O I] line wings can be
traced up to ^75 km s~1 from the nebular line on top of
the stellar continuum. In addition to this spatially unre-
solved component, the [O I] emission also exhibits a spa-
tially extended redshifted (D50 km s~1) feature that in the
spectra can be faintly traced for about 20A south of the
source along the direction of the jet visible in the Ha image
(Fig. 1).

The main jet from this star extends to the south at
P.A. \ 208¡ and is much brighter in Ha than in [S II]

(Tables 2 and 3). Although the jet fades considerably about
5A south of the source, it can be traced for nearly an arcmin-
ute to the south as a series of about seven knots and faint
interconnecting emission. Remarkably, the jet remains
unresolved in the transverse direction (width of \1A) for up
to 40A from the source ! The jet bends to the south by about
5¡ roughly 25A south of the source. The position angles of
various features in the HH 502 outÑow with respect to the
central star and the deÑection from the nominal launch
direction of the jet are listed in Table 2.

At least three Ha bow shocks are seen at intervals of
about 45A along the jet axis south of the source. Knots of
[S II] emission are found at the tips of the bows. Two Ha-
dominated bows are seen toward the opposite side of the
source in the counterÑow direction at P.A. \ 40¡. The three
bow shocks south of the source and the two lying north of
the source do not lie in a straight line but on a curve that
indicates C-shaped symmetry about the source.

Three RC spectrograph long-slit orientations and place-
ments were used to observe HH 502. The Ðrst slit
(P.A. \ 22¡ or 202¡) is centered on the source star and
passes near the core of the Ðrst compact bow shock (S6,
located 50A from the source) and the wings of the next bow
shock (S7, located about 10A downstream). Except within 5A

HH 502 in Orion 

•  Measure Ihα


•  IHα ~ ne2    
          M = µmHneV π r2 f 

*assuming that the 
jet is fully ionized 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Table 1. ACS observation log.

Target α2000 δ2000 Date PA (◦) Orbits Comment

N3324 10:36:55 −58:38:05 2006 Mar 7 9.7 1 Edge-on I.F.
Tr 14 10:44:00 −59:30:50 2005 Jul 17 144.0 8 Edge-on I.F., dust pillars, globules
Tr 15 10:45:10 −59:27:00 2006 Nov 26 95.0 1 Globules near Tr 15
Tr 16 10:44:55 −59:41:10 2005 Jul 18 144.0 8 Keyhole, η Car, globules, etc.
HH 666 10:43:50 −59:56:40 2005 Mar 30 20.0 2 South pillars, Axis of Evil
Pos 19 10:42:30 −59:19:50 2006 Mar 8 8.9 1 Globules
Pos 20 10:47:00 −60:05:00 2006 Mar 2 8.0 1 Dark globules, Bo 11
Pos 21 10:46:40 −60:12:00 2006 Mar 4 8.0 1 South pillars
Pos 22 10:46:25 −60:06:40 2006 Mar 4 8.0 1 Globules
Pos 23 10:45:53 −60:06:40 2005 Mar 28 15.0 1 South pillars
Pos 24 10:45:49 −59:59:00 2006 Mar 2 8.0 1 South pillars, Treasure Chest cluster
Pos 25 10:44:31 −60:23:10 2005 Sept 10 10.0 1 Globules
Pos 26 10:45:13 −60:00:20 2006 Mar 2 5.8 1 South pillars
Pos 27 10:44:40 −59:58:00 2006 Mar 7 8.3 1 South pillars
Pos 28 10:38:52 −59:35:50 2006 Apr 20 75.0 1 Dust pillars, west
Pos 30 10:41:33 −59:44:00 2005 Sept 11 10.7 1 Dust pillars, west edge

Figure 2. The colour Hubble Heritage image of the inner Carina Nebula including the Tr 14 and Tr 16 clusters, the Keyhole and η Carinae, plus several newly
discovered HH jets. This is made from a large ACS Hα mosaic used for the intensity scale in the image, while the colour coding is taken from ground-based
narrow-band images obtained with the MOSIAC camera on the 4-m Blanco telescope at CTIO (from Smith, Bally & Morse 2003), with [O III] in blue, Hα in
green and [S II] in red. This ground-based image was also used to patch small gaps in the ACS mosaic. See the Hubble Heritage webpage for more information
about the image processing for this large mosaic, where colour images for individual jets and other structures can be found as well (http://heritage.stsci.edu).
The full field shown here is roughly 12×25 arcmin2. The rectangular boxes show the detailed fields of view for various HH jets included in the large mosaic.
North is to the upper right; the small boxes around individual HH jets are aligned with RA and Dec. directions.

The total area on the sky covered by our ACS imaging was
roughly 706 arcmin2. This program includes the first HST imag-
ing of the Carina Nebula for ∼98 per cent of the area we sur-
veyed. Prior to this program, only small regions around η Car (e.g.
Morse et al. 1998; Smith, Morse & Bally 2005a; Currie et al. 1996)
and the Keyhole1 had been imaged with the Wide Field Planetary

1 The Hubble Heritage Image of the Keyhole Nebula is available
from http://oposite.stsci.edu/pubinfo/pr/2000/06/ (see also Smith, Barbá &
Walborn 2004a).

Camera 2 (WFPC2), and very small regions in the core of the Tr 14
cluster and η Car itself were imaged with ACS’s High Resolution
Channel (ACS/HRC) (e.g. Smith et al. 2004b; Maı́z Apellániz et al.
2005). The ACS/WFC images were reduced and combined using
the PYRAF routine MULTIDRIZZLE, with manually determined
pixel shifts using the pipeline-calibrated, flat-fielded individual ex-
posures. MULTIDRIZZLE combines exposures, generates static
bad-pixel masks, corrects for image distortions and removes cosmic
rays using the CR-SPLIT pairs. In this paper, we report the discovery
of several new HH jets in Carina. Other new results from this HST
imaging program will be presented in future papers.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 405, 1153–1186
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HH jets in Carina 1161

Figure 5. Hα image of the field including the two bipolar jets HH 901 and HH 902, north of Tr 14 (the Tr 14 cluster is located to the south, off the bottom of
this figure). The jet candidate HHc-1 is also included in the field. North is up and east is to the left, and the offsets are relative to an arbitrary point near the
origin of the HH 902 jet.

The HH 900 jet is significant in a broader context as well, because
it confirms that even the smallest (∼1 arcsec) dark globules in the
interior of the H II region can harbour actively accreting protostars,
and that these dark globules are still important sites of active star
formation within evolving H II regions. Many small dark globules
without associated HH jets, such as the object in Fig. 4(c), may
not be caught in this brief active outflow phase but may neverthe-
less harbour young stars or protostars. In such close proximity to
η Carinae, HH 900 may – in the not-too-distant future – be polluted
by nuclear-processed ejecta when that star dies in a violent super-
nova explosion. In that sense, the star that drives HH 900 provides
an observed example of precisely the sort of conditions adopted
in the models of Boss et al. (2008), where SN ejecta collide with
a small cloud, imparting radioactive nuclides. These, in turn, are
presumably then incorporated into chondrites within 106 yr after
the SN, when the cloud material collapses into a disc, as is thought
to have occurred in our Solar system. With a diameter of ∼2 arcsec
(!1017 cm), the head of the dark globule is about half the initial

size of the ∼1 M" cloud in the simulation discussed by Boss et al.
(2008). At a distance of 2–3 pc from η Car, the dark globule has a
cross-section that would intercept a fraction ∼10−5 of η Car’s SN
ejecta, if it were to explode. Thus, if η Car ejects at least 10 M"
of processed ejecta in the explosion, then HH 900 would intercept
10−4 M" of SN material, comparable to the amount required to ac-
count for the inferred 36Al and 60Fe abundance in the Solar nebula
(e.g. Foster & Boss 1996). HH 900, then, provides a glimpse of a
young accreting protostar in the specific sort of environment where
the Sun may have formed.

3.2.3 HH 901 and HH 902

The pair of outflows HH 901 and HH 902 are spectacular exam-
ples of irradiated bipolar jets (Fig. 5).3 They are extremely bright,

3 These were included in the large mosaic shown in Fig. 2, and colour images
of HH 901 and HH 902 can be found at http://heritage.stsci.edu.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 405, 1153–1186
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a factor of 2–3 or perhaps somewhat more, and are adequate to
convey the rough distribution of jet mass-loss rates that we are sen-
sitive to. This level of accuracy is comparable to expected intrinsic
variability of the mass-loss rate over time for an individual jet any-
way. For the one case where detailed spectroscopic observations are
available, HH666, it is reassuring that the electron density derived
from the emission measure in image data (Table 4) agrees with
the electron density derived from spectral diagnostics like the [S II]
doublet intensity ratio (Smith et al. 2004c).

While the electron density is subject to uncertain estimates of L,
we note that there is not much variation in derived values of ne in
Table 4, which vary by less than a factor of 10 (200 to 2000 cm−3). In
general, the fainter jets havene of a few 102 cm−3, while the brightest
jets have densities around or slightly above 103 cm−3. The faint end
is likely a selection effect, in the sense that lower Ṁ jets with
densities near or below 102 cm−3 would have emission measures
fainter than fluctuations in the background H II region and would be
difficult to detect. Jets with densities much above 2000 cm−3 might
have dense jet cores that remain largely neutral, despite the strong
UV radiation, so that Hα emission does not necessarily trace the
jet mass (e.g. Hartigan, Morse & Raymond 1994). This is another
reason to suspect that for the densest jets, then, it is likely that the
mass-loss rates and densities in Table 4 are underestimates.

We measure a range of mass-loss rates ranging from 8 ×
10−9 M# yr−1 up to ∼10−6 M# yr−1. These jet mass-loss rates
trace a range of active accretion rates on to their driving protostellar
sources. If one assumes that the mass-loss rate of the jet is roughly
10 per cent of the accretion rate on to the star (e.g. Calvet 1997), the
observed jet mass-loss rates in Carina imply relatively high mass
accretion rates of 10−7 to 10−5 M# yr−1. (If the visible HH jet is
only some fraction of the wind driven from the protostellar disc,
then implied accretion rates are even higher.) These are on the high
end for the distribution of mass accretion rates measured for nearby
sources (e.g. Calvet, Hartmann & Strom 2000), so the high mass-
loss rate jets in our sample may trace more massive protostars or
brief episodic accretion/outflow events akin to FU Ori outbursts. In-
deed, mass accretion rates around 10−5 M# yr−1 are comparable to
the episodic bursts of accretion inferred to occur in early protostel-
lar phases (Calvet et al. 2000). Jets in our sample with more typical
mass-loss rates around 10−7 M# yr−1 are comparable to those of
famous nearby HH jets like HH 34, 47 and 111 (e.g. Hartigan et al.
1994).

Fig. 32 illustrates a consequence of selection effects determining
the lower jet densities that we are sensitive to. This is a histogram
of the mass-loss rates for Carina HH jets in Table 4 (black hatched)
compared to a similarly sized sample of HH jets in Orion (Bally
et al. 2006). Bally et al. list several values for Ṁ for each jet in
their table 6 that are derived with different assumptions; the values
that we have plotted in Fig. 32 correspond to Ṁ0 in their table 6
(multiplied by a factor of 2 to account for both sides of a bipolar
jet, to be consistent with our estimates in Table 4). These values
were derived using the same method adopted here (i.e. equation 2),
and therefore provide a useful comparison, subject to the same
uncertainties and potential systematic effects. The sample discussed
by Bally et al. (2006) was studied with a similar HST/ACS survey
in the F658N filter. It is also worth noting that this sample of Orion
jets represents those found in the outer parts of the Orion Nebula,
not in the brightest inner region near the Trapezium. The contrast
between jets and the background nebula is therefore comparable to
Carina.

The main lesson from Fig. 32 is that in Carina we are likely
missing a large number of HH jets at the lower end of the Ṁ

Figure 32. A histogram of the HH jet mass-loss rates from Table 4 (black
with hatched pattern). For comparison, the filled grey histogram shows
mass-loss rates for a sample of a comparable number of HH jets in the outer
Orion Nebula, taking the value of Ṁ0 listed in table 6 of Bally et al. (2006),
but multiplied by 2 to account for contributions from both sides of a bipolar
jet, as we have done for Table 4 (see text). These Orion mass-loss rates were
derived using the same method we adopted for Carina.

distribution, even with HST , if this distribution is similar to that in
Orion. Both show a similar slope in the jet mass-loss function, with
very roughly N ∝ Ṁ−0.5. The Ṁ distribution for Carina HH jets
peaks at ∼10−7.6 M# yr−1, whereas that in Orion seems to peak at
lower values around 10−8.4 M# yr−1. Orion is five times closer to
us than Carina, so with the same HST camera, it is easier to detect
fainter, thinner shock filaments and narrower jets that have lower
mass-loss rates. The thin filaments of these weaker HH jets may
be lost in the bright nebular background with the lower physical
spatial resolution achieved in Carina. If the Ṁ distribution in Orion
is representative of the intrinsic distribution in Carina, then it is
likely that the HH jets we have detected in Carina are roughly half
(or less) of the total number of protostellar outflows in the region we
surveyed. Our ACS Hα survey did not uniformly cover the entire
Carina Nebula, however, and is not an unbiased sample with any
strict completeness criteria (see Fig. 1). Nevertheless, it seems likely
that we are missing a large number of weaker jets. Extrapolating
from the 39 jets we detected with HST , correcting for both a factor
of ∼2 because of undetected jets at the low end of the Ṁ range plus
the fact that we only surveyed a portion of the nebula with HST ,
it is likely that Carina currently harbours at least 150–200 active
protostellar jets.

6 DISCUSSION

6.1 Jets from tiny cometary globules

A key qualitative result of this study is that the HST images of Carina
reveal several cases where HH jets emerge from tiny cometary
clouds (roughly 0.01–0.05 pc in size). The most striking example
was HH 900, but several other examples are seen as well, like
HH 901, 1006, 1011, 1013, HHc-1 and HHc-3. The presence of a
collimated HH jet emerging from such a globule requires that the
globule harbour an actively accreting protostar, so it proves that even
the smallest clouds – which appear to be only shredded remnants
of a larger molecular cloud – are, in fact, important sites of ongoing
active star formation in an evolving H II region like Carina. Since the
phase during which an active HH outflow may be detected is quite
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a factor of 2–3 or perhaps somewhat more, and are adequate to
convey the rough distribution of jet mass-loss rates that we are sen-
sitive to. This level of accuracy is comparable to expected intrinsic
variability of the mass-loss rate over time for an individual jet any-
way. For the one case where detailed spectroscopic observations are
available, HH666, it is reassuring that the electron density derived
from the emission measure in image data (Table 4) agrees with
the electron density derived from spectral diagnostics like the [S II]
doublet intensity ratio (Smith et al. 2004c).

While the electron density is subject to uncertain estimates of L,
we note that there is not much variation in derived values of ne in
Table 4, which vary by less than a factor of 10 (200 to 2000 cm−3). In
general, the fainter jets havene of a few 102 cm−3, while the brightest
jets have densities around or slightly above 103 cm−3. The faint end
is likely a selection effect, in the sense that lower Ṁ jets with
densities near or below 102 cm−3 would have emission measures
fainter than fluctuations in the background H II region and would be
difficult to detect. Jets with densities much above 2000 cm−3 might
have dense jet cores that remain largely neutral, despite the strong
UV radiation, so that Hα emission does not necessarily trace the
jet mass (e.g. Hartigan, Morse & Raymond 1994). This is another
reason to suspect that for the densest jets, then, it is likely that the
mass-loss rates and densities in Table 4 are underestimates.

We measure a range of mass-loss rates ranging from 8 ×
10−9 M# yr−1 up to ∼10−6 M# yr−1. These jet mass-loss rates
trace a range of active accretion rates on to their driving protostellar
sources. If one assumes that the mass-loss rate of the jet is roughly
10 per cent of the accretion rate on to the star (e.g. Calvet 1997), the
observed jet mass-loss rates in Carina imply relatively high mass
accretion rates of 10−7 to 10−5 M# yr−1. (If the visible HH jet is
only some fraction of the wind driven from the protostellar disc,
then implied accretion rates are even higher.) These are on the high
end for the distribution of mass accretion rates measured for nearby
sources (e.g. Calvet, Hartmann & Strom 2000), so the high mass-
loss rate jets in our sample may trace more massive protostars or
brief episodic accretion/outflow events akin to FU Ori outbursts. In-
deed, mass accretion rates around 10−5 M# yr−1 are comparable to
the episodic bursts of accretion inferred to occur in early protostel-
lar phases (Calvet et al. 2000). Jets in our sample with more typical
mass-loss rates around 10−7 M# yr−1 are comparable to those of
famous nearby HH jets like HH 34, 47 and 111 (e.g. Hartigan et al.
1994).

Fig. 32 illustrates a consequence of selection effects determining
the lower jet densities that we are sensitive to. This is a histogram
of the mass-loss rates for Carina HH jets in Table 4 (black hatched)
compared to a similarly sized sample of HH jets in Orion (Bally
et al. 2006). Bally et al. list several values for Ṁ for each jet in
their table 6 that are derived with different assumptions; the values
that we have plotted in Fig. 32 correspond to Ṁ0 in their table 6
(multiplied by a factor of 2 to account for both sides of a bipolar
jet, to be consistent with our estimates in Table 4). These values
were derived using the same method adopted here (i.e. equation 2),
and therefore provide a useful comparison, subject to the same
uncertainties and potential systematic effects. The sample discussed
by Bally et al. (2006) was studied with a similar HST/ACS survey
in the F658N filter. It is also worth noting that this sample of Orion
jets represents those found in the outer parts of the Orion Nebula,
not in the brightest inner region near the Trapezium. The contrast
between jets and the background nebula is therefore comparable to
Carina.

The main lesson from Fig. 32 is that in Carina we are likely
missing a large number of HH jets at the lower end of the Ṁ

Figure 32. A histogram of the HH jet mass-loss rates from Table 4 (black
with hatched pattern). For comparison, the filled grey histogram shows
mass-loss rates for a sample of a comparable number of HH jets in the outer
Orion Nebula, taking the value of Ṁ0 listed in table 6 of Bally et al. (2006),
but multiplied by 2 to account for contributions from both sides of a bipolar
jet, as we have done for Table 4 (see text). These Orion mass-loss rates were
derived using the same method we adopted for Carina.

distribution, even with HST , if this distribution is similar to that in
Orion. Both show a similar slope in the jet mass-loss function, with
very roughly N ∝ Ṁ−0.5. The Ṁ distribution for Carina HH jets
peaks at ∼10−7.6 M# yr−1, whereas that in Orion seems to peak at
lower values around 10−8.4 M# yr−1. Orion is five times closer to
us than Carina, so with the same HST camera, it is easier to detect
fainter, thinner shock filaments and narrower jets that have lower
mass-loss rates. The thin filaments of these weaker HH jets may
be lost in the bright nebular background with the lower physical
spatial resolution achieved in Carina. If the Ṁ distribution in Orion
is representative of the intrinsic distribution in Carina, then it is
likely that the HH jets we have detected in Carina are roughly half
(or less) of the total number of protostellar outflows in the region we
surveyed. Our ACS Hα survey did not uniformly cover the entire
Carina Nebula, however, and is not an unbiased sample with any
strict completeness criteria (see Fig. 1). Nevertheless, it seems likely
that we are missing a large number of weaker jets. Extrapolating
from the 39 jets we detected with HST , correcting for both a factor
of ∼2 because of undetected jets at the low end of the Ṁ range plus
the fact that we only surveyed a portion of the nebula with HST ,
it is likely that Carina currently harbours at least 150–200 active
protostellar jets.

6 DIS CUSS IO N

6.1 Jets from tiny cometary globules

A key qualitative result of this study is that the HST images of Carina
reveal several cases where HH jets emerge from tiny cometary
clouds (roughly 0.01–0.05 pc in size). The most striking example
was HH 900, but several other examples are seen as well, like
HH 901, 1006, 1011, 1013, HHc-1 and HHc-3. The presence of a
collimated HH jet emerging from such a globule requires that the
globule harbour an actively accreting protostar, so it proves that even
the smallest clouds – which appear to be only shredded remnants
of a larger molecular cloud – are, in fact, important sites of ongoing
active star formation in an evolving H II region like Carina. Since the
phase during which an active HH outflow may be detected is quite
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a factor of 2–3 or perhaps somewhat more, and are adequate to
convey the rough distribution of jet mass-loss rates that we are sen-
sitive to. This level of accuracy is comparable to expected intrinsic
variability of the mass-loss rate over time for an individual jet any-
way. For the one case where detailed spectroscopic observations are
available, HH666, it is reassuring that the electron density derived
from the emission measure in image data (Table 4) agrees with
the electron density derived from spectral diagnostics like the [S II]
doublet intensity ratio (Smith et al. 2004c).

While the electron density is subject to uncertain estimates of L,
we note that there is not much variation in derived values of ne in
Table 4, which vary by less than a factor of 10 (200 to 2000 cm−3). In
general, the fainter jets havene of a few 102 cm−3, while the brightest
jets have densities around or slightly above 103 cm−3. The faint end
is likely a selection effect, in the sense that lower Ṁ jets with
densities near or below 102 cm−3 would have emission measures
fainter than fluctuations in the background H II region and would be
difficult to detect. Jets with densities much above 2000 cm−3 might
have dense jet cores that remain largely neutral, despite the strong
UV radiation, so that Hα emission does not necessarily trace the
jet mass (e.g. Hartigan, Morse & Raymond 1994). This is another
reason to suspect that for the densest jets, then, it is likely that the
mass-loss rates and densities in Table 4 are underestimates.

We measure a range of mass-loss rates ranging from 8 ×
10−9 M# yr−1 up to ∼10−6 M# yr−1. These jet mass-loss rates
trace a range of active accretion rates on to their driving protostellar
sources. If one assumes that the mass-loss rate of the jet is roughly
10 per cent of the accretion rate on to the star (e.g. Calvet 1997), the
observed jet mass-loss rates in Carina imply relatively high mass
accretion rates of 10−7 to 10−5 M# yr−1. (If the visible HH jet is
only some fraction of the wind driven from the protostellar disc,
then implied accretion rates are even higher.) These are on the high
end for the distribution of mass accretion rates measured for nearby
sources (e.g. Calvet, Hartmann & Strom 2000), so the high mass-
loss rate jets in our sample may trace more massive protostars or
brief episodic accretion/outflow events akin to FU Ori outbursts. In-
deed, mass accretion rates around 10−5 M# yr−1 are comparable to
the episodic bursts of accretion inferred to occur in early protostel-
lar phases (Calvet et al. 2000). Jets in our sample with more typical
mass-loss rates around 10−7 M# yr−1 are comparable to those of
famous nearby HH jets like HH 34, 47 and 111 (e.g. Hartigan et al.
1994).

Fig. 32 illustrates a consequence of selection effects determining
the lower jet densities that we are sensitive to. This is a histogram
of the mass-loss rates for Carina HH jets in Table 4 (black hatched)
compared to a similarly sized sample of HH jets in Orion (Bally
et al. 2006). Bally et al. list several values for Ṁ for each jet in
their table 6 that are derived with different assumptions; the values
that we have plotted in Fig. 32 correspond to Ṁ0 in their table 6
(multiplied by a factor of 2 to account for both sides of a bipolar
jet, to be consistent with our estimates in Table 4). These values
were derived using the same method adopted here (i.e. equation 2),
and therefore provide a useful comparison, subject to the same
uncertainties and potential systematic effects. The sample discussed
by Bally et al. (2006) was studied with a similar HST/ACS survey
in the F658N filter. It is also worth noting that this sample of Orion
jets represents those found in the outer parts of the Orion Nebula,
not in the brightest inner region near the Trapezium. The contrast
between jets and the background nebula is therefore comparable to
Carina.

The main lesson from Fig. 32 is that in Carina we are likely
missing a large number of HH jets at the lower end of the Ṁ

Figure 32. A histogram of the HH jet mass-loss rates from Table 4 (black
with hatched pattern). For comparison, the filled grey histogram shows
mass-loss rates for a sample of a comparable number of HH jets in the outer
Orion Nebula, taking the value of Ṁ0 listed in table 6 of Bally et al. (2006),
but multiplied by 2 to account for contributions from both sides of a bipolar
jet, as we have done for Table 4 (see text). These Orion mass-loss rates were
derived using the same method we adopted for Carina.

distribution, even with HST , if this distribution is similar to that in
Orion. Both show a similar slope in the jet mass-loss function, with
very roughly N ∝ Ṁ−0.5. The Ṁ distribution for Carina HH jets
peaks at ∼10−7.6 M# yr−1, whereas that in Orion seems to peak at
lower values around 10−8.4 M# yr−1. Orion is five times closer to
us than Carina, so with the same HST camera, it is easier to detect
fainter, thinner shock filaments and narrower jets that have lower
mass-loss rates. The thin filaments of these weaker HH jets may
be lost in the bright nebular background with the lower physical
spatial resolution achieved in Carina. If the Ṁ distribution in Orion
is representative of the intrinsic distribution in Carina, then it is
likely that the HH jets we have detected in Carina are roughly half
(or less) of the total number of protostellar outflows in the region we
surveyed. Our ACS Hα survey did not uniformly cover the entire
Carina Nebula, however, and is not an unbiased sample with any
strict completeness criteria (see Fig. 1). Nevertheless, it seems likely
that we are missing a large number of weaker jets. Extrapolating
from the 39 jets we detected with HST , correcting for both a factor
of ∼2 because of undetected jets at the low end of the Ṁ range plus
the fact that we only surveyed a portion of the nebula with HST ,
it is likely that Carina currently harbours at least 150–200 active
protostellar jets.

6 DISCUSSION

6.1 Jets from tiny cometary globules

A key qualitative result of this study is that the HST images of Carina
reveal several cases where HH jets emerge from tiny cometary
clouds (roughly 0.01–0.05 pc in size). The most striking example
was HH 900, but several other examples are seen as well, like
HH 901, 1006, 1011, 1013, HHc-1 and HHc-3. The presence of a
collimated HH jet emerging from such a globule requires that the
globule harbour an actively accreting protostar, so it proves that even
the smallest clouds – which appear to be only shredded remnants
of a larger molecular cloud – are, in fact, important sites of ongoing
active star formation in an evolving H II region like Carina. Since the
phase during which an active HH outflow may be detected is quite
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Figure 5. Hα image of the field including the two bipolar jets HH 901 and HH 902, north of Tr 14 (the Tr 14 cluster is located to the south, off the bottom of
this figure). The jet candidate HHc-1 is also included in the field. North is up and east is to the left, and the offsets are relative to an arbitrary point near the
origin of the HH 902 jet.

The HH 900 jet is significant in a broader context as well, because
it confirms that even the smallest (∼1 arcsec) dark globules in the
interior of the H II region can harbour actively accreting protostars,
and that these dark globules are still important sites of active star
formation within evolving H II regions. Many small dark globules
without associated HH jets, such as the object in Fig. 4(c), may
not be caught in this brief active outflow phase but may neverthe-
less harbour young stars or protostars. In such close proximity to
η Carinae, HH 900 may – in the not-too-distant future – be polluted
by nuclear-processed ejecta when that star dies in a violent super-
nova explosion. In that sense, the star that drives HH 900 provides
an observed example of precisely the sort of conditions adopted
in the models of Boss et al. (2008), where SN ejecta collide with
a small cloud, imparting radioactive nuclides. These, in turn, are
presumably then incorporated into chondrites within 106 yr after
the SN, when the cloud material collapses into a disc, as is thought
to have occurred in our Solar system. With a diameter of ∼2 arcsec
(!1017 cm), the head of the dark globule is about half the initial

size of the ∼1 M" cloud in the simulation discussed by Boss et al.
(2008). At a distance of 2–3 pc from η Car, the dark globule has a
cross-section that would intercept a fraction ∼10−5 of η Car’s SN
ejecta, if it were to explode. Thus, if η Car ejects at least 10 M"
of processed ejecta in the explosion, then HH 900 would intercept
10−4 M" of SN material, comparable to the amount required to ac-
count for the inferred 36Al and 60Fe abundance in the Solar nebula
(e.g. Foster & Boss 1996). HH 900, then, provides a glimpse of a
young accreting protostar in the specific sort of environment where
the Sun may have formed.

3.2.3 HH 901 and HH 902

The pair of outflows HH 901 and HH 902 are spectacular exam-
ples of irradiated bipolar jets (Fig. 5).3 They are extremely bright,

3 These were included in the large mosaic shown in Fig. 2, and colour images
of HH 901 and HH 902 can be found at http://heritage.stsci.edu.
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As long as the beam contains a neutral core, the H! surface
brightness of an irradiated jet remains roughly constant and pro-
portional to the local Lyman continuum flux. This conclusion
can be seen by inserting ne(rI), given by equation (5), into the def-
inition of the emission measure, EM / n2er(d ), where we use
the fact that the line-of-sight path length through the plasma
ablating from the jet is proportional to r(d ). Because the electron
density at the ionized surface of an irradiated jet decreases as the
square root of the jet radius, the emission measure remains con-
stant and proportional to F up to where the jet becomes fully
ionized. Beyond this distance, the H! emission fades due to beam
divergence. Because the H! surface brightness is proportional to
the local flux of ionizing photons, jets close to theUV source, such
as HH 508 (located within 100 of "1 Ori B), will be very bright
and short, while jets located far from the UV source, such as
HH 505, will be much fainter and longer.

The neutral core of a dense, irradiated jet is eroded by photo-
ablation. Themass-loss rate per unit length of a jet with a circular
cross section of radius r(d ) is given by ṁ ¼ f #$mHciine(rI )r(d )
in units of g s"1 cm"1, where f is of order unity for a cylinder
losing mass from only one side. It is assumed that the ablating,
ionized layer expands with velocity cII orthogonal to the jet
surface (in a frame comoving with the jet) and that acceleration
due to density (and pressure) gradients can be ignored. A neutral
jet core will be completely consumed by photoablation after
traversing a distance

L1 ¼
Ṁ

ṁ
# 2ṀD

f $mHcii

"
!B

#r(d )LLyC sin (% )

#1=2

; ð6Þ

where, for a cylindrical jet, r(d ) is a constant.
If the jet is conical, the radius of its neutral core increases with

the distance d from the jet source as r(d ) ¼ (ci/V )d, where cI is
the effective internal sound speed (or velocity dispersion) of the
jet and V is the jet velocity. In this situation, there are two cases to
consider. The length of a conical jet core may be limited either by
photoablation from the jet surface or by the core density drop-
ping below ncrit due to beam expansion. Inserting the expression
for r(d ) into equation (6), setting d ¼ L2, and solving from L2
gives

L2 #
2ṀD

f $mHcii

! "2=3
"

!BV

#ciLLyC sin (% )

#1=3

; ð7Þ

which is the maximum length of the neutral core in the photo-
ablation-dominated case. If beam spreading dominates over
photoablation, the maximum length of the neutral core can be
obtained by using r(d ) ¼ cid/V for a conical jet in the formula
for the neutral beam density, n(d ) ¼ Ṁ /#$mHr

2(d )V . Setting
n(d ) equal to the critical density ncrit ¼ ½F/2!Br(d)'1/2 and solv-
ing for d (which we rename L3) gives

L3 #
1

ci

2ṀD

$mH

! "2=3
"

2!BV

#LLyC sin (%)

#1=3

; ð8Þ

which is the maximum length of the neutral core in the beam
expansion–dominated case. The factor 2 in the second term
comes about from the assumption that the flux has to ionize a
beam of thickness 2 r(d )½ '. If this factor is set to 1, equation (8)
can be obtained from equation (7) by setting ci ¼ cii and f ¼ 1.

External ionization of a neutral jet beam is usually anisotropic.
Thus, as the beam becomes ionized, the ablating plasma exerts a
force on the remaining neutral beam given roughly by

F ¼ &$mHc
2
ii

"
LLyCr(d ) sin (% )

4#D2!B

#1=2

; ð9Þ

where r(d) is the radius of the neutral beam and & is a factor of
order unity that takes into account the averaged net direction of
the diverging flow vectors, the variation of the photoablating
flow density around the body of the jet, and deviations of the
flow velocity from cII. The resulting deflection velocity, Vd, of
each mass element evolves according to the rocket equation as
Vd ¼ cii ln (m0/m), where m0 is the initial mass of each jet seg-
ment and m is the remaining mass. As photoablation proceeds
and the neutral beam loses mass to photoablation, it is accel-
erated away from the source of illumination by the rocket effect.
As the jet approaches full ionization, deflection speeds can exceed
several times the speed of sound in photoionized plasma. For jet
speeds ranging from V ¼ 100 to 300 km s"1, anisotropic photo-
ablation can bend the beam by an angle tan"1(!cii/V ), where
! ( 2 4. Thus, mild jet bending on the order of 5)–20) can be
readily produced by the rocket effect, even in the absence of a side
wind.
In practice, this simple photoablation model is difficult to apply

with any degree of certainty. The images show that jets are lumpy
on all observed scales. Their nonuniform surface brightness,
clumpy structure, and multiple bow shocks indicate that mass-
loss rates and velocities are highly variable. Nevertheless, the ob-
servations can be used to deduce approximate flow parameters.

4.5. Jet Mass-Loss Rates

Mass-loss rates can be estimated from our images using
several methods. First, the H! flux is proportional to the emis-
sion measure, which can be combined with an estimate of the jet
radius to give an estimate of the electron density in the ionized
surface layer of a jet. Proper motions, or an estimate of the jet
velocity, yield Ṁ0 ¼ #$mHne(rI )Vjetr(d )

2. The jet radii and elec-
tron densities are used to estimate Ṁ0 in Table 6. This method
provides a good estimate of the mass-loss rate for a fully ionized
jet. However, for a jet that retains a neutral core, this estimator is
a lower bound, since the measured electron density will be much
lower than the neutral density in the jet core along most of the
length of the jet.
Second, jet lengths can be inserted into equations (6)–(8) (along

with other parameters, such as distance from theUV source, sound
speeds, etc.), and these formulae can be solved for Ṁ. The col-
umns labeled Ṁ1, Ṁ2, and Ṁ3 in Table 6 give estimatedmass-loss
rates for jets modeled as photoablating cylinders, photoablation-
dominated conical jets, and expansion-dominated conical jets,
respectively. For the estimates in Table 6, it is assumed that ci ¼
6 km s"1, which is roughly the expected sound speed in strongly
irradiated photon-dominated regions, and that cii ¼ 11 km s"1,
the sound speed in photoionized plasma. For ci < cii, the
expansion-dominated conical models produce lower mass-loss
rates than the photoablation-dominated conical models; the
models come to close agreement as the value of cI approaches
that of cII. However, if ciTcii, photoablation will dominate the
propagation of the jet.
The cylindrical photoablating jet models may overestimate

the jet radius and mass-loss rates near the source. For the conical
jet models, if ciTcii, photoablation from the jet surface will
dominate jet propagation and survival in the H ii region interior.
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As long as the beam contains a neutral core, the H! surface
brightness of an irradiated jet remains roughly constant and pro-
portional to the local Lyman continuum flux. This conclusion
can be seen by inserting ne(rI), given by equation (5), into the def-
inition of the emission measure, EM / n2er(d ), where we use
the fact that the line-of-sight path length through the plasma
ablating from the jet is proportional to r(d ). Because the electron
density at the ionized surface of an irradiated jet decreases as the
square root of the jet radius, the emission measure remains con-
stant and proportional to F up to where the jet becomes fully
ionized. Beyond this distance, the H! emission fades due to beam
divergence. Because the H! surface brightness is proportional to
the local flux of ionizing photons, jets close to theUV source, such
as HH 508 (located within 100 of "1 Ori B), will be very bright
and short, while jets located far from the UV source, such as
HH 505, will be much fainter and longer.

The neutral core of a dense, irradiated jet is eroded by photo-
ablation. Themass-loss rate per unit length of a jet with a circular
cross section of radius r(d ) is given by ṁ ¼ f #$mHciine(rI )r(d )
in units of g s"1 cm"1, where f is of order unity for a cylinder
losing mass from only one side. It is assumed that the ablating,
ionized layer expands with velocity cII orthogonal to the jet
surface (in a frame comoving with the jet) and that acceleration
due to density (and pressure) gradients can be ignored. A neutral
jet core will be completely consumed by photoablation after
traversing a distance

L1 ¼
Ṁ

ṁ
# 2ṀD

f $mHcii

"
!B

#r(d )LLyC sin (% )

#1=2

; ð6Þ

where, for a cylindrical jet, r(d ) is a constant.
If the jet is conical, the radius of its neutral core increases with

the distance d from the jet source as r(d ) ¼ (ci/V )d, where cI is
the effective internal sound speed (or velocity dispersion) of the
jet and V is the jet velocity. In this situation, there are two cases to
consider. The length of a conical jet core may be limited either by
photoablation from the jet surface or by the core density drop-
ping below ncrit due to beam expansion. Inserting the expression
for r(d ) into equation (6), setting d ¼ L2, and solving from L2
gives

L2 #
2ṀD

f $mHcii

! "2=3
"

!BV

#ciLLyC sin (% )

#1=3

; ð7Þ

which is the maximum length of the neutral core in the photo-
ablation-dominated case. If beam spreading dominates over
photoablation, the maximum length of the neutral core can be
obtained by using r(d ) ¼ cid/V for a conical jet in the formula
for the neutral beam density, n(d ) ¼ Ṁ /#$mHr

2(d )V . Setting
n(d ) equal to the critical density ncrit ¼ ½F/2!Br(d)'1/2 and solv-
ing for d (which we rename L3) gives

L3 #
1

ci

2ṀD

$mH

! "2=3
"

2!BV

#LLyC sin (%)

#1=3

; ð8Þ

which is the maximum length of the neutral core in the beam
expansion–dominated case. The factor 2 in the second term
comes about from the assumption that the flux has to ionize a
beam of thickness 2 r(d )½ '. If this factor is set to 1, equation (8)
can be obtained from equation (7) by setting ci ¼ cii and f ¼ 1.

External ionization of a neutral jet beam is usually anisotropic.
Thus, as the beam becomes ionized, the ablating plasma exerts a
force on the remaining neutral beam given roughly by

F ¼ &$mHc
2
ii

"
LLyCr(d ) sin (% )

4#D2!B

#1=2

; ð9Þ

where r(d) is the radius of the neutral beam and & is a factor of
order unity that takes into account the averaged net direction of
the diverging flow vectors, the variation of the photoablating
flow density around the body of the jet, and deviations of the
flow velocity from cII. The resulting deflection velocity, Vd, of
each mass element evolves according to the rocket equation as
Vd ¼ cii ln (m0/m), where m0 is the initial mass of each jet seg-
ment and m is the remaining mass. As photoablation proceeds
and the neutral beam loses mass to photoablation, it is accel-
erated away from the source of illumination by the rocket effect.
As the jet approaches full ionization, deflection speeds can exceed
several times the speed of sound in photoionized plasma. For jet
speeds ranging from V ¼ 100 to 300 km s"1, anisotropic photo-
ablation can bend the beam by an angle tan"1(!cii/V ), where
! ( 2 4. Thus, mild jet bending on the order of 5)–20) can be
readily produced by the rocket effect, even in the absence of a side
wind.
In practice, this simple photoablation model is difficult to apply

with any degree of certainty. The images show that jets are lumpy
on all observed scales. Their nonuniform surface brightness,
clumpy structure, and multiple bow shocks indicate that mass-
loss rates and velocities are highly variable. Nevertheless, the ob-
servations can be used to deduce approximate flow parameters.

4.5. Jet Mass-Loss Rates

Mass-loss rates can be estimated from our images using
several methods. First, the H! flux is proportional to the emis-
sion measure, which can be combined with an estimate of the jet
radius to give an estimate of the electron density in the ionized
surface layer of a jet. Proper motions, or an estimate of the jet
velocity, yield Ṁ0 ¼ #$mHne(rI )Vjetr(d )

2. The jet radii and elec-
tron densities are used to estimate Ṁ0 in Table 6. This method
provides a good estimate of the mass-loss rate for a fully ionized
jet. However, for a jet that retains a neutral core, this estimator is
a lower bound, since the measured electron density will be much
lower than the neutral density in the jet core along most of the
length of the jet.
Second, jet lengths can be inserted into equations (6)–(8) (along

with other parameters, such as distance from theUV source, sound
speeds, etc.), and these formulae can be solved for Ṁ. The col-
umns labeled Ṁ1, Ṁ2, and Ṁ3 in Table 6 give estimatedmass-loss
rates for jets modeled as photoablating cylinders, photoablation-
dominated conical jets, and expansion-dominated conical jets,
respectively. For the estimates in Table 6, it is assumed that ci ¼
6 km s"1, which is roughly the expected sound speed in strongly
irradiated photon-dominated regions, and that cii ¼ 11 km s"1,
the sound speed in photoionized plasma. For ci < cii, the
expansion-dominated conical models produce lower mass-loss
rates than the photoablation-dominated conical models; the
models come to close agreement as the value of cI approaches
that of cII. However, if ciTcii, photoablation will dominate the
propagation of the jet.
The cylindrical photoablating jet models may overestimate

the jet radius and mass-loss rates near the source. For the conical
jet models, if ciTcii, photoablation from the jet surface will
dominate jet propagation and survival in the H ii region interior.
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L.E. Ellerbroek et al.: The history of HH 1042 and HH 1043

Figure 13. Line ratios of HH sources with ‘low-’ (open circles),
‘intermediate-’ (filled circles) and ‘high-excitation’ (crosses) spectra
(data and definitions adopted from Raga et al., 1996). Red symbols rep-
resent the brightest knots in HH 1042 (knot E) and HH 1043 (knot B).
The shaded region denotates the ratios predicted by the plane-parallel
shock and bow-shock models in Hartigan et al. (1987). The high exci-
tation in HH 1042 and HH 1043 can be explained by photoionization
and/or -excitation by an external source of radiation.

a relatively early stage of evolution. The rates are higher than
those observed in CTTS and are comparable with HAeBe-stars
and the continuum stars, to which 08576nr292 bears many spec-
troscopic similarities. The accretion luminosity is of the same
order as the stellar luminosity, which is consistent with mod-
els for intermediate-mass stars with high accretion rates (Palla
& Stahler, 1993). Our results imply a Ṁjet/Ṁacc ratio of ∼ 0.1,
consistent with values predicted by magneto-centrifugal forces
(see e.g. Cabrit, 2009).

For HH 1043 (08576nr480), the estimated ratio Ṁjet/Ṁacc
exceeds unity. This indicates either an ‘outflow-dominated’ sys-
tem, or an underestimate of the accretion rate due to the accretion
region being too embedded or obscured to be probed by the di-
agnostics used in Sect. 4.4 (see e.g. the discussion in Bacciotti
et al., 2011). Based on the previous, 08576nr480 is likely a Class
0/I object.

6.3. Validity of the kinematics analysis and interpretative
model

The results of Sect. 5 allow us to derive quantitative constraints
on the launching mechanism of the HH 1042 jet (and to a lesser
extent the HH 1043 jet), and also to comment qualitatively on its
general outflow properties. First of all, the dynamical timescale
(to be interpreted as the minimum jet lifetime, based on the mean
velocity and spatial extent of the jets, taking into account the
uncertainty in inclination) is 500 – 1000 yr for the blue lobe of
HH 1042. The red lobe is visible up to 300 – 600 yr. For HH 1043
the dynamical timescales are 100 – 300 yr (blue lobe) and 100 –
400 yr (red lobe). The periods associated with the spatial in-
tervals between the knots and the modulations of the outflow
velocity are in the order of 10 – 100 yr in both jets. More specif-

Figure 14. Observed mass outflow rate Ṁjet versus accretion rate Ṁacc
of HH 1042 and HH 1043 (red squares) compared with different classes
of YSOs associated with jets and outflows. The Ṁacc value of some
HAeBe stars (grey triangles) was determined from the Hα luminosity
in Hillenbrand et al. (1992). The orange symbols indicate ‘continuum
stars’, objects classified as CTTS (orange circles) or HAeBe stars (or-
ange triangles) with a high degree of veiling whose spectral type is very
uncertain (see Calvet & Gullbring, 1998; Hernández et al., 2004); these
objects are spectroscopically similar to 08576nr292, the driving source
of HH 1042. The dashed lines indicate the Ṁjet/Ṁacc = 0.01 and 0.1
range, which is predicted by jet formation models.
References: Class 0/I objects: Hartigan et al. (1994); Bacciotti &
Eislöffel (1999); Podio et al. (2006, 2011, 2012); Antoniucci et al.
(2008); Cabrit (2009); FU Orionis objects: Hartmann & Calvet (1995);
Calvet (1998); HAeBe stars: Levreault (1984); Boehm & Catala (1994);
Nisini et al. (1995); Garcia Lopez et al. (2006); Wassell et al. (2006);
Melnikov et al. (2008); Mendigutı́a et al. (2011); Donehew & Brittain
(2011); Liu et al. (2011); CTTS: Hartigan et al. (1995); Gullbring et al.
(1998); Muzerolle et al. (1998a); Coffey et al. (2008); Cabrit (2009);
Melnikov et al. (2009); Brown dwarfs: Whelan et al. (2007); Herczeg
& Hillenbrand (2008); Bacciotti et al. (2011).

ically, the shape of HH 1042 in position-velocity space can be
reconstructed reasonably well with periodic modulations of the
outflow velocity !(t) (with period T1 tan i = 83 yr) and the mass
outflow rate ṁ(t) (T2 tan i = 12 yr). The stochastic model pro-
duces similar knotted structure but a smaller velocity spread. The
faint spike in the flux periodogram at T tan i ∼ 80 yr (Fig. 11)
may reflect a periodic signal in the outflow rate. Incidentally, it
coincides with the best-fit value T1 tan i of the longest period in
the periodic model.

Instead of modulating ṁ(t), one could also reproduce the
knotted structure by superposing a second small amplitude mod-
ulation on !(t), as done in e.g. Raga et al. (2012). The resolu-
tion of our data does not allow us to distinguish between either
a single-mode velocity and mass outflow modulation or a two-
mode velocity modulation. In Fig. 9 (top) it can be seen that at
the location of the knots, the velocity drops and the width of the
individual components in the spectral profile increases. This sug-
gests that they consist of different components scattered in veloc-
ity, which is not an uncommon observation in jets (Hartigan &
Hillenbrand, 2009). While the detection of multiple shock fronts
would put constraints on the launching mechanism, the spectral
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