INAF

ISTITUTO NAZIOMNALE

2 ASTROFISICA

MATIRAL INSTITLITE
FOR ASTROFHYSICS

Publication Year 2016

Acceptance in OA 2020-05-05T10:30:00Z

Title The small-scale HH34 IRS jet as seen by X-shooter

Authors NISINI, Brunella, GIANNINI, Teresa, ANTONIUCCI, Simone, ALCALA', JUAN MANUEL,

BACCIOTTI, Francesca, PODIO, LINDA

Publisher's version (DOI) 10.1051/0004-6361/201628853

Handle http://hdl.handl e.net/20.500.12386/24493

Journal ASTRONOMY & ASTROPHY SICS

Volume 595




A&A 595, A76 (2016)
DOI: 10.1051/0004-6361/201628853
©ES0 2016

tronomy
Astrophysics

The small-scale HH34 IRS jet as seen by X-shooter*

B. Nisini!, T. Giannini!, S. Antoniucci', J. M. Alcal4?, F. Bacciotti’, and L. Podio®

I INAF-Osservatorio Astronomico di Roma, via di Frascati 33, 00078 Monte Porzio Catone, Italy
e-mail: brunella.nisini@oa-roma.inaf.it

2 INAF-Osservatorio Astronomico di Capodimonte, via Moiariello, 16, 80131 Napoli, Italy

3 INAF-Osservatorio Astrofisico di Arcetri, Largo E. Fermi 5, 50125 Firenze, Italy

Received 4 May 2016 / Accepted 14 July 2016

ABSTRACT

Context. Atomic jets are a common phenomenon among young stars, being intimately related to disk accretion. Most studies have
been performed on jets from pre-main sequence stars. However, to date very little detailed information has been gathered on jets from
young embedded low mass sources (the so-called class I stars), especially in the inner jet region.

Aims. We exploit a diagnostic analysis based on multiwave spectroscopic observations to infer kinematics and physical conditions of
the inner region of the prototypical class I jet from HH34 IRS.

Methods. We use a deep X-shooter spectrum covering the wavelength range 350—2300 nm at resolution between ~8000 and ~18 000
(i.e., AV ~ 17-27 kms™!), which allows us to detect lines in a wide range of excitation conditions (from E,, ~ 8000 to ~31 000 cm™!)
and to study their kinematics. Statistical equilibrium and ionization models are adopted to derive the jet main physical parameters.
Results. We separately derive the physical conditions for the extended high velocity jet (HVC, V, ~ —=100 kms™!) and for the low
velocity and compact gas (LVC, V, ~ =20—50 km s™!) located on-source. Close to the jet base (<200 AU from source) the HVC gas
is mostly neutral (x, < 0.1) and very dense (ng > 5 X 10° cm™). The LVC gas has the same density and Ay as the HVC, but it is
at least a factor of two colder. Iron abundance in the HVC is consistent with the solar value, while it is a factor of 3 subsolar in the
LVC, suggesting an origin of the LVC gas from a dusty disk. From the derived total density we infer that the jet mass flux rate is
>5 x 1077 M, yr~'. We find that the relationships between accretion luminosity and permitted line luminosity derived for T Tauri
stars cannot be directly extended to class I sources embedded in reflection nebulae since the permitted lines are seen through scattered
light. An accretion rate of ~7 x 107% M yr~! is instead derived from an empirical relationship connecting M, with L{OT])(HVC).
Conclusions. The class I HH34 IRS jet at small scale shares many kinematical and physical properties with the jets from the most
active classical T Tauri (CTT) stars. However, the HH34 IRS jet is denser as a consequence of the larger mass ejection rate with
respect to typical values in CTTs jets. These findings suggests that the acceleration and excitation mechanisms in collimated jets are

not influenced by evolution and are similar in CTTs and in still embedded sources with high accretion rates.

Key words. stars: formation — stars: protostars — ISM: jets and outflows — ISM: individual objects: HH34

1. Introduction

High velocity outflows from young stellar objects (YSOs) are in-
timately related to the accretion process of star formation. It has
been suggested that outflows from accreting YSOs have a funda-
mental role in removing angular momentum from circumstellar
disk material allowing infalling matter to accrete onto the central
star. Hence, determining the nature of the mechanism responsi-
ble for the formation of jets in young stars is critical in order
to understand the underlying accretion. The details of this cou-
pled accretion-ejection mechanism are still poorly understood,
although magnetic fields almost certainly play a central role in
this process. Whether originating from the stellar object, from
the inner disk edge, from a large section of the accreting disk,
or from a combination of the above (e.g., Ferreira et al. 2006;
Shang et al. 2007), the jet launching region is predicted to be
located at fractions of AU from the central source, thus prevent-
ing a direct observational view with current optical/near-infrared
telescope technology. However, constraints on the jet launching
mechanism can be inferred from observations of the outflows

* Based on Observations collected with X-shooter at the Very Large
Telescope on Cerro Paranal (Chile), operated by the European Southern
Observatory (ESO). Program ID: 090.C-0606.

Article published by EDP Sciences

within a few arcsec of the central star where the jet is expected
to be still largely unaffected by ambient gas. In particular, sig-
nificant effort has been devoted to inferring kinematic and exci-
tation conditions in these small-scale micro-jets from classical
T Tauri (CTT) stars, where the original circumstellar envelope
has already been cleared out and the star—disk interaction region
is exposed to a direct observational view (see, e.g., Ray et al.
2007; Frank et al. 2014, and references therein).

Investigation of jets from younger and more embedded ob-
jects (the so-called class I objects) is more challenging, how-
ever, owing to the high extinction close to the source that limits
a direct view of the jet base. In class I sources, the jet base has
been studied mainly in the IR as these micro-jets are particularly
bright in [Fe11] forbidden and H; ro-vibrational emission lines
(Davis et al. 2003, 2011; Garcia Lopez et al. 2008, 2010). Ob-
servations of [FelII] lines indicate that within the first 300 AU,
class I jets have a kinematical behavior similar to the atomic jets
of CTT stars. They share, in particular, a similar forbidden emis-
sion line (FEL) region consisting of a high velocity extended
component (HVC) and a compact component close to systemic
velocity (LVC; e.g., Hartigan et al. 1995; Davis et al. 2003;
Takami et al. 2006). However, although [Fe11] IR line ratios are
used to measure the jet electron density, no stringent constraints
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Fig. 1. Left: adopted X-shooter slit over a [Fe II] 1.64 yum narrow band image of the HH34 jet obtained with LBT-LUCI (Antoniucci et al.
2014a). The blue circle indicates the source position at @ = 057352939 and § = —06°26'58" . Right: normalized intensity profiles of [O1] 6300 A,
[Sm] 6731 A, and [Fe11] 1.64 um along the HH34 jet. Distance in arcsec is measured with respect to the HH34 IRS source. The spatial regions we

adopted for the spectral extraction are indicated by dashed vertical lines.

on the full set of physical parameters, including temperature and
ionization fraction, can be derived with only the IR lines. This
has limited a more quantitative assessment about the influence
of evolutionary effects on the physical and dynamical properties
of the class I micro-jets.

In order to address the above issue, we report here deep
observations of the class I source HH34 IRS obtained with
the X-shooter instrument on VLT (Vernet et al. 2011). The
X-shooter simultaneously covers the spectral range between
0.3 to 2.4 um with a spectral resolution high enough (up to
~17 kms™") to resolve the main jet kinematical components.
Such observations can therefore be very effective in probing the
excitation structure of the jet at small scale using a wide range
of diagnostic lines (Bacciotti et al. 2011; Ellerbroek et al. 2013;
Giannini et al. 2013; Whelan et al. 2014).

HH34 IRS is an embedded low-mass object (M, ~ 0.5 M,
L. ~ 15 Ly, Antoniucci et al. 2008) located in the L.1642 cloud
(d = 414 pc) and driving the well-known HH34 parsec scale
flow. The flow and its associated HH objects are driven by a
collimated blue-shifted jet, which extends for about 30” and is
bright both in optical and IR images (e.g., Reipurth et al. 2002;
Antoniucci et al. 2014a). This makes HH34 an ideal target to
exploit the X-shooter multiwavelength capabilities.

High resolution optical imaging and spectroscopy have
mainly been used to study the morphology and kinematics of
the jet (e.g., Reipurth et al. 2002; Beck et al. 2007; Raga et al.
2012). Multi-epoch HST observations have indicated that the jet
is subject to variations in velocity and jet axis direction, which
can be due to precession of the outflow source around a possi-
ble companion. Infrared spectroscopy has revealed for the first
time the presence of a counter-jet (Garcia Lopez et al. 2008),
later imaged with Spitzer (Raga et al. 2011). Several spectro-
scopic studies in the infrared have been conducted on the HH34
jet, showing that it emits copiously in both [Fe 11] and H, transi-
tions (Takami et al. 2006; Garcia Lopez et al. 2008; Davis et al.
2011). An analysis combining both IR and optical spectroscopy
has been applied by Podio et al. (2006) to infer the jet excitation
structure at large scale.

Taking advantage of the higher sensitivity, resolution, and
spectral coverage of the X-shooter, we can now derive better
estimates on the physical conditions at the base of the HH34
micro-jet and investigate the relationship between gas excitation
and kinematics. This information can be used to constrain the
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mechanism responsible for the jet formation and to discuss the
similarities and differences with jets in CTT stars.

The paper is structured as follows. Section 2 describes the
X-shooter observations and data reduction, while in Sect. 3 we
present the main results of the line detection and kinematics of
the HH34 small-scale jet. In Sect. 4 we present the diagnostic
analysis applied to the jet emission, separately discussing the
inner jet components and the variation of excitation along the
jet. In Sect. 5 we use the luminosity of selected permitted lines to
put constraints on the source mass accretion rate. Finally, Sect. 6
summarizes and discusses the main outcome of our analysis.

2. Observations

X-shooter observations of the HH34 IRS jet were conducted
during the period November 2012-January 2013. Four differ-
ent observations were acquired, each one integrated for 30 min
on-source. The 11" slit was centered on the HH34 IRS source
(@ = 05"35M2959, § = —06°26"58") and aligned with the jet
axis at PA 162° (see Fig. 1). The seeing during the observa-
tions was always between 0”76 and 1”70. Since the slit is filled
with the emission from the jet, we performed off-source nod-
ding for sky subtraction. Slit widths of 0”5, 0”4, and 0”74 were
used for the UVB, VIS, and near-IR (NIR) arms, yielding reso-
lutions of 9900, 18 200, and 7780, respectively. The pixel scale
is 0716 for the UVB and VIS arms, and 0’/21 for the NIR arms.
Data reduction was performed using the X-shooter pipeline ver-
sion 2.2.0 (Modigliani et al. 2010), which provides 2D calibrated
spectral images. Post-pipeline processing was performed using
the IRAF' package. This includes sky subtraction and telluric
correction in the NIR images. To this end, the spectra of telluric
standard stars acquired at similar airmass as the objects were
used after the intrinsic photosperic features were removed. Fi-
nally, we combined the four different spectral images applying a
median filter to get the final 2D spectral image.

Flux calibrations were performed within the pipeline us-
ing spectro-photometric standard stars acquired during the same
night as the observations. In order to check for inter-calibration
between the different arms, we extracted a spectrum of the

! IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in
Astronomy (AURA) under a cooperative agreement with the National
Science Foundation.
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Fig. 2. X-shooter spectrum extracted at the HH34 IRS source position. Red dots correspond to the 2MASS photometry in the J, H, and K bands.

The inset shows the mid-IR archival Spitzer-IRS spectrum.

HH34 IRS object in an aperture of 3” centered on-source and ex-
amined the continuum shape. Basically no continuum is detected
shortward of 5000 A, while there is a perfect match between the
VIS and NIR arms in their overlapping region. However, com-
paring the NIR fluxes with the 2MASS photometry (Skrutskie
et al. 2006) of the source we noticed that the X-shooter spec-
trum underestimates the NIR photometric points, likely because
of slit losses due to the narrow slit width of the observations. A
correct evaluation of the slit-losses should take into account the
geometry of the continuum emission, as the source cannot be
considered point-like owing to the presence of a diffuse nebulos-
ity. We have instead re-scaled the X-shooter spectrum by a factor
that minimizes the difference between the X-shooter fluxes and
the 2MASS photometric points. The applied correction amounts
to a factor of 2.7. However, as can be seen in Fig. 2, the shape
of the 2MASS continuum is not reproduced well. This could be
due to the presence of the diffuse nebulosity enhancing the J and
H bands in the 2MASS large apertures, but also to source intrin-
sic variability.

Given the above discussion, we estimate that the relative flux
calibration error between the three arms is very low, not more
than 10%, while the absolute flux calibration is more uncertain
and can be as high as 50%.

3. Results

As shown in Fig. 1, where the X-shooter slit is drawn over
a [Fem] 1.64 ym image of the HH34 inner jet, our observa-
tions cover several emission peaks belonging to the blue-shifted
jet (Antoniucci et al. 2014a). Separate spectra have been ex-
tracted from the 2D spectral images, corresponding to different
regions selected from the intensity profiles of bright lines (see
Fig. 1, right panel) — IRS, bluel, blue2, and blue3 — at progres-
sively larger distances from the central object. These regions
roughly comprise the knots called A3—-A6 in previous studies
(e.g., Garcia Lopez et al. 2008); however, given the large proper
motion of these knots (see, e.g., Antoniucci et al. 2014a, and
Sect. 3.1), we prefer to use a different nomenclature for our

extraction regions that does not necessarily correspond to pre-
viously observed emission peaks.

The red-shifted counter-jet is clearly seen in the large-scale
[Fe1] image of Antoniucci et al (2014a). In Fig. 1 counter-jet
emission is contaminated by the residuals of the PSF subtrac-
tion. However, in Garcia-Lopez et al. (2008) red-shifted emis-
sion is detected down to the central source. We therefore extract
an additional spectrum, named red, comprising the counter-jet
region close to the source.

Figure 2 shows the HH34 IRS complete spectrum. As ex-
pected for an embedded class I source, the spectrum sharply
rises from UV to the infrared. Continuum and line emission are
detected only above ~5000 A . The X-shooter spectrum is also
compared with a Spitzer-IRS spectrum taken from the Spitzer
Heritage Archive (Program ORION_IRS, P.I. T. Megeath).

Strong emission lines are observed in the HH34 IRS spec-
trum, which are reported in Tables A.1—A.3, together with their
identification and fluxes”. Lines detected in the other apertures
are reported in Table A.4. Forbidden lines from abundant species
originating in the jet are detected up to excitation energies of
~31000 cm™!. In addition, we identify permitted lines from
hydrogen (from the Brackett and Paschen series), helium, O1,
Ca1r, and Nall. Additional features, especially in the IR arm,
do not have a clear identification, but the line shape and veloc-
ity widths suggest they are associated with metallic lines emit-
ted in the same region as the other identified permitted lines.
Finally, molecular lines from H, and CO ro-vibrational transi-
tions are also detected. The spectra extracted along the jet are,
as expected, dominated by forbidden lines; however, He and
Ca118542 A are also detected far from the central source. This is
shown in Figs. 3—5, where the position-velocity (PV) diagrams
of a few representative forbidden, permitted, and molecular tran-
sitions are presented. The local continuum has been removed by
performing a linear fit through the emission adjacent to the lines.
Since no photospheric lines of the source are detected — owing

2 Transition wavelengths in Table 1 are air wavelengths expressed in
Angstrom. In the paper, we refer for convenience to lines in Angstrom
or in um depending on whether they are below or above 1 micron.
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Fig. 3. Continuum-subtracted position velocity (PV) maps of [O1], [S 1], and [N1I] lines observed in the X-shooter spectrum. The PV are oriented
along the jet, with a PA = 162°. Contours start at 30 and are drawn at steps of 30 with the exception of [S1I] 6731 A where the contours are

drawn in steps of 60-. Radial velocities have been corrected for the source systemic velocity of +8 kms

the nomenclature of Fig. 1. The HVC and LVC are also indicated.

to the large veiling that fills all the absorption features — the
source systemic velocity has been corrected for the velocity of
the parental cloud (+8 kms~!, Anglada et al. 1995) after hav-
ing corrected the spectra for the relative motion of Earth and
Sun with respect to the standard of rest with the IRAF task
rvcorrect.

Forbidden lines (e.g., [O 1], [S11], [Fe11], [N1]) have an ex-
tended blue-shifted component peaking at ~—100 kms~! (here-
after high velocity, HV, or high velocity component, HVC) re-
lated to the jet. In addition, a spatially unresolved emission at
lower velocity is also detected in all the lines (low velocity, LV,
or low velocity component, LVC).

Finally a red-shifted HVC (V, ~ +130 kms™!) is clearly
seen in the [FeIr] 1.64 ym line. This component is not detected
at shorter wavelengths and it is only barely detected in a few
weaker [FelI] lines longward of 1.64 um. We think this is due
to the large extinction of the counter-jet. The non-detection of
the 1.25 ym line set a lower limit on the extinction in the red-
shifted component to Ay > 13 mag, assuming the intrinsic
1.25 ym/1.64 ym ratio given in Giannini et al. (2015b) (see dis-
cussion in Sect. 4.1.2).

The above kinematical signatures were already known from
previous [FeII] IR observations of HH34 (Garcia-Lopez et al.
2008; Antoniucci et al. 2008). We can now discuss any differ-
ences in the kinematical properties of lines having different ex-
citation conditions.

To this end, we performed a Gaussian fitting to the line pro-
file, from which the line Vja and velocity width were estimated.
For the on-source spectrum, parameters for the HVC and LVC
components were separately measured by fitting the line profile
with two Gaussian components. Fluxes for all the lines derived

A76, page 4 of 17

-1, The main peaks are labeled following

from this Gaussian fitting are listed in Tables A.1-A.4, while
Table 1 gives the kinematical parameters of a subsample of lines.

From Table 1 and from the PV diagrams no shifts in the peak
velocity of the HVC are appreciated within the errors, since V,
is ~(~=100 + 10) kms~! for all the different lines, irrespective of
their ionization stage or excitation temperature.

The jet velocity also remains fairly constant in all the ex-
tracted positions. Regarding the LVC, we observe that the peak
velocity of [Fen] and [CaIl] lines (~40-50 km s is higher
than for [S11] and [O1] lines (~25-30 kms™"). This difference
could be related to a large depletion of refractory elements at the
lowest velocities. We discuss this aspect in Sect. 4.3.

No variations of the line widths are appreciable at the
X-shooter resolution. However, we do see a decrease in AV val-
ues from the inner (AV ~ 50 + 10 kms~! on-source) to the outer
(AV ~ 35+ 10 kms™" in blue2/3) knots.

Comparing the different PV diagrams, we note that high ex-
citation lines (such as [N11] 10407 A and [S11] 10320 A, with
Tex ~ 35000-40000 K) are spatially more compact than the
other lines, as they are only detected within 2" of the source.
The first emission peak is, for the majority of the lines, shifted
by ~073 from the source position. Exceptions are [S11] 6731 A
and [C11]7291 A, which have the first peak at about 0”/7. As dis-
cussed in the next section, this is probably due to the low critical
density of these lines, which are therefore quenched in the high
density region closer to the star. Such a secondary peak is also
seen in the [O 1] line. At variance with the HVC, the LVC always
peaks on-source.

Permitted lines, such as those of CaTll, peak on-source at
V, ~ 0kms~!. However, in the bright Call line at 8542 A the ex-
tended emission from the jet is also clearly detected, showing the
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Fig. 4. As in Fig. 3 but for He and Ca1l lines. Contours start at 30~ and are drawn at steps of 30. The shadowed area in the He PV indicates a

region with strong contamination from telluric residuals

Table 1. Peak velocities and width of selected lines.

[Fell]8617 [Fell]12566 [Fell]ll6435 [SI6730 [SI]10336 [OI]6300 [NII]6583 [Call]7291

Vo AV | V., AV | V., AV | V., AV| V., AV | V., AV| V., AV| V, AV

IRSHV |-104 48 |-109 48 |[-107 47 |-104 53 |-106 35 |-104 59 |-102 39 |-106 36
IRSLV |42 59 | -51 64 |-52 66 |-32 58|-31 52 |-25 43| .. -47 49
Blue 1 (-103 31 |-107 36 |-105 36 |-103 30 |-104 43 |-105 29 |-109 43 |-102 32
Blue2 |-100 26 |-101 33 |-110 34 |-75 27 |-101 43 |-102 29 |-104 43 |-99 25
Blue3 | -99 26 |-101 31 |-110 33 |-99 26 -102 29 -99 25

Notes. V, and AV (in kms™!) are the peak radial velocity and FWHM of the Gaussian fit through the line profile. The peak velocity is measured

with respect to the cloud velocity of 8 kms~!. Errors on velocity peaks are on the order of 5 kms™!.

same morphology and kinematics as the [Can] 7291 A emis-
sion. Such a jet emission is also detected in the Cal1 8662 A but
not in the Ca1r 8498 A line, probably owing to sensitivity. The
Ha line presents a compact and very broad emission, which is
largely self-absorbed at zero velocity, and an extended HV jet
emission. Finally, H, has kinematical signatures different from
the atomic lines. The HVC component is prominent only at large
distances from the central source (24’’), while the LVC is re-
solved and extends up to +2” from the source. The H, kinemat-
ics of HH34 has been presented and discussed in Garcia-Lopez
et al. (2008) and is not further addressed here.

3.1. Proper motion analysis

Observations of the HH34 jet over several decades have shown
that the jet has a significant proper motion, with emission knots
that change in position and morphology and new peaks that ap-
pear on timescales of a few years (Hartigan et al. 2011; Raga
et al. 2012; Antoniucci et al. 2014a). Our PV data, compared

with observations taken in different periods, can be used to mea-
sure the proper motions (PMs) of the knots close to the source.
To this aim, we compare our data with those presented in Garcia
Lopez et al. (2008), consisting of [FeIl] spectra acquired with
the ISAAC instrument (spatial sampling 0””146/pixel, thus com-
parable to that of the X-shooter VIS arm) in December 2004, i.e.,
8 yr prior to our observations. We also used data with adequate
spatial resolution, namely those of Davis et al. (2011; SINFONI
[Femr] data from Oct. 2006, 0”705/pixel) and Antoniucci et al.
(2014a; LBT [Fe11] narrow band imaging, data from Apr. 2013,
07118/pixel). In the latter data, only the region outside ~1” can
be used owing to the contamination by residuals of the central
source continuum deconvolution (see Fig. 1). Table 2 summa-
rizes the shifts of the main emission components with respect to
the central source position identified through the continuum fit.

The shifts on the X-shooter spectrum were measured from
several bright lines, namely [O1] 6300 A, [S1] 6731 A, [Camn]
7291 A, [Fe1r] 8617 A, and [Fe 1] 1.64 um, and the results were
averaged. In particular, we clearly identify three emission knots

A76, page 5 of 17


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628853&pdf_id=4

A&A 595, A76 (2016)

—IIIIIIIII IIIIIIII]IIIIIIIIIIIIIIIIIII_

a4l [Fe Il] 7155 A

S L 1
(0] L _
8 2 =
© N ]
= L < ]
& of “ ]
@] L 4
2oL ]
—IIIIIIIIIIIIIIIIIII]IIIIIIIIII!IIFIIIII_
200 -100 O 100 200

V n(kms™)

—IIIIIIII|IIIIIIIIIIIUIIIIIIIIIIIIIIII_

a [ [Fe II] 1.64 um]

S [ ]
(0] L _
8 2 =
Foid :
"0-5 L 4
= L ’_\/ <2 J
© :\—’—/ ]
2r ]
IIIIIIIIIIIlIIIIIII]IIlIIIIIII!IIlIIIII
200 -100 O 100 200

V gn(kms™)

_IIIIIIII IIIIIIIIIIIIIIIIII|‘IIIIIIIII_
4L [Fe Il] 8617 A
s [ ' ]
(0] L 4
8 2 S
8 L - i
£ of .
o L i
2oL ]
-IIIIIIIII]IIIIIIIII||IIIIIIII|I|IIIIIII-
-200 -100 0 100 200
Vi a(kms™)
[ IIIIIIIIIIIIIIII|IIIIIIIII_
a L H,212um ]
s [ )
(0] L J
8 2 .
© i ]
z I O ]
w 0 = —
= - i
o L i
oL ]
-IIIIIIIII]IIlIIIII||IlIIIII|I|IIlIIII-
-200 -100 0 100 200

Vi n(kms™)

Fig. 5. As in Fig. 3 but for [Fe11] and the H, 2.12 um lines. Contours start at 30~ and are drawn at steps of 30, with the exception of 1.64 um
where the first five contours are at 2, 4, 6, 8, and 100 to emphasize the red-shifted emission, and then continue at steps of 60

Table 2. Offsets of emission peaks and tangential velocity.

Garcia Lopez et al. (2008)* Davis et al. (2011)  This work?  Antoniucci et al. (2014a)° (V)
Dec. 2004 Oct. 2006 Nov. 2012 Apr. 2013 kms™!
A6 072 07093 + 07007 0725 £ 0”705 <37
A6bis . 0765 + 07057
A5 172 0791 + 0707 272 £ 071 274 + 071 270 =20
A3 371 470 + 0”5 379 + 0”71 207 + 20

Notes. @ From [Fe1]1.64 um long-slit spectra; ® measured as an average of the shifts in the lines [O1]6300 A, [S1]6731 A (except for knot
A6), [Cam]7291 A, [Fe]8617 A, [Fe1r]1.64 um; © from the [Fe11]1.64 um image.

that can be associated with the knots A6, A5, and A3 of the
Garcia Lopez et al. paper (see also Figs. 1 and 3). In addition,
and as described before, the [ST1] 6731 A and [Ca1] 7291 A
lines present an emission peak at 0”/7 that was not identified
in previous ISAAC or SINFONI [Fe11] observations; here we
name it knot A6bis (indicated in Fig. 3). From Table 2, we see
that knots A5 and A3 have moved during time: assuming the
distance of 414 pc, the displacement corresponds to a tangen-
tial velocity of 270 and 200 kms~! for the AS and A3 knots,
respectively. The PM of the HH34 jet has been measured by dif-
ferent authors. In particular Raga et al. (2012) compared differ-
ent epoch HST observations deriving for the A5 and A3 HH34
jetknots a V, comparable to our derived values (namely 250 and
210 kms™).

We find, however, that inner knot A6 has not appreciably
changed its position. The derived shift is compatible with the 0772
shift measured by Garcia Lopez within the error, correspond-
ing to an upper limit on the tangential velocity of <37 kms™'.
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Davis et al. (2011) measured a slightly lower offset, but their
value is still compatible with the above upper limit.

The same A6 peak is present in observations taken in three
different dates, which makes it very unlikely that we are see-
ing different ejections that are located by chance at the same
offset during the observations. We can also exclude that the
emission that we see is actually located on-source, but observed
with an offset due to the large on-source extinction; in this case
we would see a wavelength dependence of the offset while all
the considered line peaks at the same position. The presence
of stationary emission knots in the inner jet region is actually
not a peculiar feature, as it has been already observed in other
jets at different wavelengths, i.e., in DG Tau (offset 35-50 AU
from source; Schneider et al. 2013; White et al. 2014), L1551-
IRS5 (X-ray stationary emission at ~70 AU; Bonito et al. 2011),
SVS13 ([Fe1r] 1.64 um, emission at 20 AU from source; Davis
et al. 20006). Such stationary structures are usually interpreted, in
magneto-centrifugally driven jets, as shocks occurring at the jet
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Fig. 6. Comparison of continuum subtracted line profiles extracted from the HH34 IRS spectrum. Line profiles are normalized to the peak of the

HVC.

recollimation region. In this framework, as the flow is launched
outward, it enters a region where the magnetic tension toward
the jet axis exceeds the centrifugal force so that the jet begins to
recollimate at super-Alfvénic speeds, thus producing a shock re-
gion. In HH34 the stationary shock occurs at ~80—100 AU, thus
at a distance larger than those observed in the other jets, but still
consistent with models that predict that the recollimation shock
region should be located at tens of AU above the circumstellar
disk (e.g., Gomez de Castro & Pudritz 1993).

4. Jet physical conditions

The wealth of forbidden lines detected in the HH34 jet allows a
detailed line diagnostic analysis to be performed on the gas phys-
ical conditions. Previous studies have already addressed the ex-
citation conditions in the HH34 jet employing different set of di-
agnostic lines. Podio et al. (2006) considered several optical and
IR lines to measure the electron density (n.), kinetic temperature
(T.), and ionization fraction (x.) along the jet. Owing to the lim-
ited spatial resolution and sensitivity, the jet section below ~2”
was not sampled and only large-scale variations of physical con-
ditions were derived. Garcia Lopez et al. (2006) and Davis et al.
(2011) used [Fe11] IR lines to infer the electron density (n.) and
extinction, and their variations with velocity, in the innermost jet
knots. A more accurate analysis of the HH34 micro-jet is now
possible by adopting lines of different species and excitation.

In the next section, we describe in detail the diagnostic anal-
ysis performed on the spectrum extracted at the source position,
which is the richest in lines. This analysis allows us to investigate
the properties in the initial ~0”5 section (~200 AU) where the
jet shows a more complex kinematical behavior. In particular, we
investigate any differences among the physical properties of the
low and high velocity components. Variations of physical con-
ditions in the other knots along the jet will be discussed in a
separate section.

4.1. HH34-IRS jet base
4.1.1. Excitation trends as a function of velocity

Figure 6 shows the profiles of different forbidden lines extracted
from the spectrum of the IRS position. Their comparison can be
used to infer general trends on the difference in excitation be-
tween the high velocity jet and the component at lower velocity.

The left panel of Fig. 6 shows the profiles of four [FeIr]
lines that are sensitive to T, n., and A, variations (e.g., Nisini
et al. 2005). In particular, the ratios [FelI]l.64 pum/1.25 um
and [Fem]1.64 um/1.60 um trace extinction and density varia-
tions, respectively. The normalized profiles of these three lines
are remarkably similar and this agreement does not change with
velocity, indicating that electron density and extinction remain
constant in the HV and LV gas. On the other hand, the 1.64 um/
8617 A line ratio decreases with increasing 7T for a fixed density
value: consequently, the observed profile variations with velocity
suggests that the LVC is colder than the HVC.

The above trends are confirmed by the inspection of diagnos-
tic lines from other species. The central panel of Fig. 6 shows the
[Fe1r]1.64 um line in comparison with different [S 1] lines. The
[S1]6716/6731 A ratio, sensitive to ne, does not vary with ve-
locity among the LVC and HVC, while the [S 11]10320/6731 A,
sensitive to T, shows a decrease in the LV gas.

From inspection of Fig. 6 we also note that the [FeIr]/[S 11]
(central panel) and the [FeIr]/[O1] (right panel) ratios decrease
from the HVC to the LVC, irrespective of the considered
[S1] line. We interpret this as being due to a difference in the
gas-phase Fe abundance in the two components, suggesting that
Fe is more depleted on dust grains in the LVC emitting region
than in the HVC region. The same behavior is observed in lines
from other refractory species, like Ni and Ca (right panel of
Fig. 6). This is discussed more quantitatively in Sect. 4.3.

4.1.2. Diagnostics analysis

The above qualitative considerations can be quantified by com-
paring the observed line fluxes, corrected for reddening, to sta-
tistical equilibrium NLTE codes under the assumption that the
observed lines are optically thin. To this end, we made use of the
NEBULIO database (Giannini et al. 2015a%).

We first consider the large number of [Fe11] lines with dif-
ferent excitation conditions that can be used to derive the rel-
evant parameters without any assumptions regarding elemental
abundance. Giannini et al. (2013), have shown that owing to the
uncertainty on the atomic parameters of the [FeII] lines, the best
approach is statistical and implies including the largest number
of line ratios in the analysis.

3 See http://www.oa-roma.inaf.it/irgroup/line_grids/
Atomic_line_grids/Home.html
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To this end, we fitted simultaneously all the lines detected
with a signal to noise ratio higher than 5. The fit was performed
separately for the HVC and LVC, whose relative fluxes — de-
rived from a two-Gaussian fitting of the line profiles — are listed
in Table A.1. In heavily embedded sources like HH34 IRS, it is
of paramount importance to have a good determination of the
extinction of the line emitting region, especially when ratios of
lines in a wide wavelength range are considered. Extinction can
be efficiently derived from the ratios of transitions sharing the
same upper level so as to remove the dependence on the physi-
cal parameters influencing the level populations. Several [Fe I1]
lines can be used for this and the 1.25 um/1.64 um intensity ra-
tio involves the brightest ones. However, instead of using the
theoretical radiative rate, which is affected by a large uncertainty
(Bautista et al. 2013), we adopt the empirical determination of
the radiative rate coefficients given in Giannini et al. (2015b).
According to this work, the intrinsic [Fe1] 1.25 um/1.64 ym
intensity ratio is between 1.11 and 1.2, from which we derive an
on-source Ay of 9.0 + 0.5 mag, with no variations between the
HVC and LVC.

We have consequently dereddened all the observed [FeIr]
lines assuming Ay = 9 mag and adopting the extinction law
of Cardelli et al. (1989). We have then compared these values
against a grid of models in which the density varies from 103 to
10% cm™ and the temperature from 3000 to 40 000 K.

Figure 7 shows the comparison between the observed inten-
sities, normalized to the intensity of the 8616 A line, with the
theoretical ratios of the best-fit models for both the HVC and
LVC. The best-fit models are n. ~ 5 x 10* cm™3, T, > 15000 K
for the HVC and n. ~ 5 x 10* cm™3, T. ~ 7000 K for the
LVC. For the HVC, Fig. 7 shows that the model is not able to
reproduce the lines with upper energy Ey, > 15000 cm™!. In
fact, ratios of lines with high upper energy are systematically
underestimated by up to an order of magnitude by the single-
component model. These lines, originating from levels above the
a*P term, have very high critical density (e.g., ne, ~ 107 cm™
at T, 10000 K). Their excess emission could therefore be
explained by the presence of an additional gas component at
higher density. To test this hypothesis, we fitted the lines with
Ey, > 15000 cm™! separately. The considered ratios, involving
both UV and IR lines, are very sensitive to extinction variations.
Conversely, they are rather insensitive to temperature variations
since they all have a similar excitation energy. In Fig. 8 we show
x>-contours obtained varying both density and Ay values: within
90% of confidence Ay varies between 8 and 10, while the density
is larger than 10% cm=.

The relative contribution of the low and high density gas
component in terms of emitting volume can be evaluated by
comparing the absolute and dereddened observed fluxes with the
emissivity values given by the model. We assume here that the
emission of the 1.25 ym line is dominated by the low density
gas, while the emission of the 5158 A is dominated by the high
density gas.

The ratio between the two emitting volumes — low density
(LD) vs. high density (HD) components — is ~5000, for n.(HD)
~5 x 10° cm™3. Assuming a spherical emitting volume, the typ-
ical length scales are ~60 AU (0”15) for the LD component and
~3 AU (07001) for the HD component. These values have at
least a factor of two of uncertainty, considering both the uncer-
tainty on calibration and extinction. Figure 7 shows the compar-
ison between the observed and modeled ratios obtained by sum-
ming these two components with their relative filling factors.
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Fig. 7. [Fe II] observed vs. model predicted line intensities, normal-
ized to the 8616 A transition, relative to the HVC (top panel) and LVC
(bottom panel). For the HVC, triangles refer to the model with a sin-
gle gas component at n, = 5 x 10* cm™ and 7, > 15000 K: filled
(open) symbols indicate transitions with upper energies below (above)
15000 cm™'. Red open circles refer to the model that includes an addi-
tional high density component with n, > 5 x 10° cm™ to better fit the
transitions at higher excitation energies.

In conclusion, the [Fe1I] analysis suggests the presence of
an extended LD component with n, ~ 5 x 10* cm™ and spatial
scale ~60 AU (comparable to the length of the slit) and an unre-
solved (spatial scale 3AU) HD component with . 2 10% cm™3.
The ratio between the 5158 A line observed on-source and in
the blue 1 extracted spectrum is ~14, while the 8616 A line
has a comparable brightness in the two positions, which proves
that the HD component represents a compact emission localized
close to the source. The same is true for the 2.046 um line, which
is a factor of 10 brighter on-source with respect to the blue 1 po-
sition. The spatial resolution of our observations does not pro-
vide direct clues about the origin of this HD component. One
possibility is that it traces a strong density gradient connected
with the collimation shock region discussed in Sect. 3.1. Table 3
summarizes all the discussed physical parameters inferred from
the Fe analysis.

In addition to Fe, other forbidden lines can be used to derive
independent estimates of the physical conditions. We combined,
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in particular, [S1I] transitions at 6716, 6731, and 1.03 ym to
infer n, and T, (see Fig. 9).

Table 3 includes the results of all the above diagnostic analy-
sis. Temperatures inferred from [S1I] for the HVC and LVC are
in agreement with the values derived from the [FeII] analysis,
while the values of the density are slighter lower. This is indeed
a general result in stellar jets (e.g., Giannini et al. 2013; Podio
et al. 2006; Nisini et al. 2005) and it is due to the low critical den-
sity of the [S11] lines making them more sensitive to low density
regions when density gradients are present.

Constraints on the ionization fraction can be also obtained
from the upper limit on the [O11] 7329 A and [FeT1ir] 5270 A
lines, and from the [N1I]5198/[N11] 6583 A detected ratio.
Adopting the ionization equilibrium model described in Giannini
et al. (2015a), only upper limits on the ionization fraction can
be inferred, and all the methods indicate a low x. value (see
Table 3). The most stringent upper limit is found from the
[N1]/[N 11] ratio which is consistent with x, < 0.1.

From the x. upper limit we derive a lower limit on the total
density ng > 5 x 10° cm™ in the HVC. This value can be used
to infer the jet mass loss rate by directly measuring the mass
flowing through a jet annulus, namely Mo = pmyny X 7 ry Vy.
Here, u = 1.24 is the average atomic weight, ry the jet radius,
and Vj the jet velocity. This method assumes that the jet section
is completely filled with gas at the considered total density. The
value of Vj is taken equal to 290 kms~!, as derived from com-
bining the jet radial and tangential velocities discussed in Sect. 3.
The value of r; is assumed equal to the width of the [Fe IT] emis-
sion as measured by Davis et al. (2011), namely ~0”/1 (~40 AU).
With a total density of 5 x 103cm™, Mjee = 5 x 1077 Mgyr!
is derived. This value is comparable with that derived by Podio
et al. (2006) at a few arcsec distance from the source adopting
the same method, while it is higher by an order of magnitude
than the value estimated by Garcia Lopez et al. (2008) on the
same spatial scale from the luminosity of the [Fe1I] lines. This
method, however, is subject to more uncertainties as it strongly
depends on the adopted extinction value, on flux losses within
the slit, and on the exact iron depletion factor in the jet. The de-
rived mass flux rate implies that the source mass accretion rate
should be at least >107% Mg yr~! to find consistency with any
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Fig. 9. Diagnostic diagrams employing density and temperature sensi-
tive ratios of [Fe1r] and [S1I] transitions. Observed ratios, dereddened
assuming the Ay values given in Table 3, are shown as purple symbols.

of the jet formation models predicting Mje/Myee < 0.5 (Ferreira
et al. 2006). This point is further discussed in Sect. 5.

4.2. Variation of physical parameters along the jet

The analysis performed on the IRS spectrum was also applied
on the other extracted knots in order to follow the variations of
physical parameters along the jet. In summary, we performed the
[Fe 1] line fit and used the [S IT] diagnostic analysis as described
in the previous section for deriving the Ay, n., and T, values.
However, significant constraints on x. cannot be derived along
the jet since the limits on the involved line ratios are not stringent
enough. Table 3 summarizes the obtained values, while Fig. 9
presents [Fe1r] and [S1I] diagnostic diagrams compared with
dereddened line ratios that illustrate how the physical parameters
vary from knot to knot.

From Fig. 9 and Table 3 we see that electron density and
temperature decrease from the inner to the outer knots, a trend al-
ready observed in jets from T Tauri stars (e.g., Lavalley-Fouquet
et al. 2000; Podio et al. 2009; Maurri et al. 2014) and from
Class I sources (Bacciotti & Eisloffel 1999; Nisini et al. 2005;
Podio et al. 20006).
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Table 3. Derived physical parameters.

Ay(mag) ne(cm™) T(K) Xe
[Fe1] [Fe1r] [St] [Fe1r] [S] [Fetr]/[Fem] [O1]/[Om] [NI]/[N1I]
IRS-HV LD* 9 5x10* 7x103-2x10* >15000 >10000 <0.35 <0.3 <0.1
HD* >8 >5x10° >6000

IRS-LV 9 5% 10* 5x103-2x 10* 7000 6000—12 000

Blue 1 6.7 8 x 103 3-4 x10° 12000-15000 7000-10000

Blue 2 5.8 4x103 2-3x 103 7000 6000—7000

Blue 3 4.7 2% 103 ~103 6000 <15000

Notes. @ High velocity — low density component. ®’ High velocity — high density component.

Garcia Lopez et al. (2008) derived the electron density along
the HH34 jet using the [FeIr] 1.64/1.60 um line ratio. They
find a difference in density between the HVC and LVC, i.e.,
the LVC density higher by a factor of two with respect to the
HVC, which we do not see in our data. This is probably due to
the different extraction regions of the two data sets. In Garcia
Lopez et al., their A6 knot comprises our IRS, blue 1, and blue 2
extractions (i.e., about 3”). Therefore, their HVC density, av-
eraged over a large region at progressively decreasing density,
is lower than our derived value by a factor of 5. In contrast,
the LVC component is compact and not resolved in both of the
observations; therefore, the two density values are more similar
(2.2 x 10* against 5 X 10* cm™).

In general, we find density values higher by a factor of ~2
with respect to the Garcia Lopez et al. values. We think this dif-
ference is due to the different aperture sizes and also to the use
of a larger number of lines from different [Fe 1] levels sensitive
to higher density conditions.

4.3. Iron depletion

As shown in Sect. 4.1, intensity variations with velocities ob-
served on the line profiles suggest that the abundances of refrac-
tory elements, like [Felr], [Cr11], and [NiIl], decreases in the
LVC as compared with the high velocity gas. These elements
in gas phase can be underabundant with respect to solar values
owing to depletion on dust grains. In fact, a measure of the gas
phase depletion of refractory species such as Fe offers a direct in-
dication of the presence of dust in the emitting region, and hence
makes it possible to determine whether the outflowing material
originates inside or outside the dust sublimation radius. Previ-
ous estimates of the Fe gas phase abundance in jets indicate de-
pletion factors ranging between 20 to 80% with respect to so-
lar values (Nisini et al. 2002, 2005; Podio et al. 2006; Giannini
et al. 2013) at distances larger than ~400 AU from the source.
Agra-Amboage et al. (2011) measured the iron depletion in the
DG Tau jet down to 50 AU from the source. They found a deple-
tion of a factor ~3 in the high velocity component and a factor
~10 at velocities <100 kms~!. The HH34 observations probe
the jet within ~200 AU from the source and thus our iron abun-
dance estimates can be compared reasonably well with those of
DG Tau.

Iron depletion can be measured by comparing [Fe11] fluxes
with those of lines from species that show no depletion onto
grains. These reference lines should be emitted in the same vol-
ume of gas as the [FeII] lines. To this end, infrared [Fe11] lines
have been in the past compared with IR [P1I] lines in HH ob-
jects and jets (e.g., Nisini et al. 2005) as the IR transitions of the
two species share similar excitation conditions. In the optical, a
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suitable ratio is the [Fe 1118616 A/[O1] 6300 A since these two
lines show similar PV diagrams and are close enough in wave-
length to minimize errors induced by Ay uncertainties. The use
of this ratio also implies assuming that oxygen is mostly neutral
and iron mostly ionized, an assumption confirmed by the low
ionization fraction derived.

In Fig. 10 we plot the [Fe11] 8616 A/[O1] 6300 A expected
ratio as a function of the gas temperature, for the density value
derived in the HH34 IRS region. Different curves are plotted
that assume a relative [Fe/O] solar abundance of 0.062 (Asplund
et al. 2006) and decreasing fractions of this value. The values
derived from the observations in the HVC and LVC are shown
with their errors. The HVC is consistent with the solar abun-
dance value and T, ~ 15000 K. For the LVC, a larger error is
given on the [FeII]/[O1] ratio that is due to the contamination of
the [O1] 6300A line by residuals of the telluric line subtraction.
The gas phase [Fe/O] value derived for this component implies
Fe depletion of a factor between 2 and 8 with respect to solar.

We therefore find results consistent with the DG Tau case
where the [FeII] depletion in the LVC is larger than in the HVC.
A similar depletion pattern as a function of velocity has also been
found from the analysis of other refractory species, e.g., Ca (e.g.,
Podio et al. 2009). As discussed in Agra-Amboage et al. (2011),
this implies that the low velocity gas originates from a region
located at a larger distance from the star and/or from a region
where the dust has been less shock-reprocessed. At variance with
the DG Tau case, however, we do not see a significant iron de-
pletion in the high velocity gas.

5. Mass accretion rate

The on-source spectrum of HH34 presents several optical and
IR permitted lines that are often used as proxies for the accretion
luminosity (La.) in young stars. Among the brightest are the
HI (He, PagB, Bry), OI (8446.4 A), and Ca II (8498 A, 8542 A,
8662 A) transitions. Although the real origin of these lines —
whether in accretion columns and spots, or in ionized winds — is
still uncertain, it has been shown that their intrinsic luminosity
scales with L, in T Tauri stars (Herczeg & Hillenbrand 2008;
Alcal4 et al. 2014). As such they have been widely used to in-
directly derive L, and consequently the mass accretion rate
(M) in sources with known stellar parameters (e.g., Antoniucci
et al. 2014b). Using the assumption that the same relationships
between Ljjpe VS. L. also hold in the more embedded class I
sources, we can estimate M,.. in HH34 IRS from the dereddened
line luminosities. The main uncertainty in this procedure is the
knowledge of the extinction value in regions close to the source
where the permitted lines originate.
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Fig. 10. [Fe11] 8616 A/[01] 6300 A ratio plotted against the gas tem-
perature for a density of 5 x 10* cm™. The solid curve shows predic-
tions assuming an [Fe/O] solar gas phase abundance of 0.062 (Asplund
et al. 2006). Other curves are plotted for decreasing values of the [Fe/O]
abundance. Data points correspond to the values measured in the HVC
and LVC toward HH34 IRS, and indicate an [Fe/O] abundance ratio
close to solar for the HVC and a factor between 2 and 8 below solar for
the LVC.

A direct estimate of the on-source extinction value can
be gathered by the depth of absorption bands detected in the
Spitzer-IRS on-source spectrum (see Fig. 2). In particular, the
silicate absorption feature at 9.7 um can be used by adopting
the relationship Ay/t97 = 18.5 = 1.5 mag from Mathis (1998).
This gives an Ay value between 30 and 33 mag. A high value of
Ay is also estimated by Antoniucci et al. (2008), who applied a
self-consistent method to simultaneously derive Ay, Ly, and L.,
in HH34 IRS from the source bolometric luminosity, IR magni-
tudes, and Bry flux. They infer an Ay value close to 50 mag and
a My of 4.1 x 10°% M yr~!'. Hence the permitted lines might
originate in a region more deeply embedded than the jet region
where the forbidden lines are located.

Taking advantage of the wide wavelength range covered by
our data, in principle we can derive simultaneously Ay and
Moo by considering the Ay that gives consistent M. values
from the different dereddened line luminosities (in particular He,
018446 A, Ca18662 A, PagB, and Bry). Applying this method,
and using the empirical relationships between Ljipe and L, de-
rived by Alcald et al. (2014), we find Ay = 7 mag and M, =
(8 + 7)10™° Myyr~! (assuming M, = 0.5 M, and considering
absolute calibration errors on the line luminosity).

The Ay derived in this way is much lower than that mea-
sured from the silicate band and the M,.. value is two order of
magnitudes lower than the jet mass flux rate. In addition, follow-
ing the arguments of Antoniucci et al. (2008), such a low mass
accretion rate would imply that the bolometric luminosity of the
central source (12—20 L) is not accretion dominated, but rather
dominated by the stellar photosphere. However, this is not con-
sistent with the source IR photometry and Ay = 7 mag value for
any central star spectral type.

A possible explanation for this discrepancy could be that
a significant fraction of the permitted line emission originat-
ing very close to the star is seen here as emission scattered

in the cavity excavated envelope. The net effect of scattering
would be to enhance the line emission at shorter wavelengths
with respect to the IR lines, with a wavelength dependent law
different from the adopted reddening law. We therefore con-
clude that the relationships between accretion luminosity and
permitted optical line luminosity derived for T Tauri stars can-
not be directly extended to class I sources embedded in reflection
nebulae.

An alternative way to indirectly estimate the mass accretion
rate is to use empirical correlations between M, and the lumi-
nosity of forbidden lines. For example, Herczeg & Hillenbrand
(2008) found a correlation between the [O1] 6300 A luminos-
ity and the accretion luminosity in T Tauri stars. This relation-
ship has been used to infer the mass accretion rates in embed-
ded objects or in edge-on-disk T Tauri where the permitted line
emission is partially hidden at a direct view (Whelan et al. 2014;
Riaz et al. 2015). However, the [O1I] emission in the Herczeg
& Hillenbrand sample was dominated by the low velocity wind
component. Nisini et al. (in prep.) revised this correlation for a
sample of CTTs of the Lupus and Cha clouds, considering only
the [0 1] 6300A luminosity in the HVC. They found the follow-
ing relationship: log (Lioyuve) = 0.81og (M,ec) + 1.8. Assum-
ing that the same relationship holds also for class I sources, for
HH34 IRS we derive My = (7.5 + 4)107® Mg yr~!. This is
close to the value originally derived by Antoniucci et al. (2008)
and implies a Mje/Myee ~ 0.1, i.e., well within the range ex-
pected for magneto-centrifugally jet launching models (Ferreira
et al. 2006).

6. Discussion and conclusions

In this section we summarize and discuss the main results found
from the analysis of the X-shooter spectrum of the HH34 IRS
micro-jet.

6.1. Kinematics vs. excitation

Thanks to the large spectral coverage and sensitivity reached
by the X-shooter observations, we were able to detect lines
spanning a wide range of excitation energies (from ~8000 to
~31000 cm™") and critical densities (from ~103 to ~107 cm™).
We find that PV diagrams of lines with different excitation condi-
tions are remarkably similar. The peak velocity and the FWHM
of the HVC is the same for all lines, even though — at least in
the on-source position — high excitation lines seem to trace a
denser gas. Hence density stratifications are not associated with
different velocity components. In particular, we do not see ev-
idence at our spectral resolution that high velocity material lo-
cated close to the jet axis, has higher density than the jet stream-
lines at lower velocities on the border. This is in contrast with the
onion-like structure predicted by the theoretical model and con-
firmed by high resolution observations of CTT jets (e.g., Maurri
et al. 2014), and may be due to the lack of angular resolution: in
regions more distant from the driving source (like those probed
here), shocks may have already destroyed the jet’s onion-like
structure. With regard to the spatial variations, all transitions
peak at the same offsets from the source with the exception of
the [S1] and [Call] lines, which — having critical densities
<5 x 10° cm™ — are probably quenched in the high density
knots close to the star. We therefore conclude that shock layers
at different excitation behind the shock front are not spatially
resolved.

A76, page 11 of 17


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628853&pdf_id=10

A&A 595, A76 (2016)

6.2. Physical parameters, mass loss rate, and comparison
with properties of CTT stars

Our study presents the first estimates of the full set of physical
parameters (1, Te, Xe, ng) in the initial 200 AU of a jet from an
embedded class I source. The values found in this inner jet are
T. 2 15000 K, n. ~ 5 x 10* cm™3, and fractional ionization
xe < 0.1, which implies a total density nz > 5 x 10° cm™. A
gas component whose density is at least two order of magnitudes
higher is also suggested by the intensity of the [FelI] lines at
higher excitation. However, this component does not contribute
to more than 1% of the jet mass if we assume for it the same
fractional ionization as the lower density gas.

Although the results derived from this single source cannot
be generalized to all the class I objects, it is instructing to com-
pare the derived parameters with values typically found in CTTs
jets, especially for the fractional ionization and total density, the
parameters derived here for the first time.

The total density estimated in the HH34 jet (ngy > 5 X
103 cm™3) is at the upper boundary of the typical values found
in CTTs on the same spatial scales of our observations. Values
in the range 10°~10° cm™ are derived in DG Tau, HH30, and
RW Aur (Maurri et al. 2014; Hartigan & Morse 2007; Melnikov
et al. 2009), which are among the most active CTTs.

Fractional ionizations in CTT jets have strong gradients in
the initial ~150 AU from the source. In DG Tau, for example, the
ionization fraction increases from ~0.07 at the jet base to up to
0.6—0.8 above 150 AU (Maurri et al. 2007). Similarly, in HH30,
Xe 1s 0.1 within 50 AU of the source, and then progressively
increases up to ~0.3 at about 200 AU (Hartigan & Morse 2007).
We do not have the spatial resolution to see x. variations in this
inner jet sections and we measure x. < 0.1 as an average value of
the region where such strong gradients are expected. Podio et al.
(2006) have also shown that x, in HH34 never rises above 0.1 at
large distances. Such low values of fractional ionizations, how-
ever, are found in the jet from RW Aur, where x. ~ 0.1 has been
measured along the entire micro-jet up to distances of few arcsec
(Melnikov et al. 2009). In gas excited by shocks, low values of
fractional ionization are expected either for low shock velocity
or for high pre-shock density. Since the HH34 jet velocity and
velocity spread are similar to other T Tauri stars where higher
ionization has been found, the low x. value is probably a direct
consequence of the high density in the jet.

The mass flux rate derived from the estimated value of the
total density is Mje > 5% 1077 Mg yr~". This is at least an order
of magnitude higher than values measured on active T Tauri stars
(see, e.g., Ellerbroek et al. 2013). We therefore conclude that
the class I HH34 IRS jet shares many kinematical and physical
properties with the most active CTTs stars, but its density and
mass flux is at least an order of magnitude higher.

6.3. Origin of the LVC

The LVC at the source position is detected in all the brightest
lines and it is blue-shifted by ~30—50 kms~'. From the diag-
nostic analysis it results that the LVC shares the same electron
density and extinction as the base of the HVC, but has a lower
temperature, on the order of ~7000 K. Forbidden line emis-
sion components centered close to systemic velocity are features
commonly observed in CTT stars (e.g., Hartigan et al. 1995;
Natta et al. 2014). The typical peak velocities of CTT LVCs
are in the range ~5-20 kms~! (thus closer to systemic veloc-
ity than the HH34 LVC) and they are usually brighter than the
corresponding HVC emission, even in sources known to drive
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prominent jets (e.g., Hartigan et al. 1995). As we estimate a sim-
ilar extinction between the HVC and LVC, the weakness of the
LVC cannot be attributed to an origin in a region more embedded
than the high velocity jet gas emission. The origin of the LVC
is unclear: in CTTs it has been attributed either to low velocity
magnetically driven disk-winds or to winds photo-evaporated by
UV or X-ray photons from the central star. An origin in photo-
evaporated wind is very unlikely in the HH34 IRS case, because
the peak velocity appears much more blue-shifted than in the line
profiles predicted by models (e.g., Ercolano & Owen 2010) and
because it is conceivable that any stellar high energetic photon
would be absorbed by the dense jet before being able to photo-
evaporate disk material. It is therefore more likely that the LVC
originates from a slow magnetically accelerated disk-wind. Dif-
ferent flow acceleration models do indeed predict the formation
of compact slow winds.

Romanova et al. (2009), for example, provide numerical sim-
ulations of outflows launched from the interaction region be-
tween the disk and a rotating magnetized star, which in principle
could explain the presence of a LVC. This model predicts the
formation of a fast axial-symmetric jet and of a conical inner
wind powered by the magnetic pressure force. Romanova et al.
(2009) applied their simulations to different types of stars. For
the case of class I sources relevant here, the protostar is assumed
to be rapidly rotating causing the formation of an energetic jet
that carries away a relevant amount of angular momentum and
of a slow conical wind with poloidal velocities up to 50 kms~!.
Thus, the model could explain the kinematics we observe in our
data. However the conical wind is predicted to be at higher den-
sity with respect to the jet, which is contradicted by our analysis.
In addition, the wind is formed in the inner disk region close to
the star: this is not consistent with the [FeII] depletion we ob-
serve in the LVC, which suggests a formation in a disk region
where the dust has not sublimated yet.

A different class of models are those that consider an out-
flow originating from a magnetized disk (e.g., Konigl & Pudritz
2000; Ferreira et al. 2006). In these models the wind is ejected
from an extended range of radii and thus they naturally predict
components at different velocities as arising in flows from differ-
ent streamlines at decreasing poloidal velocity across the disk.
Extended MHD disks can also take into account the [FeII] de-
pletion pattern as the gas at low velocity is likely ejected from
large disk radii, outside the dust sublimation radius. This class of
models also predicts that the particle density should decrease
along the radial streamlines, a feature in apparent contradiction
with our finding of constant electron density. However, the total
density could still be consistent with the predicted pattern if the
ionization fraction in the LVC is smaller than in HVC. In this
respect, we point out that a decrease in the fractional ionization
with velocity has been observed in T Tauri stars (e.g., Maurri
et al. 2014).

6.4. Mass accretion rate in class | sources

The luminosity of optical/IR permitted lines is routinely used
to measure the accretion luminosity and thus accretion rates in
CTT stars adopting empirical relationships calibrated on samples
of stars with known accretion luminosity, derived, for example,
from the UV veiling and Balmer jump. In embedded sources,
where the UV spectral region is not directly accessible, the pos-
sibility to use these empirical relationships would provide a very
important tool to obtain information on the accretion proper-
ties of the sources. However, the analysis we have performed
on source HH34 IRS shows that the optical lines are likely seen
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through scattered light and thus their intrinsic luminosity cannot
be retrieved by adopting a standard reddening law. Methods that
self-consistently infer both M,.. and Ay combining Bry line lu-
minosity and stellar parameters, as adopted in Antoniucci et al.
(2008), seem better able to infer the accretion properties for these
objects. This method, however, relies on a good knowledge of
the source bolometric luminosity.

Empirical relationships correlating M,.. with the luminosity
of forbidden lines, such as the [O1I] line, can also be used to
estimate the mass accretion rate. These relationships, calibrated
on CTT stars, hinges on the connection between [OI] luminos-
ity and mass ejection rate, which in turn indirectly depends on
the mass accretion rate. Therefore, its goodness eventually relies
on the assumption that the HH34 IRS jet shares a similar mass
ejection efficiency to that of T Tauri stars.

Ultimately, however, for better accretion proxy in class |
sources not contaminated by scattered light and less dependent
on extinction, it is necessary to go into the mid-IR regime. Ex-
amples of studies toward that direction are those of Salyk et al.
(2013) who used the P luminosity, and Rigliaco et al. (2015),
who explored the potential of the HI(7—-6) at 12.37 um.
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Appendix A: Tables of line fluxes

Table A.1. Lines observed in the on-source extraction: the HV and LV components.

i Ion Upper Lower Eyp Flux (HV) Flux (LV) A(Flux)

(10%) level level (cm‘l) (10‘17 erg s cm‘z)
Oxygen
6300.3 [OT1] D, p, 15867.8 37.5 12.2 0.1
6363.7 [O1] 'D, P 15867.8 13.8 5.3 0.1

7319.9 [O1] 2P3/2 2D5/2 40468.0 <0.5
7330.7 [O1] 2P3/2 2D3/2 40468.0 <0.5

Sulphur
67164 [S1] 2D5/2 4S3/2 14 884.7 8.9 7.5 0.1
6730.8 [S1] 2Dy  *Sip 148529 174 14.6 0.1
10286.7 [S1] 2P3;, 2Dsp 245715 476 14.8 0.7
10320.5 [S1] 2P3/2 2D5/2 24 571.5 61.5 25.6 0.7
10336.4 [Su] 2Py, °D;3p 245248 384 16.8 0.1
10370.5 [Su] %Py, 2Dsp  24524.8 9.8 30.0 0.1

Nitrogen
5197.9 [NI] 2D3/2 453/2 19233.1 1.0 0.2
6548.0 [N11] 'D, ’py 15316.1 0.6 0.1
6583.4 [N1] 'D, ’p, 15316.1 3.6 0.1
10397.7 [N1]  2Ps3;; 2Ds;, 288393  66.8 42.0 0.7
10398.1 P, 2Ds; 28838.9
10407.1 [NT1] 2P3/2 2D3/2 28839.3 49.2 22.6 0.7
10407.5 2P1/2 2D3/2 28838.9

Iron
51580 [Feu] b*Ps, a'Fy, 218120 38 0.2
5261.6 [Fel] a*Hyp a'Fqp 214303 2.2 0.2
5273.3 [Fen] b4P5/2 a4F9/2 20830.5 0.6 0.2
5333.6 [Fel] a4H9/2 a4F5/2 21581.6 2.5 0.2
53764 [Feu] a*Hy, a*Fyn 217119 07 0.2
5527.3 [Fen] a*Ds;, a‘Frp 205169 1.1 0.2
7155.1 [Fell] a®Gop a'Fop 158446  27.8 46 0.2
7172.0 [Fen] a2G7/2 a4F7/2 16369.4 7.5 1.3 0.1
7388.1 [Fe1] a2G7/2 a4F5/2 16369.4 4.3 6.2 0.1
74525 [Fen] a’Gojy a*Fqp 15844.65 124 2.5 0.1
7686.9 [FeI] a4P3/2 a6D5/2 13673.2 3.9 1.2 0.2
8616.9 [Fe1n] Cl4P5/2 a4F9/2 13474.4 69.5 20.9 0.1
88919 [Fem] a*Py, a'Fyn 136732 296 8.3 0.1
9033.4 [Fen] a4P1/2 a4F5/2 13904.8 9.6 4.2 0.4
9051.9 [Fet] a*Ps;, a*Fq;n 134744 207 6.2 0.4
9226.6 [Fem] a*P3, a*Fsp 13673.2 13.9 18.9 0.2
9267.5 [Fem] a*Pi, a*Fy, 139048 173 6.9 0.2
9399.0 [Fem] a*Ps, a'Fs, 134744 173 1.0
12485.4 [Fe1n] a4D5/2 06D7/2 8391.9 25.0 10.2 0.5
12521.3 [Fen] a*Dyjy Dy 88468 19.0 74 0.5
12566.8 [Fen] a*Dyj, a®Dop 79553 5807 2672 05
12703.4 [Fen] a*D;, a®Dy,  8846.8 77.9 45.5 0.7
12787.7 [Fen] a4D3/2 a6D3/2 8680.45 118.1 65.1 0.7
12942.7 [Fe1] a4D5/2 06D5/2 8391.94 169.7 75.8 04
12977.7 [Fen] a*Ds;, a®Dy;, 868045  57.0 19.3 0.4
13205.5 [Fen] a*Dyj, Dy, 795530  224.4 86.5 0.4
13277.1 [Fen] a*Ds; a®Dsjy  8391.94 85.3 66.3 0.4

15334.7 [Fenl] a*Ds;, a*For, 839194  308.5 1485 0.9
15994.7 [Fell] a*Dsjy a*Fyn 868045 2722 1437 07
164354 [Fenl] a*D7, a*Fop 79553 12965 5197 0.7
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Table A.1. continued.

Aair  Ion Upper Lower E,, Flux (HV) Flux (LV) A(Flux)
(A) level level (cm™!) (1077 ergs™' cm™2)
16637.6 [Fe1r] a4D1/2 a4F5/2 8846.8 159.9 80.0 0.7
16768.7 [Fei1i] a4D5/2 a4F7/2 8391.9 284.0 159.9 0.7
17111.3 [Fe1] (14D3/2 (14F5/2 8680.4 104.5 52.7 1.0
17484.2 [Fe1] a4P3/2 a4D7/2 7955.30 17.9 0.7
17971.1 [Fen] Cl4D3/2 a4F3/2 8680.4 211.1 102.8 0.7
18000.2 [Fe1n] a4D5/2 a4F5/2 8391.9 250.2 167.1 1.8
18093.9 [Fer1] a4D7/2 a4F5/2 7955.3 359.0 134.6 1.8
18954.0 [Fe1r] a4D5/2 a4F3/2 8391.9 55.9 26.3 12.5
20151.2 [Fen] a2H9/2 a2G9/2 20805.8 143.2 5.0
20460.1 [Fe1] a2P3/2 a4P5/2 18360.6 103.7 19.4 5.0
21327.7 [Fe1] a2P3/2 a4P3/2 18360.6 66.0 18.8 3.2
22237.6 [Fell] o*H, 12 a2G9/2 20340.3 112.7 447 3.5
52704 [Feur 3P, Dy 19404.8 <6.0
Calcium
7291.4 [Cai1l] 2D5/2 281/2 13710.8 10.1 0.1
7323.8 [Cal1l] 2D3/2 281/2 13650.1 7.0 0.1
8542.0¢ Camn 2P3/2 2D5/2 254144 6.1 0.2
8662.14 Camn P, 2D3/2 25191.5 2.9 0.1
Other forbidden lines
7377.8 [Nil] 2F7/2 2D5/2 13550.3 17.7 0.1
7411.6 [Nil] 2F5/2 2D3/2 14995.5 3.9 0.1
8301.0 [NiI] 2F7/2 2D3/2 13550.3 2.3 0.2
19387.7 [Ni1] 2F7/2 4F9/2 13550.3 305.0 12.5
8000.0 [Cri1] Ll6D9/2 a6S5/2 12496.4 6.1 0.2
8125.3 [Cr11] a6D7/2 a6S5/2 12303.8 54 0.1
8308.4 [Cr11] a6D3/2 a6$5/2 12032.5 3.1 0.2
8357.6 [Cri] a6D1/2 0655/2 11961.8 2.6 0.2
87299 [Cri] a4F3/2 a4D3/2 31082.9 9.7 0.1
9824.1 [CI1] D, P, 101926 64.0 0.6
9850.2 [CT1] 'D, 3P, 101926 115.9 0.6
Table A.2. Lines observed in the on-source extraction: permitted lines.
Aair Ion Upper Lower Ey Flux A(Flux)
(A) level level (cm™) (107"7ergs™! ecm™)
6562.8 Ha 3 2 974923 253 0.1
8446.4 O1 ’p 3 886313 2.1 0.2
8498.0 Calr 2P3/2 2D3/2 254144  96.2 0.2
8518.0 Her P, IS, 196601 12.6 0.2
8542.0¢ Can 2P3/2 2D5/2 254144 97.8 0.2
8662.1 Cart 2P1/2 2D3/2 25191.5 86.5 0.1
10938.0 Pas 6 3 106632.1 31.6 04
12818.0 Pag 5 3 105291.6 338.2 0.7
15880.5 Br14 4 14 109119.1 41.3 0.9
16109.3 Br 13 4 13 109029.7 45.1 0.7
16407.2 Br 12 4 12 108917.1 584 0.7
16806.5 Br 11 4 11 1087723 79.3 0.7
17362.1 Br10 4 10 1085819 75.1 1.0
18174.1 Br9 4 9 108324.7 176.7 3.5
18751.0 Pa« 3 4 102823.9 2104.5 3.5
20601.7 Het 3D; 3P, 196069.7 43.5 5.0
21655.3 Bry 4 7 107440.4 380.7 1.2
22056.4 Nail 2P3/2 281/2 30272.5 432 3.5
22083.7 Nal 2P1/2 251/2 302669 46.0 3.5
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Table A.3. Lines observed on-source: molecular lines.

Aair Molecule  term Flux A(Flux)

A) (1077 ergs™' cm™2)
17480.34 H, 1-0S(7) 169 1.0
19575.6 H, 1-0S(3) 177.5 5.0
20337.5 H, 1-0S(2) 93.0 3.7
21218.3 H, 1-0S(1) 1164.5 3.2
22233.0 H, 1-0S(0) 85.2 3.5
240659 H, 1-0Q() 4600 125
241343 H, 1-0Q(2) 1742 12.5
242373 H, 1-0Q(3) 328.0 12.5
243749 H, 1-0Q4) 82.0 12.5
245474 H, 1-0 Q(5) 166.2 12.5
247554 H, 1-0Q(6) 90.0 12.5
229529 CO 2-0 671.2 3.2
23245.0 CO 3-1 720.2 12.5
235346 CO 4-2 694.0 12.5
238344 CO 5-3 471.5 12.5

Table A.4. Forbidden lines observed along the jet.

Blue 1 Blue 2 Blue 3
Adyir  Ion Upper Lower Eyp Flux A(Flux) Flux A(Flux) Flux A(Flux)
A) level level (cm™) (1077 ergs™' cm™2)

Oxygen

6300.3 [O1] 'D, P,  15867.8 16.0 0.09 9.3 0.09 8.1 0.09
6363.7 [O1] 'D, Py 15867.8 52  0.09 33 0.09 2.1 0.09

Sulphur

67164 [Su] 2Ds, “S3, 148847 9.9 006 11.6 006 129 0.07
6730.8 [Su] D3, “S3, 148529 21.0 006 17.1 006 152 0.07
10286.7 [Su] %P3, 2Dz, 245715 99 03 33 04
10320.5 [S1] 2P3/2 2D5/2 24571.5 12.1 0.3 4.8 04

103364 [Su] 2Py, *D3, 245248 102 03 19 04

10370.5 [Stu] 2Py, *Ds, 245248 48 03

Nitrogen

6548.0 [Nm] 'D, Py 153161 09  0.06
65834 [Nu] 'D, P, 153161 2.0 0.06 0.65 0.06
10397.7 [N1] %P3 *Ds;, 288393 104 03 34 04

10398.1 2Py, ?Ds;,  28838.9
10407.1 [N1] 2P3;; D3, 288393 86 03 38 004
10407.5 2Py, D3, 288389

Iron

7155.1 [Fet] a®Gojy a*Fop 15844.6 8.8 0.7 3.6 0.07 24 0.07
71720 [Fenl] @Gy a*Frp 163694 24 007 0.6 007 .. ..

7388.1 [Fet] a’Gy a*Fspy 16369.4 2.3 0.07 0.6 0.07 0.6 0.08
7452.5 [Fe1l] a2G9/2 a4F7/2 15844.65 3.5 0.07 1.2 0.07 0.9 0.08
7686.9 [Fet] a*P3, a®Ds;, 136732 1.5 0.08 0.6 0.06 0.5 0.08
8616.9 [Femn] a*Ps, a‘Fop 134744 20.8 0.1 9.0 0.06 5.8 0.08
8891.9 [Fe1] a4P3/2 a4F7/2 13673.2 8.6 0.1 3.6 0.06 1.9 0.08
9033.4 [Fe1r] a4P1/2 a4F5/2 13904.8 2.6 0.08 1.0 0.07 0.5 0.07
9051.9 [Fem] a*Ps;, a‘F;, 134744 6.3 0.08 2.3 0.07 1.3 0.07
9226.6 [Fet] a*Ps;, a*Fsp 136732 5.7 0.08 2.5 0.07 1.2 0.07
9267.5 [Fet] a*Py; a*Fspn 139048 4.8 0.08 1.8 0.07 1.0 0.07
9399.0 [Fe1r] a4P5/2 a4F5/2 134744 1.8 0.2 0.7 0.2 0.5 0.2
12485.4 [Fe1i] a4D5/2 a6D7/2 8391.9 7.3 0.1 3.8 0.1 1.9 0.2
125213 [Fen] a’Dy, Dy, 88468 43 01 18 01 .. ..

12566.8 [Fetl] a*D;;, a®Dypy 79553 313.0 0.1 171.1 0.1 1272 0.6
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Table A.4. continued.

B. Nisini et al.: The small-scale HH34 IRS jet as seen by X-shooter

Blue 1 Blue 2 Blue 3
Air Ion Upper Lower  Ey, Flux A(Flux) Flux A(Flux) Flux A(Flux)
(A) level level (cm™) (1077 ergs™' cm™2)
20460.1 [Fe1] 02P3/2 Cl4P5/2 18360.6 79 0.3
21327.7 [Fel] a2P3/2 a4P3/2 18360.6 4.6 0.4
22237.6 [Felr] a2H11/2 a2G9/2 20340.3 21.7 0.4 7.3 0.7
Calcium
7291.4 [CaI] 2D5/2 251/2 13710.8 11.9 0.07 6.7 0.07 6.5 0.07
7323.8 [CaIr] 2D3/2 281/2 13650.1 7.7 0.07 4.5 0.07 3.9 0.08
8542.0¢ Cam  2Psp  Dsp 254144 1.3 007 37 006 25 0.09
Other forbidden lines
12703.4 [Fe1] a4D1/2 a6D1/2 8846.8 23.7 0.5 8.7 0.5 6.9 0.6
12787.7 [Fe] a4D3/2 a6D3/2 8680.45 414 0.5 14.5 0.5 7.7 04
12942.7 [Fen] a4D5/2 a6D5/2 8391.94 52.6 0.2 20.5 0.2 10.1 0.4
12977.7 [Fen] a4D3/2 a6D1/2 8680.45 14.7 0.2 5.6 0.2
13205.5 [Fen] a4D7/2 a6D7/2 7955.30 107.7 0.2 57.1 0.4 42.1 0.4
13277.1 [Fen] a4D5/2 a6D3/2 8391.94 28.2 0.2 10.8 0.4 5.7 0.4
15334.7 [Fen] a4D5/2 a4F9/2 8391.94 80.5 0.1 9.2 0.1 14.0 0.1
15994.7 [Fen] a4D3/2 a4F7/2 8680.45 65.4 0.2 21.8 0.1 8.0 0.1
16435.4 [Fen] a4D7/2 a4F9/2 7955.3 527.1 03 2585 02 1759 0.6
16637.6 [Fen] a4D1/2 a4F5/2 8846.8 38.6 0.3 13.8 0.2 6.4 0.6
16768.7 [FeIn] a4D5/2 a4F7/2 83919 76.1 0.3 26.2 0.2 10.6 0.6
17111.3 [Fen] a4D3/2 a4F5/2 8680.4 18.3 0.1 7.0 0.1 3.4 0.2
17484.2 [Fe1] (14P3/2 (14D7/2 7955.30 4.5 0.3 1.8 0.1
17971.1 [Fe] a4D3/2 a4F3/2 8680.4 54.7 0.1 14.5 0.2 6.0 0.2
18000.2 [Fen] a4D5/2 a4F5/2 8391.9 66.3 0.1 26.7 0.6 12.1 0.2
18093.9 [Fen] a4D7/2 a4F5/2 79553 1341 0.3 60.4 0.7 39.2 0.4
18954.0 [Fe1] a4D5/2 a4F3/2 83919 132 0.2 4.2 0.7
201512 [Fen] a*Hgpy a*Gop 208058 158 0.8
7377.8 [Nil] 2F7/2 2D5/2 135503 5.7 0.07 3.1 0.07 6.6 0.07
7411.6 [NiI] 2F5/2 2D3/2 149955 0.9 0.07
19387.7 [NiI] 2F7/2 4F9/2 13550.3 40.4 0.2 103 0.07
8125.3 [Cr] a6D7/2 a(’Ss/z 12303.8 1.0 0.08 0.9 0.06 4.7 0.08
8308.4 [Cri] aGD3/2 aGSs/z 120325 0.9 0.06
8357.6 [Cri] a6D1/2 a685/2 11961.8 0.5 0.06
8729.9 [Cr] a4F3/2 a4D3/2 310829 0.8 0.1 1.1 0.06 098 0.08
9824.1 [CT1] 'D, Py 101926 8.1 0.2 11.9 0.2 13.9 0.2
9850.2 [CT1] 'D, P, 10192.6 20.7 0.2 31.1 0.2 47.9 0.2
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