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ABSTRACT

Context. The young stellar object (YSO) Th 28 possesses a highly collimated jet, which clearly exhibits an asymmetric brightness
of its jet lobes at optical and near-infrared wavelengths. As with many other YSO outflows, there may be asymmetry in the physical
parameters of the jet plasma in opposite jet lobes (e.g. electron density, temperature, and outflow velocity).

Aims. We examined the Th 28 jet at high-spatial resolution in the regions where the jet material is collimated and accelerated. Our
goal is to map the morphology and determine its physical parameters. We compared the results with those of other asymmetric YSO
jets to determine the physical origin of such asymmetries.

Methods. We used the integral field spectrograph SINFONI on the Very Large Telescope (VLT) of the European Southern Observatory
to characterise the jet parameters in a 3" x 3" field around the central source of Th 28. We present high-resolution spectra of Th 28
covering the JHK bands, obtained in June-July 2015.

Results. The images reveal gaseous structures out to distances of a few arcseconds around the stellar jet source. The [Fe II] emission
originates in highly collimated jet lobes. Two new axial knots are detected in the bipolar jet, one in each lobe, at angular distances of
1” in the blue lobe and 1”72 in the red lobe. The H, radiation is emitted from an extended region with a radius of 270 au, which is
perpendicular to the jet. The position—velocity diagrams of the bright H, lines reveal faint H, emission along both jet lobes as well.
The compact and faint HI emission (Pag and Bry) comes from two regions, namely from a spherical region around the star and from
the jet lobes. The maximum size of the jet launching region is derived as 07015, which corresponds to ~3 au at a distance of 185 pc,
and the initial opening angle of the Th 28 jet is about 28°, which makes this jet substantially less collimated than most jets from other
Classical T Tauri stars (CTTs).

Conclusions. The high-resolution SINFONI images show three groups of lines with different excitation conditions, which trace
different gas structures. The emission in [Fe II], H,, and atomic hydrogen lines suggests a morphology in which the ionised gas in the
disc (or at least very close to the jet launching site) appears to be disrupted by the jet. The resolved disc-like H, emission most likely
arises in the disc atmosphere from shocks caused by a radial uncollimated wind. The asymmetry of the [Fe IT] photocentre shifts with
respect to the jet source arises in the immediate vicinity of the driving source of Th 28 and suggests that the observed brightness

asymmetry is intrinsic as well.

Key words. stars: jets — stars: winds, outflows — stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

Many young stellar objects (YSOs) possess collimated outflows
and/or jets, which are believed to allow the removal of excess
angular momentum from their accretion discs (Ferreira et al.
2006; Pudritz et al. 2007). However, the complex picture of the
transformation of circumstellar accretion into material ejection is
not yet fully understood. Various theoretical models assume that
the central jet engine should work in both directions in a similar
way, producing a symmetrical bipolar jet (e.g. Ferreira & Casse
2004; Meliani et al. 2006; Pudritz et al. 2007). However,

* Based on observations collected at the European Organisation for
Astronomical Research in the Southern Hemisphere under ESO pro-
gram 095.C-0892(A).

** Former affiliation.

detailed studies have discovered that many of the bipolar
YSO outflows exhibit remarkable asymmetries in the physical
conditions seen in their opposite lobes on both large and small
scales. Not only do some jets have lobes of different bright-
nesses, they also exhibit different physical parameters of the
jet plasma in opposite lobes (e.g. electron density, temperature,
radial velocity). For example, Hirth et al. (1994) found that 8 of
the 15 bipolar Herbig-Haro (HH) outflows studied show veloc-
ity asymmetries between blue and redshifted outflows. More-
over, some objects reveal a single outflow component in only
one direction, for example the LkHa 321 jet (Coffey et al. 2004)
and HH 34 (Reipurth et al. 2002).

The asymmetry can be intrinsic (i.e. caused by the ‘engine’
itself) or extrinsic (i.e. caused by an inhomogeneous envi-
ronment). Various mechanisms have been invoked to explain
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the observed jet asymmetry: variations in the morphology of
the magnetic field near the central star (e.g. in HD 163296,
Wassell et al. 2006), warped circumstellar discs (e.g. HH 111,
Goémez et al. 2013), and interactions between a stellar magnetic
field and a circumstellar disc magnetic field (e.g. Matsakos et al.
2012; Dyda et al. 2015). Recent numerical simulations of jets
and winds from weakly ionised protoplanetary discs, taking into
account non-ideal magnetohydrodynamic effects, also produce
asymmetric ejections (cf. Bai 2017; Béthune et al. 2017). The
jet appearance is also affected by spatial extinction variations
(i.e. extrinsic scenario), in particular shadowing the redshifted
part by the disc—envelope. Admittedly, this does not cause dif-
ferences in the physical parameters; proper extinction correction
is provided.

The asymmetric properties of several young T Tauri jets
have been analysed using high-resolution observations in recent
years. Using high-resolution spectra obtained with the Hubble
Space Telescope, Melnikov et al. (2009) found that the RW Aur
jet has a strong asymmetry in electron density and tempera-
ture, excitation, and total hydrogen density between its oppo-
site lobes. At the same time, the jet mass loss rate is similar
in the two lobes, as in some other asymmetric jets, for exam-
ple, DG Tau B (Podio et al. 2011) and HD 163296 (Wassell et al.
2006). Melnikov et al. (2009) concluded that the observed asym-
metries of the RW Aur jet can be explained by different environ-
mental conditions around the jet source and not by asymmetric
jet formation.

Using high-resolution Echelle spectra obtained with the
HIRES spectrograph at the Keck I telescope, Podio et al. (2011)
studied the asymmetry of the DG Tau B jet properties, and con-
cluded that it can be caused by a strong interaction of the jet lobes
with an asymmetric ambient medium. White et al. (2014) used
the near-infrared (NIR) integral-field spectrograph on the Gemini
telescope to study the structure of the asymmetric bipolar outflow
of DG Tau. They concluded that the approaching jet is propagat-
ing in a low-density medium, while the receding jet is colliding
with dense material along its path and appears as the large bubble-
like structure visible in [Fe II] 1.64 pm at 200 au from the source.
White et al. (2014) interpreted the properties of the observed H;
emission as evidence for a clumpy medium above the circumstel-
lar disc, which interacts with both the jet and the gaseous bubble.
Finally, they concluded that the bipolar outflow from DG Tau is
intrinsically symmetric, but the observed asymmetries are caused
by an asymmetric distribution of the ambient circumstellar mate-
rial. Three YSO jets have been studied during the last decade, RW
Aur, DG Tau, and DG Tau B, which are visually asymmetric but
seem to have intrinsic symmetry.

For this paper, we used the high resolution integral field
spectrograph VLT/SINFONI to study another asymmetric bipo-
lar microjet from the YSO ThA 15-28 (V1190 Sco, Sz 102,
hereafter Th 28) within 3" of the central source. Th 28 (age
~1-2 Myr, Comerén & Fernandez 2010) is located in the
Lupus 3 cloud, at a distance of ~185 pc' (Galli et al. 2013).
The bipolar jet from Th 28, first discovered by Krautter (1986),
exhibits a noticeable brightness asymmetry of its lobes, visible,

' A much larger distance is suggested by the calibration of
Bailer-Jones et al. (2018) based on Gaia DR2 (Gaia Collaboration
2018) parallax measurements, resulting in an estimated distance of
462*278 pc. However, because Th 28 is not a point source at opti-
cal wavelengths, this estimate may not be reliable. In Gaia DR3
(Bailer-Jones et al. 2021) the fidelity value for Th 28 is ~0.05, whereas
any parallaxes with a fidelity value of >0.5 are considered reliable. This

confirms that the Gaia parallax for Th 28 is not trustworthy.
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for example, in [S1] lines (Wang & Henning 2009). This col-
limated jet can be traced up to distances of several dozen arc-
seconds, with a few bow shocks visible along the jet axis on
both sides of the source (Wang & Henning 2009; Murphy et al.
2021). The overall position angle (PA) of the flow is almost east—
west, with the brighter red lobe of the microjet pointing towards
the west. In a recent ALMA study, Louvet et al. (2016) mapped
the CO lines in Th 28, and found a lower limit for the incli-
nation of the disc rotation axis to the line of sight of i > 73°,
and a jet inclination of 82°. This confirmed the previous con-
clusion of Krautter (1986) that the global inclination of the jet
seems close to the plane of the sky (i ~ 82°). Murphy et al.
(2021) found that the inclination of the two jet lobes is differ-
ent: i,oq = 83°5, whereas iy = 77°. Th 28 is also known as
a source of X-ray emission (Gondoin 2006). Using the adaptive
optics (AO) correction of the SINFONI integral field spectro-
graph, our objective was to obtain a spatial resolution ~3 times
higher than that achieved with the ISAAC slit spectrograph (0”/5)
by Coffey et al. (2010). In addition, the integral-field observa-
tions provide us with the opportunity to study the distribution of
the emitting gas using spectroastrometric analysis.

The work is organised as follows. Details of SINFONI obser-
vations and data reduction are described in Sect. 2. In Sect. 3 we
represent the main results of the analysis of the observations. In
Sect. 3.1 we consider the general morphology of the Th 28 jet
formation region, based on the analysis of different NIR (1.10—
2.45 um) spectral lines. In Sect. 3.2 we discuss the gas kinemat-
ics from an analysis of the [FeIr] lines. In Sect. 3.3 we analyse
the extinction Ay calculated from the [FeII] line flux ratios. In
particular, in Sect. 3.4 we perform a spectroastrometric analy-
sis and compute the photocentre shifts of the [Fe1r], Pag, Bry,
and H, lines with respect to the central source. In Sect. 3.5 we
analyse the morphology of the region that emits in the H, lines
and present the physical parameters derived from the analysis of
these molecular lines (Sect. 3.6). In Sect. 4 we report our spec-
tral analysis of the jet and discuss our results. In Sect. 5 we sum-
marise our findings and the scenario adopted for the jet.

2. Observations and data analysis

Th 28 (RA =16" 08™ 30° Dec =-39° 03’ 11”) was observed
with the SINFONI instrument at the VLT-UT4 telescope (ESO,
Paranal, Chile) on June 4, 2015 (J, K), and July 17, 2015 (H).
SINFONI is a NIR integral field spectrograph that works in com-
bination with adaptive optics (Eisenhauer et al. 2003); it was
developed for observations of single faint objects. The Integral
Field Unit (IFU) was used to obtain two-dimensional (2D) spec-
troscopy of the Th 28 jet in the wavelength bands J, H, and K,
which provided spectral resolutions of R = 2000 (150 km s71),
3000 (100 km s~'), and 4000 (75 km s '), respectively. The
wavelength ranges of the filters, excluding edge effects, are 1.10—
1.40 um for J, 1.45-1.85 wm for H, and 1.95-2.45 um for K. The
field of view (FoV) with adaptive optics (AO) mode is 3" x 3"
with a spaxel size of 0”705 x 0”1, where the detector direction
corresponding to the larger pixel size was aligned with the jet
axis of Th 28. The pipeline reduction rescales the cubes so that
the final reduced cubes have pixels of the same size (0705)
for both the X- and Y-directions. Since Th 28 is quite bright
(R = 15.4 mag), it was used as a natural guide star for the
AO system. A total integration time of 30 min per band was
used. The seeing conditions during July 17 (DIMM = 06 for H
observations) were approximately twice better than during June
4 (DIMM = 1725 for J and K observations). The angular sizes of
the central emission region in Th 28, derived from the continuum
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Fig. 1. Continuum images of Th 28 at the J, H, and K band centres,
with corresponding measured FWHM:s of the continuum emission.

emission, amount to FWHM; ~ (0"/63, FWHMy ~ 0723, and
FWHMyg =~ 0731 (single frames with continuum images are
shown in Fig. 1). The position angle (PA) of the SINFONI instru-
ment was aligned with the jet PA (98°) so that the Y-direction
in the observed frames coincides with the jet axis. To perform
an absolute flux calibration, we observed the solar-type spec-
trophotometric standard HD 154504. Several telluric standards
(HIP 080405, 082430, 090361) were also measured for atmo-
spheric telluric correction.

The SINFONI integral-field spectroscopic observations pro-
duce raw science frames that carry both spatial and spec-
tral information. Basic reduction of raw science images was
performed according to the SINFONI standard data reduc-
tion recipes (Modigliani et al. 2007), which include bad pixel
removal, flat field, and dark correction. As a result, the frames
were reconstructed as a 3D data cube, where every position in the
3" x 3" field has a spectrum with a step of 2.5 A (0.00025 pum).

The wavelength calibration based on observations of a
xenon—argon arc lamp led to high systematic errors. Therefore,
for this purpose we used telluric lines, which provide a better

calibration accuracy (e.g. Agra-Amboage et al. 2014). The esti-
mated uncertainties of the measured wavelengths after using the
telluric lines are ~0.1-0.3 A (ranging between +1-10 km s,
depending on the wavelength). The estimated FWHM of the
telluric lines at J, H, and K are 205 + 33, 155 + 16, and
139 + 30 km s~!, respectively. All radial velocities are systemic
and measured with respect to the local standard of rest (LSR;
Visr = 3 km s™!), which was obtained from recent ALMA obser-
vations by Louvet et al. (2016). Absolute flux calibration was
performed by measuring the density flux (in counts) on the stan-
dard star by fitting a 2D Gaussian profile at each wavelength. The
detector count rates were then converted to erg s~ cm™2 um™!
by comparison with the reference spectrum of the spectral stan-
dard. Telluric standard stars were used to correct the spectrum
for the detector spectral response. Standard—telluric stars and the
science target were observed at similar airmasses, so no atmo-
spheric extinction corrections were applied. Finally, we sub-
tracted the continuum emission (a combination of stellar, dust,
and scattered emission) at each position in the field by fitting a
third-order polynomial to the continuum at each point.

3. Results

We inspected the data cubes and identified all emission features
found in the J, H, and K bands (see Table 1). The average 1D
spectra in the central 0”75 X 0”5 region are shown in Fig. 2, where
the identified emission lines are marked. These emission lines
represent three main groups: forbidden [Fe1I] lines, molecular
hydrogen lines (H;), and atomic hydrogen lines. Atomic H lines
are mostly represented by Brackett-series recombination lines.
The K band contains faint Bry emission, and the lines from Bryg
to Brj¢ are also detected in the H band; Brd and Brg are not
detected as they fall into the wavelength gap between the H and
K bands. In the J band, the Pag line is detected. The brightest
H; lines are found in the K band, but some molecular hydro-
gen emission is also detected in the H band. Two emission lines
that do not belong to these large groups were identified as [P 11]
1.1886 um and HeTI 2.0605 pm, which were also detected in the
spectrum of the YSO jet HH 99B (Giannini et al. 2008). The vac-
uum wavelengths of the identified lines are listed in Table 1, and
the origin of the line is identified based on their morphology.

3.1. Jet morphology in atomic lines in the 3" x 3" region

Figure 3 shows the total flux maps of the brightest emission
lines, which trace different gaseous structures in the vicinity
of Th 28. First, we note that the bright [Fe 11] emission ([Fe11]
1.257, 1.534, 1.644 um) seems to originate in the jet lobes, since
its elongation coincides with the jet axis. With the PA =98° used
for SINFONI, the upper jet lobe in Fig. 3 corresponds to the
blueshifted (east) lobe, while the lower lobe (i.e. the brightest
jet component) corresponds to the redshifted component (west).
The maps also indicate that the [FeII] emission has the same
asymmetric shape between the red and blue lobes as seen in the
[S11] lines (Coffey et al. 2010; Wang & Henning 2009). How-
ever, the fainter [Fe I1] 1.295 um (J band) is rounder and is remi-
niscent of the shape of Pag. At the same time, although the shape
of the bright [Fe 1] 1.257 um emission is wider than the [Fe11]
lines in the H band (obtained with better seeing), it still traces
the shape of the jet. Therefore, the [Felr] 1.295 um line seems
also to originate in the jet, but its emission is bright enough for
detection only in the immediate vicinity of the jet source. The
bright [Fe11] lines show two knots at similar distances in oppo-
site directions. Almost all bright iron lines in the redshifted lobe

A156, page 3 of 18



Melnikov, S., et al.: A&A 673, A156 (2023)

Table 1. Emission lines detected in SINFONI JHK bands.

Element Avac Flux Origin  Element Avac Flux ®  Origin  Element Avac Flux ® Origin
(um) (x107'%) (nm) (x1071%) (um) (x10716)
J-band [Fen] 1.5999 41.33+£0.13 Jet K-band
Bris 1.6119 1.65+0.03
[P1] 1.1886 6.97+£0.04 Disc? Bry; 1.6416 3.24+0.04 H, 1-0 S(3) 1.9576 103.66 = 0.29 Disc
[Fen] 1.2492 0.40+0.02 [Fe] 1.6440 24330+ 0.41 Jet H; 1-0 S(2) 2.0338 21.28 +£0.08 Disc
[Fen] 1.2570  296.58 +0.29 Jet [Fen] 1.6642 20.28 £0.08 Jet  [Fem] 2.0468 5.04 £0.03
[Fe] 1.2708 16.72 £0.07 [Fe] 1.6773 43.20+0.13 Jet Hel 2.0605 1.47 £0.01
Fe1r] 1.2791 37.36 £0.08 Jet?  Bry 1.6817 7.83 £0.08 H, 1-0 S(1) 2.1218 76.14 £0.22 Disc
Pap 1.2822 146.84 £0.23 Disc+jet H, 1-0 S(9) 1.6877 2.48 £0.03 [Fen] 2.1338 1.73+0.02
[Fe] 1.2946 48.55+0.09 Jet? [Fe] 1.7116 6.15+0.05 Jet  Bry 2.1661 8.57+0.14  Disc+jet?
[Fe1] 1.2985 9.15+0.04 H; 1-0 S(8) 1.7147 0.33+0.01 H, 1-0 S(0) 2.2233 12.66 +0.05 Disc
[Fe1r] 1.3209 72.29 £0.10 Jet Brjo 1.7371 6.39 +£0.07 [Fe1r] 2.2244 7.51+0.04 Jet
[Fe1] 1.3284 21.15+0.06 [Fe1n] 1.7454 8.98 +0.06 Jet  H;2-1S(1) 2.2477 0.71+0.01
H-band H, 1-0 S(7) 1.7480 7.71 £0.04 Disc H, 1-0 Q(1) 2.4066 89.31+0.26 Disc
[Fen] 1.7489 1.13+0.01 Jet H 1-0Q(2) 24134 9.70 +£0.04 Disc
[Fen] 1.5339 60.74 £ 0.20 Jet H, 1-0 S(6) 1.7879 1.36 £ 0.06 H, 1-0 Q(3) 2.4237 56.65+0.18 Disc
Bry7 1.5443 0.31+£0.15 [Fe] 1.7976 16.30 +0.08 Jet H 1-0Q4) 24375 3.74 +£0.08 Disc
Brig 1.5562 0.81+0.02 [Fen] 1.8005 17.29+0.10 Jet
Bryy 1.5885 1.52+0.03 [Fer] 1.8099 35.50+0.12 Jet

Notes. ®The flux is integrated over the continuum-subtracted spectrum and in erg s™' cm™2 units. For the H, lines the flux is summed for the bright
central core with a size of ~1”/5 and does not include the faint periphery. For [Fe1I] lines the bright areas of emission with §/N > 3 are integrated

along the jet lobes.
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Fig. 2. 1D spectra in the J, H, and K bands, summed over the central 0”5 X 0”5 of Th 28.

2.3

2.4

show an emission knot at 1’/2 from the central source, while the
brightest [Fe 1] 1.644 um line reveals a faint knot at 1" in the
blueshifted beam (Figs. 3 and 4).

Unlike the [Fe] lines, both the Pag and Bry emitting
regions are mostly round and symmetric, with brightness max-
ima roughly coincident with the position of the stellar con-
tinuum. Measurement of the continuum-subtracted emission
region shows that the Paf line is much brighter and more
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extended than the Bry line. We performed Moffat fitting of
the 1D profiles along the jet axis (Y-direction) and perpendicu-
larly to this direction (X-direction) to determine if there is any
departure of the PaS- and Bry-emitting regions from a circu-
lar shape. The fit of the Pag line intensity distribution shows
that it is generally somewhat round (FWHMy =066 + 07703,
FWHMy =0770 + 0704), while the angular size of the Bry emit-
ting region is FWHMy = FWHMy =033 £0"/01.
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Fig. 3. Total line flux maps of the nine brightest emission lines in Th 28 over the J, H, and K bands. Each map shows the total line flux integrated
over all the velocity frames where emission is detected. The star gives the position of the central source, calculated from the continuum (stellar)

profile. The coloured arrows indicate the direction of the blue and red lobes. The vertical log-scale shows the fluxes in erg s™! cm™2.

We compared these values with the FWHM of the con-
tinuum profiles to check whether the HI emitting regions are
spatially resolved. For this goal, we computed the averaged con-
tinuum FWHM from 15 single frames from both sides of both
lines (in total, 30 frames for each line). The distribution of these
FWHM values is flat and does not show any wavelength depen-
dence for these spectral regions. We performed a Moffat 1D
fitting of the stellar profile of the continuum and found that
for the Paf region, the continuum has a similar angular size
(i.e. FWHMy = 0'67 + 0”705 and FWHMy = 0"/69 + 0"705). For
the Bry region, the fitted continuum profile had FWHMy =
0733 +£ 0701 and FWHMy = 0’732 £ 0”/01. Therefore, the results
imply that both the PaB- and Bry-emitting regions are not
resolved. This agrees with the results of Caratti o Garatti et al.
(2016) for the massive YSO IRAS 13481-6124 (also with a
jet), where the Bry-emitting region is very compact. However,
Caratti o Garatti et al. (2016) used interferometric techniques

2

and concluded that the Bry region is extended, tracing a jet-like
structure.

At the same time, Fig. 3 shows very faint emission along the
jet lobes in both Bry and PaB. The position—velocity (PV) dia-
gram of the Pag line from Coffey et al. (2010) also confirms that
some part of this emission can come from the jet beam, primarily
from the redshifted lobe. We calculated a PV diagram of Pag for
the SINFONI data and also found that both jet lobes show faint
emission in this line. Our results also indicate that the red Pag
lobe is brighter than the blue one, which agrees with Coffey et al.
(2010). The 1D fitting of the Pag and Bry integral spectra
shows that the two lines have similar and wide profiles, with
FWHM;,(Bry) =225 km s~! and FWHM;,(PaB8) =220 km s~'.
Both lines are redshifted with respect to the system velocity, but
the peak of the Bry emission is at +18 +4 km s~!, whereas
the peak of the PaB emission is at +34+3 km s~'. These
results agree with the peak radial velocities (RVs) derived by
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Fig. 4. Continuum-subtracted channel maps for [FeIr] 1.644 um. The 14 panels show that the [Fe II] emission covers a wavelength range from
—220 km s~! to 243 km s~!. The peak position of the continuum flux is indicated by a white star. Contours in units of erg s~' cm=2 um~' consist of

nine levels from 2 x 1075 to 3.2 x 10713.

Coffey et al. (2010) for the slit parallel to the jet axis for Paj and
Bry in the red lobe.

We show the composite image of Th 28 of three bright emis-
sion lines, Pag, [Fe 1] 1.644 um, and H, 2.122 um, in Fig. 5. The
fluxes of all the lines were integrated over all velocity bins with
line emission. Three differently coloured small squares give the
position of the continuum stellar profile near each line and per-
fectly match within the uncertainties. As can be seen, the plane
of the disc-like emitting H, area is orthogonal to the jet axis. The
faint emission knot in [Fe 1] in the upper (blueshifted) jet lobe is
also visible in the combined image.

3.2. Jet kinematics

Figure 4 shows the velocity channel maps, with the radial veloc-
ity distribution of continuum-subtracted [FeII] emission from
the 1.644um line. The 14 frames clearly exhibit a complex
behaviour of gas emission in both the red- and blueshifted jet
lobes. First, the gas has an asymmetrical velocity distribution.
The RV extends up to =220 km s~! in the blueshifted lobe, while
in the redshifted lobe it is more extended and reaches up to
243 km s~!. Interestingly, the redshifted jet lobe becomes visible
at negative RVs (i.e. the bipolar jet looks nearly symmetrical at
RV =-113kms™!). The same effect can also be seen in the oppo-
site direction: emission from the blueshifted lobe is still detectable
at redshifted velocities (within 0”75 of the central source). Since
the jet is located near the plane of the sky, this behaviour implies
that we register the reverse velocity components of the emission,
which can form, for instance, from divergent flows if the jet open-
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ing angle is larger than the inclination of the jet to the sky plane.
Another source of the reversal components could be the possible
contribution from scattering radiation by the gas—dust structures
of the jet. The FWHM of the instrumental spectral profile in the
H band is ~110 km s~! and is spread over three to four channel
maps, spaced by 36 km s~!. This also influences the appearance
of the radiation from the outer line wings. The emission maps also
show a displacement of the photocentre with respect to the stellar
position, which is discussed in Sect. 3.4.

To calculate the maximum RVs of the jet material, we con-
structed a PV diagram for the [Fe II] 1.644 um line (Fig. 6). The
distributions of RV ey and FWH M;, derived from fitting the PV
diagram are shown as a function of distance from the source. The
figure also shows the spectral profiles derived at selected posi-
tions and a fit of the line profiles using a Moffat function. The
fitting shows that the kinematics of the [FeII] emission along
the entire redshifted lobe is quite stable, with a peak velocity of
+44 +7.7 km s~! at a distance of 1”7. However, the blue jet has
a different morphology and the peak blueshifted velocities are
not as evident or as stable as those of the redshifted velocities.
Our fitting shows that the RVs gradually increase from low val-
ues at the positions closest to the central source to high absolute
values at far distances, even exceeding the velocities derived in
the receding lobe. For positions up to +0”’5, the peak RVs do
not exceed —20 km s™!. For example, RV eax = —14 km s7! at
AY = +0"4 (Fig. 6), but at greater distances (>+0”5) the gas
in the approaching lobe reaches large negative RVs. The panel
for 6 = +1”70 in Fig. 6 shows the emission line profile in the
faint blueshifted knot, and was summed over 3 pixels, with an
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100 au

Fig. 5. Tricolour map of the 3” x 3" field around Th 28, combined
from three emission lines outlining different emission regions: blue
(Pag), green ([FeIr] 1.644 um), and red (H, 2.122 um). The plane of
H,-emitting gas is clearly orthogonal to the position of jet axis outlined
by forbidden [Fe 11]-emission. Three small squares give the position of
the star calculated from the continuum stellar profile.

average distance from the central source of 1”70. The peak RV in
the knot is ~ — 100 km s™! (i.e. twice as large as in the opposite
direction). For the blue lobe, the derived FWH M;,, varies from
large values (~270 km s™1) close to the source to ~80 km s~! at
the most distant measured positions. This also differs from the
FWHM distribution in the red lobe, where the FWHMs of [Fe 1]
1.644 um are similar and range between 90 and 150 km s~! for
all positions along the red lobe. The FWH M;,, measured at the
source position corresponds to 170 km s~

3.3. Determination of Ay from [Fe1] lines

The [Fe11] lines from the same upper excitation state are often
used to determine the visual extinction Ay. Their intrinsic ratios
are determined by the Einstein A coefficient (which corresponds
to the case of Ay = 0) and are not affected by the physi-
cal conditions in the gas plasma. We used the [FeI] 1.644,
1.321, and 1.257 um lines to determine Ay as they all form with
an upper level of a*Dy/, and are bright in the Th 28 spectra.
The intrinsic [Fe 1] 1.644/1.257 and 1.644/1.321 ratios, derived
from the Einstein A coefficient, correspond to 0.88 and 3.13
(Smith & Hartigan 2006), respectively. To calculate Ay from the
line ratio, we used the extinction law of Cardelli et al. (1989).
In our case, however, the [Felr] 1.644 and 1.257 um lines
were obtained under different observation conditions, and the
observed ratio appears to be affected by different seeing. To elim-
inate problems due to different seeing and PSF, we integrated the
flux of these [Fe I1] lines across the width of the jet and calculated
the [FeIr] 1.644/1.257 ratio along the jet (Fig. 7). The obtained
ratios (within the estimated errors) were mostly lower than the
intrinsic ratio of Smith & Hartigan (2006), and there are a few
positions near the jet source in the red lobe where this line ratio
is higher than the intrinsic one, 1.05 + 0.05 which corresponds to

Ay =~ 2. We also note that the [Fe 11] 1.644/1.257 value averaged
over the entire jet beam is 0.72 + 0.02, which is consistent within
the errors with that of the P Cygni nebula for Ay = 0 calcu-
lated using the Einstein A coefficient from Nussbaumer & Storey
(1988) (Smith & Hartigan 2006). Unfortunately, there is a large
uncertainty in determining the Einstein A coefficient, which
reaches more than 30% by computing them with different
methods (Giannini et al. 2008). Recently, Giannini et al. (2015)
performed an empirical determination of the intrinsic ratios of
several strong [FelII] lines in the spectrum of the bright HH
object HH 1. They found that the ratios agree better with the
predictions of the relativistic Hartree-Fock model of Quinet et al.
(1996). However, our observed [Fe I1] 1.644/1.257 ratio is lower
than those determined for HH 1 for the Ay = 0 case at many of
these positions along the Th 28 jet.

To calculate the [Fe1r] 1.644/1.321 ratio (Fig. 7), we again
used the [Fe11] fluxes integrated perpendicularly across the jet
and calculated the ratio along the jet lobes. The ratio values
are above the intrinsic ratios in the red lobe at the two sec-
tions, between —0.5 and O arcsec and between —1.6 and —0.85.
Although different authors (Nisini et al. 2005; Podio et al. 2006)
point out that the [Felr] 1.644/1.257 ratio overestimates Ay
compared to that calculated with [Fe1r] 1.644/1.317, the two
ratios give almost the same Ay =~ 2™ between —0.5 and 0 arc-
sec (the red lobe). However, [Fell] 1.644/1.317 between —1.6
and —0.85 gives much higher ratios that allow us to calculate
Ay = 5"—6", which is higher than that measured at —0.5-0 arcs.
This is unusual, however, some scattering of the [Fe II] emission
in the central regions which could artificially lower the estimate
of Ay in the regions closer to the source is possible. We also
note that from —1.6 to —0.85 arcsec the flux ratios have higher
errors than near the jet source. In any case, the Ay = 2" — 6"
values measured from the two [FeII] ratios are similar to those
estimated from H, (Ay = 1" — 6™).

Although the [Fe1r] 1.644/1.257 ratio is mostly lower than
the intrinsic ratio, we note that the behaviour of the two ratios
correlates throughout the jet. For example, both ratios show local
maxima at 1”, which roughly coincides with the position of
the knots in each lobe. It is especially prominent in the [FeII]
ratios between —1.6 and —0.85 arcsec. The lack of reliable val-
ues for Ay in the blue lobe probably means a lower extinction
here compared to the red lobe. We also compared the results
with the models of Hartigan et al. (2004), which predict the flux
ratios of some bright [FeI] lines. For example, the models for
[Fe1r] 1.644/1.257 and 1.644/1.321 give the same ratio values of
0.96 and 3.70 for all models considered in that work. However,
our derived [Felr] 1.644/1.257 and 1.644/1.321 ratios are also
mostly lower than those predicted by Hartigan models.

3.4. Emission photocentre shifts

To study the gas extension and shape of the emitting region, we
analysed the position of the emission photocentre with respect
to the stellar continuum. First, Fig. 3 (and Fig. 4) reveals a clear
displacement of the maximum of [Fe IT] emission, relative to the
stellar position, directly from the observed maps.

To extract the exact XY positions, namely orthogonal and
along the jet axis, of the line emission maxima and those of the
continuum centre, we used a 2D Moffat fitting, which shows
smaller residuals than the 2D Gaussian fitting. To calculate
the relative position of the photocentre and avoid an incorrect
displacement of gaseous emission with respect to stellar posi-
tion because of problems with continuum subtraction, we fitted
the gaseous emission plus the continuum for these lines. We

A156, page 7 of 18



Melnikov, S., et al.: A&A 673, A156 (2023)

[Fell] 1.644 um RVpeak FWHMi, AY = -0.5 arcs (red) AY = -1.25 arcs (red)
10 { RVpeak = 37 km/s 3.5 1 RVeak = 49 km/s
15 15 15 FWHM;, = 138 km/s FWHM;, = 115 km/s
) ' 3.0
8
2.5
o
s
1.0 1o{ & 1.0 == 6 2.0
i~ —_—
o —_ 1.5
e [ a— 4
—— —_— -
0.5 S, —— o 1.0
: 0.5 % 0.5 e e 5
? ) S 0.5
—_ a el -
@ ) — 'n
8 L = 20 0.0
5 0 0.0 E 0.0 2 ]
° o m AY = 0.4 arcs (blue) AY = 1.0 arcs (blue)
K 0
3 % o 1.2 RVpeax = — 14 km/s RVpeak = — 102 km/s
o & o FWHM;, = 262 km/s 1.2 JFWHM;, = 79 kmy/s
® ®
0.5 -0.5 @ —0.5 g“ *; 1.0 1.0
© 3
:: T 0.8 0.8
e
® 0.6
-1.0 -1.0 -1.0 s 06
& 0.4 0.4
08
I 0.2 0.2
-15 -1, -1 3 oo BN
> d 1 e 0.0 | 0.0
8 o *
] L] ° _
3210123 —100-50 0 50 100 051152253 —400 -200 0 200 400 —400 —200 0 200 400
RV (100 km s71) km s™1 x100 km s~1 RV (km s~1)

Fig. 6. Distribution of the [Fe II] 1.644 um emission along the jet. Left image: PV diagrams of [Fe II] 1.644 um line in the Th 28 jet, obtained by
coadding fluxes in the 16 spectral frames across the jet. Logarithmic contours are drawn from 10™'* erg s™! cm™2 arcsec™ A~', with an incremental
logarithmic step of 0.3 dex. Two central panels: RV ..« and FWHM;, derived from fitting the PV diagram as a function of the distance from
the source. The vertical line in the FWHM panel corresponds to 170 km s~' measured for the position of the source. Right four panels: Spectral
profiles across the jet at selected position in the blue and red lobes (black points). The data was fit using a Moffat function (solid line). The intrinsic

FWHM and the peak RV are shown at the top of each panel.

corrected the derived displacement for the line-to-continuum
ratio. Since the signal from the line approaches zero in the wings,
the noise (and hence a measured error of the signal) increases
exponentially. The effects of background noise can also be con-
siderable; to account for this, we applied a correction to those
positions in the line cores where the detection of the line signal
was reliable (S/N > 0.1; see Fig. 9) and the background noise
was low. The derived errors are shown only for these positions.
Figure 8 shows how the position of the photocenter changes for
several bright lines that trace different gaseous structures: [Fe IT]
1.534, 1.644 um, Pag, Bry, and H, 2.122, 2.406 um. To verify
these results, we repeated the Gaussian fitting on images with
the pure emission after the stellar continuum subtraction. The
second method showed that all of the emission lines exhibit a
photocentre shift with amplitudes similar to those found in the
case of the line plus continuum images.

Our calculated XY distribution of the maximum [Fe II] emis-
sion as a function of wavelength (Fig. 8) reveals that the shift
of the forbidden emission with respect to the continuum posi-
tion follows the jet beams, which the emission traces (i.e. for the
blueshifted lobe) and the photocentre shifts to the same direc-
tion, while for the redshifted lobe the photocentre shifts along
the red lobe direction. Furthermore, the photocentre shift along
Y in the redshifted lobe is larger than in the blueshifted direc-
tion. This behaviour correlates with the brightness asymmetry
of the jet lobes. Our measurements show that the [FelI] line
at 1.644 um, formed with an upper level (a*D7);), and [Fe1]
1.279 um line, formed with a4D3 /2, reveal similar photocentre
shifts in the red lobe (0”/31 and 07728, respectively). At the same
time, the [Fe 11] 1.534 um lines formed with a*Ds /2 are displaced
by a smaller distance (0/18). At the adopted distance for Th 28
of 185 pc, this means that the [FeI] emission with different
excitation reaches its maximum at different distances: ~55 and
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~33 au from the central star, respectively. At the same time,
the strong [Fe1r] 1.534 and 1.644 um lines exhibit a photocen-
tre shift of 0701-0"705 for the blueshifted lobe. The strongest
line, [Fe1r] 1.257 wm, has the strongest shift in the Y-direction
(0714).

Unlike the [Fe 11] lines, the emission regions of Paj and Bry,
as well as the H; lines, do not show any prominent photocentre
shift in the emission maps (Fig. 3). However, photocentre shifts
are clearly detected in the fits (Fig. 8). For Pag and Bry, our calcu-
lation shows that this emission displacement along the X-direction
is not detected, while it is large in the Y-direction (along the jet
axis), the same for the [Fe I1] lines. The position of the continuum
photocentre is quite flat for the Pag and the H; line at 2.406 um,
but for Bry and H; at 2.122 um there was a noticeable slope, which
was removed by linear fitting during the calculation. In general,
the photocentre on the Bry line demonstrates the same behaviour
as the [Fe 11] lines: the photocentre has a small shift (~0”702) for the
blueshifted lobe (upper jet lobe in Fig. 3), but a much larger shift
in the longer red jet lobe. Our fitting shows a displacement of 0707
(~13 au) for the Bry line in the red lobe. At the same time, after the
line-to-continuum correction, the Pag line shows almost the same
shift in both jet directions (0”15 for the blueshifted lobe and 0”713
for the redshifted lobe). These results indicate that the gaseous
structures traced by the atomic lines are probably affected in the
regions where the jet forms and that the atomic gas is entrained
by the inner jet.

We also fit the circular cores of the spatial profiles for
the bright H, lines at 2.122 and 2.406 um centred on the star
and calculated the photocentre displacement with respect to the
continuum, also shown in Fig. 8. Both lines exhibit a slight
shift along the jet axis (Y-direction). Their calculated centroid
shows a similar shift (1.5 and 1.7 pix), which corresponds to
an average angular shift of ~0”708 (~15 au). At the same time,
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Fig. 7. Visual extinction Ay along the Th 28 jet calculated from [Fe 11]
1.644/1.257 and 1.644/1.321. The theoretical intrinsic ratio for Ay = 0
from Smith & Hartigan (2006) is shown by the solid line, whereas the
empirical intrinsic ratio determined by Giannini et al. (2015) is shown
as the dashed line. The error bars are calculated from the RMS errors
plus an uncertainty of 30% for the determination of the Einstein A coef-
ficient and an uncertainty of 10% linked with the flux calibration. The
extinction Ay (lower panel) is calculated for all positions, showing the
ratio value above the theoretical intrinsic [Fe II] ratio.

both lines also reveal a small displacement in the disc plane
(X-direction). We took into account the line-to-continuum ratio
only for the X-shifts of the H, 2.406 um line, because the X-shift
of H, 2.122 um line is too small for this correction. Both lines
show a slight redshifted Y-displacement, whereas their X-offset
is blueshifted and weaker than in the Y-direction. The width of
the H, displacement is smaller than that of the [FeIr] lines and
the atomic hydrogen lines. After line-to-continuum correction,
the computed photocentre shift in the Y-direction of the faint
H; 2.413 um line (Fig. 8) has an amplitude similar to the brighter
H, lines (~0706 or ~11 au). However, unlike the brighter
H; lines, the H, 2.413 um line does not exhibit any displacement
in the X-direction.

To summarise, all bright emission lines reveal that the max-
imum gaseous emission is shifted along the redshifted jet,
with the largest shift seen in the [FeII] lines, tracing the jet
beams. Both the atomic and molecular hydrogen lines also have
detectable shifts in the same direction as the red lobe of the
jet. The photocentre displacements of the Pag and Bry emis-
sion regions, which are usually small and unresolved, imply that

the HI emission traces the material entrained by the jet or is
due to atomic gas from the jet themselves. These results also
reveal a prominent asymmetric spectroastrometric signal in the
redshifted jet, compared to the (slower) blueshifted jet.

3.5. Morphology of the H, emission

Unlike the [Fe 11] emission, which traces the collimated jet lobes,
the spatially resolved emission in the H; lines shows a flattened
arc-like structure, orthogonal to the direction of the jet axis. In
the brightest lines this H, emission covers the entire FoV in
the north—south direction (see Fig. 3 and Fig. 5). However, this
region may be even larger because the H, emission at 2.12 um,
for instance, is still bright (Fig. 3) at the edges of the SIN-
FONI FoV (3" x 3", ~540 au x 540 au at the adopted distance of
Th 28). Therefore, the H, emission has a size of at least 540 au.
If we exclude the region of faint emission at the periphery, the
emission around the central star has a bright inner core, with a
transverse width of about 17’5 (~135 au).

Our fitting of this core in several bright H, lines shows
that the extension of this core in the X-direction (disc plane) is
slightly larger than in the Y-direction (jet axis) for all the fitted
lines. For instance, at 2.122 um H, has FWHMy = 077383, but
FWHMy is 0/372. The difference between X and Y is small
(~3%), but visible in almost all H, lines; even after exclud-
ing the faint emission periphery, the central H, core has a flat-
tened shape aligned with the plane of faint peripheral emis-
sion and therefore with the circumstellar disc. The FWHM of
the continuum around the H, 2.122um line is the same in
both directions (i.e. FWHMyx = FWHMy = 0/325), and it is
smaller than that of the line centre. We calculated the total flux
against the wavelength for three bright molecular lines in the
K band, H, 1.958, 2.122, and 2.413 um, and fit the 1D emis-
sion line profiles to calculate their FWHMs. The fitted FWH M,
of Hy, 2.122 is ~50 km s~! (Fig. 9), which is narrower than
Bry and Pag (internal FWHMgy(H, 1.958)=89 km s~! and
FWHMgy(H, 2.407)=43 km s'). The morphology of the H,
emission (Fig. 3) differs from that of [FeIr], which clearly traces
the outflow structure. The fitted peak RV for H, 2.122 um is cen-
tred at 5 km s~!, which differs from the result of Coffey et al.
(2010) who found a blueshifted velocity of about —10 km s~!
for the H, emission in the direction of both the receding and
approaching jet lobes. We try to explain the H, RV shift
analysing the H, PV diagram along the jet axis (see Fig. 10). We
also note that Coffey et al. (2010) did not resolve the H, emit-
ting region from the measurement along the jet, while for the
slit position perpendicular to the jet, the H, emission is clearly
resolved (see Figs. 3 and 7 in their article). This agrees well with
our results from the SINFONI data.

Using our SINFONI observations, we calculated the PV maps
of the H, 2.122 um line both along (Fig. 10) and perpendicular
to (Fig. 11) the direction of the jet to explore the kinematics of
molecular hydrogen emission. Although our 2D images show
that H, emission is concentrated mainly in the plane orthogonal
to the jet axis, the PV map along the jet axis shows hydrogen
emission up to +1”/5 away from the jet source. This scale is about
twice the radius of the bright compact core. The H, 2.122 um
emission distribution along the jet axis is, in general, similar to
that seen on the more extended PV map (Fig. 2 from Coffey et al.
2010), which traces H, emission up to ~2” in both jet lobes. The
H; emission does not show a brightness asymmetry between the
blue and red lobes, as seen in the forbidden lines, which also
agrees well with the result of Coffeyetal. (2010). The

A156, page 9 of 18



Melnikov, S., et al.: A&A 673, A156 (2023)

[Fe IlI] 1.534 um + cont. PapB + cont. H, 2.122um + cont.
SRR I Ponsbrgp SOPISOD et ol o o0 | 37f ] g
NN SPS et
381 ) i 42} ‘);‘t ~. ° : ¢ oot ° o
| i 4
— 37 ! 40+ [Fe ll] ! 36+ !
% : : '
2 l¥: t# 0.0 Cgl o ! % o % @E%
7536_ i 38-@@%@@3° &%:’:f W %
2 La : _
Q 1 ¢ 35 1
8 . 35} ? . |
35| i 6 i amtfo-'.\-‘.?ﬂh,\,m
ﬁ% e x.2d 34¢ % E o x2d | 34l E e x.2d
34| ﬁ o yz2d 3 i o yz2d i o yoad
1524 1528 1.532 1536 1540 1.544 1272 1276 1.280 1284 1288 1292 2112 2116 2.120 2124 2128 2132
[Fe II] 1.644 um + cont. Bry + cont. H, 2.407um + cont.
=== R 381 i 381 | H,
1
- e * ’
38} &i N ' e STEEI RS | o ﬁ;@
R | SIS |
° 37} : % $ J
p— 1 r‘ 1
2 36} P o 3] PERF RS "WMMMO 4@ e
3 4 | :
5 b o 36} !
S ; :
34} ! 36} LY OS  WOSray X
o A AWENG B IO
35} i
: e x.2d i o x.2d i e x.2d
32y %g o vy i o y2d ii o vy
| 1 [

. . . . 35k, . .
1.636 1.640 1.644 1.648 1.652 2.156 2.160 2.164

2.168 2.172 2.176 2.396 2.400 2.404 2.408 2.412 2.416

Wavelength [um]

Fig. 8. Photocentre shift for [Fe 1] 1.534, 1.644 um, Pag, Bry, and H, 2.

122, 2.406 um along the XY-directions. The Y-direction is aligned with

the jet axis, whereas the X-direction is orthogonal. The wavelength of spectral lines in the vacuum is indicated by vertical lines. On some plots,

the values of centre coordinates are shifted as a whole in order to place
calculated from the continuum, was fit with a linear function (shown as

both distributions on the same plot. The instrumental bias around Bry,
dashed lines) and removed from further analysis. The shifts in the line

cores were corrected for the line-to-continuum ratio, and the errors derived for the line centre displacement are shown. All the emission lines
display a significant photocentre shift along the Y-direction (the direction of the jet), whereas the H, lines also show a small shift in the orthogonal

direction (X).
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Fig. 9. Fit of the line profile of the H, 2.122 um line (FWHM,;, =49 +
11 km s7') integrated over the central region using a Moffat func-
tion (solid black line). The peak of the emission profile is redshifted
by ~5+2.7 km s~ with respect to the system velocity of ~3 km s~
(dashed vertical line). The S/N computed for each position is indicated
with a cross. The S/N scale is shown on the right y-axis, and the dashed
horizontal line indicates the zero level.

distribution of RV« and FWHM;, along the jet derived
from fitting the PV diagram are shown as a function of distance
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from the source. Fitting the H, emission profiles has smaller
errors for the distance from the jet source <07, but the fitting
errors increase at larger distance from the source due to the
poorer S/N of the line (Fig. 10). In general, the PV diagram does
not show a significant difference between the H, gas velocity
along the jet at distances >0"5 compared to the internal regions
<0”5. The average values of the parameters computed at all
positions with reliable fitting are RVpeax = 4.6+ 1.9 km s™! and
FWHM;, = 42.4+4.7 km s~! and both values are marked in
Fig. 10 by vertical lines. The distribution of RV pea values along
the jet is very close to the mean value, and there is no signifi-
cant difference between the red and blue lobes. Therefore, the
RVpeak ~ 5 km s~! visible in other RV diagrams (Figs. 9 and 11)
probably represents a systemic shift resulting from errors in the
wavelength calibration. However, we can draw some conclusions.
In particular, the rest RV of the H, emission in the jet lobes is
very small, and therefore the total H, velocity in the jet should
also be small. There are a few points at distant positions where
the RV sign agrees with the sense of the inclination of the jet
lobes (i.e. Hy 2.122 pm has the negative RV for the approaching
lobe and the positive values for the receding one). However, the
measurement errors for these positions are also high.

The PV diagram of the H, line along the direction perpen-
dicular to the jet axis is also similar to that of Coffey et al.
(2010, see their Fig. 7). The horizontal dashed line shows the
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Fig. 10. Distribution of the H, 2.122 um emission along the jet. Left image: PV diagram of the H, 2.122 um line along the jet axis of Th 28,
obtained by integrating the fluxes in the 22 spectral frames over the direction perpendicular to the jet. Logarithmic contours are drawn from
2x 107 erg s™! cm™ arcsec™ A™', with an incremental logarithmic step of 0.3 dex. Two central panels show the derived RV e, and FWHM;, as

a function of distance from the source. A vertical line at 5 km s~!

in the RV panel marks possible systemic RV shift for the line; an average value

of FWHM;, is 43 km s™! (vertical line). Right four panels: Spectral profiles across the jet at selected positions within an +1” area in the blue and
red lobes (black points). The data were fit using a Moffat function (solid line); the derived peak RV and intrinsic FWHM are shown at the top of

each panel.
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Fig. 11. Distribution of the H, 2.122 um emission in the disc plane.
Upper panel: PV diagram of the H, 2.122 um line perpendicular to the
direction of the jet axis and in the disc plane. Lower panel: Peak radial
velocities with error bars computed from fitting across the PV diagram
at the every position with 0”705 steps. The region from —0775 to 0”75
around position at 0" corresponds to the bright core of H, emission
around the jet source.

RV of the H, gas derived at the stellar position (5.4 km s7').
The size of the region from —0”/75 to 0’75 corresponds to the
bright core of H, emission around the jet source. The RV uncer-
tainties are quite small for this central region and then increase
towards the periphery of the H, emission region. If we con-
sider the bright emission region, we note that the left part (from
—0"75 to 0”) shows a systematically lower RV value than the
opposite one (from 0” to 0”775) which can be an indication of

gas rotation in a circumstellar disc. Both the direction and the
magnitude of the velocities are similar to that derived from CO
emissions that was interpreted as the rotation of the circum-
stellar disc (Louvet et al. 2016). However, the current spectro-
scopic resolution does not allow us to draw any conclusions
about the Keplerian rotation in the disc. Taking the error bars
into account, the PV map does not show a large departure of
RVs along the disc plane direction from the velocity at 0. The
average FWHM;, = 47.3 + 4.0 km s~! within —0”75 to 0775
along the disc plane is slightly higher than the value measured
along the jet. The RVs observed in the faint peripheral H, emis-
sion (at radial distances >0"/75) seem to deviate from that of the
central region and are consistent with zero, but the measurement
errors are higher for those positions as well.

Analysis of the morphology of H, emission, as well as
gas parameters, shows that many YSO outflows and jets are
associated with molecular hydrogen emission generated by gas
shock waves (Beck et al. 2008, and references therein). How-
ever, some YSOs also show the presence of quiescent molecular
hydrogen emission, probably of fluorescent origin (Beck et al.
2008). Therefore, the origin of the H, emission requires special
consideration, which we discuss in Sect. 4.

3.6. Physical parameters of the H> emission region

The H; transitions that arise from the same upper state of the H,
molecule can be used for the determination of Ay. For exam-
ple, bright H, lines such as the v = 1 — 0 S(1) at 2.122 um
and v = 1 — 0 Q(3) at 2.424 um are both detected in the spec-
trum of Th 28. The intrinsic Q(3)/S(1) line ratio of 0.7 is not
affected by the physical conditions of the gas-emitting envi-
ronment. At the same time, Ay calculations based on the H,
line ratios have a very strong dependence on the values of the
ratio (e.g. Davis et al. 2011). Taking the integral fluxes of these
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Fig. 12. Rotation diagram for H, lines in the central (0725 x 0725)
region of Th 28. The solid lines show the best fit to the logarithm of
column density vs upper energy level. Two colours represent the impact
of different values of Ay on the excitation temperature. Ay = 1.0 mag
is taken from France et al. (2012); Ay =6.0 mag is derived from the
Isy /1Q3 relation.

lines within a central emission core of 1” X 1" in size and the
relation Ay = —114 X 1og(0.704 X [Is;/1p3]) from Davis et al.
(2011), we find a mean extinction of Ay = 6 + 0.3 mag for
this region. This result differs from the value of Ay = 1.1 mag
derived from the pre-main-sequence stellar evolutionary tracks
of France et al. (2012). The last result is based on photometry,
probably obtained with a much larger aperture and therefore less
affected by absorption in the circumstellar disc.

The excitation temperature of H, can be estimated using
the rotational diagram method. For a Boltzmann distribution
between energy levels N;/g; ~ e//¥I' where N;,g;, E;, and
T are column density, statistical weight of the transition, upper-
level energy, and excitation temperature, respectively. This
implies that a local thermodynamic equilibrium (LTE) has been
established in our system. The column density may also be
expressed through flux as N; = 2F;4;/Ahc, where Fj, A;, and
A; are the dereddened flux, line wavelength, and the Einstein
coefficient of each transition, respectively. For dereddening, we
used the extinction law of Cardelli et al. (1989) with Ry = 3.1
(see below for an additional discussion on the values of Ay).
In Fig. 12, we show the dependence of the natural logarithm of
the H, column density of each level on the energy of the upper
level for the central region, integrated in 0725 X 0”/25. The uncer-
tainties were calculated using the bootstrap method by randomly
varying the flux values with a normal distribution over their mea-
sured uncertainties and finding the dispersion of the resulting
temperatures after optimisation. The temperature map obtained
is shown in Fig. 13. Values range approximately from 1000 K to
2500 K.

This Boltzmann diagram method could also be used as
another way to determine interstellar extinction, simultaneously
with the evaluation of excitation temperature. In our case, the
extinction values obtained were sporadic from pixel to pixel;
therefore, we used this method only to determine the excitation
temperatures. As seen in Fig. 12, extinction values affect the tem-
perature only within the error margin, which is why the temper-
ature can be determined under the assumption that the excitation
is constant.
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Fig. 13. H, excitation temperature map. The values from 0 to 2500 K
in linear scale are colour-coded from dark to light (see colour scale at
right). All data points selected have at least nine molecular hydrogen
lines with flux >2c.

4. Discussion

The high-resolution 2D SINFONI spectra allowed us to study the
morphology of gas emission formed in different gas structures
around Th 28. Three groups of emission lines were detected in
NIR spectroscopy: forbidden iron lines, atomic hydrogen lines,
and molecular hydrogen lines. Some of our results are similar to
those of the detailed study done by Coffey et al. (2010) based on
the analysis of a similar set of emission lines and 1D slit spec-
tra. In that study line fluxes and radial velocities are probably
more sensitive because of the long-slit observations, which have
higher spectral resolution. However, the 2D SINFONI maps give
us a closer look at the spatial distribution of the emission at high
angular resolution.

4.1. Origin of [Fe ] emission

The [Fe1] lines are emitted by a well-defined outflow, which
is extended and coincident with the jet, as traced by [ST]
(Wang & Henning 2009). The brightness distribution of [Fe I1]
along the bipolar jet obtained from the 2D maps confirms the
jet asymmetry visible in the [S1I] map, and coincides in gen-
eral with the results of Coffey et al. (2010). In the vicinity of
the central source, the [Fell] emission is distributed approxi-
mately uniformly in the jet column, but forms emission knots
on both sides of the source at a distance of ~1”, which were
not detected by Coftey et al. (2010). More distant emission knots
were also found by Wang & Henning (2009), but are outside our
observed FoV.

The emission in the iron lines allows us to trace the change in
the geometry of the jet. We integrated the flux of the bright [Fe 11]
1.644 um line over all frames from —220 km s~! to +240 km s~
Figure 14 shows the width of the jet measured using the [FeII]
1.644 um line as a function of the distance from the central
source. The observed FWHM is measured with a Gaussian fit
perpendicular to the jet axis. The intrinsic jet width is calculated
as the observed FWHM corrected for the FWHMpsg = 0723

derived around the [Fe1] line (ie. FWHM}, = FWHM, , ~

FWH MgSF). Data were masked at a level of 30. To estimate the
size of the jet cone at its base, we fit each of the lobes with a
power function f(x) o (x — C)", which are shown in the plot.
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These approximations reveal a change in the geometry of the red
jet lobe at about 0”5 from the central source. A similar change
is seen in the blue lobe of the jet, but there is already a signif-
icant deformation of the jet shape at 0”76, probably due to the
disc—jet interaction, and therefore the fit is not applicable. At
around 07”79, however, the collimation of the red jet lobe seems
to change again and the diameter of the jet stops growing and
becomes more stable. A similar behaviour is detected in some
other YSO jets; the width of the jets first increases with increas-
ing distance from the jet source, but at certain distances it stops
growing and its collimation stabilises (e.g. the width of the RW
Aur jet stabilises at ~1”/5 from its source; Woitas et al. 2002).
Therefore, at larger distances the Th 28 jet is found to be more
collimated, as measured by Murphy et al. (2021).

Using the approximation function for the jet width, an upper
limit to the maximum possible size for the jet formation region
is now available by calculating the diameter of this function
at the level of the accretion disc. The maximum radius of the
jet at the disc position is estimated to be ~07015, correspond-
ing to a jet launching radius of ~3 au. This estimate represents
an upper limit of this value due to the high uncertainty of the
extrapolation and is higher than that derived by Ferreira et al.
(2006). At the same time, this is less than the maximum launch
radius (rmax = 5 au) adopted in the magnetohydrodynamic jet
models of Ray et al. (2007).

We used a simple linear fit to estimate the full opening angle
for both outflow lobes in Th 28. For the full range of iron emis-
sion velocities, we found that within the first 0”76 the opening
angle is ~28° +2° for both lobes, while the red lobe within 079
shows a mean opening angle value of ~35° +3°. The derived
opening angle also depends on the velocity range. For example,
Agra-Amboage et al. (2011) found that the medium velocity gas
(<150 km s7!) in the DG Tau jet is collimated inside a cone with
a full opening angle of 28°, similar to that of Th 28, whereas
the high-velocity gas (>150 km s~!) in the jet is more collimated
and has a full opening angle of 8°. We computed the opening
angles in the Th 28 jet for two velocity ranges, for emission with
a velocity >100 km s~! and with a velocity <100 km s~!. We
found that at high velocities, the gas in the blue lobe appears to
be more collimated with a full opening angle of 20° + 3°, which
increases to ~30° +4° at low velocities. At the same time, in the
red lobe the gas emission has a similar collimation (~27° +4°)
for both velocity ranges. Therefore, the Th 28 jet appears to be
less collimated than some other YSO jets, with an opening angle
of 5-10° near the jet source (Bacciotti et al. 1999; Woitas et al.
2002; Dougados et al. 2004). At the same time, the DG Tau jet
(Woitas et al. 2002) also shows a steep increase in jet width,
which is similar to the Th 28 red lobe case.

An interesting feature of the [Felr] RV distribution is the
presence of opposite motion for both jet lobes: channel maps
exhibit a blueshifted emission gas for the redshifted lobe, and
vice versa. Taking into account the estimated full opening angle
(see the discussion of Fig. 14), a natural explanation for this
seemingly contradictory result is that the jet cone has a posi-
tion on its axis close to the sky plane. In this case, we see vari-
ous velocity components of diverging streams and/or transverse
motion resulting from rotation. With the adopted inclination of
the jet axis and a half-opening angle of 14° obtained within the
first 0”76, the outflow cone would remain completely behind the
plane of the sky. Therefore, this opening angle would not be
large enough to explain the blueshifted emission in the redshifted
flow (Sect. 3.2). However, with a half-opening angle of ~18° the
outflow cone would reach the front side of the plane of the sky
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Fig. 14. Jet width vs distance from the central source at 1.644 um. The
intrinsic jet width is computed with FWHMpgg = 0723 derived from
the continuum images around the line. Data from the red and blue lobe
of the jet are indicated by grey triangles and black circles, respectively.
The solid lines are approximation functions f(x) oc (x — C)", where C
is a free parameter and n is a degree, which demonstrates the change in
geometry of the jet for the red lobe.

and create a quite prominent negative velocity flow component
visible between 0”75 and 1’5 in the red jet lobe.

Various magnetohydrodynamic jet-launching models (e.g.
Ferreira 1997; Ferreira et al. 2006; Pudritz et al. 2007) predict
the presence of gas flows with different velocities close to
the source position, including low-velocity uncollimated outer
streams. For example, Garcia Lopez et al. (2008) found that the
atomic and molecular gas (seen in [Fe IT] and H; lines) at the base
of HH 34 jet show two components at high velocities (HVC)
and low velocities (LVC), which trace the jet and disc wind,
respectively. Due to the high inclination of the jet in Th 28, the
measured RVs of the [Fell] jets are also relatively small, and
therefore these lobes are only weakly spectrally resolved in the
channel maps. We did not find any indication of low or high
components in the redshifted jet. Coffey et al. (2010) also did
not report any distinction between the high- and low-velocity
components. However, the fact that RV increases along the blue
lobe may imply that both LVC and HVC could be present at the
base of the jet. The emission could be dominated by the LVC at
the jet base and the HVC further away. This is also supported
by the fact that in the blue jet the [Fe 1] line widths are substan-
tially larger at the base of the flow, suggesting the presence of
an additional component of the HVC. This is also supported by
the presence of [OTI] A 5007 A in the blue lobe, as reported
by Comerdén & Ferndndez (2010), who associated this emission
with stellar winds.

In general, the [FeIl] emission at 1.644 um covers red-
shifted velocities up to ~240 km s~!, which is similar to that
of the opposite lobe (RVp.x ~ 220 km sec™!). From the fit to
the line profiles, we adopted RV e = 41 + 0.8 km s~ and
—105 £ 7.5 km s~! at +1” for the red- and blueshifted lobes,
respectively (see Fig. 6). This difference is consistent with pre-
vious studies, which reported that RVs of HH objects in the
blueshifted jet are greater by an average factor of 1.5-2 com-
pared to those in the redshifted jet (Comerén & Ferndndez 2010;
Murphy et al. 2021). If we adopt the different inclination angles
for the opposite jet lobes measured by Murphy et al. (2021)
(irea = 83°.5 and ipe = 77°), the deprojected gas velocity for
the emission will be similar for the two beams, ~360 km s~! for
the redshifted lobe and ~470 km s~! for the blueshifted lobe.
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The deprojected velocities calculated from the velocities mea-
sured by Murphy et al. (2021) are ~270 km s~! for the redshifted
lobe and ~360 km s~! for the blueshifted lobe (i.e. ~100 km s~!
less than our results). For our RVs this difference is ~10 km s~!.
We suggest that this RV discrepancy can be partly explained by
a systemic shift between these wavelength calibrations. In any
case, this deprojected velocity implies that the Th 28 jet is quite
fast among the YSO jets because the YSO jets usually show gas
velocities between 50 and 400 km s~! (Ferreira et al. 2006).

One of the interesting features of the data is a prominent
brightness asymmetry in the opposite jet lobes, visible in [FeI1].
One of the possible origins suggested for such an observed jet
brightness asymmetry could be an occultation by a circumstellar
disc (e.g. White et al. 2014), which partially blocks the radiation
from one of the jet lobes. However, the observed jet structure in
Th 28 does not support this scenario. The circumstellar extinc-
tion in the direction to Th 28 does not seem to be high. From
the analysis of the H, emission, we estimate the Ay =~ 6 mag,
while France et al. (2012) found Ay = 1.1 mag based on pho-
tometry. This agrees with the fact that we do not see any evi-
dence of a dark lane in Th28, as seen in the DG Tau system
(Fig. 1 in Agra-Amboage et al. 2014). Moreover, the redshifted
jet is brighter than the blueshifted jet, whereas in the case of disc
occultation, we would see the opposite effect.

Another possibility to explain the observed jet emission
structure is the orientation of its natal cloud, where the
blueshifted jet lobe penetrates into the dense part of the cloud,
while the redshifted jet propagates into a lower-density environ-
ment. To verify this, we measured the fluxes for the v = 1-0 Q(3)
and v = 1 — 0 Q(1) H, lines, and calculated their ratios to the
v = 1 =0 S(1) line. The first two H; lines can also be detected
along the blue lobes up to 175 as H, 2.122 um. At the same time,
the bright [Fe11] 1.644 um line in the blue lobe becomes fainter
after 075 and disappears completely after 1”. If the [FeTr] line
weakening is caused by extinction, Ig3/Is; should also change
accordingly. However, the distribution of the H; ratio is flat and
does not show any gradient. The mean value of the H, ratio for
both lobes is 0.79 +£0.21, which corresponds to Ay = 6 mag. The
Iq1/1s; distribution along the jet axis is also flat. Therefore, we
suggest that the observed brightness asymmetry of the [Fe 11] line
has an intrinsic origin, rather than due to changes in extinction
along the blue lobe (i.e. the asymmetry is caused by the engine,
rather than the medium).

4.2. Origin of PaB and Bry emission

The origin of atomic hydrogen emission around the YSOs is
still being debated. The theory predicts that the Pag and Bry
lines should form close to the star due to accretion. In fact,
the luminosity of hydrogen lines has been found to correlate
strongly with the accretion luminosity in classical T Tauri stars
(Muzerolle et al. 1998) and in young brown dwarfs (Natta et al.
2004). Garcia Lopez et al. (2008) reported wide Bry emission in
the spectrum of HH 34, which, nevertheless, does not show spa-
tial extension along the jet.

However, there is some evidence that this permitted emis-
sion can also trace young stellar jet activity (Whelan et al. 2004;
Beck et al. 2010; Caratti o Garatti et al. 2016). For instance,
Beck et al. (2010) spatially resolved extended Bry emission in
several outflows from young stars, and associated the emis-
sion with known HH objects. In the case of the Th 28 jet,
Coffey et al. (2010) concluded from the high-resolution 1D spec-
troscopy analysis that a component of the Pag and Bry emission
comes from the outflow. In the present work, PaS emission
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is clearly resolved in the redshifted jet lobe. The presence of
atomic hydrogen emission in the jet and HH objects is important
because these permitted transitions originate in high-density gas
regions where forbidden lines are quenched (Coffey et al. 2010).

The 2D SINFONI flux maps demonstrate that the HI emis-
sion in Th 28 probably consists of two components. In addi-
tion to the bright Pas and Bry emission regions with roundish
shapes, there is also a faint component stretching along the jet
axis. As in the case of other YSOs, the emitting region of atomic
hydrogen is very compact. Pag (FWHM = 07”72 +(0"704) and
Bry (FWHM = 07”33 £0703) are barely resolved, with angular
sizes similar to those of continuum emission (FWHM; = 0"/68
and FWHMy = 0732). At the same time, the RVs of the Pag and
Bry emission, integrated over the compact bright atomic hydro-
gen core, are shifted toward the red, although their peak RVs
are clearly lower than those of [FeI1]. The measured redshifts of
RV in Pag (34 km s™!) and Bry (18 km s~!) are similar to those
obtained by Coffey et al. (2010) for the red lobe, and can trace
the gas in the descending jet lobe, which is brighter than the blue
lobe. Additionally, the redshifted emission can be partly caused
by infalling material in the accretion columns. This infalling gas
detected in emission lines is assumed for the magnetospheric
accretion model, as suggested by observations and modelling of
other YSOs (Muzerolle et al. 1998; Tambovtseva et al. 2016).

On the other hand, there is a fainter emission component
that is spatially resolved and extends along the outflow direction
(Fig. 3). The signs of faint emission are visible in both directions
outside the bright HT emission core. Therefore, both formation
scenarios (accretion and jet activity) of atomic hydrogen emis-
sion likely contribute to the case of Th 28. However, the spectral
resolution of our observations is not high enough to discriminate
between these two scenarios. We obtain only the general distri-
bution of RV, and do not resolve any velocity components. The
atomic lines have wide emission profiles (2250 km s~!), which
supports the presence of a high-velocity component.

4.3. Investigating the origin of H, emission

Many collimated young stellar outflows and jets and associated
HH objects exhibit molecular hydrogen emission. There are sev-
eral explanations for the presence of extended H, emission in
the NIR around YSO with jets. The primary excitation mecha-
nisms are (1) H, emission excited by shock waves, (2) thermal
excitation by UV and X-ray radiation (Gustafsson et al. 2008),
(3) irradiation of fluorescent quiescent H, due to the IR cas-
cade of non-thermal pumping by La (Beck & Bary 2019), and
(4) excitation via ambipolar diffusion (Frank et al. 1999). There
are various scenarios for the formation of spatially extended H,
emission in different gas structures of T Tauri stars. For exam-
ple, shocks seem to be more responsible for the excitation of
H, emission that originates in the jet lobes (Beck & Bary 2019).
Several scenarios are assumed for the origin of the wide-angle
H, emission, which can originate in a circumstellar disc of a
YSO (see Fig. 10 in Agra-Amboage et al. 2014).

The first detections of the v = 1 — 0 S(1) ro-vibrational
transition of H, at 2.12 um in the spectrum of HH objects were
identified as shock-excited emission (Beckwith et al. 1978; Elias
1980; Burton et al. 1989; Wilking et al. 1990). Beck et al. (2008)
listed some highly collimated T Tauri jets revealing shock-
excited H, emission in their jet lobes. Caratti o Garatti et al.
(2015) studied 18 massive jets driven by intermediate-mass and
high-mass YSOs and found that all the flows analysed show H;
emission lines that originate from shocks at high temperatures
and densities. A recent high-resolution study of massive YSO
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G192.16-3.82 also detected H, emission in a chain of tightly
collimated knots, implying its shock origin (Boley et al. 2019).

However, Bary etal. (1999) detected molecular hydrogen
gas around CTTS TW Hya, which appears to be concentrated
in its circumstellar disc. They found that this H, emission
is fluorescent in origin, induced by X-ray radiation. There-
fore, this fluorescence from quiescent molecular hydrogen gas
may be expected in other X-ray bright T Tauri stars. Further-
more, Bary et al. (2003b,a) discovered this quiescent H, emis-
sion towards several CTTs, and concluded that it is most likely
located in a disc orbiting the young star. Takami et al. (2004)
detected NIR H; emission around DG Tau, which is of an age
(~1-2 Myr, Giidel et al. 2007) similar to that of Th 28, and con-
cluded that it originates from both a fast material around the jet
axis and a slow, poorly collimated molecular component. Fur-
thermore, Beck et al. (2008) found nearly symmetric H, emis-
sion orientated perpendicularly to the outflow axis extending up
to ~70 au.

Beck & Bary (2019) argued that different mechanisms of
H, excitation can coexist in young stellar systems. Therefore,
we need tools to determine which are responsible or domi-
nant for the observed H, emission. In several previous studies,
the measured v = 2 -1 S(1)/v = 1 — 0 S(1) line ratio has
been used to distinguish between shock excitation and nonther-
mal excitation processes, such as UV pumping and fluorescence
(Greene et al. 2010; Beck et al. 2008; Beck & Bary 2019). Typi-
cally, non-thermally excited H, emission regions have line ratios
yv=2-18)/v =1-08(1) of around 0.55 (UV excita-
tion, Black & van Dishoeck 1987), whereas the line ratios aris-
ing from shocks are between 0.05 (C-type shocks) and ~0.24
(J-type shocks) (Smith 1995). The spectrum of Th 28 shows that
the v = 2 — 1 §(1) line is quite faint, and its emission is con-
centrated on the stellar source. Therefore, our measurement of
the ratio is related to this compact spatial region. The pixel-to-
pixel ratio of these two lines, dereddened using Ay = 6 mag,
is ~0.03—-0.09 (with uncertainties between 0.007—0.04), which
agrees with those found for several classical T Tauri star out-
flows (Beck et al. 2008). This value is in accordance with C-type
shocks.

At the same time, other ratios of H, lines can also be used for
this goal. For example, the ratiov =1-0S(1)/v =1-0 Q(1)
(Beck et al. 2008) is well determined in our data at positions
away from the driving source, and therefore we can compute
the ratio for the faint extended V-shaped emission located in the
peripheral region. This ratio is predicted to be ~1 in the case of
UV-pumped fluorescent H, (Black & van Dishoeck 1987), while
the line ratios arising from C- and J-type shocks are 1.29 and
1.59, respectively (Smith 1995; Beck et al. 2008). Our measured
pixel-to-pixel values of v = 1 -0 S(1)/v = 1 — 0 Q(1), where
these lines have S/N > 3, vary between a maximum value of
1.23 £ 0.08 and a minimum value at 0.40 + 0.09, with a mean
value of 0.70 + 0.08, which is lower than predicted by shock
excitation and even by UV excitation.

The Th 28 H; emission can be compared with that resolved
around T Tau N, studied by Gustafsson et al. (2008). In some
respects, Th 28 is similar to T Tau N, which is also a YSO with
spectral type KO, an age of ~1-2 Myr, and a mass of ~1 M. The
outer radius of the spatially resolved H, disc-like emission is
~100 au, which is greater than R ~ 50 au predicted by the mod-
els of Nomura & Millar (2005) and Nomura et al. (2007). How-
ever, the H, emitting region in the Th 28 disc is ~2.5 larger than
that of T Tau N (the Th 28 H, emitting disc is also ~2.5 larger
than its CO-disc measured by ALMA, Louvet et al. 2016). For
the H, emissionin TTauN,v=1-0S8(1)/v=1-00(1) = 0.9,

which is similar to the case of Th 28. Gustafsson et al. (2008)
argue that the most likely scenario of extended T Tau N H, emis-
sion is a wide-angle wind that impinges on a flared disc. Taking
all this into account, this scenario can also be applied to explain
the H, emission in the arc-shaped component of Th 28. How-
ever, in this scenario, shock excitation is expected, but the ratio
v=1-0S51)/v=1-0 Q) is lower than predicted by shocks
for both Th 28 and T Tau N. Gustafsson et al. (2008) also consid-
ered the possibility that H, emission arises from excitation in the
walls of an envelope cavity by an oblique wind, but concluded
that this requires an unusually high velocity of the oblique out-
flow and/or a small opening angle of the cavity. This scenario is
also difficult to apply to the Th 28 case for the same reasons.

Another mechanism that can coexist in the H, disc is the
photoevaporation of the disc by far-UV photons and X-rays
(Storzer & Hollenbach 1999; Gustafsson et al. 2008). This ener-
getic radiation will dissociate molecular hydrogen and ionise
atomic hydrogen, resulting in a HI-H,; transition layer, below
which the gas is molecular. As a consequence, this will lead
to hydrogen recombination lines such as Pag. Furthermore, this
region will show strong emission from [FeIr] 1.257, 1.644 um,
as well as [S1] 6730 A, in high-density regions. This pho-
toevaporation mechanism may power a collimated disc wind
(Gustafsson et al. 2008). In the case of Th 28 the H, emission
has a bright central core, which coincides spatially with the emis-
sion of Pas and Bry. The size of the H, emission core is sim-
ilar to that of atomic hydrogen (at 2.122 um the H, core has
FWHM = (38, while Bry has FWHM = (/32). Therefore, we
cannot rule out the possibility that we spatially resolve the inner
parts of the disc, where this excitation mechanism might domi-
nate. After deconvolution by the PSF, the intrinsic FWHM of the
bright H, core is derived to be ~02, giving the photoevapora-
tion radius to 18 au (at 185 pc). This radius is three times larger
than that determined for T Tau N (~6 au) by Gustafsson et al.
(2008). However, according to the models of Dullemond et al.
(2007), the radius of the photoevaporation region induced by
far-UV radiation can range from 3-150 au for solar-mass stars.
The photoevaporative disc wind models calculated by Rab et al.
(2022) predict that the majority of Hy 2.122 um luminosity will
be confined to a radius of 30 au. Therefore, our estimation of the
bright H, core for Th 28 is within these limits. The wind models
of Rab et al. (2022) also show a low maximum radial velocity
of the Hy 2.122 um line, |vp| < 6 km s~!, for a low-inclined
circumstellar disc (e.g. Th 28) that in general agrees with our
measurements of the H, RV.

Shock-excited H, emission in YSO jets represents less col-
limated and more massive molecular outflows with velocities
of the order of ~1-30 km s~', which are believed to con-
sist of shells of ambient gas swept up by the jet bow shock
and an ambient slower and wider angle component (Frank et al.
2014). For instance, RW Aur featuring a high collimated jet
shows a low-velocity spatially extended arc-shaped H, emis-
sion (Beck et al. 2008). Observations of the jets of RW Aur and
DG Tau (Melnikov et al. 2009; Agra-Amboage et al. 2011) also
confirm that the jet gas shows a clear drop in velocity toward the
jet edges, which is in contrast to the classical X-wind model,
where the ejection speed is similar at all angles (Shang et al.
2007; Frank et al. 2014).

Our 2D SINFONI direct images do not show any elonga-
tion of the H, emission along the jet. However, the PV dia-
gram of H, 2.122 um (Fig. 10) reveals faint H, emission dis-
tributed along the jet (this diagram is similar to Fig. 2 from
Coffey et al. 2010). PV diagram of another bright H, line at
2.407 um has the same morphology. Therefore, we calculated
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the ratiov = 1 —0 S(1)/yv = 1 =0 Q(1) from the PV dia-
grams. We excluded the central part of the emission around the
jet source to avoid a contribution from other subsystems. We
foundv = 1-0S(1)/v =1-0 Q1) = 1.39 + 0.34 between
0”5 and 173 in the red lobe and 1.29 + 0.26 between 0”/5 and
174, corresponding roughly to the C-type shock ratio (Smith
1995), but the measured ratio errors are quite high in our case.
Since this H, emission also shows a very low RV, it can arise
from a low-velocity ambient gas surrounding the central, higher-
velocity lobe. On the other hand, this low H, emission can also
trace a lower velocity molecular wind surrounding the inner fast
jet, as suggested for DG Tau (Agra-Amboage et al. 2014).

Another scenario is that this morphology of the H, emitting
region is formed by scattering of the emission by a cavity that the
jet drilled into the parent circumstellar envelope. This scenario
could explain the bright bump in the H, emission, which coin-
cides with the shorter blueshifted lobe. Since the measured jet
inclination is close to the plane of the sky (i ~80°), we should see
that the circumstellar disc is almost edge-on. YSOs where out-
flows have swept out most of the mass of the parent cloud can
form cavities with biconical morphology, which has been con-
sidered for Herbig Ae/Be stars (Fuente et al. 2002). For instance,
LkHe 233, which has a biconical nebulosity, has an age of
~7 Myr (Hernandez et al. 2004).

Th 28 is optically visible despite the high inclination of
its circumstellar disc. This, as well as its spectral energy dis-
tribution, argues against the presence of a massive envelope
with bipolar cavities, similar to those of Class 0 and I objects,
for which scattering of line and continuum emission has been
observed (e.g. Fedriani 2020). Although a tenuous dusty enve-
lope may be present around Th 28, it should scatter not only H,
photons but also those of the continuum. To verify its presence,
the K-band data cube was spectrally collapsed, after subtracting
the line emission. This produced a continuum image with an S/N
that exceeded that of the integrated H, emission image. Compar-
ison with the latter showed that the continuum map has a round
and symmetric shape and completely lacks the extended mor-
phology seen in H,. Thus, we conclude that the structure of the
H, emission cannot arise from the walls of the outflow cavity or
from dust scattering.

Finally, we conclude that the H, emission in Th 28 consists
of three components: the arc-like extended emission concen-
trated in the circumstellar disc plane, the bright inner emission
centred around the jet source, and the faint bipolar component
elongated along the jet lobes. We suggest the following scenar-
ios for the formation of the components. The extended H, emis-
sion in the disc plane is shock-excited by a wide-angle wind that
impinges on the flared disc (Gustafsson et al. 2008). The origin
of this wide-angle component is still debated, but its existence is
predicted by models (e.g Cabrit et al. 1999). Takami et al. (2006)
describe it as an “unseen wide-angle wind”. Its origin may be
the wide-angle molecular wind surrounding the inner fast jet
(e.g. Takami et al. 2004). The central bright emission core within
R ~ 18 au may represent the region in the disk where the photoe-
vaporation mechanism dominates. The faint bipolar H, emission
probably traces a low-velocity and wide-angle molecular wind
surrounding the inner fast and collimated jet.

4.4. Spectroastrometry of emission photocentre

The high-spatial-resolution SINFONI images allowed us to reveal
positional shifts of the emission photocentre with respect to the
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position of the stellar continuum as a function of wavelength. A
shift in the emission peak was detected in bright lines that belong
to different gaseous structures. The strongest shift was discovered
in the direction of the jet axis, but the [FeII] and H, also reveal
an apparent shift in the orthogonal direction, along the disc axis.
The lines with the strongest positional shift are the [Fe I1] lines,
where these shifts reach ~30-55 au in the redshifted jet lobe. A
smaller shift of ~13 au was detected in the Bry line, as well as H,
2.413 um. This value is more than an order of magnitude lower
than that measured using the same line for two massive YSOs
(Grave & Kumar 2007). This implies that the line displacement
may depend on the mass of the central source.

This emission displacement indicates that we probably
resolved the region where the jet is forming and that the [FeI1]
emission reaches its maximum at a greater distance from the
central source. Moreover, the same effect for the H, emission,
which arises in an orthogonal plane, implies that these processes
can also influence the circumstellar gaseous regions. The size
of the H, positional shift is also smaller than that of [Fe11] and
H1, which probably means that the surface where H, interacts
with the jet is relatively small. However, the molecular hydrogen
emission, as well as the [Fe II] emission, shows a shift along the
circumstellar disc plane, whereas the atomic hydrogen lines do
not reveal this behaviour. Together, these details indicate a com-
plex picture of gas interaction in the compact region where the
jet forms.

As in the case of brightness asymmetry, we can also see here
a prominent asymmetry in the [FeII] photocentre shift found
near the central source for opposite jet lobes. The largest shift
along the jet axis is detected for the (longer) red lobe, whereas
for the (shorter) blue lobe the shift is much smaller. The same
displacement can also be observed for the Pa$ and Bry lines. One
of the possible origins could be an occultation effect from the cir-
cumstellar disc, which blocks radiation from the jet lobes close
to the jet source. Since the circumstellar extinction in the direc-
tion to Th 28 is low (see Sect. 4.1) and the jet axis is close to the
sky plane (inclination of 10-15°), the occultation effect cannot
be responsible for the displacement of 55 au in the [Fe 1] 1.644
line. On the other hand, the [Fe 11] sequence in Fig. 4 shows that
the absolute flux maximum shifts in either the blue or red direc-
tion. At the same time, the absolute flux in the red direction is
stronger than in the blue direction (Sect. 4.1), which is indicative
of a real emission shift (or scattering) rather than an occultation
effect. This strongly suggests that the formation of the observed
brightness asymmetry of the jet lobes may be linked to a dif-
ferent intensity at the level of the jet formation process (such as
different mass loss rates in opposite directions) near the driving
source. However, the observations presented here cannot distin-
guish whether this shift belongs to the circumstellar atomic gas
or to the gas component that flows in the jet.

5. Conclusion

SINFONI high-resolution images reveal the clear and simple
structure of the highly collimated bipolar jet of Th 28. The [FeI1]
emission originates in the highly collimated jet lobes, while the
bright H, emission arises from an arc-shaped region orthogonal
to the jet axis. Our conclusions can be summarised as follows.
1. The arc-like shape of the H, emission indicates that the
excited H, is concentrated in the circumstellar disc and that
this excitation can be caused by shocks from a wide-angle
stellar wind impinging on the disc, rather than excited by
shocks in the jet or fluorescence. The size of the spatially



Melnikov, S., et al.: A&A 673, A156 (2023)

resolved emission disc, measured from the brightest H, line
at 2.122 pm, is 2540 au.

2. In addition to the arc-shaped H, emission detected directly
on the SINFONI images, PV diagrams of the bright H;
lines reveal faint H, emission along both jet lobes, as also
reported by Coffey et al. (2010). The H, PV diagrams show
that the molecular hydrogen emission has a very low veloc-
ity compared to forbidden line emission, traced by the [Fe I1]
lines.

3. The PaB and Bry lines reveal a two-component morphol-
ogy. Although the unresolved bright HI emission is con-
centrated on the central jet source position, there is also a
faint extended emission associated with the jet lobes. The
line width of this HI emission is about ~250 km s~!.

4. The arc-shaped H, emission shows a low-velocity pattern.
The measured width of the H, lines is <100 km s~!, about
2.5 times less than that of Pa and Bry.

5. Two gaseous knots visible in [Fe I1] are detected in the bipo-
lar jet, one in each lobe, at angular distances of 1” in the blue
lobe and 1’2 in the red lobe.

6. The emission centroid in all gas lines is shifted with respect
to the central stellar jet source, which indicates that the
observations resolve a region where the inner jet forms.
Therefore, the [FeII] emission displacement traces a change
in the excitation of the gas, as the jet propagates in the
medium. The HI emission displacement traces the neutral
hydrogen that has been entrained by the jet from the accre-
tion region, or the inner hot parts of the jets which is likely
to emit in HT lines.

7. The observed extension of the opposing jet lobes, traced by
[Fe 1] emission, correlates with the value of the [Fe I1] photo-
centre shifts with respect to the jet source. This suggests that
the observed brightness asymmetry is intrinsic and arises in
the immediate vicinity of the driving source of Th 28.

8. The maximum size of the jet launch region is derived as
07015, which corresponds to 3 au, and the initial opening
angle of the Th 28 jet is obtained as ~28°, making this jet
substantially less collimated than most of the jets from other
CTTs.

Previous NIR 1D spectroscopy of Th 28 jet provided valuable
information on the conditions and morphology of the gas in the
jet. The results presented in the current study demonstrate that
2D spectroscopy with the SINFONI IFU in the NIR is an effec-
tive tool for the study of the gas morphology at high spatial
resolution within a 3” x3” field around the central source of
Th 28. Spectroscopy of other YSO jets has shown that several
optical forbidden doublets ([O1] 6300,6363, [N1I] 6548,6583,
[S11] 6716,6731 A) are usually bright in the jet spectrum. Going
beyond the present study, we note that 2D spectroscopy of the
forbidden line doublets at optical wavelengths with a similarly
high spatial resolution would allow us to directly measure basic
parameters of the jet in Th 28 in detail, as has been successfully
done for several other YSO jets.
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