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	viewed	with	submillimeter	spectroscopy
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introduction:	rotational	lines	trace	temperature

•carbon	monoxide	(CO)	often	used	as	tracer	for	cold	gas	

• H2	has	no	dipole	moment,	rovibrational	levels	only	populated	at	
temperatures	above	~103	K	

• next	most	abundant	species:	CO

2

Eup/k	=	199K

155K

116K

83K
55K
33K

16.6K

5.5K{low	sites

high-and-dry	sites

space..



Matthijs	van	der	Wiel	(StarPlan,	NBI,	Copenhagen,	DK)																															2015-11-12,	Greenland	Telescope	meeting	slide					/5

• protoplanetary	disks	have	a	radial	temperature	gradient

• low-energy	CO	lines	trace	outer	disk,	~100	au	from	star

• need	higher-energy	CO	to	trace	intermediate	radii	where	(massive)	planets	may	form	

• a	‘sample’	of	disks	was	studied	at	low	spectral	res.	PACS	and	SPIRE	spectrometers	on	
Herschel	Space	Observatory	(e.g.,	Meeus+	2012,	2013;	Van	der	Wiel+	2014)	

• very	few	disks	studied	with	high	spectral	resolution	HIFI	(Podio+	2013;	Fedele+	2013b)	
—>	confirmation	that	line	emission	is	kinematically	consistent	with	disk	origin
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warm	gas	in	planet-forming	disks
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irradiated	/	shocked	gas	in	protostellar	envelopes

• outflow	cavity	walls	are	
irradiated	and	shocked:	sparks	
interesting	chemistry	

• need	high-energy	CO	lines	to	
study	energy	balance	of	such	
regions	  
(e.g.,	Van	Kempen+	2010a;	Yıldız+		2012,	
2013a;	Van	der	Wiel+	2013)

4

T. A. van Kempen et al.: Herschel-PACS spectroscopy of HH 46
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Fig. 2. CO line fluxes observed in the central PACS spaxel (Ju > 10)
and with APEX (Ju < 10). Model fluxes are used to estimate the ratio
of flux in a fictive PACS spaxel at the APEX wavelength and the ob-
served APEX flux. Overplotted are predictions from a passively heated
envelope (blue), a UV-heated cavity (green), and small-scale shocks in
the cavity walls (red). The black line is the sum of the three. A cartoon
of the different components is shown in the inset.

blue-shifted [O I] 63 µm emission is detected at 110 and
−170 km s−1, respectively, in several spaxels to the SW and NE
of the central source. Velocities are consistent with the jet veloc-
ities measured in near-IR and optical lines (e.g., Nishikawa et al.
2008; Garcia Lopez et al. 2010).

3. Analysis
Previous observations of HH 46 have revealed many proper-
ties of the circumstellar environment including the dense cen-
trally concentrated envelope containing the protostar HH 46 IRS,
the presence of warm gas along the outflow walls heated by
UV radiation (van Kempen et al. 2009), the shape and size of
the outflow cavities, and the presence of jets and shocks (e.g.,
Velusamy et al. 2007). The temperature (10–250 K) and den-
sity (∼104−109 cm−3) structure of the passively heated envelope
have been determined in spherical symmetry by fitting dust ra-
diative transfer models to the spectral enenergy distribution of
the source and the spatial extent of the continuum emission.
Using these properties, a set of existing models (Kristensen et al.
2008; van Kempen et al. 2009; Bruderer et al. 2009) is adapted
to predict the emission in lines of CO, H2O, OH, and O I. In the
following, focus is placed on analysing emission from the cen-
tral spaxel.

Line emission is expected to originate in the known circum-
stellar components: the passively heated spherical envelope, the
UV-heated cavity walls, the small-scale shocks along the cavity
walls, the jet, and the disk. The jet-driven J-type shock is dis-
cussed in Sects. 3.3 and 3.4. Based on the PACS observations of
the HD 100546 disk (Sturm et al. 2010), any disk contribution is
likely negligible at the distance of HH 46; hence, only the first
three components are expected to cause the molecular emission.

For the spherical envelope, the model of van Kempen et al.
(2009) is rerun with the new 3D non-LTE radiative transfer code
LIME (Brinch & Hogerheijde, in prep.) to obtain fluxes of the
higher-J CO lines. The second component, the UV-heated gas in
the outflow cavity walls (Spaans et al. 1995; van Kempen et al.
2009), is modelled according to the method of Bruderer et al.
(2009). The basis is the same spherical envelope profile, but a
65 000 AU × 13 000 AU ellipsoidal cavity is now carved out

at an inclination of 53◦ (Velusamy et al. 2007; Nishikawa et al.
2008). The only free parameter in this scenario is the protostellar
FUV luminosity, which is assumed to be 0.1 L⊙ (i.e., G0 ≈ 104

at 100 AU with respect to the interstellar radiation field). The
gas temperature in the cavity walls is parameterised from the
grid of PDR models by Kaufman et al. (1999) and is typically a
few hundred K; the dust temperature and density profiles are un-
changed from the spherical model. More details will be reported
by Visser et al. (in prep.), who will explore a wider parameter
space to assess the viability of other scenarios.

Small-scale shocks created by the outflow along the cavity
walls are the third component considered for the molecular emis-
sion. Their temperature is typically a few thousand K. The shock
emission is computed by tiling a number of 1D C-type shock
models along the 2D cavity shape (Kristensen et al. 2008), taking
the width of each shock to be the region over which the consid-
ered species contributes significantly to the cooling in 1D shock
models. This can effectively be considered as an estimate of the
beam filling factor. For each density in the range 104–106.5 cm−3,
the emission is computed using the results from Kaufman &
Neufeld (1996). The only free parameter in this model is the
shock velocity, which is assumed constant along the walls. For
the case of CO, a velocity of 20 km s−1 reproduces the observa-
tions, and this velocity is adopted for the other species as well.

3.1. CO

The PACS data (Sect. 2) are complemented by spectrally re-
solved Ju ≤ 7 lines (Eu/kB ≤ 155 K) detected with APEX
(∆! ≈ 10 km s−1, van Kempen et al. 2009). The CO/H2 abun-
dance ratio in the model is taken to be 1.6 × 10−4 above 20 K
and below 105 cm−3. In colder regions, freeze-out lowers the
CO abundance by a factor of 100.

The model spectra are convolved with the PACS beam at the
relevant wavelength and extracted from a 9.′′4 square spaxel at
the centre. Figure 2 shows the observations, together with the
model predictions from the passive envelope, the UV-heated cav-
ity walls, and the small-scale C-type shocks. Individually, each
component only fits part of the data, but together they reproduce
the observations over the entire range of rotational levels from
Ju = 2–32. The results confirm the plausibility of the scenario
without excluding other solutions not investigated here.

3.2. H2O

The passive envelope underproduces the observed H2O fluxes by
two orders of magnitude. Predicting fluxes from any 2D model
such as the UV-heated cavity walls is uncertain by an order
of magnitude due to challenges of radiative transfer modelling
of H2O. Within these uncertainties, both the UV-heated cavity
model and the C-type shock model are able to reproduce the ob-
servations independently. The former requires an H2O gas abun-
dance of only ∼10−7 in the cavity walls and ∼10−8 in the rest
of the envelope, as expected from chemical models including
photodissociation and freeze-out. The C-type shock component
matches the observations if the abundances from Kaufman &
Neufeld (1996) are scaled down to ∼7 × 10−5. This could be
accomplished by photodissociation of H2O in the shocked gas.
More detailed modelling, including spatially extended emission
and a comparison with spectrally resolved line profiles observed
with HIFI, is needed to distinguish these scenarios.

3.3. [O ı]

Within the passively heated envelope and cavity walls, the 2D
models presented above yield an [O I] 63 µm emission line that
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..	a	good	THz	site	on	Greenland	..
..	could	cover	a	very	interesting	section	of	the	
CO	spectral	line	energy	distribution
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CO:	Jup= 6 7 8 9 11 12 13

T. A. van Kempen et al.: Herschel-PACS spectroscopy of HH 46
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Fig. 2. CO line fluxes observed in the central PACS spaxel (Ju > 10)
and with APEX (Ju < 10). Model fluxes are used to estimate the ratio
of flux in a fictive PACS spaxel at the APEX wavelength and the ob-
served APEX flux. Overplotted are predictions from a passively heated
envelope (blue), a UV-heated cavity (green), and small-scale shocks in
the cavity walls (red). The black line is the sum of the three. A cartoon
of the different components is shown in the inset.

blue-shifted [O I] 63 µm emission is detected at 110 and
−170 km s−1, respectively, in several spaxels to the SW and NE
of the central source. Velocities are consistent with the jet veloc-
ities measured in near-IR and optical lines (e.g., Nishikawa et al.
2008; Garcia Lopez et al. 2010).

3. Analysis
Previous observations of HH 46 have revealed many proper-
ties of the circumstellar environment including the dense cen-
trally concentrated envelope containing the protostar HH 46 IRS,
the presence of warm gas along the outflow walls heated by
UV radiation (van Kempen et al. 2009), the shape and size of
the outflow cavities, and the presence of jets and shocks (e.g.,
Velusamy et al. 2007). The temperature (10–250 K) and den-
sity (∼104−109 cm−3) structure of the passively heated envelope
have been determined in spherical symmetry by fitting dust ra-
diative transfer models to the spectral enenergy distribution of
the source and the spatial extent of the continuum emission.
Using these properties, a set of existing models (Kristensen et al.
2008; van Kempen et al. 2009; Bruderer et al. 2009) is adapted
to predict the emission in lines of CO, H2O, OH, and O I. In the
following, focus is placed on analysing emission from the cen-
tral spaxel.

Line emission is expected to originate in the known circum-
stellar components: the passively heated spherical envelope, the
UV-heated cavity walls, the small-scale shocks along the cavity
walls, the jet, and the disk. The jet-driven J-type shock is dis-
cussed in Sects. 3.3 and 3.4. Based on the PACS observations of
the HD 100546 disk (Sturm et al. 2010), any disk contribution is
likely negligible at the distance of HH 46; hence, only the first
three components are expected to cause the molecular emission.

For the spherical envelope, the model of van Kempen et al.
(2009) is rerun with the new 3D non-LTE radiative transfer code
LIME (Brinch & Hogerheijde, in prep.) to obtain fluxes of the
higher-J CO lines. The second component, the UV-heated gas in
the outflow cavity walls (Spaans et al. 1995; van Kempen et al.
2009), is modelled according to the method of Bruderer et al.
(2009). The basis is the same spherical envelope profile, but a
65 000 AU × 13 000 AU ellipsoidal cavity is now carved out

at an inclination of 53◦ (Velusamy et al. 2007; Nishikawa et al.
2008). The only free parameter in this scenario is the protostellar
FUV luminosity, which is assumed to be 0.1 L⊙ (i.e., G0 ≈ 104

at 100 AU with respect to the interstellar radiation field). The
gas temperature in the cavity walls is parameterised from the
grid of PDR models by Kaufman et al. (1999) and is typically a
few hundred K; the dust temperature and density profiles are un-
changed from the spherical model. More details will be reported
by Visser et al. (in prep.), who will explore a wider parameter
space to assess the viability of other scenarios.

Small-scale shocks created by the outflow along the cavity
walls are the third component considered for the molecular emis-
sion. Their temperature is typically a few thousand K. The shock
emission is computed by tiling a number of 1D C-type shock
models along the 2D cavity shape (Kristensen et al. 2008), taking
the width of each shock to be the region over which the consid-
ered species contributes significantly to the cooling in 1D shock
models. This can effectively be considered as an estimate of the
beam filling factor. For each density in the range 104–106.5 cm−3,
the emission is computed using the results from Kaufman &
Neufeld (1996). The only free parameter in this model is the
shock velocity, which is assumed constant along the walls. For
the case of CO, a velocity of 20 km s−1 reproduces the observa-
tions, and this velocity is adopted for the other species as well.

3.1. CO

The PACS data (Sect. 2) are complemented by spectrally re-
solved Ju ≤ 7 lines (Eu/kB ≤ 155 K) detected with APEX
(∆! ≈ 10 km s−1, van Kempen et al. 2009). The CO/H2 abun-
dance ratio in the model is taken to be 1.6 × 10−4 above 20 K
and below 105 cm−3. In colder regions, freeze-out lowers the
CO abundance by a factor of 100.

The model spectra are convolved with the PACS beam at the
relevant wavelength and extracted from a 9.′′4 square spaxel at
the centre. Figure 2 shows the observations, together with the
model predictions from the passive envelope, the UV-heated cav-
ity walls, and the small-scale C-type shocks. Individually, each
component only fits part of the data, but together they reproduce
the observations over the entire range of rotational levels from
Ju = 2–32. The results confirm the plausibility of the scenario
without excluding other solutions not investigated here.

3.2. H2O

The passive envelope underproduces the observed H2O fluxes by
two orders of magnitude. Predicting fluxes from any 2D model
such as the UV-heated cavity walls is uncertain by an order
of magnitude due to challenges of radiative transfer modelling
of H2O. Within these uncertainties, both the UV-heated cavity
model and the C-type shock model are able to reproduce the ob-
servations independently. The former requires an H2O gas abun-
dance of only ∼10−7 in the cavity walls and ∼10−8 in the rest
of the envelope, as expected from chemical models including
photodissociation and freeze-out. The C-type shock component
matches the observations if the abundances from Kaufman &
Neufeld (1996) are scaled down to ∼7 × 10−5. This could be
accomplished by photodissociation of H2O in the shocked gas.
More detailed modelling, including spatially extended emission
and a comparison with spectrally resolved line profiles observed
with HIFI, is needed to distinguish these scenarios.

3.3. [O ı]

Within the passively heated envelope and cavity walls, the 2D
models presented above yield an [O I] 63 µm emission line that
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