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H2O: why?

• Main O reservoir in molecular gas	


• Linking gas/grain chemistry and interactions	


• Important interstellar coolant	


• However, nearly impossible to observe from the 
ground: opaque atmosphere	


• Ground-based H216O observations primarily 
masers
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SMA & H2O

• 183 and 321 GHz 
lines available (plus 
others toward AGB stars)	


• Detected as masers 
toward galaxies, AGB 
stars, high- and low-
mass protostars

Watson et al. 2007

31,3-22,0, 
183 GHze.g., Humphreys et al. 2005, 

Patel et al. 2007,             
van Kempen et al. 2009, 

Kaminski et al. 2013
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Hot H2O: PACS

• Herschel-PACS 
observations at 4.5” 
resolution	


• Hot H2O emission offset 
from “disk” by > 1000 AU	


• Origin: outflow (wind/jet)

A&A 540, A84 (2012)

Fig. 6. Left and Middle: contour maps of H2O (yellow), [O I] (red, left), and CO (red, middle) emission compared with continuum emission (color
contours) at 63.3 µm (left) and 108.5 µm (middle). The insets show the spatial extent of continuum and line emission in the different components
along the N-S outflow axis. Right: a comparison of the location of emission in H2O 63.32 µm (blue), 108.5 µm continuum (red), Spitzer-IRAC
4.5 µm photometry (color contours; Jørgensen et al. 2006; Gutermuth et al. 2008). All contours have levels of 0.1,0.2,0.4,0.8, and 1.6 times the
peak flux near IRAS 4B. The asterisks show the sub-mm positions of IRAS 4B near the center of the field and IRAS 4A in the NW corner. Some
noise in these maps is suppressed at empty locations far from IRAS 4A and IRAS 4B.

present in our line of sight. In this subsection, we discuss how
these different extinctions affects the emission that is seen. The
extinction law used here is obtained from Weingartner & Draine
(2001) with a total-to-selective extinction parameter RV = 5.5,
typical of dense regions in molecular clouds (e.g. Indebetouw
et al. 2005; Chapman et al. 2009). Appendix D includes a dis-
cussion of how extinctions may affect the molecular excitation
diagrams.

The strength of the near-IR emission in the outflow
(Jørgensen et al. 2006) indicates that extinction must be low
to at least some of the outflow position. Spherical models of
the dust continuum indicate that the central protostar is sur-
rounded by AV = 1000 mag (Jørgensen et al. 2002), so any
emission from the redshifted outflow lobe may suffer from as
much as AV ∼ 2000 mag of extinction. Any additional extinction
would have likely introduced asymmetries in the H2O line pro-
files that were presented in Kristensen et al. (2010). Depending
on the wavelength and spatial location of the emission, the far-
IR emission line fluxes may be severely affected by extinction.

The H2O 54.5 and 63.4 µm lines have a different spatial
distribution than the H2O 108.1 µm line. If we assume that the
on-source and off-source emission both have similar physical
conditions, then the ratio of the H2O 63.4 to 108.1 µm line lu-
minosities should not change with position. In this scenario, the
different locations for the detected flux is caused by differential
extinction across the emission area. An average extinction to the
on-source H2O component of AV ∼ 700 mag would reduce the
fractional contributions from the on-source and off-source loca-
tions observed values. This extinction may be the combination
of a lightly-extincted region on the front side of the protostar
and a heavily-extincted region on the back side of the protostar.

An independent estimate of the extinction can also be made
from the flux ratio of [O I] 63.18 to 145.5 µm lines, which is
typically observed to be about 10 (Giannini et al. 2001; Liseau
et al. 2006). The undetected [O I] 145.5 µm line flux is less than
10% of the 1.8 × 10−20 W cm−2 flux in the [O I] 63.18 µm line.
If we conservatively assume that the true ratio is 30, then we
estimate AV < 200 mag to the [O I] emission region. Some addi-
tional [O I] emission could only be hidden behind a high enough
extinction (AV ∼ 4000 mag) to attenuate emission in both the
63.18 and 145.5 µm lines. Therefore, the effect of extinction on

Fig. 7. A cartoon showing the location of different emission components
from IRAS 4B, based in part on Fig. 6.

the [O I] luminosity is likely not too significant for the southern
outflow lobe, where [O I] emission is seen.

3.4. Spitzer/IRS spectrum and broadband images
of IRAS 4B

The Spitzer/IRS spectrum of IRAS 4B includes emission in lines
of highly-excited H2O and OH, plus [S I] and [Si II]. Our line
identification mostly agrees with that of Watson et al. (2007)
for H2O lines, with some modifications to account for the iden-
tifications of OH lines (Table 2 and Fig. 10, see also Tappe
et al. 2008). The H2O line identification was informed from line
intensities predicted by RADEX modelling (see Sect. 4.1) of
both the low-density case discussed here and the high density-
case of Watson et al. (2007). All lines with significant detections
are identified.

An analysis of the Spitzer/MIPS 24 µm image, with sensi-
tivity from 20–31 µm, helps us place limits on the amount of
H2O emission that could arise on-source. Convolving the filter
transmission curve with the Spitzer/IRS spectrum from Watson
et al. (2007) indicates that ∼24% of the light in the MIPS 24 µm
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Fig. 13. Segments of the PACS spectrum (solid black line). The H2O line fluxes (shaded in blue) are obtained from RADEX, CO line fluxes (red)
from the thermal distribution in Fig. 11, and OH (green) and [O I] line fluxes (purple) from Gaussian fits.

Fig. 14. The synthetic spectra for the H12 (blue) and W07 (red) mod-
els at a spectral resolution R = 1500. Because the W07 models are
optically-thick in many highly-excited levels, the strongest H2O lines
peak in the mid-IR rather than the far-IR. The H12 model predicts some
rovibrational emission at 6 µm because of the high temperature, with a
strength that could further constrain the temperature and density of the
highly excited H2O.

smaller than the measured line flux. Our PACS observations
are unable to probe this disk component.

(2) Outflow emission, (a) in low-excitation lines with a large
beam: spectrally-broad emission in low-excitation H2O lines
was observed in spatially-unresolved observations over a
∼20−40′′ beam and was attributed to outflows based on the
line widths (Kristensen et al. 2010). The outflow is com-
pact on the sky, so that both the red- and blue-shifted out-
flow lobes are located within this aperture. And (b), in
masers: spectrally narrow (∼1 km s−1) and spatially com-
pact H2O maser emission is seen from dense gas in an out-
flow (e.g. Desmurs et al. 2009). The relationship between the
maser emission and the molecular outflow is unclear.

(3) Disk-envelope shock: H2O emission in highly-excited mid-
IR lines, which are spectrally and spatially-unresolved at

low spectral and spatial resolution, was attributed to the
disk-envelope accretion shock (Watson et al. 2007). The pri-
mary argument for the accretion shock is that high H2 densi-
ties (>1010 cm−3) are needed to populate the highly excited
levels, which have high critical densities. Such high den-
sities are expected in an envelope-disk accretion shock but
are physically unrealistic for an outflow-envelope accretion
shock because envelope densities are much lower than disk
densities.

Our primary goals in this work are to use the spatial distribution
and excitation of warm H2O emission to test (3), the envelope-
disk accretion shock interpretation proposed by Watson et al.
(2007), and to subsequently use the far-IR emission to probe the
heating and cooling where the emission is produced. In the fol-
lowing subsections, we discuss the outflow origin of the highly-
excited H2O emission and subsequently discuss the implications
for the envelope-disk accretion shock and outflows.

5.2. Outflow origin of highly excited H2O emission

The H2O emission detected with PACS is spatially offset from
the peak of the far-IR continuum emission to the south, the
direction of the blueshifted outflow. Of the mapped lines, the
H2O 818−707 and 808−717 lines at 63.4 µm are closest in ex-
citation to the mid-IR Spitzer lines. The location of the emis-
sion in both 63.4 µm H2O lines is consistent with the location of
near-IR emission from IRAS 4B imaged with Spitzer/IRAC. The
full PACS spectrum from 50−200 µm demonstrates that all other
molecular lines are also offset from the location of the sub-mm
continuum peak (Fig. 5). These lines are produced in the south-
ern, blueshifted outflow lobe of IRAS 4B, as shown in the plots
and cartoon of Figs. 6, 7. Contemporaneous to our work, Tappe
et al. (2012) found that the spatial distribution of H2O emission
in Spitzer/IRS spectra is consistent with an outflow origin. The
images of CO 24–23 and 49–48 also demonstrate that highly ex-
cited CO emission is produced in the blueshifted outflow lobe.
The CO 49–48 emission is located closer to the central source
than the highly excited H2O emission.

The combined Herschel/PACS and Spitzer/IRS excitation di-
agram does not show any indication of multiple components in
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• Observed the H2O 63 μm 
line	


• Emission correlates with 
the known jet-tracer [OI] 
also at 63 μm	


• Compact emission (< 9.4”)	


• Origin: disk or wind?

PACS hot water in disksP. Riviere-Marichalar et al.: Detection of warm water vapour in Taurus protoplanetary discs by Herschel

Table 2. Probabilities for correlations between o-H2O line intensity and
stellar/disc parameters.

Observable Points n Spearman’s prob. Kendall’s prob.
L[OI] 68 0.0009 (0.4090) 0.0000 (0.196)
63 µm flux 64 0.0147 (0.2635) 0.0002 (0.4567)
850 µm flux(2) 57 0.0145 (0.2596) 0.0131 (0.8496)
Lstar

(3) 65 0.1789 (0.1130) 0.1980 (0.5535)
LX

(3) 65 0.0225 (0.9912) 0.0087 (0.6012)
α(2−8µm) (4) 62 0.026 (0.1547) 0.0023 (0.3850)
L[OI]6300 Å 27 0.1291 (0.3255) 0.1008 (0.3450)

Notes. The values obtained for random populations are shown in brack-
ets. Accurate only if N > 30. (2) 850 µm continuum fluxes from
Andrews & Williams (2005). (3) Values from Güdel et al. (2007).
(4) SED slope from Luhman et al. (2010).

Fig. 2. Plot of the 63.32 µm o-H2O line luminosity versus
[OI] 63.18 µm. Filled dots are detections, arrows are upper limits. Solid,
dark grey arrows represent objects with non-detections spanning the
same spectral range as the objects with detections. Light grey, empty
arrows represent non-detections with other spectral types.

other abundant species emit strongly at or close to the observed
wavelength of the feature. This water feature was observed by
Herczeg et al. (2012) in the outflow of NGC 1333 IRAS 4B.
The o-H2O emission is only present in spectra with [O i] detec-
tions. The targets FS Tau, HL Tau, and T Tau display extended
emission in the [O i] 63.18 µm line, but only T Tau show hints
of extended emission in the 63.32 µm o-H2O line. T Tau is an
exceptional object. It is a triple star system that drives at least
two jets. It was the most line rich PMS star observed by ISO
(Lorenzetti 2005) and resembles more a hot core than a PMS
star, since the continuum emission is quite extended (∼3.5′′ at
70 µm). It is impossible to tell how much of the line emission
comes from the discs, from the outflows, or even from the sur-
rounding envelope.

To help us understand the origin of the o-H2O emission, we
compared the line intensity with several star and disc (jet) pa-
rameters. We computed survival analysis ranked statistics using
the ASURV code (Feigelson & Nelson 1985; Isobe et al. 1986).
The result of this analysis is summarised in Table 2. We also
created random populations to test the validity of the results.

The survival analysis shows a correlation between the o-H2O
line fluxes and the [O i] line fluxes at a significance level of 0.99
(see Fig. 2). This relationship suggests that both lines have a sim-
ilar origin. The H2O emission is correlated with the continuum
emission at 63 µm, but at a significance level of 0.95 in the
Spearman statistics (Fig. 3). The 850 µm continuum flux can
be used as a proxy for the amount of dust present in the disc. A
survival analysis shows a possible correlation with the 850 µm
continuum flux, at a significance level of 0.95 in both Spearman
and Kendall statistics, although a large scatter is present. A cor-
relation with neither the stellar luminosity nor the spectral type

Fig. 3. Plot of the 63.32 µm ortho-H2O line flux versus 63 µm contin-
uum flux. Symbols as in Fig. 2.

Fig. 4. H2O luminosity versus X-ray luminosity. Symbols as in Fig. 2.

is found. There seems to be a weak correlation with the slope
of the SED measured between 2 µm and 8 µm, used as a proxy
for the presence of hot dust. The significance of this correla-
tion is dominated by T Tau, which has the highest o-H2O flux
in the sample. There is likely no link between mass loss rate
and LH2O. The [O i] luminosity at 6300 Ȧ is proportional to the
mass loss rate (Hartigan et al. 1995). Although the sample is too
small to test this relationship conclusively, we note that while
L[OI]6300 Ȧ spans four orders of magnitude, the H2O luminosity
spans only one order of magnitude. Finally, the survival anal-
ysis statistics points to a possible relationship with the X-ray
luminosity Lx (Fig. 4). While the Spearman probability for the
real sample is only one order of magnitude smaller than for the
random sample, the Kendall probability is two orders of magni-
tude smaller. Inspection of Fig. 4 also shows that the o-H2O line
flux is detected only for sources with X-ray luminosities higher
than 1030 erg s−1, which is consistent with photochemical disc
models that show that far-IR line fluxes increase significantly
above this X-ray luminosity threshold (Aresu et al. 2011). We
note that log Lx = 1030 erg s−1 is above the median (mean) X-ray
luminosity in Taurus (log Lx = 29.8 (29.75) erg s−1 respectively,
Güdel et al. 2007). Interestingly, more than half of the sources
with Lx > 1030 erg s−1 do not display the o-H2O line. This be-
haviour may stem from either (1) the different shape of the X-ray
spectrum (hardness ratio), (2) the duty cycle of the flares respon-
sible for the high levels of X-ray fluxes, and/or (3) that X-rays are
not the only driver of H2O chemistry and excitation, let alone any
inner disc geometry and radiative transfer considerations. We
caution that the correlation with X-rays is significantly weaker
when TTau is removed from the analysis.

All the stars detected in o-H2O are outflow/jet sources, al-
though three of them AA Tau, DL Tau, and RY Tau do not
show any excess in [OI], i.e. all the emission is consistent with
coming from the disc (Howard et al., in prep.). Two of these
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Fig. 1. Spectra for the objects with a 63.32 µm feature detection (>3σ). The red lines indicate the rest wavelength of the [O i] and o-H2O emission.

Photodetector Array Camera and Spectrometer (Poglitsch et al.
2010).

In this Letter, we report the first detection of the o-H2O line
at 63.32 µm in a subsample of protoplanetary discs around T
Tauri stars in the 1–3 Myr old Taurus star forming region.

2. Observations and data reduction

This study is based on a sample of 68 classical and weak-line
T Tauri stars from the Taurus star forming region with spectral
measurements from Herschel-PACS centred at the wavelength
of the [O i] 3P1 →3P2 63.184 µm line. The Taurus star-forming
region is one of the main targets for the study of protoplane-
tary systems, because it is among the nearest star-forming re-
gions (d = 140 pc) with a well-known population of more than
300 young stars and brown dwarfs according to Kenyon et al.
(2008), Luhman et al. (2010), and Rebull et al. (2010).

The observations described in this letter are part of the
Herschel open time key programme GASPS [P.I. W. Dent],
(see Mathews et al. 2010), a flux-limited survey devoted to the
study of the gas and dust in circumstellar systems around young
stars. The survey focuses on the detection of the [O i] emission
at the 63.18 µm feature. For this study, we analyzed 68 stars
with spectral types ranging from late F-early G to mid M. The
PACS spectral observations were made in chop/nod pointed line
mode. The observing times ranged from 1215 to 6628 s, depend-
ing on the number of nod cycles. The data were reduced using
HIPE 7.0.1751. A modified version of the PACS pipeline was
used, which included: saturated and bad pixel removal, chop
subtraction, relative spectral response-function correction, and
flat fielding. Many observations suffer from systematic pointing
errors, in some cases as large as 8′′, and are always shifted to the
East. This is due to a plate scale error in the star tracker, which
is normally negligible except in areas where the tracked stars
are asymmetrically distributed within the field, as in Taurus. The
mis-pointing translates into systematic small shifts in the line

Table 1. Line positions and fluxes from PACS spectra.

Name Sp. type λH2O − λ[OI] [O i] flux o−H2O flux
– – µm 10−17 W/ m2 10−17 W/m2

AA Tau K7 0.140 2.2 ± 0.13 0.80 ± 0.13
DL Tau K7 0.141 2.4 ± 0.15 0.65 ± 0.14
FS Tau M0 0.139 37 ± 0.26 2.00 ± 0.33
RY Tau K1 0.139 10 ± 0.42 1.95 ± 0.38
T Tau K0 0.138 830 ± 0.75 27.8 ± 0.7
XZ Tau M2 0.139 32.2 ± 0.48 2.11 ± 0.48
HL Tau K7 0.142 54.3 ± 0.71 8.14 ± 0.80
UY Aur M0 0.139 33.6 ± 0.37 1.90 ± 0.32

Notes. All spectral types from the compilation of Luhman et al. (2010).

centre position. When the star was well centred within a single
spaxel, we extracted the flux from that spaxel and applied the
proper aperture correction. When the flux was spread over more
than one spaxel, we co-added the spaxels.

3. Results and discussion

Among the sample of 68 Taurus targets studied in this let-
ter, 33 have discs that are rich in gas. These 33 all show the
[O i] 3P1 →3 P2 line in emission at 63.18 µm (signal-to-noise
ratio >3, with values ranging from 3 to 375). In 8 of these 33 tar-
gets (∼24%), an additional fainter emission-line at 63.32 µm
is detected (Fig. 1). We computed 63.32 µm line fluxes by fit-
ting a Gaussian plus continuum curve to the spectrum using
DIPSO1. To improve the line fitting, the noisier edges of the
spectral range were removed (i.e., λ < 63.0 and λ > 63.4).
The results are listed in Table 1, where we report the peak po-
sition of the feature with respect to the observed wavelength
of the [O i] 63.18 µm line. According to these fits, the peak of
the feature is at λ0 = 63.32 µm. The FWHM is 0.020 µm, i.e.,
the instrumental FWHM for an unresolved line. We identify the
feature as the ortho-H2O 818 → 707 transition at 63.324 µm
(EUpper Level = 1070.7 K, Einstein A = 1.751 s−1) since no

1 http://star-www.rl.ac.uk/docs/sun50.htx/sun50.html
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SMA observations

• Test interpretation: warm 
inner disk, or outflow/wind?	


• Target: HL Tau, one of the 
brightest hot H2O emitters	


• Observed: Dec 18 2013, 
COM (2” beam ~ 300 AU   
@ 321 GHz)

P. Riviere-Marichalar et al.: Detection of warm water vapour in Taurus protoplanetary discs by Herschel

Table 2. Probabilities for correlations between o-H2O line intensity and
stellar/disc parameters.

Observable Points n Spearman’s prob. Kendall’s prob.
L[OI] 68 0.0009 (0.4090) 0.0000 (0.196)
63 µm flux 64 0.0147 (0.2635) 0.0002 (0.4567)
850 µm flux(2) 57 0.0145 (0.2596) 0.0131 (0.8496)
Lstar

(3) 65 0.1789 (0.1130) 0.1980 (0.5535)
LX

(3) 65 0.0225 (0.9912) 0.0087 (0.6012)
α(2−8µm) (4) 62 0.026 (0.1547) 0.0023 (0.3850)
L[OI]6300 Å 27 0.1291 (0.3255) 0.1008 (0.3450)

Notes. The values obtained for random populations are shown in brack-
ets. Accurate only if N > 30. (2) 850 µm continuum fluxes from
Andrews & Williams (2005). (3) Values from Güdel et al. (2007).
(4) SED slope from Luhman et al. (2010).

Fig. 2. Plot of the 63.32 µm o-H2O line luminosity versus
[OI] 63.18 µm. Filled dots are detections, arrows are upper limits. Solid,
dark grey arrows represent objects with non-detections spanning the
same spectral range as the objects with detections. Light grey, empty
arrows represent non-detections with other spectral types.

other abundant species emit strongly at or close to the observed
wavelength of the feature. This water feature was observed by
Herczeg et al. (2012) in the outflow of NGC 1333 IRAS 4B.
The o-H2O emission is only present in spectra with [O i] detec-
tions. The targets FS Tau, HL Tau, and T Tau display extended
emission in the [O i] 63.18 µm line, but only T Tau show hints
of extended emission in the 63.32 µm o-H2O line. T Tau is an
exceptional object. It is a triple star system that drives at least
two jets. It was the most line rich PMS star observed by ISO
(Lorenzetti 2005) and resembles more a hot core than a PMS
star, since the continuum emission is quite extended (∼3.5′′ at
70 µm). It is impossible to tell how much of the line emission
comes from the discs, from the outflows, or even from the sur-
rounding envelope.

To help us understand the origin of the o-H2O emission, we
compared the line intensity with several star and disc (jet) pa-
rameters. We computed survival analysis ranked statistics using
the ASURV code (Feigelson & Nelson 1985; Isobe et al. 1986).
The result of this analysis is summarised in Table 2. We also
created random populations to test the validity of the results.

The survival analysis shows a correlation between the o-H2O
line fluxes and the [O i] line fluxes at a significance level of 0.99
(see Fig. 2). This relationship suggests that both lines have a sim-
ilar origin. The H2O emission is correlated with the continuum
emission at 63 µm, but at a significance level of 0.95 in the
Spearman statistics (Fig. 3). The 850 µm continuum flux can
be used as a proxy for the amount of dust present in the disc. A
survival analysis shows a possible correlation with the 850 µm
continuum flux, at a significance level of 0.95 in both Spearman
and Kendall statistics, although a large scatter is present. A cor-
relation with neither the stellar luminosity nor the spectral type

Fig. 3. Plot of the 63.32 µm ortho-H2O line flux versus 63 µm contin-
uum flux. Symbols as in Fig. 2.

Fig. 4. H2O luminosity versus X-ray luminosity. Symbols as in Fig. 2.

is found. There seems to be a weak correlation with the slope
of the SED measured between 2 µm and 8 µm, used as a proxy
for the presence of hot dust. The significance of this correla-
tion is dominated by T Tau, which has the highest o-H2O flux
in the sample. There is likely no link between mass loss rate
and LH2O. The [O i] luminosity at 6300 Ȧ is proportional to the
mass loss rate (Hartigan et al. 1995). Although the sample is too
small to test this relationship conclusively, we note that while
L[OI]6300 Ȧ spans four orders of magnitude, the H2O luminosity
spans only one order of magnitude. Finally, the survival anal-
ysis statistics points to a possible relationship with the X-ray
luminosity Lx (Fig. 4). While the Spearman probability for the
real sample is only one order of magnitude smaller than for the
random sample, the Kendall probability is two orders of magni-
tude smaller. Inspection of Fig. 4 also shows that the o-H2O line
flux is detected only for sources with X-ray luminosities higher
than 1030 erg s−1, which is consistent with photochemical disc
models that show that far-IR line fluxes increase significantly
above this X-ray luminosity threshold (Aresu et al. 2011). We
note that log Lx = 1030 erg s−1 is above the median (mean) X-ray
luminosity in Taurus (log Lx = 29.8 (29.75) erg s−1 respectively,
Güdel et al. 2007). Interestingly, more than half of the sources
with Lx > 1030 erg s−1 do not display the o-H2O line. This be-
haviour may stem from either (1) the different shape of the X-ray
spectrum (hardness ratio), (2) the duty cycle of the flares respon-
sible for the high levels of X-ray fluxes, and/or (3) that X-rays are
not the only driver of H2O chemistry and excitation, let alone any
inner disc geometry and radiative transfer considerations. We
caution that the correlation with X-rays is significantly weaker
when TTau is removed from the analysis.

All the stars detected in o-H2O are outflow/jet sources, al-
though three of them AA Tau, DL Tau, and RY Tau do not
show any excess in [OI], i.e. all the emission is consistent with
coming from the disc (Howard et al., in prep.). Two of these
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• Reduced with CASA 4.2	


• H2O detected at 8σ	


• Matches disk position, 
tentative (3-4σ) 
extended emission	


• Profile: blue-shifted and 
broad!

Kristensen et al. in prep.

OutflowDisk

PWV < 1mm



Vibrational CO: wind

• 4.7 mu rovibrational emission 
from CO supports wind 
hypothesis	


• Identical line profiles    
(within uncertainty)	


• CO emission unresolved at 
0.2” resolution (30 AU)

Herczeg et al. 2011
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Excitation conditions
• Use 321 GHz and 63 μm 

lines to estimate 
excitation conditions, n, 
T, N(H2O)	


• Highly degenerate 	


• N(H2O) ~ 1019 cm-2, 
n(H2) ~ 109-1012 cm-3,    
T ~ 500-1500 K,   
r(H2O) ~ 2 AU
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Molecular protostellar winds

• Model calculations show molecules 
survive launching in MHD winds	


• Physical conditions in wind close to what 
is inferred from radiative transfer

A&A 538, A2 (2012)
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Fig. 1. Overall geometry of the “slow” MHD disk wind solution of
(Casse & Ferreira 2000) used in this article. Solid white curves show
various magnetic flow surfaces, with that anchored at 1 AU shown in
dashed. The density for Ṁacc = 10−6 M⊙/yr and M⋆ = 0.5 M⊙, is coded
in the contour plot starting at 8 × 104 cm−3 and increasing by fac-
tors of 2. The bottom dotted line traces the slow magnetosonic surface
(at 1.7 disk scale heights) where our chemical integration starts.

Eq. (9) of Garcia et al. (2001a). In particular, the midplane field
in the adopted MHD solution is,

Bz ≃ 0.7 G
( r0

1 AU

)−5/4
(

Ṁacc

10−6 M⊙ yr−1

)1/2 (
M⋆

0.5 M⊙

)1/4

, (3)

which follows the same scaling as the available magnetic field
measurements in protostellar disks (Shu et al. 2007). The re-
quired field strengths thus appear plausible. In the following, we
will vary M⋆, Ṁacc, and r0 in order to explore their effect on the
molecular content and thermal state of the disk wind.

2.2. Thermo-chemical evolution

The thermo-chemical evolution along wind streamlines was
implemented by adapting the 2003 version (Flower &
Pineau des Forêts 2003) of a code constructed to calculate the
steady-state structure of planar molecular MHD multi-fluid
shocks in interstellar clouds (Flower et al. 1985). The ion-neutral
drift, FUV field, and dust-attenuation were calculated following
the methods developed by Garcia et al. (2001a) in the atomic
disk wind case. Irradiation by stellar X-rays was also added, fol-
lowing the approach of Shang et al. (2002).

Given the high densities and low ion-neutral drift speeds
in the wind (see Sect. 3) the same temperature and velocity is
adopted here for all particles. The latter is prescribed by the
underlying single-fluid MHD wind solution. We thus integrate
numerically the following differential equations on mass den-
sity ρ, species number density n(a), and temperature T along the
streamline, as a function of altitude z above the disk midplane:
dρ f

dz
=

S f − ρ f∇ · u
vz

, (4)

dn(a)
dz
=

Ra − n(a)∇ · u
vz

, (5)

dT
dz
=
Γ − Λ − ntotkBT∇ · u − 3

2 kBTR
3
2 kBntotvz

· (6)

Here, vz and (∇ · u) are the bulk vertical flow speed and the
(3D) flow divergence interpolated from the MHD wind solu-
tion, ntot is the total number density of particles, T is the tem-
perature, kB is the Boltzmann constant, S and R are the rates of
change in mass and number of particles, respectively, per unit
volume, and Γ and Λ are the heating and cooling rates per unit
volume. The equations on n(a) apply to each species a as well
as to the individual populations of the first 49 levels of H2 (up to
an energy of 20 000 K) which are integrated in parallel with the
other variables. The equations on ρ f apply to each “fluid” f (neu-
tral, positive, negative) and are used mainly for internal check-
ing purposes, as the total mass density ρ(z) is prescribed by the
MHD solution.

Cooling and heating mechanisms include

– radiative cooling by H2 lines excited by collisions with H,
H2, He, and electrons (Le Bourlot et al. 1999);

– radiative cooling by CO, H2O, and 13CO in the Large
Velocity Gradient approximation (Neufeld & Kaufman
1993), and by OH and NH3 in the low-density limit (Flower
et al. 1985);

– atomic cooling by fine-structure and metastable lines of C,
N, O, S, Si, C+, N+, O+, S+, Si+ (Flower et al. 2003) and Fe+
(Giannini et al. 2004);

– inelastic scattering of electrons on H and H2 (Aggarwal et al.
1991; Hummer 1963; Rapp & Englander-Golden 1965);

– energy released by collisional ionization and dissociation
and exo/endo-thermicity of chemical reactions (Flower et al.
1985);

– energy heat/loss through thermalization with grains (Tielens
& Hollenbach 1985);

– ambipolar-diffusion heating by elastic scattering between the
neutral fluid and charged ions and grains (Garcia et al. 2001a,
see Sect. 2.3);

– ohmic heating arising from the drift between electrons and
other fluids (Garcia et al. 2001a, see Sect. 2.3);

– photoelectric effect on grains (Bakes & Tielens 1994,
Eq. (42)) irradiated by the (attenuated) FUV field of hot ac-
cretion spots (see Sect. 2.4);

– heating through cosmic-rays and (attenuated) coronal stellar
X-rays (Dalgarno et al. (1999), see Sect. 2.5).

The reader is referred to the corresponding references for a dis-
cussion of the physical context and hypotheses involved in mod-
elling each of the above processes.

2.2.1. Chemical network

The chemical network consists of 134 species, including atoms
and molecules (either neutral or singly ionized) as well as
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Fig. 7. Same as Fig. 6 for streamlines anchored just beyond the sublimation radius: r0 = Rsub = 0.2 AU in the Class 0 and Class I, and 0.11 AU
in the Class II. These calculations assume no self-shielding of H2 or CO (i.e. no molecules surviving on streamlines launched inside Rsub). The
resulting abundances set a minimum photodissociation timescale on outer streamlines, to be compared with the flow timescale (see Fig. 10).

The AV towards the star is highest at the wind base, where
the line of sight crosses the densest wind layers (see Fig. 1) and
drops steadily as material climbs along the streamline (Figs. 6,
7c). This causes a steep rise in the effective attenuated radia-
tion field, until the 1/R2 dilution factor takes over (Figs. 6, 7e,f).
Combined with the wind density fall-off (Figs. 6, 7b), this gen-
erates a global increase in ionisation fraction along the stream-
lines out to 30−100 AU, until recombination sets in (Figs. 6, 7g).
In our models, ionization is dominated by stellar X-rays for
AV > 3 mag, and by FUV photons further out.

As the wind density drops by a factor 10 from Class 0 to
Class I to Class II (Figs. 6, 7b), the ionisation fraction, X(i+) ≡
n(ions)/nH, increases by a factor 3 to 10. Indeed, the smaller
attenuating column through the inner wind (Figs. 6, 7c) leads to
higher X-ray and FUV ionization rates. At the same time, the
lower wind density reduces recombination. Both effects work in
the same direction.

Figure 8 shows the main ionization contributors along the
1 AU streamline for the Class 0, Class I, and Class II models.
From these results, it can be seen that the main contributors de-
pend on the overall ionization degree, X(i+):

when X(i+) ≤ 10−6: the main contributors to the negative charge
are the PAHs. The main positive carriers are molecular ions,
with the most abundant being HSO+ and H3O+; and H+3
(a direct product of X-ray ionization) also contributing in the
Class II.

when X(i+) > 10−6: the main contributors to the negative charge
are the electrons. The main positive carriers are the atomic
ions S+, C+, and H+, which recombine more slowly with
electrons than molecular ions do.

An interesting result of our calculations is the relatively high
abundances of CH+, SH+, and H+ of 10−6−10−4 reached along
the Class I and Class II streamlines (Fig. 8). CH+ and SH+ are
formed by endothermic reaction of C+ and S+ with H2, when
the wind temperature exceeds about 3000 K. H+ forms by X-ray
ionisation and charge exchange, but also by photodissociation
of CH+, with carbon playing the role of a catalyst through the
reaction chain:

C + hν→ C+, (40)
C+ + H2 → CH+ + H − 4640 K, (41)
CH+ + hν→ C + H+. (42)

Through this repeated formation cycle, H2 is partly converted
into H+, helping to offset H+ destruction by charge exchange.
The flow crossing timescale is also too short for significant
H+ radiative recombination. This example clearly illustrates
the out-of-equilibrium and hybrid nature of the chemistry in
MHD disk winds, combining elements from both C-shocks
(strong heating by ion-neutral drift) and photodissociation re-
gions (abundant C+ and S+).
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Implications / conclusions

• Hot PACS H2O toward HL Tau originates in wind, 
not inner disk: a unique SMA result	


• HL Tau is Class I/II, uncertain what implications for 
Class II/III sources are: needs to be tested	


• 321 GHz H2O emission appears to probe winds, 
need to test on sources with stronger winds / jets 
(Class 0’s) with the SMA


