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Why should you care?
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Low-mass YSO evolution

the ‘‘average’’ HCO+ abundance in envelopes around Class 0
sources found by Jørgensen et al. (2004). It is possible that in
these two sources theHCO+ abundancemay be slightly enhanced,
but our data are not sufficient to firmly make this conclusion. In
the other sources in our sample, the HCO+ is similar to, or below,
the standard abundance.

The HCO+ emission seen in Figure 3 arises mainly along the
outflow cavity walls or the outflow lobes, and the observed over-
abundance is consistent with chemical models that predict HCO+

enhancement in outflow walls due to the shock-triggered re-
lease of molecules from dust mantles and subsequent chemical
reactions in the warm gas (Rawlings et al. 2000, 2004; Viti et al.
2002). Hence, it is clear that some of the sources in our sample
power outflows that are affecting the chemical composition of their
surroundings. On the other hand, HCO+ outflows with abundances
at or below the standard value must arise in dense (nk103) en-
velope gas (see Evans 1999) that has been entrained by the out-
flow, where shocks have not seriously affected the chemical
properties of the environment. In some sources the HCO+ outflow
emission does not trace the entire extent of the outflow wall (e.g.,
HH 300 and L1228) or does not trace both outflow lobes (e.g., HH
114mms and RNO 43). This could result from differences in the
environmental conditions, such as density, shock-induced radia-
tion, or chemical composition, or in the effects of optical depth.

6. SUMMARY

Our systematic high angular resolution (300Y700), multimolecular
line survey of the circumstellar environment within!104 AU of
nine protostars at different evolutionary stages has enabled detailed
studies of the kinematics, morphology, density distribution, and
chemistry of the circumstellar gas. These in turn have permitted
investigations of how the circumstellar envelopes and proto-
stellar outflows change with time.

Our 12CO images trace high-velocity outflowing molecular
material around all sources. We detect a clear trend in the mor-
phology of the protostellar molecular outflows. The youngest
sources (Class 0) in our sample power molecular outflows with

jetlike morphologies or cone-shaped lobes with opening angles
less than 55". The sightly more evolved (Class I) sources in our
sample have molecular outflows with lobe opening angles of
more than 75". Outflows from the most evolved young stars in
our sample, the Class II sources, have even wider lobes or no
definite shape or structure. Combining our data with that from a
number of sources in the literature shows that the outflow open-
ing angle close to the source widens with time.
The denser, lower velocity gas probed by our 13CO and HCO+

observations appears to arise from the outflow cavitywalls or very
close to the protostar. We suggest that this is dense gas from the
outer regions of the circumstellar envelope that has been en-
trained by the high-velocity flow, thereby eroding the envelope
and helping to widen the outflow cavities. We also suggest that
evolutionary changes in the morphology and velocity field of
the dense circumstellar envelopes, detected in our C18O images,
are mainly caused by outflow-envelope interactions. Class 0 source
envelopes, for example, are elongated with velocity gradients
along the outflow axis, indicating that the young and powerful
protostellar outflows can entrain dense envelope gas. Class I
envelopes, by contrast, are elongated more or less perpendicular
to the outflow axis and concentrated outside the outflow lobes,
as if most of the dense gas along the outflow axis has already
been displaced. By the Class II stage the sparse C18O emission
observed is constrained to the outflow lobe edges, consistent
with most, if not all, of the dense gas being cleared.
Not unexpectedly, our results show a decrease in envelope

mass as the age of the protostar increases. Comparisons of the
estimated envelope mass-loss rate with the dense gas outflow
rate imply that the protostellar outflow plays an important role
in envelope mass loss during and after the Class I stage. For
younger protostars, envelope mass loss is more likely to be domi-
nated by large infall rates. Finally, enhanced abundance of HCO+ in
the outflow in some of the sources in our sample indicates that
the chemical composition of the environment around these pro-
tostars is affected by shock-induced chemical processes in the
outflow-envelope interface.

Fig. 8.—Schematic picture of outflow-envelope interaction evolution. Dark gray regions denote high-density (envelope) gas, mostly traced by C18O in our
observations. Light gray regions show the molecular outflow traced by the 12CO and 13CO. Arrows indicate the gas motion. See x 5.4 for details.
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Part I
Tracing shocks in low-mass 

protostars



Spot shock 
components
• Typically offset to the 

blue by 5-10 km s-1

• FWHM of 5-10 km s-1

• New and unseen in, e.g., 
CO 3-2

(Kristensen et al. 2013)

H2O 557 GHz J = 110-101
Observed with Herschel-HIFI
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Other species

• Seen in light ionized 
hydrides and CO 16-15

• Points to origin close to 
protostar and hot, dense gas
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Model comparison

• Dissociative wind shocks  
(Neufeld & Dalgarno 1989)

• Column densities match 
within factor of 3

NGC1333-I4A
L ~ 5 L⊙◉☉⨀

D ~ 230 pc



Mapping 
spatial origin

• SMA observations of 
HCO+ J=3-2, 4-3

• EXT: 1” resolution (200 
AU) & filtering of 
envelope

• Origin: wind impinging on 
inner cavity wall; imaging 
required for location

500 AU

(Kristensen et al. 2015a in prep.)
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Excitation & chemistry

• Water/HCO+ require dense 
medium, CO requires hot 
medium:  
n(H2) ~ 107 cm-3, T ~ 700 K

• Chemical key: H2 dissociation 
+ reformation

• UV radiation required for pre-
dissociation
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Neufeld & Dalgarno 1989
Kristensen et al. in prep.
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New picture of feedback
• Hot CO: intermediate between 

atomic gas and H2 formation 

• Warm CO: post-H2 cooling 

• H2O: if post-H2 cooling region 
is expanding, H2O cooling 
limited to 300 K zone 

• Similar CO ladders observed 
from here to z ~ 1: H2 
dissociation/reformation 
always key?

(Kristensen et al. 2013, in prep.)



Part II
Hot water in disks: a shocked 

wind origin



• Observed the 63 mu line, spectral 
resolution ~ 100 km/s

• Detected in 24% of gas-rich disks

• Emission, when detected, 
correlates with [OI] also at 63 mu

• No spatial extent seen: disk 
origin?

• Test with SMA: detect and image 
321 GHz line (Eup/kB ~ 1800 K)

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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HL Tau: recent headliner

• Pictures don’t always reveal the whole truth
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SMA data
• H2O detected at 5σ 

(single beam), 8σ 
integrated, toward HL 
Tau

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

• Profile: blue-shifted 
(-15 km/s) and broad 
(20 km/s)!

Kristensen et al. in prep.
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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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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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Wind solution: a match

• N(H2O) / N(CO) ~ 1

• Model predictions reproduce observations: wind origin

D. Panoglou et al.: Molecules in protostellar MHD disk winds. I.
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Fig. 11. Abundances relative to H nuclei of important O, C, and S-bearing species along a flow line launched at 1 AU, for our Class 0 (left), Class I
(middle) and Class II models (right).

H2O: when the wind temperature exceeds ≃400 K, oxygen not
locked in CO is converted to H2O through the endothermic reac-
tions of O and OH with H2 in Eqs. (43), (44). Together with
H3O+ recombination, this reaction is efficient enough to bal-
ance the water destruction processes active in Class I/II jets
(FUV photodissociation, photoionization, reaction with H+3 ).
The asymptotic abundance of water is thus similar and quite high
on the 1 AU streamline for all 3 classes5, at ≃5−10 × 10−5.

C, O, S atoms, OH and SO: OH and atomic C and O have low
abundances along the Class 0 streamline, where CO and H2O
are well shielded. In contrast, high abundances of these species
≃0.5−1 × 10−4 are predicted in the outer regions of the Class I
and Class II streamlines, following CO and H2O partial pho-
todissociation (see Fig. 11). Concerning sulfur, it is mainly in
the form of atomic S beyond 100 AU along the Class 0 stream-
line, and is mainly photoionized into S+ in the Class I/II cases,
where the FUV field is more intense (see Fig. 8). The asymptotic
abundance of SO is substantial in the Class 0 only, at a level of
3 × 10−7. These predicted characteristics for Class 0 jets are in
line with the relative abundance of SO to CO ≃ 2 × 10−3 re-
ported by Tafalla et al. (2010), and with the mass-flux traced by
atomic sulfur lines being possibly as large as that inferred from
CO (Dionatos et al. 2010).

3.2. Effect of increasing launch radius in the Class I model

In Fig. 12 we illustrate in the Class I case the effect of the launch
radius on the wind chemistry and temperature. We plot a range
of r0 of 1−9 AU corresponding to a range in final flow speed
of 90 km s−1 to 30 km s−1. The streamline from Rsub = 0.2 AU
is also shown for comparison. The main effect is that the flow
has an “onion-like” thermal-chemical structure, with stream-
lines launched from larger radii having higher H2 abundance
and lower temperature and ionization. The behavior with r0 is
discussed in more detail below.

We do not present results for the interval 0.2 < r0 <
1 AU in the Class I jet, as the minimum H2 photodissociation
timescale there becomes similar to or less than the flow time (see

5 In the Class 0 streamline, cold dust grains hold an additional H2O
reservoir in the form of ice, of assumed abundance 10−4 (Flower &
Pineau des Forêts 2003), that could be later released in the gas phase
in shock waves.

discussion in Sect. 3.1.3). Accurate H2 abundances on these in-
ner streamlines await a detailed non-local treatment of H2 shield-
ing, not taken into account in the present preliminary approach.
For the same reason, we do not present results at r0 > 1 AU for
the Class II jet, but we note that the effect of increasing r0 will be
qualitatively the same as in the Class I case (i.e. higher H2 abun-
dance and lower temperature). We also do not present results at
r0 > 1 AU in the Class 0 case, since most H2 and CO molecules
survive already at a launch radius just beyond the sublimation
radius Rsub = 0.2 AU (see Sect. 3.1.3).

3.2.1. Ionization and drift speed at various r0

Wind streamlines are initially less ionized at larger r0
(Figs. 12f,g), due to the larger attenuation of X-rays and
FUV photons by intervening streamlines (Fig. 12c). At large dis-
tances, they recombine to an asymptotic fractional ionization of
a few 10−5, dominated by S+.

The drift speed does not exceed about 10 km s−1 and re-
mains less than 30% of the bulk flow speed out to r0 = 9 AU
(Fig. 12d). Therefore, magnetocentrifugal forces appear able to
lift molecules out to disk radii of 9 AU for the typical parameters
of Class I sources, in the MHD solution investigated here.

3.2.2. Temperature and molecule survival at various r0

The gas temperature at larger launch radii follows a similar be-
havior to that found at r0 = 1 AU (i.e. a gradual rise on a
scale z ≃ r0, followed by a shallow decrease), but the tem-
perature peak is shifted to larger z (i.e. lower nH) and reaches
a smaller peak value (see Fig. 12a). Therefore, H2 chemical
oxydation and collisional dissociation are less efficient than for
r0 = 1 AU. As a result, the H2 abundance increases with r0 and
more than 90% of the molecules survive for launch radii ≥3 AU
(Fig. 12h). Photodissociation of H2, which was already too slow
for r0 = 1 AU, is further reduced by the additional screening
from intervening wind streamlines and plays no role.

In contrast, we find that photodissociation remains the ma-
jor destruction process for CO out to r0 = 9 AU. The drop in
CO abundance towards the inner r0 = Rsub streamline largely
exceeds the factor 2 assumed in our “local” computation of the
CO self-screening column (see Fig. 12i). The plotted CO abun-
dances for r0 > Rsub should thus be considered as upper limits
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Part III
Low-mass protostars in 

high-mass clusters



Stars form in clusters

But how do low-mass stars form in 
the presence of high-mass stars? Cygnus X, Herschel

Hennemann & Motte



Low-mass outflows scale with Menv

• Idea: Outflows provide a low-contrast 
tracer of low-mass population in clusters
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Recipe

• Step I: Build a  
cluster-in-a-box

• Step II: Measure outflow 
emission from nearby 
low-mass clouds

• Step III: Assign emission 
to cluster members

• Step IV: Observe �2 �1 0 1 2
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Benchmarking model

• Observations contain hot core, 
high-mass outflow, low-mass 
outflows

• Radial average matches at 50%

• Toy model reproduces 
observations: fine-tuning required

20 10 0 -10 -20
Offset (arcsec)

20

10

0

-10

-20

O
ff

se
t(

ar
cs

ec
)

Model

0

0.2

0.4

0.6

0.8

Jy
km

s�
1

be
am

�
1

20 10 0 -10 -20
Offset (arcsec)

20

10

0

-10

-20

O
ff

se
t(

ar
cs

ec
)

ALMA

0

0.2

0.4

0.6

0.8

1.0

Jy
km

s�
1

be
am

�
1

0 2 4 6 8 10
Radius (arcsec)

0

2

4

6

8

10

Fl
ux

(J
y

km
s�

1 )

Model ⇥ 2
Observations



Next steps
• Include contribution from 

high-mass outflows

• Explore parameter space: 
cluster age, IMF, cluster 
mass, … 

• Other species: H2O, high-J 
CO as unique shock tracers

• Extrapolate to high-z 
starburst galaxies
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Table 1
Parameters of H2O Line Emission from APM 08279+5255

Transition 20,2–11,1 21,1 − 20,2 32,1 − 31,2 42,2 − 41,3 11,0 − 10,1

ν0
a 987.926 752.033 1162.911 1207.638 556.936 GHz

νobs
b 201.166 153.132 236.797 245.905 GHz

Eu/kc 101 137 305 454 61 K
Flux density calibrator 3C273 3C84 3C273 0923+392

and flux densityd 8.0 8.5 7.3 4.3 Jy
Synthesized beame 0′′. 58 × 0′′. 60, 33◦ 2′′. 98 × 1′′. 87, 47◦ 0′′. 62 × 0′′. 56, 48◦ 0′′. 61 × 0′′. 44, 49◦

σ f 2.5 1.7 7.1 4.3 mJy
Scont

g 16.5 ± 0.8 5.4 ± 0.3 26.6 ± 1.3 31.4 ± 2.0 mJy
Iline

h 9.1 ± 0.9 4.3 ± 0.6 8.0 ± 0.9 7.5 ± 2.1 <0.7n Jy km s−1

Imodel
i 8.9 4.5 8.4 6.5 0.25 Jy km s−1

v0
j 72 ± 35 47 ± 25 93 ± 16 50 ± 43 km s−1

FWHMk 492 ± 84 480 ± 58 312 ± 37 429 ± 96 km s−1

L′
line

l,m (7.9 ± 0.8) × 1010 (6.5 ± 1.0) × 1010 (5.1 ± 0.5) × 1010 (4.5 ± 1.3) × 1010 <1.9 × 1010 K km s−1 pc2

Lline
l,m (2.4 ± 0.5) × 109 (8.9 ± 1.3) × 108 (2.6 ± 0.3) × 109 (2.6 ± 0.7) × 109 <1.1 × 108 L⊙

Notes.
a Rest frequency of the line.
b Observing frequency.
c Upper level energy of the transition.
d Assumed flux density of flux calibrator at observing frequency.
e Full width at half-maximum and position angle.
f rms noise in the integrated spectrum at ∆ν = 40 MHz.
g Observed integrated continuum flux density.
h Observed integrated line flux.
i Modeled integrated line flux.
j Center velocity of fitted Gaussian relative to z = 3.911.
k Full width at half-maximum of fitted Gaussian.
l Using z = 3.911, H0 = 70 km s−1 Mpc−1, ΩΛ = 0.73, and Ωtot = 1.
m Not corrected for lensing.
n Upper limit from Wagg et al. (2006).

et al. (2009b). With CO lines detected from rotational levels up
to J = 11 (Weiß et al. 2007; Riechers et al. 2009a) and HCN,
HNC, and HCO+ lines from levels up to J = 6 (Wagg et al. 2005;
Garcı́a-Burillo et al. 2006; Riechers et al. 2010), its molecular
medium has been characterized very well. Analysis of the CO
rotational ladder revealed unusually high excitation (Weiß et al.
2007). However, a previous search for the ortho ground-state
11,0–10,1 H2O line (upper level energy Eu/k = 61 K) was
unsuccessful (Wagg et al. 2006). We therefore targeted lines of
higher excitation, with Eu/k from 101 to 454 K.

2. OBSERVATIONS AND RESULTS

We used the Institut de Radioastronomie Millimétrique
(IRAM) Plateau de Bure Interferometer (Guilloteau et al. 1992)
with six antennas in 2010 December and 2011 February to ob-
serve the four H2O lines listed in Table 1 (which also lists all
relevant observational parameters) in APM 08279+5255. Ob-
serving times (including overheads) varied from 2 to 5.2 hr per
line. The WIDEX back end was used, providing 3.6 GHz instan-
taneous bandwidth in dual polarization. Data reduction using the
GILDAS package included the standard steps of data flagging,
amplitude, phase and bandpass calibration, and conversion into
datacubes. The flux density scale is accurate to within 15%. The
datacubes were deconvolved using a CLEAN algorithm (Clark
1980).

All four lines were detected and an image of the flux
distribution of the 21,1 − 20,2 line is shown in Figure 1. Fits
to the continuum uv-data were used to calculate the continuum
fluxes (reported in Table 1) and source sizes. In the high angular
resolution observations the emission was found to be slightly

Figure 1. H2O emission from APM 08279+5255. The contoured pseudocolor
map shows the distribution of the velocity-integrated continuum-subtracted
H2O 21,1 − 20,2 line flux, with contour levels of 3σ , 5σ , 7σ , and 9σ , where
σ = 0.5 Jy km s−1 beam−1. The dashed white ellipse indicates the synthesized
beam. The inset presents the NICMOS F110W image (Ibata et al. 1999) and
shows that the gravitationally lensed images (the brightest of which are 0.′′378
apart) are fully covered by the synthesized beam.
(A color version of this figure is available in the online journal.)

spatially resolved, with source sizes of approximately 0.′′5,
in agreement with high-resolution observations of the 1 mm
continuum (Krips et al. 2007), and CO 1−0 (Riechers et al.
2009b). Integrated spectra of the four H2O lines are shown in
Figure 2 and parameters of the detected lines are presented in

2
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Figure 2. Spectra of H2O emission lines from APM 08279+5255 at a common frequency resolution of 40 MHz. The horizontal axis shows velocity relative to redshift
z = 3.911. The red curves indicate Gaussian fits to each spectrum.
(A color version of this figure is available in the online journal.)

Table 1. The most sensitive detection is that of the 21,1 − 20,2
line, which displays a symmetric line profile with a full width
at half-maximum (FWHM) of 480 ± 58 km s−1, excellently
matching the FWHM values of 445–520 km s−1 of the CO lines
(Weiß et al. 2007). Recently, a low spectral resolution 1 mm
spectrum of APM 081279+5255 obtained with Z-Spec has been
released by Bradford et al. (2011). In the Z-Spec spectrum, the
32,1 − 31,2 line is the only H2O line detected at the 3σ level,
but our flux measurement for this line is a factor two lower.
This discrepancy is similar to that between the CO line fluxes
measured by Z-Spec and by the IRAM 30 m telescope, several of
which have been independently confirmed by the IRAM Plateau
de Bure Interferometer (Weiß et al. 2007). A similar discrepancy
is found between our flux measurement of the 42,2 − 41,3 line
and that by Bradford et al. (2011), although the latter had a
significance of only 2.5σ . The continuum flux densities match
very well between the two data sets. Finally, we note that the
serendipitous detection of another H2O line, the 22,0 − 21,1 line,
using the IRAM Plateau de Bure Interferometer, was recently
reported by Lis et al. (2011).

3. FAR-IR PUMPED H2O EMISSION

The distribution of the detected line flux as a function of the
energy of the upper level of the transition is shown in Figure 3.
The flux distribution shows considerable emission out to the
42,2 − 41,3 line, implying that for purely collisional excitation
the kinetic temperature must be of the order of at least 400 K.
Critical densities are approximately 108 cm−3 for the lowest
lines (20,2 − 11,1 and 21,1 − 20,2) and higher than 108 cm−3

for the higher lines. Therefore, any purely collisionally excited
model that can account for the observed 32,1−31,2 and 42,2−41,3

Figure 3. Flux in H2O emission lines from APM 08279+5255 as a function
of upper level energy Eu. Black symbols and error bars indicate the observed
line fluxes and the previously published upper limit on 11,0 − 10,1 (indicated
by a downward arrow). Red crosses indicate values produced by our model as
described in the text.
(A color version of this figure is available in the online journal.)

fluxes would produce much stronger emission in the lower lines,
including the 11,0 − 10,1 level, for which a sensitive upper limit
exists (Wagg et al. 2006). We therefore rule out purely collisional

3
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H2O emission at z=3.911



Conclusions

• Shocks in protostars traced by water, high-J CO and 
hydrides: H2 dissociation/reformation key for CO ladder 

• Hot water toward HL Tau originates in wind, not inner 
disk: implications for hot water in disks? 

• Cluster-in-a-box models provide access to low-mass 
populations in embedded high-mass clusters


