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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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Kristensen et al. (2010, 2012), Mottram et al. (2014) 5



Dissecting a profile

“Bullet” “Bullet”

Broad 
outflow

Envelope emission 
+ absorption = 
inverse P-Cygni

Medium offset 
comp.

BHR71
15 L⊙
2.7 M⊙• One profile: lots 

of H2O moving!

• Bulk of emission 
in three 
components

• Velocity resolution 
allows for 
decomposition

Kristensen et al. (2012),  
Mottram et al. (2014) 6



Physical components
Cavity shocks Protostellar wind

Yvart et al.: Water line profiles in MHD disk winds
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Figure 4. Line profiles of the o-H2O fundamental line at 557 GHz towards 29 Class 0 and Class 1 low-mass protostars as observed
with Herschel/HIFI (in black, from Kristensen et al. (2012)), superimposed with the closest matching line profile from our grid of
48 models (red = X0 model, pink = S0, green = X1, blue = S1). Predicted profiles were calculated for the specific distance and
rest velocity of each source without any arbitrary intensity rescaling. The model parameters (source model, rmax

0 , and i) are written
in the top right corner of each panel, and are summarized in Table 3. The plotted model is of the same evolutionary Class as that
attributed by Kristensen et al. (2012) on the basis of Tbol, except for three borderline sources denoted “Class 0/1” (see text). In Ser
MM4, two di↵erent models are shown for the blue and red wings (X0 and S0, respectively).

the empirical source classification (Class 0 or Class 1) from the
SED bolometric temperature Tbol as quoted by Kristensen et al.
(2012). Figure 4 shows that a dusty MHD disk wind with values
of Ṁacc and M? typical of low-mass protostars, accretion age
consistent with the source Class, and maximum launch radius
rmax

0 in the range 3–25 AU can simultaneously reproduce to an

impressive degree the shape, width, and intensity of at least one
wing (and often both) of the broad central component of the 557
GHz line in all observed sources, except L1448-MM where the
line wings are unusually broad2. This overall agreement between

2 We see in Section 4.2.2 that the relative peak intensities among ex-
cited H2O lines in L1448-MM are still reproduced well by our model.
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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

A2, page 4 of 21

Panoglou et al. (2012), 
Yvart et al. (2016)

Absorbing 
envelope

Cavity 
shocks 
(broad)

Class 0

Spot 
shocks

Kristensen et al. (2010, 2012, 2013), Mottram 
et al. (2014, 2017), Visser et al. (2012)
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Evolutionary scheme

• Class 0: H2O tightly linked to 
outflow, infall, molecular jet, 
profiles are the broadest + 
brightest

• Class I: envelope opens, outflow 
force decreases, expansion, 
profiles decrease in width + 
intensity

(Visser et al. 2012, Kristensen et al. 2012, Mottram et al. 2014)

Absorbing 
envelope

Cavity 
shocks 
(broad)

Class 0

Spot 
shocks

Class I

Expanding 
envelope (regular 
P-Cygni)

Cavity 
shocks 
(broad)
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Quest for H2O abundance

• Step I: determine excitation conditions, 
particularly N(H2O)

• Step II: Choose appropriate reference frame to 
get N(H2)

• Step III: Calculate x(H2O) = N(H2O) / N(H2)

9



Profile shape 
vs. excitation
• Similarity in profile 

shapes independent of 
excitation  
(different at outflow positions)

• Excitation conditions 
constant with v in each 
component

Kristensen et al. (2010)
Mottram et al. (2014)
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H2O: subthermally 
excited

• RADEX excitation analysis 

• Conclusion:  
small emitting area (102 AU),  
high temperature (~ 300 K),  
high column density (~1018 cm-2), 
high density (105-108 cm-3)
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Surprisingly low X(H2O): 
~10-100 times “too little”?

• Where is the oxygen?
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Herschel-PACS: FIR inventory
G. J. Herczeg: Warm water in a Class 0 outflow

Fig. 4. The combined Herschel/PACS and Spitzer/IRS continuum-subtracted spectra of IRAS 4B, with bright emission in many H2O (blue marks),
CO (red marks), OH (green marks), and atomic or ionized lines (purple). The Spitzer spectrum is multiplied by a factor of 10 so that the lines are
strong enough to be seen on the plot. The inset shows the combined spectrum including the continuum.

Fig. 5. Top: spectra extracted separately from a spaxel centered on the
sub-mm continuum (red) and a spaxel offset by 9.′′4 to the S and cen-
tered on the outflow position (blue). The outflow position is dominated
by line emission while the central object is dominated by continuum
emission, indicating that the lines and continuum are spatially offset.
Bottom: the same two spectra after continuum subtraction show that the
on-source line emission gets much weaker to short wavelengths.

point sources, one at the outflow position and one at the sub-
mm continuum peak, and are subsequently fit with 2D Gaussian
profiles. More complicated spatial distributions would be unre-
solved in our maps.

The right panel of Fig. 6 demonstrates that the location of
the warm H2O coincides with the Spitzer/IRAC 4.5 µm imag-
ing. The two H2O lines near 63.4 µm, o-H2O 818−707 and p-
H2O 808−717, (E′ = 1070 K) are centered at 5.2 ± 0.2′′ from
the 63 µm continuum and are spatially extended relative to the
continuum emission (assumed to be unresolved for simplicity)
by FWHM = 6.7±1.0′′. About 70% of the emission is produced
at the southern outflow position (Fig. 8). The flux ratios for the
two H2O 63.4 µm lines are similar at both the on-source and
off-source positions (Fig. 9). In the 108.5 µm spectral map, both
the o-H2O 221−110 (E′ = 194 K) and CO 24–23 (E′ = 1524 K)
emission are centered 2.5 ± 0.4′′ south of the 108.5 µm contin-
uum emission and are spatially-extended in the outflow direction
by 13.6 ± 0.7′′, relative to the extent of the continuum emis-
sion. The larger spatial extent and smaller offset in the 108 µm
lines both indicate that the outflow component contributes∼40%
of the measured line flux. The spatial differences may be inter-
preted as differential extinction across the emission region, dis-
cussed in the next subsection.

The 54 µm maps are noisy because PACS has poor sensitiv-
ity at <60 µm. The o-H2O 532−505 54.507 µm (E′ = 732 K)
emission is offset by 5.9 ± 0.4′′ south from the the peak of the
sub-mm continuum emission. The CO 49-48 53.9 µm emission
(E′ = 6457 K) is offset 2.9 ± 0.4′′ south, between the peak of the
sub-mm emission and the bright outflow location. The highly-
excited CO emission is produced in a different location than the
highly-excited H2O emission.

The [O I] emission is offset by 3.7 ± 0.3′′ at PA= 168◦, just
west of the outflow, and is spatially extended by ∼7.′′1 ± 1.0.

3.3. Extinction estimates to the central source and outflow
position

The extinction to different physical structures within the
IRAS 4B system depends on how much envelope material is

A84, page 5 of 23

Herczeg et al. (2012)
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FIR line cooling budget
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Complex water line profiles
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• Velocity resolution: identifying physical components
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shock spots 
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[O I] emission 
come from?
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Enter SOFIA-
GREAT!

• [O I] 63 μm detected 
at R1 position 

• Only seen in high-
velocity component!  

• HV component also 
seen in CO 16-15 
(GREAT) and H2O 
(HIFI)
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Excitation -> 
Oxygen budget

• Recipe:  
Assume excitation from H2O 
Apply to CO, < OH, and O 
Get N(CO), N(OH), N(O) 
Assume X(O)volatile = 3 10-4 
Calculate X(M) 

• X(H2O) ~ 3 10-5 
X(CO) ~ 2 10-4 
X(OH) < 2 10-5 
X(O) ~ 5 10-5
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Low X(O) at high v:  
what does it mean?

• Atomic O is ~15% of total O budget at high v, 
~85% molecular and primarily CO 

• Volatile C/O ratio ~0.7 

• Do the youngest sources host atomic/ionic jets? 
Why so much molecular material? Reformation, or 
molecular from the start? Implications for outflow 
energetics? mass loss rates and infall rates?   
One spectrum, one paper, many new 
questions! 
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What have we learnt?
• Lesson I: SOFIA-GREAT is delivering beautiful 

[O I] 63 μm spectra!  

• Lesson II: Toward one shock position, [O I] 
traces only the high-velocity component and the 
bulk of O is in molecular form 

• Lesson III: Systematic surveys are needed: do 
lessons from one source apply elsewhere?  
(Accepted C5 proposal: two new spectra not yet delivered, 
two more papers?)
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