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Star formation & water

Visser et al. 2009
van Dishoeck et al. (2011)

• Pre-Herschel 
expectations:

• Bulk of envelope: 
H2O in ice,        
xgas ~ 10-9

• T > 100 K: xgas 
jumps to 10-4

• WISH: test 
expectations



Pre-Herschel observations

•Water observed extensively over 20 years 
from space (ISO-LWS, SWAS, Odin, Spitzer) 
(e.g., Ceccarelli et al. 1999, 2000; Nisini et al. 2000, 2002; Bergin et al. 
2003; Hjalmarson et al. 2003; Watson et al. 2007; Melnick et al. 2008)

• Inner hot core or shocked outflowing gas?

• Herschel-HIFI: Gain in sensitivity and 
resolution

•WISH: observe ~ 80 sources to determine 
x(H2O) in envelope and outflow: H2O trail

in detail (Fig. 2). Besides the [S I] 25.249 mm and [Si II] 34.815 mm
lines, which can be ascribed to IRAS 4B’s outflow, we detect a total of
48 spectral lines that we can assign to 75 pure-rotational transitions
of H2O, seen either singly or in spectrally unresolved combinations.
Significantly, all of these lines belong to the ground vibrational mani-
fold of H2

16O; no vibrationally excited or ‘isotopic’ water lines are
seen. Only the lines at wavelengths greater than 29.8 mm have ever
been detected outside the Solar System before, and those only in
bright supergiant stars9,10. We also detect seven narrow emission
features that we have not succeeded in identifying, but that cannot
be due to any well-known molecular or atomic transitions. In the
following we will discuss the water-line emission exclusively.

Many important features of the physical state of the emitting
material are obtained to good approximation from a simple, conven-
tional model: a plane-parallel slab, with uniform temperature, den-
sity high enough that the rotational energy levels of water have
thermal-equilibrium populations, and velocity gradient large com-
pared with the ratio of thermal speed and slab thickness. Radiative
transfer is included via the escape-probability formalism4,11.We leave
the slab’s temperature, water column density and emitting area, the
extinction towards the slab, and the background continuum temper-
ature, as free parameters. Figure 2 is a plot of the observed spectrum
and best-fitting model, and Table 1 a list of model parameters and
other quantities we derive from the observations.

The good model fit demonstrates that all the observed rotational
states of water are indeed populated close to thermal equilibrium, so
themolecular-hydrogen densitymust approach or exceed these states’
critical densities for collisional de-excitation, 1010–1012 cm23. This is
many orders of magnitude too dense to be associated with IRAS 4B’s
outflow or outer envelope: the source of emission must be in the
vicinity of the protostar. But it is not particularly hot at the core of
IRAS 4B. The highest-excitation lines we observe are very temper-
ature-sensitive; their faintness relative to the others indicates that
there is little material warmer than 170K.

Predictions from spherical collapsing-envelope models of class 0
objects12,13 do notmatch the observed spectrum; nor do the combina-
tions of density, temperature and emitting area in these models
resemble those we have inferred. Our model values are, however,
appropriate for dense gaseous disks embedded within such envel-
opes14,15. Thus the water emission probably shows us, we believe for
the first time, accretion from a protostellar envelope by a protoplane-
tary disk14–16. In Fig. 3 we sketch a cross-section of this arrangement of
collapsing envelope and disk. Radiation heating would not suffice to
heat such a large area of the disk to 170K (ref. 17), nor would shocks
from spiral density waves; an accretion shock is probably involved.
Complexmodels of our spectrumof IRAS 4B should thus revealmany
long-sought details of the assembly of protoplanetary disks.
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Figure 2 | Comparison of observed andmodel spectra of IRAS4B. With the
exceptions of the lines of [S I] and [S II] labelled in the plot, the emission lines
in the observed spectrum (top) are due to ground-vibrational-state,
rotational transitions of H2

16O. (See Supplementary Information for data-
reduction and line-identification details.) The model spectrum (bottom) is
offset by 21.0 Jy. It is based on a plane-parallel slab, with uniform
temperature and density and a large velocity gradient (LVG), treated with
the escape-probability formalism4,11. Outside the slabwe assume interstellar-
like extinction20 from a foreground screen. Parameters of water (energy
levels,A-coefficients, and so on) we adopt from the HITRAN database21.We
suppose that the rotational levels are excited by collisions with hydrogen
molecules, and neglect radiative pumping. The latter assumption is justified
after modelling, as the line opacities and background intensity are small.
However, accurate collisional excitation rate coefficients are only available
for two-thirds of the states involved22,23. As a first approximation, we assume
thermal-equilibrium populations, and an ortho/para abundance ratio of 3.
The assumption of thermal equilibrium implies a molecular hydrogen
density approaching these states’ critical densities for collisional de-
excitation, which lie in the range 1010–1012 cm23 (see Supplementary
Information). The results are not sensitive to the isotopologue relative
abundances, for which we adopt the solar abundances of oxygen and
hydrogen isotopes. The continuum beneath the lines is blackbody emission
to high accuracy, which presumably arises from the optically thick disk
behind, or at larger radii than, the slab. This leaves slab temperature, water
column density, emitting area, extinction and continuum temperature as
free parameters, and we have varied these parameters to produce a
minimum-x2 fit, with reduced x25 16 (see Table 1).

Table 1 | Model parameters and inferred quantities for the core of IRAS 4B

Disk-surface density Thermal equilibrium, requiring molecular
hydrogen density of at least 1010 cm23

Disk-surface temperature 170K
Extinction by envelope AV5 100mag, interstellar-like
H2O column density 9.23 1016 cm22 (each face of disk)
H2O-line-emitting mass 7.53 1024 g (H2O), ,63 1027 g (total)
Emitting area 6,000 AU

2 (each face of disk)
Accretion shock speed 2 km s21

Total H2O-line luminosity 0.03L[ (extinction-corrected)
Disk accretion rate $0.73 1024 M[ yr21 (total)
Continuum temperature
(underlying disk and envelope)

59K

Except for the density, these values result from the model fit to the observed spectrum in Fig. 2.
Formally, the temperatures are uncertain by62K, and the extinction is uncertain by650mag in
AV. The uncertainties in the remaining quantities are dominated by that in the extinction (see
Supplementary Information), and are not independent of one another; typically, the maximum
uncertainty in these quantities is approximately a factor of two.
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Figure 3 | Cartoon depiction of our model for IRAS 4B. One example
streamline (blue line with arrows, top left) is shown to illustrate the infall
from the rotating envelope onto the disk14. The molecular-hydrogen density
of the infalling gas (green dots, blue dots) reaches roughly 33 109 cm23 or
greater (see Supplementary Information) before encountering the disk
(black). There the material’s deceleration in a 2 km s21 accretion shock
produces the warm, extremely dense (.1010 cm23) layer (magenta), with
properties as in Table 1, that in turn produces the water-line emission we
detect. Our view of the object, as indicated, is close to face-on.
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Early Herschel results
• Envelope emission 

expected to be     
< 5 km/s...

• Emission outflow 
dominated, even in 
small beam (2000 AU)

• Ground-state 
H218O broad               
(Lefloch et al. 2010; 
Kristensen et al. 2010; 
Kristensen et al. in prep.)

Velocity scale: -100 to 100 km/s

H2O 110-101 @ 557 GHz
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Water bullets in a low-mass protostar

L1448:
D ~ 250 pc
L ~ 11 L⊙◉☉

Bullets H2O rich indicating fast and 
efficient formation from atomic gas

Molecular 
bullets

Absorption 
to continuum Broad outflow

Kristensen et al. (2011; astro-ph)



Absorbing envelopes

• Clearest sign of 
envelope: absorption 
also seen in H218O 
(Visser et al. in prep.)

• Traces x(out) 
directly: 10-8

Continuum and 
emission subtracted

Ser SMM1
D ~ 250-400 pc
L ~ 40 - 100 L⊙◉☉⨀



Inner region

• 5h integration on excited 
H218O line                
(H218O 312-303 @ 1094 GHz)

• FWHM ~ 5 km/s

• Direct detection of 
inner region with single-
dish telescope          
(Visser et al. in prep.)

N1333-I2A
D ~ 235 pc
L ~ 20 L⊙◉☉⨀

Eup/kB = 250 K



Envelope modelling
• Model infalling envelope using radiative 

transfer code (LIME; Brinch & Hogerheijde 2010)

• H216O traces x(out) and limits x(in)

• Excited H218O traces x(in)

x(H2O)



Abundances

• x(in) determined to 3-6 x 10-6, i.e., << 10-4 !

x(out) = 0.5 - 2 x 10-9

x(in) = 3 - 6 x 10-6

x(in)



Conclusions

• Inner H2O abundance of a low-mass envelope 
determined

• Low-mass hot cores are dry; x(in) ~ 100 times 
lower than expected

• Inner envelope only probed by excited H218O

http://www.strw.leidenuniv.nl/WISH

http://www.strw.leidenuniv.nl/WISH
http://www.strw.leidenuniv.nl/WISH

