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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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Components: outflow and envelope (maybe disk)
Not very hot gas...

Arce & Sargent (2006)



Warm and hot CO

NGC1333-IRAS4B; 
(Herczeg et al. in press)

L ~ 4.4 L⊙◉☉⨀
D ~ 230 pc

• Surprise from PACS: 
highly excited CO in 
low-mass protostars

• Jup~47 (Eup~6000 K)

• Reservoir of hot gas 
around low-mass YSOs

• Physical origin of hot 
gas? Location? Trends?



Physical processes
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Disentangling the origin challenging
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R. Visser

Passively heated envelope

Disk
UV-heating of cavity walls
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Line vs. continuum
• Highly excited H2O, CO and [O I] lines spatially offset 

from continuum: shock origin - not disk!

H2O 221-110 
(Eup ~ 194 K)
CO 24-23  
(Eup ~ 1660 K

H2O 818-707 
(Eup ~ 1070 K)
[O I]

Fully sampled PACS map: resolution is 5” at 63 µm
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H2O HIFI observations

• H2O profiles remain 
constant with excitation 

• H2O traces currently 
shocked gas

H2O 818-707 
(Eup ~ 1070 K)
[O I]

HIFI

N1333-I4B
L ~ 4.4 L⊙◉☉⨀

D ~ 235 pc
Kristensen et al. (2010)

Bjerkeli et al. (2011)
Santangelo et al. (2012)

Vasta et al. (2012)
(See also poster by 
Santangelo et al.)



CO profiles

Ser SMM1
L ~ 30 L⊙◉☉⨀

D ~ 230 pc Kristensen et al. in prep.

JCMT

HIFI

HIFI

Low-J CO traces 
entrained 

outflow gas

CO 16-15 
profile different 
from other 
two

CO 10-9 
reminiscent of 
entrained-gas 

profile

What does 
CO 16-15 

trace?



H2O and CO comparison

• H2O and CO 16-15 
profiles remarkably 
similar

• Disentangling physical 
origin through line 
profiles 

• CO 16-15 emission 
primarily originating in 
currently shocked gas

Residual: UV-
heated cavity 

walls?

(Kristensen et al. in prep.)
For more on UV-heated cavity walls: see poster 

by Yildiz et al. + Yildiz et al. 2012 (in press)
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Where are the shocks 
(and the H2O)?

J-type shock 
(xH2O ~ 10-5)

Slow, strong 
C shock 

(xH2O ~ 10-5)

Fast, strong 
C shock 

(xH2O ~ 10-4)

Irradiated-shock 
models required 
to test scenarioKaufman et al. (in prep.)

Kristensen et al. in press; in prep.



H2O excitation
• Evolution explains why H2O 

was not detected in Class I 
sources with Odin, SWAS  
(Ashby et al. 2000)

• H2O sub-thermally excited 
(ncrit ~ 108 cm-3; Dubernet et al. 2006)

• Emission ~ n(H2) x N(H2O)

• H2O excitation follows 
envelope density

Class 0
Class I

(Kristensen et al. in press)



H2O profile 
evolution

• Class 0: EHV gas (jet shocks), 
very broad, inverse P-Cygni 
profiles

• Class I: regular P-Cygni profile 
(expansion), narrower 
outflow profile

• Quantitative differences 
between profiles

Kristensen et al. in press
(Possible scenario: poster by Yvart et al.)

Class 0 Class I

(Dynamics: poster by Mottram et al.)



H2O as evolutionary tracer

Broad Normal
P-Cygni

Medium Bullets Inverse
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Kristensen et al. in press

Clear trend in components in spite of small number of sources



Evolutionary scheme

• Class 0: H2O tightly linked to 
outflow, infall, molecular jet, 
shocks dominate H2O and 
CO excitation

• Class I: envelope opens, outflow 
force decreases, expansion, 
shocks dominate H2O 
excitation, UV dominates 
CO

(Visser et al. 2012, Kristensen et al. in press, Mottram et al. in prep. ) 
(Poster by Mottram et al.)

Absorbing 
envelope

Molecular 
outflow 
(broad)

Class 0

Shell shocks

Class I

Expanding 
envelope 
(regular P-
Cygni)

Molecular 
outflow 
(broad)



Summary & conclusions

• High-J (J > 10) CO emission primarily traces 
currently shocked gas in protostars

•Water excitation is dominated by shocks in 
dense gas, both in Class 0 and I sources

•Water traces turnover from infalling to 
expanding envelopes ==> evolutionary tracer


