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Credits: 
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Gould Belt survey Key Programme/

Palmeirim et al. 2013
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NGC 1333

R. A. Gutermuth et al. JPL/NASA (Spitzer)



FIG. 13.ÈOverview of the IRAS 11590[6452/BHR 71 outÑow system. The blue contours represent the blue outÑow lobe, the red contours the red
outÑow lobe, and the black contours the 1.3 mm continuum emission. The linear size scale is indicated in the upper left.

BOURKE et al. (see 476, 794)

PLATE 10

Characterize the youngest protostars with Herschel

Large envelope

Jets / shocks

Protostars

Molecular outflows
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Santangelo+2014a
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water 1670 GHz
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Far-IR emission of CO and water tracing outflows and shocks

NGC1333 IRAS 4A



Yıldız+2013
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Resolved emission unveils the origins of CO and water
BHR 71
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Proposed by Mottram+2014
The origin of CO emission

UT Austin | Yao-Lun Yang



DIGIT COPS to solve the cases
Dust, Ice, and Gas In Time
(PI: Neal Evans) 
Herschel-PACS: 50-200 μm

• 30 embedded protostars (Green+2013)
• 24 Herbig Ae/Be 
• 6 T Tauri stars

• 25 embedded protostars (Yang+2018)

CO in ProtoStars
(PI: Joel Green)

Herschel-SPIRE: 200-670 μm

Yang+2018
UT Austin | Yao-Lun Yang

Reduced data and 
line fitting results 
released to Herschel 
Science Archive and 
with Yang+2018



An inventory of molecular and atomic emission lines

BHR 71

UT Austin | Yao-Lun Yang
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Two distinct populations of rotational temperatures

UT Austin | Yao-Lun Yang
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Other molecules (e.g. H2) may become the 
main coolant at high temperature
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Azimuthal flux distribution to quantify bipolarity
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Yang+2018



The extent of CO emission decreases at higher-J

UT Austin | Yao-Lun Yang

Yang+2018



How does the dense core collapse?

Dunham+2014 (PPVI review)

UT Austin | Yao-Lun Yang
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Yoo+2017

Accretion variability
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Initial Mass Function

Offner+2014 (PPVI) André+2014(PPVI)

Aquila cores (Könyves+2010, André+2010)
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The evolution of angular momentum during the collapse

Li+2014 (PPVI review)
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• sound speed 
• rotational speed 
• age

• opening angle 
• density profile 
• inclination • disk size 

• flare power 
• disk mass 
• scale height

Model the structure of protostellar envelope

UT Austin | Yao-Lun Yang

luminosity ⇐ R , T



Model the structure of protostellar envelope

UT Austin | Yao-Lun Yang

Yang+2017



The “smoking gun” evidence of the collapsing envelope
Kinematics is the key!

UT Austin | Yao-Lun Yang
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tribution = 0 everywhere. Notice also that the den- 
sity is low both in the interior and at the cloud edge 
and that it peaks at a radius well exterior to the point 
of maximum expansion velocity. Both the velocity and 
density distribution are shown in Figure 2a. As shown 
in Figure 26, the computed CO and 13CO profiles ade- 
quately reproduce the general features present in the 
observed self-absorption profiles. It must be emphasized 
that no detailed modeling has been attempted, and as 
long as the constraints outlined above are included, the 
various observed features are easily reproduced. 

Although we have taken a phenomenological ap- 
proach to infer the structure and dynamics of the region 
purely from the observed line profiles, the nature and 
magnitudes of the systematic velocities derived are 
physically self-consistent. For example, the velocities of 
the expanding gas agree quite well with those calculated 
by Kwok (1975). The origin of the contraction in the 
front half of the cloud is unclear. If it is gravitational 
collapse, material in the back hemisphere is also likely 
to undergo the same motion. In such a case, a cloud of 
size a few parsecs collapsing at a velocity km s-1 

implies that the central star was formed less than a few 
million years ago, in excellent agreement with the age 
estimate of the region (Herbst and Racine 1976). If the 
contraction is due to compression by the passage of a 
galactic shock, the velocity derived is also of the right 
magnitude (Woodward 1976). Finally, if a second larger 
H ii region exists in front of the dense core of the molecu- 
lar cloud (Downes et al. 1975), the apparent contraction 
may simply be due to the expanding gas from this H n 
region. 

In this analysis we have not attempted to explore 
completely the subject of the observational manifesta- 
tions of cloud dynamics on the observed CO profiles. 
Rather we have restricted our discussion to a specific 
class of profiles. Obviously for any one particular source 
our physical interpretation is not unique; but to the 
extent that the observed profiles have common char- 
acteristics the general features outlined here are ap- 
plicable. However, from even these limited results it is 
clear that the CO profiles provide sufficient information 
regarding the dynamical state of molecular clouds to 
merit a more exhaustive study. 

R/R0 

Fig. 2.—(a) {upper panel) Velocity and density distribution in a model cloud for Mon R2. (6) {lower panel) Resultant CO and 13CO 
line profiles. Two sets of line profiles are shown corresponding to lines of sight through the cloud center {solid lines) and through a point f pc 
displaced from the cloud center {dashed lines). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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A problem awaits ALMA to solve
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The “smoking gun” evidence of the collapsing envelope

UT Austin | Yao-Lun Yang

Observe the redshifted absorption against the continuum

Evans+2015
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Probe the infalling envelope of BHR 71
A case study with BHR 71 - an isolated embedded protostar

ALMA Cycle 4  
Band 7 observation (PI: Y.-L. Yang) 

with a beam of 0.39″×0.27″
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Where are the molecules and can we see them?

Jørgensen+2004

Take HCO+ as an example

UT Austin | Yao-Lun Yang

Freeze-out - high density and low temperature



HCO+ depletion at the inner region

Jørgensen+2013

IRAS 15398−3359

0 -1 -2 -3123

0

-1

-2

-3

1

2

3

UT Austin | Yao-Lun Yang

0 -1 -2 -312

130 AU



104

105

106

107

108

109

n
H

(c
m

−
3
)

0.030.10.31.04.010.014.0

r (1000 au)

0

50

100

150

200

250

T
(K

)

T

nH

10−11

10−10

10−9

10−8

10−7

10−6

10−5

10−4

ab
u
n
d
an

ce
X

10−1 100 101 102

AV (mag)

A B C D

O s-H2O

H2O

Schmalzl+2014

Gaseous water destroys HCO+

Modified from Jørgensen+2013
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Model the HCO+ profile due to the infall
Dust model constrained by 

Herschel spectra (Yang+2017)

density, temperature, velocity
chemical abundance

UT Austin | Yao-Lun Yang



The kinematics of the rotating infalling envelope

UT Austin | Yao-Lun Yang



Model the HCO+ profile due to the infall
Outflow cavities HCO+ prefers a younger envelope

UT Austin | Yao-Lun Yang



Model the HCO+ profile due to the infall
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Velocity and abundance at the freeze-out zone is critical
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There are more molecules tracing different physical environment

UT Austin | Yao-Lun Yang



Complex organic molecules (COMs) emission traces  
the kinematics of the inner 100 AU

UT Austin | Yao-Lun Yang

COMs trace a rotating ring

Keplerian rotation Angular-momentum-conserved 
rotating infalling ring

Sakai+2014a
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Methanol indeed can form a ring 

V883 Ori
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Sources with different Lbol have a similar chemistry

UT Austin | Yao-Lun Yang

~Accretion



Sources with different Lbol have a similar chemistry
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Figure 14
Cartoon representation of the evolution of material from the prestellar core stage through the collapsing
envelope (size ∼0.05 pc) into a protoplanetary disk. The formation of zeroth- and first-generation organic
molecules in the ices is indicated with 0 and 1, and the second-generation molecules in the hot-core/corino
region when the envelope temperature reaches 100 K, and even strongly bound ices start to evaporate, are
designated 2. The grains are typically 0.1 µm and are not drawn to scale. The temperature and density scale
refer to the envelope, not to the disk (see also Figure 4). Once material enters the disk, it will rapidly move to
the cold midplane where additional freeze-out and grain surface chemistry occur. All ices evaporate inside the
(species-dependent) sublimation radius. For H2O and trapped complex organic molecules, this “snow line”
lies around a few astronomical units in a disk around a solar mass star. Figure by E. van Dishoeck & R. Visser.

the protostar and warm up. As in the one-point model of Hassel, Herbst & Garrod (2008), much
of the chemistry leading to the synthesis of complex molecules occurs between radicals on the
surfaces of warming dust particles. The model is in reasonable agreement with observed gas-
phase abundances in the hot corino IRAS 16293–2422 including some complex molecules, and
with ice-mantle abundances in the low-mass protostar Elias 29.

Although it does not contain an explicit complex molecule chemistry, an even more recent
treatment follows the evolution of matter from a collapsing envelope into a circumstellar disk via a
two-dimensional semianalytical model (Visser et al. 2009). The chemical history of material in the
disk depends on its location: In the inner disk, weakly bound species like CO have adsorbed and
desorbed from the grains multiple times during their journey from cloud to disk, whereas the outer
disk still contains pristine CO ice from the prestellar stage. Strongly bound molecules like H2O

www.annualreviews.org • Complex Interstellar Molecules 471
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A formation journey starts from the ices on dust grains

Herbst & van Dishoeck 2009
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Summary
The CO ladder traces the the shocked gas and entrained 
gas from high-J to low-J transitions.

The 3D radiative transfer model 
suggests a younger envelope, smaller 
infall velocity, for the HCO+ profile.

We detect 13 species of COMs toward 
BHR 71, and two of them show the 
kinematics of a rotating ring.
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