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ABSTRACT

The results from a single-dish molecular line survey
of a set of 18 deeply embedded young stellar objects
are summarized. More than 40 lines from 16 dif-
ferent species were observed with the JCMT, On-
sala, IRAM 30m and SEST telescopes. The multi-
transition data are analyzed using a temperature and
density structure derived from models of the dust
continuum emission. For the outer envelope (>300
AU), the data indicate a ‘drop’ abundance profile
for many species, with normal abundances in the
outer- and innermost regions and highly depleted
abundances in an intermediate zone. This zone is
bounded at the outer edge by the density where the
timescale for freeze-out becomes longer than the life-
time of the core, and at the inner edge by the evap-
oration temperature of the species involved. In the
innermost envelope (<300 AU), all ices evaporate re-
sulting in jumps in the abundances of complex or-
ganic molecules such as CH30H. A key project for
Herschel will be to survey gas-phase water in these
objects, whose abundance shows extreme variations
with temperature. ALMA wil be able to directly im-
age the chemical variations throughout the envelope
and zoom in on the inner hot core and protoplane-
tary disks on scales on tens of AU.

Key words: protostars; molecular clouds; chemistry.

1. INTRODUCTION

Low mass stars like our Sun are born deep inside
molecular clouds. In the earliest, deeply-embedded
stage (Ay > 100 mag) the protostar is surrounded
by a collapsing envelope and a circumstellar disk
through which material is accreted onto the grow-
ing star. This so-called ‘class 0’ phase (André et al.

Proc. ‘The Dusty and Molecular Universe’, Paris, France
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2000) lasts only a very short time, a fewx10% yr, but
is critical for the subsequent evolution of the star:
it is the phase in which the final mass of the star,
the final mass of the circumstellar disk (and thus
its ability to form planets), and the initial chemical
composition of the disk are determined. Protostars
differ from the pre-stellar cores studied extensively
by other groups (e.g., Bergin et al. 2001, Tafalla et
al. 2002, Lee et al. 2003) in that there is a central
source which heats the envelope from the inside and
dominates the energy balance, rather than only weak
heating from the outside by the external radiation
field.

To constrain their physical and chemical structure,
our groups started a large single-dish survey of low-
mass protostars using the JCMT, IRAM 30m, On-
sala and SEST telescopes. Previous studies focused
either on selected objects (e.g., IRAS 16293 -2422:
Blake et al. 1994, van Dishoeck et al. 1995, Cecca-
relli et al. 1998, 2000a,b, Schéier et al. 2002; Serpens:
Hogerheijde et al. 1999), or on specific molecules such
as sulfur-bearing species and deuterated molecules
(e.g., Buckle & Fuller 2002, 2003, Wakelam et al.
2004, Roberts et al. 2002, Loinard et al. 2001, Shah
& Wootten 2001). Two important developments
make such a survey timely. The first is the advent
of bolometer arrays to map the continuum emis-
sion from cold dust. Model fits of these maps to-
gether with the spectral energy distributions allow
accurate constraints of the dust temperature and
density throughout the envelope, independent from
the line observations (e.g., Motte & André 2001,
Shirley et al. 2002, Jgrgensen et al. 2002). The
second development is the improved sensitivity of
(sub)millimeter receivers, which makes multi-line ob-
servations of even minor species possible. Combined
with well-tested radiative transfer methods (see van
Zadelhoff et al. 2002 for overview), measurements of
lines originating from levels with a range in energy
and critical density can be used to constrain not just
the molecular abundances, but even abundance pro-
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files throughout the envelope.

Our sample consists of 18 objects, containing 12
Class 0 sources taken from André et al. (2000) and
augmented by 5 Class I objects and 2 pre-stellar
cores. The main selection criteria are luminosities
less than 50 L, distances less than 450 pc, and vis-
ible from the JCMT. The distinction between Class
0 and I objects is somewhat arbitrary and it is even
unclear whether these two sets of objects represent
truly different evolutionary stages. In practice, they
represent a division in envelope mass at ~0.5 M.

Some of the questions addressed with this data set
are: (1) What is the physical and chemical structure
of low-mass protostellar envelopes down to scales of
a few hundred AU? (2) Can we trace the evolution
of low-mass protostars through chemical diagnostics
and put constraints on the timescales? (3) What is
the role of freeze-out and grain chemistry, and does
it differ from that found in high-mass protostellar
regions? (4) What is the dominant mechanism for
returning molecules from the grains: gentle evapora-
tion due to radiative heating or violent disruption of
grain mantles in shocks? (5) Do low-mass protostars
develop a ‘hot core’ chemistry with abundant com-
plex organic molecules, as do high-mass protostars?

2. OBSERVATIONS AND ANALYSIS

Most of the data were obtained with the JCMT in
2001-2003 in the 230 and 345 GHz atmospheric win-
dows. These data were complemented by lower fre-
quency observations using the Onsala, IRAM 30m or
SEST telescopes. In total more than 40 lines of 16
species (CO, CS, HCO*, DCO™*, N,H*, HCN, HNC,
DCN, CN, HC;3N, SO, SO, SiO, H,CO, CH30H,
CH3CN and isotopes) were obtained. Typical inte-
gration times at the JCMT ranged from 30 to 60
minutes, resulting in rms noise levels of 30-50 mK in
a ~0.5 km s~! velocity bin. The JCMT beam ranges
from 15" to 20", corresponding to linear scales of
a few thousand AU at the typical distances of our
sources. The observing beams at lower frequencies
are up to a factor of 2 larger. Thus, the envelopes
are unresolved in the single-dish beams and all ra-
dial variations are inferred from the analysis of the
multi-transition data.

For a few objects, interferometer data were obtained
with the OVRO, BIMA and IRAM Plateau de Bure
arrays, providing information on scales of a few hun-
dred AU. This allows the radial structure inferred
from the single-dish data to be tested and may re-
veal the inner hot cores directly.

The analysis starts by modeling the dust contin-
uum radiation observed by SCUBA. Both the ra-
dial profile of the emission and the spectral energy
distributions are fitted, assuming spherical symme-
try, a power-law density profile and a dust emissivity
which is constant throughout the envelope. The re-
sulting parameters are the power-law index of the
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Figure 1. Left: density (long-dashed), temperature
(solid) and abundance (short-dashed) profiles for pre-
and protostellar objects. Right: depletion signature
for each class of object with, from the outside to the
inside, the dark grey indicating the region where the
density is too low for significant freeze-out, the black
indicating the region where the molecules are heavily
frozen out, and the light grey indicating the region
where they evaporate (Jorgensen et al. 2005a).

density structure (n o< r~?, with p typically 1.5-2.0,
consistent with collapse models), the ratio of inner
and outer radii, and the optical depth at 100 ym
(Jorgensen et al. 2002). The dust temperature is
calculated by solving the radiative transfer through
the model envelope given the total luminosity of the
source.

The line data are modeled by taking the dust tem-
perature and density structure as a starting point.
A constant gas/dust mass ratio of 100 is assumed
and the gas temperature is taken to be equal to that
of the dust. The molecular excitation and line ra-
diative transfer are then calculated for each position
in the model envelope and the resulting sky bright-
ness distribution is convolved with the beam pro-
file, or, in the case of interferometer data, analyzed
with the same spatial filtering. A trial abundance
of the molecule under consideration is chosen and
is adjusted until the best agreement with observa-
tional data is reached, e.g., through a x? test. In its
simplest form, this abundance is chosen to be con-
stant with radius, but other abundance profiles can
be tested as well (see §3). See Figure 1 of Doty et al.
(2004) for a summary of the modeling procedures.
Basic molecular data such as Einstein-A coefficients
and collisional rate coefficients form an essential in-
put to these models (see Schéier et al. 2005 for sum-
mary).

© European Space Agency ¢ Provided by the NASA Astrophysics Data System
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Figure 2. The HCO* (top) and NoHY (bottom) abu-
dance vs. CO abundance. Class 0 objects are de-
noted by filled diamonds; Class I objects by open di-
amonds, and pre-stellar cores by filled squares. The
Class 0 objects VLA 1623 and IRAS 16293 -2422 are
singled out by an open square and star, respectively
(Jorgensen et al. 2004a).

3. COLD OUTER ENVELOPE

An inventory of the abundances of various species in
the outer envelope has been presented by Jgrgensen
et al. (2002, 2004a). The chemical structure of many
species follows that of CO. Assuming a constant
abundance, the best-fit results show a clear trend
of increasing CO abundance with decreasing enve-
lope mass. Objects with the most massive envelopes
have CO abundances that are an order of magnitude
lower than those found for less embedded objects, in
which the abundances approach those found for gen-
eral molecular clouds. The most likely explanation
is freeze-out of molecules on icy grains in the coldest
and densest part of the envelope. Indeed, a so-called
‘drop’ abundance profile provides a much better fit
to the isotopic CO 1-0, 2-1 and 3-2 data than a
constant abundance profile.

Figure 1 summarizes the inferred physical and chemi-
cal structure of the pre-stellar cores, Class 0 (Meny >
0.5Mg) and Class I (Menv < 0.5Mp) objects
(Jgrgensen et al. 2005a). The left panels show the
typical temperature and density profiles for each type
of object. In the pre-stellar cores, the temperature
is low throughout the source and strong depletion of
molecules has been inferred toward the center, but
not the edge, of the core (e.g., Bergin et al. 2001,
Tafalla et al. 2002, Lee et al. 2003). In the pro-
tostellar objects, the central source sets up a tem-
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perature gradient in the envelope, which results in
evaporation of ices in the inner region. CO is one
of the most volatile species and starts to evaporate
at ~20 K (Collings et al. 2003). In the outermost
region, the density has decreased to the point where
the timescale for freeze-out becomes longer than the
age of the source, resulting in little or no depletion.

The drop abundance profile has four parameters: the
outer radius of the drop zone corresponding to the
density n4e where depletion starts; the inner radius
of the drop zone where the temperature is above the
evaporation temperature T,,; the undepleted abun-
dance Xy and the depleted abundance Xp. Using
the multi-line data for all sources, the best-fit pa-
rameters for CO are To, ~35 K, Xo ~ 2 x 10~4,
and Xp typically an order of magnitude lower than
Xo. The inferred nqe is of order 105 cm™2 but varies
considerably from object to object. Thus, the main
difference between the Class 0 and I sources is not
the absolute abundance, but rather the width of the
depletion zone, which is significantly smaller for the
Class I objects and even vanishes for objects with
Meny < 0.1Mg. If nge can indeed be related to the
age of the core, the inferred values indicate ages of
only ~ 10% yr, with no significant difference between
the Class 0 and I objects. This suggests that the
phase with heavy depletions (both in the pre- and
protostellar stages) is short-lived, consistent with re-
cent chemical-dynamical models of Lee et al. (2004).

The abundance structure of CO is reflected in that
of several other species. For example, the HCO*
abundance is strongly correlated with that of CO.
Other species such as NoH* show a clear anticorre-
lation because CO is their main destroyer (see Fig-
ure 2). From the correlation coefficients between
various species, an empirical chemical network can
be constructed. The CS and SO abundances are
clearly correlated, as are the CN, HNC and HC3N
abudances. The largest enigma is formed by HCN,
whose abundance does not show any correlation with
those of other species, nor with envelope mass. One
complication is that the optically thick main isotopic
HCN lines are often affected by outflows, whereas
only few optically thin lines from minor isotopes have
been detected. Figure 3 compares the inferred abun-
dances in the low-mass pre- and protostellar objects
with those in high-mass protostars.

The freeze-out of CO is also reflected in the level of
deuterium fractionation. The most massive Class 0
objects with large freeze-out zones show very high
deuterium fractionation ratios, not just of DCO*
(Shah & Wootten 2001, Jgrgensen et al. 2004a)
but even of doubly deuterated species like D,CO
(Loinard et al. 2001). The deuterium fractionation in
the gas phase is initiated by deuteron transfer from
HyD*, whose abundance relative to H} is enhanced
at low temperatures because of its smaller zero-point
energy. In clouds with normal abundances, CO is
the prime destroyer of H;“ and HyD*, but when
CO is heavily depleted onto grains, HD becomes the
main reactant of H;’, enhancing HoD* even further
(Roberts et al. 2003).
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Figure 3. Comparison between the average abun-
dances in the outer envelopes of low-mass Class 0
and I objects, pre-stellar cores, and high-mass ob-
jects. The dark cloud L134N is taken as the reference
(Jorgensen et al. 2004a).

The physical and chemical structure presented in
Figure 1 has been confirmed by interferometer stud-
ies at higher angular resolution for a selected set of
objects. First, analysis of the continuum data has
shown that the power-law density structure derived
from single-dish data on scales of a few thousand AU
can be extrapolated to scales of a few hundred AU
(Schéier et al. 2004, Jprgensen et al. 2004b). Sec-
ond, the drop-abundance profiles have been imaged
directly for a few species, in particular CO, HoCO
and NoH*. A particularly good example is provided
by L 483, shown in Figure 4 (Jgrgensen 2004). C'80
is seen only in the inner region and freezes out be-
yond 300 AU, at which point NoH* becomes very
prominent out to radii of about 8000 AU. At larger
radii, the density is too low for significant freeze-out,
and also starts to fall below the critical density for ex-
citing lines of species like NoH*. More generally, an
accurate physical-chemical model of the outer enve-
lope is a prerequisite for interpreting interferometric
data of the inner envelope, since even if the line emis-
sion on larger scales is resolved out, it can still affect
the inferred abundances in the inner region through
optical depth effects (Schoier et al. 2004).

4. WARM INNER ENVELOPE

Once the dust temperature reaches 90-100 K, even
the most strongly-bound ices like HoO start to evap-
orate, resulting in a ‘jump’ in the gas-phase abun-
dances of these molecules. In envelopes around high-
mass protostars, this temperature is reached at a ra-
dius of more than 1000 AU, but it lies at less than 100
AU for the low-luminosity objects considered here.
Thus, the typical diameters of these inner warm re-
gions are less than 1” and their emission is severely
diluted in the single-dish beams. Other effects such
as holes, cavities and disks also start to become im-
portant on these scales. Nevetheless, if the abun-
dance enhancements are sufficiently large (typically

20

DEC offset ["]
o

40 20 0 -20 -40
RA offset ["]

Figure 4. Comparison between the Ny H (black con-
tours) and C'80 (white contours) emission in L 483
obtained with the Owens Valley Millimeter Array.
The grey-scale image indicates the JCMT-SCUBA
450 pm data. Note the anticorrelation between CO
and NoHY (Jprgensen 2004).

more than a factor of 100), the effects may become
observable in the higher excitation lines.

An excellent example is provided by CH3OH. For
high-mass sources, jumps in its abundance of a factor
of ~100 have been derived by simultaneously fitting
the low- and high-excitation lines (e.g., van der Tak
et al. 2000). Since many of these lines can be ob-
tained in a single spectral setting (e.g., the 7 — 6
setting at 338 GHz) uncertainties due to calibra-
tion and different beam sizes are minimized. For
low-mass protostars like IRAS 16293-2422 and NGC
1333 IRAS2 similar abundance jumps from ~ 10~°
to ~ 10~7 around Te, = 90 K are obtained (Maret et
al. 2005, Maret, this volume, Jgrgensen et al. 2005b,
Schoier et al. 2002). For other sources like NGC
1333 IRAS 4B, however, the inferred T,, is much
lower and the lines are much broader. Here the en-
hancement may be due to the interaction of the out-
flow with the envelope which sputters the ice man-
tles, such as observed in other outflows offset from
the central protostar (L1157: Bachiller & Pérez-
Gutiérrez 1997, BHR71: Garay et al. 1998, NGC
1333 TRAS2A: Jgrgensen et al. 2004c). Which of
these two mechanisms dominates the observed emis-
sion depends on the relative filling factor of the ther-
mal evaporation vs. shocked zones in the observing
beam.

A second example is provided by H,CO. As an
asymmetric rotor, HoCO has many lines originat-
ing from a wide range of energy levels throughout
the (sub)millimeter windows and is therefore an ex-
cellent diagnostic probe (Mangum & Wootten 1993,
Ceccarelli et al. 2003). However, even with so many
lines, large abundance jumps in the inner hot core re-
gion are difficult to establish unambiguously. In one
interpretation, Maret et al. (2004) derived significant

© European Space Agency ¢ Provided by the NASA Astrophysics Data System
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Figure 5. Complex organic molecules observed to-
ward IRAS 16293 -2422 with the IRAM 30m tele-
scope (Cazauz et al. 2003).

jumps up to 3 orders of magnitude at T, = 90 K
assuming an infalling velocity structure and a fixed
ortho/para-H2CO ratio of 3. In an alternative anal-
ysis, Jgrgensen et al. (2005b) find no evidence for
or against such abundance jumps using a turbu-
lent velocity structure and keeping the ortho/para-
H,CO ratio as a free parameter (inferred to be typ-
ically 1.7). Both analyses agree well on the H,CO
abundances in the outer envelope and their correla-
tion with CO. Also, both studies agree on a drop
abundance profile with T,,=50 K for IRAS 16293 -
2422, the one source for which both interferometer
data and a large number of single-dish HyCO lines
are available (Ceccarelli et al. 2000b, Schéier et al.
2004). These studies illustrate the importance of fu-
ture high-resolution multi-line interferometer data to
constrain the HoCO abundance profile.

5. HOT CORE CHEMISTRY: COMPLEX
ORGANICS

From the above analysis of the dust continuum and
molecular line data, it is clear that all low-mass pro-
tostars have inner warm regions where the ices can,
and often have, evaporated. This is one definition
of ‘hot cores’. High-mass hot cores are often char-
acterized observationally by a true forest of molec-
ular lines down to the confusion limit, including a
multitude of features from complex organics such as
CH;3CN, CH30CHj3, HCOOCHj; etc. In the so-called
‘hot core chemistry’, these molecules are thought to
be the second-generation products of gas-phase re-
actions with evaporated molecules (e.g., Charnley et
al. 1992). Until recently, it was unclear whether low-
mass protostars have a similar ‘hot core chemistry’.

Deep single-dish integrations by Cazaux et al. (2003)
have beautifully demonstrated that low-mass objects
like IRAS 16293 -2422 can have a similarly rich chem-
istry as high-mass protostars (see Figure 5). In-
deed, a recent JCMT survey by Caux et al. (in
prep.) of this object shows a remarkable line den-
sity. Moreover, several of these molecules have been
imaged with the SMA by Kuan et al. (2004) and
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with the Plateau de Bure by Bottinelli et al. (2004b),
showing chemical differentiation on arcsec scales be-
tween the two sources in this protobinary object.
A second example of a low-mass protostar showing
a rich line spectrum from complex organic species
is provided by NGC 1333 IRAS4A (Bottinelli et
al. 2004a). Schéier et al. (2002) noted, however,
that the timescales for crossing the hot core region
in low-mass objects are very short in a pure in-
fall scenario, only a few hundred yr, much shorter
than the timescales of ~ 10% — 10° yr needed for
the hot core chemistry. Thus, a major question is
whether these species are actually first generation
molecules produced on the grains rather than the
result of high-temperature gas-phase chemistry. Al-
ternatively, some mechanism may have slowed down
the infall allowing sufficient time for the hot core
chemistry to proceed.

6. CONCLUSIONS AND FUTURE

A quantitative framework to constrain the physical
and chemical structure of protostellar envelopes on
scales of 300-10000 AU has been established and ap-
plied to a single-dish survey of a set of 18 low-mass
objects. The temperature and power-law density
structure derived from the single dish dust contin-
uum data is found to work well down to scales of a
few hundred AU, although departures from spheri-
cal symmetry and disks start to become important
these scales. In the outer envelope, the chemistry is
controlled by freeze-out of CO, which also affects the
abundances of other species like HCO* and N,H*.
The multi-line data for most species are well fitted
with a ‘drop’ abundance profile where the molecules
are heavily depleted onto grains in an intermediate
cold zone. Analyses of line profiles to derive dy-
namical processes such as infall should take into ac-
count the fact that the molecules may not be present
throughout the entire envelope.

In the inner envelope, the chemistry is controlled by
the evaporation of all ices, which can be released
from the grains either by passive heating or by sput-
tering in shocks. Complex organic molecules charac-
teristic of a hot-core chemistry have been found in
at least two sources, and interferometer data reveal
small scale chemical gradients. The origin of these
complex molecules, in particular whether they are
first- or second-generation species, is still unclear.

There are a number of obvious future observing pro-
grams for Herschel and ALMA. Herschel will be
unique in its ability to observe a multitude of gas-
phase water lines. Since H50 is the dominant ice
species in the outer envelope, its freeze-out and evap-
oration will be just as important in controlling the
chemistry as that of CO. In the innermost region
and in shocks, high-temperature chemical reactions
can drive all of the oxygen into water, enhancing its
abundance even further. ISO-LWS has given a first
glimpse of the rich science associated with H,O ob-
servation of low-mass Class 0 objects (e.g., Nisini et

© European Space Agency ¢ Provided by the NASA Astrophysics Data System
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al. 2002, Maret et al. 2002), but Herschel will im-
prove these data by orders of magnitude in sensi-
tivity, spatial and spectral resolution. ALMA will
have unparalleled sensitivity to image many of the
molecules discussed here at spatial scales down to
tens of AU, revealing the chemical gradients in both
the outer and the inner envelope directly, and show-
ing their relation with any circumstellar disk and
outflow material.
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