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Abstract

The study of the earliest stages of star formation
in molecular clouds is one of the fields that should
benefit most from Herschel and ALMA. Improving
our understanding of these deeply embedded stages
is crucial to gain insight into the origin of stellar
masses, multiple systems, and protoplanetary disks.
As prestellar cores and young protostars emit the
bulk of their luminosity between ~ 80 and ~ 500 pm,
the two imaging instruments of Herschel (SPIRE
and PACS) are uniquely suited finding and charac-
terizing such objects in the nearby cloud complexes
of the Gould Belt (d < 0.5 kpc). Here, we sum-
marize the case for an Herschel guaranteed-time
key project aimed at a wide-field SPIRE/PACS sur-
vey of the densest part of the Gould Belt. This
Herschel photometric survey will provide, for the
first time, the mass and luminosity functions for
complete samples of thousands of cold condensations
down to the proto-brown dwarf regime. Thanks to
its large spatial dynamic range, it will probe the
link between diffuse ISM structures and compact
self-gravitating condensations, thereby setting strong
constraints on possible core formation mechanism(s).
The Herschel survey discussed in this paper will also
provide a unique database, including in the Southern
hemisphere, for follow-up high-resolution molecular
line/dust continuum studies with ALMA.
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1. Introduction

Understanding star formation on both small and
large scales is a major unsolved problem of modern
astrophysics, which is fundamental in its own right

and also has a profound bearing on both planet for-
mation and the physics of galaxies.

1.1. Background

A reasonably robust evolutionary sequence has
now been established for the formation and early
evolution of individual low- to intermediate-mass
(M, £ 8 My) stars within molecular clouds (e.g.
Shu, Adams, Lizano 1987; Lada 1987; André, Ward-
Thompson, Barsony 1993, 2000; Shu, Li, Allen
2004). TFive stages are distinguished, correspond-
ing to prestellar cores (e.g. Ward-Thompson et al.
1994), two classes of protostars (Class 0 and Class I
— Lada 1987; André et al. 1993), and two classes
of pre-main sequence stars (Class IT and Class 111
— Lada 1987; André & Montmerle 1994). Prestel-
lar cores are gravitationally-bound starless (M, = 0)
condensations, which are so cold that they emit only
at far-IR/submm wavelengths. Class 0 sources are
very young protostars for which the envelope mass
still greatly exceeds that of the central stellar ob-
ject (Mepy >> M,). Class 0 objects retain de-
tailed memory of their initial conditions. Observa-
tionally, they are characterized by high submillimeter
to bolometric luminosity ratios (L3504 /Ly, 2 1%)
and overall spectral energy distributions (SEDs) re-
sembling 15-30 K blackbodies. While TRAS, 150,
and ground-based near-IR studies have provided a
fairly complete census of Class [-111 sources in nearby
clouds (e.g. Bontemps et al. 2001), no such cen-
sus exists yet for cold prestellar condensations and
Class 0 protostars.

Improving our knowledge of prestellar cores and
Class 0 protostars is of prime importance to dis-
tinguish between collapse models and shed light on
the origin of stellar masses. Recent ground-based
(sub)-millimeter continuum surveys of nearby, com-
pact cluster-forming clouds such as p Ophiuchi, Ser-
pens, and Orion B have uncovered ‘complete’ (but
small) samples of prestellar condensations whose as-



sociated mass distributions resemble the stellar ini-
tial mass function (IMF) (Motte, André, Neri 1998
— MANO9S8; Testi & Sargent 1998; Johnstone et al.
2000; Motte et al. 2001 — see Fig. 1a).
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Figure 1. (a) Cumulative mass distribution of
a sample of 57 prestellar condensations, complete
down to ~ 0.1 Mg, in the p Oph protocluster (his-
togram with error bars — from MAN98). (Here, the
condensation masses were derived from a 1.3mm dust
continuum map assuming the same dust properties
for all condensations: Ty = 15 K, k4(1.3mm) =
0.005 cm? g=t.) For comparison, the dotted and
dashed lines show power-laws of the form N(> M) x
M=%5 (typical mass distribution of CO clumps -
see Blitz 1993) and N(> M) o« M =135 (Salpeter’s
IMF), respectively. The solid curve shows the shape
of the field star IMF (e.g. Kroupa 2001). Note the
flattening of these distributions below ~ 0.4 Mg. (b)
Same as (a) but assuming a distribution of dust tem-
peratures for the p Oph condensations, in agreement
with radiative transfer calculations which suggest that
more massive, higher column-density condensations
may be colder (e.g. Bouwman et al. 2004). The
flattening of the prestellar mass distribution near
~ 0.4 Mg goes away. Direct temperature measure-
ments, possible only with Herschel (§ 2.3), are thus
crucial to derive reliable core mass distributions.

Albeit limited by small-number statistics, these re-
cent findings are encouraging because they support
scenarios according to which the bulk of the IMF is

at least partly determined by pre-collapse cloud frag-
mentation (cf. Padoan & Nordlund 2002). The prob-
lem of the origin of the IMF may thus largely reduce
to a good understanding of the processes responsible
for the formation of prestellar cores/condensations
within molecular clouds.

1.2. Open Problems

Despite significant progress in the past two decades
(e.g. § 1.1 above), several fundamental aspects of the
star formation process remain poorly understood, in-

cluding:

e What determines the distribution of stellar
masses at birth, i.e., the IMF 7

e What generates prestellar cores in molecular
clouds and what governs their evolution to pro-
tostars 7

e What controls the efficiency of star formation
within a giant molecular cloud (GMC) ?

e On the scale of a GMC, is star formation gen-
erally a slow process (taking several dynamical
times) or a fast, dynamic process ?

e What are the detailed physical conditions at the
onset of protostellar collapse and how is proto-
stellar collapse initiated 7 How does this affect
protostellar evolution ?

e Are the initial cloud conditions required for the
“clustered mode” of star formation fundamen-
tally different from the conditions for the “iso-
lated mode” 7

e Is the formation process of brown dwarfs
(M, < 0.08 M) on the one hand and massive
(M, 2 8 Mg) stars on the other hand similar to
the formation process of low- to intermediate-
mass (0.1 & M, £ 8 Mg) stars (i.e., direct cloud
core collapse and subsequent accretion/ejection)
or qualitatively different 7

e Why and how does protostellar collapse typi-
cally produce binary/multiple systems of young
stars 7

Herschel and ALMA will provide unique tools to
address all of these fundamental issues.

2. Need for a Wide-Field Far-IR/Submm
Survey with Herschel

We here summarize the unique potential of Herschel
for studying the earliest stages of star formation.



2.1. Unmatched Mapping Speed for a Com-
plete Census of Cold Condensations

With present ground-based mm/submm telescopes,
systematic surveys for prestellar condensations and
cold protostars are possible only down to ~ 0.1 Mg
in nearby (d ~ 150 pc), compact regions such as the
p Oph cloud (MAN9S8; Johnstone et al. 2000). Re-
cent discoveries of new Class 0-like objects in well-
documented regions such as Taurus and Lynds dark
clouds through limited mm/submm mapping (e.g.
André et al. 1999; Visser et al. 2002) show that the
current census of protostars in the nearby ISM is in-
complete. Complete, unbiased surveys of molecular
clouds in the submm band are also needed to address
the issue of whether or not there is a threshold for
core formation. It has recently been suggested that
cores cannot form below a minimum background col-
umn density Ny, ~ 1022ecm™2 or Ay ~ 10 (Onishi et
al. 1998, Johnstone et al. 2004). However, present
claims are unconvincing because (i) they are based
on surveys whose detection thresholds are themselves
close to Ay ~ 10, and (ii) the ISM is known to be
highly structured down to much lower column den-
sities (e.g. Elmegreen & Falgarone 1996). Much
deeper surveys, sensitive to Ay ~ 1, are required
to settle this issue.

With a mapping speed ~ 2-3 orders of magnitude
faster than SCUBA at 850 gm or SOFIA at 100-
200 pm (cf. Erickson, this volume) and nearly ~
1 order of magnitude faster than SCUBA2, SPIRE
will make possible deep searches for low-mass, cold
condensations over the entire extent of nearby cloud
complexes in a reasonable time. Carrying out such
surveys with the high angular resolution of PACS
(8" at 110 pm) and SPIRE (17" at 250 pum) will be
essential (i) to limit cirrus confusion, (ii) to probe
individual (~ 0.01 — 0.1 pc) condensations in nearby
regions (up to ~ 0.5 kpc), and (iii) to resolve the
structure of the nearest (< 0.2 kpc) objects (§ 2.3).

2.2. Deriving Accurate Luminosities

Prestellar cores, Class 0 protostars, and Class I ob-
jects emit typically ~ 100%, > 80%, and > 40% of
their bolometric luminosity Lo, respectively, in the
75-500 pum wavelength range sampled by Herschel
photometers. Because of typical source clustering in
star-forming regions, high-resolution Herschel map-
ping at these wavelengths is essential to derive ac-
curate Ly, values for these objects. It is important
to stress here that Ly, 1s a fundamental variable of
(proto)stellar astrophysics used in all evolutionary
diagrams proposed to date for embedded YSOs (e.g.
Adams et al. 1987; André & Montmerle 1994; Sara-
ceno et al. 1996; Myers et al. 1998).

2.3. Temperature/Density Structure Recon-
structions
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Figure 2. Reconstruction of the temperature (a)
and density (b) structure of a prestellar core such
as L1689B wn Ophiuchus based on simulated PACS
and SPIRE images of this core between 110 pm and
500 pm. The solid curves show two model tempera-
ture and density profiles consistent with present ob-
servations of L1689B (e.g. Bacmann et al. 2000).
The dashed curves correspond to temperature and
density profiles reconstructed from the simulated
Herschel images assuming that the 3D geometry of
the core is known. Note that the two models can be
distinguished with Herschel and that the reconstruc-
tion becomes uncertain near core center, i.e., below
the angular resolution of SPIRE.

Combining SPIRE and PACS images to construct
75-500 pym SED maps for the nearest, spatially re-
solved sources, it will be possible to derive the tem-
perature distribution within both prestellar cores
and protostellar envelopes. Recent radiative trans-
fer modelling of the thermal energy balance suggests
that starless cores are significantly colder in their
central regions (with 7" as low as ~ 5-7 K) than in
their outer parts (e.g. Evans et al. 2001; Zucconi
et al. 2001; Stamatellos et al. 2004). Herschel will
allow us to directly measure the magnitude of this
effect for the first time. Coupled with complemen-
tary ground-based dust continuum observations at
longer submillimeter wavelengths, the column den-
sity structure of the same sources will also be de-



rived with unprecedented accuracy, setting detailed
constraints on the initial conditions for individual
protostellar collapse. We stress that the only way to
reach unambiguous conclusions on core structure is
to reconstruct the temperature and column-density
profiles simultaneously through multi-band imaging
from the Rayleigh-Jeans part of the emission spec-
trum up to and beyond the peak of the SED (see
§ 3.3 of André et al. 2003 and Fig. 2 here).

2.4. Determining the Core Mass Distribu-
tion down to the Substellar Regime

In order to confirm the possible cloud fragmentation
origin of the IMF (cf. end of § 1), it is crucial to
improve on the current estimates of the core mass
distribution in nearby star-forming clouds, which are
limited by small-number statistics, especially at the
low- and high-mass ends (see Fig. 1). Furthermore,
the core mass distribution in the p Oph main cloud
shows a tentative break at ~ 0.4 My (see Fig. la)
which is reminiscent of the flattening observed in the
stellar IMF below 0.5 Mg (e.g. Kroupa 2001). The
break in the IMF defines a characteristic stellar mass
~ 0.5 —1 Mg which is possibly related to the typical
Jeans mass in the parent cloud (e.g. Larson 2005;
Padoan & Nordlund 2002). In this case, one may ex-
pect the location of this break to vary from region to
region according to the local Jeans mass (which de-
pends on the background density and temperature).
To establish or rule out such an effect requires obser-
vations of a wide range of nearby star-forming clouds
with much better statistics than presently available.

In the nearest (d < 0.2 kpc) clouds, the sensitiv-
ity SPIRE and PACS on Herschel will allow us to
see whether the prestellar mass distribution remains
consistent with the IMF in the brown dwarf mass
regime or not, which will provide important clues
to the much debated brown dwarf formation mech-
anism(s) (e.g. Reipurth & Clarke 2001; Padoan &
Nordlund 2004).

Current mm/submm continuum determinations of
the core mass distribution have to rely on rather
strong assumptions about the dust (temperature and
emissivity) properties. Both Tyys: and Kgyse are un-
certain (by a factor 2 2) and may possibly vary
from object to object. Radiative transfer calcula-
tions show that the dust temperature at the center
of a starless condensation depends primarily on the
degree of shielding from the external interstellar radi-
ation field (e.g. Bouwman et al. 2004). Since more
massive condensations tend to have higher column
densities (cf. MAN98) and to be more shielded, one
may expect them to be colder on average than low-
mass condensations, which may lead to a differential
distortion of the derived mass distribution if uniform
dust properties are assumed (see Fig. 1b). Using
SPIRE and PACS observations, it will be possible to
substantially reduce the mass uncertainties via direct

constraints on the dust temperature (§ 2.3).

2.5. Sensitivity to Low Surface Brightness
Structures and Spatial Dynamic Range

A global view of molecular cloud complexes is re-
quired if we are to explain the process(es) by which
prestellar cores form out of the diffuse ISM at spe-
cific locations inside star-forming regions. In partic-
ular, there is ample evidence that dense cores are
not distributed randomly within molecular clouds
but are often organized along large-scale filamentary
structures. The formation of prestellar cores thus
appears to be intimately related to the formation
of large-scale filaments within cloud complexes, and
it has been proposed that both prestellar cores and
molecular clouds form by collision of large-scale su-
personic flows in the interstellar medium (e.g. Hart-
mann et al. 2001). Wide-field imaging surveys with
SPIRE and PACS, coupled with follow-up molecu-
lar line observations with ground-based mm/submm
telescopes, will provide powerful tests of such a sce-
nario by probing a wide range of spatial scales from
~ 0.01 pc (corresponding to the ~ 17" resolution of
SPIRE in the nearest regions) to several pc.
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Figure 3. Mass vs. size diagram comparing the loca-
tions of the (sub)mm continuum prestellar condensa-
tions of p Oph and NGC2068/2071 (MAN9S, Motte
et al. 2001) with the correlation observed for diffuse
CO clumps (shaded band — cf. Elmegreen & Falgar-
one 1996). The (50) detection threshold of current
(sub)mm (e.g. SCUBA) surveys as a function of size
s shown by the dashed curve. (The shape of this
curve reflects a constant sensitivity to column den-
sity until source size approaches the beam size.) The
detection threshold of the planned Herschel survey
(§3) will be more than an order of magnitude lower
(solid curve), allowing us to probe the genetic link
between diffuse cloud structures (with Ay ~ 1) and
dense, self-gravitating cores (Ay > 10).

Besides a high spatial dynamic range, one needs a
high surface brightness dynamic range to be simulta-
neously sensitive to compact condensations and dif-



fuse cloud structure. This point is illustrated in the
mass vs. size diagram of Fig. 3 adapted from Motte
et al. (2001). Known prestellar condensations are
more than an order of magnitude more massive than
typical CO structures for a given radius and follow
a different mass—size relation (close to M « R, as
opposed to M o R? for CO clumps). Fig. 3 reflects
the fact that prestellar condensations are centrally-
condensed, self-gravitating structures, while most
CO clumps are transient unbound structures pri-
marily shaped by turbulence (e.g. Elmegreen &
Falgarone 1996). The typical sensitivity of present
ground-based mm /submm continuum surveys is in-
sufficient to detect low-density CO clumps. With
its improved surface brightness sensitivity (see solid
curve in Fig. 3), Herschel will probe deep into the
regime of diffuse CO clumps, making possible direct
comparisons between CO clumps and prestellar con-
densations with a single tracer.

3. An Herschel Photometric Survey of the
Gould Belt

Owing to their proximity (d £ 0.5 kpc), the molec-
ular cloud complexes of the Gould Belt (e.g. Pop-
pel 1997, Guillout 2001) offer the best opportu-
nity to investigate the formation process of low- to
intermediate-mass stars in detail.

An Herschel guaranteed-time key project has thus
been designed by the SPIRE and PACS consortia to
address the open issues outlined in § 1.2 based on
an extensive photometric mapping survey of nearby
molecular clouds, mostly belonging to the Gould
Belt. The current plan is to use SPIRE to take an
homogeneous 250-500 pm survey of the Ay 2 3 por-
tions of the Gould Belt complexes, corresponding to
a total surface area ~ 140 deg®. In a concerted effort,
PACS will be used at 110-170 gm to map the dens-
est (Ay X 6) part of the Gould Belt, covering a total
of ~ 15deg? and including most cluster-forming re-
gions and isolated dense cores within d < 0.5 kpc of
the Sun, as well as representative, selected areas at
lower (Ay ~ 1 — 3) extinction levels.

Assuming nominal sensitivities for the SPIRE and
PACS instruments, the 50 column-density detec-
tion level of this Herschel survey would be Ny, ~
102! em~2 or Ay ~ 1, which is well matched to the
expected cirrus confusion limit.

The target regions span a wide range of physical
conditions, from ‘active’; cluster-forming complexes
(Ophiuchus, Corona Australis, Serpens, Perseus,
Orion) to more ‘quiescent’ clouds with no or only
distributed, low-mass star formation activity (Coal-
sack, Lupus, Polaris flare, Taurus). They include
the nearest examples of massive GMCs forming a
significant number of intermediate-mass and high-
mass stars (e.g. Orion). Some of them (e.g. Ophi-
uchus, Corona Australis, Serpens, Perseus, Orion)
harbor compact embedded clusters ontaining large,
homogeneous samples of YSOs and protostars, which

have been the subject of detailed investigations at
near-IR wavelengths. These embedded clusters are
believed to be representative of the basic building
blocks where most (~ 70 — 90%) stars form in the
Galaxy (e.g. Lada & Lada 2003).

Based on current estimates of the local star forma-
tion rate in the Galaxy (e.g. McKee & Williams
1997), the planned Herschel survey will provide a
complete sample of a few hundred Class 0 protostars
and several thousand prestellar condensations, i.e.,
an order of magnitude more cold protostellar objects
than presently identified from the ground. These ob-
jects will have well-characterized dust temperatures,
luminosities, and masses, as well as radial (temper-
ature and density) profiles in many cases. The rel-
ative numbers of objects in the various evolution-
ary phases will set strong constraints on the associ-
ated lifetimes as a function of mass, central density,
and environment, hence on models of slow vs. fast
core/star formation (e.g. Shu et al. 1987, 2004 vs.
Klessen et al. 2000 and Hartmann et al. 2001). With
~ 20 prestellar condensations expected per 0.15 dex
mass bin around 0.01 My and 5 M, the number of
prestellar condensations detected in the survey will
be adequate to derive an accurate core mass function
from the substellar to the intermediate-mass regime.

4. Conclusions and Prospects with ALMA

With an angular resolution ~ 7”-25" at 80-350
pm comparable to, or better than, the largest
ground-based single-dish radiotelescopes at ~ 1 mm,
Herschel will make possible a deep census and de-
tailed characterization of the population of prestel-
lar condensations and young (Class 0) protostars in
the nearby (d < 0.5 kpc) molecular cloud complexes
of our Galaxy. On small scales, the temperature
and density structure of the nearest (< 0.2 kpc)
objects will be resolved, setting detailed constraints
on the initial conditions for individual protostellar
collapse. On a more global level, the large spatial
dynamic range of the planned SPTIRE/PACS survey
will provide a unique view of the formation of dense
cores within molecular cloud complexes, by probing
the link between the diffuse interstellar medium and
compact self-gravitating condensations. The main
scientific goal is to elucidate the physical mechanisms
responsible for the formation of prestellar condensa-
tions out of the diffuse ISM, which appears to be the
key to understanding the origin of stellar masses.

The Herschel guaranteed time key project described
in this paper will also provide a unique database,
including in the Southern hemisphere, for follow-up
high-resolution molecular line/dust continuum stud-
ies with ALMA. In particular, ALMA will allow the
detailed properties of complete, statistically repre-
sentative samples of multiple protostars to be de-
termined (e.g. frequency as a function of separation,



orbital motions), which will set strong constraints on
viable mechanisms for the formation of binary sys-
tems (cf. Looney et al. 2000, Zinnecker & Mathieu
2001, Tohline 2002). Detailed kinematical studies
of both prestellar condensations and protostellar en-
velopes in a large number of molecular line tracers
will also be possible on a routine basis, which will
yield direct estimates of the associated infall, outflow,
and rotation rates and help discriminate between col-
lapse models (cf. Belloche et al. 2002).
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