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The presence of an infalling envelope of gas and dust
is the defining characteristic of a protostar
What is the census of protostars and young stars in nearby
clouds?
How do protostars get their mass?
What are the earliest stages in the evolution of protostars?
How do disks form and evolve in the protostellar phase?
Does accretion onto the protostar vary smoothly or is it
episodic?
What is the effect of environment on protostar properties?

Infrared surveys (I):
The c2d, Gould Belt,Taurus, and Orion surveys
Orion GMC

AV maps
YSOs

✦ From Molecular Cores to
Planet-Forming Disks (c2d):
7 clouds
Evans et al. (2009)
Ophiuchus
✦ Spitzer Gould Belt (GB):
11 additional clouds
Dunham et al. (2013)
✦ Spitzer Taurus Survey:
Perseus
Rebull et al. (2010)
Figures from
✦ Spitzer Orion Survey:
S. T. Megeath,
Megeath et al. (2012) Taurus
unpublished
✦ Herschel Orion Protostar Survey (HOPS):
Fischer et al. (2013); Manoj et al. (2013);
Stutz et al. (2013); PACS imaging at 70 and 160 μm of
300+ protostars and PACS spectroscopy of 33 targets
More than 6000 YSOs in total
More than 586 Protostars in total

Figures from S. T. Megeath, unpublished

How do we find protostars?
Identification: Some issues, briefly...
The bottom line: it’s complicated and it matters
Background is a nightmare
Elaborate schemes are used to select against contamination
(vermin includes: extragalactic sources, AGB stars, ...)
Somewhat different schemes are used by different teams
(see, e.g., Gutermuth et al. 2009, Kryukova et al. 2012,
Megeath et al. 2012, Harvey et al. 2006 &2007)
See also Hsieh and Lai (2013): new method that may be
more complete (~30%) than traditional c2d method.
YSO lists are subject to 30-40% uncertainty

How do we find protostars?
Identification: Some issues, briefly...
Figure from Dunham et al., 2013, AJ, 154, 94
The effect of a sub-millimeter detection
requirement on protostar lists:
Kryukova et al. do not require a
sub-mm detection and may have
more contamination
Dunham et al. do require a sub-mm
detection but may be incomplete.
Protostar lists subject to 30-40% uncertainty
For this talk we predominantly use
samples with either a PACS 70 um
detection (HOPS) or a sub-mm
detection (c2d + GB)
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How do we classify protostars?
Based on the shape of the observed SED
★ SED slope (α method): original

Class 0
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LSMM/LBOL > 0.5%
TBOL ≤ 70 K
Class I
α ≥ 0.3
70 K < TBOL ≤ 670 K

Class I

Flat
-0.3 ≤ α < 0.3
Class II
-1.6 ≤ α < -0.3
670 K < TBOL ≤ 2800K

Class II

criteria for Classes
(Lada 1987; Greene et al., 1994)
★LSMM/LBOL: added later to
identify Class 0 (Andre et al.,
1993, also Maury et al., 2011)
★ Bolometric temperature
(Myers & Ladd, 1993): the
temperature of a black body with
the same mean frequency as the
observed SED (see also Greene
et al.,1994).

Class III
α < -1.6
TBOL > 2800 K
All SEDs from Dunham et al. (2013), PPVI review chapter
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How do we classify protostars?
Based on the shape of the observed SED
★ SED slope (α method): original

Class 0

Class 0
LSMM/LBOL > 0.5%
TBOL ≤ 70 K
Class I
α ≥ 0.3
70 K < TBOL ≤ 670 K

Class I

Flat
-0.3 ≤ α < 0.3
Class II
-1.6 ≤ α < -0.3
670 K < TBOL ≤ 2800K
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criteria for Classes
(Lada 1987; Greene et al., 1994)
★LSMM/LBOL: added later to
identify Class 0 (Andre et al.,
1993, also Maury et al., 2011)
★ Bolometric temperature
(Myers & Ladd, 1993): the
temperature of a black body with
the same flux weighted mean
frequency as the observed SED
(see also Greene et al.,1994).

Class III
α < -1.6
TBOL > 2800 K
All SEDs from Dunham et al. (2013), PPVI review chapter
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What we are actually after is the
physical Stage
(e.g.,Whitney et al., 2003ab, Crapsi et
al., 2008, Robitaille et al., 2006)

All SEDs from Dunham et al. (2013), PPVI review chapter

Numbers of YSOs and lifetimes

Average lifetimes of Class 0+I: 0.42 to 0.54 Myr
assuming a 2 Myr Class II average lifetime

Table from Dunham et al., 2013, PPVI review chapter

Comparing evolutionary diagnostics
Both TBOL and the ratio of the submillimeter (LSMM ≥350 μm) to
bolometric luminosity should trace
envelope evolution in protostars.
LSMM/LBOL and TBOL agree in ~ 84%
of the cases.
TBOL is subject to major geometry
(including inclination) degeneracies.
Models suggest LSMM/LBOL is a better
evolutionary tracer than TBOL (Young
and Evans, 2005; Dunham et al., 2010)

Figure from Dunham et al. (2013), PPVI review chapter
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Both TBOL and the ratio of the submillimeter (LSMM ≥350 μm) to
bolometric luminosity should trace
envelope evolution in protostars.
LSMM/LBOL and TBOL agree in ~ 84%
of the cases.
TBOL is subject to major geometry
(including inclination) degeneracies.
Models suggest LSMM/LBOL is a better
evolutionary tracer than TBOL (Young
and Evans, 2005; Dunham et al., 2010)

Caveat: episodic accretion may
lead to non-monotonic evolution
Figure from Dunham et al. (2013), PPVI review chapter

Splitting Class 0 and Class I

Class 0 fraction: 30%
Class 0 lifetime: 0.15 Myr
relative to the Class 0+I
lifetime of 0.5 Myr

S

ZAM
Figure from Dunham et al. (2013), PPVI review chapter

Splitting Class 0 and Class I

Class 0 fraction: 30%
Class 0 lifetime: 0.15 Myr
relative to the Class 0+I
lifetime of 0.5 Myr
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Figure from Dunham et al. (2013), PPVI review chapter

Lifetimes of
Classes,
not Stages!!

The deviants:
Capturing clues to phases of protostellar evolution
Dunham et al. (2008)

In aggregate, these are at least
10% of known protostars
Stutz et al. (2013)

VeLLOs
Fischer et al.
(2012)

PBRS
Outbursting
All SEDs from Dunham et al.(2013), PPVI review chapter
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Closing in on the earliest stages
of protostellar evolution
Figure from Dunham et al. (2013), PPVI review chapter
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PACS Bright Red Sources
(PBRS)
Observationally selected sample of 18
reddest sources in Orion,15 discovered
by Herschel (Stutz et al., 2013)

• 70/24 colors (or limits)

consistent with Stage 0 envelope
densities or denser

•TBOL values < 44 K: Class 0
• Lifetimes:

~ 5K to 25K yr

•Some PBRS are consistent with

VeLLOs, others may be consistent with
FHSC candidates.
See also Ragan et al. (2012) for
“MIPS dark” sources in IRDCs.
Figures from Stutz et al., 2013, ApJ, 767, 36

Very Low Luminosity Objects
(VeLLOs)
L1014
Lint ~ 0.09 LSUN
Young et al., 2004,
ApJS, 154, 386

Observationally selected: low luminosity
objects, with Lint < 0.1 LSUN (Di Francesco et al.,
2007); 15 VeLLOs have been identified in c2d
regions (Dunham et al., 2008)
Low luminosities require low protostellar
masses and/or low accretion rates.

L328
Lint ~ 0.04 - 0.06 LSUN
Lee et al., 2009,
ApJ, 693, 1290

Proposed explanations for VeLLOs:
(1) Extremely young low-mass protostars
(2) Older protostars in low-accretion phase
(3) Proto-brown dwarfs
Outflow properties vary greatly

L673-7
Lint ~ 0.04 LSUN
Dunham et al., 2010,
ApJ, 721, 995

Results suggest that as a class, the VeLLOs do
not correspond to a single evolutionary Stage.

Closing in on the earliest stages
of protostellar evolution
Figure from Dunham et al. (2013), PPVI review chapter
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The last undiscovered stage of protostellar collapse:
First Core in Theory
The First Core (First Hydrostatic Core,
FHSC): first optically thick, hydrostatically
supported core formed soon after
collapse of initial cloud core.
Composed of H2.
H2 disassociation (~ 2000 K) triggers
the second collapse: the protostar is
born.
Figure from Tomida et al., 2010, ApJ, 725, L239

Properties depend on H2 dissociation,
rotation, B-fields, ...
FSHC may launch outflows (see figure).
Now that we can detect both faint and
rare protostellar phases, have they been
detected?

First Hydrostatic Core Candidates
(FHSC)
1st FHSC candidate to be identified:
Belloche et al., 2006, A&A, 454, L51

Nine objects have been proposed as FHSC
candidates, six in Perseus. Unlikely to all be FHSCs.
Some (possibly all) more likely to be young Stage 0,
based on lifetime estimates, consistent with the
VeLLO definition
We have not unambiguously identified the earliest
phases of protostellar collapse.

FHSC candidate Per-Bolo 58:
Enoch et al., 2010, ApJ 722L, 33

Per-Bolo 58 at 1.3 mm, 12CO
Dunham et al. (2011), ApJ, 742, 11
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The protostellar luminosity distribution
The most direct measure of
accretion is the luminosity

S

ZAM

Observations
E.g., Kenyon et al., 1990, Kenyon &
Hartmann 1995, Evans et al., 2009

Figure from Dunham et al. (2013), PPVI review chapter
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Median observed luminosity
=
1.2 - 1.3 LSUN

Accretion
LACC ~ 25 LSUN
luminosity

This estimate neglects external heating and the photospheric luminosity,
both effects exacerbate the problem
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...and these are the quantities lacking robust
observational constraints.
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Solutions include:
★ longer lifetimes
★ lower radiative efficiency
(Ostriker & Shu, 1995)
★ non-constant mass accretion rate
(e.g., Kenyon et al. 1990)
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How do stars get their mass?
Core regulated versus disk regulated accretion
Figure from Dunham et al. (2013), PPVI review chapter

Final mass
of 1 MSUN

TC = Turbulent core (McKee & Tan, 2003)
CA = Competitive accretion (Bonell et
al., 2001; McKee & Offner 2010)
2CTC = 2-component TC (McKee &
Offner, 2010)
L-P = Larson-Penston (Larson,
1969;Penson 1969
IS = Isothermal sphere (Shu 1977)
TapIS = Tapered IS
No
accretion-mass
dependence:
predicts
2CA
= 2-component
accretion, from
that accretion is independent of the
Myers (2011)
instantaneous
and final central mass;
VB10 =
accretion,
from
implies
noVariable
environmental
dependence
Vorobyov & Basu, 2010, ApJ, 719, 1896
All models assume <tf> = 0.44 Myr and
have a final mass of 1 MSUN

Core-Regulated Accretion: all models fall between the limits
of constant accretion rate and constant star formation time
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TC = Turbulent core (McKee & Tan, 2003)
CA = Competitive accretion (Bonell et
al., 2001)
2CTC = 2-component TC (McKee &
Offner, 2010)
L-P = Larson-Penston (Larson,
1969;Penson 1969
IS = Isothermal sphere (Shu 1977)
TapIS = TaperedIS (McKee & Offner, 2011)
2CA = 2-component accretion, from
Myers (2010)
VB10 = Variable accretion, from
Vorobyov & Basu, 2010, ApJ, 719, 1896
All models assume <tf> = 0.44 Myr and
have a final mass of 1 MSUN

Disk-Regulated Accretion: disk accretion is intrinsically variable; fragmentation is one of many
mechanisms that can generate luminosity and accretion bursts (see PPVI chapter by Audard et al.)

How do stars get their mass?
Core regulated versus disk regulated accretion
Figure from Dunham et al. (2013), PPVI review chapter

Observations
are
incomplete

Observations
DV2012 = disk simulations; Dunham &
Vorobyov (2012)
TapIS = Tapered IS
TapTC = Tapered turbulent core
TapCA = Tapered competitive accretion
(Offner & McKee, 2011)
2CA = 2-component accretion, from
Myers (2011)

Models with and without episodic accretion
are capable of reproducing the observed
protostellar luminosity distribution

How do stars get their mass?
Core regulated versus disk regulated accretion
Figure from Dunham et al. (2013), PPVI review chapter

IS Fail
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Observations
DV2012 = disk simulations; Dunham &
Vorobyov (2012)
TapIS = Tapered IS (McKee & Offner, 2011)
TapTC = Tapered turbulent core
TapCA = Tapered competitive accretion
(Offner & McKee, 2011)
2CA = 2-component accretion, from
Myers (2011)

Models with and without episodic
accretion are capable of
reproducing the observed
protostellar luminosity distribution
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Luminosity bursts:
direct evidence for a change in mass accretion rate
> 50% of protostars exhibit variability
V2775 Ori = HOPS223
factor of ~10 rise in luminosity, with a
post outburst luminosity of 28 LSUN
Least luminous FU Ori outburster
protostar
Low-luminosity outbursts consistent
with a range of episodic accretion
phenomena
But how common and how frequent
are bursts?

Figure adapted from Fischer et al., 2012, ApJ, 756, 99

Luminosity bursts:
direct evidence for a change in mass accretion rate
> 50% of protostars exhibit variability
V2775 Ori = HOPS223
factor of ~10 rise in luminosity, with a
post outburst luminosity of 28 LSUN
Least luminous FU Ori outburster
protostar

Outbursting

Figure adapted from Fischer et al., 2012, ApJ, 756, 99

Low-luminosity outbursts consistent
with a range of episodic accretion
phenomena
But how common and how frequent
are bursts?

Fossil evidence:
outflow structure and distilled CO2 ice
Outflow clump structure in HH46 consistent
with prompt entrainment of molecular gas by
an episodic jet (e.g., Arce & Goodman, 2001)

Double peaked CO2 ice features suggest
past thermal processing (Poteet et al., 2011
& 2012; Kim et al., 2012)
0.0

Optical Depth

0.5
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Figure from
Dunham et al.
(2013), PPVI
review chapter
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Figure from Arce et al., 2013, ApJ, in press, arXiv:1304.0674
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Outflow clump structure in HH46 consistent
with prompt entrainment of molecular gas by
an episodic jet (e.g., Arce & Goodman, 2001)

Double peaked CO2 ice features suggest
past thermal processing (Poteet et al., 2011
& 2012; Kim et al., 2012)

Optical Depth

growing evidence that burst of accretion are
0.0
common and frequent
BUT 0.5
we do not yet know what fraction of mass
is accreted in 1.0
bursts
1.5

Figure from
Dunham et al.
(2013), PPVI
review chapter
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The formation and evolution of protostellar disks

Disks are ubiquitous amongst Class II
sources. How do they get there?
Are disks large or small during the
protostellar phase?
Disk rotation allows the only direct means
of measuring protostar masses.
See PPVI chapters by Li et al., and Audard
et al. for more detailed discussion.

Figure from Tobin et al., 2012,Nature, 492, 83

The formation and evolution of protostellar disks:
L1527 Class 0 disk
Disk rotation allows the only
direct means of measuring
protostar masses.
L1527 in Taurus:
Edge-on disk in a Class 0 source
13CO

velocity map consistent
with Keplerian rotation, implying
a protostellar mass of ~ 0.2 MSUN
RDISK = 70 - 125 AU
MDISK ~ 0.007 MSUN
(Tobin et al., 2012, 2013)
Future ALMA observations are
extremely promising for similar
studies.

Figures from Tobin et al., 2012, Nature, 492, 83 and Dunham et al., 2013, PPVI Review Chapter
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The role of environment
on the luminosity of protostars
0.5 pc

Single Class 0 protostar

DSS image of B335; adapted from
Launhardt et al., 2013, A&A, 551, 98
“[...] a very small black spot, B335, which
looks like a defect, but is not. It is probably of
the same nature as the larger ones just
mentioned. It can hardly be a hole through the
star cloud.’’ - E. E. Barnard, from his
comments on Plate 41, August 27, 1905

0.5 pc

Spitzer mosaic of OMC2/3
Image credit: NASA/JPL-Caltech/
University of Toledo

In the Orion clouds ≤ 23% of protostars
have the potential to be interacting with
neighbors through envelope collisions and
tidal forces (Megeath et al., in prep.)
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Background image:
Gould Belt SPIRE 500 um;
e.g., Schneider et al., 2013, ApJ 766, 16

The role of environment
on the luminosity of protostars
Kryukova et al. (2012) show that the
protostellar luminosity increases
with increasing protostellar density
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Figures from
Dunham et al., 2013,
PPVI Review Chapter
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median
LBOL =
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and
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The presence of an infalling envelope of gas and dust
is the defining characteristic of a protostar
What is the census of protostars and young stars in nearby clouds?
We have identified the Class 0+I sources in the Orion, c2d, Gould Belt, and Taurus surveys;
we have derived properties and lifetimes of 0.42 to 0.54 Myr.
What are the earliest stages in the evolution of protostars?
FHSC candidates exist but their status is uncertain; evolutionary status of VeLLOs and
PBRS is uncertain.
How do protostars get their mass?
The luminosity distribution is broad; either mass dependent or episodic accretion models
can fit the data, but the isothermal sphere non-variable accretion rate model fails.
Does accretion onto the protostar vary smoothly or is it episodic?
Yes. Evidence from ice processing and outflows suggest that accretion is to some extent
episodic.
How do disks form and evolve in the protostellar phase?
Some disks have been found around protostars.
What is the effect of environment on protostar properties?
Pre- and protostellar cores are highly clustered in regions of high column density;
cluster formation is associated with filamentary morphology.
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the Class
How do disks form and evolve in the protostellar phase?
system!
Some disks have been found around protostars.

What is the effect of environment on protostar properties?
Pre- and protostellar cores are highly clustered in regions of high column density;
cluster formation is associated with filamentary morphology.
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