~ Evolution of infall, accretion and
outl3ows In protostars

Results from Herschel Orion Protostar Survey (HOP
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Star & planet formation:

a darkclon

j«~ 200,000 AU —»

d T Tauri star
| bipolar

flow
protoplanetary '

disk

\ \\ N
; -
|

N
central

star

| 100,000 to

b gravitational collapse

=—-10,000 AU-» time=0
€ pre-main-sequence star

planetary debris
disk

3,000,000 to

B C protostar

overview

- i
envelope

bipolar / !
flow

|

10,000t0 |
100,000 years |

\

— 500 AU —>
f young steliar system

central

planetary
system

after ’

je—100 AU — > 3,000,000 yearsll<— 100 AU—>{ 50,000,000 yearsfl l«<— 50 AU —» 50,000,000 years

Greene (2001)



2:00:00.0 |

& Lynds 1622

8 NGC 2071

Orion: over half of the YSOs within 500 pc! | & "°°2°‘;§ 1
Lynds 1630 ' |

HOPS program. o Y e
» 200 hr on Herschel! | S %{}"G“w |
» ~ 400 Spitzer identibed protostars! g Horshead }g
» imaging @70 & 16Qm! gg :
» 54 N 200 pm spectroscopy of 50 protosta S'*; & |

Additional observations! |

» HST, IRTF, Spitzer, APEX, IRAM, CARI\/IA!
ALMA t

ég Onon ;
Nebula I
luster |

|

«9 |

. 1
- |

. .. [ )

-6:00:00.0

10 QC

IGOAL : Study protostellar evolution
twith the large sample of protostars & §

-8:00:00.0

5:50:00.00 5:40:00.00 5:30:00.0
RA (2000)

tdiverse range of environments found f '

__ __]




Protostellar evolution is driven by the competition between
three mass 3ows: envelope Infall, disk accretion & outf3ow
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* Evidence for higher infall/accretion rate in the early stages
of protostellar evolution (Fischer et al. in prep)

* PACS Bright Red sources (PBRs): the reddest protostars
Known (A. Stutz et al. 2013)

* The origin of high-excitation CO line emission in
protostars (Manoj et al. 2013; Manoj et al. in prep.)!

* Role of environment in regulating star formatiowegeath
etal. in prep.)



Results from HOPS

* Evidence for higher infall/accretion rate in the early
stages of protostellar evolution (Fischer et al. in prep)

* PACS Bright Red sources (PBRs): the reddest protostars
hitherto known (A. Stutz et al. 2013)

* The origin of high-excitation CO line emission in
protostars (Manoj et al. 2013; Manoj et al. in prep.)!

* Role of environment in regulating star formatiowegearh
etal. in prep.)
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FIR (PACS) spectra of protostars
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FIR CO emission from protostars

HerschellPACS ]

more than 30 rotational transitions of the
ground vibrational state of CO in the
PACS wavelength range

What are the excitation conditions In the
FIR CO emitting gas ?!

Where does the FIR CO emission
originate In the vicinity of protostars ?



CO rotational diagrams

HOPS 108

S
)
L A A L 3
adddddd asa s s o o ool o aaaaaaaal s aaaaaaal o aaaaaaalaaaaaaaaalaal
q

1000 2000 3000 4000 5000 6000i

2000 3000 4000 5000 6000
WL — }

Boltzmann egn:

N g, e_(EJ/k Trot)

J

Optically thin line emission:

41d°F

N J
J h 11

J,J-1 J,J-1

Rotational temperature:
—1

kdln [N /g |
dFE

J

Tfrot i 1



CO rotational diagrams
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CO rotational (excitation) temperature remains constant
over 3 orders of magnitude In protostellar luminosity
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Manoj et al. (2013); Green et al. (2013); Manoj et al. in prep.



CO luminosity scales with protostellar luminosity
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FIR CO emission: excitation conditions
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Issues with thermal excitation of CO
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Sub-thermal excitation of CO
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The origin of FIR CO emission in protostars

UV-heated PDRs along envelope cavity walls!
(e.g.van Kempen+ 2010; Visser+ 2012; Karska+ 2013)

-LTE — n(Hz) >> 109cm?3

X Tgas < 2000 K
g Tgas — Trot COIlStaIlt over Lbo] — 0.1 o 300 L@

= Tgas X LUV/ n(HZ) e Lbol/ H(Hz)

small-scale shocks along cavity walls
(e.g.van Kempen+ 2010; Visser+ 2012; Karska+ 2013)

-LTE — n(H») >> 10°cm?3
5 Tgas — Tr()t COIlStaIlt over Lb()] — 0.1 o 300 L@

- FIR CO emission from outflow lobes
indistinguishable from on-source emission

Manoj et al. (2013)




FIR CO emission in protostars from shock-heated gas at high
temperatures and low densities, located within the cavity along
the molecular outl3ow or along the cavity walls at radii > 1000 AU

* sub-thermal excitation (n(k < 10° cnrd)
of hot (T < 2000 K) gas!

* Tt constant over large range imd.

CO emission in protostars as a probe
for outflow properties |

(Manoj et al. 2013, Manoj et al. in prep)



L(CO) as a proxy for outl3ow rate

Manoj+(2014)
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CO luminosity: evolution

~ - J (Manoj+ 2014)
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1) Median Lyo; (Myee?) and L(CO) (M,,;?) decreases as

1Tpo1 Increases, with substantial scatter.

2) Lio (Maec?) and L(CO) (M, ?) appear to be tightly
correlated.

3) Mass flow rates in protostars are not steady, monotonic

functions of system age (evolution). Protostellar

evolution appears to be much more dynamic.



