Multl wavelength mvestlgatlons of
Star and _CIugter Form_,'.- c_m in the_'_-_' |
Rosettg ﬁ/lolecuﬁr ' N%I%éx '

. L
- >\_+_ S w
= N S gy Wy
S W | Al SN ;
e - ! ) 1'- *
. - . ‘ e
- . L4 - i : Ve !
s

Bl e Jlnzeﬂng

e Y T 1)

. National Astronomical Observat
i CAS, China.
E
WSXA‘%X\’A\ BRSSO T A o
N Colloquium at NAOC, 7 Sept



Outlines

. General views of MC and SF

. Systematic search for Herbig-Haro flows
In the Rosette Nebula

. Clustered star formation in the RMC

. An extensive survey of H, flows and the
discovery of the Rosette Eye

. Herschel view of massive SF in the RMC
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Embedded Outflow in HH 46/47

NASA / JPL-Caltech / A/Noriega-Crespo [SSC/ Caltech]

Spitzer Space Telescope ¢ IRAC

Insot visinle ight {DS5)
sece 003-06F
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SF and evolution
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(White & Basri 2003)
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Systematic investigations of SF
In the RMC

(HH and H, flows, clustered SF)
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Why the Rosette Complex?

Most stars originate in OB associations (Roberts
1957) and are formed out of GMCs (Blitz 1980)

70-90% of stars in nearby GMCs are in
embedded clusters (Lada et al. 1991, etc.)

An isolated massive SFR.
D~1.39 kpc; M, ,~10°Mg; Scale ~ 100pc

Region of sequential OB clusters formation
Mon OB2: 280 pc; ~10 Myrs = 5 Myr = 1.9 Myr



Sequential
formation of OB
star clusters in
GMCs

(Lada 1987)



(Turner 1976)



Why Rosette?

An isolated massive SFR.
d~1.39 kpc; M_,,~10°Mg; scale ~ 100pc

Region of sequential OB clusters formation
Mon OB2: 280 pc; ~10 Myrs = 5 Myr = 1.9 Myr

Among the most active SFRs

The occurrence of OB cluster formation is common
in the Galaxy

The solar system could well have been formed in
such environments (though in peripheral and
comparatively isolated regions).



Why Rosette?

 Rosette Nebula: a giant Hll region excavated
by dozens of OB stars (<B4V)

e Would any HHOs and jets survive the harsh
UV ionization and dissipation from massive
OB stars at the center of NGC 2244

» Favorable orientation — low extinction
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CO outflow (low V)
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HST 1997 - 1994
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Embedded Outflow in HH 46/47

NASA / JPL-Caltech / A/Noriega-Crespo [SSC/ Caltech]

Spitzer Space Telescope ¢ IRAC

Insot visinle ight {DS5)
sece 003-06F
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NGC 1333 in Perseus:




HST 1997 - 1994




HST 1997 - 1994




HST 1997 - 1994




HST 1997 - 1994
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Jets from Young Stars HST - WFPC2
PRCES-2da - ST Scl OPO - June 6, 1995
C. Burrows (ST Sci), J. Mester (AZ State U), J. Morge (ST Sci), NASA

Exciting sources of HH jets used to be embedded In
dense molecular cloud cores or extended envelopes of
dust and gas, which severely impeded efforts for
Investigations In the optical regime and makes our
view of early stages of star formation remain quite as
a puzzle.




Irradiated Jets in Orion
Reipurth, B., et al. 1998, Nature 396, 343)




Properties of externally irradiated Jets

o Located in the close vicinity of
an O9 star in the Orion Nebula

--- Externally irradiated origin
e [SIHI]/Ha ratio decreases rapidly

from the base of the jet.

Shock = Photoionized origin
* Highly asymmetric or unipolar

In morphology = different
conditions of jet formation

e Low excitation

_ Hur[S




e The jet sources are visible, with spectral characteristics

of typical TTS
* None was detected by IRAS, indicating the lack of
circumstellar materials/envelopes
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Data Acquisition

KPNO 0.9m + MOSAIC | camera.

Ho. [SII]. [Olll] (Travis Rector)
Credit: You-Hua Chu & IoA of NCU

NAOC 2.16m, low resolution spectroscopy
KPNO 4m + MOSAIC camera (John Bally)

Blanco 4m + SITe2K #6 CCD (Echelle
spectroscopy, You-Hua Chu)
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Fitful Young Star Sputters to Maturity in the

Rosette ‘\Tebula

Images

With links to & page with largar
wargiGng,

The FPorate Mebuls

Irmage Cradity T. Recon Univarciby
af dlashks Anchorsge, WITH and

A duo of Chinese and American astronomers have discovered a young star in the flerce envrrons
of the Fosette Mebula that Is sjectng & complex jet of material nddled with knots and bow
shocks.

smpped of K2 narmally opagque sumoundings by the nfense ulraviolet radianon produced by
nearby massive stars, this young stellar object s lkely one of the last of its generatdon in this
ragion of space. Itz tenuous state of existence exposes the limitations that young stars—and

perhiaps even sub-siellar objects such as brown dwarfs and large planets—face in attamphing o
form in such a violent environment,

A dose-up image from this study of the young star, and a strking, newly reprocessed wide-fleld
image of the colorful Rosette Nebula, are avalable shove.

“Most young stars ére ermbedded in very dense molecuar douds, which makes our view of the
early stages of star formation normally Impossible with optical telescopes,” says Travis Rector of
the University of Alaska Anchorage, co-author of a paper on the young stellar object {(Y5Q) in the
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Properties of the jets in Rosette

Bathed in harsh UV radiation of the OB stars
that excited the Rosette Neubla

Visible jet sources with spectral characteristics
of Weak-line TTS and Herbig Ae/Be

None was detected by IRAS, indicating the lack
of circumstellar disks/envelopes

[SI1]/Ha ratio decreases rapidly from the base.
Shock = Photoionized origin

Highly asymmetric or unipolar morphology =2
different conditions of jet formation

Diffuse [Olll] emission = photoionized origin









Low-resolution Spectroscopy of HH889

* High excitation
status of the jet
systems
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Results of the study

Expanding shells of the Rosette Nebula: 13 & 40 km/s
- systematic velocity: 27 km/s

Relative velocity of the jet along the line of sight: 57
km/s

n, in the jet: ¥1000 cm3, HIl region: < 100 cm3
No detection of H, 1-0 S(1) emission.
Evaporation timescale of the relic disk: 103 — 104 yr
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WTTS spectra, jets + no IR excess!
=> Fast disk dissipation
=> Transient Objects

2.0
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Anata a Proplyc
. particles clump together deep inside
netary disk, ultraviolet radiation from
t star eats away at the disk. The outer
the gas bubble are then heated"and
J energetic ultraviolet radiation.
Material falling from the disk toward the

central object fuels twin gas jets. ,(_;__

(3as bubble

stellar wine

| Wind shock



What can we learn from the discovery of
the extreme jet systems?

Fast transition status of the exciting sources of the
extreme jets between CTTS and WTTS due to fierce
external UV dissipation.

As we discovered only monopolar jets bathed in strong
UV dissipation of the Rosette Nebula.

This provides clues on how bipolar jets evolved into
monopolar or highly asymmetric jets, which is quite a
puzzle in our understanding of jet formation and
evolution.



What can we learn from the discovery of
the extreme jet systems?

The excting sources of the extreme jets has been long
starved of material as its accretion disk is being
evaporated, leaving a very low-mass star or most likely
a failed star.

In some cases, this process will result in an isolated
brown dwarf or planetary mass object. This, however,
offers an evolutionary solution for the lonely floating
objects that have been spotted in the Orion Nebula
(Zapatero Osorio, et al. 2000, Science 290, 103) and
other nearby hotspots of active SF in the Milky Way.
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MMMWMEMWMMM be:
capse the outer lavers of the core are eroded by the jonizing mdiotion from the OB star before they can accrele
onto_the protostar ol the centre_of the core, The misses of objects formed in this way are given approximately by
Q010 M (e /03 km s PO e 10% &1V G 100 ety whiere oy s the isothermal sound speed in the neutral gas
™ ihe core, H’.., is the rate of emission of Lyman continuum photons from the OB star {or stars), and o 8 the number-
density of protons in the HII region sumoanding the core. We conclude that the formation of low-mass objecis by this mech-
anism should be quite routine, because the mechanism operes over a wide mnge of conditions (10%s7! < Ay, < 108,
0cm™* < o = 100 em™®, 02kms™! £ o £ 0.6kms™") and is very ellective Hm_mmﬂmumwmm
forming low-mass objects. in the sense that it requires a nelabively massive initial core to form a single low-mass object. The
efectiveness of pholo-erosion alvo implies thot that aoy intermediate-mass protostars which have formed in the vicimty of a
group of OB stars must alresdy have been well on the way o formation be fore the OB stars swilched on their ionizing radiation;
otherwise these protostars would have been stripped down (o extremely low mass,

Kay words, stars: formation = stars: low-mass, brown dwarfs = [SM: HIT regions



What can we learn from the dsicovery of
the extreme jet systems?

e The discovery of the extreme jet systems in
active high-mass star forming regions indicates
explicitly how the incipience of high mass stars
inhibits further generations of low mass stars
from formation in their immediate vicinity.

° On the other hand, it’s likely that the formation
of the OB stars triggers new generations of
massive star formation at a distance of tens of
pcs as the HIl region propogates.




Irradiated Microjets in the
Orion Nebula







Evaporating disks = T200AU

~ " =

=250 AU
] | 2 3 =250AU

—250AU 4 5§ ==500AU .
G



174-236 163-222 154240 " 135-220 109-247 072-135
A o
\~

Ak " ‘

\{@141-301

109-327

177-341 | 183410

A “5

o\ \\‘3’
SVAPN

. /

»

197-427@_ o

" la @

179-353 182-413

206-446






Hester et al.




Could the jets and the large bow shock
structures in Rosette share a similar
photoionzed origin?









e Meanburn & Walsh, 1986, MNRAS 220, 745
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Modes of star and cluster faemation
in the RMIC
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Li J. Z., 2005, Ap) 625, 242
Li J. Z. & Smith M. D., 2005, AJ 130, 2757

LiJ. Z. & Smith M. D., 2005, AJ 130, 721
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Turner 1976



The Formation of New Generation OB clusters
in the RMC

' «——NGC 2244

J&:45

<—— New massive cluster
Tens of pc away

26524 2044 D6:51:05 28:2.5



CO Detections of the RMC
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Excessive emission stars with (H-Ks) > 0.7
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Possible constraints on clustered SF
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Dust temperature distribution
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Is NGC 2244 a mwin cluster
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Clustered Star Formation in the Densest
Ridge of the RMC
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Stellar Density Distribution ISSA 100 pm emission
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CCD & CMD of the massive proto-clusters
in the densest ridge

<3 f120M
4 .
=
] .
| ?:“""""l ! w-
O 2
A : . a
Ee s
T = :h.l
- |n. i
K 1 I .Hw.ﬁ,. 1"-_;}' ¥
| o
.'I
[
14




The AFGL 961 System
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Li & Smith, 2005, AJ 130, 721



An Extensive Search for H2 flows in the
RMC
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Ybarra & Phelps, 2004, A) 127, 3444

Phelps & Ybarra, 2005, ApJ 627, 845



Intent of investigations

* Protostellar obejcts are, in most cases, deeply embedded and
enshrouded by heavy foreground extinction = early stages of

star formation remain notoriously illusive.

 The critical growth period of massive stars lasts only tens of
thousands yrs but is usually accompanied by spectacular

ejections of gas in opposite directions.

 Molecular outflows — tracer of early stages of stellar evolution



Observations

* NIR imaging & spectroscopy

— NTT + SOFI JHKs & H, 1-0 S(1) imaging
+ medium-res. (R~2200) spectroscopy
— UKIRT + CGS4 Ks echelle spectroscopy

e Optical imaging & spectroscopy

— KPNO 4m + Mosaic | Ha & [SII] imaging
pixel scale: 0.258” pixel™ ; seeing: 0.9”
— NAOC 2.16 m +OMR medium-res. spectro.

2008-10-13 Jinzeng Li New Vision 400
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Appearance of the Eye at different wavelength
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NTT Ks-band spectroscopy
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Line fluxes derived from the NTT SOFI data for the north and
south rims

Line wavelength flux flux Line wavelength flux flux
(um)  South  North (pm)  South  North
1—-05%(2) 2033 3860 2070 4 — 3 5(5) 2146 <200 <200
8 -6 0(3) 2.041 10.30 7.04 2 —15(2) 2154 18.20 10.82
3 —25(5) 2,065 3.80 3.49 9 —70(2) 2172 3.36 3.12
12 —9 O(3) 2069 <3.00 <3.00 3—25(3) 2201 1650 10.80
9-7Q(1) 2.073 4 — 3 5(5)° 2.201
2-15(3) 2.073 20.30 14.80 8 —6 O(5) 2210 .01 b.70
09— 7Q(2) 2.084 3.00 3.36 1-05(0) 2.223 69.40 32.50
9—7Q(3) 2.100 5.59 4.39 2-15(1) 2247 4370 3040
7—50(6) 2.10& <35 g B 9 -7 0(3) 2.253 10.20 6.17
g8—60(4) 2.121 10.35 5.00 4 -35i4) 2.268 405 < 3.00
1-05(1) 2121 12765 61.60 3—-25(2) 22806  10.00 &.16
3 —25(4) 2,127 10.30 5.85

Units of 107" Wm™®. The lo fux measurement uncertainty is 2 x 107" Wm=* and 3.0
< 107" Wm™ beyond 2.25 pm. The 12-9 O(3) flux upper limit is subject to considerable
error due to the location near a strong hne,

+ = Line blended; no decomposition possible. = relative line Auxes decomposed from echelle
data in approximately the same reglons.



log [COR/CDR{2000K)]

Fluorescence confirmed by simulation based on the
observed line ratios
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UKIRT echelle spectroscopy
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Implications on the discovery the Rosette Eye

Young massive stars (M>10M) have strong

impacts on their surroundings
Fast evolution and disk dissipation: <10° yrs
AFGL961 II, the Rosette Eye >

a key transition phase in its emergence

Emerging ionized flows blow out an hourglass

shaped nebula
Caped with static, fluorescent H, emission arcs = |
Onset of UV radiation

Implications on how massive stars embark on thei

formation







A dearth of H, flows in the RMC




e
LML |

'
215
L

SMA study of AFGL 961

- - 3 Lich
B9 } b N
A {12000

| _': !




Herschel GT Key Programs on SF

Gould belt

:l"!q‘."|"'-:_' e OOF1eEin o1 Th CTIRaY 1yl Mass TuincClhion f

A puaranteed time key programme with Herschel Space Observatory

A complete census of prestellar cores and protostars in the Gould Belt regions
(< 500 pc) down to a mass limit of 0.01 — 0.1 Mg All 461 hrs.
(Accurate Mass, Lum|n05|ty, Temperature, I|fet|mes) AN e e

'L
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A systematic survey of essentially all massive SF regions within 3 kpc. An unbiased census
of OB star precursors at all evolutionary stages. All 125 hrs.

July 28, 2010 Second Chinese-German Workshop, Kiel






The Herschel SDP fields of HOBYS




The:Rosette Molecular Compli;
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,/5,\@ Rich clusters of pmﬁ;ﬁrs in the Rosette i
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" Consistent with results from th

t:i*F:ns‘ﬂE-_x res, there are rich clustess of
young stars (e.g. Poulton et al. 2008).
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