What can subarcsecond submillimeter
iImaging tell us about the formation of
massive clusters?

To address this question, here are some items to consider:

» Size scales of embedded clusters seen in the Near-IR,
(including the typical separation of members)
e Size scales of binary stars
 How do these scales relate to angular size at the distance
of typical high-mass SFRs under study
« What has SMA revealed so far? (5 examples of submm “clusters”)




The Problem of Cluster Formation

e The majority of stars form in embedded clusters with > 100
members (e.g. Lada & Lada 2003 in ARAA).

« The physical scenario leading to the formation of a cluster must
differ from the simple inside-out collapse model (Shu et al.)
appropriate for an isolated low-mass core.

Why? The typical spacing of observed IR cluster members is

comparable to (or smaller than) the radius of the parent core of
Isolated low-mass stars. This suggests interactions and a complex
evolution, rather than a simple inflow-accretion-outflow scenario.




Example: GGD12-15 cluster (d=830pc, L=5700L )
(Gutermuth et al. 2005)

peak surface density
6,000 pc2

peak volume density
270,000 pc3

corresponds to typical
separation of 3200 AU

NH; cores of Myers &
Benson (1983) have
radius ~ 10,000 AU

We have a long
way to go to
understand cluster
formation!




Scaling the cluster separation of GGD12-15
to objects at larger distances:

3000 A.U. =6" at 0.5 kpc (Orion)
1.5" at 2 kpc (W3)
0.75” at 4 kpc (G34.3)
0.50” at 6 kpc (G29.96) = Keck beam at 20 microns

Clearly, small beams are needed to resolve one protostar
from another, and the SMA can provide these:

SMA Configuration beam@230 GHz beam@345 GHz
Compact 4" 2.5"
Extended 1.2” 0.8”

Very Extended 0.5 ORCH




What about binaries? On what scale are they?

* Low-mass stars: Barsony et al. (2005) find the separation
distribution of 22 multiple systems in r Oph to peak at 0.25” (40 AU)
which was their diffraction limit at 10 microns.

e High-mass stars: In a survey of 200 A-type and late B-type stars
iIn Sco OB2 (d=140pc), the range of angular separation was
0.22"to 12.4” (30 to 1600 AU) . (Kouwenhoven et al. 2005).

Scaling this outward: Baseline required @ 345GHz
0.06” to 3.5” (Orion) 2.5 km -43m
0.015” to 0.9” (W3) 10 km - 170m
0.008" to 0.44” (G34.3) 20 km - 300m
0.005" to 0.3” (G29.96) 30 km - 500m

most ALMA time < 3 km, some at 12 km




B stars show greater multiplicity than lower-mass stars




The long-held “hope” of the submillimeter:

Submillimeter observations can potentially reveal the youngest

clusters, perhaps still too embedded and obscured to be seen in the near
and mid-IR.
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High-mass sources with multiplicity detected by SMA

# Source Project Resolution, frequency
4 NGC 63341 T. Hunter et al. (2006 ApJ) 1.5" at 230 (2500 AU)
6 NGC 6334 I(N) y y

3 S255N: C. Cyganowski et al. (in prep.) 2.5" at 230 (7500 AU)
6 Cep A: C. Brogan et al. (in prep.) 1.0” at 345 ( 730 AU)
3 AFGL 5142: Q. Zhang et al. (in prep.) 1.0” at 230 (2000 AU)
6 G29.96: H. Beuther et al. (in prep.) 0.3” at 345 (2000 AU)

Sources showing mostly free-free emission at high-resolution
G5.89-0.39 ultracompact HIl region 0.9” at 345 (2000 AU)




NGC 63341 1In 1.3 mm continuum

SMA (beam = 2000 x 3500 AU) “bright in the IR”

43% of single dish flux recovered




NGC 6334 I(N) “dark In the IR”

4.5nm

Vazoorad yl pabsibfanmmEgipeieaich dust continuum)




S255: A Pair of Objects similar to NGC63341 & I(N)

S255N
“dark in the IR”

S255
“bright in the IR”

MSX begins to see
S255N in emission
at 21 microns




Multiplicity in S255N

IRAC 3-color image

SMA 1.3mm continuum in dotted contours
beam =4.7" x 2.4" = 9000 x 5000 AU
VLA 3.6cm continuum in solid contours

(Cyganowski, Brogan & Hunter, in prep.)




Multiplicity in AFGL 5142 (Q. Zhang et al., in prep)
(which is also at the heart of an IR cluster)




Multiplicity In G29.96

e Get Henrik to show this when he visits at
the end of the month.




Multiplicity in Cepheus A (Brogan et al., in prep)

Black contours: 345 GHz continuum, green contours: 8 GHz




Summary

 Most high-mass SFRs observed by SMA show multiplicity in dust
continuum emission. These are likely to be the youngest and/or most
active protostellar sources in the cluster.

Spectral line emission also gives evidence of multiple sources at (or
below) the resolution limit. We know there must be structure below

the limit of the SMA’s smallest beam.

For discussion: what questions can we attack?

1. Clusters may form via multiple “events”. The first event may or may
not include massive stars. Can we use submm line emission to get
the age of the mm sources and compare this to the IR cluster age?

2. 777




