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Anatomy of a massive star-forming region: S106 Data sets and Objectives

Objectives:

| —  Nature of the bipolar nebula and star-forming region S106

(enigmatic region studied since long, e.g. Bally et al 1982, 1998; Hopdapp & Rayner 1991;
Schneideret al. 2002, 2003, 2007; van den Anckeretal. 2000; Stock et al. 2015)

| — Understanding the origin of far-infrared cooling lines, i.e.
C* and Ol emission: photodissociation regions, shocks,...

|

Evolutionary phases of massive star formation

e [Cll] 158 um upGREAT/SOFIA data from may 2015 GT time (Pl R. Simon)

* [Ol] 63 um upGREAT/SOFIA data from december 2015 OT time (Pl N. Schneider)
* [OIl] 145 um upGREAT/SOFIA data in november 2016

Complementary data from FORECAST/SOFIA + molecular
line data from IRAM 30m, Herschel, VLA, optical, Spitzer...




Anatomy of a massive star-forming region:

- A bipolar nebula
with two lobes filled with
ionized gas

- distance 1.3 kpc

(parallax measurement, Xuetal. 2013)

- embedded in a large
molecular cloud



Extended molecularcloud
~7000 M,

FCRAO 13C0O 1-0

Schneider et al. 2007




Anatomy of a massive star-forming region: S106

- A bipolar nebula
with two lobes filled with
ionized gas

- ‘dark lane’

-S106 IR is the exciting
source, its evolutionary
status not clear
-> Main sequence late O or
early B-type star ?

- distance 1.3 kpc

- embedded in a large
molecular cloud

- UV radiation up to 10*° G,
at 0.1 pc

associated low-mass star
cluster (>100 stars, Hodapp &
Rayner 1991)

- stellar wind ~100-200 km/s

- small circumstellar
disk




Is there a circumstellar disk around S106 IR ?

5106 IPOL  23000.000 MHZ ~ S106.ICLN.2
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s S106 IR a binary ?

* Sharpest IR imaging so far still shows no companion ~200 AU.

Tenerife: zZ’-band (0.9 pum) Calar Alto Astralux observations

22"x22"

Comeron et al., in prep.



upGREAT/SOFIACIlI and Ol observations
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UpGREAT/SOFIA Ol 63 um map at 6“ angular resolution
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FIR observations .... now and then

KAO (FIFI) 1994 SOFIA 2015
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upGREAT/SOFIA Ol 63 um
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UpGREAT/SOFIA OI 63 um average spectrum and other tracers
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Understanding the origin of Ol 63 um emission: high velocity emission

Ol 63 pmon 19 um FORCAST/SOFIA mid-IR emission warm dust)

Dec(2000)

An atomic Ol jet ? No... emission is not in the plane of the sky.
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Understanding the origin of Ol 63 um emission: high velocity emission

Dec(2000)

But there was probably once an atomic Ol jet, driven by disk — envelope
interaction.

Swept-up gas
(terminal

working surface
of the shock) ?

offset []

50
37°24'00"

37°23'30"

37°23'00"

37°23'00"

37°22'30"

57°22'00"

37°22'00"
-50

Color : DSS
Contour : Cll
v=—30 25 km/s

® beam {9 wm™

‘ beam [Ol]

M

20"27™30° 25° 20"27™35° 30° 25° 20°
RA(2000) RA(2000)

FORCAST observations : Adamset al. 2015

7°21'30"



Understanding the origin of Ol 63 um emission: high velocity emission

Ol 63 pmon 19 um FORCAST/SOFIA mid-IR emission warm dust)

Dec(2000)

 Emissionlooks ‘squeezed’ by the dark lane.
« Whatif thelaneis notonlya foreground feature but has a physical link
to S106 IR ?
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Understanding the origin of Ol 63 um emission: high velocity emission

Ol 63 pmon 19 um FORCAST/SOFIA mid-IR emission warm dust)

Is the ‘dark lane’ an accretion flow, ionized on its backside ?
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Understanding the origin of Ol 63 um emission: high velocity emission

Model (Peters, Banerjee, Klessen et al. 2010):
FLASH code compressible gas dynamic, self-gravity, radiation feedback

* non-uniform expansion of HIl region

e strong accretion flow absorbs the ionizing radiation

e (ionized) gas gas expands downward perpendicularly to the accretion
flow, down the steepest density gradient

0.660 Myr

accretion flow

il

Model single star

Subaru IR



Understanding the origin of Ol 63 um emission: high velocity emission

Model (Peters, Banerjee, Klessen et al. 2010):
FLASH code compressible gas dynamic, self-gravity, radiation feedback

* non-uniform expansion of HIl region

e strong accretion flow absorbs the ionizing radiation

e (ionized) gas gas expands downward perpendicularly to the accretion
flow, down the steepest density gradient

0.660 My1

accretion flow

RL0a

Model multiple sinks
(fragmentation-induced
starvation)

Subaru IR



Dynamics of the moleculargas HCO* and
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Understanding the origin of Ol 63 um emission: high velocity emission
Bally et al. 1983:

 Dark lane could be an extention of the small-scale disk around S106 IR.
* Its density is so large that it absorbs all ionizing radiation.

Yes... an accretion flow onto S106 IR with a photodissociation region on its
backside -> 0I, Cll, high-J CO emission....

Region devoid of cm emission.

VLA 5 GHz Bally et al. 1983



PDR modelling of high-velocity emission

PDR model of Wolfire et al. 2010, Hollenbach et al. 2012 shown in Stock et al. 2015
(Herschel PACS/SPIRE study of central position around S106 IR.)

Cll and Ol high velocity blue component:
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PDR modelling of high-velocity emission

PDR model of Wolfire et al. 2010, Hollenbach et al. 2012 shown in Stock et al. 2015
(Herschel PACS/SPIRE study of central position around S106 IR.)

Cll and Ol high

velocity blue component:

radiation field 10°-10° G, density 10 cm3

Same model with CI/CO ratio.
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PDR modelling of high-velocity emission

KOSMA-tau clumpy PDR model (e.g. Roellig et al. 2006) and line intensitities of
low-J CO lines 12CO 2-1, 13CO 2-1

high-J CO lines 2CO 7-6, 12CO 11-10, *2CO 16-15

Ol 63 um

Cll 158 um

Many runs... 1-phase, 2-phase, filling factors... ->

Best reproduction of all line intensities except Ol is for a 2-phase
model with

Phase 1 n~10° cm3, G,~10°

Phase 2 n~10%*cm=3, G,~103* (depending on filling factors)



What about shocks ?

Recent results (e.g. Karskaetal.2014):

* FUV radiation affects the pre-shock abundances of some species
and controls the length scale of C-shocks.

Stock et al. 2015
 High-J CO lines from PACS/SPIRE R

show excess. : : RAS 23133+6050 ]
b1 S 106

Important to model
irradiated shocks !
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What about shocks ?

Irradiated shock models of A. Gusdorf, P, Lesaffre, S. Anderl

* pre-shock density n,=10°cm3, G,= 3 10*

* shock velocities v, =5 - 25 km/s

e A,=2-10 (A, of the 'protective layer' inside of which the shock propagates),

line integrated intenstiy

W _ CO (2-1, full) & (16-15, empty),
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UpGREAT/SOFIA OI 63 um average spectrum and other tracers
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PDR modelling : bulk emission of the cloud
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PDR modelling : bulk emission of the cloud

PDR model of Wolfire et al. 2010, Hollenbach et al. 2012 shown in Stock et al. 2015

Cll and OI bulk emission (‘classical PDR’): radiation field 10*-10° G,, density 103> cm™3
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UpGREAT/SOFIA OI 63 um average spectrum and other tracers
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37°22'30" 37°23'00" 37°23'30"

37°22'00"

Ol 63 micron on VLA (tracing the HII region)

Outflow emission from cavity blue
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PDR modelling: Outflow emission

PDR model of Wolfire et al. 2010, Hollenbach et al. 2012 shown in Stock et al. 2015

Outflow (PDRs on cavity walls): radiation field 10°>-10° G, , density 10% cm?3
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What about shocks ?

Irradiated shock models of A. Gusdorf, P. Lesaffre, S. Anderl

* pre-shock density n,=10°cm3, G,= 3 10*

* shock velocities v,=5 - 25 km/s

 A,=2-10 (A, of the 'protective layer' inside of which the shock propagates),

M observations: outflow blue, southern cavity peak 1
® model: n,=10°cm? G =310 A =3,v =15kms
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Conclusions

« velocity resolved observations of cooling lines indispensible
for complex sources.

-> otherwise difficult to interprete line intensities and ratios
-> to which extend can we trust extragalactic observations ?
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Conclusions

velocity resolved observations of cooling lines indispensible
for complex sources.

-> otherwise difficult to interprete line intensities and ratios
-> to which extend can we trust extragalactic observations ?

Modeling of irradiated shocks with high FUV field required.

-> PDRs vs shocks
-> many groups working on PDR modelling, much less on shocks

Ol, CII, high-d CO line observations very useful to better
understand processes of massive star formation.

-> massive stars form by rapid, unorganized accretion within a dense,
ionized flow
-> more observations with SOFIA required



