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GENESIS
„GENeration and Evolution#of Structures in#the ISm“#

• German#(DFG)Bfrench(ANR)#collaboration project since 5/2017#until 12/2020
• Partners#Laboratoire d‘astrophysique de#Bordeaux#(LAB)#and

I.#Physikalische#Institut,#University#of Cologne#(KOSMA)
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GENESIS''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''Objectives

GENESIS „GENeration and Evolution#of Structures in#the Ism“#

• Disentangle the relative# importance of gravity,'turbulence,'(magnetic fields),#
and radiationduring the cloudB and starBformation#process.#

• Understanding#how dense structures (filaments,#cores,..)#are forming.
• Identifying the spatial scales on#which physical processes are happening

(dissipation of turbulence,#heatingB and cooling,#transition HI/H2...).#

• Observations covering a#large#parameter space of density and excitation conditions.
Diffuse#gas##� molecular clouds � filaments � dense cores

FIR#dust (Herschel)#####+###THz spectroscopy (SOFIA) +###molecular lines +###HI##

• Comparison with simulations,#applying the same#analysis tools.#

• New#and innovative#image analysis techniques.#

What makes GENESIS'different'from other projects ?'
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Workpackage:##Observations#of#FIR#cooling#lines# in#the#ISM##B massive#star#formation

Cyg OB2

S106

Spitzer#Cygnus#X#Legacy

Hora#et#al.#2010 4a
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Workpackage:##Observations#of#FIR#cooling#lines# in#the#ISM##B massive#star#formation

Cyg OB2

S106

Spitzer#Cygnus#X#Legacy

Hora#et#al.#2010 4b
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Anatomy#of#a#massive#starBforming#region:###Cygnus#X#

Cyg OB2

S106

Herschel
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DR21/W75#N#ridge
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Cygnus#X#is##starBforming#engine# ##########################Herschel#image# #(70,#160,#250#μm)####

Cyg OB2
cluster

Schneider#et#al.#2016

Area#proposed#for#
SOFIA#legacy#
upGREAT CII#mapping
(Tielens &'Schneider)
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Objectives:)

� Nature#of#the#bipolar#nebula#and#starBforming#region#S106
(enigmatic#region#studied#since#long,#e.g.#Bally)et)al)1982,)1998;)
Hopdapp&)Rayner)1991;))Schneider)et)al.)2002,)2003,)2007;)

van)den)Anckeret)al.)2000;)Stock)et)al.)2015)##

� Understanding##the#origin#of#farBinfrared#cooling#lines,# i.e.
C+ and##OI#emission:#photodissociation regions,#shocks,…

⬇

Evolutionary#phases#of#massive#star#formation#
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Anatomy#of#a#massive#starBforming#region:###S106########################################Data#sets#and#Objectives
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B bipolar#nebula####
with#two#lobes#filled#with###
ionized#gas#

B distance#1.3#kpc
(parallax#measurement,#Xu#et#al.#2013)

B embedded#in#a#large###
molecular#cloud#
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Anatomy#of#a#massive#starBforming#region:###S106
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Extended)molecular)cloud)

~7000)M
sun

FCRAO#13CO#1B0##

Schneider#et#al.#2007
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Anatomy#of#a#massive#starBforming#region:###S106

5#pc
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Extended)molecular)cloud)

~7000)M
sun

FCRAO#13CO#1B0##

Schneider#et#al.#2007
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Anatomy#of#a#massive#starBforming#region:###S106

5#pc
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B bipolar#nebula####
with#two#lobes#filled#with###
ionized#gas#

B distance#1.3#kpc

B embedded#in#a#large###
molecular#cloud

B small#diskBlike#feature##

B ‘dark#lane’
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Anatomy#of#a#massive#starBforming#region:###S106

Z S106#IR,#thought#to#be#single# is#
star#was#found#to#be#a#binary##
(Comeronet#al.#2018)
B UV#radiation#up#to#104B5 Go
at#0.1#pc#

B stellar#wind#~100B200#km/s

associated# lowBmass#star##
cluster##(>100#stars,#Hodapp &###
Rayner#1991)
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CII#158#μm

Schneider#et#al.#2018,#A&A#617,#45;#Simon#et#al.#in#prep.

OI#63#μm

Subaru)IR)+)
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CO)2O1
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upGREAT/SOFIA'CII'and OI'observations

• [CII]#158#μm upGREAT/SOFIA#
data#(GT#time)########################
(PI#R.)Simon)#

• [OI]#63#μm GREAT/SOFIA#data#
from#december 2015#OT#time# #####
(PI#N.)Schneider)#

Complementary#data#from####
FORCAST/SOFIA#+#molecular#
line#data#from#IRAM#30m,#Herschel,#
VLA,#optical,#Spitzer…##

SOFIA
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upGREAT/SOFIA'''OI'63'μm map at'6“'angular'resolution
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upGREAT/SOFIA'''OI'63'μm map at'6“'angular'resolution

Absorption#
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Average#spectrum#across#OI#mapping#area

bulk
emission
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upGREAT/SOFIA'''OI'63'μm

13a



Average#spectrum#across#OI#mapping#area

bulk
emission

wing#emission# wing#emission# telluric#OI##line#absorption
and#selfBabsorption#
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upGREAT/SOFIA'''OI'63'μm

13b



high#velocity#emission# high#velocity#emission#

Average#spectrum#across#OI#mapping#area

bulk
emission

wing#emission# wing#emission# telluric#OI##line#absorption
and#selfBabsorption#
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upGREAT/SOFIA'''OI'63'μm

13c
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upGREAT/SOFIA'''OI'63'μm average#spectrum#and#other#tracers

• only#OI#and#CII#show#significant#
high#velocity#emission
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red

OI'63'μm on'19'μm FORCAST/SOFIA'midFIR'emission (warm'dust)''
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Understanding'the origin of OI'63'μm emission:# ## high#velocity#emission

FORCAST#observations#:#Adams#et#al.#2015

• Emission#looks#‘squeezed’#by#the#dark#lane.#
• What#if##the#lane#is#not#only#a#foreground#feature#but#has#a#physical#link#

to#S106#IR#?
blue

15a



red

OI'63'μm on'19'μm FORCAST/SOFIA'midFIR'emission (warm'dust)''
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Understanding'the origin of OI'63'μm emission:# ## high#velocity#emission

FORCAST#observations#:#Adams#et#al.#2015

• Emission#looks#‘squeezed’#by#the#dark#lane.#
• What#if##the#lane#is#not#only#a#foreground#feature#but#has#a#physical#link#

to#S106#IR#?

Is#the#‘dark#lane’#an#accretion#flow,#ionized#on#its#
front/backside#?#

high#column#densities#~1023 cmB2

Dust#350#
micron

blue

15b

Simon#et#al.#2012
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dark(lane

dense(clump(
with(S106(FIR(

S106(IR(binary

(open)(southern(lobe(
tilted(towards(observer((

northern(lobe(tilted(
away(from(observer((

limbBbrightened(
cavity(walls(((
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Dynamics'of the moleculargas' H13CO+ 1F0''(density ~'105 cmF3,'T~10F20'K)

Flow#?#

H13CO+#1B0
channel#map#

B1.3#km/s

B3.2#km/s
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Credits:#M.)Röllig



Is the dark lane an'accretion flow or gas'being dispersed ?'

Lane#is#tilted#towards#
observer#B>#dispersal

Lane#is#tilted#away#from#
observer#B>#accretion

Front&view ObserverObserver

dark&lane&as&
accretion&flow

dark&lane&is
dispersed&

� Total#mass of dark lane ~#275#Msun (Herschel)dust)
Lifetime ~#5.3#105 yr
Input#mass rate#~#5.2#10Z4Msun/yr

� consistent withMonR2#(Rayner et#al.#2017),#lower than
DR21#filament (Schneider#et#al.#2010)
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Credits:#M.)Röllig



24

Understanding'the origin of OI'63'μm emission:# #########high#velocity#emission

Bally#et#al.#1983:#
• Dark#lane#could#be#an#extention of#the#smallZscale#disk#around#S106#IR.
• Its#density#is#so#large#that#it#absorbs#all#ionizing#radiation.# #

VLA##5#GHz########Bally#et#al.#1983

Region#devoid#of#cm#emission.

Schneider#et#al.#2018:
Yes…#an#accretion#flow#onto#S106#IR/FIR#with#a#photodissociation region#on#its#
surface#########B>##OI,'CII,'highQJ'CO'emission….'''
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Understanding'the origin of OI'63'μm emission:# #########high#velocity#emission

Model#(Peters,'Banerjee,'Klessen et'al.'2010):'
FLASH#code#compressible#gas#dynamic,#selfBgravity,#radiation#feedback

• nonQuniform expansion#of#HII#region
• strong#accretion'flow'absorbs#the#ionizing#radiation
• (ionized)#gas#expands#downward#perpendicularly#to#the#accretion

flow,#down#the#steepest'density'gradient
(see#also#Keto et#al.#2002,#2007;#Kuiper#&#Yorke 2013;#….)

Subaru#IR#

Model#multiple# sinks#
(fragmentationZinduced#
starvation)#

accretion#flow
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Physical properties of the OI'emitting gas:''''PDR'modelling

KOSMAZtau PDR#model#(e.g.#Roellig et#al.#2006)#and#line#intensitities/ratios#of#
• OI#63#μm and##CII#158#μm
• highBJ#CO#lines#12CO#11B10,#12CO#16B15
• dust#continuum
at#9)different)positions)in#S106

OI outflow blue (-9/-4 km/s)
southern cavity peak1 (2",-20")

KOSMA-τ continuum
n=105.4,M=10-0.4,χ=104.7
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Herschel FORCAST

SED#fit#to#observed#continuum#data#(all#on#15”#angular#resolution)
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● 1) S106 IR (-2",-2")

■ 2) northern HV-blue [OI] (7",12")

◆ 3a) southern cavity blue [OI] (2",-20")

▲ 3b) S106 FIR (-15",-5")

▼ 3c) CO 16 → 15 peak (8",8")

○ 4) northern cavity blue (0",15")

□ 3b) S106 FIR (-15",-5")

◇ 5a) dark lane (10",-5")

△ 5b) NW bulk [OI] (-10",15")

▽ 3a) southern cavity red [OI] (2",-20")

● 6) northern HV-red [OI] (10",25")

■ 3a) southern HV-red [OI] (2",-20")
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PDR'modelling highFvelocity blue

X =#7.2#104 ,#n#=#5.0#104 cmZ3 from#CII/OI#ratio#for#the#
highBvelocity#blue#component# #(B30#to#9#km/s)#

Parameter#space#UVBfield#and#density#for#different#
positions#(offsets#given#in#panel)#and#velocity#ranges.
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What about shocks ?'

Recent#results#(e.g.# Karska et#al.#2014):#

• FUV#radiation#affects# the#preQshock'abundances'of#some#species
and#controls#the#length#scale#of#CBshocks.

• HighBJ#CO#lines#show#excess.

Important#to#model#
irradiated#shocks#!#

S106#Herschel PACS/SPIRE#data##
(Stock#et#al.#2015)
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What about shocks ?'

Irradiated#shock#models#of##A.)Gusdorf
• preBshock#density#nH =#105 cmB3,#G0#=#3#104
• shock#velocities# vs =#5 B 25#km/s#
• Av =#2 B 10####(Av of#the#'protective#layer'#inside#of#which#the#shock#propagates),

shock#velocity#(km/s)

lin
e#
in
te
gr
at
ed

#in
te
ns
ti
y

• Av varies#between#2#and#5#
• no#SiO observed#

(but#densities#and#
radiation#field#very#high)

B>#work#in#progress#!
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upGREAT/SOFIA'''OI'63'μm average#spectrum#and#other#tracers

• Outflow#emission#

24



OI'63'micron on'VLA'(tracing the HII'region)'''

Outflow#emission# from#cavity##blue# Outflow#emission# from#cavity##red#

31

Understanding'the origin of OI'63'μm emission:# ## outflow#emission

25
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● 1) S106 IR (-2",-2")

■ 2) northern HV-blue [OI] (7",12")

◆ 3a) southern cavity blue [OI] (2",-20")

▲ 3b) S106 FIR (-15",-5")

▼ 3c) CO 16 → 15 peak (8",8")

○ 4) northern cavity blue (0",15")

□ 3b) S106 FIR (-15",-5")

◇ 5a) dark lane (10",-5")

△ 5b) NW bulk [OI] (-10",15")

▽ 3a) southern cavity red [OI] (2",-20")

● 6) northern HV-red [OI] (10",25")

■ 3a) southern HV-red [OI] (2",-20")
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PDR'modelling outflow blue

X =#9.4#103 ,#n#=#1.3#104 cmZ3 from#CII/OI#ratio#for#the#
outflow#blue#component# #(B9 to#B4#km/s)#

Parameter#space#UVBfield#and#density#for#different#
positions#(offsets#given#in#panel)#and#velocity#ranges.
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What about shocks ?'

Irradiated#shock#models#of##A.)Gusdorf
• preBshock#density#nH =#105 cmB3,#G0#=#3#104
• shock#velocities# vs =#5 B 25#km/s#
• Av =#2 B 10####(Av of#the#'protective#layer'#inside#of#which#the#shock#propagates),

• No#SiO

But#first#results#promising#!##
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OI#63#μm can be strongly self,absorbed (mostly for bulk emission,
probably less for highFvelocity emission).'

Simple'approach to estimate how density and radiation field vary
is to increase the OI'intensity by a'factor of 2,'4,'....

F>'factor 2'still'reasonable (e.g.'X =# a#few#104 ,#n#=#up#to#106 cmZ3 for
highFvelocity blue emission)'but'higher factors give unrealistic values.

Need'(hopefully)'optically thinOI#145#μm observations'(planned'for'
November'2018).'
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What about selfFabsorption'?'
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• velocity resolved observations of cooling lines indispensible for complex sources.

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

• Modeling'of irradiated shockswith high'FUV'field required.

F>''PDRs''vs shocks
F>'more observations with SOFIA'required (OI'145 μm)

• OI,'CII,'highFJ'CO'line observations very useful to better understand the
processes ofmassive2star formation.

F>'massive'stars form'by rapid'accretion from a'dense,'ionized flow
(starvation induced fragmentation, Peters'et'al.'2010)

F>'longer'sustained'feeding'of'the'circumstellar core'by'the'molecular'cloud'
(Kuiper'&' Yorke 2013)
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Conclusions
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Airborne FIR'observations ....'''now and then

KAO##(FIFI)##1994KAO##(FIFI)##1994###############SOFIA#(GREAT)#2015

KAO

SOFIA
30
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A&A#highlight#paper:######A&A#617,#A45#(september 2018)
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