
  

Initial conditions for massive 
star formation

Friedrich Wyrowski

Max Planck Institute for Radioastronomy
Bonn, Germany



  

Zoom into l~29

8mu MSX

GLIMPSE 8mu 
+ PdBI NH

2
D



  

Remarks & Scope

● Literature growing rapidly!

– Let me know of important work you might know of but 
which I did not cover

● Focus on observational side of initial stages
● Focus on “cold” stages before

– IR bright MYSOs
– Hot molecular cores
– UCHII regions



  

Outline

● Introduction

– Zoom into G29
– Remarks & Scope

● Large scale environs:

– Giant molecular clouds
– Infrared Dark Clouds

● Searching for initial stages 
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– IR/maser selected
– Dust surveys

● Cold clumps:
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– Dynamics
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– Clump mass function
– (Trigger?)
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● Summary & outlook



  

Cloud structure and 
Terminology e.g. Williams+ 2000

● GMC properties (from large scale CO surveys):   

– Diameters ~ 10 - 100 pc

– Masses~105-6.5 M
⊙
 

– Mean densities ~ 

– several 100 cm-3 but strongly clumped

● Clumps: 

– Coherent, overdense structures in l-b-v

– Might form/are forming whole clusters

– typical single dish mm telescope mapping targets

● Cores:

– Might form/are forming individual stars/multiple systems

– Usually interferometers needed to resolve them



  

Two different interpretations of 
GMC observations

● GMC as dynamic, transient objects (e.g. Ballesteros-
Paredes+ PP V)

– Formed by large scale colliding gas flows
– Lifetime ~ dynamical crossing time

● Quasi-equilibrium self-gravitating objects  (McKee 1999)

– Formed by large scale self-gravitating instabilities
– Lifetime ~ many crossing times

● See e.g. McKee & Ostriker (2007) for more details

         -----------------------------------------------------------
● How can we identify cold parts of GMCs?    



  

Discovery of Infrared Dark Clouds
● ISOCAM: Perault+ 96
● MSX: Egan+ 98
● Detected by their 

absorption of the bright, 
diffuse MIR emission of the 
Galactic plane



  

Comparison: OMC vs G11.11

● --> can resemble high CD parts of GMCs
● But also many smaller clouds, down to “IR dark clumps”
● Depend on evolutionary state and geometry of GMC



Ammonia in IRDCs
Pillai+ 2006



Searching for initial stages of 
MSF



  

Surveys to study early phases of MSF
● IRAS colour selection criteria for UC HII regions (Wood 

& Churchwell 1989) -> UCHII regions ~ 105 yrs
– But are all these IRAS UC HIIs really UC HIIs?
– --> Subsequently many hot cores found associated with the 

UCHIIs
● H2O/CH3OH masers might trace YSOs <105 yrs 

– Walsh+ 1997,1998, 2003; Plume+ 1997; Szymczak+ 2002
– But maser amplification line-of-sight dependent !

● New IR criteria for (radio-quiet) massive protostars
– Same UC HII criteria but no association w/ 5GHz continuum
– Must be pre-UC HII – but are they all OB protostars?
– Palla+, Molinari+ 1996-2002; Sridharan/Beuther+ 2002
– Red MSX: Hoare+

● But all of these searches probe already some form of 
ongoing SF and  cannot (directly) identify an earlier  
cold precluster phase.



  

Current studies for earlier cold phase
● Larger environs of targeted surveys:

– Ultracompact HII regions: Hill+, Thompson+
– IRAS color selected: Klein+, Sridharan+, Beltran+, 

Faundez/Garay+

– CH
3
OH maser selected: Hill+

● IRDC selected surveys:

– Carey+, Teyssier+, Rathborne+
● Unbiased surveys:

– Cygnus X, Motte+
– NGC6334, Munoz+
– ISOPHOT serendipity, Krause+
– Galactic plane surveys



  

Images of CH3OH 
and/or UCHII regions:

Hill+ 2005/6

● SEST/SIMBA
● 131 SFR, 404 

clumps, 253 mm 
only of which 45% 
w/o MSX MIR

● ~ 100M
⊙
    

sensitivity limit
● + SCUBA:  dust 



  

Southern extension of 
Palla/Molinari sample:

Beltran+ 2006

● 245 SFR
● 95 mm clumps w/o MSX
● Hill, Beltran mm-only less 

massive but assuming 
same T. could be same 
mass but colder

● Clump mass spectra



  

Outer Galaxy dust emission 
survey:

Klein+ 2005                 

● Continuum imaging of 47 IRAS 
selected SFR

● 128 mm clumps, 12 IR/Radio-
quiet > 100M

⊙



  

SCAMPS: The SCUBA massive 
precluster survey:

Thompson+ 2005
● 13'x13' imaging of 37 UCHII

– 700 clumps
● See poster by Pestalozzi+

– Masses sufficient for 
cluster formation, but 
luminosities still below O,B 
stars

– -> early stage of cluster 
formation



Cold dust emission from IRDCs
Carey+2000, Teyssier+2002,Rathborne+2006



  

Massive high extinction clouds

● NICE method with GLIMPSE 
3.5/4.5mu

● Select highest extinction 
peaks:

– Many well known MSFR

– Studied massive IRDCs

– + new regions!
● MAMBO imaging, Ammonia, 

mm/submm follow ups

● --> Poster by Rygl+

● wide range of morphologies:

– Diffuse
– Core-halo
– Multipeaked, filamentary



  

ISO FIR detctions
Krause+ 2003

● ISOPHOT serendipity

– F(170)>2 F(100)
– --> Tdust<18K

● Cold center: candidate 
for massive prestellar 
clump



  

Large scale studies:
Cygnus X and NGC 6334

Motte+ 2007, Munoz+ 2007



  

Galactic Plane surveys

● ATLASGAL 

– LABOCA @ APEX
– --> GC

● BOLOCAM
● SCUBA2
● MIPSGAL !!
● Herschel 

● --> Krause talk



  

Summary: 
Seaching for initial stages

● Current surveys produce large numbers of cold 
massive clumps !

● Statistics for very massive clumps which might 
turn into rich OB clusters still small --> Galactic 
plane surveys needed

● Variety of selection criteria yield sources in a 
variety of environs:
– with/without powerful OB clusters nearby
– Range of locations throughout the Galaxy

● Some follow ups to determine their properties 
completed (--> next section of talk), several still 
ongoing



  

Massive cold clump properties

● Physical conditions: R,M,n,T
● Spectral Energy Distributions
● Infall
● Chemistry
● Clump mass functions

        ------------------------------------------
● NGC2264,CygX, some IRDC results  --> Talks Motte, 

Peretto, Jackson



  

Cold clumps from Faundez sample
● Garay+ 2004
● Note: R, M, n similar to cores with IRAS and/or UCHII 

sources, but Tdust much lower
● Later studies:

– Rathborne+ 2006: evidence for massive YSOs in G34
– Beuther+ 2006: MSF in G18



  

Garay 2005● Massive H
2
O and 

SIMBA clumps vs. 
Myers LMSF sources

● Scaling relations 
similar to LM sources 
but dv, n considerably 
higher



Ammonia properties of massive 
clumps in IRDCs

Pillai+ 2006

● Comparison of 

– IRDC clumps (black)
– HMPOs (red)
– Hot cores (stars)

● IRDC dv smaller but 
still higher then LMSCs

● Clear temperature 
trend



  

Detailed modeling of IRDCs clumps: 
Ormel+ 2005

● Dust 
continuum + 
HCO+

● Heating, 
increase of 
turbulence in 
all 3 cores



  

ISOPHOT detections:
Birkmann+ 2006

● ISOPHOT serendipity
● 16.5/12 K

● 75/280 M
⊙

● Infall spectra but also 
outflow wings



  

Spectral energy distributions
● Rathborne+ 2006
● Birkmann+ 2006
● Beuther+ 2007 



  

● HMPOs, Fuller+ 2005:  0.2-1 10-3 M
⊙
/yr

● UCHIIs, Keto++, Wyrowski+ 2006
● H2O maser dense clumps, Wu+ 2003: B/R 

statistics similar to low mass clumps
● Possible earlier stages:

– G25.38, Wu+ 2005: 3.4 10-3 M
⊙
/yr

– ISOSS J18339, Birkmann+ 2006
– Check also SCAMPS and high extinction 

clouds posters (Pestalozzi+, Rygl+)

Evidence for infall



  

MM lines from IR dark clumps:
Beuther&Sridharan 2007

● Mm lines towards 43 IR dark 
clumps

● SiO: 18 sources --> SF
● dv(H13CO+)>dv(NH3 11): 

increase of turbulence to denser 
inner part

● CH3CN 14%, CH3OH 40%

– CH3OH abundance close to 
values of low mass cores



  

Deuterium fractionation:
Fontani+ 2006

● IRAS selected HMPOs
– CO depletion
– N2H+ deuteration

● Cold dense gas 
remnant from the 
HMPO formation or 
secondary cores in 
the beam?



  

Deuterium fractionation:
Pillai+ 2007

● SCAMPS and clumps in 
IRDCs
– CO depletion
– NH2D deuteration

● [NH
2
D]/[NH

3
] ~ 0.005–

0.6
– Low values are lower 

limits 
– --> largest 

deuteration so far 
measured in massive 
clumps

● No trend with T, except 
deuteration  low above 20 K

● Roueff+ 2005: steady state gas 
phase chem.

● Roberts+2003, n~3E6: 
[NH

2
D]/[NH

3
] ~ 0.4-0.8



  

Clump mass functions:
Reid & Wilson 2006ab

● .5.5x5.5 pc SCUBA image of 
M17

● > 100 clumps
● Clump mass function either

– Double power law
– Lognormal

● 22 low+high mass regions:

– LM: best fit w lognormal
– HM: double power low

● alpha_high close to 
Salpeter value



  

Clump mass functions:
Beltran+ 2006, Munoz+ 2007

● High mass clumps 
consistent with Salpeter 
like slopes



  

Summary: 
Properties of massive cold clumps

● High masses and densities in comparison to their low 
mass cousins

● Clump mass functions: Salpeter like for high mass end, 
still some scatter, T dependence might be needed for M

● Infall: ongoing through a large variety of stages!
● Evidence for depletion and, for some sources, 

deuteration as high as low mass cousins
● Range of star formation activity still hiding in the clumps!

– --> Check SF activity with high angular resolution 
studies



  

Cores (interferometric studies)



  

G28.34+0.06: Small Scale Structure
Wang+ 2007

Wang et al. 2007

4 pc

NH3 in contour, 8micron in color

Northern Region
L~ 104 Lsun, H2O maser
 T>30K. v > 3.5 km/s
Protostellar Core

Southern Region
Quiescent cores

 T<20K v < 2 km/s



  

    G28.34 quiescent region: temperature 
and clump mass spectrum

Wang+ 2007

Salpeter -1.4

Gas externally heated

Internal heating



  

PdBI images of IRDCs: 
Rathborne+ 2007

● PdBI study of 4 
clumps in IRDCs

● --> 12 cores
● 1 hot core ! 
● Hierarchical 

fragmentation



  

IRDC 18223-3
Beuther+ 2006
● 180 M

⊙

● Outflow
● Turbulence increase to center
● Quiescent secondary core



  

N
2
H+  ATCA/APEX results

Wyrowski+ 2007
● Compact 3mm cont/CH3CN 

source offset from UCHII

● N
2
H+ 1-0 constrains N

col
 and 

T
kin

 (20K)

● Density: line ratios of 
higher transitions

➔  n > 5x106 cm-3

● Core sizes 0.1–0.2 pc
● M>Mvir: unstable

➔ Promising candidates for 
massive pre/proto stellar 
cores

G327.3-0.6: GLIMPSE 8mu + N
2
H+ 



  

Interferometric observations of 
deuterated ammonia

Pillai 2006                   

Contours: NH
2
D  

Colorscale: 8mu (left)
                  850mu (top)



  

SMA dust cont + 
N

2
H+ from pre-

protostellar cores
Pillai+ poster

● 1mm continuum:            
60 – 800 M

⊙

● Mean densities~2 106cm-3

● 12/15 cores w/o MIR

● Strong N
2
H+ (3-2), 

narrower lines (1 km/s) 
towards starless cores

● Velocity dispersion of 
cores in a clump ~ 5 km/s



  

Conclusions & Outlook
● Prolific times for the 

identification of precluster 
clump candidates !

● Properties of clumps fairly 
well known now

● Many cases, where SF 
activity can be found on a 
closer look.

– Good: these clumps 
turn into stars

– Bad: pure “starless” 
objects still rare

● For better statistics 
unbiased large scale 
surveys are on the way in a 
variety of wavebands

– Submm bolometer 
surveys

– MIR/FIR (MIPSGAL + 
Herschel in the future)

● Core properties will be 
stronger constrained by 
high resolution studies 
(with ALMA on the horizon)

Yes, Malcolm, we are making progress !!


