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 Introduction 

 

 

 Herbig Haro Flows in atomic/ionic  transitions 

               (Bachiller 1996; Reipurth & Bally 2001) 

 

 

 Molecular Flows  (Churchwell 2003) 

 

 

 PAH Emission  (Tielens 2008) 

 

  

 Conclusions 
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The Sites: 

 

    Pre-Main-Sequence stars of all masses with jets or outflows  

       

    Local shocked ISM through expanding UC/C HII regions 

            created by massive Pre-Main-Sequence stars 

 

The Features: 

 

     Forbidden and allowed transitions in atomic and ionic species 

            (e.g., Bachiller 1996; Reipurth & Bally 2001) 

 

    CO and other molecular outflows from massive YSOs detected  

            in mm line emission (e.g., Churchwell 2003) 

 

    Molecular Hydrogen rotational vibrational emissions in infrared  

            from jets and accretion disks of YSOs (e.g., Watson etal 2010) 
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M8 – Expansion of HII region 

Tuthill etal  2008 
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Evolutionary Stages of Protostars 

Bachiller 1996 
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Origin of Bipolar Flows 

Taken from Whittet 2003 
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HH Flows in Optical Lines 

Reipurth & Bally 2001 
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CO Lines 
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CO is formed in gas phase reactions through ion-molecule reactions 
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Sternberg 1989 
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Sternberg 1989 

Line intensity ratio of S(1) 1-0 / S(1) 2-1 is used to probe the mechanism 

                     2 for fluorescence and 10 for shock heating 

Line Ratios as Probes 

Require other line ratios – particularly the upper vibrational levels 
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Shocked Regions 

 Radiative / J Shocks 

  

                        Fast (~ 100 km/s) 

                        Dissociate Molecules;  

                        Re-formation in the wakes at T = 500 K 

Continuous / C Shocks 

 

                       Slow ( ~ 30 km/s) (non-dissociative) 

                       Thermal Spectrum  
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Degree of Excitation vs Shock Velocity 

Reipurth & Bally 2001 
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CO Outflows from PMS Stars 

Churchwell  2003 
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                     Interferometer map of the molecular jet in the HH211 outflow;  

the CO emission (white lines) is overlaid on a false color image of excited molecular hydrogen.  

      The red lines delineate a flattened dust concentration around the protostar. 
 

From IRAM website 
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Massive Young Star  

Embedded in a Dense Molecular Cloud 

Van Dishoeck & Blake 1998 
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Infrared Solid State (ice) Features from a Protostar 

Whittet 2003 
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Spatial Structure in the Molecular Hydrogen Jets 

from the Low Mass Young Stellar Object RNO 91 

having a debris disk with ice features 

Nandakumar, Anandarao & Davis  1999 

Shock excitation at low densities 

Weintraub etal 1994 
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High Mass Star Forming Region IRAS 06061+2151 

1 
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E 

K  Band image of IRAS 06061+2151 observed from 

Mt. Abu. The  numbers  represent sources of 

 IRAS 06061+2151. 

TNG Narrow-band Images 

H2 (2.12 µm) line image   

Br  (2.16 µm) line image 

N 

Anandarao et al 2004 

•    Presence of knots in H2 and absence in Brγ shows  

     a mild shock (~ 30 km/s) by the outflow from  

     the massive star (star 4 of B0 type)  

•   It is also indicative of an accretion disk  

•   Suggestive of formation by accretion 

•   Jet extent 0.5 pc 
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High Mass Star Forming Region IRAS 06061+2151 

Anandarao et al  2004 

Shock-excited Molecular Hydrogen 

Observed Ratios:   1-0 S(1)/ 2-1 S(1) > 10 

                                 1-0 S(1)/1-0 S(0) ~ 2 

LTE at T = 1000 K:    1-0 S(1)/ 2-1 S(1) > 10 

                                      1-0 S(1)/1-0 S(0) ~ 3 
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Polycyclic Aromatic Hydrocarbons 

Kwok  2004 
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Energy Levels for a Neutral PAH 

Allamandola et al 1989 
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Energy Levels for a Neutral PAH 

Bakes and Tielens 1994 
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Spectral Features of Circumstellar Dust  

Kwok 2004 
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Infrared Spectra of Massive YSOs 

Simpson etal 2011 

SPITZER Infrared Spectrograph 

on Star Forming Complex G333.2-0.4 
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M8 – Expansion of HII region 

Tuthill etal  2008 
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Photo-Dissociation Regions 

(Photon-Dominated Regions) 
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SPITZER  
4 Band Photometry 

Ratio Images  

Identification of  

Atomic/Molecular/Dust  

            Lines/Features 

PAH features are present only  

in Bands 1, 3 and 4;  

Hence band 2 can be used a control 

Smith & Rosen 2005;  

Povich et al 2007, 2009; 

Neufeld & Yuan 2008 
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Povich etal 2007 

M17 – Multi-wavelength Observations 

Ratio Maps: 

PAH destruction by 

EUV photons; 

Traces the PAH 

excitation regions 

of higher extinction 
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Dewanagan and Anandarao MNRAS 2010a 

AFGL 437 – Star Forming Region 
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Dewanagan and Anandarao MNRAS 2010a 

AFGL 437 – Ratio Maps 
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Dewanagan and Anandarao MNRAS 2010a 

AFGL 437 – Detection of H2 outflow from massive YSO 
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Dewanagan and Anandarao MNRAS 2010a 

SED Modeling of YSOs 

WK 34 Model Results: Age ~ 9  x 103 yrs; M = 7  Mʘ ; T = 5100 K; L = 1000 Lʘ ; AV = 23 mag  
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M8 – Star Forming Region 

Tuthill etal  2008 
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Star Formation Scenario in M8 
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Dewanagan and Anandarao MNRAS 2010b 

A Cavity of PAH emission  
 

The bright 3-like figure in Ch2/Ch4 

Traces probably the Br alpha line 

in Ch2 rather than molecular  

Hydrogen (as Burton’s (2002)  

maps show no trace of it) 

 

 

 

 

 

 

To the left of Hour Glass Region  

a PAH region is found and traces  

the edge of HII region 

(bright regions in Ch4/Ch2) 
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Dewanagan and Anandarao MNRAS 2011 

S235 –  

Star  

Forming  

Region 
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Dewanagan and Anandarao MNRAS 2011 

Secondary  

Star Formation 

to the South of S235A  

- Triggered by the  

expanding HII region 

See the poster by  

Dewangan etal 

S235 –  Star Forming Region 
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Near-Infrared Imaging Fabry-Perot Spectrometer  

Molecular Hydrogen (2.121 micron) Emission in Orion 

showing Outflows from Young Stellar Objects (Protostars) 
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Scanning in Space and Wavelength 
Anandarao et al 2000, BASI 
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3-COLOUR IMAGE of NGC 6710 

Mt Abu 2010 

Multi-wavelength infrared image – red is molecular hydrogen;  

green is infrared continuum; blue is atomic hydrogen  
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Conclusions 

Spectral features probe star forming regions and their history 

 

Formation by accretion even for massive stars (< late O type) 

 

Features in Debris Disks indication for future planet formation 

 

PAH mapping indicates soft UV leaks and PDRs 

 

Multi-wavelength observations 

 

Fabry-Perot Imaging for accurate Ratio Mapping 
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Contributions to ISM Radiation Field 

Tielens 2005 
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Life Cycle of Cosmic Dust 
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Astrophysical Shocks 

Stahler & Palla 2004 


