
High-Energy Emission from Star Forming Regions 



Dense, dark 
clouds, possibly 
forming stars in 
the future 

Young stars, still in 
their birth nebulae 

Aging supergiant 



Visible 

Infrared 

Barnard 68 

Star formation       collapse of the cores of giant molecular clouds: Dark, 
cold, dense clouds obscuring the light of stars behind them. 

(More transparent in infrared light) 

←



Parameters of Giant Molecular Clouds 

Size: r ~ 50 pc 
Mass: > 100,000 Msun 

Dense cores: 

Temp.: a few K 

R ~ 0.1 pc 
M ~ 10 Msun 

Much too cold and too low density to 
ignite thermonuclear processes 

Clouds need to contract and heat 
up in order to form stars. 



Contraction of Giant Molecular Cloud Cores 

•  Thermal Energy (pressure) 
•  Magnetic Fields 
•  Rotation (angular momentum) 

→ External trigger required to 
initiate the collapse of clouds to 

form stars. 

Horse 
Head 
Nebula 

•  Turbulence 

•  Gravity 



Shocks Triggering Star Formation 

Globules = sites where stars are 
being born right now! 

Trifid 
Nebula 





Previous star formation can trigger further 
star formation through: 

a) Shocks from 
supernovae 

(explosions of 
massive stars): 

Massive stars die 
young => 

Supernovae tend to 
happen near sites 

of recent star 
formation 



Sources of Shock Waves Triggering Star Formation (2) 

Previous star formation can trigger further 
star formation through: 

b) Ionization fronts 
and winds of hot, 
massive O or B 

stars. 

Massive stars live 
fast and furiously 
=> O and B stars 

only exist near sites 
of recent star 

formation 



Giant molecular clouds are very large and 
may occasionally collide with each other 

c) Collisions 
of giant 

molecular 
clouds. 



d) Spiral arms 
in galaxies like 
our Milky Way: 

Spirals’ arms 
are probably 

rotating shock 
wave patterns. 



Protostars = 
pre-birth state 

of stars: 

Hydrogen to 
Helium fusion 
not yet ignited 

Still enshrouded in opaque “cocoons” of dust => barely 
visible in the optical, but bright in the infrared. 



Disks of matter accreted onto the protostar (“accretion disks”) 
often lead to the formation of jets (directed outflows; bipolar 

outflows): Herbig Haro Objects 



Herbig Haro Object HH34 



Herbig Haro Object HH30 





HH49-50 

Pravdo, Rodriguez+1985 



HH Disks 



Star Forming Region RCW 38 



~ 10 to 
1000 solar 
masses; 

contracting to 
form protostars 

Bok  
Globules: 



Evaporating Gaseous 
Globules (“EGGs”): Newly 
forming stars exposed by the 
ionizing radiation from 
nearby massive stars 



Large masses of 
Giant Molecular 
Clouds => Stars do 
not form isolated, 
but in large groups, 
called Open 
Clusters of Stars. 

Open Cluster M7 



Large, dense 
cluster of (yellow 
and red) stars in 
the foreground; ~ 
50 million years 
old 

Scattered 
individual (bright, 
white) stars in the 
background; only 
~ 4 million years 
old 







Type                                 n         Size        T         Mass 
                                        [cm-3]  [pc]        [K]       [Msun] 

Giant Molecular Cloud         102       50        15          105 

Dark Cloud Complex          5x102       10         10         104 

Individual Dark Cloud          103       2          10         30 

Dense low-mass cores         104          0.1        10         10 

Dense high-mass cores       >105     0.1-1     10-30     100-1000 



Discovery of outflows I 
Herbig 1950, 1951; Haro 1952, 1953 

Initially thought to be embedded protostars but soon spectra were  
recognized as caused by shock waves --> jets and outflows  



Discovery of outflows II 

-  In the mid to late 70th, first CO non-Gaussian line wing emission detected 
  (Kwan & Scovile 1976). 
- Bipolar structures, extremely energetic, often associated with HH objects 

Bachiller et al. 1990 
Snell et al. 1980 



The prototypical molecular outflow HH211 



Jet launching 

-  Large consensus that outflows are likely driven by magneto- 
  centrifugal winds from open magnetic field lines anchored  
  on rotating circumstellar accretion disks. 

-  Two main competing theories: disk winds <==> X-winds 

-  Are they launched from a very small area of the disk close  
  to the truncation radius (X-wind), or over larger areas of the  
  disk (disk wind)? 









Banerjee & Pudritz (2006, 2007)  Hennebelle & Fromang (2008) 



Jet-launching: Disk winds  
Collapse: 6.81 x 104 yr 5 months later 

1AU~ 
1.5x1013cm 

-  Infalling core pinches magnetic field. 
-  If poloidal magnetic field component  
  has angle larger 30˚ from vertical, 
  centrifugal forces can launch matter- 
  loaded wind along field lines from disk  
  surface. 
-  Wind transports away from 60 to 100% 
  of disk angular momentum. 

Banerjee & Pudritz 2006 

Review: Pudritz et al. 2006 



X-winds 

Shu et al. 2000 

-  The episodic wind is magnetically launched by fast reconnection from 
the inner co-rotation radius of the accretion disk (~0.03AU) 







Jet-launching points and angular momenta 

Woitas et al. 2005 

r0,in corresponds 
approximately to 
corotation radius 
~ 0.03 AU 

-   About 2/3 of the disk angular momentum   may be carried away by jet. 





Impact of the jet on surrounding cloud 

-  Entrain large amounts of cloud mass with high energies. 

-  Partly responsible to maintain turbulence in cloud. 

-  Can finally disrupt the cores to stop any further accretion. 

-  Can erode the clouds and alter their structure. 

-  May trigger collapse in neighboring cores. 

-  Via shock interactions heat the cloud. 

-  Alter the chemical properties. 



Highlights part I 
- Stars are formed through the collapse of massive clouds of gas. 

-  Shocks are necessary to trigger star formation and the collapse and 
fragmentation of the cloud. 

- Outflows and jets are ubiquitous phenomena  in star formation. 

-  Jets transport angular momentum away from protostar. 

-  Jets are likely formed by magneto-centrifugal disk-winds and rapid 
reconnection events. 

-  Collimation is both due to the external medium and the magnetic field. 

-  Gas entrainment can be due to various processes: turbulent  entrainment, 
bow-shocks, wide-angle winds, circulation … 

-  They inject significant amounts of energy in the ISM, may be important 
to maintain turbulence. 

-  Disrupt at some stage their maternal clouds. 



High-energy processes in star formation 



Massive  protostars 

Some problems in the formation to massive stars: 

Radiation pressure acting on dust grains can become large 
enough to reverse the infall of matter: 

Fgrav = GM*m/r2 

Frad = Lσ/4πr2c 

Above 10 Msun radiation pressure could reverse infall 



  Accretion: 
•  Need to reduce the effective luminosity by making the

 radiation field anisotropic (accretion disk and jets) 

  Form massive stars through collisions of
 intermediate-mass stars in clusters 
•  May be explained by observed cluster dynamics 
•  Possible problem with cross section for coalescence 
•  Observational consequences of such collisions? 



  Massive, prestellar cold cores: Star has not formed yet, but
 molecular gas available (a few of these cores are known). 

  Massive hot cores: Star has formed already, but accretion so
 strong that quenches ionization => no HII region (tens are
 known). Powerful jets can be produced (few detected).  

  Ultracompact HII region: Accretion has ceased and detectable
 HII region exists (many are known). 



2.3pc 

α = -0.3 

Qiu et al. 2009: episodic molecular bullets  (100 km/s) ejected close to central source 



  Alcolea et al. 1992:  H2O masers proper
 motions  

  Reid et al. 1995:  α1.4-15GHz = -0.6 

  Wilner et al. 1999; 8.5Ghz, 0.2” 



Five epoch VLBI obs (0.4”,  0.3 AU 
at 700 pc) 
Masers: static at 1” scale; 
Masers at <0.1” : draw ellipse 
=> Unseen YSO ? 

  Wide angle slow molecular 
outflow  (50 km/s, 100º),  
  Collimated fast gas jet (500 
km/s, 20º) 
  Hint of rotating wind 
  Central mass: 20 Msun 



Brooks+2009 

D = 2.9 kpc 
Lbol = 62 000 Lsun (O8) 



Rodriguez+2008 

•   1000 Msun core 
•   100 Msun CO outflow 



B = 0.2 mG, 

Carrasco-González, Rodríguez et al. 2010 

Polarization in jets! 



Benaglia, Rodríguez, et al. 2010 

•  ATCA 1.4 to 20 GHz obs (0.5”) 
•  NTT J, H, Ks (photometry + 
spectroscopy) 

FIELD 

L = 6 x 104 erg/s, d = 8 kpc 



IRAS 16547-4247 : The whole source (protostar + jets) is embedded in the 
molecular cloud 

Araudo, Romero, Bosch-Ramon & Paredes 2007, A&A 476, 1289 



Particle acceleration and losses at the lobes 

Bosch-Ramon, Romero, Araudo & Paredes A&A 511, A8 (2010)  



Diffusive shock acceleration 



Particle acceleration and losses 

Simplest case → 

pp, Bremss, ad. 

Synchr., IC (Thompson) 

Ionization 

IC (K-N) 



Particle acceleration and losses 





Martí, Rodriguez & Reipurth (1993) 



See Martí et al. (1993), Pravdo et al. (2004), and Bosch-Ramon et al. 
(2010) for details on the source. 



a=100 



VLA 
Rodríguez et al. (2005) 

Southern lobe: 

S=cte na, 
a~ -0.6 

d=2.9 kpc 

B~10-3 G 

Vs~1000 km/s 

Clear non-thermal 
emission  



Bosch-Ramon et al. (2010) 



Gamma-ray astronomy can be used to probe the physical conditions in star-
forming regions and particle acceleration processes in the complex 
environment of massive molecular clouds.  
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HH 80-81 

Spectral energy distribution of the non-thermal emission for HH 80 (Bosch 
Ramon et al. 2010), ncloud = 103/cm3. 

,1 yr 



Low-mass proto-stars: T-tauri 



Magnetic reconnection in T-Tauri
 magnetospheres 

e.g. de Gouveia Dal Pino, E.M., Piovezan, P.P., & Kadowaki, L.H.S. 2010, 
A&A, 518, id. A5; Kowal, G., de Gouveia Dal Pino, E.M., & Lazarian, A. 
2011, ApJ, in press.  



Absorption 

Del Valle, Romero, Martí, et 
al. ApJ, 2011, in press 







Association of gamma-ray sources with SFRs: a long story 



Romero et al. A&A 348, 868 (1999) The probability of chance association is negligible 



Munar-Adrover, Paredes & Romero, A&A, 530 (2011) A72 

The probability of chance association is still negligible  



HEGRA Collaboration discovers 
the first unidentified TeV source 
close to the most massive star 
formation region in the Galaxy 

Cygnus OB2, radio 



MAGIC OBSERVATIONS OF TeV J2032-4130 

Albert et al. 2008, ApJ, 675, L25 



Westerlund 2 detected by HESS 

Aharonian et al.  2007, A&A 467, 1075  



Gamma-rays from SFRs in other galaxies 

Fermi 



NGC 253: An archetype of starburst galaxy 



M 82 







Thank you! 



Jet-launching: Disk winds II 

Banerjee & Pudritz 2006 

1AU~ 
1.5x1013cm 

Toroidal magnetic field 
t=1.3x105 yr                              t=9.66x105 yr 

-  On larger scales, a strong toroidal  
  magnetic field builds up during collapse.  

-  At large radii (outside Alfven radius rA, the 
  radius where kin. energy equals magn. 
  energy)  Bf/Bp much larger than 1   
   --> collimation via Lorentz-force FL~jzBf 



Martí, Rodriguez & Reipurth (1993) 



IRAS 

MSX 

d1 ~ 3.5 kpc  

-46 

Benaglia & Koribalski 2011 


