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 Star Formation Model 

 Planetary systems, including our solar system, arise as a natural byproduct of the process of star formation in interstellar molecular clouds. Such  t = 0  t = 10,000 -100,000 yrs t = 100,000 yr -1 Myr t = 1 - 10 Myr  
 clouds consist mainly (> 95%) of hydrogen H2, helium and other light molecular gases, and a small fraction of sub-micrometer-sized solid dust 
 grains. The inner rocky planets, moons, and asteroids of our solar system, including the Earth, ultimately formed out of that dust component. Thus, 
 understanding the sources and evolutionary history of those tiny dust grains is critical to understanding the formation of our solar system in general Molecular Cloud 

 Outflow and our Earth in particular.  Primarily Composed Meteorites enable us to study the formation and earliest evolution of our solar system because they preserve dust grains of H2 and Dust,
 that existed prior to the formation of the planets, some of it heavily processed by high temperature processes near the Sun   Interplanetary Dust Particle  Mass Range : 100 
 but some of it preserved intact from the interstellar gas cloud before the sun was born. Most of the studied pre-solar grains 106 Solar Mass, 
 are chemically resistant phases like diamond, graphite, SiC and not the silicate dust which forms the bulk of the Earth and Size : 10 - 100 pc
 other rocky planets. Those grains have been identified by their extreme isotopic compositions, far unlike anything found on  Molecular Cloud Core Core Collapses to Form Protostar embedded 
 Earth, and formed in exotic environments like supernovae, novae, and planetary nebulae. Yet astronomical observations  Protostar with Disk Protostar in Gas envelope  Solar System 
 have shown that silicate dust grains are the dominant component of the Interstellar Medium Dust (ISM Dust), the dust 

 Makida 2012, Waelkens 2000 Beuther and Wolf , 2008 Makida 2012, Waelkens 2000 Beuther and Wolf 2008 

 ~ 5 Light-yrs Visible Light  Infrared Light 
 Pre-solar  which later gets incorporated into the molecular clouds and ultimately into planetary systems. Some silicate grains have 
 Silicates  Clouds of Dust and Gas -

 Regions of Active Star   been similarly identified, in micrometeorites and meteorites, providing evidence that the pre-solar silicates were not  Jets/Outflows 
 from Formation Pre-solar Silicon  preferentially destroyed by the high temperature processes everywhere in the solar system, especially near the Sun. So,  Young Stars Carbide (SiC) 

 H Bu n et al. 2009  
 what happened to the pre-solar silicates which theories predict should exist in large quantities? It is possible that they are  seman  Young Stars 

 (Ages within 
 Myrs)

 actually present but we cannnot recognize them because they are not isotopically bizarre. How could this be? 
 Juvela et al. 2012 1 Astronomical Unit (AU) : Average Distance between Earth and Sun One proposal to explain this problem is based on dust transport by  1 parsec (pc) ~ 2x105 AU ; 1 pc = 3.26 light-years bipolar jets/outflows, which are widely observed to occur in young stars 

 (See Star Formation Model, Macpherson & Boss, 2011). These jets eject 
 large quantitites of processed dust and gas from young stars into The bulk isotopic composition of jet outflow dust grains is expected 
 interstellar space.  to be almost indistinguishable from dust grains formed in the solar system 

 as they formed in same region of molecular cloud. Thus, the lack of  ~ 10 Light-yrs Accretion of Dust/Gas 
 NASA/JPL-Caltech/T. Bourke (Harvard-Smithsonian CfA) &  NASA, ESA, M. Livio and the Hubble 

 NASA/JPL-Caltech/N. Smith  Infrared : Spitzer Space NASA/JPL-Caltech/T. Megeath Spitzer Space Telescope c2d Leg  acy Team  ; V  LT vis  i  ble l  i  gh  t da  ta: J  . Alves (ES  O  ), E.   20th Anniversary Team (STScI)
 Telescope (IRAC)  (  University o  f Toled  o, Oh  i  o)   Tols  to  y (Gro  ningen), R. Fosbu  r  y (ST-ECF)  , & R. Ho  ok (S  T X % Molecular  by forming Solar detected silicate pre-solar grains is because the isotopic variations used to 
(University of Colorado at Boulder)   Visible : NOAO/AURA/NSF  

 100%  Cloud Dust +  System distinguish pre-solar material from early solar system dust are too small  
 ECF)
 

 Molecular Y % Jet derived Dust  to measure.
 
 Cloud Dust
  Within
 

 few Myr
  Numerical Simulations In order to test this model, an accurate estimate of the dust transport by 
 outflows is required. Based on previous studies (Tielens et al. 2005, Dwek  The evolution of a young stellar jet from its initial launching phase to its large-scale propogation was calculated using nested 2 et al. 1980), estimates of dust enrichment of ISM by outflows vary widely Collapse of Dust and  Dimensional MHD (Magneto-Hydrodynamics) numerical simulations. As the dust/gas mass fraction in the jet is expected to be below Molecular  Gas Cloud to form Sun ranging from greater than 30 % to less than 15%. However, these estimates  

 and Solar System  1/100 based on observations of the underlying disk, our simulations consider only gas dynamics and the dust particle trajectories are Cloud  Young Stellar Jets  did not include a detailed analysis of dust and jet dynamics.  
 calculated separately. The primary objective of the research project is to calculate how much   Dust Enrichment Model  Components of the Numerical Model : dust a young stellar jet can deposit in the local interstellar medium. 

 Long-Duration Simulations : Jet Properties  Dust Particle Trajectories Disk Wind Jet model : 
 Using results from Close-in  and Temperature : Time evolution simulations of young 
 simulations, calculation of the long- Test particles, representing dust grains, are stellar jet based on a model proposed Definition of a Jet : A Collimated beam of matter (Primarily Dust and Gas) moving at high  term evolution of jets and their  Overall Dust Mass injected into the jet at different radial 

 reproduces the various observed jet 
 by Fendlt et al. 2008, which 

 interaction with the surrounding distances close to the underlying disk . Using Flux : velocity away from a star's rotational poles  molecular cloud using a model gas dynamics results from simulations, particle properties. 
 proposed by Yirac et al. 2012.  Assuming a trajectories are computed taking into account • Launched from very close to the central protostar  •  Length Scale (From Base to  Final Shock Region)  :  1- 10 pc  constant dust to

 40 AU  60,000 AU gas drag forces. Additionally, the particle  gas mass ratio, • Time Duration  : 104 - 106 yrs • Average gas density  : 10-16 - 10-20 gm/cm-3 
 temperature is self-consistently calculated by  particle trajectories considering gas-grain collisions. • Mass Loss Rate (dM/dt)  : 10-5 - 10-9 Solar Mass/yr • Opening angle, defined as jet width divided by distance from the  starting from 

 (3.0 * Earth Mass - Mass Asteroid Belt) source, is ~ 2-5o . Thus, the jets are highly collimated  different radial 
 Disk Wind (Jet)  distances at the 

 base of the jet are 
 This is about 2-10% of the material accereted onto the star through • Jet launching mechanism - Action of a large scale magnetic field 
 the surrounding disk  threading the proto-planetary disk
 

 20 AU
  Test Particles scaled by the gas
 20,000 AU The jets are very energetic and can influence the surrounding cloud  number density at 

 variation) 
 • Average temperatures of the gas : ~ 104 Kelvin (with spatial 

 changing its structure and composition and thus dramaticly affect star  that location to 
 Protostar Density  Density  estimate dust flux formation in the region (Ray 2007) • Have Complex Morphology  over time. 

 Salmeron and Ireland, 2012 

 Jet (High Velocity, 
 100-300 km/s) Outflow  Ejected Grain Size < 10 microns 

 (Low Velocity,
 
 10-30 km/s)
  6 AU  2 AU   1000 AU 100 AU 

 Length Of Jet 

 • As jet strucuture evolves to quasi-stationary state within ~ 10000 • Constant Dust/Gas mass ratio of 1/100 
 Location of  yrs in our models, results were calculated assuming a time-varying Jet y  • Physical Effects included : 
 Central Star  Mass flux with a functional form consistent with observationally 1) Dust Destruction by Shock Waves 

 measured timescales  2) Interaction of Jet with Molecular Cloud and Jet Variability 
 Surrounding 

 Envelope
 J.J. Morse/STScI,Morse/STScI, andand NASA/ESANASA/ESA 

 10 - 10,000 yrs 10,000 - 1 Myrs 1 - 10 Myrs 
 Mass Loss  Mass Loss Mass Loss  Preliminary Result :  Future Work: 

 Circumstellar
 
 Disk
 

 (10-5-10-6 Solar (10-6-10-8 Solar Mass/yr) (<10-8 Solar Mass/yr) Protostar 
 Uchida and Shibata, 1988  Averaging over distances between 1-10 pc from the  Average • Performing Higher Resolution Simulations to validate A Hartigan et al. 2011, NASA/ESA 

 Machida et al 2012   Dust Enrichment stellar source, a single Jet can constribute about 1-  by a jet relative to   results Model for Dust in Young Stellar Jets 
 5% of the total Dust in molecular cloud and thus 10  molecular cloud • Using Different Jet Models to test robustness of results Dust Content of Jets 

 dust (%) at 1 pc  • Including a model of the Molecular Cloud to estimate dust stars would enrich the medium by 5-20 % per pc3  from the star Dust has been not been directly observed in young stellar jets but there is indirect evidence  enrichment by multiple young stellar jets over a time period of 1 Myrs. of its presence based on depletion in gas phase of certain elements like Ca, Fe with respect to  1 Myr11 
 Time (Yrs) the expected solar abundance (Agra-Amboage et al. 2011). The likely explanation for this  References and Acknowledgement 

 References :R  5. Tielens AGGM, Waters LBFM, Bernatowicz TJ (2005), Chondrites R ff depletion is the presence of dust grains with minerals containing these elements. However, as 
 1. Agra-Amboage et al. 2011, A&A 532 A59 and the Proto-planetary Disk, eds Krot AN, Scott ERD, Reipurth B (ASP

 I would like to Thank the Smithsonian National Museum of Natural History, the Natural History Research Experience Program, and the NHRE 
 2. Dwek E, Scalo JM (1980) ApJ 239:193–211. Conference Series, San Francisco), Vol 341, pp 605–631. these observations are sensitive primarily to the shock regions, overall jet dust mass fraction is  coordinators Liz Cottrell, Gene Hunt, and Virginia Power for facilitating this research. I would also like to thank Dr. Glenn Macpherson, Dr. 
 3. C. Fendt 2009 ApJ 692 346   6. Ray, Tom (2007), Jets from Young Stars, Lecture Notes in Physics, Casey Lisse and Dr. Alan Boss for advising me in my research. Finally, I would like to thank the Jean Lane Endowment for funding my reasearch  

 Bans et al. 2012  4. Macpherson & Boss, PNAS 2011 108:19152-19158 Volume 723, Springer-Verlag Berlin Heidelberg unknown.  work. I would also like to thank the Smithsonian Committee and The National Science Foundation for funding the NHRE program. 
 7. Yirak et al. 2012 ApJ 746 133 

mailto:tmittal2@jhu.edu

	D ust Enrich m ent of Interstellar M olecular Clouds fro m Young Steelar Jets
	Introduction
	1 Astronomical Unit (AU) : Average Distance between Earth and Sun 1 parsec (pc) approximately equal 2 times 10 Superscript 5 AU ; 1 pc = 3.26 light-years

	Jet Properties
	Definition of a Jet : A Collimated beam of matter (Primarily Dust and Gas) moving at high velocity away from a star's rotational poles
	Dust Content of Jets
	Star Formation Model

	Numerical Simulations
	Components of the Numerical Model :
	Disk Wind Jet model :
	Long-Duration Simulations :
	Dust Particle Trajectories and Temperature :
	Overall Dust Mass Flux :

	Preliminary Result :
	References and Acknowledgement





