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Mo1vate	
  the	
  importance	
  of	
  Milky	
  Way	
  
•  	
  our	
  own	
  Galaxy:	
  	
  
•  	
  baseline	
  knowledge	
  to	
  compare	
  with	
  results	
  from	
  

other	
  galaxies	
  both	
  near	
  and	
  far	
  
•  	
  Spa1al	
  Resolu1on:	
  	
  ability	
  to	
  resolve	
  but	
  super-­‐

resolve	
  (100s	
  resolu1on	
  elements	
  across	
  target)	
  	
  -­‐-­‐	
  
ALMA	
  (0.1	
  arcsec	
  -­‐à	
  0.5	
  pc	
  at	
  Mpc)	
  
•  to	
  reveal	
  gas	
  distribu/on	
  (dust,	
  gamma	
  rays,	
  and	
  spectral	
  

lines)	
  and	
  kinema/cs	
  (spectral	
  lines)	
  
•  Comparisons	
  to	
  theory	
  and	
  simula/ons	
  
•  	
  iden/fy	
  key	
  physical	
  process	
  of	
  GMCs	
  and	
  star	
  forma/on	
  



I	
  will	
  NOT	
  talk	
  in	
  depth	
  about:	
  	
  
•  XCO	
  and	
  its	
  varia1on	
  
•  Proper1es	
  of	
  GMCs:	
  	
  (see	
  Julia’s	
  and	
  Alyssa’s	
  talks)	
  
•  Star	
  Forma1on:	
  	
  See	
  tomorrow’s	
  presenta1ons	
  	
  

•  The	
  distribu1on	
  of	
  H2	
  inferred	
  from	
  CO	
  surveys	
  	
  
•  Column	
  density	
  and	
  velocity	
  fields	
  of	
  GMCs	
  

Outline	
  



CARMA+NRO	
  45m	
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  2009	
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  2013	
  

M51	
  in	
  CO	
  



SUN	
   R.	
  Hurt	
  based	
  on	
  GLIMPSE	
  



Nakanishi	
  &	
  Sofue	
  2006	
  

Sun	
  



Trigonometric	
  Parallax	
  
Measurements	
  with	
  VLBA	
  of	
  
methanol	
  and	
  H2O	
  masers	
  
	
  
Accurate	
  distances	
  for	
  ~400	
  high	
  
mass	
  star	
  forming	
  regions	
  in	
  the	
  
Milky	
  Way	
  
	
  
•  Improved	
  rota1on	
  curve	
  
•  Improved	
  kinema1c	
  distance	
  

es1mates	
  
•  Iden1fy	
  streaming	
  mo1ons	
  

induced	
  by	
  local	
  gravita1onal	
  	
  
poten1al	
  (SDW,	
  bar)	
  

See	
  also	
  VERA	
  



Dame,	
  Hartmann,	
  Thaddeus	
  2001	
  





Molecular	
  Ring	
  (Scoville	
  &	
  Solomon	
  1975;	
  Gordon	
  &	
  Burton	
  1976)	
  
5	
  <	
  l	
  <	
  25:	
  absence	
  of	
  CO	
  tangent	
  points:	
  no	
  	
  CO	
  related	
  
molecular	
  1	
  <	
  R	
  <	
  3.5	
  kpc	
  in	
  circular	
  orbits	
  

Missing	
  tangent	
  points	
  



KennicuA	
  &	
  Evans	
  2012	
  adapted	
  from	
  Nakanishi	
  &	
  Sofue	
  2006	
  and	
  Kalberla	
  &	
  Dedes	
  2008	
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KennicuA	
  &	
  Evans	
  2012	
  adapted	
  from	
  Nakanishi	
  &	
  Sofue	
  2006	
  and	
  Kalberla	
  &	
  Dedes	
  2008	
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ExponenGal	
  Disk	
  with	
  a	
  hole	
  
between	
  1	
  and	
  4	
  kpc	
  	
  



Fux	
  1999	
  
Model	
  L-­‐v	
  

Model	
  Face-­‐on	
  



Oka+	
  1998	
  12CO	
  

13CO	
  

CS	
  J=1-­‐0	
   Tsuboi	
  1999	
  

Central	
  600	
  pc	
  of	
  MW	
  



Jones+ 2012 

GC	
  GMCs:	
  
•  are	
  dense	
  (<n>~	
  105	
  cm-­‐3)	
  	
  
•  large	
  filling	
  factors	
  
•  larger	
  velocity	
  dispersions 	
  	
  

σv/R1/2	
  =	
  5	
  kms	
  -­‐1	
  pc-­‐1/2	
  	
  
•  Possibly	
  Pressure	
  bounded	
  

Bally+	
  1988;	
  Jackson+1996;	
  Oka+2001;	
  
SheAy+	
  2012	
  

Central	
  600	
  pc	
  of	
  MW	
  



Ver1cal	
  Distribu1on	
  of	
  CO	
  Emission:	
  
Layer	
  Thickness	
  

Flaring	
  	
  Disk	
  at	
  large	
  radii	
  

Nakanishi	
  &	
  Sofue	
  2006	
  



Ver1cal	
  Distribu1on	
  of	
  CO	
  Emission:	
  
Mid-­‐plane	
  displacement	
  

Molecular	
  Disk	
  is	
  warped	
  	
  

Nakanishi	
  &	
  Sofue	
  2006	
  

Above	
  
Below	
  





Recently	
  Uncovered	
  	
  Large	
  Scale	
  Molecular	
  Features	
  

Far	
  side	
  3	
  kpc	
  arm	
  	
  (Dame	
  &	
  Thaddeus	
  2008)	
  

Far	
  Outer	
  Galaxy	
  Spiral	
  Arm	
  	
  (Dame	
  &	
  Thaddeus	
  2011)	
  

b=3o	
  



Molecular	
  Spiral	
  Structure	
  

Are	
  GMCs	
  exclusively	
  located	
  in	
  spiral	
  arms?	
  
Important	
  constraint	
  to	
  forma1on	
  and	
  life1me	
  of	
  GMCs	
  

Koda+	
  2006	
  

Analyses	
  of	
  BU-­‐FCRAO	
  Galac1c	
  Ring	
  Survey	
  

Roman-­‐Duval+	
  2010	
  



Outer	
  Galaxy:	
  Negligible	
  CO	
  emission	
  within	
  interarm	
  
velocity	
  intervals	
  

FCRAO	
  Outer	
  Galaxy	
  Survey	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Heyer+	
  1998	
  

Non-­‐circular	
  mo1ons	
  are	
  severe	
  in	
  2nd	
  quadrant	
  
Trigonometric	
  parallax	
  distances	
  are	
  essen1al	
  

L	
  (degrees)	
  



Perseus	
  Arm:	
  55	
  <	
  l	
  <	
  	
  190	
  

Exeter-­‐FCRAO	
  +	
  FCRAO	
  	
  OGS	
  





235	
  pc	
  	
  

235	
  pc	
  

235	
  pc	
  



W3	
  GMC:	
  Rivera-­‐Ingraham+	
  2013	
  

Herschel	
  View	
  of	
  GMCs	
  
•  Filaments	
  everywhere	
  
•  Illuminated	
  surfaces	
  



W3	
  GMC:	
  Rivera-­‐Ingraham+	
  2013	
  

G59.5:	
  Molinari+	
  2010	
  

Sh	
  125:	
  Andre+	
  2010	
  

Herschel	
  View	
  of	
  GMCs	
  
•  Filaments	
  everywhere	
  
•  Illuminated	
  surfaces	
  

RoseAe	
  GMC:	
  Schneider+	
  2010	
  



Taurus	
  Molecular	
  Cloud:	
  12CO	
  J=1-­‐0	
  

Goldsmith+	
  2008;	
  Narayanan+	
  2008	
  

5	
  pc	
  



Taurus	
  Molecular	
  Cloud:	
  13CO	
  J=1-­‐0	
  

5	
  pc	
  





1	
  pc	
  





<	
  
T(
K)
	
  >
	
  





Velocity	
  –	
  coherent	
  filament	
  
or	
  turbulent	
  dissipa1on?	
  

Protostellar	
  
ouplow	
  
Narayanan+	
  
2012	
  

Isolated	
  red-­‐shiqed	
  feature	
  
Dissipa1on	
  zone?	
  

3.5	
  pc	
  



Heyer+	
  2009:	
  	
  Re-­‐analysis	
  of	
  Solomon+	
  1987	
  GMC	
  catalog	
  

Measured:	
  	
  
<ΣGMC>	
  =	
  40	
  Msun/pc2	
  

SRBY	
  13CO	
  

GMCs	
  defined	
  
at	
  13CO	
  FWHM	
  

GRS:	
  	
  13CO	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  UMSB:	
  	
  12CO	
  

<ΣGMC>Biased	
  =	
  80-­‐100	
  Msun/pc2	
  

13CO	
  Abundance	
  varia1ons	
  
in	
  GMC	
  envelope	
  	
  



Field+	
  2011:	
  Pressure	
  confined	
  GMCs	
   Ballesteros-­‐Paredes+	
  2011:	
  Collapsing	
  GMCs	
  

Heyer+	
  2009	
  

Self-­‐gravita1ng	
  GMC	
  in	
  virial	
  
equilibrium	
  
	
  

σv/R1/2	
  =	
  (πGΣ/5)1/2	
  



Dense	
  Gas	
  Mass	
  Frac1on	
  

Taurus:	
  Goldsmith+	
  2008	
  
Newborn	
  stars	
  and	
  clusters	
  
form	
  in	
  the	
  dense	
  (>	
  104	
  cm-­‐3),	
  
localized	
  regions	
  within	
  GMCs	
  

Heiderman+	
  2010;	
  Lada+	
  2012;	
  
Kainulainen+	
  2009,	
  2013	
  
	
  
SFR	
  	
  α	
  Mdense	
  =	
  fDG	
  MGMC	
  
	
  
SFE	
  α	
  	
  fDG	
  

Value	
  of	
  fDG?	
  



High	
  column	
  density	
  
fragments	
  of	
  clouds	
  
account	
  for	
  <	
  2-­‐3%	
  of	
  
the	
  GMC	
  mass	
  
	
  
fDG	
  is	
  independent	
  	
  of	
  
GMC	
  mass	
  

Bolocam	
  Galac1c	
  Plane	
  
Survey	
  1.1mm	
  dust	
  
sources	
  to	
  measure	
  
mass	
  of	
  dense	
  gas	
  

Bass1	
  &	
  Heyer	
  2013	
  

FCRAO	
  13CO	
  Surveys	
  
to	
  derive	
  MGMC	
  



Key	
  Sequen1al	
  Steps	
  to	
  Star	
  Forma1on	
  

•  Forma1on	
  of	
  GMCs	
  from	
  the	
  diffuse,	
  atomic	
  
medium?	
  	
  Challenging	
  from	
  a	
  Galac8c	
  perspec8ve	
  

	
  
•  Development	
  of	
  dense,	
  gravita1onally	
  unstable	
  

fragments	
  from	
  the	
  low	
  density	
  substrate	
  of	
  the	
  
GMC?	
  	
  Consider	
  kinema8cs	
  of	
  low	
  density	
  gas	
  with	
  
respect	
  to	
  high	
  density	
  fragments	
  





Size-­‐velocity	
  dispersion	
  rela1onship	
  

Size (pc) 

 σ
v  

(k
m

/s
) 

Larson (1981) 

“Common hierarchy of interstellar  turbulent motions” 

Solomon etal (1987) 



Velocity	
  Spectrum/Structure	
  Func1on	
  

V0 = amplitude of velocity fluctuations at fixed scale 
γ = measures degree of spatial correlation 
 
Micro-turbulence:                  γ << 1 
MHD Turbulence:                  γ =1/ 
Kolmogorov:                          γ =1/3 
Supersonic/Alfvenic:              γ=1/2 

Sp(Δx) = <|v(x) – v(x+Δx)| p > ~ Δx ζ(p) 

 
δv = v0 (Δx)γ(p)                γ(p)=ζ(p)/p 



Taurus 

Pseudo-Structure Functions 



Taurus 

Rosette 



28 GMCs 

Index   = 0.49 +/- 0.15 
<v0> = 0.90 +/- 0.19 kms-1pc-1/2 



28 GMCs 



Heyer & Brunt 2004 



Implica1ons	
  of	
  near	
  universality	
  of	
  velocity	
  
structure	
  func1ons	
  

GMCs need to satisfy equipartition to exist  
 Turbulent fragmentation  is not the exclusive regulatory 
process of star formation  
 External driving source of turbulent energy  

   (not protostellar outflows,HII regions) 

Cloud sample spans a large range of GMC masses, 
sizes, and star formation activity 



Universality	
  and	
  Larson’s	
  Scaling	
  Law	
  



Universality	
  and	
  Larson’s	
  Scaling	
  Law	
  



Universality	
  and	
  Larson’s	
  Scaling	
  Law	
  



Universality	
  and	
  Larson’s	
  Scaling	
  Law	
  



Universality	
  and	
  Larson’s	
  Scaling	
  Law	
  


