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Observations: HII regions

Trapezium stars and
Champagne flow

Orion A: 
Hubble (green/blue) + Spitzer (red/orange)

H alpha  + CO maps

Locations of GMCs in M33
Blitz et al. 2006



Observations: cloud 
lifetimes

Example in LMC

compute frequency-> time in 
each phase (steady state) 

absolute age given by young 
star cluster

CO contour
+ H alpha image

...summing up:
cloud lifetime is ~27 Myr

Doing the same for nearby galaxies: LMC, 
SMC, M33, IC 10, M31 one concludes that 
lifetime is ~ 20-30 Myr

Blitz et al. 2006



Feedback mechanisms
Internal mechanisms:

Photoionization (HII gas pressure)

Radiation pressure

Winds

Stage II: Supernova

dPshell
dt

= −Fgrav + FH  II + Frad + Fwinds + FSN



HII region: ionization

Rosette Nebula (H alpha emission)

S = 4π
3
RSt

3α Bn(HII )n(e)

RSt = 2.8S49
1/3n2

−2/3  pc
S : emission rate of ionizing photons
α B: recombination rate

cII ≈10T4
1/2km/s

τ ionization =
# ions
rate

≈103yr

 

Stromgrem Sphere:
ionization = recombination



HII region: expansion
Order of magnitude by Whitworth 1979: gas pressure 
dominated

 

Rs :  characteristic size HII region (RSt )
Shock into cloud:
ρIIcII

2 ≈ ρ0vshock
2

→ vshock =
dRs
dt
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Conservation of mass:
Mlost =ηRs

2 (t)ρII (t)cII ;  η  geometrical factor
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HII: Simulations

Optical emission-line 
images in the light of [N 
II] 6584 Å (red), Hα 
6563 Å (green) and O III 
5007 Å (blue). 

Arthur et al. 2011

Let’s start with a “simple” simulation: Isolated HII region (single star)

 “MHD+radiative transfer+cooling/heating due to absorption of stellar 
radiation of gas/dust + advection of neutral/ionized gas”

B0.5 star
at 1Myr

O6 star
at 0.2Myr

MHDHydro

Trifid nebula:Image taken with the Palomar 1.5-
m telescope. The field of view is 16’ ´ 16’. Red shows [S II] ll 

6717+6731. Green shows Ha l 6563. Blue shows [O III] l 5007. 
The WFPC2 field of view is indicated. 

Trifid nebula: Red shows [S II] ll 
6717+6731. Green shows Ha l 6563. 

Blue shows [O III] l 5007. 

n0 = 100cm−3

T0 = 11K
B0 = 14.2µG
Box 20-40pc3



HII: Simulations

Arthur et al. 2011

Comparison with simple analytic theory

B0.5 star

O6 star

Rs (t) ≡ RSpitzer = RSt 1+
7cIIt
4RSt
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Some general results:

maintained velocity dispersion 
~7-9km/s

little dynamical effect of magnetic 
fields



HII region: Conclusion
... a single O/B star can disperse ~10^4 Mo in a few Myr, while 
lifetimes are tens of Myr. 

Efficiency decreases with GMC mass

Take home message: photoionization is efficient at removing the 
gas

Indeed, Krumholz et al 2006 finds that for cloud models with only 
HII regions the in Local Group agree with observation: 20-30 Myr 
lifetimes 

But,  what if escape velocity is larger than  ~10 km/s?

e.g, cluster M82 has velocity dispersion of 10-30 km/s (lower 
limit) --> SFE is 100% or other mechanism removing gas



HII: Simulations

after 3Myr

Dale et al. 2012

-Generally HII disrupt cloud 
(not massive/compact 

clouds)
few % of unbound gas

after 3Myr

~ 70 % of unbound gas

Sample of 158 GMCs



radiation-pressure: 
budget

One possible way to remove the gas in massive GMCs is 
radiation pressure

Let’s see if the numbers match: “budget”

Assume IMF: ξ(m) = dn
d lnm

take quantity Q that stars of mass m 
produce at rate q(t,m), then:

Q
M

(t) = dlnm
m
∫ ξ(m) dt 'q(t ',m)

0

t

∫  

Notes from Krumholz

Frad
M

(t) = 1+τ IR

c
L
M

(t) = 23(1+τ IR ) km
s ⋅Myr

 

here is assumed that cloud is optically thick
to UV, τ IR  account FIR from dust

...for every gram of matter that goes 
into stars, they produce enough 
light over 1 Myr to accelerate 

another gram to ~23 km/s 

For relatively high SFE or IR opacities this seems to work...



radiation-pressure
Let’s consider one example: the starburst M82 

HST image
Konstantopoulos et al 2009



radiation-pressure
 1D calculations for 
M82 by Murray et al 
2010

dPshell
dt

= −Fgrav + FH  II + Frad + Fwinds + FSN
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provided that Σg > 0.5gcm−2  so that GMCs
are optically thick to FIR



The importance of radiation 
pressure

Again, radiation 
dominates in large 
GMCs 

Krumholz & Matzner 2009

M82 clusters

rch :  radius at Pgas = Prad (r)

ζ ≡ rch
RSt

rstall :  expansion stalls



Winds
Not well-constrained (use model Starburst99)

Momentum driven:

less than radiation... 

Energy driven: Winds from massive stars collide and form shock with 
T~10^7K--> could drive gas at ~100 times more kinetic energy than radiation, 
but

gas leaks out. Unless porosity is extremely small

unlikely: turbulence and low X-ray emission in bubbles

Fwind
M

(t) ≈ 7 km
s ⋅Myr

Krumholz & Matzner 2009



Supernova

 

ESN

M
= dlnm

mmin=8M
∫ ξ(m) = 1051erg/s NSN

M
,

where for a Chabrier IMF
NSN

M
= 0.01
M

 The ejecta has roughly vshell ≈ vej ≈104 km / s

PSN
M

= 2
vshell

ESN

M
= 55 1

vshell
km / s

...for every M  that goes into stars provides 
momentum to raise another M  to 55km / s.
Note also that vshell ∝ r−2...

A similar argument (but instantaneous) yields



Supernova
-Timescale problem  

 

tcross ~ 105 yr  for cluster of less than ~106M

star cluster reaches SFE~1 in a few tcross
BUT
tSN > 3Myr

Krumholz & Matzner 2009

-This implies a limited role for the SN-->can be effective if 
other feedback mechanism quenches SF in ~10 crossing 
times



Summary
In general,

Observed GMCs lifetimes tend to agree with the 
evacuation times from HII expansions 

For massive GMCs, HII can not expand and 
radiation can take over

Table from: Fall, Krumholz & Matzner 2010

High mass
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