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Outline	  

•  Radiation	  pressure	  basics	  
•  A	  simple	  model	  system	  
•  Implications	  and	  observational	  
signatures	  



Galaxy	  Formation	  Too	  Efficient	  

Behroozi+	  (2013)	  



The	  Question…	  

What	  terminates	  star	  formation?	  



Feedback:	  What	  is	  Needed	  
•  Consider	  an	  object	  with	  escape	  speed	  vesc	  
•  Momentum	  injection	  rate	  required	  to	  drive	  
wind	  with	  (dM/dt)wind	  ~	  (dM*/dt)	  is	  

•  NB:	  this	  is	  a	  lower	  limit,	  assuming	  no	  losses	  
•  SFE	  <~	  0.5	  in	  galaxies	  with	  vesc	  >	  500	  km	  s−1	  è	  
need	  feedback	  <p/M>	  >>	  500	  km	  s−1	  

•  <p/M>	  ~	  100	  km	  s−1	  sufficient	  for	  clusters	  
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Radiation	  Pressure	  Budget	  
•  For	  a	  Kroupa	  IMF,	  instantaneous	  and	  total	  
radiation	  production	  are	  (Dekel	  &	  Krumholz	  2013)	  

	  
•  Corresponding	  radiation	  momenta:	  
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Tentative	  Conclusion…	  

•  Radiation	  pressure	  may	  be	  important	  for	  

individual	  clusters,	  probably	  not	  for	  galaxies	  

•  …unless	  the	  true	  momentum	  input	  of	  the	  

radiation	  is	  much	  larger	  than	  simply	  the	  direct	  

momentum	  output	  of	  the	  starlight	  



The	  Momentum-‐Conserving	  Limit	  

Stellar	  source,	  
momentum	  
injection	  rate	  dp/dt	  

Swept-‐up	  shell	  
of	  mass	  Msh,	  
radius	  r	  

Shell	  radius	  
set	  by	  
momentum	  
conservation:	  

Trapped	  radiation	  
field	  negligible;	  
photons	  escape	  
after	  ~1	  absorption	  

ṗt ∼ Mshṙ



The	  Energy-‐Conserving	  Limit	  

Stellar	  source,	  
energy	  injection	  rate	  
dE/dt	  

Swept-‐up	  shell	  
of	  mass	  Msh,	  
radius	  r	  

Trapped	  	  IR	  
radiation	  field	  in	  
shell	  interior	  

Shell	  radius	  
set	  by	  energy	  
conservation:	  

Ėt ∼ Mshṙ
2 + (4π/3)UIRr

3 ∼ 2Mshṙ
2



What’s	  the	  Difference?	  

•  Consider	  a	  source	  w/luminosity	  L;	  after	  time	  t,	  
shell	  has	  mass	  M,	  radius	  r	  

•  Energy-‐conserving	  case:	  
•  Momentum-‐conserving	  case:	  
•  Ratio	  of	  energies,	  momenta	  at	  equal	  times:	  

•  Define 	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  i.e.	  psh/p*	  −	  1	  

Mpṙp ∼ (L/c)t

ME ṙ
2
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ME ṙ2E
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What	  is	  ftrap?	  

•  Hypothesis	  #1:	  if	  IR	  optical	  depth	  >>	  1,	  
photons	  absorbed	  and	  re-‐emitted	  many	  times	  
while	  escaping,	  and	  ftrap	  ~	  τIR	  (Thompson	  et	  al.	  2005;	  Murray	  
et	  al.	  2010,	  2011;	  Hopkins+	  2011,	  2012)	  

•  Hypothesis	  #2:	  instabilities	  and	  holes	  through	  
which	  photons	  can	  leak	  make	  it	  hard	  to	  build	  
up	  to	  ftrap	  >~	  1	  (Krumholz	  &	  Matzner	  2009;	  Fall+	  2010;	  Krumholz	  &	  
Dekel	  2010,	  Dekel	  &	  Krumholz	  2013)	  



Measuring	  ftrap	  in	  a	  Simple	  Model	  
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•  Slab	  of	  material	  of	  
column	  density	  Σ	  

•  Opacity	  function	  κR	  
~	  T2	  

•  Radiation	  flux	  F0	  in	  
+z	  direction	  injected	  
at	  z	  =	  0	  

•  Gravitational	  force	  g	  
in	  –z	  direction	  



Equilibria,	  Dimensionless	  Numbers	  
•  Equilibrium	  density,	  

temp.	  profile	  obey	  

	  
	  
•  Here	  

•  Key	  numbers:	  
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Two	  equilibrium	  profiles:	  fE,*	  =	  0.3,	  τ*	  =	  1	  
(solid)	  and	  fE,*	  =	  0.03,	  τ*	  =	  10	  (dashed)	  
(Krumholz	  &	  Thompson	  2012)	  
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The	  Unstable	  Regime	  

•  Hydrostatic	  
solutions	  exist	  
only	  for	  	  
fE,*	  <	  fE,crit(τ*)	  	  

•  ULIRGs,	  massive	  
star	  clusters	  
indicates	  they	  can	  
exceed	  this	  limit	  
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Maximum	  possible	  fE,*	  for	  a	  
hydrostatic	  atmosphere	  to	  exist	  
(Krumholz	  &	  Thompson	  2012)	  	  



Simulations:	  fE,crit	  <	  fE,*	  <	  1	  

Simulations	  done	  
with	  the	  ORION	  
radiation-‐hydro	  
code.	  
	  
Models	  shown:	  
•  τ*	  =	  3,	  fE,*	  =	  0.5	  
•  τ*	  =	  10,	  fE,*	  =	  0.25	  
•  τ*	  =	  10,	  fE,*	  =	  0.5	  
	  
(Krumholz	  &	  
Thompson	  2012)	  



Trapping	  and	  Winds	  at	  fE,*	  <	  1	  	  

Conclusions:	  
1.  No	  wind	  is	  driven	  

when	  fE,*	  <	  1	  
2.  Radiation	  drives	  

gas	  to	  supersonic-‐
ally	  turbulent	  state	  

3.  ftrap	  self-‐adjusts	  so	  
mass-‐weighted	  
Eddington	  ratio	  =	  1	  

4.  ftrap	  <<	  τIR	  



Radiation	  RT	  Instability	  

•  Radiation	  force	  
small	  due	  to	  
radiation	  RT	  
instability	  è	  

density-‐flux	  anti-‐
correlation	  (Jacquet	  &	  
Krumholz	  2011;	  Jiang	  et	  al.	  
2013)	  

•  This	  is	  missed	  in	  
simple	  1D	  models	  



Simulations:	  fE,*	  >	  1	  

Turn	  off	  gravity	  in	  last	  
set	  of	  simulations,	  so	  
fE,*	  =	  	  ∞	  and	  wind	  
develops	  
	  
Models	  shown:	  
•  τ*	  =	  3	  
•  τ*	  =	  10	  
	  
(Krumholz	  &	  Thompson	  2013)	  



Trapping	  and	  Winds	  at	  fE,*	  >>	  1	  

•  Wind	  is	  launched	  
•  Without	  gravity,	  ftrap	  

drops	  sharply	  

•  ftrap	  ~	  τ*/2	  for	  fE,*	  >>	  1	  
•  ftrap	  <<	  τIR,	  and	  does	  

not	  scale	  lienarly	  in	  τIR	  



Interpolate	  Between	  Models	  

Identify	  three	  regimes:	  
•  fE,*	  <	  fE,crit:	  hydrostatic	  
•  fE,crit	  	  <	  fE,*	  <	  1:	  no	  wind,	  

turbulence,	  ftrap	  goes	  to	  
value	  such	  that	  <fE>	  =	  1	  

•  fE,*	  >	  1:	  wind	  is	  driven,	  
but	  ftrap	  small	  unless	  τ*	  
>>	  1,	  so	  wind	  
momentum	  flux	  ~	  L/c	  

Krumholz	  &	  Thompson	  (2013)	  



Application	  to	  Clusters,	  Galaxies	  
For	  clusters	  (young	  stars)	  with	  M*	  =	  Mgas:	  

For	  galactic	  disks	  (old	  stars)	  with	  fgas	  =	  0.5:	  



Implications	  

•  Galaxies	  have	  τ*	  <~	  1	  and	  fE,*	  <~	  1	  è	  	  ftrap	  <	  1,	  
so	  radiation	  pressure	  cannot	  drive	  galactic	  
winds	  

•  Star	  clusters	  also	  have	  τ*	  <~	  1	  and	  fE,*	  <~	  1,	  so	  
trapped	  radiation	  pressure	  is	  also	  unimportant	  
for	  star	  clusters…	  

•  …	  however,	  recall	  that	  for	  vesc	  <	  100	  km	  s−1,	  
direct	  radiation	  pressure	  can	  be	  significant	  



Direct	  Radiation	  Pressure	  Driving	  

•  In	  an	  HII	  region,	  
Pgas	  <	  Prad	  at	  
radius	  (Krumholz	  &	  
Matzner	  2009;	  Yeh+	  2013)	  

•  For	  R136,	  rch	  =	  6	  
pc;	  cluster	  core	  
radius	  ~3	  pc	  

Sample	  of	  clusters:	  M82	  (blue),	  Atennae	  
(red),	  Arches	  (green),	  Orion	  (brown);	  ς	  is	  
rch	  /	  rStrömgren	  (Krumholz	  &	  Matzner	  2009)	  



Observational	  Test:	  30	  Dor	  
The Astrophysical Journal, 731:91 (15pp), 2011 April 20 Lopez et al.

Figure 2. Three-color image of 30 Doradus: MIPS 8 µm (red), H! (green), and 0.5–8 keV X-rays (blue). White contours show the 12CO(1–0) emission (Johansson
et al. 1998) in the region. Both large- and small-scale structures are evident. north is up, east is left.

For the area outside the field of Parker (1993), we use the
UBV data of Selman & Melnick (2005). These observations
were taken with the Wide Field Imager on the MPG/ESO 2.2 m
telescope at La Silla, out to half a degree away from R136 with
0.!!238 pixel"1. Thus, the three data sets combined provide a full
coverage of 30 Doradus in the U, B, and V bands.

To illustrate the H ii region structure, we show the H!
emission of 30 Doradus in Figure 2. This narrowband image
(at 6563 Å, with 30 Å full-width at half-maximum) was
taken with the University of Michigan/CTIO 61 cm Curtis
Schmidt Telescope at CTIO as part of the Magellanic Cloud
Emission Line Survey (Smith & MCELS Team 1998). The
total integration time was 600 s, and the reduced image has
a resolution of 2!! pixel"1.

2.2. Infrared

Infrared images of 30 Doradus were obtained through the
Spitzer Space Telescope Legacy project Surveying the Agents of
Galaxy Evolution (Meixner et al. 2006) of the LMC. The survey
covered an area of #7 $ 7 degrees of the LMC with the Infrared
Array Camera (IRAC; Fazio et al. 2004) and the Multiband
Imaging Photometer (MIPS; Rieke et al. 2004). Images were
taken in all bands of IRAC (3.6, 4.5, 5.8, and 7.9 µm) and
of MIPS (24, 70, and 160 µm) at two epochs in 2005. For
our analyses, we used the combined mosaics of both epochs
with 1.!!2 pixel"1 in the 3.6 and 7.9 µm IRAC images and
2.!!49 pixel"1 and 4.!!8 pixel"1 in the MIPS 24 µm and 70 µm
images, respectively.

2.3. Radio

30 Doradus was observed with the Australian Telescope Com-
pact Array (ATCA) as part of a 4.8 GHz and 8.64 GHz survey of

the LMC (Dickel et al. 2005). This program used two array con-
figurations that provided 19 antenna spacings, and these ATCA
observations were combined with the Parkes 64 m telescope
data of Haynes et al. (1991) to account for extended structure
missed by the interferometric observations. For our analyses,
we utilized the resulting ATCA+Parkes 8.64 GHz (3.5 cm) im-
age of 30 Doradus, which had a Gaussian beam of FWHM 22!!

and an average rms noise level of 0.5 mJy beam"1. We note
that higher resolution ATCA observations of 30 Doradus have
been taken by Lazendic et al. (2003), but we have opted to
use the ATCA+Parkes image of Dickel et al. (2005) as the lat-
ter is more sensitive to the low surface-brightness outskirts of
30 Doradus.

2.4. X-ray

30 Doradus was observed using the Chandra Advanced CCD
Imaging Spectrometer (ACIS) in 2006 January for %94 ks
total (ObsIDs 5906 [13 ks], 7263 [43 ks], and 7264 [38 ks];
PI: L. Townsley) in the timed-exposure VFaint mode. The
spatial resolution of the Chandra ACIS images is 0.!!492 pixel"1.
Data reduction and analysis was performed using the Chandra
Interactive Analysis of Observations (CIAO) Version 4.1. We
followed the CIAO data preparation thread to reprocess the
Level 2 X-ray data and merge the three observations together.
Figure 3 shows the resulting soft X-ray band (0.5–2.0 keV)
image following these analyses. Seventy-four point sources
were identified in the reprocessed images using the CIAO
command wavdetect (a source detection algorithm using wavelet
analysis; Freeman et al. 2002); we excluded the identified point
sources in our spectral analyses.

To produce a global X-ray spectrum of 30 Doradus, we ex-
tracted Chandra spectra using the CIAO command specextract.

3

30	  Dor	  in	  8	  μm	  
(red),	  Hα	  
(green),	  x-‐ray	  
(blue),	  and	  CO	  
(white	  
contours)	  
(Lopez+	  2011)	  



Pressures	  in	  30	  Dor	  

The Astrophysical Journal, 731:91 (15pp), 2011 April 20 Lopez et al.
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Figure 12. Maps of the four pressure components across 30 Doradus. All four are on the same color scale to enable visual comparison. Consistent with Figure 11, Pdir
dominates in the central few arcminutes, while the PH ii dominates at larger distances from R136.

the hot gas. For this discussion, we will consider stellar winds
only and ignore the contribution by SNe; this assumption is
reasonable given that the mechanical energy of one SN is on
the order of the amount injected by winds over a single massive
star’s lifetime (Castor et al. 1975). This assumption is valid at
the 0.5 Z! of the LMC: simulations of a 5.5 " 104 M! star
cluster in Starburst99 (Leitherer et al. 1999) showed that the
total wind luminosity decreased by roughly a factor of two from
the solar to half-solar metallicity case.

There are several competing theoretical models to account for
the X-ray luminosity in bubbles and superbubbles. The models
of Castor et al. (1975) and Weaver et al. (1977) assume that
the shock-heated gas is completely confined by a cool shell
expanding into a uniform density ISM. An alternative theory
proposed by Chevalier & Clegg (1985) ignores the surrounding
ISM and employs a steady-state, free-flowing wind. Recently,
Harper-Clark & Murray (2009) introduced an intermediate
model between these two, whereby the ambient ISM is non-
uniform. In this case, only some of the hot gas can escape freely
through the holes in the shell.

The fraction of hot gas confined by the shell directly deter-
mines the hot gas pressure on the shell as well as the X-ray
luminosity within the bubble. If the shell is very porous, the
shock-heated gas will escape easily, the wind energy will be
lost from the bubble, and the associated pressure and luminosity
will be low. By comparison, a more uniform shell will trap the
hot gas, retain the wind energy within the bubble, and the corre-
sponding X-ray pressure and luminosity will be much greater.
As such, in the latter case, the shocked winds could have a sig-
nificant role in the dynamics of the H ii region. We note that the
warm gas is not able to leak similarly because its sound speed
is less than the velocities of the shells (20–200 km#1; Chu &
Kennicutt 1994).

To assess whether the hot gas is trapped inside the shell and
is dynamically important, we measure the ratio of the hot gas
pressure to the direct radiation pressure, ftrap,X = PX/Pdir, and
compare it to what ftrap,X would be if all the wind energy was
confined. We can calculate the trapped-wind value using the
wind-luminosity relation (Kudritzki et al. 1999; Repolust et al.
2004), which indicates that the momentum flux carried by winds
from a star cluster is about half that carried by the radiation field
if the cluster samples the entire IMF. Written quantitatively,
0.5 Lbol/c = Ṁwvw, where Ṁw is the mass flux from the winds
that launched at a velocity vw. The mechanical energy loss Lw
of the winds is then given by

Lw = 1
2
Ṁwv2

w = L2
bol

8Ṁwc2
, (8)

and the mechanical energy of the winds is simply Ew = Lwt ,

where t is the time since the winds were launched. Putting these
relations together, the trapped X-ray gas pressure PX,T is

PX,T = 2Ew

3VH ii
= L2

bolt

16!Ṁwc2R3
H ii

, (9)

where VH ii is the volume of the H ii region.
Given that Pdir = Lbol/(4!R2

H iic), then ftrap,X is

ftrap,X = Lbolt

4ṀwcRH ii
= Lbol

4Ṁwcvsh
, (10)

where we have set RH ii/t = vsh, the velocity of the expanding
shell. Finally, we put Ṁw in terms of Lbol and vw, so that
Equation (10) reduces to

ftrap,X = vw

2vsh
. (11)

We use the above equation to obtain an order-of-magnitude
estimate of ftrap,X if all the wind energy is confined by the
shell. We assume a wind velocity vw $ 1000 km s#1 (the
escape velocity from an O6 V star; a reasonable order-of-
magnitude estimate, since O3 stellar winds are faster and WR
winds would be slower than this value). If we set vsh $
25 km s#1 (the expansion velocity over 30 Doradus given by
optical spectroscopy; Chu & Kennicutt 1994), then ftrap,X $ 20.

We can compare this ftrap,X to our observed values for the
regions closest to the shell (the ones along the rim of our 441
squares in Figure 5); Figure 13 shows the histogram of our
observed ftrap,X values. We find a mean and median ftrap,X of
0.30 and 0.27, respectively, for our outermost regions. Over
30 Doradus, the highest values of ftrap,X are near the SNR N157B
in the southwest corner of 30 Doradus (see Figure 14), where
the hot gas is being generated and has not had time to vent.
Other locations where ftrap,X is elevated are regions with strong
X-ray emission and weak H" emission. Morphologically, these
areas could be where the hot gas is blowing out the 30 Doradus
shell.

The observed ftrap,X values are 1–2 orders of magnitude
below what they would be if the wind was fully confined. As
a consequence, we find that PX of our regions is too low to be
completely trapped in the H ii region (the Castor et al. model),
and the X-ray gas must be leaking through pores in the shell.
This result is consistent with the Harper-Clark & Murray model
of partial confinement of the hot gas, and the weakness of PX
relative to Pdir suggests that the hot gas does not play a significant
role in the dynamics of the H ii region.

We note here that our rim regions in this analysis are
$70–130 pc from R136, which is less than the estimated radius

10
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Figure 10. Map of the hot gas electron density nX (in particles cm!3) across 30 Doradus. These values were obtained by modeling the Chandra X-ray spectra from
each region, which output the best-fit EM. We converted EM to nX using Equation (7).
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Figure 11. All pressures vs. radius from the center of R136. Regions with
similar radii (defined as radii within 10% fractionally of each other) are binned
to simplify the plot and make trends more readily apparent, and bars reflect
the 1! standard deviations in the pressures at the given radii. Generally, Pdir
dominates at radii !75 pc and follows a Pdir " r!2 relation (the blue solid
line), whereas PH ii dominates at larger distances from R136. PIR and PX do not
appear to contribute significantly.

consistent with our finding (see Section 5.1) that the X-ray gas
does not remain adiabatic and trapped inside the shell. Instead,
the hot gas is either leaking out or is mixing with cool gas and
suffering rapid radiative losses as a result. In either case, the
hot gas is likely to be flowing at a bulk speed comparable to
its sound speed, and thus it will not have time to reach pressure
equilibrium with the cooler gas that surrounds it before escaping
the H ii region. Alternatively, it may be that pressure balance is
established between the warm ionized gas and the ram pressure
of the hot gas, whereas we have only measured the thermal
pressure. This picture is consistent with the anticoincidence of
the warm and hot gas noted by previous X-ray work (e.g., Wang
1999; Townsley et al. 2006a).

In Figure 12, we give the maps of the four pressures across
30 Doradus for our 441 regions. Pdir has a smooth profile due
to its 1/r2 dependence, while PH ii is fairly uniform across
30 Doradus (as expected for a classical H ii region). Compared
to those components, PIR and PX have more variation through-
out the source. Additionally, all the maps have significant en-
hancements in the central regions near R136; in the cases of PIR
and PH ii, the elevated pressures correspond to the molecular
“ridge” in 30 Doradus (as seen in the CO contours in Figure 2).
Additionally, all except Pdir have greater pressures in the regions
near the SNR N157B (the bottom right of the maps).

We can utilize the obtained pressures to estimate the total
energy of each component. In particular, we measure the total
energy density u in a given radius bin of Figure 11 and
multiply by the volume of its shell (where we have set the
shell thickness to the difference of the upper and lower bound
radius of that bin). We convert pressures P to energy densities
u using the relations Pdir = udir, PIR = 1

3uIR, PH ii = 2
3uH ii,

and PX = 2
3uX. Using this approach, we find the following

total energies for each component: Edir = 5.1 # 1053 erg,
EIR = 1.7 # 1053 erg, EH ii = 2.8 # 1053 erg, and EX =
6.5#1052 erg. Therefore, the direct and dust-processed radiation
fields and the warm ionized gas contribute similarly to the
energetics of the region, and every component is !2 orders
of magnitude above the typical kinetic energy of a single SN
explosion.

5. DISCUSSION

5.1. Leakage of the Hot Gas

As mentioned previously, the X-ray emission in 30 Doradus
arises from the shock heating of gas to temperatures of $107 K
by stellar winds and SNe. These feedback processes eventually
carve out large cavities, called bubbles and superbubbles, filled
with diffuse X-ray emission. In Figure 11, we demonstrated that
the pressure associated with the hot gas PX is comparatively low
relative to the other pressure components. Here, we explore the
implications of this result in regard to the trapping/leakage of
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Summary	  

•  Radiation	  drives	  dusty	  winds	  only	  if	  it	  is	  super-‐
Eddington	  at	  the	  dust	  photosphere	  

•  Wind	  momentum	  flux	  ~	  (τ*/2)	  (L/c)	  <<	  τIR	  (L/c)	  
•  Radiation	  pressure	  feedback	  unimportant	  on	  
galaxy	  scales	  

•  Direct	  radiation	  likely	  important	  for	  clusters;	  
there	  is	  direct	  observational	  evidence	  for	  this	  


