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Outline
• Formalism


• IMF averaging


• “Energy” versus “momentum” feedback


• Feedback menagerie:


• Radiation and radiatively-driven winds


• Protostellar outflows


• Photoionisation


• Trapped stellar winds


• Supernovae



IMF-averaged outputs
A tool to think about feedback budgets

• Write IMF as 𝜉(m) = m dn/dm = dn / d ln m, normalised so ∫ 𝜉(m) dm = 1


• Mean stellar mass = ∫ m 𝜉(m) d ln m / ∫ 𝜉(m) d ln m = 1 / ∫ 𝜉(m) d ln m


• Suppose that we know the rate q at which stars of a given mass and age produce 
a quantity Q (e.g., Q = radiated energy, q = luminosity)


• Given mass of stars M of age t, production rate is q(t) = M ∫ 𝜉(m) q(m, t) d ln m


• Define IMF-averaged production rate per unit mass ⟨q/M⟩ = ∫ 𝜉(m) q(m, t) d ln m


• Similarly, IMF-averaged yield yield / mass ⟨Q/M⟩ = ∫∫ 𝜉(m) q(m, t) d ln m dt



Energy-driven vs. momentum-driven feedback
An important distinction

• Consider stars that “turn on” at t = 0 and produce “wind” with momentum 
and energy output per unit time      and


• The is drives an expanding spherical shell around the stars; two cases:

• Shell conserves momentum, but most energy lost to radiation:


• Shell conserves energy, little lost to radiation:


• Energy is greater in energy-conserving case by


• This may be big: for light (a photon “wind”), this factor is   
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Radiation pressure feedback
Basics

• Most unavoidable feedback is radiation pressure: when stars form, they emit 
light, which pushes on the material around them


• Most energy from young stars is in the UV, and even a dust-poor galaxy will 
absorb a reasonable fraction of this


• A large fraction of energy comes out in first ~5 Myr, when massive stars are 
alive and shining


• Once absorbed, energy re-emitted in IR and most escapes due to low dust 
opacity in IR, so this is a mostly momentum-driven feedback (possible 
exception when we discuss massive stars)



Radiation pressure
Budgets

• IMF-averaged luminosity and momentum: 


• Meaning: for each gr of mass that goes into stars, those star produce enough 
light to accelerate another gr of mass to 23 km s−1 in 1 Myr


• Integrated output:


• Meaning: for each gr of mass going into stars, those stars release ~10−3 of 
their rest mass as light, which can accelerate another gr of mass to 190 km s−1
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Protostellar outflows
Basics

• When a star forms, it is fed by an accretion disc; the disc launches ~10% of 
the incoming mass into a wind


• Typical wind speed is Keplerian speed at stellar surface:


• Post-shock temperature after wind hits ISM and stops is


• This is low enough that, at high density found near star, gas can cool fairly 
rapidly; thus outflows are momentum-driven, not energy-driven
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Protostellar outflows
Budgets

• Consider a star of mass m that forms over time tform; mean mass flux in 
outflow is f m / tform, f ~ 0.1 - 0.2


• IMF-averaged momentum budget


• Approximate f and vK ~ constant during formation:


• Momentum budget ~10s of km s−1, smaller than radiation by factor ~10


• However, outflow momentum comes out over tform ~ 0.1 Myr, compared to ~5 
Myr for radiation, so much stronger while outflows are on 
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Supernovae
• Majority of stars over ~8-9 M⊙ end their lives as core-collapse SNe, exploding 

w/energies of ~1051 erg; 1 SN per 100 M⊙ of stars


• Ejecta velocity higher than winds, so cooling time is long — drives a bubble of 
hot gas like winds, which eventually cools due to adiabatic losses


• Terminal momentum of bubble must be determined by numerical simulations:

• For isolated SNe, strong consensus: terminal p ≈ 3 × 105 M⊙ km s−1, so 

momentum budget ⟨p / M⟩ ≈ 3000 km s−1

• Significant uncertainty for clustered SNe; yield may be higher, though 

probably by < a factor of 10


• However, there is a long time delay: no feedback at all until ~5 Myr after stars 
form 



Photoionisation
Basics

• When massive stars form, they produce a large flux of ionising (>13.6 eV) 
photons: ⟨S / M ⟩ ≈ 6 × 1046 photons s−1 M⊙−1


• Cross section of these photons with a neutral H atom is huge (~10−18 cm−2), so 
mean free path is tiny — all photons absorbed, creating a bubble of ionised gas 
where ionisations and recombinations are in balance


• Typical temperatures in these ionised regions, called HII regions, are ~104 K — 
set by balance between collisional cooling and heating by ionising photons


• Regions where stars form are typically at ~10 K, so when an HII region first 
forms, it is overpressured compared to its surroundings by a factor of ~103 — 
explosive expansion follows



The Strömgren radius
• Size of bubble set by ionisation balance:


• For a typical O star (S ~ 1049 s−1) and 
density (nH ~ 100 cm−3), rS ~ few pc


• Sound speed in ionised region is


• As bubble expands, it sweeps up a shell of 
neutral gas, maintaining ionisation balance
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Dynamics of the shell
Physical considerations

• As shell expands, density of ionised interior region must drop in order to 
maintain ionisation balance:


• Density 𝜌i ~ ri−3/2, ionised mass ~ ri3/2, but swept up mass ~ ri3, so once ri ≫ 
initial radius, almost all mass is in the shell:


• Motion of shell determined by momentum conservation:


• Rewrite problem entirely in terms of shell position:  

⇢i =
q
3Sµ2m2

H
/4⇡fe↵Br3i

<latexit sha1_base64="gfnnWzA5IA18DiyzS1vqen4Tf9s="></latexit>

Msh ⇡ (4⇡/3)⇢0r
3
i

<latexit sha1_base64="eowgNgKcGkEhufHwvmPi3UuMfIk="></latexit>

Initial density

d

dt
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◆
= c2i r

2
i

✓
ri
rS,0

◆�3/2

<latexit sha1_base64="gm7mHaVt9e3+TFhJHugC0KUu9cA="></latexit>

Strömgren radius evaluated 
at initial density



HII region expansion
Similarity solution

• ODE                                          can be solved by a similarity solution


• First step: make change of variables, by letting x = ri / rS,0, 𝜏 = t ci / rS,0, so 
ODE becomes


• Now look for a solution of the form


• Substituting in this trial form, one can solve for 𝜂 and f. Solution is 
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◆
= c2i r

2
i

✓
ri
rS,0

◆�3/2

<latexit sha1_base64="gm7mHaVt9e3+TFhJHugC0KUu9cA="></latexit>

d

d⌧

✓
x3 dx

d⌧

◆
= 3x1/2

<latexit sha1_base64="FqDI0u+rekeNBr4uqAKBRkR/w5w="></latexit>

x = f⌧⌘

<latexit sha1_base64="0oTz5X9JzJ7c6H2gUUUz7QcL8G0=">AAAB+nicdVDJSgNBEO2JW4xbokcvjUHwNMzomJiDEPTiMYJZIBNDT6cnadKz0F2jhjGf4sWDIl79Em/+jZ1FUNEHBY/3qqiq58WCK7CsDyOzsLi0vJJdza2tb2xu5QvbDRUlkrI6jUQkWx5RTPCQ1YGDYK1YMhJ4gjW94fnEb94wqXgUXsEoZp2A9EPuc0pAS9184Q6fYh+7QJLr1GVAxt180TLto0qpVMaWWbEsp+RoUi4dH9k2tk1riiKao9bNv7u9iCYBC4EKolTbtmLopEQCp4KNc26iWEzokPRZW9OQBEx10unpY7yvlR72I6krBDxVv0+kJFBqFHi6MyAwUL+9ifiX107AP+mkPIwTYCGdLfITgSHCkxxwj0tGQYw0IVRyfSumAyIJBZ1WTofw9Sn+nzQOTdsxK5dOsXo2jyOLdtEeOkA2KqMqukA1VEcU3aIH9ISejXvj0XgxXmetGWM+s4N+wHj7BMPnk7w=</latexit>

x =

✓
49

12
⌧2
◆2/7

=) ri = rS,0

 
7tci

2
p
3rS,0

!4/7

<latexit sha1_base64="Z5y0uWOAMGnzqlLH2lcFLAuIbdo="></latexit>



Feedback effects of HII regions
Mass and momentum budgets

• In reality most HII regions are not spherical — ionised gas escapes the cloud 
through low-density channels. Associated mass flux is


• Over ~4 Myr lifetime of O star, can ejected ~104 M⊙ of gas!


• Momentum carried by shell is


• We get ~1 shell this size per ~300 M⊙ of stars formed, lasting for ~4 Myr, to 
total momentum budget of HII regions is ⟨p / M⟩ ~ 3000 km s−1, ~10 × larger 
than for radiation
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Hot stellar winds
Basics

• O stars launch winds at ~1000-2000 km s−1, with mass fluxes ~10−7 M⊙ yr−1, 
accelerated by radiation pressure on metal atoms in stellar atmosphere


• Wind carries ~half the radiative momentum, so mechanism luminosity is


• Due to high speed, post-shock temperature 10 - 100 × larger than for 
protostellar outflows, so gas does not rapidly cool


• Wind can blow a bubble with a shell at its edge, similar to HII region

Lw =
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Hot stellar winds
Bubble solution

• Assume no losses to radiation, ~half wind energy in shell (other half in 
interior); then we have


• Can be solved by similarity solution just like HII region; solution is


• Wind bubble generally larger than HII region at equal time, so, if wind bubble 
exists, it dominates the expansion, not the photoionised gas pressure
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Hot stellar winds
The trapping factor

• Main uncertainty: is shocked stellar wind gas 
trapped, or does it leak out of bubble?


• Since wind and radiation have ~equal 
momentum, can use result from E-driven vs 
p-driven expansion: if shocked gas it 
trapped, its pressure should be larger than 
radiation pressure by ~vw / vb


• Define trapping factor ftrap = Pw / Prad — 
measure from X-ray and optical data


• Observations suggest ftrap ~ 1, so winds leak
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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 1σ 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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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

16πṀwc2R3
H ii

, (9)

where VH ii is the volume of the H ii region.
Given that Pdir = Lbol/(4πR2

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 Hα 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
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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
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, (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
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where VH ii is the volume of the H ii region.
Given that Pdir = Lbol/(4πR2

H iic), then ftrap,X is
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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 Hα 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
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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
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, (9)

where VH ii is the volume of the H ii region.
Given that Pdir = Lbol/(4πR2

H iic), then ftrap,X is

ftrap,X = Lbolt

4ṀwcRH ii
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, (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 Hα 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
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