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• Redshift evolution of the circumgalactic medium

• Empirical constraints on super-galactic winds at z ≳ 0.5
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The Unchanging Circumgalactic Medium Since z ~ 2.2
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The Unchanging Circumgalactic Medium Since z ~ 2.2
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The Unchanging Circumgalactic Medium Since z ~ 2.2
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Empirical Constraints of Supergalactic Winds at z ≳ 0.5
Jean-René Gauthier & H.-W. Chen 2012, MNRAS in press (arXiv:1205.4037)
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four highly inclined disk galaxies with a background QSO 
probing the CGM within 45 degrees of the rotation axis
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Empirical Constraints of Supergalactic Winds at z ≳ 0.5
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A Simple Conical Outflow Model
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Figure 5. Allowed parameter space for the z-heights (top panels)

and de-projected velocities (bottom) of individual absorbing com-

ponents observed in Figure 4 versus allowed opening angle θ0. The

minimum allowed θ0 is constrained by the relative orientation of

the star-forming disk with respect to the QSO sightline. As shown

in Figure 4, the galaxy is oriented at a position angle of α = 124.1
degrees from the QSO line of sight. In order for outflows to be

responsible for the observed absorption features in the QSO spec-

trum, the minimum allowed opening angle is θ0
>
∼ 35 degrees. The

presence of both blueshifted and redshifted components along the

QSO sightline provides little constraint for the maximum opening

angle of the outflow. We place a limit at θ0 ≈ 78 degrees, beyond

which the QSO sightline would be completely enclosed within the

outflows. Assuming an increasing line-of-sight velocity from z1 to

z2 leads to deceleration for θ0
<
∼ 38.2 degrees and acceleration for

larger θ0.

the outflows from Galaxy B by assuming that the line-of-
sight velocity increases smoothly from z1 to z2. The results
are presented in Figure 5. Different from Galaxy A, our cal-
culations show that the outflows from Galaxy B would be
decelerating if θ0

<
∼ 38.2 degrees. Beyond θ0 ≈ 38.2 degrees,

an absorbing clump at z1 would be moving at a lower ve-
locity than those at z2 in order to produce the observed
line-of-sight velocity of ∆ v1

los = +42.2 km s−1. In this case,
the outflows would be accelerating as the gas moves further
away from the star-forming disk for a broad range of θ0.
Similar to Galaxy A, it is straightforward to show that if we
assume decreasing line-of-sight velocity from z1 to z2, then
the outflows can only be decelerating over the full range of
allowed θ0.

4.3 Galaxy C at z = 0.612 in the field around
LBQS 0058 + 0155

Galaxy C in the field aroud LBQS 0058 + 0155 (zQSO =
1.954) was spectroscopically identifed at zgal = 0.6120 ±
0.0002 by Chen et al. (2005). The galaxy is at projected dis-
tance ρ = 7.9 kpc from the QSO line of sight. Pettini et al.
(2000) analyzed available HST WFPC2 images of the field
(top-right panel of Figure 6) and estimated i0 ≈ 65 degrees
for the disk (Table 1). We analyzed the images ourselves
and estimated α = 113 degrees. The echelle spectra of the

zgal = 0.6120
ρ = 8 kpc

zQSO = 1.961

Figure 6. Line-of-sight velocity distribution of absorbing clouds

at projected distance ρ = 8 kpc of Galaxy C at zgal = 0.612 with

α = 113 degrees and i0 = 65 degrees. We observe strong absorp-

tion in Fe II, Mn II, Mg II, and Mg I transitions at the redshift of

the galaxy. Zero velocity in each spectral panel corresponds to the

systemic redshift of the galaxy at zgal = 0.6120. A Voigt profile

analysis of the observed Fe II, Mn II, Mg II, and Mg I absorption

profiles yields a minimum of 11 individual absorption components

and χ2
r = 1.1. The total rest-frame Mg II absorption equivalent

width over all observed components is Wr(2796) = 1.7 Å. The ab-

sorbing clumps display relative line-of-sight motions ranging from

∆ vlos = +44.9 km s
−1

to ∆ vlos = +213.3 km s
−1

with respect

to the systemic redshift of the galaxy. The absorbing galaxy is

blended with the QSO light. The upper right panel displays the

galaxy after removing the point spread function of the QSO.

QSO cover a wavelength range that allows observations of
Fe II, Mn II, Mg II, and Mg I absorption at the redshift of
the galaxy. The absorption profiles are shown in individual
spectral panels of Figure 6. We detect a strong absorption
complex in Fe II, Mn II, Mg II, and Mg I transitions. A Voigt
profile analysis that takes into account all the observed ab-
sorption profiles yields a minimum of 11 individual absorp-
tion components and χ2

r = 1.1. The total rest-frame Mg II
absorption equivalent width over all observed components
is Wr(2796) = 1.67± 0.01 Å. The absorbing clumps display
relative line-of-sight motions ranging from ∆ vlos = +44.9
km s−1 to ∆ vlos = +213.3 km s−1 with respect to the sys-
temic redshift of the galaxy.

Figure 6 shows that the cool gas probed by the Mg II ab-
sorption transitions is entirely redshifted with respect to the
star-forming disk with a total line-of-sight velocity spread of
≈ 170 km s−1. Following the discussion in § 4.1, the position
angle of the galaxy α = 113 degrees from the QSO line of
sight requires that the opening angle be greater than θ0 ≈ 23
degrees in order for outflows to be responsible for the ob-
served absorption features in the QSO spectrum. In addi-
tion, the galaxy has a inclination angle of i0 = 65 degrees,
and therefore the lack of blueshifted absorbing components
constrains the opening angle at θ0

<
∼ 35 degrees.

Following the discussion in § 4.1, we can calculate the

c� 2012 RAS, MNRAS 000, 1–13
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analyzed available HST WFPC2 images of the field (top-
right panel of Figure 2) and measured α = 96.8 degrees
and i0 = 74 degrees for the disk (Table 1). The echelle
spectra of the QSO cover a wavelength range that allows
observations of Fe II, Mn II, Mg II, and Mg I absorption at
the redshift of the galaxy. The absorption profiles are shown
in individual spectral panels of Figure 2. We detect strong
absorption complex in Fe II and Mg II, but not in Mn II or
Mg I transitions. A Voigt profile analysis that simultane-
ously takes into account the observed Fe II and Mg II absorp-
tion profiles yields a minimum of eight individual absorp-
tion components and χ2

r = 1.1. The total rest-frame Mg II
absorption equivalent width over all observed components
is Wr(2796) = 0.8 ± 0.1 Å. The absorbing clumps display
relative line-of-sight motions ranging from ∆ vlos = −54.8
km s−1 to ∆ vlos = −143.7 km s−1 with respect to the sys-
temic redshift of the galaxy.

Figure 2 shows that the cool gas probed by the Mg II
absorption transitions is entirely blueshifted with respect
to the star-forming disk with a total line-of-sight velocity
spread of ≈ 90 km s−1. Given that the galaxy is oriented at
a position angle of α = 96.8 degrees from the QSO line of
sight, we note that in order for outflows to be responsible for
the observed absorption features in the QSO spectrum the
opening angle must exceed θ0 ≈ 6.5 degrees. Furthermore,
the galaxy has a inclination angle of i0 = 74 degrees, and
therefore the lack of redshifted absorbing components con-
strains the opening angle at θ0

<
∼ 16 degrees. The minimum

and maximum allowed θ0 are completely constrained by the
relative orientation and alignment of the star-forming disk
with respect to the QSO sightline.

For a given θ0, we determine the z-height at which the
QSO sightline enters (z1) and exits (z2) the conical outflows.
If we further assume that the line-of-sight velocity increases
smoothly from z1 to z2, we can calculate the appropriate
range of de-projected velocities (v1, v2) probed by the QSO
sightline following the framework outlined in § 3. The re-
sults are presented in Figure 3. Our calculations show that
the outflows would be accelerating if θ0

<
∼ 10 degrees. Be-

yond θ0 ≈ 10 degrees, an absorbing clump at z1 would have
to move faster than an absorbing clump at z2 in order to
produce the observed line-of-sight velocity of ∆ v1

los = −54.8
km s−1, in which case the outflows would be decelerating as
the gas moves further away from the star-forming disk. It is
straightforward to show that if we assume decreasing line-
of-sight velocity from z1 to z2, then the outflows can only
be decelerating over the full range of allowed θ0.

4.2 Galaxy B at z = 0.891 in the field around
3C 336

Galaxy B in the field aroud 3C 336 (zQSO = 0.927) was spec-
troscopically identifed at zgal = 0.8909 ± 0.0002 by Steidel
et al. (1997). The galaxy is at projected distance ρ = 23.3
kpc from the QSO line of sight. Chen et al. (1998, 2001b)
analyzed available HST WFPC2 images of the field (top-
right panel of Figure 4) and measured α = 124.1 degrees
and i0 = 81 degrees for the disk (Table 1). The echelle spec-
tra of the QSO cover a wavelength range that allows ob-
servations of Fe II, Mn II, Mg II, and Mg I absorption at the
redshift of the galaxy. The absorption profiles are shown in
individual spectral panels of Figure 4. We detect strong ab-

zgal = 0.8909
ρ = 23 kpc

zgal = 0.931
zgal = 0.928

zQSO = 0.927

Figure 4. Line-of-sight velocity distribution of absorbing clouds

at projected distance ρ = 23 kpc of Galaxy B at zgal = 0.891

with α = 124.1 degrees and i0 = 81 degrees. We observe strong

absorption in Fe II and Mg II transitions. Mn II and Mg I absorp-

tion features are also detected at the redshift of the galaxy, but

are weak. Zero velocity in each spectral panel corresponds to the

systemic redshift of the galaxy at zgal = 0.8909. A Voigt profile

analysis of all the observed absorption features together yields a

minimum of 14 individual absorption components and χ2
r = 1.1.

The total rest-frame Mg II absorption equivalent width over all

observed components is Wr(2796) = 1.5 Å. The absorbing clumps

display relative line-of-sight motions ranging from ∆ vlos = +42.2
km s

−1
to ∆ vlos = −147.2 km s

−1
with respect to the systemic

redshift of the galaxy. The absorbing galaxy is located to the left

of the QSO in the image panel.

sorption complex in Fe II and Mg II transitions. Mn II and
Mg I absorption features are also detected, but are weak.
A Voigt profile analysis that takes into account all the ob-
served absorption transitions yields a minimum of 14 indi-
vidual absorption components and χ2

r = 1.1. The total rest-
frame Mg II absorption equivalent width over all observed
components is Wr(2796) = 1.53 ± 0.05 Å. The absorbing
clumps display relative line-of-sight motions ranging from
∆ vlos = +42.2 km s−1 to ∆ vlos = −147.2 km s−1 with re-
spect to the systemic redshift of the galaxy.

Figure 4 shows that the cool gas probed by the Mg II ab-
sorption transitions exhibits both blueshifted and redshifted
motion with respect to the star-forming disk with a total
line-of-sight velocity spread of ≈ 190 km s−1. Following the
discussion for Galaxy A in § 4.1, the position angle of the
galaxy α = 124.1 degrees from the QSO line of sight requires
that the opening angle be greater than θ0 ≈ 35 degrees in
order for outflows to be responsible for the observed absorp-
tion features in the QSO spectrum. However, the presence of
both blueshifted and redshifted components along the QSO
sightline provides little constraint for the maximum opening
angle of the outflow. We place a limit at θ0 ≈ 78 degrees,
beyond which because the inferred z-height blows up to un-
realistic values.

Following the discussion in § 4.1, we can calculate the
allowed values for the z-height and de-projected velocity of

c� 2012 RAS, MNRAS 000, 1–13
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Derived velocity field for accelerated outflows 
vs. expectations from Murray et al. (2011) a(z) = A z−α

Characterizing the acceleration using 
a power-law function

v(z) =
�

2A

α− 1

�1/2 �
z1−α
min − z1−α

where zmin is the z-height where 
superwinds are launched

Given β = 1− 17, � <
∼ 0.01

Steidel et al. (2010)

accelerated outflows due to radiation 
pressure can explain the observations for 

specific values of opening angle

Jean-René Gauthier & H.-W. Chen 2012, MNRAS in press (arXiv:1205.4037)



Summary

The spatial extent and absorption strength of the 
circumgalactic medium has changed little since z ~ 2.2.
Explaining the observed absorption profiles as due to 
accelerated outflows constrains the opening angle to a 
limited range and SNe thermal input efficiency to ≲ 0.01.
Characterizing the acceleration field as a power-law function, 
we find a steep power-law index of α = 3 for a typical launch 

radius of 1 kpc.  For α = 1.5, compatible with GSA findings at 
z ~ 2, the outflows would be launched at > 4 kpc



Launching mechanism for super-galactic winds

Radiation pressure 

Gravity 

Ram pressure force from 
SNe hot outflow

(Murray et al. 2010, Murray et al. 2011) 

How far does the gas travel? 

6

FIG. 2.— The velocity (upper panel) and forces in a model of a 106M! cluster embedded in a marginally stable (Q = 1) starforming disk, plotted as a function
of distance from the cluster center. The time since cluster formation is marked on the velocity curve in the upper panel. The forces shown in the lower panel are;
the force of gravity (red dashed line) due to the star cluster, the self gravity of the gas, and the gravity of the galactic halo, the force due to protostellar jets and
possibly shocked stellar winds (cyan dashed line), which isconfined to small scales, the radiation pressure force (solid blue line) and the ram pressure force from
a supernova-driven hot outflow (sold green line). The radiation pressure force rises as the cloud emerges from the disk and is exposed to radiation from other
cluster and stars in the disk; similarly the ram pressure force rises as the cloud enters the large scale hot outflow. In both panels, the vertical dotted lines mark the
radius of the parent GMC, the scale height of the galactic disk, and the e-folding size of the galactic stellar disk (from left to right).

Using the above relations and considering that vc ! vh, the
ram pressure force can be expressed as

Fram "
!

!l2!
4!r2

"

0.2CD Ṁ" #
#

"# (23)

The radiation pressure on the same cloud is

Frad =
a2

4R2
# min($UV,1)

L
c

(24)

The ratio of the two forces is
Fram

Frad
$ 2CD

#

"# #
1

min(1,$UV)
(25)

For typical values: CD = 0.5, "$ 0.3, and # = 4 and $UV = 1 in
the optically thick regime, this ratio is% 1. At large distances,
of order 10kpc, when the clouds are optically thin, the ram
pressure force will start to dominate.

4.1.3. Gravitational force

While in the disk, the shell takes part in the rotational mo-
tion of the galaxy, so that the force exerted by the galaxy on
the GMC is cancelled by the centrifugal force due to rotation.
However, as it rises above the disk, the cloud will lose the
centrifugal support it enjoyed while pursuing its circular path
around the galaxy. We take this into account by using

ggrav =
v2c
Rd

!

r

Rd

"

(26)

if r < Rd . This assumes that the GMC lies at a distance % Rd
from the galactic center.

We model the overall gravitational effect of the galaxy and
its dark matter distribution by using a singular isothermal
sphere model for the galactic halo:

ggrav =
v2c
r
. (27)

This accurately reflects observed rotation curves of spiral
galaxies out to r $ 50kpc, e.g., Casertano & van Gorkom
(1991). It probably overestimates the force of gravity acting
on the cloud at large radii (approaching the virial radius of the
galaxy), where lensing measurements suggest that an NFW
profile is a better fit, e.g., Mandelbaum et al. (2006).

4.2. Numerical results

Given the forces introduced above, we now solve the 1-D
equation of motion and present results aimed at characterizing
the fate of the shells described above.

In Figure 2 we consider the case of an M82-like galaxy,
i.e. with a circular velocity vc = 110km s

!1 and a luminos-
ity L = 5# 1010L# . For such a galaxy, our idealized model
(Eq. 9) predicts a characteristic cluster mass of about 106M#,
in agreement with observations (McCrady & Graham 2007).
As indicated in section 3.2, the % parameter of such a sys-
tem is greater than one, indicating that the star cluster can

M82 -- 106 M⦿ star cluster
At r ≿ 1 kpc :

distance from the cluster center (kpc)

5

where the radiation and ram pressure forces Frad(r, t) and
Frad(r, t) include contributions from the parent cluster as well
as other UV sources distributed over the disk and Fgrav de-
scribes the gravitational effect of the galaxy and its surround-
ing dark matter distribution. For simplicity we do not include
the interactions any hot corona that might occupy the galaxy
halo. We discuss its potential impact in section 6.2.

4.1. Launching the gas through a galactic halo

We have shown that radiation from a single massive star
cluster can eject clouds from the disk of a galaxy. However,
neither radiation pressure nor ram pressure from supernova-
driven hot winds arising from a single isolated cluster can
drive the clouds to tens of kiloparsecs; doing so requires the
collective effect of all the clusters in the galaxy, as we now
show.

4.1.1. Radiative force

Once the shell emerges from the galactic disk, it is subject
to radiation pressure from stars in the disk. The observed sur-
face brightness of star forming disks follows distributions that
range from nearly constant for R< Rd, where R is the distance
from the galactic center, to exponential, i.e., !UV ! exp!R/Rd
(Martin & Kennicutt 2001; Azzollini et al. 2009). For sim-
plicity we will work with a constant surface brightness out
to Rd. If the height above the disk (which we approximate
as r !H, where r is the distance from the center of the star
cluster) is smaller than Rd , the disk flux seen by the cloud,
which quickly dominates that provided by the natal cluster, is
roughly constant. The radiation pressure then becomes

Frad =

!

"

#

Frad,cl +
Lgal
c

$

r!H
RD

%2
if H < r < RD

Frad,cl +
Lgal
c

1
r2

if r > RD

(19)

where r is the distance from the center of the cluster. At early
times, the optically thick regime applies and the above rela-
tion does not depend on !. Once the cloud reaches r! Rd, the
flux seen by the cloud drops as 1/r2.

The radiation pressure force also depends on the size of the
cloud, which expands perpendicular to the direction of motion
due to its finite temperature. The rate of expansion perpendic-
ular to the radius vector will depend on a number of difficult to
quantify factors, including the pressure of any hot component
in the disk proper. The clouds are overpressured compared the
ISM as a whole, since they are subject to the intense radiation
from the central star cluster. If this pressure is large compared
to the pressure of the hot gas component, which is the case
while the cloud is in the gas disk, and possibly for heights of
order the disk radius, the cloud will effectively expand into a
vacuum; in this case the size of the cloud in the direction per-
pendicular to its motion will be given by l! = l!,0 + cs(t ! t0),
where l! is the radius of the cloud in the direction perpendic-
ular to the radius vector, and cs refers to the sound speed of
the cloud.

If, on the other hand, the pressure of the hot gas in the disk
is large, the cloud volumewill vary with height above the disk,
tracking the pressure in the hot gas. The latter will be in rough
hydrostatic equilibrium, with a scale height much larger than
that of the molecular gas disk, so the size of the cloud will
not vary until it reaches a height of order the scale height of

the hot gas. At that point the hot gas density will decrease as
1/r2, as will the density in the cloud. In most of the numerical
work we present here we assume the cloud is overpressured
compared to any hot gas; this is the case in the Milky Way,
but the situation may be different in starburst galaxies.

If the cloud is at a distance less than Rd above the disk,
any expansion in the perpendicular radius will give rise to an
increase in the amount of radiation impinging on the cloud.
For r> Rd, the 1/r2 radiative flux decrease will tend to cancel
the effect of the increased area of the cloud, and the amount
of light impinging on the cloud will increase less rapidly, or
not at all.

The expansion of the cloud is also responsible for a third
change in the radiative force; the cloud eventually becomes
optically thin to the continuum emission from the disk. The
fraction of the incident radiation that the cloud absorbs then
drops like 1/r2, tracking the decrease in the column density
and hence optical depth " . If r > Rd , the decrease in incident
flux tends to cancel the geometric growth of the cloud, and
the radiative driving, which is proportional to " , decreases as
r increases.

4.1.2. Ram pressure from supernovae

The hot gas from isolated supernovae is likely to be trapped
in the disk, so that it does not affect clouds above the disk.
However, supernovae in large clusters will have a different
fate. As we have just demonstrated, the ISM above large clus-
ters will be expelled from the disk, opening up a pathway for
the hot supernova gas to escape. We focus on the large scale
behaviour of this hot gas, since the bulk of the cold gas is ex-
pelled from the vicinity of the cluster long before any stars in
the cluster explode. We assume that the starburst lasts much
longer then the lifetime of a very massive star (which we take
to be 4Myr), so that we can average over many cluster life-
times and use a mean supernova rate.

Supernovae drive a hot wind. The ram pressure derived
force on a cloud of cross-section #l2! with a drag coefficient
CD is

Fram =CD#l2!$h(vh ! vc)
2 . (20)

The kinetic energy of the hot wind is given by
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where % is the fraction of the supernova luminosity that is
thermalized to produce a hot phase. It is generally found
to range from 0.01 to 0.2 (Theis et al. 1992; Cole et al.
1994; Padoan et al. 1997; Thornton et al. 1998). However,
Strickland & Heckman (2009) find %> 0.3, possibly reaching
% = 1, in the local starburst M82.

Following Strickland & Heckman (2009), we introduce the
mass loading parameter &

Ṁh = &ṀSN+SW = 0.2&Ṁ", (22)

where, by definition, & > 1. The factor 0.2 in the second
equality corresponds to a Chabrier (2005) initial mass func-
tion. For very high values of the mass loading &, the hot gas
becomes radiative, cooling on a dynamical time (Silich et al.
2004; Strickland & Heckman 2009). This effectively limits
the range of mass loading, 1" & " 17.
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where the radiation and ram pressure forces Frad(r, t) and
Frad(r, t) include contributions from the parent cluster as well
as other UV sources distributed over the disk and Fgrav de-
scribes the gravitational effect of the galaxy and its surround-
ing dark matter distribution. For simplicity we do not include
the interactions any hot corona that might occupy the galaxy
halo. We discuss its potential impact in section 6.2.

4.1. Launching the gas through a galactic halo

We have shown that radiation from a single massive star
cluster can eject clouds from the disk of a galaxy. However,
neither radiation pressure nor ram pressure from supernova-
driven hot winds arising from a single isolated cluster can
drive the clouds to tens of kiloparsecs; doing so requires the
collective effect of all the clusters in the galaxy, as we now
show.

4.1.1. Radiative force

Once the shell emerges from the galactic disk, it is subject
to radiation pressure from stars in the disk. The observed sur-
face brightness of star forming disks follows distributions that
range from nearly constant for R< Rd, where R is the distance
from the galactic center, to exponential, i.e., !UV ! exp!R/Rd
(Martin & Kennicutt 2001; Azzollini et al. 2009). For sim-
plicity we will work with a constant surface brightness out
to Rd. If the height above the disk (which we approximate
as r !H, where r is the distance from the center of the star
cluster) is smaller than Rd , the disk flux seen by the cloud,
which quickly dominates that provided by the natal cluster, is
roughly constant. The radiation pressure then becomes
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where r is the distance from the center of the cluster. At early
times, the optically thick regime applies and the above rela-
tion does not depend on !. Once the cloud reaches r! Rd, the
flux seen by the cloud drops as 1/r2.

The radiation pressure force also depends on the size of the
cloud, which expands perpendicular to the direction of motion
due to its finite temperature. The rate of expansion perpendic-
ular to the radius vector will depend on a number of difficult to
quantify factors, including the pressure of any hot component
in the disk proper. The clouds are overpressured compared the
ISM as a whole, since they are subject to the intense radiation
from the central star cluster. If this pressure is large compared
to the pressure of the hot gas component, which is the case
while the cloud is in the gas disk, and possibly for heights of
order the disk radius, the cloud will effectively expand into a
vacuum; in this case the size of the cloud in the direction per-
pendicular to its motion will be given by l! = l!,0 + cs(t ! t0),
where l! is the radius of the cloud in the direction perpendic-
ular to the radius vector, and cs refers to the sound speed of
the cloud.

If, on the other hand, the pressure of the hot gas in the disk
is large, the cloud volumewill vary with height above the disk,
tracking the pressure in the hot gas. The latter will be in rough
hydrostatic equilibrium, with a scale height much larger than
that of the molecular gas disk, so the size of the cloud will
not vary until it reaches a height of order the scale height of

the hot gas. At that point the hot gas density will decrease as
1/r2, as will the density in the cloud. In most of the numerical
work we present here we assume the cloud is overpressured
compared to any hot gas; this is the case in the Milky Way,
but the situation may be different in starburst galaxies.

If the cloud is at a distance less than Rd above the disk,
any expansion in the perpendicular radius will give rise to an
increase in the amount of radiation impinging on the cloud.
For r> Rd, the 1/r2 radiative flux decrease will tend to cancel
the effect of the increased area of the cloud, and the amount
of light impinging on the cloud will increase less rapidly, or
not at all.

The expansion of the cloud is also responsible for a third
change in the radiative force; the cloud eventually becomes
optically thin to the continuum emission from the disk. The
fraction of the incident radiation that the cloud absorbs then
drops like 1/r2, tracking the decrease in the column density
and hence optical depth " . If r > Rd , the decrease in incident
flux tends to cancel the geometric growth of the cloud, and
the radiative driving, which is proportional to " , decreases as
r increases.

4.1.2. Ram pressure from supernovae

The hot gas from isolated supernovae is likely to be trapped
in the disk, so that it does not affect clouds above the disk.
However, supernovae in large clusters will have a different
fate. As we have just demonstrated, the ISM above large clus-
ters will be expelled from the disk, opening up a pathway for
the hot supernova gas to escape. We focus on the large scale
behaviour of this hot gas, since the bulk of the cold gas is ex-
pelled from the vicinity of the cluster long before any stars in
the cluster explode. We assume that the starburst lasts much
longer then the lifetime of a very massive star (which we take
to be 4Myr), so that we can average over many cluster life-
times and use a mean supernova rate.

Supernovae drive a hot wind. The ram pressure derived
force on a cloud of cross-section #l2! with a drag coefficient
CD is

Fram =CD#l2!$h(vh ! vc)
2 . (20)

The kinetic energy of the hot wind is given by
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where % is the fraction of the supernova luminosity that is
thermalized to produce a hot phase. It is generally found
to range from 0.01 to 0.2 (Theis et al. 1992; Cole et al.
1994; Padoan et al. 1997; Thornton et al. 1998). However,
Strickland & Heckman (2009) find %> 0.3, possibly reaching
% = 1, in the local starburst M82.

Following Strickland & Heckman (2009), we introduce the
mass loading parameter &

Ṁh = &ṀSN+SW = 0.2&Ṁ", (22)

where, by definition, & > 1. The factor 0.2 in the second
equality corresponds to a Chabrier (2005) initial mass func-
tion. For very high values of the mass loading &, the hot gas
becomes radiative, cooling on a dynamical time (Silich et al.
2004; Strickland & Heckman 2009). This effectively limits
the range of mass loading, 1" & " 17.
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where the radiation and ram pressure forces Frad(r, t) and
Frad(r, t) include contributions from the parent cluster as well
as other UV sources distributed over the disk and Fgrav de-
scribes the gravitational effect of the galaxy and its surround-
ing dark matter distribution. For simplicity we do not include
the interactions any hot corona that might occupy the galaxy
halo. We discuss its potential impact in section 6.2.

4.1. Launching the gas through a galactic halo

We have shown that radiation from a single massive star
cluster can eject clouds from the disk of a galaxy. However,
neither radiation pressure nor ram pressure from supernova-
driven hot winds arising from a single isolated cluster can
drive the clouds to tens of kiloparsecs; doing so requires the
collective effect of all the clusters in the galaxy, as we now
show.

4.1.1. Radiative force

Once the shell emerges from the galactic disk, it is subject
to radiation pressure from stars in the disk. The observed sur-
face brightness of star forming disks follows distributions that
range from nearly constant for R< Rd, where R is the distance
from the galactic center, to exponential, i.e., !UV ! exp!R/Rd
(Martin & Kennicutt 2001; Azzollini et al. 2009). For sim-
plicity we will work with a constant surface brightness out
to Rd. If the height above the disk (which we approximate
as r !H, where r is the distance from the center of the star
cluster) is smaller than Rd , the disk flux seen by the cloud,
which quickly dominates that provided by the natal cluster, is
roughly constant. The radiation pressure then becomes
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where r is the distance from the center of the cluster. At early
times, the optically thick regime applies and the above rela-
tion does not depend on !. Once the cloud reaches r! Rd, the
flux seen by the cloud drops as 1/r2.

The radiation pressure force also depends on the size of the
cloud, which expands perpendicular to the direction of motion
due to its finite temperature. The rate of expansion perpendic-
ular to the radius vector will depend on a number of difficult to
quantify factors, including the pressure of any hot component
in the disk proper. The clouds are overpressured compared the
ISM as a whole, since they are subject to the intense radiation
from the central star cluster. If this pressure is large compared
to the pressure of the hot gas component, which is the case
while the cloud is in the gas disk, and possibly for heights of
order the disk radius, the cloud will effectively expand into a
vacuum; in this case the size of the cloud in the direction per-
pendicular to its motion will be given by l! = l!,0 + cs(t ! t0),
where l! is the radius of the cloud in the direction perpendic-
ular to the radius vector, and cs refers to the sound speed of
the cloud.

If, on the other hand, the pressure of the hot gas in the disk
is large, the cloud volumewill vary with height above the disk,
tracking the pressure in the hot gas. The latter will be in rough
hydrostatic equilibrium, with a scale height much larger than
that of the molecular gas disk, so the size of the cloud will
not vary until it reaches a height of order the scale height of

the hot gas. At that point the hot gas density will decrease as
1/r2, as will the density in the cloud. In most of the numerical
work we present here we assume the cloud is overpressured
compared to any hot gas; this is the case in the Milky Way,
but the situation may be different in starburst galaxies.

If the cloud is at a distance less than Rd above the disk,
any expansion in the perpendicular radius will give rise to an
increase in the amount of radiation impinging on the cloud.
For r> Rd, the 1/r2 radiative flux decrease will tend to cancel
the effect of the increased area of the cloud, and the amount
of light impinging on the cloud will increase less rapidly, or
not at all.

The expansion of the cloud is also responsible for a third
change in the radiative force; the cloud eventually becomes
optically thin to the continuum emission from the disk. The
fraction of the incident radiation that the cloud absorbs then
drops like 1/r2, tracking the decrease in the column density
and hence optical depth " . If r > Rd , the decrease in incident
flux tends to cancel the geometric growth of the cloud, and
the radiative driving, which is proportional to " , decreases as
r increases.

4.1.2. Ram pressure from supernovae

The hot gas from isolated supernovae is likely to be trapped
in the disk, so that it does not affect clouds above the disk.
However, supernovae in large clusters will have a different
fate. As we have just demonstrated, the ISM above large clus-
ters will be expelled from the disk, opening up a pathway for
the hot supernova gas to escape. We focus on the large scale
behaviour of this hot gas, since the bulk of the cold gas is ex-
pelled from the vicinity of the cluster long before any stars in
the cluster explode. We assume that the starburst lasts much
longer then the lifetime of a very massive star (which we take
to be 4Myr), so that we can average over many cluster life-
times and use a mean supernova rate.

Supernovae drive a hot wind. The ram pressure derived
force on a cloud of cross-section #l2! with a drag coefficient
CD is

Fram =CD#l2!$h(vh ! vc)
2 . (20)

The kinetic energy of the hot wind is given by
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where % is the fraction of the supernova luminosity that is
thermalized to produce a hot phase. It is generally found
to range from 0.01 to 0.2 (Theis et al. 1992; Cole et al.
1994; Padoan et al. 1997; Thornton et al. 1998). However,
Strickland & Heckman (2009) find %> 0.3, possibly reaching
% = 1, in the local starburst M82.

Following Strickland & Heckman (2009), we introduce the
mass loading parameter &

Ṁh = &ṀSN+SW = 0.2&Ṁ", (22)

where, by definition, & > 1. The factor 0.2 in the second
equality corresponds to a Chabrier (2005) initial mass func-
tion. For very high values of the mass loading &, the hot gas
becomes radiative, cooling on a dynamical time (Silich et al.
2004; Strickland & Heckman 2009). This effectively limits
the range of mass loading, 1" & " 17.
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where the radiation and ram pressure forces Frad(r, t) and
Frad(r, t) include contributions from the parent cluster as well
as other UV sources distributed over the disk and Fgrav de-
scribes the gravitational effect of the galaxy and its surround-
ing dark matter distribution. For simplicity we do not include
the interactions any hot corona that might occupy the galaxy
halo. We discuss its potential impact in section 6.2.

4.1. Launching the gas through a galactic halo

We have shown that radiation from a single massive star
cluster can eject clouds from the disk of a galaxy. However,
neither radiation pressure nor ram pressure from supernova-
driven hot winds arising from a single isolated cluster can
drive the clouds to tens of kiloparsecs; doing so requires the
collective effect of all the clusters in the galaxy, as we now
show.

4.1.1. Radiative force

Once the shell emerges from the galactic disk, it is subject
to radiation pressure from stars in the disk. The observed sur-
face brightness of star forming disks follows distributions that
range from nearly constant for R< Rd, where R is the distance
from the galactic center, to exponential, i.e., !UV ! exp!R/Rd
(Martin & Kennicutt 2001; Azzollini et al. 2009). For sim-
plicity we will work with a constant surface brightness out
to Rd. If the height above the disk (which we approximate
as r !H, where r is the distance from the center of the star
cluster) is smaller than Rd , the disk flux seen by the cloud,
which quickly dominates that provided by the natal cluster, is
roughly constant. The radiation pressure then becomes
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where r is the distance from the center of the cluster. At early
times, the optically thick regime applies and the above rela-
tion does not depend on !. Once the cloud reaches r! Rd, the
flux seen by the cloud drops as 1/r2.

The radiation pressure force also depends on the size of the
cloud, which expands perpendicular to the direction of motion
due to its finite temperature. The rate of expansion perpendic-
ular to the radius vector will depend on a number of difficult to
quantify factors, including the pressure of any hot component
in the disk proper. The clouds are overpressured compared the
ISM as a whole, since they are subject to the intense radiation
from the central star cluster. If this pressure is large compared
to the pressure of the hot gas component, which is the case
while the cloud is in the gas disk, and possibly for heights of
order the disk radius, the cloud will effectively expand into a
vacuum; in this case the size of the cloud in the direction per-
pendicular to its motion will be given by l! = l!,0 + cs(t ! t0),
where l! is the radius of the cloud in the direction perpendic-
ular to the radius vector, and cs refers to the sound speed of
the cloud.

If, on the other hand, the pressure of the hot gas in the disk
is large, the cloud volumewill vary with height above the disk,
tracking the pressure in the hot gas. The latter will be in rough
hydrostatic equilibrium, with a scale height much larger than
that of the molecular gas disk, so the size of the cloud will
not vary until it reaches a height of order the scale height of

the hot gas. At that point the hot gas density will decrease as
1/r2, as will the density in the cloud. In most of the numerical
work we present here we assume the cloud is overpressured
compared to any hot gas; this is the case in the Milky Way,
but the situation may be different in starburst galaxies.

If the cloud is at a distance less than Rd above the disk,
any expansion in the perpendicular radius will give rise to an
increase in the amount of radiation impinging on the cloud.
For r> Rd, the 1/r2 radiative flux decrease will tend to cancel
the effect of the increased area of the cloud, and the amount
of light impinging on the cloud will increase less rapidly, or
not at all.

The expansion of the cloud is also responsible for a third
change in the radiative force; the cloud eventually becomes
optically thin to the continuum emission from the disk. The
fraction of the incident radiation that the cloud absorbs then
drops like 1/r2, tracking the decrease in the column density
and hence optical depth " . If r > Rd , the decrease in incident
flux tends to cancel the geometric growth of the cloud, and
the radiative driving, which is proportional to " , decreases as
r increases.

4.1.2. Ram pressure from supernovae

The hot gas from isolated supernovae is likely to be trapped
in the disk, so that it does not affect clouds above the disk.
However, supernovae in large clusters will have a different
fate. As we have just demonstrated, the ISM above large clus-
ters will be expelled from the disk, opening up a pathway for
the hot supernova gas to escape. We focus on the large scale
behaviour of this hot gas, since the bulk of the cold gas is ex-
pelled from the vicinity of the cluster long before any stars in
the cluster explode. We assume that the starburst lasts much
longer then the lifetime of a very massive star (which we take
to be 4Myr), so that we can average over many cluster life-
times and use a mean supernova rate.

Supernovae drive a hot wind. The ram pressure derived
force on a cloud of cross-section #l2! with a drag coefficient
CD is

Fram =CD#l2!$h(vh ! vc)
2 . (20)

The kinetic energy of the hot wind is given by
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where % is the fraction of the supernova luminosity that is
thermalized to produce a hot phase. It is generally found
to range from 0.01 to 0.2 (Theis et al. 1992; Cole et al.
1994; Padoan et al. 1997; Thornton et al. 1998). However,
Strickland & Heckman (2009) find %> 0.3, possibly reaching
% = 1, in the local starburst M82.

Following Strickland & Heckman (2009), we introduce the
mass loading parameter &

Ṁh = &ṀSN+SW = 0.2&Ṁ", (22)

where, by definition, & > 1. The factor 0.2 in the second
equality corresponds to a Chabrier (2005) initial mass func-
tion. For very high values of the mass loading &, the hot gas
becomes radiative, cooling on a dynamical time (Silich et al.
2004; Strickland & Heckman 2009). This effectively limits
the range of mass loading, 1" & " 17.
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FIG. 2.— The velocity (upper panel) and forces in a model of a 106M! cluster embedded in a marginally stable (Q = 1) starforming disk, plotted as a function
of distance from the cluster center. The time since cluster formation is marked on the velocity curve in the upper panel. The forces shown in the lower panel are;
the force of gravity (red dashed line) due to the star cluster, the self gravity of the gas, and the gravity of the galactic halo, the force due to protostellar jets and
possibly shocked stellar winds (cyan dashed line), which isconfined to small scales, the radiation pressure force (solid blue line) and the ram pressure force from
a supernova-driven hot outflow (sold green line). The radiation pressure force rises as the cloud emerges from the disk and is exposed to radiation from other
cluster and stars in the disk; similarly the ram pressure force rises as the cloud enters the large scale hot outflow. In both panels, the vertical dotted lines mark the
radius of the parent GMC, the scale height of the galactic disk, and the e-folding size of the galactic stellar disk (from left to right).

Using the above relations and considering that vc ! vh, the
ram pressure force can be expressed as

Fram "
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The radiation pressure on the same cloud is
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The ratio of the two forces is
Fram
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For typical values: CD = 0.5, "$ 0.3, and # = 4 and $UV = 1 in
the optically thick regime, this ratio is% 1. At large distances,
of order 10kpc, when the clouds are optically thin, the ram
pressure force will start to dominate.

4.1.3. Gravitational force

While in the disk, the shell takes part in the rotational mo-
tion of the galaxy, so that the force exerted by the galaxy on
the GMC is cancelled by the centrifugal force due to rotation.
However, as it rises above the disk, the cloud will lose the
centrifugal support it enjoyed while pursuing its circular path
around the galaxy. We take this into account by using

ggrav =
v2c
Rd

!

r

Rd

"

(26)

if r < Rd . This assumes that the GMC lies at a distance % Rd
from the galactic center.

We model the overall gravitational effect of the galaxy and
its dark matter distribution by using a singular isothermal
sphere model for the galactic halo:

ggrav =
v2c
r
. (27)

This accurately reflects observed rotation curves of spiral
galaxies out to r $ 50kpc, e.g., Casertano & van Gorkom
(1991). It probably overestimates the force of gravity acting
on the cloud at large radii (approaching the virial radius of the
galaxy), where lensing measurements suggest that an NFW
profile is a better fit, e.g., Mandelbaum et al. (2006).

4.2. Numerical results

Given the forces introduced above, we now solve the 1-D
equation of motion and present results aimed at characterizing
the fate of the shells described above.

In Figure 2 we consider the case of an M82-like galaxy,
i.e. with a circular velocity vc = 110km s

!1 and a luminos-
ity L = 5# 1010L# . For such a galaxy, our idealized model
(Eq. 9) predicts a characteristic cluster mass of about 106M#,
in agreement with observations (McCrady & Graham 2007).
As indicated in section 3.2, the % parameter of such a sys-
tem is greater than one, indicating that the star cluster can
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where the radiation and ram pressure forces Frad(r, t) and
Frad(r, t) include contributions from the parent cluster as well
as other UV sources distributed over the disk and Fgrav de-
scribes the gravitational effect of the galaxy and its surround-
ing dark matter distribution. For simplicity we do not include
the interactions any hot corona that might occupy the galaxy
halo. We discuss its potential impact in section 6.2.

4.1. Launching the gas through a galactic halo

We have shown that radiation from a single massive star
cluster can eject clouds from the disk of a galaxy. However,
neither radiation pressure nor ram pressure from supernova-
driven hot winds arising from a single isolated cluster can
drive the clouds to tens of kiloparsecs; doing so requires the
collective effect of all the clusters in the galaxy, as we now
show.

4.1.1. Radiative force

Once the shell emerges from the galactic disk, it is subject
to radiation pressure from stars in the disk. The observed sur-
face brightness of star forming disks follows distributions that
range from nearly constant for R< Rd, where R is the distance
from the galactic center, to exponential, i.e., !UV ! exp!R/Rd
(Martin & Kennicutt 2001; Azzollini et al. 2009). For sim-
plicity we will work with a constant surface brightness out
to Rd. If the height above the disk (which we approximate
as r !H, where r is the distance from the center of the star
cluster) is smaller than Rd , the disk flux seen by the cloud,
which quickly dominates that provided by the natal cluster, is
roughly constant. The radiation pressure then becomes
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where r is the distance from the center of the cluster. At early
times, the optically thick regime applies and the above rela-
tion does not depend on !. Once the cloud reaches r! Rd, the
flux seen by the cloud drops as 1/r2.

The radiation pressure force also depends on the size of the
cloud, which expands perpendicular to the direction of motion
due to its finite temperature. The rate of expansion perpendic-
ular to the radius vector will depend on a number of difficult to
quantify factors, including the pressure of any hot component
in the disk proper. The clouds are overpressured compared the
ISM as a whole, since they are subject to the intense radiation
from the central star cluster. If this pressure is large compared
to the pressure of the hot gas component, which is the case
while the cloud is in the gas disk, and possibly for heights of
order the disk radius, the cloud will effectively expand into a
vacuum; in this case the size of the cloud in the direction per-
pendicular to its motion will be given by l! = l!,0 + cs(t ! t0),
where l! is the radius of the cloud in the direction perpendic-
ular to the radius vector, and cs refers to the sound speed of
the cloud.

If, on the other hand, the pressure of the hot gas in the disk
is large, the cloud volumewill vary with height above the disk,
tracking the pressure in the hot gas. The latter will be in rough
hydrostatic equilibrium, with a scale height much larger than
that of the molecular gas disk, so the size of the cloud will
not vary until it reaches a height of order the scale height of

the hot gas. At that point the hot gas density will decrease as
1/r2, as will the density in the cloud. In most of the numerical
work we present here we assume the cloud is overpressured
compared to any hot gas; this is the case in the Milky Way,
but the situation may be different in starburst galaxies.

If the cloud is at a distance less than Rd above the disk,
any expansion in the perpendicular radius will give rise to an
increase in the amount of radiation impinging on the cloud.
For r> Rd, the 1/r2 radiative flux decrease will tend to cancel
the effect of the increased area of the cloud, and the amount
of light impinging on the cloud will increase less rapidly, or
not at all.

The expansion of the cloud is also responsible for a third
change in the radiative force; the cloud eventually becomes
optically thin to the continuum emission from the disk. The
fraction of the incident radiation that the cloud absorbs then
drops like 1/r2, tracking the decrease in the column density
and hence optical depth " . If r > Rd , the decrease in incident
flux tends to cancel the geometric growth of the cloud, and
the radiative driving, which is proportional to " , decreases as
r increases.

4.1.2. Ram pressure from supernovae

The hot gas from isolated supernovae is likely to be trapped
in the disk, so that it does not affect clouds above the disk.
However, supernovae in large clusters will have a different
fate. As we have just demonstrated, the ISM above large clus-
ters will be expelled from the disk, opening up a pathway for
the hot supernova gas to escape. We focus on the large scale
behaviour of this hot gas, since the bulk of the cold gas is ex-
pelled from the vicinity of the cluster long before any stars in
the cluster explode. We assume that the starburst lasts much
longer then the lifetime of a very massive star (which we take
to be 4Myr), so that we can average over many cluster life-
times and use a mean supernova rate.

Supernovae drive a hot wind. The ram pressure derived
force on a cloud of cross-section #l2! with a drag coefficient
CD is

Fram =CD#l2!$h(vh ! vc)
2 . (20)

The kinetic energy of the hot wind is given by
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where % is the fraction of the supernova luminosity that is
thermalized to produce a hot phase. It is generally found
to range from 0.01 to 0.2 (Theis et al. 1992; Cole et al.
1994; Padoan et al. 1997; Thornton et al. 1998). However,
Strickland & Heckman (2009) find %> 0.3, possibly reaching
% = 1, in the local starburst M82.

Following Strickland & Heckman (2009), we introduce the
mass loading parameter &

Ṁh = &ṀSN+SW = 0.2&Ṁ", (22)

where, by definition, & > 1. The factor 0.2 in the second
equality corresponds to a Chabrier (2005) initial mass func-
tion. For very high values of the mass loading &, the hot gas
becomes radiative, cooling on a dynamical time (Silich et al.
2004; Strickland & Heckman 2009). This effectively limits
the range of mass loading, 1" & " 17.
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where the radiation and ram pressure forces Frad(r, t) and
Frad(r, t) include contributions from the parent cluster as well
as other UV sources distributed over the disk and Fgrav de-
scribes the gravitational effect of the galaxy and its surround-
ing dark matter distribution. For simplicity we do not include
the interactions any hot corona that might occupy the galaxy
halo. We discuss its potential impact in section 6.2.

4.1. Launching the gas through a galactic halo

We have shown that radiation from a single massive star
cluster can eject clouds from the disk of a galaxy. However,
neither radiation pressure nor ram pressure from supernova-
driven hot winds arising from a single isolated cluster can
drive the clouds to tens of kiloparsecs; doing so requires the
collective effect of all the clusters in the galaxy, as we now
show.

4.1.1. Radiative force

Once the shell emerges from the galactic disk, it is subject
to radiation pressure from stars in the disk. The observed sur-
face brightness of star forming disks follows distributions that
range from nearly constant for R< Rd, where R is the distance
from the galactic center, to exponential, i.e., !UV ! exp!R/Rd
(Martin & Kennicutt 2001; Azzollini et al. 2009). For sim-
plicity we will work with a constant surface brightness out
to Rd. If the height above the disk (which we approximate
as r !H, where r is the distance from the center of the star
cluster) is smaller than Rd , the disk flux seen by the cloud,
which quickly dominates that provided by the natal cluster, is
roughly constant. The radiation pressure then becomes

Frad =

!

"

#

Frad,cl +
Lgal
c

$

r!H
RD

%2
if H < r < RD

Frad,cl +
Lgal
c

1
r2

if r > RD

(19)

where r is the distance from the center of the cluster. At early
times, the optically thick regime applies and the above rela-
tion does not depend on !. Once the cloud reaches r! Rd, the
flux seen by the cloud drops as 1/r2.

The radiation pressure force also depends on the size of the
cloud, which expands perpendicular to the direction of motion
due to its finite temperature. The rate of expansion perpendic-
ular to the radius vector will depend on a number of difficult to
quantify factors, including the pressure of any hot component
in the disk proper. The clouds are overpressured compared the
ISM as a whole, since they are subject to the intense radiation
from the central star cluster. If this pressure is large compared
to the pressure of the hot gas component, which is the case
while the cloud is in the gas disk, and possibly for heights of
order the disk radius, the cloud will effectively expand into a
vacuum; in this case the size of the cloud in the direction per-
pendicular to its motion will be given by l! = l!,0 + cs(t ! t0),
where l! is the radius of the cloud in the direction perpendic-
ular to the radius vector, and cs refers to the sound speed of
the cloud.

If, on the other hand, the pressure of the hot gas in the disk
is large, the cloud volumewill vary with height above the disk,
tracking the pressure in the hot gas. The latter will be in rough
hydrostatic equilibrium, with a scale height much larger than
that of the molecular gas disk, so the size of the cloud will
not vary until it reaches a height of order the scale height of

the hot gas. At that point the hot gas density will decrease as
1/r2, as will the density in the cloud. In most of the numerical
work we present here we assume the cloud is overpressured
compared to any hot gas; this is the case in the Milky Way,
but the situation may be different in starburst galaxies.

If the cloud is at a distance less than Rd above the disk,
any expansion in the perpendicular radius will give rise to an
increase in the amount of radiation impinging on the cloud.
For r> Rd, the 1/r2 radiative flux decrease will tend to cancel
the effect of the increased area of the cloud, and the amount
of light impinging on the cloud will increase less rapidly, or
not at all.

The expansion of the cloud is also responsible for a third
change in the radiative force; the cloud eventually becomes
optically thin to the continuum emission from the disk. The
fraction of the incident radiation that the cloud absorbs then
drops like 1/r2, tracking the decrease in the column density
and hence optical depth " . If r > Rd , the decrease in incident
flux tends to cancel the geometric growth of the cloud, and
the radiative driving, which is proportional to " , decreases as
r increases.

4.1.2. Ram pressure from supernovae

The hot gas from isolated supernovae is likely to be trapped
in the disk, so that it does not affect clouds above the disk.
However, supernovae in large clusters will have a different
fate. As we have just demonstrated, the ISM above large clus-
ters will be expelled from the disk, opening up a pathway for
the hot supernova gas to escape. We focus on the large scale
behaviour of this hot gas, since the bulk of the cold gas is ex-
pelled from the vicinity of the cluster long before any stars in
the cluster explode. We assume that the starburst lasts much
longer then the lifetime of a very massive star (which we take
to be 4Myr), so that we can average over many cluster life-
times and use a mean supernova rate.

Supernovae drive a hot wind. The ram pressure derived
force on a cloud of cross-section #l2! with a drag coefficient
CD is

Fram =CD#l2!$h(vh ! vc)
2 . (20)

The kinetic energy of the hot wind is given by

1
2
Ṁhv

2
h = %LSN. (21)

where % is the fraction of the supernova luminosity that is
thermalized to produce a hot phase. It is generally found
to range from 0.01 to 0.2 (Theis et al. 1992; Cole et al.
1994; Padoan et al. 1997; Thornton et al. 1998). However,
Strickland & Heckman (2009) find %> 0.3, possibly reaching
% = 1, in the local starburst M82.

Following Strickland & Heckman (2009), we introduce the
mass loading parameter &

Ṁh = &ṀSN+SW = 0.2&Ṁ", (22)

where, by definition, & > 1. The factor 0.2 in the second
equality corresponds to a Chabrier (2005) initial mass func-
tion. For very high values of the mass loading &, the hot gas
becomes radiative, cooling on a dynamical time (Silich et al.
2004; Strickland & Heckman 2009). This effectively limits
the range of mass loading, 1" & " 17.


