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Galactic winds

white dwarfs/black holes

Galactic inflow

NGC3766 Open Cluster Credit: ESO Molecular clouds Credit: NASA/HST

Cas A SNR credit: NASA/CXT/UMass

Diffuse gas credit: CGPS

HI Chimney: McClure-
Griffiths et al 2003



Bubbles, Shells & Supershells
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LMC N44 (Gemini/AURA) ~70 pc, E~1052 ergs  

GLIMPSE RCW 79, ~15 
pc, E~1051 ergs 
(Churchwell et al. 2006)

GSH 277+00+36, ~300 pc, E~1053 ergs 
(McC-G et al. 2003)



Galactic Impact of Supershells
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NGC 6946, Boomsma et al. (2008)

6 R. Boomsma et al.: HI holes and high-velocity clouds in the spiral galaxy NGC6946

Fig. 7. The H I holes plotted on top of the total H I map of NGC 6946. The sizes and orientations are indicated by the ellipses. The white spot in
the centre is not an H I hole, but is the result of H I absorption against the bright radio continuum nucleus. The resolution is shown by the shaded
ellipse in the bottom left corner.

the starlight, the distribution of the holes appears to be more ex-
tended: many are found outside R25 where the stellar density is
low (Fig. 9, bottom right). Furthermore, the holes are asymmetri-
cally distributed as compared to the bright optical disk, although
some asymmetry is also seen in the low level stellar brightness.
Optical emission (bright in the inner-disk, faint in the outer-disk)
is seen in the direction of nearly every hole.

The radial number-distribution of the holes (Fig. 10a) shows
a broad peak around 10 kpc, which is about R25. Perhaps, a bet-
ter representation of the importance of the holes is given by the
covering factor shown in Fig. 11. The peak in the coverage ap-
pears at smaller radii than the number distribution and shows that
the holes are most dominant within the bright optical disk. The
covering factor drops sharply toward the smallest radii. The av-
erage H I column density also drops sharply in the inner regions,
which probably prevents the detection of holes. The lack of in-
ner holes may also be caused by the strong shear, which shortens
their lifetimes. At large radii, where the average H I column den-
sity is below about 5×1020 cm−2 the covering factor drops again.
The radial distribution of star formation (Hα brightness) in the
disk shows the same trend as the holes, suggesting that they are
related.

3.3.2. Hole sizes

There seems to be no correlation between the diameters of the
holes and their distance from the centre, except that no holes
larger than 1 kpc exist in the inner 4 kpc. The latter may be
related to the galactic shear as suggested earlier.
For the holes larger than 1 kpc the size distribution is approx-

imately exponential (Fig. 10b). For smaller sizes, the numbers
drop sharply. Even though the highest spatial resolution of the
present data is 390 pc, the smallest hole we find has a diame-
ter of 766 pc. If we extrapolate the exponential size distribution
down to the resolution of the data, we miss about 250 holes. This
would mean that we have only detected 1/3rd of the holes.
The average diameter of the holes is 1.2 kpc, which is large

compared to the typical H I disk scale heights for a galaxy like
NGC6946. If we assume an average scale height h of 200 pc
even the smallest hole in our catalogue of 766 pc size would
reach about 2 scale heights above the midplane. There, the gas
density is about 10% of the midplane density. This would im-
ply that all holes that we detect must have broken out of the thin
disk into the halo. Once broken out, a bubble looses pressure
and the interior is blown into the halo. Without the pressure,
further expansion of the bubble in the plane would seem to be
difficult. Nevertheless, we detect holes with sizes up to 3 kpc.
This may suggest that the expansion continues effectively in the

MW space density of shells at R⊙ ~4 
kpc-2 (Ehlerova & Palous 2005)

Size distribution: ~10 pc to >1 kpc (e.g. Kim et al. 
1999, McG et al 2002, Boosma et al. 2008)
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Dawson et al. (2011)

HI in wall features T~ 40 - 150 K

McClure-Griffiths et al. (2003)

Density contrasts >10x

Molecular cloud 
formation - in situ or by 
collection?

Supershells and Gas Cooling



GSH 277+00+36 (McClure-Griffiths et al. 2003)
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Powering Outflows

W4. credit: J. English/ M. Normandeau 

200pc

Fountain model (e.g. Bregman et al 1984) “Popping” chimneys (e.g. Norman & Ikeuchi 1989)

50pc



NGC 4217 (Thompson, Howk & Savage 2004)
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Cool Gas in Galaxy Halos

Ophiucus superbubble (Pidopryhora et al. 2007) 
HI (purple), Hα (green)



Halo structure tied to the disk SFR
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Ford, Lockm
an &

 M
cC

lure-G
riffiths (2010)

Ford et al (2008)

4x # of clouds 
~2x SFR
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Some Illustrative Examples
Galactic Centre Small Magellanic Cloud

resolution of 5-30 pc over 7 kpc resolution of 10 pc over 6.2 kpc
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The Milky Way Wind: Fermi Bubbles

Fox et al (2014); Su et al (2010); Ackermann et al (2010); 
Bland-Hawthorn & Cohen (2003)
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modified from Lockman & McC-G (2016)
lines: Miller & Bregman (2016) 

clouds: McC-G et al (2013), Di Teodoro et al (2017)

Evacuated inner Milky Way

Lockman & McClure-Griffiths (2016)
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Di Teodoro et al (2017)

Cold clouds in a Milky Way wind

GC

size: 10-50 pc 
mass: 10 - 105 M⦿

1.4 kpc
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Vw = 300-400 km/s 
α > 140 deg

Di Teodoro et al. (2017)

wind luminosity: Lw ≃ 3 × 1040 erg/s  
cold gas mass flux: 0.1 M⊙ yr-1



Milky Way HI outflow parameters

• Total HI mass in clouds: 106 
M⊙ 

• Kinetic power of the clouds: 5 
x 1039 erg/s 

• Mass loading rate ~0.1 M⊙/yr 
• Velocities consistent with UV 

absorption line 
measurements (Fox et al 
2014, Bordoloi et al 2017)
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Lockman, McG, & Di Teodoro 2018, in prep

acceleration?



ASKAP+PKS

Australian SKA Pathfinder 
(Commissioning 16 antennas)

McClure-Griffiths et al (2018)



The Small Magellanic Cloud
• Distance 60 kpc 
• Interacting with MW and LMC (20 kpc 

away) 
• Mass: 

– HI: ~ 4x108 M⦿ (Brüns et al 2000) 
– total: ~ 2.4x109 M⦿ (Stanimirović et al 

2004) 
• Complex structure: 

– extended along line-of-sight, “bar” and 
“wing” 

– inclination ~40+/-20 deg (Stanimirović et 
al 2004)

!16McClure-Griffiths et al (2018)
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Anomalous external gas

“Normally” rotating gas

???

500 pc

McClure-Griffiths et al (2018)

Total mass of 
anomalous gas: 
1.3 x 107 M⦿



500 pc
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MCELS Hα (Smith et al 1999)
McC-G et al (2018)

HI + H𝛼 indicating outflow

expansion velocities 35 - 65 km/s

SF rate 35 - 60 
Myr ago:  
~0.1  M⦿/yr



Fountain or Escape?

High velocity line-wing 
– Is any of this gas 

beyond the escape 
velocity? 

• Mass beyond vesc: 
– 2.5 - 5 x 106 M⦿
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Some gas should escape

HI mass loss rate: 
0.2 - 1 M⦿/yr 
2 - 10 x SFR



Conclusions
• Shells, bubbles and outflows have a dramatic impact on local ISM 

– gas cooling, molecular gas formation 
– reshape spiral arms, determine structure of galaxy 
– Lift gas out of the disk to ~1 - 2 kpc 

• Some key examples of parsec scale resolution over kiloparsecs: 
– Galactic Centre: 

• Cleared out Galactic centre, anti-correlated with Fermi Bubbles (Lockman & McG 2016) 
• Outflowing cold pc-scale clouds, total mass 106 M⊙ (Di Teodoro et al 2017) 
• Cold wind velocity ~330 km/s 

– SMC:  
• HI outflow of 107 M⦿ (McClure-Griffiths et al 2018) 
• Helping to form the Magellanic stream (e.g. Bustard et al 2018)?
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