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Circum-Galactic Medium

Stars

How	
  do	
  galaxies	
  work?
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Multi-phase gas-loss from galaxies

• hvcsky_2.jpg
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M82.  Credit: NASA, ESA, and The Hubble Heritage Team (STScI/AURA) MW HI GSH277+00+36: McClure-Griffiths et al. (2003)
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http://www.atnf.csiro.au/people/Tobias.Westmeier/images/research/hvcsky/hvcsky_2.jpg
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Cool HI halo structure

Lockman	
  (2002)

Ford	
  et	
  al	
  (2008)

GALFA	
  examples:	
  
Stanimirovic	
  et	
  al.	
  (2006)	
  
Begum	
  et	
  al	
  (2010)	
  
Saul	
  et	
  al	
  (2012)
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Galactic Wind: Fermi Bubbles

Fox et al (2014); Su et al (2010); Ackermann et al (2010); 
Bland-Hawthorn & Cohen (2003)



(Lack-of) HI in the Galactic Centre

9

Lockman & McClure-Griffiths (2015, in prep)

~ 5 kpc

~ 1.5 kpc
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Fermi: Ackermann et al 2014 
HI: Lockman & McClure-Griffiths (2015)HI in the Galactic Centre

HI anti-correlated 
with 𝜸-ray at |b|>10 
deg

HI halo missing - 
typical of spirals?
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McClure-­‐Griffiths	
  et	
  al	
  (2013)



HI entrained in a Galactic wind
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Typical	
  clouds:	
  	
  
• ~15	
  pc	
  	
  
• ~270	
  Msun

α

McClure-­‐Griffiths	
  et	
  al	
  (2013)

Vw

Acceptable	
  wind	
  veloci0es:	
  150	
  km/s	
  to	
  270	
  km/s	
  



Models of nuclear outflows
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M82	
  wind	
  simulaGons:	
  Cooper	
  et	
  al	
  (2008)



• Improve 
estimates of: 
– opening angle 

and velocity 
– cloud lifetime 
– entrained mass 

Where do they 
go and what are 
their properties?
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1.4 kpc

Lockman, Harrington, McG, Ford et al
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Figure courtesy Josh Peek



A deceptive view of the HI sky?
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Putman, Peek, & Joung (2012 ARA&A); Westmeier (2007); LAB data
reservoir of <1018 cm-2 HI gas? 

significant optically thick HI?

3.2 x108 M⊙ HI halo (Marasco & Fraternali 2010)



HI Halo: Wide vs 
Deep

• Deep HI obs (Lockman 
et al 2002) compared 
with wide (Moss et al 
2013) 

• Ratio of dense to diffuse 
gas is: 0.2 - 0.8, 
consistent with lots of 
“undetected” HI (Moss 
et al, 2015)
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Moss	
  (2014	
  PhD)

FWHM ~20 km/s

FWHM ~30 km/s



Multi-phase high-velocity gas

• HVCs as barometers 
– “Cold” cores: FWHM ∼7 km/s, “Warm” envelopes: FWHM ∼20 km/s 

• 20 - 24 % of HVC sight-lines have multi-phase structure 
(Moss et al 2013, Kalberla & Haud 2006)
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Stanimirovic	
  et	
  al	
  (2008)Moss,	
  Mc-­‐G,	
  et	
  al	
  (2013)

~9000K~800K
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Wolfire et al (1995)

And …

• What is the 
temperature of the 
gas? 

• What other forces 
play a role? 
• magnetic fields?

Multiphase 
Magellanic Steam 
clouds shouldn’t 
exist at ~80 kpc 

(Stanimirovic et al 
2009) 



Accretion in action?

• MS	
  travelling	
  at	
  
~380	
  km/s	
  
(Kallivayelli	
  et	
  al	
  06),	
  
Pram	
  >102.5	
  K	
  cm-­‐3	
  

• Survival	
  Gme	
  ~150	
  
Myr,	
  travel	
  16	
  kpc	
  
(Putman	
  et	
  al	
  11)

20

For	
  et	
  al	
  (2012)



B-fields and HVCs

• HVC in Leading 
Arm of Magellanic 
System 
– Head-tail 

morphology
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Figure 1. H i emission at vLSR = +238 km s−1 of the region surrounding HVC 287.5 + 22.5 + 240 overlaid with Taylor et al. (2009) RMs. The H i emission color
scale ranges from 0.1 to 2.5 K, as shown in the wedge at the right. Positive RMs are plotted in red, and negative RMs are plotted in blue. Values consistent with zero
are shown with green stars. The circle diameter is proportional to the magnitude of the rotation measure; the black circle at the bottom left of the image shows an RM
of 50 rad m−2.

3. RESULTS

We searched for morphological agreement between the sign
and magnitude of the Taylor et al. (2009) RMs and H i images
of all major HVC complexes (Wakker & van Woerden 1991)
and 10 large (!15 deg2), isolated HVCs. The 10 isolated
HVCs were selected at latitudes |b| > 15◦ to avoid strong
polarization and depolarization signatures from the Galactic
plane, which cause ambiguities in interpreting the rotation
measurements. We found a morphological agreement between
the H i and RM toward three HVCs or complexes. We searched
complementary All-Sky Surveys in the optical, far IR, and
radio for the presence of foreground structures. These maps
included radio continuum at 408 MHz (Haslam et al. 1981,
1982), IRAS 100 µm (Wheelock et al. 1994) and Hα from
SHASSA (Gaustad et al. 2001) and Wisconsin H-Alpha Mapper
South (WHAM; Haffner et al. 2003), where the Hα emission
is likely dominated by structures within ∼1 kpc of the Sun.
Toward the HVC Complex M we found an agreement, which
we attributed to the well-known foreground Galactic radio
loop III (Berkhuijsen et al. 1971). Another RM agreement exists
toward one of the HVCs in the Complex GCP near (l, b, v) =
(41◦,−22◦, +100 km s−1), but this may be attributed to Hα
emission in the solar neighborhood (v ≈ 0 km s−1). Finally,
toward one HVC in the Magellanic Leading Arm complex
LA II, HVC 287.5 + 22.5 + 240, we found evidence for
agreement between the RMs and the H i distributions (see
Figure 1) with no obvious confusing foreground object in radio
continuum Hα or infrared emission. We also found no other
foreground H i structure in the GASS data that matched the
morphology of these RMs.

HVC 287.5 + 22.5 + 240 is kinematically associated with
the Leading Arm, showing a clear velocity connection to the
rest of the Magellanic System (e.g., Brüns et al. 2005). This
HVC has a classic head–tail structure, suggesting that it is
moving toward higher latitudes. The cloud has a mean H i

column density of a few ×1019 cm−2 and a peak column density
of 2.7 × 1020 cm−2. The distance to the HVC is not known.
However, simulations of the Magellanic System (Yoshizawa
& Noguchi 2003; Connors et al. 2006) place the Leading
Arm closer than the Magellanic Clouds or the Magellanic
Stream, which are assumed to be at distances of 50–60 kpc.
McClure-Griffiths et al. (2008) estimated a kinematic distance
of 20 kpc for another Leading Arm HVC at b ≈ 0◦. In the
analysis below we assume a distance of d ∼ 30 kpc. At this
distance the HVC has plane-of-sky dimensions of 1 kpc × 5 kpc
and a total neutral mass of ∼8000 M⊙.

Figure 1 shows the H i emissivity of HVC 287.5 + 22.5 + 240
near its central velocity, overlaid with the Taylor et al. (2009)
RMs. The lower third of the image is below the declination limit
of the NVSS. The RMs in the area surrounding the HVC are
mostly negative but the RMs coincident with and immediately
surrounding the HVC H i emission are of noticeably smaller
magnitude. Figure 2 shows the H i column density in a smaller
region, allowing us to examine individual RMs more closely.
We define an “on-source” region to be an ellipse of 6.◦2 × 12.◦0
centred at (l, b = 288.◦5, 23.◦3), which covers an area extending
to 1.◦8 from the NH = 2.8 × 1018 cm−2 contour to account for
a potential-extended ionized halo around the H i as observed in
other HVCs (e.g., Fox et al. 2010). We define an “off-source”
region as an elliptical annulus centered on the on-source
ellipse, but with twice the area of the on-source ellipse (see
Figure 2). There are 48 RM measurements in the on-source
region with 29 directly overlapping the region where NH >
2.8 × 1018 cm−2. The on-source RMs have a median and rms
(σ ) of −8.3 ± 28.8 rad m−2, whereas the off-source values
are −48.9 ± 36.2 rad m−2, giving a difference between the
two of 1.4σ . A K-S test finds that the two distributions are
different at the 99% confidence level. As seen in Figure 2,
the RMs are predominantly negative through the right half of the
HVC and positive through the left half. The on-source gradient
from ∼ +50 rad m−2 on the left side to ∼ −50 rad m−2 on the

McClure-­‐Griffiths	
  et	
  al	
  (2010)

H	
  I	
  
RM	
  >	
  +σ	
  
RM	
  <	
  -­‐σ	
  
|RM|	
  <	
  σ



Rotation Measures & HVC HI Emission

• Average electron 
density from Hα 
WHAM-South upper 
limit and Si II and Si II 
abs lines (Shull et al 
09) 

• Given NHII < 4 x 1019 
cm-2 and <RMHVC>~55 
rad m-2  

➡ B|| > 6 µG (towards us)

McClure-­‐Griffiths	
  et	
  al	
  (2010)

47	
  ‘on	
  source’	
  RMs	
  
Median	
  on:	
  -­‐8.2+/-­‐28	
  rad/m2	
  
Median	
  off:	
  -­‐48.9+/-­‐36	
  rad/m2

hBki = 3.8⇥ 1018hRMHV Ci/NHII
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RM	
  >	
  0	
  
RM	
  <	
  0



Magnetic field in the Smith Cloud?
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H	
  I	
  vGSR	
  =	
  +247	
  km/s	
  
(vLSR	
  =	
  +100	
  km/s	
  at	
  head)

RM	
  >	
  0	
  
RM	
  <	
  0

⟨RM⟩  =  +108±3	
  rad	
  m-­‐2	
  
⟨EM⟩  =  1.22±0.04	
  pc	
  cm-­‐6  
B||	
  ≥	
  +8	
  μG	
  (towards	
  observer)

Hill	
  et	
  al	
  (2013)



Summary
• Taking full multi-phase ISM into the halo: 

– Gaseous outflows in the Milky Way are multiphase 
– Galactic centre outflow evacuated HI cavity inside Rg<2.5 

kpc 
• However, HI clouds of ~20-30 pc entrained in wind 

– The high velocity HI halo is devious 
• undetected diffuse HI  
• “multi-phase” clouds often shouldn’t exist 
• magnetic fields 

• How to make progress: 
– Better measurements of temperature (HI absorption?) 
– More metallicities 
– Census of role of magnetic fields
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Next steps…
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Galac0c	
  ASKAP	
  Survey	
  (GASKAP)	
  

Surveys	
  of	
  the	
  
GalacGc	
  plane	
  
and	
  Magellanic	
  
System:	
  
• 	
  HI	
  λ21-­‐cm	
  
emission	
  and	
  
absorpGon	
  

• OH	
  	
  λ18-­‐cm	
  diffuse	
  
emission	
  and	
  
absorpGon	
  

• OH	
  	
  λ18-­‐cm	
  masers	
  
More	
  than	
  order	
  
of	
  magnitude	
  
more	
  sensiGve	
  

Aim:  To study the evolution of the Milky Way and Magellanic 
Clouds through their interstellar gas and star formation

Dickey, McClure-Griffiths et al (2013)
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GASKAP + POSSUM

Nidever+10

Taylor,	
  SGl	
  &	
  Sunstrum	
  
2009


