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A digression on sensitivity

For a given collecting area, the brightness sensitivity is always 
greatest for a filled aperture
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Aperture Synthesis:
    * High angular resolution on bright emission
    * High dynamic range
    * Low confusion
    * ...

Filled Aperture
     * Extended source “short spacing” data
     * Highest-performance receiving systems
     * Low surface brightness phenomena
     * ...

Green Bank May 2014

End of digression...
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HI disks of galaxies
NHI = 1021.5 cm-2

Tb = 65 K
t ≈ 2x10-5 f2 sec

Instrument f2 21 cm HPBW

GBT 1 9.1’

Arecibo 1 3.2’

VLA-D ∼104 46”

VLA-C ∼106 14”

VLA-B ∼108 4.3”

HI edges of galaxies
NHI = 1019.5 
Tb = 0.6 K

t ≈ 0.2 f2 sec

THINGS VLA Survey
Walter et al. 2008

at 30” resolution 3σ=1019.5

at   6” resolution 3σ=1020.5

 Neutral Hydrogen (HI) in galaxies
t ≡3σ detection time for 21cm line

Green Bank May 2014
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What drives galaxy growth and evolution?

Theory: 
Interactions,  Fountains and winds, Inflow

Measurement: 
Interaction, Fountains & winds, Inflow?

We can learn the most looking outside a galaxy’s disk
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The M81 group

Optical + VLA + GBT
Chynoweth et al 2009 Galaxies in 

groups interact
Interactions
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The M81 group

Optical + VLA + GBT
Chynoweth et al 2009

Group HI
NHI = 1018.5 
Tb = 0.06 K
t ≈ 20 f2 sec

Galaxies in 
groups interact

Interactions
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Interactions

The Magellanic Stream



9

The tip of the Magellanic Stream
NHI = 1017.5

Tb=6 mK
t ≈ 1600 f2 s

Nidever et al 2010
Composite of Parkes,

GBT, WSRT-SD

Instrument f2

GBT ∼1

EVLA-D ∼104

EVLA-C ∼106

EVLA-B ∼108

Interactions

Green Bank May 2014



Superbubbles are one mechanism for putting HI into the halo

Pidopryhora, Lockman & Shields 2007, 
ApJ, 656, 928

Fountains & winds



Superbubbles are one mechanism for putting HI into the halo

Pidopryhora, Lockman & Shields 2007, 
ApJ, 656, 928

NHI = 1018.5

Tb=60 mK
t ≈ 16 f2 s

Fountains & winds
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The “Smith” High Velocity Cloud

Hydrogen image of the inner Milky Way
(from old survey data)

Green Bank May 2014
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The “Smith” High Velocity Cloud

Hydrogen image of the inner Milky Way
(from old survey data)

GBT

Green Bank May 2014
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The Smith Cloud is bound to the Galaxy

Milky Way  Vesc ~ 500 km/s

Smith        Vtot ≲ 300 km/s
Smith           Vθ ≈ 260 km/s

Lockman et al (2008, 2014)

... and will hit the Galactic plane adding 
angular momentum to the disk

VLSR =


R0sin(`){V✓

R
� V0

R0
}� VR cos(` + ✓)

�
cos(b) + Vzsin(b)

✔ ✔ ✔

Infall?
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Nichols, Mirabal,  Agertz, Lockman, Bland-Hawthorn (2014)

Does the Smith Cloud have dark matter?
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“On the continuing formation of the Andromeda 
Galaxy: Detection of HI Clouds in the M31 Halo” 

 Thilker et al 2004 ApJ

Text

Instrument f2

GBT 1

VLA-D ∼104

VLA-C ∼106

VLA-B ∼108

GBT Detection of 
High-velocity HI Clouds

Around Andromeda
106-7 M⊙

Green Bank May 2014

What is the origin 
of this gas?
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“On the continuing formation of the Andromeda 
Galaxy: Detection of HI Clouds in the M31 Halo” 

 Thilker et al 2004 ApJ

Text

Extraplanar HI
NHI = 1018.5 
Tb = 0.06 K
t ≈ 20 f2 sec

Instrument f2

GBT 1

VLA-D ∼104

VLA-C ∼106

VLA-B ∼108

GBT Detection of 
High-velocity HI Clouds

Around Andromeda
106-7 M⊙

Green Bank May 2014

What is the origin 
of this gas?



High Velocity Clouds around galaxies
M31 -- GBT

Thilker et al. 2004, ApJ, 601, L39
contours at 0.5,1,2,10,20 x 1018 

HI Masses = 106-7 M⊙

M33 -- Arecibo
Grossi et al. 2008, A&A, 487, 161

lowest contour 2x1018

The Milky Way has HVCs covering 40% - 80% of the sky



Gas distribution in local group galaxies 11

Figure 10. Contours of the H i gas distribution around the simulated M31c (left-hand panel) and MWc (right-hand panel) for two
arbitrary edge-on views. The contours indicate column densities of NHI ≥ 1015 cm−2 (dotted lines); NHI ≥ 1016 cm−2 (short-dashed
lines); NHI ≥ 1017 cm−2 (long-dashed lines); NHI ≥ 1018 cm−2 (dotted-dashed lines); NHI ≥ 1019 cm−2 (three-dotted-dashed lines), and
NHI ≥ 1020 cm−2 (solid lines).

get a value of ∼1.6 × 1010 M" within the virial radii of our
simulated galaxies as it is shown in Table 2.

4.3 H i gas component

We turn our attention to the distribution of H i gas in the
simulated galaxies, and compare our results with observa-
tions. In and around the Milky Way cold gas that is predom-
inantly neutral can be observed through radio observations
of the 21 cm line if the total H i column density lies above a
threshold of ∼7× 1017 cm−2 (Wakker 2004).

Gas-rich spiral galaxies such as the Milky Way and
Andromeda are known to have extended H i discs with
radii up to a few dozen kpc and typical H i column den-
sities NHI ! 1020 cm−2 (e.g., Rosenberg & Schneider 2003;
Zwaan et al. 2005; Levine et al. 2006, 2008). While the ra-
dial extent of the Milky Way H i disc is not possible to
be measured directly owing to the interior vantage point
as an observer, Braun et al. (2009) show that Andromeda
has an H i disc with a radial extension of ∼30 kpc for col-
umn densities above NHI ! 2× 1020 cm−2 (however, see e.g.
Levine et al. 2006, 2008, for a detailed analysis of the struc-
ture of the H i disc in our Galaxy).

The H i discs of our simulated M31c and MWc systems
have a similar extent to those given by observations, as can
be inferred from Figs. 12 and 13, where H i column density
maps and covering fractions in different planes are shown
(see next section for a detailed description of these figures).

Observations of the Milky Way and other nearby galax-
ies carried out in the 21 cm line have shown that spiral galax-
ies commonly also exhibit extraplanar H i structures that in-
dicate inflows, outflows, and merger processes in these sys-
tems (see reviews by Wakker & van Woerden 1997; Richter
2006; Putman et al. 2012). In the Milky Way, such extra-
planar neutral gas structures manifest themselves as the
so-called high-velocity clouds (HVCs), which have column
densities within the range NHI ∼ 1018 − 1020 cm−2. These
are 21 cm structures observed at high galactic latitudes that

show high radial velocities that are inconsistent with a sim-
ple galactic rotation model. In Andromeda, Thilker et al.
(2004) have mapped a similar population of extraplanar H i

features that can be regarded as HVC analogs.

Based on 21 cm observations of the Milky Way and An-
dromeda galaxies, R12 developed a three-dimensional model
aimed at describing the infall of extraplanar H i structures
onto these galaxies, which allows to estimate the amount of
neutral gas in HVCs as well as their distribution. Their mod-
elling suggests a characteristic radial extension of ∼50 kpc
for the HVCs location within galactic haloes, as well as a
total H i mass in HVCs of the order of ∼108 M".

In order to compare our simulation with the R12 model,
it is necessary to exclude the H i gas in the disc region in
our simulated galaxies, as we did in the previous section (we
exclude particles belonging to a flat cylinder in the disc plane
with a radius of 30 kpc and a height of ±2 kpc). We note
that, in our simulations, we lack the necessary resolution to
resolve features like individual HVCs; however, we can use
the total amount of extraplanar neutral gas as a proxy of the
neutral gas mass content. The H i cumulative mass profile
of our simulated galaxies including/excluding the galactic
disc can be seen in Fig. 9 (thin/thick dashed lines) where
we have additionally imposed two column density limits to
better compare our results with observations. If no limit is
applied, the resulting H i masses within 50 kpc (excluding
the gaseous disc) give MHI(r ≤ 50 kpc) ≈ 3.1× 108 M" and
4.3 × 108 M" for the MWc and M31c galaxies respectively.
In general, for higher column density limits, the mass of H i

decreases by a factor of a few displaying a better match with
observational mass estimates from HVCs. Additionally, the
maximum spatial extent of the material with higher column
density cuts tends to decrease. We checked that the precise
radius assumed to exclude the discs has a negligible impact
on the final neutral gas masses. For instance, for an H i disc
of 40 kpc radius, the resulting mass differences are only of
the order of 5%. It is worth mentioning that most of the
neutral material surrounding the galaxies does not belong to

c© 0000 RAS, MNRAS 000, 000–000

NHI = 1017

Infall?

The distribution of gas in the Local Group from constrained cosmological 
simulations: the case for Andromeda and the Milky Way galaxies
Nuza et al. 2014 arXiv:1403.7528

Green Bank May 2014



2 Nuza et al.

Figure 1. Gas density maps of the simulated LG at z = 0 for the hot (T ≥ 105 K; left-hand panel), cold (T < 105 K; middle panel) and
H i (right-hand panel) components. The plots are centred in the MWc/M31c system. The virial radii of our Milky Way and Andromeda
candidates are shown as dashed and solid lines respectively. In order to highlight the differences in the distribution of the hot, cold and
neutral gas components, each plot shows the projected density in a color scale covering four orders of magnitude.

Our current understanding is that the Milky Way and
Andromeda, the two major spiral galaxies in the LG, are
both surrounded by multi-phase gas halos, whose proper-
ties reflect the various processes that circulate gaseous ma-
terial in their circumgalactic environments (i.e., outflows,
inflows and tidal interactions). Observations imply that the
cold (T < 104 K), and predominantly neutral, circumgalac-
tic gas that gives rise to detectable H i 21 cm emission ap-
pears to be concentrated within a distance of ∼50 kpc from
the Milky Way and Andromeda galaxies (Thilker et al. 2004;
Wakker et al. 2007, 2008; Richter 2012). At larger distances,
and even beyond the virial radii of the two galaxies, the LG is
possibly filled with highly ionized, hot (T ! 105 K) gas that
gives rise to absorption of highly-ionized oxygen in the UV
(Ovi Sembach et al. 2003) and in the X-ray band (Ovii and
Oviii; Gupta et al. 2012) in the spectra of distant quasars,
blazars and other UV and X-ray bright background sources.
It is therefore possible that this warm-hot circumgalactic
medium harbours a large fraction of the baryons present in
the LG, which could explain the apparent discrepancy be-
tween the baryon content found in galaxy groups and the
mean cosmological value (see also Richter et al. 2008). This
line of evidence is strengthen by the recent discovery of X-ray
haloes surrounding regular, although massive, spiral galax-
ies that are not related to merger interactions, starbursts
and/or emission from compact objects (Anderson & Breg-
man 2011; Dai et al. 2012; Bogdán et al. 2013a,b)

According to the standard picture of galaxy formation,
two main accretion modes are responsible for feeding galax-
ies with a fresh supply of cold gas that can be further pro-
cessed into stars: a ‘hot’-mode, originated as high-density
gas surrounding the galaxy cools radiatively and collapses
towards the centre (e.g., White & Rees 1978), and a ‘cold’-
mode, driven by cold gas filaments penetrating well inside
the virial radius of the halo (e.g., Navarro & Steinmetz 1997;
Kereš et al. 2005).

Recently, several authors have studied the distribution
of gas, and their associated accretion modes, for isolated
galaxy haloes using cosmological simulations. For instance,
Fernández et al. (2012) focused on the cold accretion mode

in an isolated Milky Way-mass galaxy with low velocity dis-
persion under the condition that the mean environmental
density at z = 0 is close to that of the actual LG. Similarly,
Joung et al. (2012) extended this work by considering the
accretion of warm-hot material onto the halo. Their results
indicate that the accretion rate in the system is dominated
by ionized warm-hot gas over a large range of distances ex-
tending up to the virial radius, whereas cooler gas tends to
occupy the central regions.

In this work, we study the properties of gas in a con-
strained simulation of the LG of galaxies, therefore including
the interaction between their members, and make detailed
comparisons with available observations. Our simulation re-
produces the local environment of the LG, going beyond the
simple criteria adopted by Fernández et al. (2012), while in-
cluding the main observed large scale structures that sur-
round the LG (e.g., the Virgo cluster among other mass ag-
gregations). The simulated LG contains two main galaxies
that, at z = 0, approximately resemble the Milky Way and
Andromeda galaxies in terms of their masses, separation,
relative velocity and orientation of the discs. Our aim is to
characterize the spatial distribution and physical conditions
of the different gas phases in the simulated LG, as well as to
compare these results with recent multi-wavelength observa-
tions of gas in the circumgalactic environment of the Milky
Way and Andromeda. In a companion paper (Scannapieco
et al. 2014) we study the formation of the Milky Way and
Andromeda candidates in the same simulation, but focusing
on the evolution of stellar discs and their merger histories
in relation to the environment.

Our paper is organized as follows: in Section 2 we de-
scribe the main aspects of the simulation and simulated LG;
in Section 3 we analyse the properties of the gas at the
largest scales of the LG, as well as within the simulated
Milky Way and Andromeda haloes. In Section 4 we com-
pare the distribution of hot, cold and neutral gas belonging
to the galaxies with observations and discuss how well the
covering fractions of neutral hydrogen compare with obser-
vational results in the Milky Way and Andromeda. In Sec-
tion 5, we discuss accretion and ejection rates of gas onto

c© 0000 RAS, MNRAS 000, 000–000

The distribution of gas in the Local Group from constrained cosmological 
simulations: the case for Andromeda and the Milky Way galaxies
Nuza et al. 2014 arXiv:1403.7528

Infall?

Green Bank May 2014
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HI in the Local Group of Galaxies
1 Mpc

Green Bank May 2014

Galaxy Formation is a
Continuing Process

M33

M31



Green Bank May 2014

M31 Interactions
(Lewis et al 2013)

GBT
survey
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M31 Interactions
(Lewis et al 2013)

GBT 21cm HI
NHI = 1017.5 

Tb = 0.006 K
t ≈ 2 000 f2 s

GBT
survey
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Discrete HI Clouds between M31 and M33

Wolfe et al. (2013)
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9’ resolution

Green Bank May 2014

Discrete HI Clouds between M31 and M33

Wolfe et al. (2013)
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9’ resolution

Green Bank May 2014

Smith Cloud

Discrete HI Clouds between M31 and M33

Wolfe et al. (2013)
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NATURE May 9, 2013

Green Bank May 2014
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NATURE May 9, 2013

Green Bank May 2014

log(MHI):  4.6-5.6 M⊙    size: <3 - 6.4 kpc
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The Next Decade of 
21cm HI Observations

 of the 
Local Universe

Theory: 
Interactions,  Fountains and winds, Inflow

Measurement: 
*  Diffuse gas in the Local Group 
*  Diffuse HI around other spirals
*  Studies of HVCs in the MW and other galaxies
*  The wind from the Galactic Center

Measurements at NHI = 1017 cm-2 will be key
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A Wind from the Center of the Milky Way
A wind in the Galaxy  -- Bregman, 1980
The HI Halo in the Inner Galaxy  -- Lockman 1984
The Large-Scale Bipolar Wind in the Galactic Center -- Bland-Hawthorn & Cohen 2003
Does the Milky Way Produce a Nuclear Galactic Wind?  -- Keeney et al 2006
Giant Gamma-ray Bubbles from Fermi-LAT: 
     Active Galactic Nucleus Activity or Bipolar Galactic Wind?  -- Su et al 2010 
Non-thermal insights on mass and energy flows through the Galactic Centre and into the 
     Fermi bubbles -- Crocker 2012
Giant magnetized outflows from the centre of the Milky Way -- Carretti et al. 2013
The Fermi bubbles as starburst wind termination shocks  -- Lacki, 2013
The Fermi Bubbles: Possible Nearby Laboratory for AGN Jet Activity  -- Yang et al. 2013

Atomic Hydrogen in a Galactic Center Outflow -- McClure-Griffiths et al 2013
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Why is there no extended HI halo in the inner Milky Way?

Fraction of HI found below a given height 
 from Lockman (1984)
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Why is there no extended HI halo in the inner Milky Way?

Data from a 
new GBT 

survey (in prep)

Green Bank May 2014



Atomic Hydrogen in a Galactic Center Outflow 
McClure-Griffiths, Green, Hill, Lockman, Dickey, Gaensler & Green, 
2013 ApJ 770, L4

 Australia Telescope Compact Array

A population of small HI 
clouds toward the Galactic
Center

confused region

Green Bank May 2014



Property Med Min Max

r	  (pc) 15.0 3.5 32.9
Mc	  (Msun) 270 5 2100
Δv	  (km	  s-‐1) 13.6 3.0 30.9
Tk	  (K) 4000 200 105
NH	  (1019	  cm-‐2) 9.9 1.0 35
Total	  HI	  Mass 4x104

HI	  Ek	  (ergs) 2x1052

Cloud radial velocity ~200 km/s
opening angle ~135°
cloud lifetime ≳3 Myr

Text

Green Bank May 2014



The M31-M33 HI clouds are not part of the high velocity cloud  
systems of M31 or M33 
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M33
HVC

M31
HVC

Wolfe et al. (2013)
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z>0  (above the plane)

z<0  (below the plane)

current location

Sun

5 Myr intervals

crosses the plane 
in 30 Myr

The Smith Cloud Trajectory??

Where did the Cloud arise?

Green Bank May 2014
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The Milky Way?



The “Smith” Milky Way High Velocity Cloud

2 kpcdist = 12.4 ± 1.3 kpc
R = 7.6 ± 1.0 kpc

z = -2.2 kpc 
MHI > 2x106  M⊙

size ≈ 3 x 1 kpc
No Stars!

Wakker et al (2008)
Lockman et al (2008, 2014)

HI from new GBT survey 

Green Bank May 2014

Infall?



Discrete HI Clouds between M31 and M33

Smith:  MHI > 106  M⊙    Diameter 1x3 kpc

No stars in any of these!
Not self-gravitating

Green Bank May 2014

Wolfe et al. (2013, Nature)



The Smith Cloud has ionized gas

2 kpc

dist = 12.4 ± 1.3 kpc
R = 7.6 ± 1.0 kpc

z = -2.2 kpc 
MHI > 2x106  M⊙

size ≈ 3 x 1 kpc
No Stars!

H+ data from WHAM
(Wisconsin H-alpha mapper)

MH+ > 106 M⊙

[N\H] = 0.14 - 0.44

Lockman et al (2008, 2014)
Hill et al (2009)

At M31 <Tb>≈0.084 K 
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Infall?



The Smith Cloud has ionized gas

2 kpc

dist = 12.4 ± 1.3 kpc
R = 7.6 ± 1.0 kpc

z = -2.2 kpc 
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size ≈ 3 x 1 kpc
No Stars!

H+ data from WHAM
(Wisconsin H-alpha mapper)
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[N\H] = 0.14 - 0.44

Lockman et al (2008, 2014)
Hill et al (2009)

At M31 <Tb>≈0.084 K 
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GBT HI

Infall?
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This is why the VLBA can’t detect anything below ~105 K


