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The Intergalactic Medium A. Popping

Figure 1: Simulation of the cosmic web from Popping et al. (2009), left panel shows column densities of
the total Hydrogen gas component (HII + HI), the right panel shows the neutral gas component (HI) that can
potentially be detected by radio telescopes using the 21-cm line.

When looking at the density of neutral hydrogen 10 billion years ago above redshift z ⇠ 2
(e.g. Prochaska & Wolfe (2009)), the total amount of gas that is locked in galaxies is less than
the mass which is locked in stars today. Recent simulations support this picture of continuous
gas accretion. Due to the gravitational collapse of dark matter dense structures and filaments are
created. The primordial atomic gas falls into the gravitational potential wells of the dark matter.
There are two modes in which gas falls onto galaxies, dubbed hot-mode and cold-mode accretion
(Kereš et al. 2005). In the case of hot mode accretion the gas falling on the dark matter filaments
is shock heated to temperatures up to 107 Kelvin and forms a quasi hydrostatic equilibrium halo;
the warm-hot intergalactic medium (WHIM) (e.g. Davé et al. (2001)). At some evolutionary
stage this hot virialized gas cools rapidly while loosing its pressure support and settles into the
centrifugally supported disks or the spiral arms of a galaxy. In the case of cold mode accretion the
gas is never heated to these high temperatures, but smoothly accretes directly into the galaxies. The
empirical deviation between the two accretion modes is around 2⇥ 105 K. Recently simulations
have converged to a cosmological model where cold mode accretion dominates gas infall at all
cosmic times and hot mode accretion is mostly relevant for galaxies that reside in halos with masses
above 1012 solar masses (Kereš et al. 2009; Dekel et al. 2009).

2.3 The Circumgalactic Medium

Surrounding the direct environment of galaxies is the circumgalactic medium (CGM) which is
the interplay between galaxies and the IGM. The gaseous haloes of 44 galaxies between z = 0.15
and 0.35 has been investigated using background QSOs observed with the Cosmic Origins Spectro-
graph (Tumlinson et al. 2013). The galaxies span both early and late types and the sight-lines of the
QSO spectra pass within 150 kpc of the galaxies. The authors find that the circumgalactic medium
exhibits strong HI, with a 100% covering fraction for star-forming galaxies and 75% covering for
passive galaxies. The kinematics of this gas indicate that it is bound to the host galaxy and the bulk
of the detected HI arises in a bound, cool, low-density photoionized diffuse medium. This gas may
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Galaxies in the cosmic web
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• The HI content of galaxies appears to be relatively 
constant since z=2-5 

• The SFR was 10 times higher at z ~ 2 
• Galaxies must be accreting gas from the IGM

HI Content and SFRComparing the evolution of "
HI content and SFR!

Noterdaeme)et)al.)2012)

While the HI content of galaxies appears to have remained relatively 
constant since z ~ 2-5, the SFR was 10x higher at z ~ 2. !

Galaxies must have accreted gas from the IGM.!

Madau)&)Dickinson)2014)
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While the HI content of galaxies appears to have remained relatively 
constant since z ~ 2-5, the SFR was 10x higher at z ~ 2. !

Galaxies must have accreted gas from the IGM.!
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• Local universe galaxy gas consumption time 
scale ~2 Gyr (e.g. Bigiel et al 2008) 

• Galaxies need refuelling over their lifetime  

• Where does the gas come from? 

• Very little direct evidence observationally

Feeding a galaxy



• Many simulations predict that gas is 
accreted by galaxies in two forms 
(e.g. Birnboim & Dekel 2003, Keres et al. 2005, 2009).  

• Hot accretion flows are gas that is 
shock-heated to the virial 
temperature; T > 105 K 

• Cold accretion flows remain below 
Tvir, < 105 K, and falls onto galaxy 
along filaments.  

• At z=0, cold mode should be 
dominant for Mhalo ≤ 1011 M⦿ and in 
low density environments.  

Forms of accretion

Credits: NASA/CXC/M.Weiss/Ohio State/A Gupta et al                   Credit: ESA-AOES Medialab

Hot

Cold

Credit: ESA-AOES Medialab



Multi-phase extraplanar gas

NGC 5775 (Rand+)

NGC 891 (Oosterloo+)

10
 k

pc

Wang Hoopes

Deep observations of (edge-on) spirals show thick, vertically 
extended, multi-phase layers of gas, dust, and magnetic fields

Howk



• What is the nature of 
extra-planar gas in 
galaxies 

• What is the importance 
of (cold) accretion and 
can we detect it

This talk

Questions:

NGC 891 (Oosterloo+)
(ESA-AOES Medialab)
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This talk

NGC 891 (Oosterloo+)

• What is the nature of extra-planar gas in galaxies 

• What is the importance of (cold) accretion

Questions:

This talk

• HALOGAS (deep WSRT) 

• GBT THINGS/HALOGAS  

• Future surveys



• Extraplanar kinematics “lag” the disk rotation curve 

• This means that thick disks can be identified kinematically 
in inclined galaxies

Extraplanar kinematics

Heald et al. (2007) 

Ionized gas kinematics match HI kinematics from Fraternali et al. (2005)



Understanding extraplanar gas

Origin thought to be a mixture of galactic fountain / chimney 

Can these disks also give us evidence for accretion?

1636 A. Marasco, F. Marinacci and F. Fraternali

Figure 1. Scheme of the framework considered in this work. Galactic fountain clouds are ejected from the disc and travel through the halo. The azimuthal
motion of the clouds is not shown. Hydrodynamical interactions between clouds and coronal material trigger the cooling of the latter inside the warm–hot
turbulent wakes. This fountain cycle produces a multiphase medium located within a few kiloparsec above the disc. An observer looking towards a background
source and intercepting a warm–hot wake detects absorption lines of ionized material. An observer looking towards a cold front detects H I emission from an
IVC.

found that, as the cloud moves through the coronal medium, Kelvin–
Helmholtz instability develops. This produces a turbulent wake be-
hind the cold gas in which material stripped from the cloud mixes
with the ambient hot gas, increasing the metallicity of the latter and
thus decreasing its cooling time. As a result, the amount of warm
and cold gas in the cloud’s wake increases exponentially with time,
to the detriment of the coronal gas: i.e. the galactic fountain trig-
gers the cooling of the cosmological corona. Moreover, as the cloud
moves through the corona, the cold and the hot phases exchange
momentum with each other. The efficiency of this mass and mo-
mentum transfer critically depends on the relative velocity between
the two gas phases. Being at least partially pressure supported, the
Galactic corona cannot corotate with the cold gas. M11 found that
the corona ceases to acquire momentum when the relative velocity
between the two phases drops below ∼75 km s−1, because conden-
sation immediately recaptures the momentum gained by the hot
phase. The existence of this velocity threshold suggests that the
corona must spin, at least in the regions closer to the Galaxy, but
with a velocity 75–100 km s−1 lower than that of the disc.

Motivated by these results, MFB12 modelled the H I halo of the
Milky Way by using a dynamical axisymmetric 3D model of galac-
tic fountains where cloud particles, ejected from the disc at a rate
proportional to the local SFR density, travel through the Galactic
halo before returning back to the disc. The particles are subjected
to the gravitational force of the Galaxy and the hydrodynamical
forces due to the interaction with the corona. The latter rotates
with a speed 75 km s−1 lower than the local circular speed, consis-
tently with the results of M11. The particles accrete mass from this
spinning medium at a rate consistent with the condensation rate of
coronal gas in the wakes of the fountain clouds. Thus, these particles
are in fact representative of the cloud+wake system. The model has
three free parameters: the ejection velocity of the particles, the frac-
tion of the orbit during which particles are not visible in H I because
hydrogen is ionized, and the rate at which clouds are accreting mate-
rial from the corona. The best parameters are derived by comparing
the simulated data, produced for an observer placed at R = R⊙,
with the H I data cube of the Leiden–Argentine–Bonn (LAB) sur-
vey (Kalberla et al. 2005). Models including condensation perform

much better than ballistic fountain models where the interaction be-
tween clouds and corona is neglected. The condensation of coronal
gas provides an accretion of pristine material on to the disc at a
rate of ∼2 M⊙ yr−1, remarkably similar to the SFR of the Milky
Way. The accretion rate remains of a few M⊙ yr−1 for rotational
lags ranging from 50 km s−1 to 100 km s−1 (MFB12). The model
reproduces the H I emission of the classical Intermediate-Velocity
Clouds (IVCs). This implies that the Galactic H I halo comprises
thousands of IVC clouds, with the classical complexes being only
a local component.

The global picture that emerges from these works is sketched
in Fig. 1. The gaseous halo of the Galaxy is populated by high-
metallicity fountain clouds (IVC-like) that interact with the metal-
poor coronal gas. This latter is entrained by the clouds’ wakes and
cools efficiently. The system fountain cloud+wake is multiphase
(see Section 2.2). MFB12 have shown that the cold phase of this
medium can account for H I observations in the Galactic halo. In this
work, instead, we compare the warm–hot phase with the detections
of different absorption lines of ionized material.

2.2 The wake of a fountain cloud

We use the simulations of M11 to quantify how the mass and the
velocity of a fountain-cloud wake evolve with time for different
ranges of temperature. The simulations include radiative cooling,
and the relative velocity between the cold and the hot phase is fixed
to 75 km s−1 for the reasons discussed in Section 2.1. The effects of
different relative velocities are discussed in Section 4. We assume
CIE to infer the ranges of temperature in which the considered ions
are supposed to occur (Sutherland & Dopita 1993; Bregman 2007).
We distinguish three ranges of temperature.

(i) cold gas: gas with log T < 4.3, mainly H I;
(ii) warm gas: gas with 4.3 < log T < 5.3, responsible for the

absorptions in Si III, Si IV, C II, C III and C IV;
(iii) hot gas: gas with 5.3 < log T < 5.7, responsible for the

absorptions in O VI.
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How many nearby spiral galaxies show features like these?
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What is their interpretation? 
* interactions 
* (cold) accretion 
* star-formation 
* HVCs

How many nearby spiral galaxies show features like these?



• PI George Heald (Heald et al 2011) 
• 10 ×12h per target, to reach NHI = 1x1019 cm-2 (3σ, 16 km s-1) at 

30” resolution (cf. THINGS: 5x1019 cm-2)  
• unresolved cloud mass sensitivity of 2.7x105 (D/10 Mpc)2 M⦿ 

• Survey sample 24 galaxies (including NGC 891 & NGC 2403) 
• Survey complete and summary papers in progress

HALOGAS: WSRT observations

contours 9⋅1019 ××2 contours 1.8⋅1019 ××2



NGC 0672 NGC 0925 NGC 0949 NGC 1003 NGC 2541 NGC 3198 NGC 5055

NGC 4062 NGC 4244 NGC 4258 NGC 4274 NGC 4414 NGC 4559 NGC 2403

NGC 4565 NGC 5023 NGC 5229 NGC 5585 UGC 2082 UGC 4278 NGC 0891

The WSRT HALOGAS Survey is the first systematic investigation of cold gas accretion in nearby 
spiral galaxies. It consists of deep (120 hours) WSRT observations of 22 edge-on and moderately-
inclined nearby galaxies. Images of the galaxies are shown here, at the same angular scale. The 
HALOGAS Survey probes neutral hydrogen down to a column density of about 1019 cm-2, and allows 
the characterisation of faint extra-planar and anomalous-velocity neutral gas with excellent spatial 
and velocity resolution. HALOGAS data reveal the presence of lagging thick-disk gas, and 
counterparts to the Milky Way’s high velocity clouds. The data also allow us to study the disk 
structure and dynamics in unprecedented detail for a sample of this size.

G. Heald for the HALOGAS Team

HALOGAS Sample: Overview



KPNO (B= blue, R=green, Halpha=red) - Maria Patterson; HI - HALOGAS

HALOGAS 
Survey Results

Thick HI disks



Key result: lagging thick disk 

(~7-15 km/s/kpc) containing 

~15% of HI mass from disk-halo 

separation

NGC 3198 (Gentile+ 2013)

NHI > 4.7x1018 cm-2

Thin disk model

Lagging thick 
disk model



• Key results: 
• no halo -  

surprisingly thin 
• radially varying  

rotational lag 
~9 km/s/kpc

NGC 4244 (Zschaechner+ 2011)



Strongly warped! but no sign of extraplanar HI...

UGC 7774



HI thick disks: correlations

HI correlation 
PRELIMINARY 
Heald et al, in prep
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Quantifying HI thick disks

Fraternali+ in prep

• Disk-halo separation technique 
used to isolate and measure 
gas above the thin disk



Quantifying HI thick disks

NGC 891

MW

Fraternali

• Disk-halo separation technique used to isolate and measure gas 
above the thin disk 

• Thick disk HI mass appears to correlate with host galaxy SFR



• Disk-halo separation technique used to isolate and measure gas 
above the thin disk 

• Radial extent of thick disk gas correlates well with SF radius

Quantifying HI thick disks

Fraternali 
& Heald



• Disk-halo separation technique used to isolate and measure gas 
above the thin disk 

• Radial extent of thick disk gas correlates well with SF radius

Quantifying HI thick disks

NGC 1003

NGC 2403

NGC 5055

NGC 3198

NGC 4448 Fraternali 
& Heald



KPNO (B= blue, R=green, Halpha=red) - Maria Patterson; HI - HALOGAS

HALOGAS 
Survey Results

HI clouds



• Key results: 
• HVC analogs detected 
• Contributing ~4 x 106 M⊙ of the 

HI in the system 
• over a dynamical time, these 

features contribute only ~2% SFR

NGC 1003

DSS composite + HVC analogs



• Effort underway to collect full list of all clouds and streams in 
HALOGAS target fields 
• How many galaxies show signs of accretion? How much (and at what rate)? 

Clouds or diffuse? Co-rotating with the galaxy? Associated with star formation? …

HALOGAS Accretion Catalog



• Effort underway to collect full list of all clouds and streams in 
HALOGAS target fields 
• How many galaxies show signs of accretion? How much (and at what rate)? 

Clouds or diffuse? Co-rotating with the galaxy? Associated with star formation? …
• Preliminary result already clear:  

A few features possibly attributable to cold accretion (in the 
form of HI)  
• but insufficient to fully balance SFR in a typical galaxy; 
• HALOGAS has not detected a large population of clouds 

with MHI >105 M⦿ 

• HALOGAS has not found significant amounts of low-
column density HI not associated with SF (down to 1019 
cm-2) 

• NGC 891 is an extreme, atypical case

HALOGAS Accretion Catalog



Non-detections at the ~3 105 M⦿ level (3σ) 

What are the implications for accreting gas?

Halo gas in HALOGAS?



HALOGAS accretion rate limits

Tends to constrain the HI accretion rate to ≾	0.1 SFR

SFR (M⦿yr-1)

 M
 / 

SF
R

.



• HI thick disks are not ubiquitous, but have properties that 
seem to align with underlying galaxies 
• Detections vs non-detections gives important leverage 
• SF seems to be at the root of HI thick disk properties 

• Accretion seemingly not predominantly in the form of 
clouds (down to current observational limits). 
• Era of galaxy SFR decline? 
• In the form of hot gas, and brought to the disk via 

fountain? 
• Happening at lower column densities?

Implications



Understanding extraplanar gas
1636 A. Marasco, F. Marinacci and F. Fraternali

Figure 1. Scheme of the framework considered in this work. Galactic fountain clouds are ejected from the disc and travel through the halo. The azimuthal
motion of the clouds is not shown. Hydrodynamical interactions between clouds and coronal material trigger the cooling of the latter inside the warm–hot
turbulent wakes. This fountain cycle produces a multiphase medium located within a few kiloparsec above the disc. An observer looking towards a background
source and intercepting a warm–hot wake detects absorption lines of ionized material. An observer looking towards a cold front detects H I emission from an
IVC.

found that, as the cloud moves through the coronal medium, Kelvin–
Helmholtz instability develops. This produces a turbulent wake be-
hind the cold gas in which material stripped from the cloud mixes
with the ambient hot gas, increasing the metallicity of the latter and
thus decreasing its cooling time. As a result, the amount of warm
and cold gas in the cloud’s wake increases exponentially with time,
to the detriment of the coronal gas: i.e. the galactic fountain trig-
gers the cooling of the cosmological corona. Moreover, as the cloud
moves through the corona, the cold and the hot phases exchange
momentum with each other. The efficiency of this mass and mo-
mentum transfer critically depends on the relative velocity between
the two gas phases. Being at least partially pressure supported, the
Galactic corona cannot corotate with the cold gas. M11 found that
the corona ceases to acquire momentum when the relative velocity
between the two phases drops below ∼75 km s−1, because conden-
sation immediately recaptures the momentum gained by the hot
phase. The existence of this velocity threshold suggests that the
corona must spin, at least in the regions closer to the Galaxy, but
with a velocity 75–100 km s−1 lower than that of the disc.

Motivated by these results, MFB12 modelled the H I halo of the
Milky Way by using a dynamical axisymmetric 3D model of galac-
tic fountains where cloud particles, ejected from the disc at a rate
proportional to the local SFR density, travel through the Galactic
halo before returning back to the disc. The particles are subjected
to the gravitational force of the Galaxy and the hydrodynamical
forces due to the interaction with the corona. The latter rotates
with a speed 75 km s−1 lower than the local circular speed, consis-
tently with the results of M11. The particles accrete mass from this
spinning medium at a rate consistent with the condensation rate of
coronal gas in the wakes of the fountain clouds. Thus, these particles
are in fact representative of the cloud+wake system. The model has
three free parameters: the ejection velocity of the particles, the frac-
tion of the orbit during which particles are not visible in H I because
hydrogen is ionized, and the rate at which clouds are accreting mate-
rial from the corona. The best parameters are derived by comparing
the simulated data, produced for an observer placed at R = R⊙,
with the H I data cube of the Leiden–Argentine–Bonn (LAB) sur-
vey (Kalberla et al. 2005). Models including condensation perform

much better than ballistic fountain models where the interaction be-
tween clouds and corona is neglected. The condensation of coronal
gas provides an accretion of pristine material on to the disc at a
rate of ∼2 M⊙ yr−1, remarkably similar to the SFR of the Milky
Way. The accretion rate remains of a few M⊙ yr−1 for rotational
lags ranging from 50 km s−1 to 100 km s−1 (MFB12). The model
reproduces the H I emission of the classical Intermediate-Velocity
Clouds (IVCs). This implies that the Galactic H I halo comprises
thousands of IVC clouds, with the classical complexes being only
a local component.

The global picture that emerges from these works is sketched
in Fig. 1. The gaseous halo of the Galaxy is populated by high-
metallicity fountain clouds (IVC-like) that interact with the metal-
poor coronal gas. This latter is entrained by the clouds’ wakes and
cools efficiently. The system fountain cloud+wake is multiphase
(see Section 2.2). MFB12 have shown that the cold phase of this
medium can account for H I observations in the Galactic halo. In this
work, instead, we compare the warm–hot phase with the detections
of different absorption lines of ionized material.

2.2 The wake of a fountain cloud

We use the simulations of M11 to quantify how the mass and the
velocity of a fountain-cloud wake evolve with time for different
ranges of temperature. The simulations include radiative cooling,
and the relative velocity between the cold and the hot phase is fixed
to 75 km s−1 for the reasons discussed in Section 2.1. The effects of
different relative velocities are discussed in Section 4. We assume
CIE to infer the ranges of temperature in which the considered ions
are supposed to occur (Sutherland & Dopita 1993; Bregman 2007).
We distinguish three ranges of temperature.

(i) cold gas: gas with log T < 4.3, mainly H I;
(ii) warm gas: gas with 4.3 < log T < 5.3, responsible for the

absorptions in Si III, Si IV, C II, C III and C IV;
(iii) hot gas: gas with 5.3 < log T < 5.7, responsible for the

absorptions in O VI.
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• HI thick disks are not ubiquitous, but have properties that 
seem to align with underlying galaxies 
• Detections vs non-detections gives important leverage 
• SF seems to be at the root of HI thick disk properties 

• Accretion seemingly not predominantly in the form of 
clouds (down to current observational limits). 
• Era of galaxy SFR decline? 
• In the form of hot gas, and brought to the disk via 

fountain? 
• Happening at lower column densities?

Implications



Deep GBT Observations

• Accretion happening at even lower column 
densities? 

• 21 THINGS and 20 HALOGAS galaxies 
followed up with GBT (PI D.J. Pisano) 

• 4º × 4º mapped 

• 10 h per galaxy giving 5σ, 20 km s-1 column 
density limit of 2⋅1018 cm-2 



GBT THINGS data for the full sample (almost) 

NGC)628) DDO)154) NGC)2403) NGC)2841) NGC)2903)

NGC)3184) NGC)3198) NGC)3351) NGC)3521) NGC)3627)

NGC)3631) NGC)4449) NGC)4826) NGC)5055) NGC)5194)

NGC)5236) NGC)5457) NGC)6946) NGC)7331) NGC)7793)

Deep GBT Observations
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Deep GBT Observations

• THINGS and HALOGAS galaxies followed up 
with GBT (PI Pisano) 

• Column densities (5σ, 20 km s-1) ~ 2⋅1018 cm-2 

• Between 10 and 30% more HI than HALOGAS 

• However, resolution (9’) is big limitation 

• Can establish presence, but no information on 
nature, morphology or dynamics, except 
absence of large-scale flows 

• Higher resolution…



Looking to the future



Deeper Higher Resolution Surveys
20 A. Popping et al.: The simulated H�sky at low redshift
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80 kpc gridding
2 kpc gridding
Corbelli & Bandiera 2002
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This work (80 kpc grid.)
This work (2 kpc grid.)
Braun & Thilker 2004
Zwaan et al. 2005
Corbelli & Bandiera 2002

Fig. 5. Left panel: H�distribution function after gridding to 80 kpc (dashed (red) line). The solid (blue) line corresponds to data gridded to a 2 kpc
cell size. Filled dots correspond to the QSO absorption line data (Corbelli & Bandiera 2002). Right panel: combined H�distribution functions
of the simulation, gridded to a resolution of 2 kpc (solid (blue) line) and 80 kpc (dashed (purple) line). Overlaid are distribution function from
observational data of M 31 (Braun & Thilker 2004), WHISP (Swaters et al. 2002; Zwaan et al. 2005) and QSO absorption lines (Corbelli &
Bandiera 2002) respectively. The reconstructed H�distribution function corresponds very well to all observed distribution functions.

4.2. H I distribution function

As mentioned above, the low and intermediate column densities
(NHI < 1019 cm�2) do not have a very significant contribution to
the total mass budget of H�.

For comparison with our simulation, the H�distribution
function derived from QSO absorption line data will be used as
tabulated in Corbelli & Bandiera (2002). For the QSO data the
column density distribution function f (NHI) is defined such that
f (NHI)dNHIdX is the number of absorbers with column density
between NHI and NHI+dNHI over an absorption distance interval
dX. We derive f (NHI) from the statistics of our reconstructed H�
emission. The column density distribution function in a recon-
structed cube can be calculated from,

f (NHI) =
c

H0dz
A(NHI)
dNHI

cm2, (11)

where dX = dzH0/c and A(NHI) is the surface area subtended by
H�in the column density interval dNHI centred on NHI.

As the simulations contain H�column densities over the full
range between NHI = 1014 and 1021 cm�2, we can plot the
H�column density distribution function f (NHI) over this en-
tire range with excellent statistics, in contrast to what has been
achieved observationally. In the left panel of Fig. 5 we over-
lay the H�distribution functions we derive from the simulations
with the data values obtained from QSO absorption lines as tab-
ulated by Corbelli & Bandiera (2002) (black dots). The hori-
zontal lines on the QSO data points correspond to the bin-size
over which each data point has been derived. Vertical error bars
are not shown, as these have the same size as the dot. Around
NHI = 1019 cm�2 there is only one data bin covering two or-
ders of magnitude in column density, illustrating the di�culty
of sampling this region with observations. This corresponds to
the transition between optically thick and thin gas, where only
a small increase in surface covering is associated with a large
decrease in the column density.

The dashed (red) line corresponds to data gridded to a 80 kpc
cell size. At low column densities the simulated distribution
function agrees very well with the QSO absorption line data.

The transition from optically thick to optically thin gas happens
within just a few kpc of radius in a galaxy disk (Dove & Shull
1994). Clearly a reconstructed cube with a 80 kpc cell size does
not have enough resolution to resolve such transitions. Some
form of plateau can be recognised in the coarsely gridded data
above NHI = 1016 cm�2, however it is not a smooth transition.
Furthermore because of the large cell size, no high column den-
sity regions can be reconstructed at all. The cores of galaxies
have high column densities, but these are severely diluted within
the 80 kpc voxels.

To circumvent these limitations, structures with an H�mass
exceeding 5�108 M� in an 80 kpc voxel have been identified for
individual high resolution gridding. This mass limit is chosen to
match the mass-resolution of the simulation. The mass of a typ-
ical gas particle is �2.5 � 107 M�, when taking into account the
abundance of hydrogen with respect to helium, we need at least
20 gas particles to form a 5 � 108 M� structure. As the neutral
fraction is much less than one for most of the particles, the num-
ber of particles in one object is much larger. We find 719 struc-
tures above the mass limit and grid a 300 kpc box around each
object with a cell size of 2 kpc.

We emphasise that gridding to a higher resolution does not
mean that the physics is computed at a higher resolution. We are
still limited by the simplified physics and finite mass resolution
of the particles. A method of accounting for structure or clump-
ing below the resolution of the simulation is described in e.g.
Mellema et al. (2006). To derive the clumping factor, they have
used another simulation, with the same number of particles, but a
much smaller computational volume, and thus higher resolution.
In our analysis, we accept that we cannot resolve the smallest
structures, since we are primarily interested in the di�use outer
portions of galactic disks. We have chosen a 2 kpc voxel size,
as this number represents the nominal spatial resolution of the
simulation. The simulation has a gravitational softening length
of 2.5 kpc h�1, but note that the smoothing lengths can go as low
as 10% of the gravitational softening length.

Distribution functions are plotted for simulated H�using
the two di�erent voxel sizes of 80 and 2 kpc in the left panel
of Fig. 5. When using a 80 kpc voxel size, the reconstructed
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maps are unable to resolve structures with high densities,
causing erratic behaviour at column densities above NHI �
1017 cm�2. When using the smaller voxel size of 2 kpc, there
is an excellent fit to the observed data between about NHI =
1015 and 1020.5 cm�2. The lower column densities are not repro-
duced within the sub-cubes (although they are in the coarsely-
gridded full simulation cube), while the finite mass and spatial
resolution of the simulation do not allow a meaningful distribu-
tion function to be determined above about NHI = 1021 cm�2.

Below NHI = 1020 cm�2 a transition can be seen with the dis-
tribution function becoming flatter. The e�ect of self-shielding is
decreasing, which limits the amount of neutral hydrogen at these
column densities. Around NHI = 1017 cm�2 the optical depth to
photons at the hydrogen ionisation edge is equal to 1 (Zheng
& Miralda-Escudé 2002). Self-shielding no longer has any ef-
fect below this column density and a second transition can be
seen. Now the neutral fraction is only determined by the bal-
ance between photo-ionisation and radiative recombination. The
distribution function is increasing again as a power law toward
the very low column densities of the Lyman-alpha forest. The
slope in this regime agrees very well with the QSO data. Note
that the 2 kpc gridded data are slightly o�set to lower occur-
rences compared to the 80 kpc gridded data. This is because we
only considered the vicinity of the largest mass concentrations in
the simulation for high resolution sampling. For the same reason
the function is not representative below NHI � 3 � 1014 cm�2,
while for the full, 80 kpc gridded cube it can be traced to
NHI � 5 � 1013 cm�2. Of course, lower column density sys-
tems can be produced in these simulations when artificial spectra
are constructed (e.g. Davé & Tripp 2001; Oppenheimer & Davé
2009), but our focus here is on the high column density systems
that are well-described by our gridding approach.

The distribution functions after gridding to 2 kpc (solid line),
and the low column density end of the 80 kpc gridding (dotted
line) are plotted again in the right panel of Fig. 5, but now with
several observed distributions overlaid. The high column den-
sity regime is covered by the WHISP data (Swaters et al. 2002;
Noordermeer et al. 2005) in H�emission; a Schechter function
fit to this data by Zwaan et al. (2005) is shown by the dashed
line. The dash-dotted line shows H�emission data from the ex-
tended M 31 environment after combining data from a range of
di�erent telescopes (Braun & Thilker 2004). Since this curve is
based on only a single, highly inclined system, it may not be as
representative as the curves based on larger statistical samples.
Our simulated data agrees very well with the various observed
data sets. The distribution function indicates that there is less H�
surface area with a column density of NHI � 1019 cm�2 than at
higher column densities of a few times 1020 cm�2. This is indeed
the case, which can be seen if the relative occurrence of di�erent
column densities is plotted. In Fig. 6 the fractional area is plot-
ted (dashed line) as function of column density on logarithmic
scale, which is given by:

f A =
A(NHI)

d log(NHI)
· (12)

The surface area first increases from the highest column densi-
ties (which are poorly resolved in any case above 1021 cm�2)
down to a column density of a few times 1020 cm�2, but then re-
mains relatively constant (per logarithmic bin). Only below col-
umn densities of a few times 1018 cm�2 does the surface area per
bin start to increase again, indicating that the probability of de-
tecting emission with a column density near NHI � 1017 cm�2

is significantly larger compared to detecting emission with a
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Fig. 6. Fractional area of reconstructed H�(dashed line, right-hand axis)
and cumulated surface area (solid line, left-hand axis) plotted against
column density on a logarithmic scale with a bin size of d log(NHI) =
0.2. The probability of detecting emission with a column density near
NHI � 1017 cm�2 is significantly larger than around NHI � 1019.5 cm�2.
The cumulated surface area is normalised to that at a column den-
sity of NHI = 1016 cm�2. At column densities of NHI � 1017 cm�2,
the area subtended by H�emission is much larger than at a limit of
NHI � 1019.5 cm�2, which is the sensitivity limit of most current obser-
vations of nearby galaxies.

column density of NHI � 1019 cm�2. Also of interest are plots
of the cumulative H�mass and surface area.

The solid line in Fig. 6 shows the total surface area subtended
by H�exceeding the indicated column density. The plot is nor-
malised to unity at a column density of NHI = 1016 cm�2. At high
column densities the cumulative fractional area increases only
moderately. Below a column density of NHI � 1018 cm�2 there
is a clear bend and the function starts to increase more rapidly.
At column densities of NHI � 1017 cm�2, the area subtended by
H�emission is much larger than at a limit of NHI � 1019.5 cm�2,
which corresponds to the sensitivity limit of most current obser-
vations of nearby galaxies.

4.3. H I column density

In Fig. 7 column density maps are shown of the total and the
neutral hydrogen distribution. The maps are integrated over the
full 32 h�1 Mpc depth of the cube, with the colour-bar showing
logarithmic column density in units of cm�2. The total hydro-
gen map reaches maximum values of NH � 1021 cm�2, while the
connecting filaments have column densities of approximately an
order of magnitude less. In the intergalactic medium, the col-
umn densities are still quite high, NH � 1019 cm�2, yielding a
very large mass fraction when the large surface area of the inter-
galactic medium is taken into account.

In the column density map of neutral hydrogen it can be seen
that it is primarily the peaks which remain. At the locations of
the peaks of the total hydrogen map, we can see peaks in the
H�map with comparable column densities, that correspond to
the massive galaxies and groups. The filaments connecting the
galaxies can still be recognised, but with neutral column den-
sities of the order of NHI � 1016 cm�2. Here the gas is still
relatively dense, but not dominated by self-shielding, resulting
in a lower neutral fraction. In the intergalactic regime, the neu-
tral fraction drops dramatically. The gas is highly ionised with
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Fig. 14. Column density maps of four reconstructed objects as seen in neutral hydrogen with contours of Dark Matter (left panels), Stars (middle
panels) and molecular hydrogen (right panels). For both the Dark Matter and the stars contour levels are at N = 3, 5, 10, 20, 30, 50 and 100 �
106 M� kpc�2. For the molecular hydrogen contours are drawn at NH2 = 1018, 1019, 1020 and 1021 cm�2. Stars are concentrated in the very
dense parts of the H�objects, dark matter is more extended, however the extended H�does not always trace the dark matter. The H�satellites or
companions are within the same Dark Matter Halo, but do not always contain stars.

H�structures in the simulation may be similar to those occur-
ring in nature. The simulation cannot reproduce structures that
resemble actual galaxies in detail. Besides the finite mass reso-
lution of the SPH-particles of �107 M�, there are the inevitable
limitations on the included physical processes and their practical

implementation. Nonetheless, we may begin to explore the fate
of partially neutral gas in at least the di�use outskirts of major
galaxies.

Despite the limitations, the simulations can reproduce many
observed statistical aspects of H�in galaxies, which is very

Figure 5: Figures from Popping et al. (2009). Left panel: the HI column density distribution function. Note
the dip near 1019 cm�2 causing an “edge” to the HI disks of galaxies. Middle panel: fractional area (green)
of a galaxy disk. The blue line shows the increase in area towards lower column densities. The area at 1016

cm�2 has been arbitrarily set to 1. Right panel: simulation of the morphology of the low column density
material. The material is expected to be clumpy. The bar indicates the column density levels, contours
indicate the locations of the stellar component.

density gas. MeerKAT is currently the only telescope with the sensitivity and resolution that are
needed to make sense of this and is therefore uniquely placed to address this SKA1 key science
question.

The regular MHONGOOSE observations reach a depth of ⇠ 5.5 · 1017 cm�2 after a nominal
48 hours on-source (3�, 16 km s�1, 9000). Increasing this to 900 hours, would increase the depth
of the observations by a factor 4.2, bringing us down to column densities of 1.3 · 1017 cm�2 at
9000. Equivalently, it would allow probing the original limit of 5.5 · 1017 cm�2, but at an angular
resolution of ⇠ 3000 instead of 9000. This increase in resolving power would not just enable detection
and characterization of the global properties of the expected low-column density clumps, but at
a physical resolution of ⇠ 1 kpc or better, it would allow addressing the internal structure and
dynamics of the clouds. Important contraints on whether these clumps contain dark matter or not
(cf. the missing CDM satelites problem) would be addressed with these observations.

These observations would thus be deeper than any other previous HI observation, and would
allow us to properly explore the cosmic web. They would be unique in the resolving power they
have, and would enable addressing issues that current deep single-dish observations cannot.

We propose here to choose one galaxy from each of the 6 HI mass bins in the MHONGOOSE
sample. Taking into account an overhead of 15%, and the already approved regular MHON-
GOOSE observations of these galaxies, the total additional time request would be 980 hours per
galaxy, or 5880 hours in total. We envisage that these ultra-deep observations would commence
in the second half of the LSP period, so that possible systematic effects due to, e.g., bandpass
stability, calibration, etc. are understood. At the moment we expect the management plan for these
ultra-deep observations to be similar to that of the regular MHONGOOSE observations, but would
be happy to provide an updated plan if these observations were approved.

As noted, this additional request would make it possible for MeerKAT to address scientific
questions that are firmly in SKA1 Key Science Project territory.

5 Observational Strategy and Updated Time Request

The observational strategy is flexible. The 55 hours per galaxy can be built up in several observing
sessions. Depending on the optimum scheduling length of a single observing track (presumably
around 8-9 hours), each galaxy will need about 6 to 7 tracks. The only constraint on the timing
of the tracks is that the short baselines should be unaffected by solar interference which implies
night-time observing.
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but virtually nothing is known about the morphology
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Fig. 5. Left panel: H�distribution function after gridding to 80 kpc (dashed (red) line). The solid (blue) line corresponds to data gridded to a 2 kpc
cell size. Filled dots correspond to the QSO absorption line data (Corbelli & Bandiera 2002). Right panel: combined H�distribution functions
of the simulation, gridded to a resolution of 2 kpc (solid (blue) line) and 80 kpc (dashed (purple) line). Overlaid are distribution function from
observational data of M 31 (Braun & Thilker 2004), WHISP (Swaters et al. 2002; Zwaan et al. 2005) and QSO absorption lines (Corbelli &
Bandiera 2002) respectively. The reconstructed H�distribution function corresponds very well to all observed distribution functions.

4.2. H I distribution function

As mentioned above, the low and intermediate column densities
(NHI < 1019 cm�2) do not have a very significant contribution to
the total mass budget of H�.

For comparison with our simulation, the H�distribution
function derived from QSO absorption line data will be used as
tabulated in Corbelli & Bandiera (2002). For the QSO data the
column density distribution function f (NHI) is defined such that
f (NHI)dNHIdX is the number of absorbers with column density
between NHI and NHI+dNHI over an absorption distance interval
dX. We derive f (NHI) from the statistics of our reconstructed H�
emission. The column density distribution function in a recon-
structed cube can be calculated from,

f (NHI) =
c

H0dz
A(NHI)
dNHI

cm2, (11)

where dX = dzH0/c and A(NHI) is the surface area subtended by
H�in the column density interval dNHI centred on NHI.

As the simulations contain H�column densities over the full
range between NHI = 1014 and 1021 cm�2, we can plot the
H�column density distribution function f (NHI) over this en-
tire range with excellent statistics, in contrast to what has been
achieved observationally. In the left panel of Fig. 5 we over-
lay the H�distribution functions we derive from the simulations
with the data values obtained from QSO absorption lines as tab-
ulated by Corbelli & Bandiera (2002) (black dots). The hori-
zontal lines on the QSO data points correspond to the bin-size
over which each data point has been derived. Vertical error bars
are not shown, as these have the same size as the dot. Around
NHI = 1019 cm�2 there is only one data bin covering two or-
ders of magnitude in column density, illustrating the di�culty
of sampling this region with observations. This corresponds to
the transition between optically thick and thin gas, where only
a small increase in surface covering is associated with a large
decrease in the column density.

The dashed (red) line corresponds to data gridded to a 80 kpc
cell size. At low column densities the simulated distribution
function agrees very well with the QSO absorption line data.

The transition from optically thick to optically thin gas happens
within just a few kpc of radius in a galaxy disk (Dove & Shull
1994). Clearly a reconstructed cube with a 80 kpc cell size does
not have enough resolution to resolve such transitions. Some
form of plateau can be recognised in the coarsely gridded data
above NHI = 1016 cm�2, however it is not a smooth transition.
Furthermore because of the large cell size, no high column den-
sity regions can be reconstructed at all. The cores of galaxies
have high column densities, but these are severely diluted within
the 80 kpc voxels.

To circumvent these limitations, structures with an H�mass
exceeding 5�108 M� in an 80 kpc voxel have been identified for
individual high resolution gridding. This mass limit is chosen to
match the mass-resolution of the simulation. The mass of a typ-
ical gas particle is �2.5 � 107 M�, when taking into account the
abundance of hydrogen with respect to helium, we need at least
20 gas particles to form a 5 � 108 M� structure. As the neutral
fraction is much less than one for most of the particles, the num-
ber of particles in one object is much larger. We find 719 struc-
tures above the mass limit and grid a 300 kpc box around each
object with a cell size of 2 kpc.

We emphasise that gridding to a higher resolution does not
mean that the physics is computed at a higher resolution. We are
still limited by the simplified physics and finite mass resolution
of the particles. A method of accounting for structure or clump-
ing below the resolution of the simulation is described in e.g.
Mellema et al. (2006). To derive the clumping factor, they have
used another simulation, with the same number of particles, but a
much smaller computational volume, and thus higher resolution.
In our analysis, we accept that we cannot resolve the smallest
structures, since we are primarily interested in the di�use outer
portions of galactic disks. We have chosen a 2 kpc voxel size,
as this number represents the nominal spatial resolution of the
simulation. The simulation has a gravitational softening length
of 2.5 kpc h�1, but note that the smoothing lengths can go as low
as 10% of the gravitational softening length.

Distribution functions are plotted for simulated H�using
the two di�erent voxel sizes of 80 and 2 kpc in the left panel
of Fig. 5. When using a 80 kpc voxel size, the reconstructed
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maps are unable to resolve structures with high densities,
causing erratic behaviour at column densities above NHI �
1017 cm�2. When using the smaller voxel size of 2 kpc, there
is an excellent fit to the observed data between about NHI =
1015 and 1020.5 cm�2. The lower column densities are not repro-
duced within the sub-cubes (although they are in the coarsely-
gridded full simulation cube), while the finite mass and spatial
resolution of the simulation do not allow a meaningful distribu-
tion function to be determined above about NHI = 1021 cm�2.

Below NHI = 1020 cm�2 a transition can be seen with the dis-
tribution function becoming flatter. The e�ect of self-shielding is
decreasing, which limits the amount of neutral hydrogen at these
column densities. Around NHI = 1017 cm�2 the optical depth to
photons at the hydrogen ionisation edge is equal to 1 (Zheng
& Miralda-Escudé 2002). Self-shielding no longer has any ef-
fect below this column density and a second transition can be
seen. Now the neutral fraction is only determined by the bal-
ance between photo-ionisation and radiative recombination. The
distribution function is increasing again as a power law toward
the very low column densities of the Lyman-alpha forest. The
slope in this regime agrees very well with the QSO data. Note
that the 2 kpc gridded data are slightly o�set to lower occur-
rences compared to the 80 kpc gridded data. This is because we
only considered the vicinity of the largest mass concentrations in
the simulation for high resolution sampling. For the same reason
the function is not representative below NHI � 3 � 1014 cm�2,
while for the full, 80 kpc gridded cube it can be traced to
NHI � 5 � 1013 cm�2. Of course, lower column density sys-
tems can be produced in these simulations when artificial spectra
are constructed (e.g. Davé & Tripp 2001; Oppenheimer & Davé
2009), but our focus here is on the high column density systems
that are well-described by our gridding approach.

The distribution functions after gridding to 2 kpc (solid line),
and the low column density end of the 80 kpc gridding (dotted
line) are plotted again in the right panel of Fig. 5, but now with
several observed distributions overlaid. The high column den-
sity regime is covered by the WHISP data (Swaters et al. 2002;
Noordermeer et al. 2005) in H�emission; a Schechter function
fit to this data by Zwaan et al. (2005) is shown by the dashed
line. The dash-dotted line shows H�emission data from the ex-
tended M 31 environment after combining data from a range of
di�erent telescopes (Braun & Thilker 2004). Since this curve is
based on only a single, highly inclined system, it may not be as
representative as the curves based on larger statistical samples.
Our simulated data agrees very well with the various observed
data sets. The distribution function indicates that there is less H�
surface area with a column density of NHI � 1019 cm�2 than at
higher column densities of a few times 1020 cm�2. This is indeed
the case, which can be seen if the relative occurrence of di�erent
column densities is plotted. In Fig. 6 the fractional area is plot-
ted (dashed line) as function of column density on logarithmic
scale, which is given by:

f A =
A(NHI)

d log(NHI)
· (12)

The surface area first increases from the highest column densi-
ties (which are poorly resolved in any case above 1021 cm�2)
down to a column density of a few times 1020 cm�2, but then re-
mains relatively constant (per logarithmic bin). Only below col-
umn densities of a few times 1018 cm�2 does the surface area per
bin start to increase again, indicating that the probability of de-
tecting emission with a column density near NHI � 1017 cm�2

is significantly larger compared to detecting emission with a
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Fig. 6. Fractional area of reconstructed H�(dashed line, right-hand axis)
and cumulated surface area (solid line, left-hand axis) plotted against
column density on a logarithmic scale with a bin size of d log(NHI) =
0.2. The probability of detecting emission with a column density near
NHI � 1017 cm�2 is significantly larger than around NHI � 1019.5 cm�2.
The cumulated surface area is normalised to that at a column den-
sity of NHI = 1016 cm�2. At column densities of NHI � 1017 cm�2,
the area subtended by H�emission is much larger than at a limit of
NHI � 1019.5 cm�2, which is the sensitivity limit of most current obser-
vations of nearby galaxies.

column density of NHI � 1019 cm�2. Also of interest are plots
of the cumulative H�mass and surface area.

The solid line in Fig. 6 shows the total surface area subtended
by H�exceeding the indicated column density. The plot is nor-
malised to unity at a column density of NHI = 1016 cm�2. At high
column densities the cumulative fractional area increases only
moderately. Below a column density of NHI � 1018 cm�2 there
is a clear bend and the function starts to increase more rapidly.
At column densities of NHI � 1017 cm�2, the area subtended by
H�emission is much larger than at a limit of NHI � 1019.5 cm�2,
which corresponds to the sensitivity limit of most current obser-
vations of nearby galaxies.

4.3. H I column density

In Fig. 7 column density maps are shown of the total and the
neutral hydrogen distribution. The maps are integrated over the
full 32 h�1 Mpc depth of the cube, with the colour-bar showing
logarithmic column density in units of cm�2. The total hydro-
gen map reaches maximum values of NH � 1021 cm�2, while the
connecting filaments have column densities of approximately an
order of magnitude less. In the intergalactic medium, the col-
umn densities are still quite high, NH � 1019 cm�2, yielding a
very large mass fraction when the large surface area of the inter-
galactic medium is taken into account.

In the column density map of neutral hydrogen it can be seen
that it is primarily the peaks which remain. At the locations of
the peaks of the total hydrogen map, we can see peaks in the
H�map with comparable column densities, that correspond to
the massive galaxies and groups. The filaments connecting the
galaxies can still be recognised, but with neutral column den-
sities of the order of NHI � 1016 cm�2. Here the gas is still
relatively dense, but not dominated by self-shielding, resulting
in a lower neutral fraction. In the intergalactic regime, the neu-
tral fraction drops dramatically. The gas is highly ionised with
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Fig. 14. Column density maps of four reconstructed objects as seen in neutral hydrogen with contours of Dark Matter (left panels), Stars (middle
panels) and molecular hydrogen (right panels). For both the Dark Matter and the stars contour levels are at N = 3, 5, 10, 20, 30, 50 and 100 �
106 M� kpc�2. For the molecular hydrogen contours are drawn at NH2 = 1018, 1019, 1020 and 1021 cm�2. Stars are concentrated in the very
dense parts of the H�objects, dark matter is more extended, however the extended H�does not always trace the dark matter. The H�satellites or
companions are within the same Dark Matter Halo, but do not always contain stars.

H�structures in the simulation may be similar to those occur-
ring in nature. The simulation cannot reproduce structures that
resemble actual galaxies in detail. Besides the finite mass reso-
lution of the SPH-particles of �107 M�, there are the inevitable
limitations on the included physical processes and their practical

implementation. Nonetheless, we may begin to explore the fate
of partially neutral gas in at least the di�use outskirts of major
galaxies.

Despite the limitations, the simulations can reproduce many
observed statistical aspects of H�in galaxies, which is very

Figure 5: Figures from Popping et al. (2009). Left panel: the HI column density distribution function. Note
the dip near 1019 cm�2 causing an “edge” to the HI disks of galaxies. Middle panel: fractional area (green)
of a galaxy disk. The blue line shows the increase in area towards lower column densities. The area at 1016

cm�2 has been arbitrarily set to 1. Right panel: simulation of the morphology of the low column density
material. The material is expected to be clumpy. The bar indicates the column density levels, contours
indicate the locations of the stellar component.

density gas. MeerKAT is currently the only telescope with the sensitivity and resolution that are
needed to make sense of this and is therefore uniquely placed to address this SKA1 key science
question.

The regular MHONGOOSE observations reach a depth of ⇠ 5.5 · 1017 cm�2 after a nominal
48 hours on-source (3�, 16 km s�1, 9000). Increasing this to 900 hours, would increase the depth
of the observations by a factor 4.2, bringing us down to column densities of 1.3 · 1017 cm�2 at
9000. Equivalently, it would allow probing the original limit of 5.5 · 1017 cm�2, but at an angular
resolution of ⇠ 3000 instead of 9000. This increase in resolving power would not just enable detection
and characterization of the global properties of the expected low-column density clumps, but at
a physical resolution of ⇠ 1 kpc or better, it would allow addressing the internal structure and
dynamics of the clouds. Important contraints on whether these clumps contain dark matter or not
(cf. the missing CDM satelites problem) would be addressed with these observations.

These observations would thus be deeper than any other previous HI observation, and would
allow us to properly explore the cosmic web. They would be unique in the resolving power they
have, and would enable addressing issues that current deep single-dish observations cannot.

We propose here to choose one galaxy from each of the 6 HI mass bins in the MHONGOOSE
sample. Taking into account an overhead of 15%, and the already approved regular MHON-
GOOSE observations of these galaxies, the total additional time request would be 980 hours per
galaxy, or 5880 hours in total. We envisage that these ultra-deep observations would commence
in the second half of the LSP period, so that possible systematic effects due to, e.g., bandpass
stability, calibration, etc. are understood. At the moment we expect the management plan for these
ultra-deep observations to be similar to that of the regular MHONGOOSE observations, but would
be happy to provide an updated plan if these observations were approved.

As noted, this additional request would make it possible for MeerKAT to address scientific
questions that are firmly in SKA1 Key Science Project territory.

5 Observational Strategy and Updated Time Request

The observational strategy is flexible. The 55 hours per galaxy can be built up in several observing
sessions. Depending on the optimum scheduling length of a single observing track (presumably
around 8-9 hours), each galaxy will need about 6 to 7 tracks. The only constraint on the timing
of the tracks is that the short baselines should be unaffected by solar interference which implies
night-time observing.

11

Braun & Thilker 2004 map from Wolfe et al 2016
Popping et al 2009

4

Figure 2. Integrated H I column density map of the M31-M33 clouds over �359  VLSR  �187 km s�1 . The contours are at -1, 1, 2,
4, 6 and 10 times increments of 5⇥1017 cm�2 . The circle in the lower left shows the angular resolution of the GBT.

Table 1
Clouds Detected Between M31 and M33

Cloud J2000 TL FWHM VLSR NHI

(hh:mm:ss dd:mm:ss) (mK) (km s�1 ) (km s�1 ) (1018 cm�2)
(1) (2) (3) (4) (5) (6)

1 01:24:41.6 +37:24:00 44.0±2.4 25.5±1.6 �297.8 ± 0.7 2.2 ± 0.1
2 01:23:21.7 +37:18:45 10.9±2.2 39.3±9.3 �223.0 ± 4.0 0.8 ± 0.1
3 01:20:51.8 +37:15:15 63.2±1.8 27.2±0.9 �237.3 ± 0.4 3.3 ± 0.1
4 01:19:15.8 +37:29:15 28.5±2.1 38.1±3.3 �228.2 ± 1.4 2.2 ± 0.1
5 01:16:53.7 +36:49:00 18.3±1.7 26.2±3.0 �308.7 ± 1.2 0.9 ± 0.1
6 01:08:29.6 +37:45:00 81.3±3.6 32.0±1.9 �278.6 ± 0.6 5.0 ± 0.1
7 01:05:00.3 +36:21:00 34.7±3.0 31.4±3.5 �210.2 ± 1.2 2.1 ± 0.2
8 01:03:01.8 +36:00:00 35.0±2.6 36.8±3.4 �281.4 ± 1.3 2.5 ± 0.2
9 01:01:24.6 +36:12:15 25.4±3.2 19.2±2.9 �341.0 ± 1.2 0.9 ± 0.1

Table 2
Derived Cloud Propertiesa

Cloud VLGSR Diamb hDiamic hFWHMid r1/2
e MHI Mdyn

f ⇢g

(km s�1 ) (kpc) (kpc) (km s�1 ) (kpc) (104 M�) (108 M�) (kpc)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 �61 4.4 3.2 22.2 ± 0.6 0.38: 12.7 ± 0.2 0.5: 126
2 +14 4.4 2.8 28.0 ± 3.5 0.75 4.5 ± 0.2 1.5 123
3 +1 7.2 5.3 27.6 ± 0.8 33.0 ± 0.3 118
3a 28.0 ± 1.0 0.82 22.7 ± 0.2 1.6
3b 27.1 ± 1.3 0.34: 10.2 ± 0.2 0.6:
4 +12 3.7 3.1 26.5 ± 1.5 0.41: 8.6 ± 0.2 0.7: 112
5 �69 7.0 3.8 21.8 ± 2.5 1.13 7.8 ± 0.2 1.3 109
6 �32 7.2 4.6 33.6 ± 1.3 0.78 39.2 ± 0.3 2.2 87
7 +36 4.9 3.9 27.4 ± 2.1 0.71 12.6 ± 0.4 1.3 92
8 �35 > 3.5 > 3.2 29.6 ± 2.1 > 11.6 91
9 �94 3.5 3.2 20.5 ± 2.3 0.96 8.7 ± 0.2 1.0 88

a For an assumed distance of 800 kpc.
b Maximum cloud extent.
c Diameter of a circle with an area equal to that of the cloud.
d Column density weighted average FWHM over the entire cloud.
e Square root of the product of the major and minor axis radii.
f From Equation 2.
g Projected distance from M31.
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Telescope (GBT) at 90 angular resolution confirmed the
reality of the emission, though those data lacked the sen-
sitivity to reveal any detailed structure (Lockman et al.
2012). As the existence and properties of CGM and
intra-group gas is critical to our understanding of the for-
mation and evolution of galaxies (e.g. Davé et al. 2001;
Fukugita & Peebles 2006; Chen et al. 2010; Putman et al.
2012; Cen 2013; Lehner et al. 2015), we have undertaken
a major survey of the area around and between M31 and
M33 using the Green Bank Telescope, which provides
both the sensitivity needed to detect this extremely faint
emission, and the angular resolution to discern some of
its structure.
In a previous paper (Wolfe et al. 2013, hereafter Paper

I) we presented results of the first part of the study, which
showed that a significant fraction of the H I detected in
a 12 square-degree field south-east of M31 in the direc-
tion of M33 arose in discrete structures which, assuming
they are 800 kpc distant, have the size of dwarf galax-
ies but no detectable stellar component. Subsequently,
Martin et al. (2013) suggested that there may be a stellar
overdensity in the direction of one of the clouds, but the
association between the gas and stars is not established
at this time. The clouds have velocities similar to the
systemic velocities of M31 and M33 and are thus prob-
ably not part of the high-velocity cloud (HVC) system
of either galaxy. Here we report on additional observa-
tions that reveal more clearly the structure and content
of the H I clouds, as well as new observations of selected
directions to the north of M31. The distances to M31
and M33 are ⇠ 750 and ⇠ 850 kpc, respectively (e.g.
Riess et al. 2012; Bono et al. 2010) so we assume that
the material located between them lies at a distance of
800 kpc.

2. OBSERVATIONS

All data used here were obtained with the 100-meter
Robert C. Byrd Green Bank Telescope (GBT, Prestage
et al. 2009) with the dual-polarization L-band receiver
that has a total system temperature of . 18 K at ele-
vations > 20�. At the frequency of the 21cm line, the
telescope has a half-power beam-width of 9.01. Spectra
were measured using the GBT Spectrometer, which pro-
vides a total velocity coverage > 1000 km s�1 in the
21cm line at a channel spacing of 0.32 km s�1 . Spec-
tra were calibrated using observations of 3C48 and the
antenna response analysis from Boothroyd et al. (2011).
Velocities were measured with respect to the Local Stan-
dard of Rest (LSR), but in this part of the sky, VLSR

di↵ers from heliocentric velocities by only a few km s�1 .
Figure 1 shows the observed areas on the BT04

H I map of the region. Data reduction was done with
special procedures written in GBTIDL (Marganian et al.
2006), the stray radiation correction and calibration fol-
lowed Boothroyd et al. (2011), and special procedures
were written to remove instrumental baselines from spec-
tra in the data cube.

2.1. The M31-M33 Field

As described in Paper I, we used the GBT to map a
6�⇥2� field in right ascension and declination centered at
J2000 = 01h16m + 37�000. The observations were made
while moving the telescope in right ascension at a fixed
declination, binning the data in 3-second samples every
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Figure 1. Locations of the current observations marked on a map
of the total NH I from the BT04 survey. The galaxies M33 and
M31 lie at the lower left and upper right, respectively. Contours
are for log(NHI) = 17.0, 17.3, 17.7, 18.0, 18.3, 18.7, 19.0, 19.3,
19.7, 20.0, 20.3 and 20.7 (cm�2). Our “M31-M33” field, outlined
with a box, lies between the two galaxies and was covered with
complete sampling. North of M31, we made a series of pointed
observations at locations marked with boxed crosses. The GBT
angular resolution is 90, but the boxed crosses are 150 in size to
make them easier to see. The boxed circle in the lower right shows
the resolution of BT04.

1.06 in right ascension. At the end of the 6� strip the
telescope was stepped in declination by 3.06 and the scan-
ning direction was reversed. This procedure covered the
area with Nyquist sampling in declination, and finer sam-
pling in the moving coordinate to prevent beam broad-
ening (Mangum et al. 2007). Regions at eastern edge
of each row – areas identified as having no emission by
BT04 and confirmed from our observations – were used
as reference positions. Spectra from the eastern-most
160 of each strip were averaged and supplied the refer-
ence spectrum for the rest of the spectra in the strip. As
the reference spectrum had an integration time of 30 sec-
onds, this greatly reduced the noise in the di↵erence spec-
trum. The field was observed over and over again until
the desired noise level was reached. In all, the M31-M33
field was observed for about 400 hours with an average
time per GBT beam of 46 min. Our observing procedure
could cancel some emission, but only if it had a nearly
constant amplitude and VLSR over scales of many de-
grees. We see no evidence of this in the data. There are
three positions in our map where Lockman et al. (2012)
made frequency-switched detections of H I emission as-
sociated with the clouds. Those data are in reasonable
agreement with our current measurements. At another
position where only a small upper limit was reported, we
likewise see no emission. This indicates that our position-
switched technique has not cancelled significant amounts
of H I . In addition, the current data are consistent with
the sensitive GBT spectrum reported in BT04, but note
that the declination reported in BT04 has a typograph-
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• Nearby Galaxies Large Survey Project on MeerKAT (PI: EdB) 

• 25 times sensitivity of THINGS 

• 30 galaxies taken from SINGG/SUNGG (Meurer et al 2006) 

• multi-wavelength largely available 

• equal numbers per log MHI 

• 1500h observing time (new MeerKAT sensitivies) 

• accretion, cosmic web, dynamics beyond disk 

• 5σ = 3.0·1018 cm-2 at 30” for 4.2 km s-1 channel spacing or 5.1017-1018 cm-2 at 
90” 

• 0.5-6 kpc resolution at 15 Mpc

mhongoose.astron.nl

MHONGOOSE on MeerKAT



• IMAGINE*, (PI Attila Popping, ICRAR) 

• ATCA, 2500 hours, 28 galaxies, 96 h per galaxy 

• 7.5 1017 (3σ over 20 km/s) at 2.5’ (factor 3.6 better 
spatially than GBT) 

• observing started last month

IMAGINE

*) IMAging Galaxies’ Intergalactic and Near Environment
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• HALOGAS: 120h:  
5σ over 4.2 km/s at 30”: 5 x 1018 cm-2  

• SKA-MID: 10h:  
5σ over 4.2 km/s at 30”: 2.4 x 1018 cm-2  

• SKA-MID can do HALOGAS+ observations in 10h 

• Much improved statistics on relevance  
of accretion in relatively short time
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• SKA-MID: 100h:  
5σ over 5 km/s at 30”: 7.5 x 1017 cm-2  

• Comparable to deep GBT single dish observations, 
but at ~20 times better resolution 

• MID also allows higher resolutions 

• 100h at 5σ over 5 km/s at 3”: 1.3 x 1020 cm-2 

• Resolve the thick disk and test accretion  
models

3 SKA1-MID capabilities

21

20

19

18
17

16

stars

disk

edge

web

radius

col dens

3” at 10 Mpc = 150 pc 



Sensitivity comparison

Figure 3: MHONGOOSE sensitivity versus other surveys. Light-
and dark-orange filled circles show the sensitivities for individual
galaxies in the THINGS survey, using robust=0.5 and natu-
ral weighting, respectively (Walter et al., 2008). Open light- and
dark-orange circles show the same for the LITTLE THINGS sur-
vey (Hunter et al., 2012). Dark-orange squares show the natural-
weighted THINGS observations spatially smoothed to 3000. Open
and filled brown trianges show the individual HALOGAS (Heald et
al., 2011) sensitivities at full resolution using robust=0, and ta-
pered with a 3000 taper, respectively. Dark-green stars indicate the
GBT observations of THINGS and HALOGAS galaxies by Pisano
(in prep.). Average sensitivities of the HIPASS, ALFALFA and
LVHIS surveys are also indicated. The MHONGOOSE sensitivity
is indicated by the thick blue line. The dotted green lines show the
expected sensitivities for SKA1-MID for certain observing times.

At the high-resolution end the MHON-
GOOSE observations will enable THINGS-like
analyses, but an order of magnitude deeper in
column density. At resolutions of ⇠ 10 they
reach the depth of the deepest GBT observa-
tions of nearby galaxies, but with an order of
magnitude better angular resolution. It is of
course the antenna configuration of MeerKAT
with no preferred scale built in that allows prob-
ing this large range in resolution by applying
different tapers.

Using the known distances to the galaxies
in MHONGOOSE and in previous surveys we
can compare the column density sensitivities
as a function of physical scale. For each galaxy
in the MHONGOOSE sample we can calculate
the column density as a function of physical
resolution, converting the angular beam size
to kpc. As we vary the beam size from 800 to
9000, each galaxy creates a track in the column
density-physical resolution plane.

In Fig. 4 we show the tracks of the galax-
ies for each of the HI mass bins used for the
sample selection. In each of the panels we
also show the galaxies from the other HI sur-
veys with HI masses that fall within that bin.
We see that the highest and lowest masses are
very much unexplored. The sample galaxies of
HALOGAS mostly lie within the 9 < log(MHI) < 10 mass bin, but even here the MHONGOOSE
observations will probe an order of magnitude deeper for a given linear size and thus lead to new
insights on the characteristics of the low column density HI.

4.2 A deeper MHONGOOSE

The increased sensitivity of MeerKAT offers some unprecedented opportunities to already work
on SKA Key Science Project science, even in the current pre-SKA1 era. Here we propose to
observe a limited number of the MHONGOOSE galaxies with on-source integration times of 900
hours each. These observations will make full use of the increased sensitivity, and aim to push
the column density sensitivities down to ⇠ 1 · 1017 cm�2. They will additionally allow probing
column densities down to the original MHONGOOSE depth, but at a spatial resolution that is three
times better, and will allow a unique characterization of the internal structure and dynamics of
low-column density structures.

The scientific reasons for this are illustrated in Fig. 5 (taken from Popping et al. 2009). The
left panel shows the HI column density distribution function, or the likelihood that a line of sight
encounters a certain column density. Note that around NHI ⇠ 1019 cm�2 this function shows a dip,
before increasing almost monotonously again down to lower column densities with slope of ⇠ �2.
This implies that as one goes to lower column densities, the area of a galaxy’s HI distribution
increases, except around NHI ⇠ 1019 cm�2, leading to the observed “edge” of the HI disk, where
the area hardly increases as one goes deeper.
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Figure 3: MHONGOOSE sensitivity versus other surveys. Light-
and dark-orange filled circles show the sensitivities for individual
galaxies in the THINGS survey, using robust=0.5 and natu-
ral weighting, respectively (Walter et al., 2008). Open light- and
dark-orange circles show the same for the LITTLE THINGS sur-
vey (Hunter et al., 2012). Dark-orange squares show the natural-
weighted THINGS observations spatially smoothed to 3000. Open
and filled brown trianges show the individual HALOGAS (Heald et
al., 2011) sensitivities at full resolution using robust=0, and ta-
pered with a 3000 taper, respectively. Dark-green stars indicate the
GBT observations of THINGS and HALOGAS galaxies by Pisano
(in prep.). Average sensitivities of the HIPASS, ALFALFA and
LVHIS surveys are also indicated. The MHONGOOSE sensitivity
is indicated by the thick blue line. The dotted green lines show the
expected sensitivities for SKA1-MID for certain observing times.

At the high-resolution end the MHON-
GOOSE observations will enable THINGS-like
analyses, but an order of magnitude deeper in
column density. At resolutions of ⇠ 10 they
reach the depth of the deepest GBT observa-
tions of nearby galaxies, but with an order of
magnitude better angular resolution. It is of
course the antenna configuration of MeerKAT
with no preferred scale built in that allows prob-
ing this large range in resolution by applying
different tapers.

Using the known distances to the galaxies
in MHONGOOSE and in previous surveys we
can compare the column density sensitivities
as a function of physical scale. For each galaxy
in the MHONGOOSE sample we can calculate
the column density as a function of physical
resolution, converting the angular beam size
to kpc. As we vary the beam size from 800 to
9000, each galaxy creates a track in the column
density-physical resolution plane.

In Fig. 4 we show the tracks of the galax-
ies for each of the HI mass bins used for the
sample selection. In each of the panels we
also show the galaxies from the other HI sur-
veys with HI masses that fall within that bin.
We see that the highest and lowest masses are
very much unexplored. The sample galaxies of
HALOGAS mostly lie within the 9 < log(MHI) < 10 mass bin, but even here the MHONGOOSE
observations will probe an order of magnitude deeper for a given linear size and thus lead to new
insights on the characteristics of the low column density HI.

4.2 A deeper MHONGOOSE

The increased sensitivity of MeerKAT offers some unprecedented opportunities to already work
on SKA Key Science Project science, even in the current pre-SKA1 era. Here we propose to
observe a limited number of the MHONGOOSE galaxies with on-source integration times of 900
hours each. These observations will make full use of the increased sensitivity, and aim to push
the column density sensitivities down to ⇠ 1 · 1017 cm�2. They will additionally allow probing
column densities down to the original MHONGOOSE depth, but at a spatial resolution that is three
times better, and will allow a unique characterization of the internal structure and dynamics of
low-column density structures.

The scientific reasons for this are illustrated in Fig. 5 (taken from Popping et al. 2009). The
left panel shows the HI column density distribution function, or the likelihood that a line of sight
encounters a certain column density. Note that around NHI ⇠ 1019 cm�2 this function shows a dip,
before increasing almost monotonously again down to lower column densities with slope of ⇠ �2.
This implies that as one goes to lower column densities, the area of a galaxy’s HI distribution
increases, except around NHI ⇠ 1019 cm�2, leading to the observed “edge” of the HI disk, where
the area hardly increases as one goes deeper.
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Figure 3: Comparison between THINGS and HALOGAS data for NGC 925. The THINGS data have
been smoothed to the same resolution (⇠ 3000) as the HALOGAS data for this purpose. Top left: THINGS
moment-0; Bottom left: HALOGAS moment-0; Right: PV diagram near the major axis (grayscale and black
contours from HALOGAS at 3,9s , cyan from THINGS at 3,9,27s ).

The unprecedented and uniform depth of the HALOGAS observations also allow some broad
conclusions about the nature of the vertical structure in disk galaxies to be drawn for the entire
sample. Some galaxies, like NGC 925 [63] (as shown in Figure 3) along with NGC 3198 [61]
and NGC 4414 [55] are seen to host thick H I disks like NGC 891 [77]. On the other hand, some
other sample galaxies like NGC 4244 [90] do not. These non-detections provide crucial leverage
to disentangle the origin of such structures. Analysis shows that the key discriminating factor
in determining the presence of a thick H I disk is the star formation rate normalized by the disk
area [64]. This conclusion is similar to the analysis of the origin of radio continuum halos [54],
which seem to be also be present when sufficient star formation energy input is available per unit
area to overcome the disk gravity (as traced by the stellar mass). This points strongly toward the
galactic fountain for being the dominant factor in creating H I thick disks in galaxies. It seems to be
consistent with the picture of galactic fountain driven positive feedback [59, 74], which would then
be the relevant observational tracer of the gas accretion process for spirals in the local Universe.
This result bears confirmation and further investigation with the SKA.

3.3 SKA Prospects

The current configuration of SKA1-MID is heavily dominated by short baselines and therefore
has an exquisite column density sensitivity at moderate resolutions. To compare its performance
with existing observations we use the HALOGAS survey [9] as a benchmark. HALOGAS is so far
the deepest interferometric HI survey of nearby galaxies. Observed using the Westerbork Synthesis
Radio Telescope it observed 24 nearby galaxies for 120 hours each to reach a typical 5s column
density sensitivity of 5 · 1018 cm�2 per 4.1 km s�1 channel at a spatial resolution of 3000. This
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Figure 3: MHONGOOSE sensitivity versus other surveys. Light-
and dark-orange filled circles show the sensitivities for individual
galaxies in the THINGS survey, using robust=0.5 and natu-
ral weighting, respectively (Walter et al., 2008). Open light- and
dark-orange circles show the same for the LITTLE THINGS sur-
vey (Hunter et al., 2012). Dark-orange squares show the natural-
weighted THINGS observations spatially smoothed to 3000. Open
and filled brown trianges show the individual HALOGAS (Heald et
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(in prep.). Average sensitivities of the HIPASS, ALFALFA and
LVHIS surveys are also indicated. The MHONGOOSE sensitivity
is indicated by the thick blue line. The dotted green lines show the
expected sensitivities for SKA1-MID for certain observing times.
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tions of nearby galaxies, but with an order of
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course the antenna configuration of MeerKAT
with no preferred scale built in that allows prob-
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Using the known distances to the galaxies
in MHONGOOSE and in previous surveys we
can compare the column density sensitivities
as a function of physical scale. For each galaxy
in the MHONGOOSE sample we can calculate
the column density as a function of physical
resolution, converting the angular beam size
to kpc. As we vary the beam size from 800 to
9000, each galaxy creates a track in the column
density-physical resolution plane.
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ies for each of the HI mass bins used for the
sample selection. In each of the panels we
also show the galaxies from the other HI sur-
veys with HI masses that fall within that bin.
We see that the highest and lowest masses are
very much unexplored. The sample galaxies of
HALOGAS mostly lie within the 9 < log(MHI) < 10 mass bin, but even here the MHONGOOSE
observations will probe an order of magnitude deeper for a given linear size and thus lead to new
insights on the characteristics of the low column density HI.
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The increased sensitivity of MeerKAT offers some unprecedented opportunities to already work
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SKA1 and its precursors and pathfinders will make 
unique and essential contributions to our 

understanding of the role of gas in galaxies
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