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NGC 891, Oosterloo et al. (2007)
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Fig. 6 Optical DSS image (red) and total H I map (contours + blue shade) of the edge-on galaxy NGC 891.
H I contours are at 1, 2, 4, 8, 16 × 1019 atoms cm−2 (Oosterloo et al. 2007a). The beam size is 25′′ = 1.1
kpc

and, in particular, for the edge-on galaxy NGC 891 (see Fig. 6) there is now detailed
information on the H I structure and kinematics. This has been obtained from very
deep observations with the WSRT and the VLA. Also the HVCs of our galaxy (at
least the largest) are now regarded, as a result of the recent distance determinations
(Wakker et al. 2007, 2008), as a Galactic halo population. The analogy between the
Galactic HVCs and the high-velocity H I in external galaxies has been discussed by
Oosterloo (2004).

What is the origin of the extra-planar gas? Undoubtedly, a large fraction has origi-
nated from the disk as an effect of star formation. The mechanism is that of a “galactic
fountain” in which hot gas rises into the halo, condenses into cold clouds and returns
to the disk (first suggested by Shapiro and Field 1976; see also Bregman 1980). There
are various indications from the H I observations that extra-planar gas is indeed driven
by star formation. One is the distribution of the extra-planar H I in NGC 891, which
is concentrated very close to the star-forming disk (see Sect. 3.1.3). Another is the
remarkable concentration of the majority of the high-velocity clouds in NGC 6946
(see Sect. 3.1.5) in the direction of the bright inner disk.

However, there is also evidence that a fraction of the extra-planar gas must be
infall from intergalactic space. This is indicated primarily by the low metallicity of
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• Cold gas in the halo region of 
disk galaxies is well established

• Origin of extra-planar gas?

• Star formation (galactic 
fountain)

• Accretion from IGM
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Galactic fountain scenario ( Shapiro & Field, 1976)

NGC 625, upcoming SINGG data release



Introduction

4

L40 THILKER ET AL. Vol. 601

Fig. 1.—Overall distribution of high-velocity H i gas in the GBT survey volume, displayed with a square root transfer function (0–4.5 Jy beam!1). Contours
are drawn at 2, 4, and 6 j. Our data have been smoothed to (3 kpc, 72 km s!1) resolution for this figure. Note the population of discrete HVCs plus an extended
distribution of gas present in the channels near M31’s systemic velocity (!300 km s!1). Images for the following heliocentric velocities are shown: !656 km s!1

(top left), !622, …, !181 km s!1 (bottom right).

Fig. 2.—Total column density for discrete and diffuse high-velocity H i in
the M31 GBT field, after masking emission from Andromeda’s inclined, ro-
tating disk. Contours were evaluated at (3 kpc, 72 km s!1) resolution and
rendered at 0.5, 1, 2, 10, and cm!2, then overlaid on a V-band image1820# 10
of M31. The position of each discrete cloud (or distinct substructure) is marked
using a star symbol. We indicate the location of the metal-rich stellar stream
analyzed by Ferguson et al. (2002) by plotting the imaging fields of Mc-
Connachie et al. (2003). H i emission from NGC 205 has been masked.

We believe that this gas is associated with M31, for the
following reasons: (1) there is evidence for interaction between
several of the clouds and M31 or its companions; (2) cloud
velocities match the velocity extent of M31’s disk and generally
correlate with the pattern of Andromeda’s outer disk rotation;
(3) the extended H i component is concentrated near M31’s
systemic velocity; (4) confusion with the foreground Magel-
lanic Stream at this location is unlikely; and (5) dynamical
constraints on the mass of M31, assuming a bound cloud pop-
ulation, are in good agreement with independently determined
values. We first examine this evidence linking the H i detections
to M31, then consider possible origins for the cloud population.
Figure 2 depicts the high-velocity gas in the survey field,

which could be cleanly separated from the disk emission of
Andromeda. Contours of integrated H i column density at 0.5,
1, 2, 5, 10, and cm!2 (evaluated using the smoothed1820# 10
cube shown in Fig. 1) are overlaid on an optical image of M31.
Star symbols mark discrete clouds meeting our 5 j significance
threshold, which are adequately resolved from neighbors in
position-velocity space. One discrete cloud near the north edge
of the field peaks below the minimum contour after data cube
smoothing but has been independently confirmed in follow-up
GBT observations. In addition to discrete clouds, there are ex-
tended filamentary complexes of low column density H i, most
notably at small galactocentric radii southeast and north of An-
dromeda’s stellar disk. Only structures that are cleanly separated
from the M31 disk H i emission are included in Figure 2. Ad-
ditional filaments can be discerned in Figure 1.
The collection of discrete H i clouds extending more than 1!.5

(20 kpc) to the south of M31’s disk near (aJ2000.0, dJ2000.0) p

M31, Thilker et al. (2004) 
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• A significant fraction of extra-planar gas must be infall from inter-
galactic space
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representative for a galaxy population in the field. Out of the 40 galaxies mapped in
H I, about ten show clear signs of interactions with small companions or have peculiar
structures. About half of the sample galaxies show asymmetries in their kinematics
or in the H I density distribution. A larger sample of galaxies is the one provided by
WHISP (van der Hulst et al. 2001). About 25% of 300 spirals and irregulars show
evidence of minor interactions.

In conclusion, the available evidence from H I observations indicates that at least
25% of field galaxies are undergoing now or have undergone in the recent past some
kind of tidal interaction. The lifetimes of the observed features are typically ∼1 Gyr. If
lumps of gas with H I masses of order 108−9 M# (as indicated by the 21 cm observa-
tions) are accreted at a rate of 1 per 109 year, the mean accretion rate for the gas would
be around 0.1–0.2 M# year−1. This is certainly a lower limit for gas accretion as a
fraction of the H I involved in the interaction may be undetected and neither ionized
hydrogen nor helium have been considered. Furthermore, the number of past interac-
tions and mergers may be higher. Indeed, if one is willing to accept also the lopsided
structure and kinematics as evidence (see below), as also proposed in optical studies
(Zaritsky and Rix 1997), then the conclusion would be that more than 50% of present
day galaxies have been through one or more merger events in a recent past. In such
a case the accretion rate would be difficult to estimate, but it could be considerably
higher than the values given above.

3 Extra-planar H I

3.1 Galaxies with H I halos

The presence of cold gas in the halo region of disk galaxies (extra-planar gas) is well
established. For a small number of systems (Table 2) seen at various inclination angles

Table 2 Extra-planar gas in spiral galaxies

Galaxy Type Incl (◦) vflat MHIhalo
MHIhalo
MHItot

References

( km s−1) (108 M#) (%)

Milky Way Sb − 220 >0.2 >1a Wakker et al. (2007)

M 31 Sb 77 226 >0.3 >1 Thilker et al. (2004)

NGC 891 Sb 90 230 12 30 Oosterloo et al. (2007a)

NGC 6946 Scd 38 175 >2.9 >4 Boomsma et al. (2005b)

NGC 4559 Scd 67 120 5.9 11 Barbieri et al. (2005)

NGC 2403 Scd 63 130 3 10 Fraternali et al. (2002)

UGC 7321 Sd 88 110 >∼ 0.1 >∼ 1 Matthews and Wood (2003)

NGC 2613 Sb ∼80 ∼300 4.4b 5 Chaves and Irwin (2001)

NGC 253 Sc ∼75 ∼185 0.8 3 Boomsma et al. (2005a)
a Only HVCs (IVCs not included)
b From sum of the various extra-planar clouds
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Taken from Sancisi et al. (2008)
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Only a few galaxies have had their extra-planar gas studied in detail:
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NGC 3521

HI total intensity map

Walter et al. 2008

• Nearby (10.7 Mpc) disk galaxy

• Intermediate inclination  ~ 72˚

• Flocculent HI distribution

• MB = -20.94, MHI ~ 8 x 109 M⊙

• Observed as part of THINGS

• 14.14′′ x 11.15′′ spatial res.

• 5.2 km/s spectral res.

ed.elson@icrar.org

Synthesised beam
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• Nearby (10.7 Mpc) disk galaxy

• Intermediate inclination  ~ 72˚

• Flocculent HI distribution

• MB = -20.94, MHI ~ 8 x 109 M⊙

• Observed as part of THINGS

• 14.14′′ x 11.15′′ spatial res.

• 5.2 km/s spectral res.

NGC 3521

HI velocity field

Walter et al. 2008
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NGC 3521 – 66 –

Fig. 41.— NGC 3521. Top left: integrated HI map (moment 0). Greyscale range from 0–740

Jy km s−1. Top right: Optical image from the digitized sky survey (DSS). Bottom left: Velocity

field (moment 1). Black contours (lighter greyscale) indicate approaching emission, white contours

(darker greyscale) receding emission. The thick black contour is the systemic velocity (vsys=798.2

km s−1), the iso–velocity contours are spaced by ∆ v=50 km s−1. Bottom right: Velocity dispersion

map (moment 2). Contours are plotted at 5, 10 and 20 km s−1 (white contour: 50 km s−1).

HI total intensity map Optical DSS image

Walter et al. (2008)
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NGC 3521- kinematics
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NGC 3521- kinematics
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NGC 3521- kinematics
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Two dynamical components are clearly 
seen in the data

Thin disk 
component
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NGC 3521- kinematics
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NGC 3521- kinematics
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NGC 3521- kinematics

What is the HI beard in NGC 3521?
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Dynamical analyses - 
separating the kinematic 
components

• Line profiles are clearly 
skewed towards Vsys.

• Separate the disk and beard 
emission:

1. Parameterise each line 
profile as a double Gaussian

2. Organise fitted Gaussians 
according to velocity

3. Build new cubes for each 
set of Gaussians
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Thin disk HI component

Dynamical analyses - 
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Thin disk HI component

Lagging (beard) HI component

Dynamical analyses - 
separating the kinematic 
components
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Thin disk HI component 
MHI ~ 6.5 x 109 M⊙

Lagging (beard) HI component
MHI ~ 1.5 x 109 M⊙

IWM vel fields
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IWM vel fields

Fit tilted ring models to the HI velocity fields to extract rotation curves:

Thin disk HI component Lagging (beard) HI component

A dynamical HI study of NGC 2915

3.1 Tilted ring model

The H i line data allow the H i gas dynamics of NGC 2915 to be studied. In this section a

rotation curve for the galaxy is derived.

The standard method of producing a rotation curve involves fitting a tilted ring model to a

velocity field (Begeman, 1987). NGC 2915’s intermediate inclination of i ∼55◦ makes it an ideal

candidate for such an analysis. The method involves modeling the galaxy as a set of concentric

rings within which the gas orbits about the kinematic centre of the galaxy. Each ring has a

set of defining parameters: central coordinates Xc and Yc , inclination i , systemic velocity Vsys ,

position angle PA (in the sky plane1), and the rotation velocity Vrot of the material within the

ring. In the case that expansion velocities within the disk are ignored, the standard algorithm

carries out a least squares fit to

Vlos(x , y) = Vsys + Vrot sin(i) cos(θ), (3.1)

where Vlos is the line-of-sight velocity, x and y are rectangular coordinates on the sky and θ is

the angle from the major axis in the galaxy plane. θ is related to the position angle PA in the

sky plane by

cos(θ) =
−(x − Xc) sin(PA) + (y − Yc) cos(PA)

R
, (3.2)

sin(θ) =
−(x − Xc) cos(PA) + (y − Yc) sin(PA)

R cos(i)
, (3.3)

where R is the radius of the ring in the galaxy plane.

The GIPSY task ROTCUR (Begeman, 1987) was used to fit tilted ring models to the third

order Gauss-Hermite H i velocity field extracted from the NA H i data cube. Rings of width

dR = 17′′ were used to ensure that adjacent rings were largely independent of one another.

When fitting Eqn. 3.1 to the data, each datum was weighted by | cos(θ)| so that points closer

to the major axes held more weight. All points within 10◦ of either side of the minor axes were

excluded from the fit. Both sides of the galaxy were used for the fitting.

3.1.1 Fitting procedure

Each tilted ring should be centred on the dynamical centre of the galaxy, assuming it is constant,

which is usually estimated by the least-squares fitting algorithm together with the other tilted

ring parameters. In the case of NGC 2915, however, the kinematic centre determinations from

1Measured anti-clockwise from North to the receding semi-major axis.

52

Dynamical analyses - 
separating the kinematic 
components



ed.elson@icrar.org17

IWM vel fields

Thin disk HI component Lagging (beard) HI component

Dynamical analyses - 
tilted ring modeling
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IWM vel fields

Thin disk HI component Lagging (beard) HI component

Dynamical analyses - 
tilted ring modeling
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Could the slow-rotating beard emission be 
distributed in a thick HI layer?

Anomalous gas rotates ~50 - 75 km/s slower than 
thin HI disk



A galactic fountain in NGC 3521?
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– 66 –

Fig. 41.— NGC 3521. Top left: integrated HI map (moment 0). Greyscale range from 0–740

Jy km s−1. Top right: Optical image from the digitized sky survey (DSS). Bottom left: Velocity

field (moment 1). Black contours (lighter greyscale) indicate approaching emission, white contours

(darker greyscale) receding emission. The thick black contour is the systemic velocity (vsys=798.2

km s−1), the iso–velocity contours are spaced by ∆ v=50 km s−1. Bottom right: Velocity dispersion

map (moment 2). Contours are plotted at 5, 10 and 20 km s−1 (white contour: 50 km s−1).

HI total intensity map Optical DSS image

Walter et al. (2008)
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A galactic fountain in NGC 3521?

SINGG Hα narrow-band image

Hα luminosity ~ 2.58 x 1031 J/s
(Meurer et al. 2006)

NGC 3521 seems to have sufficient star formation to drive a galactic fountain



3D modeling of 2-component structures

• Generate separate 3D models of thin & 
thick disks

• Add thick & thin structures together to 
form a 2-component model

TR model of 2D HI vel field, used as 
input for 3D model of HI cube
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3D modeling of 2-component structures

TR model of 2D HI vel field, used as 
input for 3D model of HI cubeThin disk 0.5 kpc
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3D modeling of 2-component structures

Thin rotating disk (1 component)

TR model of 2D HI vel field, used as 
input for 3D model of HI cube
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3D modeling of 2-component structures

Thin rotating disk (1 component)
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• A thin disk model alone cannot 
reproduce the observed asymmetric 
line profiles

• Combine thin disk model with thick 
disk models



3D modeling of 2-component structures

TR model of 2D HI vel field, used as 
input for 3D model of HI cube

• Thick disk models:

• Use same inputs as for thin disk model, 
but use larger FWHM for vertical 
Gaussian density profile 

• Thick disk HI mass = 1/5 thin disk HI 
mass

• Add to thin disk model to generate          
2-component galaxy model
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3D modeling of 2-component structures

TR model of 2D HI vel field, used as 
input for 3D model of HI cubeThick disk 2.0 kpc

corotating
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3D modeling of 2-component structures

TR model of 2D HI vel field, used as 
input for 3D model of HI cube
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3D modeling of 2-component structures
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• Observations are consistent with a 
slow-rotating thick (2 - 4 kpc) HI layer 
of lower density



Conclusions

• Star formation can displace disk gas into the halo

• HI observations of NGC 3521 provide evidence of a slow-rotating gas component

• Modeling suggests the beard emission to be lagging the thin disk HI by                   

~ 50 - 75 km/s

• High mass SF in NGC 3521 should be enough to drive a galactic fountain

• ~ 20 % of NGC 3521’s HI may be extra-planar and slow-rotating
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