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Multiphase extraplanar regions

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

NGC 5775 (Rand+)

NGC 891 (Oosterloo+)

10
 k

pc

Howk

Wang

Krause

Hoopes



Local Gas 2015

Extraplanar kinematics

§ Extraplanar kinematics “lag” the disk rotation curve 

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

Heald et al. (2007) 

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

§ Origin thought to be a mixture of galactic fountain / chimney 
 
 
 
 
 
 
 

§ and swept-up coronal gas:  
 
 
This combination can explain the 
kinematics, and appears to imply 
a reasonable accretion rate

Bregman (1980)

Norman & Ikeuchi (1989)

Fraternali et al (2013)
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HALOGAS: Scientific motivation

§ How many nearby spiral galaxies show features like these?
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Fraternali et al. (2002)
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What is their interpretation? 
* interactions 
* (cold) accretion 
* star-formation  
* HVCs
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HALOGAS: WSRT observations

§ 10x12 hr per target, to reach typical column density sensitivity of 
NHI = 1x1019 cm-2 (3σ) at 30” resolution (cf. THINGS: 5x1019 cm-2) 
and typical unresolved mass sensitivity  

§ Survey sample = 24 galaxies (including NGC 891 & NGC 2403) 

§ WSRT observations are complete as of early 2013.
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Typical	  HALOGAS	  DisksTypical	  HALOGAS	  Disks
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NGC 4244 (Zschaechner+ 2011)

§ Key results: 

§ no halo -  
surprisingly thin 

§ radially varying 
rotational lag  
~9 km/s/kpc
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TiRiFiC (Jozsa et al 2007)

§ Tilted Ring Fitting Code 

§ Used to model in 3D: warps, flares, thick disks, spiral arms, ... 
Extraordinary ability to assess the effect of various features

Rogstad+ (1974)
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UGC 7774

§ Strongly warped! but no sign of extraplanar HI...
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NGC 5023 (Kamphuis+ 2013)

§ Need to model spiral structure in an edge-on galaxy.... 

§ Reduces contribution lagging thick disk, removes model 
asymmetries, lag does not radially vary, disk thins

Edge-on (sky) view Face-on (model) view

X-axis (arcmin)
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§ Key result: lagging thick disk 
(~7-15 km/s/kpc)  
containing estimated  
~15% of HI mass from 
disk-halo separation

NGC 3198 (Gentile+ 2013)

NHI > 4.7x1018 cm-2
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§ Key result: lagging thick disk 
(~7-15 km/s/kpc)  
containing estimated  
~15% of HI mass from 
disk-halo separation

NGC 3198 (Gentile+ 2013)

NHI > 4.7x1018 cm-2

Thin disk model

Lagging thick 
disk model
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HALOGAS	  Survey	  ResultsHALOGAS	  Survey	  Results
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Thick HI disks
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Multiphase thick disks: correlations

HI correlation  
PRELIMINARY 
Heald et al, in prepst
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Quantifying multiphase thick disks

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

Fraternali



Local Gas 2015

Quantifying multiphase thick disks

§ 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

NGC 891

MW

Fraternali



Local Gas 2015

Quantifying multiphase thick disks

§ 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

NGC 1003

NGC 2403

NGC 5055

NGC 3198

NGC 4448 Fraternali 
& Heald
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Fountain mass model

§ A fountain mass estimate

Fraternali

t(orb) in Myr and R in kpc

flat rotation curve
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Quantifying multiphase thick disks

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

§ Thick disk HI mass appears to correlate with fountain gas mass

Fraternali
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HI Clouds
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HALOGAS Accretion Catalog

§ Effort underway to collect full list of all clouds and streams in 
HALOGAS target fields 

§ Formation of master catalog 

§ How many galaxies show signs of accretion? How much (and at 
what rate)? Clouds or diffuse? Corotating with the galaxy? 
Associated with star formation? … 

§ Preliminary result already clear: 
Some features attributable to cold accretion (in the form of HI)  
but insufficient to fully balance SFR in a typical galaxy 

§ See also Di Teodoro & Fraternali (2014)  
Minor mergers do not significantly contribute to fuelling SFR
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NGC 1003

§ Key results: 

§ HVC analogs detected at  
11 Mpc distance 

§ Contributing ~4x106 M⊙ of the 
HI in the system 

§ over a dynamical time, these 
features contribute only ~2% SFR

HALOGAS + HALOSTARS

DSS composite + HVC analogs

Cloud Mass Height

1 2 x 105 M⊙ 10 kpc

2 3.3 x 105 M⊙ 10 kpc

3 3 x 105 M⊙ 5 kpc

AC (excl #3) 2.9 x 106 M⊙ -

Heald et al. (in prep)
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NGC 925

§ Powerful combination of deep optical and HI reveals tidal remnants

Heald, Patterson et al.



Vogelsberger et al. (2012)
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HALOGAS Accretion Catalog

§ Current observational capability does not permit a search for 
accreting gas in each galaxy, over the full virial volume

Nelson et al. (2014)

Rvir

0.5 Rvir0.15 Rvir
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HALOGAS Accretion Catalog

§ Current observational capability does not permit a search for 
accreting gas in each galaxy, over the full virial volume 

§ Bulk of gas thought to be within volume defined by ~0.5 Rvir 
(e.g. Nelson et al 2014) 

§ That volume is not always fully probed with single pointings:

virial radius

WSRT primary 
beam size

RW = 0.5RvirVW =
4⇡

3
(R3

vir � ⇣3),

where ⇣ =
q
R2

vir �R2
W



Local Gas 2015

HALOGAS Accretion Catalog

§ Current observational capability does not allow for a full census of 
accreting gas in each galaxy 

§ Using human searches along with SoFiA (Serra et al.) to do 
uniform cloud detection within PBs … but almost nothing is seen! 

§ We detect hardly any HI clouds that are not associated with the 
main disks or tidal interactions

§ HALOGAS detects insufficient amounts of (cold) accretion 
in HI emission  

§ See Eva Jütte’s and Filippo Fraternali’s talks this afternoon for 
interpretation 
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Implications

§ 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, and 
not in the form of minor mergers (Di Teodoro & Fraternali 2014) 

§ Era of galaxy SFR decline? 

§ In the form of hot gas, and brought to the disk via fountain? 

§ Need for a better search out at the virial radius?



Looking	  to	  the	  futureLooking	  to	  the	  future
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HALOGAS Accretion Catalog

§ Current observational capability 
does not allow for a full census of 
accreting gas in each galaxy 

§ But this is bound to change with 
ASKAP & APERTIF! 

§ NB: Typical virial radius for 
HALOGAS galaxies is ~250 kpc 

§ For ASKAP, FoV = 5.5 deg x 5.5 
deg; APERTIF 3 deg x 3 deg 

§ ASKAP = full Vvir for galaxies D 
> 5 Mpc with full sensitivity 

§ APERTIF = full Vvir for galaxies D 
> 10 Mpc with full sensitivity

ASKAP H I imaging of IC 1459 3

Figure 1. ASKAP H I contours (in red) overlaid on the DSS2-red image of the IC 1459 group. The H I contour level corresponds to a column density of 1020

cm�2, equivalent to 0.35 Jy beam�1 km s�1. The PSF of the H I image is represented by the red ellipse in the bottom-left corner. The grey circles indicate the
position of the 9 beams. They have a diameter of 1.1�, equal to the beams’ FWHM at 1.4 GHz. We label galaxies listed in Table 1 using normal and italic fonts
for H I detections and non-detections, respectively. Labels are located to the east (west) of galaxies on the east (west) side of the field.

c� 2014 RAS, MNRAS 000, 1–12

ASKAP (BETA): Serra et al 2015
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Preparation for MHONGOOSE

§ MHONGOOSE (de Blok et al)  
MeerKAT HI Observations of Nearby 
Galactic Objects: Observing Southern Emitters 

§ Deep HI observations of nearby galaxies, with  
commensal polarized continuum to investigate magnetic fields 

§ First look at M83 with KAT-7 in 2013 

§ Initially in full-Stokes continuum mode 
Produced intriguing HI map despite poor velocity resolution 

§ Recent reobservation (reduction ongoing) in line mode 

§ 6/7 antennas operational for first scan, all 7 for the rest 

§ 3 pointing mosaic, in total ~60h on source 

§ Data reduced in miriad using standard bandpass and 
interleaved gain (phase) calibrators

Talk by Yiannis  
Bagetakos on Fri



Heald et al (in prep)WISE image courtesy Tom Jarrett
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KAT-7 view of M83

§ Column density threshold similar to HALOGAS, with ~3’ resolution

Heald et al (in prep)
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KAT-7 view of M83

§ Edge of the disk?

Heald et al (in prep)

KAT-7 Observations of M83 15

Figure 17. Sharpness of H i disk edges. The left panel shows the column density map, with 5 regions indicated. The average run of
column density perpendicular to the disk edge for each region is shown in the right panels. The points are from the adopted column
density map (black), and from the one created using an expanded mask (red). Lines show fits to the data points with characteristic
length scales as indicated in the legend of each panel. Here, “G” indicates a Gaussian fit and the given value is the fitted value of �. An
“E” indicates an exponential fit and the given value is a scale length. In both cases the values are given in kpc. The typical length scale
corresponding to the synthesized beam size is shown by the vertical dashed lines. The zeropoint of the radial o↵set is at the point where
the average column density crosses the NHI = 5.6⇥ 1019 cm�2 level (upper horizontal dashed line), and the lower horizontal dashed line
indicates the NHI = 5.6 ⇥ 1018 cm�2 level. In most cases the average column density drops by an order of magnitude within about a
beamwidth, or 2� 3 kpc.

where V 2
?

is the contribution of the stellar disk, V 2
gas the one

from the total gaseous component, and V
DM

the contribu-
tion from the DM halo. The ISO and NFW models are the
most commonly DM halo profiles used.

3.7.2.1 The pseudo-isothermal sphere model The
pseudo-isothermal dark matter halo is a core-dominated
type of halo, as the density remains constant in the centre
(Carignan 1985). The density profile is given by:

⇢ISO(R) =
⇢0

1 + ( R
Rc

)2
(5)

where ⇢0 is the central density and R
c

the core radius of the
halo. The corresponding circular velocity is:

VISO(R) =

r
4⇡ G ⇢0 R2

c(1�
R
Rc

arctan(
R
Rc

)) (6)

3.7.2.2 The Navarro-Frenk-White model The NFW
model –the so-called ’universal halo’ – is deduced from Cold
Dark Matter simulations (Navarro, Frenk and White 1997).
The density profile is cuspy, following a ⇢ / R�1 law in the
center, and is given by:

⇢
NFW

(R) =
⇢
i

R

Rs
(1 + R

Rs
)2

(7)

where ⇢
i

t 3H2
0/(8⇡G) is the critical density for closure of

the Universe and R
S

is a scale radius. The velocity contri-

bution corresponding to this halo is given by:

VNFW(R) = V200

s
ln(1 + cx)� cx/(1 + cx)
x(ln(1 + c)� c/(1 + c))]

(8)

where V200 is the velocity at the virial radius R200, c =
R200/Rs gives the concentration parameter of the halo and
x is R/Rs. The relation between V200 and R200 is V200 =
0.01⇥H0 ⇥R200, where we used H0 = 72 km s�1Mpc�1 for
the Hubble constant.

3.7.3 The no-DM model (MOND)

An alternative to dark matter to explain the missing
mass problem is the MOdified Newtonian Dynamics (Mil-
grom1983a,b). MOND has been successful to reproduce cor-
rectly galaxy rotation curves (Sanders & McGaugh 2002,
Gentille et al. 2010). It postulates that in regimes of accel-
eration much smaller than a universal, constant acceleration
a0, the classical Newtonian dynamics is no more valid, and
the law of gravity is modified.

In the MOND framework, the gravitational acceleration
of a test particle is given by :

µ(x = g/a0)g = g
N

(9)

where g is the gravitational acceleration, g
N

the Newtonian
acceleration and µ(x) is an interpolating function, such that
µ(x) = 1 if x ⌧ 1 and = x if x � 1.

c� 2015 RAS, MNRAS 000, 1–17
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Summary

§ HALOGAS: Interpretation underway 

§ Providing access to a broad range of extraplanar characteristics 
(including important non-detections...) 

§ SF origin of extraplanar HI layers and role in gas accretion 

§ HALOGAS accretion catalog 

§ Near-term prospects for extending lessons from HALOGAS 

§ APERTIF Medium-deep survey, MeerKAT/MHONGOOSE 

§ Preliminary work with KAT-7 is already providing new access to 
low column density (diffuse) HI! 

§ More to come…


