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 Galaxies/IGM co-Evolution

CGM = Circum-Galactic Medium

• IGM is an unexplored region
• Contains information about structure formation: e.g. tidal filaments
• Extended halo forms connection between IGM and galaxies; gas accretion (hot mode, 

cold mode), feedback processes
• Due to moderately high temperatures, most of the gas is ionised ➡low neutral fraction

Connection to IGM
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Nuza et al. 2014

Simulated HI Gas
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Nuza et al. 2014 Popping et al. 2009

Neutral fraction
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A Deep GBT survey

Wolfe et al. 2016

12 square degrees between M31 and M33 
9’ GBT beam, 5 km/s 
Gas is clumpy 
Confirmed low NHI~1018 cm-2

HI between M31 & M33 and to the northwest of M31 
Very faint emission NHI~1017-18 cm-2 

WSRT used in single dish mode, very low resolution

Braun & Thilker 2004

http://www.imagine-survey.org


Attila Popping www.imagine-survey.org

• 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

HALOGAS

http://www.imagine-survey.org
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HALOGAS accretion catalogue

• 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 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

http://www.imagine-survey.org
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Accretion seemingly not predominantly in the form of clouds 
(down to current observational limits).

Implication

- Era of galaxy SFR decline?

Hopkins & Beacom 2006

http://www.imagine-survey.org
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Accretion seemingly not predominantly in the form of clouds 
(down to current observational limits).

Implication

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

Implication

- Era of galaxy SFR decline? 
- In the form of hot gas, and brought to the disk via fountain? 
- Happening at lower column densities?

http://www.imagine-survey.org
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Observed	Proper,es	of	the	CGM:	The	HI	Gas	

A	cool	(104	K)	medium	with	high	covering	frac,on	of	NHI	>	10
15	cm-2		exists	

around	nearly	every	L*	galaxy,	even	ellip(cals,	to	150	kpc.		 9	

HI 

50
100

150
	

						=	star-forming	
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													=	non-detec,ons	

Point	size	≈	column	density	

Max	NHI	=	10
19	

Min	NHI	=	10
14.5	

	

Line	satura,on	à	

many	of	these	are	

lower	limits	

NB:	Blank	space	=	no	data	

COS-Halos	

PI:	Jason	Tumlinson	

134	orbits	with	HST/COS	

	

COS: Cosmic Origins Spectrograph

Tumlinson et al
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Prochaska et al. 2017

COS QSO absorption line work at low z

http://www.imagine-survey.org
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Imaging Galaxies’ Intergalactic and Nearby Environment
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IMAGINE

ATCA legacy project C3157

Imaging Galaxies Intergalactic and Nearby Environment 

PI: Attila Popping (ICRAR / UWA) 

• Observe 28 spiral Galaxies and their direct environment  
• Use 8 most compact configurations of ATCA (12 hours each) 
• Total time  2688 hours 
• NHI~2.5x1017 cm-2 over 20 km s-1. 
• resolution 1’ to 2.5’ 

www.imagine-survey.org
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IMAGINE Science

• Measure the extended gas content of galaxies to detect gas accretion and outflows. 

• Determine the environment of gas accretion

• Detect the densest peak of the underlying Cosmic Web. 

• Continuum source variability at low flux levels over the full survey area. 
• Studies of warps and lopsidedness in spiral galaxies.
• Intervening HI absorption against background sources
• Studies of angular momentum.
• Lower column densities by stacking sight-lines in the halos of galaxies. 
• Linear polarisation

• Circular polarisation

• OH mega-masers

• SKA-SDP testing

• …

http://www.imagine-survey.org
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IMAGINE team
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Aaron Robotham 
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IMAGINE  sample

  NGC0024                 
  NGC0045                 
  NGC0625                 
  ESO154-023              
  NGC1433
  NGC1512                     
  NGC1515                 
  NGC1617                 
  NGC1744                 
  NGC1792                 
  NGC2188                 
  ESO209-009              
  NGC2835                 
  NGC2997                 
  NGC3109                 
  NGC3137                 
  NGC3175                 
  ESO214-017              
  NGC3511                 
  ESO270-017                           
  ESO274-001              
  ESO138-010              
  NGC6300                                  
  IC5052                  
  NGC7090                 
  IC5201                  
  NGC7424                 
  NGC7793                 

http://www.imagine-survey.org
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• Spirals 
• Distance < 15 Mpc 
• Declination < -20 degrees 
• Optical diameter 5’ < D25 < 20’ 
• Inclination 35 - 80 or 90 degrees 
• HIPASS bounding box < 45 arcmin

IMAGINE  sample

http://www.imagine-survey.org
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Status update

www.imagine-survey.org/timeline 
• Proposal submitted June 2016 

• Proposal accepted Sep 2016 

• Observations started in Oct 2016 (~450 hrs) 

• ~300 hours scheduled in current semester 

• complementary Parkes observations this 
semester (PI: DJ Pisano) 

• Observations to be completed within two 
years 

• Automated processing pipeline using MIRIAD 

• Object detection and parameterisation with 
SoFiA 

http://www.imagine-survey.org
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Early results: NGC7993
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NGC2997: extra planar gas
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Early results: IC5052

ATCA: 750B ATCA: h168 + h214

white contours: NHI = 1e17 - 1e18 cm-2white contours: NHI = 1e18 - 1e19 cm-2

http://www.imagine-survey.org


Attila Popping www.imagine-survey.org

Early results: NGC3137

NHI ~ 1019 cm-2 NHI ~ 1018 cm-2

http://www.imagine-survey.org
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Nuza et al. 2014 IMAGINE

Are we getting closer  …??

http://www.imagine-survey.org
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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.

9

ISM in Galaxies W.J.G. de Blok

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

13
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Conclusion

✴ Understanding gas accretion is one of the fundamentals of Galaxy evolution

✴ To see gas accretion in HI column densities of NHI~1018 cm-2 are required

✴ Such observations begin to link direct emission with absorption measurements

✴ New telescopes (SKA, FAST, etc) will really change this field

✴ We started the IMAGINE survey on ATCA which will set a benchmark for coming years

http://www.imagine-survey.org
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