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We present the science case and observations plan of the MeerKAT Fornax Survey, an H I and
radio continuum survey of the Fornax galaxy cluster to be carried out with the SKA precursor
MeerKAT. Fornax is the second most massive cluster within 20 Mpc and the largest nearby cluster
in the southern hemisphere. Its low X-ray luminosity makes it representative of the environment
where most galaxies live and where substantial galaxy evolution takes place. Fornax’s ongoing
growth makes it an excellent laboratory for studying the assembly of clusters, the physics of
gas accretion and stripping in galaxies falling in the cluster, and the connection between these
processes and the neutral medium in the cosmic web.
We will observe a region of ∼ 12 deg2 reaching a projected distance of ∼ 1.5 Mpc from the
cluster centre. This will cover a wide range of environment density out to the outskirts of the
cluster, where gas-rich in-falling groups are found. We will: study the H I morphology of resolved
galaxies down to a column density of a few times 1019 cm−2 at a resolution of ∼ 1 kpc; measure
the slope of the H I mass function down to M(H I) ∼ 5×105 M�; and attempt to detect H I in the
cosmic web reaching a column density of ∼ 1018 cm−2 at a resolution of ∼ 10 kpc.
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1. Background and main goals of the MeerKAT Fornax Survey

Galaxies form and evolve at favorable locations of the cosmic web – a large-scale network of
intersecting sheets and filaments of matter which originates from weak density fluctuations in the
early Universe and evolves under the pull of gravity (e.g., [1, 2]). The large range of densities where
galaxies form and live in the cosmic web corresponds to a broad variety of physical conditions in
their environment: the temperature and pressure of the surrounding inter-galactic gaseous medium;
the number density of galaxies; and the motion of galaxies relative to one another and to the inter-
galactic medium. These conditions have a strong effect on the flow of cold gas – the raw material
for star formation – in and out of galaxies and, therefore, on their evolution.

The clearest manifestation of the importance of environment for galaxy evolution is that red,
gas-poor early-type galaxies become more common, and blue, gas-rich late-type galaxies less com-
mon, with increasing environment density. This is the morphology-density relation originally dis-
covered by [3] and since then revisited by numerous authors (e.g., [4, 5]). The morphology-density
relation and its evolution across cosmic time (e.g., [6, 7]) indicate that, in dense environments,
galaxies tend to quickly lose their cold gas, stop forming new stars and become red and smooth.
On the contrary, in low-density environments, galaxies can hold on to their cold gas and/or keep
accreting fresh gas. This gas is then converted into new stars, giving late-type galaxies their blue
colour, clumpy appearance and – since gas is typically distributed on a disc – their flattened shape.
Understanding the cause of the strong connection between individual galaxies and the cosmic web
in which they are embedded – the very structure of the Universe – is at the core of modern astro-
physics.

The goal of the MeerKAT Fornax Survey is to study the physical processes that drive the
evolution of galaxies in the densest regions of the cosmic web, galaxy clusters. How do these
galaxies lose their cold gas, and why do they stop accreting fresh gas? We will study these processes
in action by observing the flow of cold gas inside a particular cluster of galaxies, Fornax. Fornax
is an ideal target because of its proximity, size and evolutionary state, and is perfectly located for
MeerKAT observations (Table 1).

We will use MeerKAT to observe the neutral hydrogen (H I) gas in Fornax. This is the gas
phase from which molecular gas and new stars form, and is therefore a key observable to under-
stand galaxies. A crucial property of the H I gas is that it can be detected all the way out to the
outskirts of galaxies. These regions are the interface between galaxies and their environment, and
offer a privileged view of the way cold gas flows in and out of them. If imaged with sufficiently
high sensitivity and resolution, H I can indeed reveal on-going episodes of gas removal as well
as accretion. Such direct evidence is of paramount importance to understand how environment
influences galaxy evolution.

The main goals of the MeerKAT Fornax Survey are to:

• Detect the tails of H I gas removed from galaxies living in Fornax. We will study the detailed
physics of gas removal from galaxies of different mass and type as a function of their position
within this cluster, and quantify the impact of these gas stripping events on the subsequent
evolution of these objects.
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Table 1: Key properties of Fornax
RA 3h 38m
Dec −35d 30m

distance 20 Mpc [11]
scale 10 arcsec/kpc
Mdyn 7×1013 M� [12]

LX 5×1041 erg/s [13]
σ 370 km/s [12]

Rvir 0.7 Mpc [12]

• Study the H I mass function in Fornax. We will measure how much gas is contained in small
galaxies and is available to be captured by larger ones fuelling star formation, and we will
compare our results to those obtained in lower- and higher density environments.

• Detect the faint H I gas which, according to cosmological simulations, should be found be-
tween galaxies in the cosmic web. This is the most challenging goal, potentially providing
the first images and velocity fields of this gas component across hundreds of kpc.

These are all key science goals spelled out in the recently revised Square Kilometre Array science
case ([8, 9, 10]). With the MeerKAT Fornax Survey, we will start pursuing these goals already in
the early phase of MeerKAT’s life. We will do so by mosaicking the Fornax region out to 1.5 Mpc
from its centre (projected), reaching a column density sensitivity between ∼ 1018 and ∼ 5× 1019

cm−2 at resolutions from ∼ 10 to ∼ 1 kpc, and with an H I mass detection limit of ∼ 5×105 M�.

2. The fate of cold gas in clusters

2.1 Hydrodynamical and tidal effects

Using the new MeerKAT data we will study a wide variety of physical processes which can influ-
ence the flow of cold gas in and out of galaxies, and are the likely drivers of the morphology-density
relation. First, as the environment density increases so does the number of galaxies per unit vol-
ume. This implies an enhanced chance of encounters and, therefore, interaction (or even merging)
between them. During these events tidal forces can remove H I as well as stars from the outer
regions of galaxies, reducing their future ability to form stars. In extreme cases these forces can
also trigger strong star formation activity, which can quickly exhaust the initial cold gas reservoir
of the interacting systems.

Tidal stripping of cold gas is observed frequently in groups of galaxies (e.g., [14, 15]), and
there are strong indications that it is at work also in the outskirts of big clusters like Virgo ([16]).
However, this stripping mechanism is inefficient when galaxies move at high speed relative to one
another. Therefore, it is expected to become less important towards the centre of clusters and in
clusters of high mass.

A second mechanism of H I removal is related to the fact that the volume between galaxies is
filled with a hot gaseous medium. In the densest regions of the cosmic web this medium is so hot
that it can be detected in X rays ([18]). As galaxies move within a cluster the hot medium exerts a
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Figure 1: H I (light blue) on top of an optical image of HCG 44 ([17]). The orbit of the stripped galaxy is
shown by the red line. The H I column density is below 1020cm−2. (Image credits: P.A. Duc.)

ram pressure on their gas but not on their stars, resulting in the stripping of gas alone ([19]). [20]
show a particularly convincing example of this process in the Virgo cluster, NGC 4522, where the
morphology of the H I reveals with remarkable clarity the direction of motion of the galaxy relative
to the hot medium. Such cases highlight the uniqueness of H I observations for these studies.

Ram pressure stripping has so far been detected in massive clusters like Virgo ([16]), Coma
([21]) and Abell 1367 ([22]). The strength of ram pressure grows linearly with the density ρ of
the hot medium and quadratically with the velocity v with which galaxies move through it (Pram ∝

ρ v2). Both ρ and v grow with cluster mass and, therefore, ram-pressure stripping is expected to be
efficient in big clusters. On the contrary, evidence of ram pressure has so far been weak in smaller
clusters or groups of galaxies (e.g., [23]).

Galaxy tidal interaction and ram-pressure are the most frequently discussed mechanisms for
the removal of H I from galaxies. However, other processes are at work too. For example, the large-
scale gravitational potential of groups or clusters of galaxies (or even the time-varying potential of
merging groups or clusters) exerts tidal forces on galaxies that move through it. These forces can
remove H I and stars from the outskirts of galaxies, as proposed by [24]. According to [25], this
may well be the origin of the famous Leo Ring, a giant ring of H I discovered by [26] around a
small group of galaxies. Another system which may have formed through this mechanism is the
giant H I tail around the galaxy group HCG 44 ([17], Fig. 1). Modelling suggests that this type of
tidal stripping can be fast and efficient, removing large fractions of the H I in ∼ 1 Gyr.

Additional stripping mechanisms are, again, related to the presence of hot gas between galax-
ies. For example, viscosity and turbulence can contribute to the stripping of H I from a galaxy
moving through the hot medium ([27]). Furthermore, the cold gas of galaxies could undergo ther-
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mal evaporation by interacting with the hotter, surrounding gas ([28]). Indications of both types
of stripping are found inside the Virgo cluster, where some galaxies are surrounded by regular
but low-surface-density gas discs ([29, 16]). As with ram pressure, the expectation is that these
mechanisms play a much bigger role inside massive clusters than in small clusters and groups.

In summary, the relative strength of the processes described above changes as a function of
environment density: tidal forces and ram pressure should be the dominant effects in low- and
high-density environments, respectively. However, observations suggest that there is significant
overlap between the two, such as at the outskirts of massive clusters like Virgo ([16]) and Abel
1367 ([22]). In some cases the two types of stripping may even work together: gas could be moved
to large radius by tidal forces and be susceptible to ram-pressure stripping because of its weaker
gravitational binding to the galaxy.

Gas stripping from hydrodynamical and tidal forces, and its possible effect on star formation in
galaxies, have received significant attention from theorist and simulators in recent years. Outstand-
ing aspects that are being actively debated include: the efficiency of gas stripping of small galaxies
relative to large galaxies in groups and clusters of different mass (e.g., [30]); the role of magnetic
fields in reducing the efficiency of ram-pressure stripping ([31, 32]); the possible enhancement of
star formation in stripped galaxies as well as within the tails of stripped gas ([33, 34, 35, 36]); and
how to use high-resolution simulations and observations to calibrate the recipes implemented in
semi-analytic models of galaxy evolution ([37]). Our MeerKAT survey, with its combination of
sensitive spectral-line and radio continuum data (see below), will provide important observational
constraints on these simulations.

2.2 Removal of gas from small galaxies: the H I mass function

An interesting effect of the various gas stripping processes described above is that high-density
environments may be devoid of small, gas-bearing galaxies. These are important because, when
captured, they can progressively refill the gas reservoir of larger galaxies. If all small galaxies in
clusters are H I-poor, large galaxies will progressively lose all their H I to, e.g., ram pressure or
tidal forces without being able to accrete new gas – hence ceasing forming stars.

The reason why small galaxies could be particularly gas-poor in clusters is that, having a shal-
low gravitational potential, they cannot hold on to their H I even in the presence of weak stripping
forces. An effective way to test this expectation is to compare the faint-end slope of the H I mass
function in clusters to that in lower-density environments. Results so far have been surprisingly
contradictory. For example, [38] report an opposite effect (i.e., a steeper slope and a higher fraction
of objects with a low H I mass in denser environments), while [39] obtain results more in line with
the expectations. Furthermore, [40] and [41] find no significant difference between samples of
galaxies living in different environments. Finally, the careful analysis of individual over-densities
in the nearby large-scale structure using sensitive data, as done for the Ursa Major cluster ([42])
and for a sample of local groups ([43]), suggests that the mass function is flat and low-M(H I)
galaxies are rare in at least some dense environments. Our data will establish whether that is the
case in Fornax too.

2.3 H I accretion from the cosmic web

According to modern cosmology, clusters like Fornax are situated at the intersection between fila-
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ments of the cosmic web. These filaments are filled with hydrogen gas, which is expected to stream
towards galaxies and feed their continuous growth through star formation. Such accretion of gas
from the cosmic web is a fundamental and yet highly controversial aspect of modern cosmology.
On the one hand, it seems to be required to explain the rate of galaxy growth across cosmic time.
On the other hand, attempts to image this gas in the nearby Universe have so far been unsuccessful.
This is partly due the fact that the density of gas in the cosmic web is too low for self-shielding
against ionising radiation, and most of the gas should be ionised ([44]). Although neutral gas has
been detected in absorption along a limited number of QSO sight-lines ([45]) its full distribution
and kinematics – only accessible through H I in emission – have never been studied before ([10]
and references therein).

The detection of H I in the cosmic web is extremely challenging because this gas is expected
to have very low column density, ∼ 1018 cm−2 and below (> 1000 times less dense than the H I

found inside star-forming galaxies). In contrast, the typical sensitivity of current interferometric H I

images is of a few times 1019 cm−2. Single-dish radio telescopes can reach lower formal column
densities but the resolution is so poor (many tens of kpc) that the H I signal from the cosmic web
can be diluted ([10]). With a sensitivity of ∼ 1018 cm−2 at the ideal resolution of ∼ 10 kpc over a
survey area of 2 Mpc2, our survey of the Fornax cluster is well positioned to attempt the detection
and imaging of this elusive gas component in a cluster.

3. The importance of Fornax

Fornax is an extremely important system for the study of galaxy evolution in dense environments.
First, it is very nearby – the second most massive galaxy concentration within 20 Mpc after Virgo
(Table 1). This means that the processes driving galaxy evolution in dense environments sum-
marised in Sec. 2 can be studied at a unique resolution and sensitivity. Second, Fornax is in a
very active evolutionary state. This fact is sometimes overlooked in the literature because most
large galaxies in Fornax are of early morphological type – indicating that the cluster as a whole is
already quite evolved. Yet, observations demonstrate that Fornax is currently growing by accretion
of new gas-rich galaxies and galaxy groups, and there is evidence that many dwarf galaxies have
just joined the cluster (e.g., [46, 47]). [48] even suggest that the cluster itself and a nearby galaxy
group (centred on NGC 1316) are falling towards each other along a filament of the cosmic web,
making this an extremely exciting region to study. Our MeerKAT survey will cover the full region
involved in this process of cluster growth – including the cluster centre and the NGC 1316 group;
see Sec. 5 – allowing us to catch the effect of cluster assembly on galaxy evolution in action.

The other crucial point is that Fornax represents an important class of dense, low-mass clusters
where many galaxies live but which are poorly studied in H I. Indeed, while a few dozen clusters
have been observed at limited sensitivity and poor resolution in H I, most of what we know about
the detailed physics of cold gas stripping in high-density environments comes from the observation
of just a handful of clusters – all much more massive than Fornax. The most notable example is the
very nearby Virgo (e.g., [49, 16]; see Fig. 1). Additional examples are some even more massive
clusters such as Coma and Abell 1367, whose study is however hampered by the ten times larger
distance ([21, 22]). Only ∼ 20 percent of all galaxies in the Universe live in clusters this large. All
other galaxies live in less dense regions of the cosmic web and evolve in very different conditions.
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In particular, substantial exhaustion of galaxies’ cold gas reservoir, star formation quenching and
morphological transformation appear to occur in dark-matter halos of mass between ∼ 1013 and
1014 M� (e.g., [50, 51, 8, 52, 53]). The Fornax cluster is the best target within this mass range,
while the more massive clusters studied so far (e.g., Virgo, Coma) are well above it.

In the less massive Fornax cluster, the density of the intra-cluster medium and the velocity
dispersion of galaxies are 2 times lower than in Virgo, while the number density of galaxies is 2
times larger ([54]). Therefore, low-velocity galaxy encounters are much more frequent, and the
importance of tidal interactions relative to ram-pressure should be significantly increased. Fornax
offers therefore the unique possibility to extend the baseline of clusters for which we have a detailed
observational H I picture, and make a crucial contrast to massive clusters. The goal of our project
is to perform exactly this comparison between Fornax and more massive clusters.

A final, interesting aspect of Fornax is that it will allow us to study the cold gas content
of the many elliptical and lenticular galaxies in the cluster. Although typically gas-poorer than
spirals, these galaxies do contain some cold gas both within and outside clusters ([55, 56]) and
the comparison between gas and stellar morphology and kinematics reveals a clear pattern of gas
accretion and removal in these objects ([57, 58]). Our sensitive data will result in the H I detection
of numerous such galaxies in Fornax.

4. Radio continuum and polarisation

Our data will provide excellent sensitivity to radio continuum emission from galaxies in Fornax.
Star forming galaxies give rise to radio synchrotron emission through the production of relativistic
electrons in supernovae. This emission correlates tightly with the far-infrared emission, connecting
the heating of dust by massive stars to the supernovae rate. As cluster galaxies are stripped of
their inter-stellar medium this correlation is affected locally because of a lower radio continuum
emission at the location of the strongest ram pressure ([59]). Using our sensitive MeerKAT data we
will be able to investigate this phenomenon further. Moreover, we will be able to study the possible
enhancement of star-formation rate due to ram pressure.

Deep continuum data will also provide an ideal dataset to study AGNs in Fornax. The link
between radio AGNs and the environment in which they are embedded is very tight and is par-
ticularly important in clusters, where radio galaxies and the X-ray-emitting intracluster medium
influence each other profoundly (e.g. [61]). The intracluster medium regulates the expansion of
radio galaxies and affects their morphology by confining and distorting the radio lobes. At the
same time, the radio lobes may inflate cavities in the intracluster medium. The most notable radio
continuum source in our field is Fornax A, which resides in the south-west infalling sub-group.
Fornax A is well known for its large radio lobes and was recently discovered to be injecting cosmic
rays in the cluster ([62]). Deep H I and radio continuum imaging will provide insights into the
effects of Fornax A on the surrounding cold gas, further investigating the mix of radio continuum,
X-ray emission and H I studied by [63].

Radio continuum emission not associated with specific galaxies will also be of great interest
too. Indeed, synchrotron cluster radio relics represent the most spectacular example of cluster radio
emission and are directly connected to the dynamics of galaxy clusters. These optically unidentified
diffuse and extended radio sources are detected at the cluster peripheries, where they trace shock

6



P
o
S
(
M
e
e
r
K
A
T
2
0
1
6
)
0
0
8

The MeerKAT Fornax Survey P. Serra

Figure 2: MeerKAT Fornax Survey layout. North is up, east is left. The small black crosses represent 86
individual MeerKAT pointings. The solid and dotted blue contours represent noise levels 10 percent and
40 percent higher than the minimum noise in the mosaic (0.1 mJy/beam in a 5 km/s channel with natural
weighting). The solid blue contour defines a mosaic area of 11.8 deg2. The grey circles indicate galaxies
listed as definite or likely cluster members in [60]. The size of the circles is proportional to the logarithm
of galaxies’ B-band flux. The two large red crosses indicate the location of the cluster centre (NGC 1399
to the east) and of the south-west sub-group (NGC 1316, to the west). Solid, up-pointing triangles indicate
galaxies detected in H I by [47] down to ∼ 3× 108 M�. Open, down-pointings triangles indicate new H I

detections obtained with the ATCA down to ∼ 5× 107 M� (P.I. Serra). Colours represent the heliocentric
velocity of the H I detections. The dashed magenta circle has a radius of ∼ 1 Mpc, which is ∼ 1.5× the
virial radius (Table 1).

waves deriving from the infall of gas and merging of sub-clusters ([64, 65]). The current knowledge
about cluster radio relics is still limited and only a few examples are reported in the literature ([66]).
The high sensitivity achieved by our observations of Fornax will have the potential to image (and
study the polarisation properties of) relic sources in this dynamic, low-mass cluster.

Finally, regardless of the detection of diffuse radio continuum emission from within the cluster,
we will be able to measure the Faraday rotation caused by the Fornax’ magnetic field for a few
thousands background polarised radio sources – resulting in a characterisation of the the magnetic
field in the cluster with a resolution of a few tens of kpc. This is adequate to start connecting for
the first time the properties of galaxies and the intra-cluster medium in Fornax with those of the
magnetic fields in which they are embedded.

5. Survey strategy

In order to reach the science goals summarised in Sec. 1 we will use MeerKAT to mosaic a region
of ∼ 12 deg2 down to a natural r.m.s. noise level of 0.1 mJy/beam in a 5 km/s (∼ 25 kHz) channel.
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This will deliver the required H I column density and mass sensitivity to reveal episodes of gas
stripping, study the H I mass function and attempt the first detection and imaging of H I in the
cosmic web. Assuming Tsys/efficiency = 22 K for the 64 13.5-m MeerKAT dishes, this requires
∼ 900 h of telescope time including a ∼ 10 percent calibration overhead.

The survey footprint is shown in Fig. 2 and includes the cluster central ∼ 0.5 Mpc (radius),
plus a small extension out to ∼ 0.7 Mpc towards a gas-rich group to the south-east, and a larger
extension out to ∼ 1.5 Mpc towards the infalling south-west group dominated by the peculiar
galaxy NGC 1316. The velocity range covered by our data allow us to reach significantly larger
distances from the cluster along the line of sight (see below).

Fig. 3 shows the column density sensitivity within the survey area as a function of angular
resolution. This was obtained by performing a simulation with the CASA package, where we
adopted the most recent MeerKAT specs and the planned uv coverage per mosaic pointing. As
required by our science goals, our MeerKAT data will be sensitive to an H I column density of
∼ 5× 1019 cm−2 at a resolution of ∼ 10 arcsec (∼ 1 kpc), allowing us to detect and study the
detailed morphology of gas in galaxies. Furthermore, at a resolution of ∼ 30 arcsec (∼ 3 kpc)
we will have excellent sensitivity and will be able to detect the faintest H I tails formed in past
interactions and gas stripping events. Finally, we will start to explore the column density regime
expected for gas in the cosmic web (1018 cm−2 and below) at the appropriate resolution of ∼ 100
arcsec (∼ 10 kpc).

0 10 20 30 40 50 60 70 80 90 100 110

Bmin (arcsec)

1018

1019

1020

N
H

I
(3
σ

,
25

km
/s

)

robust = 0, tapering from 0” to 120” in steps of 10”

Figure 3: Expected column density sensitivity as a function of angular resolution. Different angular res-
olutions are obtained tapering the visibilities at fixed Briggs weighting (robust = 0). The simulation was
performed in CASA. At the distance of Fornax, 10 arcsec ∼ 1 kpc (Table 1).

With optimal angular resolution, the 3σ M(H I) sensitivity of our survey within a 25-km/s line
width (appropriate for dwarfs with a total baryonic mass of ∼ 107 M�; e.g., [67]) is ∼ 5× 105

M�. Assuming that the H I mass function of Fornax is the same as that in the field down to this
sensitivity (i.e., slope = −1.3; [68]), and based on the number of known massive H I detections
from the Parkes and ATCA telescopes in the survey area (twenty; see Fig. 2), we predict a total
of ∼ 150 H I detections. In case of a flat mass function (slope = −1) this number goes down to
∼ 60. Of course, measuring the number of detections and the slope of the H I mass function in
Fornax is precisely one of the key goals of our survey. In this respect, these predictions serve the
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sole purpose of showing that we will be sensitive to variations of the mass function slope within
the range of values discussed in the literature. Based on the above numbers, the error on the mass
function slope will be well below 10 percent.

In order to study the H I kinematics of the smallest H I detections – whose rotational velocity
can be as low as ∼ 20 kms−1 (and even lower in projection) our spectral-line data will have an
H I velocity resolution of ∼ 1 km/s. We will obtain data at this resolution across an H I recessional
velocity range of, at least, −1000 to +3500 kms−1, covering the full range of galaxies in the
cluster. These data are within the RFI-protected frequency range for H I at z = 0.

To study the radio continuum emission (both in total and polarised intensity) and the magnetic
fields in the Fornax cluster we will take data over a 770-MHz-wide band in the frequency range
900 to 1670 MHz. The 25 kHz resolution of these data will facilitate RFI flagging and allow the
commensal use of our data (e.g., to study H I in the background of Fornax). Our MeerKAT mosaic
of the Fornax region will be Nyquist sampled at the highest observing frequency of 1670 MHz.

6. Multi-wavelength observations of Fornax

Our MeerKAT data represent a significant step forward for the study of H I and radio contin-
uum emission in the Fornax cluster. Compared to previous Parkes observations ([47]) we will go
∼ 500× deeper in M(H I) and we will increase the linear resolution by almost two orders of mag-
nitude. More recent H I observations carried out with the Australia Telescope Compact Array (P.I.
Serra) had already improved the situation, allowing us to make make six new H I detections com-
pared to [47] (Fig. 2). Importantly, these new detections were found in the proximity of known
H I-rich galaxies, indicating that there may be regions within the cluster where there is a larger
availability of cold gas. Those same regions may therefore harbour many more H I detections at
the ∼ 100× better sensitivity (and ∼ 10× better resolution) of our MeerKAT survey compared to
the ATCA one. The other important result of the ATCA survey is the first detection of an H I tail in
Fornax ([69]). The higher angular resolution of the MeerKAT data will be fundamental to uncover
more such systems and understand their origin within Fornax.

The recent ATCA survey is just one component of a large set of multi-wavelength observations
available for this cluster. The most recent efforts include: i) the FDS survey, a deep optical imaging
survey carried out with OmegaCAM on ESO VST (P.I.’s Iodice and Peletier; [70]) covering our full
MeerKAT Fornax mosaic (and more) down to a surface brightness sensitivity of ∼ 28 mag/arcsec2

in u, g, r and i bands (and even deeper with moderate smoothing of the images); this survey provides
a key dataset to look for the optical counterpart of low-surface-brightness H I features (and vice
versa), and to study the optical and H I properties of the faintest galaxies in the cluster, including
the newly discovered large population of ultra-diffuse galaxies (e.g., [71]); ii) a Herschel survey of
Fornax, which covers the central 16 deg2 of the cluster and resulted in the detection of cold dust in
30 galaxies of both early- and late morphological type ([72, 73]); iii) several observations of the CO
(J=1-0) molecular gas line in galaxies within Fornax using the Mopra single-dish (P.I. Smith) and
ALMA (P.I. Davis); together with our MeerKAT survey and the Herschel data, these observations
will build a complete census of the cool interstellar medium (dust, molecular gas and atomic gas)
in Fornax; iv) integral-field spectroscopy of dwarf and giant galaxies in Fornax with a variety of
instruments, including WiFeS ([74]), SAMI (P.I. Scott) and MUSE (P.I. Sarzi).
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In addition to these new projects, several older campaigns resulted in valuable datasets which
will complement our radio data. For example: i) the spectroscopic survey of [12], which could
be expanded to targets selected from our new VST images; ii) Chandra X-ray imaging of the
cluster core ([48]); iii) archival UV GALEX imaging ([75]); iv) archival WISE images ([76]); and
v) HST/ACS imaging of the 40 brightest galaxies in Fornax ([54]). In addition, the ASKAP H I

survey WALLABY ([77]) will provide complementary data on the larger-scale distribution of H I

in the Fornax region down to M(H I) ∼ 3×107 M� at a 30 arcsec resolution.

7. Summary

Decades of research on galaxies have formed a tentative picture of the role of environment in
shaping their gas content. We expect galaxies to become progressively H I-poorer and transition
from a late- to an early-type morphology through a varying balance of processes as a function of
position in the cosmic web. The history of H I observations in galaxy clusters demonstrates the
importance of combining good column density sensitivity and resolution to study these processes.
Initial low-resolution observations led to the conclusion that the H I mass of spirals becomes pro-
gressively lower as they approach a cluster’s centre (e.g., [78]). However, it was only thanks to
higher-resolution images that such decrease of the H I mass could be linked to the shrinking of the
H I discs (e.g., [79]). Finally, by pushing the sensitivity to low column density, we have been able
to directly see the faint gas being removed from the disc outskirts, i.e., witness the very cause of
the reduced H I disc size and mass ([20]).

The lesson of these developments is that, if imaged at sufficiently high resolution (∼ 1 kpc)
and sensitivity (a few times 1019 cm−2), H I represents a unique, direct tracer of these processes in
action because it can reveal tails of stripped gas and truncated gas discs, while by reaching M(H I)
detection limits of 106 M� and below we can quantify variations in the mass-function slope. This
is the motivation for a large number of completed and planned deep H I surveys, which target from
low-density regions of the cosmic web (e.g., [80]) to small groups (e.g., [81]), rich groups like
Ursa Major ([42]), small clusters like Fornax (this project), and clusters of larger size like Virgo
and Coma (e.g., [16, 21]). Comparing and contrasting the H I properties of galaxies living in such
different environments is key to obtaining a coherent picture of galaxy evolution.

Within this context, the MeerKAT Fornax Survey will provide the most accurate view of the
H I and radio continuum properties of galaxies in the Fornax cluster. Our mosaic of ∼ 12 deg2 will
reach a projected distance of ∼ 1.5 Mpc from the cluster centre (and much larger, ∼ 20 Mpc, along
the line of sight) and cover a wide range of environment density out to the outskirts of the cluster,
where gas-rich in-falling groups are found. The sensitive MeerKAT data will allow us to: i) study
the H I morphology of resolved galaxies down to a column density of a few times ∼ 1019 cm−2

at a resolution of ∼ 1 kpc, hunting for signs of gas stripping throughout the cluster and allowing
a comparison to the distribution of other components of galaxies (e.g. stars, dust, molecular gas);
ii) detect large numbers of dwarfs and measure the slope of the H I mass function down to M(H I)
∼ 5× 105 M�, which we will then compare to values found in different environments; and iii)
attempt to detect H I in the cosmic web at a column density of ∼ 1018 cm−2 and a resolution of
∼ 10 kpc. In the future, observations of this type will become routine over much larger areas and
over a larger range of environments with the Square Kilometre Array.
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[5] M. Cappellari, E. Emsellem, D. Krajnović, R. M. McDermid, P. Serra, K. Alatalo et al., The ATLAS3D

project - VII. A new look at the morphology of nearby galaxies: the kinematic morphology-density
relation, MNRAS 416 (Sept., 2011) 1680–1696, [1104.3545].

[6] A. Dressler, A. Oemler, Jr., W. J. Couch, I. Smail, R. S. Ellis, A. Barger et al., Evolution since z = 0.5
of the Morphology-Density Relation for Clusters of Galaxies, ApJ 490 (Dec., 1997) 577–591,
[astro-ph/9707232].

[7] G. Fasano, B. M. Poggianti, W. J. Couch, D. Bettoni, P. Kjærgaard and M. Moles, The Evolution of the
Galactic Morphological Types in Clusters, ApJ 542 (Oct., 2000) 673–683, [astro-ph/0005171].

[8] S. Blyth, T. M. van der Hulst, M. A. W. Verheijen, B. Catinella, F. Fraternali, M. P. Haynes et al.,
Exploring Neutral Hydrogen and Galaxy Evolution with the SKA, Advancing Astrophysics with the
Square Kilometre Array (AASKA14) (Apr., 2015) 128, [1501.01295].

[9] E. de Blok, F. Fraternali, G. Heald, B. Adams, A. Bosma and B. Koribalski, The SKA view of the
Neutral Interstellar Medium in Galaxies, Advancing Astrophysics with the Square Kilometre Array
(AASKA14) (Apr., 2015) 129.

[10] A. Popping, M. Meyer, L. Staveley-Smith, D. Obreschkow, G. Jozsa and D. J. Pisano, Observations
of the Intergalactic Medium and the Cosmic Web in the SKA era, Advancing Astrophysics with the
Square Kilometre Array (AASKA14) (Apr., 2015) 132, [1501.01077].

[11] L. Ferrarese, J. R. Mould, R. C. Kennicutt, Jr., J. Huchra, H. C. Ford, W. L. Freedman et al., The
Hubble Space Telescope Key Project on the Extragalactic Distance Scale. XXVI. The Calibration of
Population II Secondary Distance Indicators and the Value of the Hubble Constant, ApJ 529 (Feb.,
2000) 745–767, [astro-ph/9908192].

[12] M. J. Drinkwater, M. D. Gregg and M. Colless, Substructure and Dynamics of the Fornax Cluster,
ApJL 548 (Feb., 2001) L139–L142, [astro-ph/0012415].

[13] C. Jones, C. Stern, W. Forman, J. Breen, L. David, W. Tucker et al., X-Ray Emission from the Fornax
Cluster, ApJ 482 (June, 1997) 143–155.

[14] G. S. Shostak, R. J. Allen and W. T. Sullivan, III, HI synthesis observations of the high-redshift
galaxies in Stephan’s Quintet, A&A 139 (Oct., 1984) 15–24.

11

http://dx.doi.org/10.1086/190860
http://dx.doi.org/10.1086/190860
http://dx.doi.org/10.1038/nature03597
https://arxiv.org/abs/astro-ph/0504097
http://dx.doi.org/10.1086/157753
http://dx.doi.org/10.1086/162078
http://dx.doi.org/10.1086/162078
http://dx.doi.org/10.1111/j.1365-2966.2011.18600.x
https://arxiv.org/abs/1104.3545
https://arxiv.org/abs/astro-ph/9707232
http://dx.doi.org/10.1086/317047
https://arxiv.org/abs/astro-ph/0005171
https://arxiv.org/abs/1501.01295
https://arxiv.org/abs/1501.01077
http://dx.doi.org/10.1086/308309
http://dx.doi.org/10.1086/308309
https://arxiv.org/abs/astro-ph/9908192
http://dx.doi.org/10.1086/319113
https://arxiv.org/abs/astro-ph/0012415


P
o
S
(
M
e
e
r
K
A
T
2
0
1
6
)
0
0
8

The MeerKAT Fornax Survey P. Serra

[15] J. English, B. Koribalski, J. Bland-Hawthorn, K. C. Freeman and C. F. McCain, The Vela Cloud: A
Giant H I Anomaly in the NGC 3256 GROUP, AJ 139 (Jan., 2010) 102–119, [0903.2690].

[16] A. Chung, J. H. van Gorkom, J. D. P. Kenney, H. Crowl and B. Vollmer, VLA Imaging of Virgo Spirals
in Atomic Gas (VIVA). I. The Atlas and the H I Properties, AJ 138 (Dec., 2009) 1741–1816.

[17] P. Serra, B. Koribalski, P.-A. Duc, T. Oosterloo, R. M. McDermid, L. Michel-Dansac et al., Discovery
of a giant HI tail in the galaxy group HCG 44, MNRAS 428 (Jan., 2013) 370–380, [1209.4107].

[18] C. L. Sarazin, X-ray emission from clusters of galaxies. 1988.

[19] J. E. Gunn and J. R. Gott, III, On the Infall of Matter Into Clusters of Galaxies and Some Effects on
Their Evolution, ApJ 176 (Aug., 1972) 1–+.

[20] J. D. P. Kenney, J. H. van Gorkom and B. Vollmer, VLA H I Observations of Gas Stripping in the
Virgo Cluster Spiral NGC 4522, AJ 127 (June, 2004) 3361–3374, [arXiv:astro-ph/0403103].

[21] H. Bravo-Alfaro, V. Cayatte, J. H. van Gorkom and C. Balkowski, VLA H I Imaging of the Brightest
Spiral Galaxies in Coma, AJ 119 (Feb., 2000) 580–592, [astro-ph/9912405].

[22] T. C. Scott, H. Bravo-Alfaro, E. Brinks, C. A. Caretta, L. Cortese, A. Boselli et al., Probing
evolutionary mechanisms in galaxy clusters: neutral atomic hydrogen in Abell1367, MNRAS 403
(Apr., 2010) 1175–1192, [1001.3900].

[23] T. Westmeier, B. S. Koribalski and R. Braun, Gas and dark matter in the Sculptor group: NGC 55,
MNRAS 434 (Oct., 2013) 3511–3525, [1307.2962].

[24] K. Bekki, Group-Cluster Merging and the Formation of Starburst Galaxies, ApJL 510 (Jan., 1999)
L15–L19, [astro-ph/9811117].

[25] K. Bekki, B. S. Koribalski, S. D. Ryder and W. J. Couch, Massive HI clouds with no optical
counterparts as high-density regions of intragroup HI rings and arcs, MNRAS 357 (Feb., 2005)
L21–L25, [arXiv:astro-ph/0411561].

[26] S. E. Schneider, G. Helou, E. E. Salpeter and Y. Terzian, Discovery of a large intergalactic H I cloud
in the M96 group, ApJL 273 (Oct., 1983) L1–L5.

[27] P. E. J. Nulsen, Transport processes and the stripping of cluster galaxies, MNRAS 198 (Mar., 1982)
1007–1016.

[28] L. L. Cowie and A. Songaila, Thermal evaporation of gas within galaxies by a hot intergalactic
medium, Nature 266 (Apr., 1977) 501–503.

[29] V. Cayatte, C. Kotanyi, C. Balkowski and J. H. van Gorkom, A very large array survey of neutral
hydrogen in Virgo Cluster spirals. 3: Surface density profiles of the gas, AJ 107 (Mar., 1994)
1003–1017.

[30] Y. M. Bahé and I. G. McCarthy, Star formation quenching in simulated group and cluster galaxies:
when, how, and why?, MNRAS 447 (Feb., 2015) 969–992, [1410.8161].

[31] M.-S. Shin and M. Ruszkowski, Ram pressure stripping in elliptical galaxies - II. Magnetic field
effects, MNRAS 445 (Dec., 2014) 1997–2014, [1409.3486].

[32] S. Tonnesen and J. Stone, The Ties that Bind? Galactic Magnetic Fields and Ram Pressure Stripping,
ApJ 795 (Nov., 2014) 148, [1408.4521].

[33] W. Kapferer, C. Sluka, S. Schindler, C. Ferrari and B. Ziegler, The effect of ram pressure on the star
formation, mass distribution and morphology of galaxies, A&A 499 (May, 2009) 87–102,
[0903.3818].

12

http://dx.doi.org/10.1088/0004-6256/139/1/102
https://arxiv.org/abs/0903.2690
http://dx.doi.org/10.1088/0004-6256/138/6/1741
http://dx.doi.org/10.1093/mnras/sts033
https://arxiv.org/abs/1209.4107
http://dx.doi.org/10.1086/151605
http://dx.doi.org/10.1086/420805
https://arxiv.org/abs/arXiv:astro-ph/0403103
http://dx.doi.org/10.1086/301194
https://arxiv.org/abs/astro-ph/9912405
http://dx.doi.org/10.1111/j.1365-2966.2009.16204.x
http://dx.doi.org/10.1111/j.1365-2966.2009.16204.x
https://arxiv.org/abs/1001.3900
http://dx.doi.org/10.1093/mnras/stt1271
https://arxiv.org/abs/1307.2962
http://dx.doi.org/10.1086/311796
http://dx.doi.org/10.1086/311796
https://arxiv.org/abs/astro-ph/9811117
http://dx.doi.org/10.1111/j.1745-3933.2005.08625.x
http://dx.doi.org/10.1111/j.1745-3933.2005.08625.x
https://arxiv.org/abs/arXiv:astro-ph/0411561
http://dx.doi.org/10.1086/184118
http://dx.doi.org/10.1038/266501a0
http://dx.doi.org/10.1086/116913
http://dx.doi.org/10.1086/116913
http://dx.doi.org/10.1093/mnras/stu2293
https://arxiv.org/abs/1410.8161
http://dx.doi.org/10.1093/mnras/stu1909
https://arxiv.org/abs/1409.3486
http://dx.doi.org/10.1088/0004-637X/795/2/148
https://arxiv.org/abs/1408.4521
http://dx.doi.org/10.1051/0004-6361/200811551
https://arxiv.org/abs/0903.3818


P
o
S
(
M
e
e
r
K
A
T
2
0
1
6
)
0
0
8

The MeerKAT Fornax Survey P. Serra

[34] S. Tonnesen and G. L. Bryan, Star formation in ram pressure stripped galactic tails, MNRAS 422
(May, 2012) 1609–1624, [1203.0308].

[35] E. Roediger, M. Brüggen, M. S. Owers, H. Ebeling and M. Sun, Star formation in shocked cluster
spirals and their tails, MNRAS 443 (Sept., 2014) L114–L118, [1405.1033].

[36] B. Henderson and K. Bekki, Significant Enhancement of H2 Formation in Disk Galaxies under Strong
Ram Pressure, ApJL 822 (May, 2016) L33, [1605.03304].

[37] D. Steinhauser, S. Schindler and V. Springel, Simulations of ram-pressure stripping in galaxy-cluster
interactions, A&A 591 (June, 2016) A51, [1604.05193].

[38] M. A. Zwaan, M. J. Meyer, L. Staveley-Smith and R. L. Webster, The HIPASS catalogue: ΩHI and
environmental effects on the HI mass function of galaxies, MNRAS 359 (May, 2005) L30–L34,
[astro-ph/0502257].

[39] C. M. Springob, M. P. Haynes and R. Giovanelli, Morphology, Environment, and the H I Mass
Function, ApJ 621 (Mar., 2005) 215–226, [arXiv:astro-ph/0411349].

[40] C. M. Moorman, M. S. Vogeley, F. Hoyle, D. C. Pan, M. P. Haynes and R. Giovanelli, The H I mass
function and velocity width function of void galaxies in the Arecibo Legacy Fast ALFA Survey,
MNRAS 444 (Nov., 2014) 3559–3570, [1408.3392].

[41] M. G. Jones, E. Papastergis, M. P. Haynes and R. Giovanelli, Environmental dependence of the H I
mass function in the ALFALFA 70% catalogue, MNRAS 457 (Apr., 2016) 4393–4405,
[1510.07050].

[42] M. A. W. Verheijen and M. Zwaan, HI in the Three Largest LEnticulars in the Ursa Major Cluster, in
Gas and Galaxy Evolution (J. E. Hibbard, M. Rupen, & J. H. van Gorkom, ed.), vol. 240 of
Astronomical Society of the Pacific Conference Series, pp. 867–+, 2001.

[43] D. J. Pisano, D. G. Barnes, L. Staveley-Smith, B. K. Gibson, V. A. Kilborn and K. C. Freeman, An H I
Survey of Six Local Group Analogs. II. H I Properties of Group Galaxies, ApJS 197 (Dec., 2011) 28,
[1110.3431].

[44] M. Rauch, The Lyman Alpha Forest in the Spectra of QSOs, ARA&A 36 (1998) 267–316,
[astro-ph/9806286].

[45] J. Tumlinson, C. Thom, J. K. Werk, J. X. Prochaska, T. M. Tripp, N. Katz et al., The COS-Halos
Survey: Rationale, Design, and a Census of Circumgalactic Neutral Hydrogen, ApJ 777 (Nov., 2013)
59, [1309.6317].

[46] M. J. Drinkwater, M. D. Gregg, B. A. Holman and M. J. I. Brown, The evolution and star formation
of dwarf galaxies in the Fornax Cluster, MNRAS 326 (Sept., 2001) 1076–1094,
[astro-ph/0106376].

[47] M. Waugh, M. J. Drinkwater, R. L. Webster, L. Staveley-Smith, V. A. Kilborn, D. G. Barnes et al.,
The large-scale distribution of neutral hydrogen in the Fornax region, MNRAS 337 (Dec., 2002)
641–656, [astro-ph/0210170].

[48] C. A. Scharf, D. R. Zurek and M. Bureau, The Chandra Fornax Survey. I. The Cluster Environment,
ApJ 633 (Nov., 2005) 154–164, [astro-ph/0406216].

[49] R. Giovanelli and M. P. Haynes, The H I extent and deficiency of spiral galaxies in the Virgo cluster,
AJ 88 (July, 1983) 881–908.

13

http://dx.doi.org/10.1111/j.1365-2966.2012.20737.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20737.x
https://arxiv.org/abs/1203.0308
http://dx.doi.org/10.1093/mnrasl/slu087
https://arxiv.org/abs/1405.1033
http://dx.doi.org/10.3847/2041-8205/822/2/L33
https://arxiv.org/abs/1605.03304
http://dx.doi.org/10.1051/0004-6361/201527705
https://arxiv.org/abs/1604.05193
http://dx.doi.org/10.1111/j.1745-3933.2005.00029.x
https://arxiv.org/abs/astro-ph/0502257
http://dx.doi.org/10.1086/427432
https://arxiv.org/abs/arXiv:astro-ph/0411349
http://dx.doi.org/10.1093/mnras/stu1674
https://arxiv.org/abs/1408.3392
http://dx.doi.org/10.1093/mnras/stw263
https://arxiv.org/abs/1510.07050
http://dx.doi.org/10.1088/0067-0049/197/2/28
https://arxiv.org/abs/1110.3431
http://dx.doi.org/10.1146/annurev.astro.36.1.267
https://arxiv.org/abs/astro-ph/9806286
http://dx.doi.org/10.1088/0004-637X/777/1/59
http://dx.doi.org/10.1088/0004-637X/777/1/59
https://arxiv.org/abs/1309.6317
http://dx.doi.org/10.1046/j.1365-8711.2001.04646.x
https://arxiv.org/abs/astro-ph/0106376
http://dx.doi.org/10.1046/j.1365-8711.2002.05942.x
http://dx.doi.org/10.1046/j.1365-8711.2002.05942.x
https://arxiv.org/abs/astro-ph/0210170
http://dx.doi.org/10.1086/444531
https://arxiv.org/abs/astro-ph/0406216
http://dx.doi.org/10.1086/113376


P
o
S
(
M
e
e
r
K
A
T
2
0
1
6
)
0
0
8

The MeerKAT Fornax Survey P. Serra

[50] C. D. P. Lagos, C. M. Baugh, C. G. Lacey, A. J. Benson, H.-S. Kim and C. Power, Cosmic evolution
of the atomic and molecular gas contents of galaxies, MNRAS 418 (Dec., 2011) 1649–1667,
[1105.2294].

[51] B. Catinella, D. Schiminovich, L. Cortese, S. Fabello, C. B. Hummels, S. M. Moran et al., The
GALEX Arecibo SDSS Survey - VIII. Final data release. The effect of group environment on the gas
content of massive galaxies, MNRAS 436 (Nov., 2013) 34–70, [1308.1676].

[52] M. Rafieferantsoa, R. Davé, D. Anglés-Alcázar, N. Katz, J. A. Kollmeier and B. D. Oppenheimer, The
impact of environment and mergers on the H I content of galaxies in hydrodynamic simulations,
MNRAS 453 (Nov., 2015) 3980–3998, [1408.2531].

[53] M. C. Odekon, R. A. Koopmann, M. P. Haynes, R. A. Finn, C. McGowan, A. Micula et al., The HI
Content of Galaxies in Groups and Clusters as Measured by ALFALFA, ApJ 824 (June, 2016) 110,
[1604.08862].

[54] A. Jordán, J. P. Blakeslee, P. Côté, L. Ferrarese, L. Infante, S. Mei et al., The ACS Fornax Cluster
Survey. I. Introduction to the Survey and Data Reduction Procedures, ApJS 169 (Apr., 2007) 213–224,
[astro-ph/0702320].

[55] L. M. Young, M. Bureau, T. A. Davis, F. Combes, R. M. McDermid, K. Alatalo et al., The ATLAS3D

project - IV. The molecular gas content of early-type galaxies, MNRAS 414 (June, 2011) 940–967,
[1102.4633].

[56] P. Serra, T. Oosterloo, R. Morganti, K. Alatalo, L. Blitz, M. Bois et al., The ATLAS3D project - XIII.
Mass and morphology of H I in early-type galaxies as a function of environment, MNRAS 422 (May,
2012) 1835–1862, [1111.4241].

[57] T. A. Davis, K. Alatalo, M. Sarzi, M. Bureau, L. M. Young, L. Blitz et al., The ATLAS3D project - X.
On the origin of the molecular and ionized gas in early-type galaxies, MNRAS 417 (Oct., 2011)
882–899, [1107.0002].
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