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Radio surveys of the Milky Way galaxy have transformed our understanding of star formation
and stellar evolution. However, due to strong dependence of “survey cost” on frequency most
large area surveys have so far been carried out at low frequencies (∼ a few GHz). These sur-
veys select against dense plasma as the free-free turnover frequency scales directly with electron
density which means that there are significant biases against the detection of the youngest and
densest HII regions, Young Stellar Objects, jets, winds and Planetary Nebulae. Here we describe
the MeerKAT Large Project MeerGAL, which aims to address this issue by making the first sen-
sitive high frequency, high resolution multi-epoch survey of the Galactic Plane. Together with
its Northern Hemisphere sister project KuGARS (the Ku-band Galactic Reconnaissance Survey),
MeerGAL will revolutionise the study of massive star formation and stellar evolution, Galactic
structure, and variability.
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1. MeerGAL: a unique window on the steep spectrum, optically thick Galaxy

Large area unbiased surveys are one of the cornerstones of astronomy, with an impact often far
beyond their original expectations and conceived wavelength ranges. This is particularly true in ra-
dio astronomy where pulsars, radio galaxies, quasars and gravitational lenses are all serendipitous
discoveries of radio sky surveys (1). For Galactic studies, radio surveys are particularly powerful
as the Galaxy is largely transparent at radio wavelengths and so we are able to study objects across
the Galaxy even at low Galactic latitude. Most radio surveys have so far been carried out at low
frequency (ν ≤ 5 GHz), e.g. NVSS (2), SUMSS (3), MAGPIS (4), CGPS (5), CORNISH (6) and
more recently THOR (7) and VLASS (8). The reason behind this is that high frequency radio sur-
veys are expensive. The time required for a radio survey is the product of the number of pointings N
and the time t required for each pointing to reach the desired flux density level (S) of the survey. For
a fixed aperture N scales as ν2 and t scales as S−2. So for objects with negative or slowly falling
spectral indices such as non-thermal or optically thin thermal emission (S ∝ ν−0.7 to ν−0.1) the
“cost” of a fixed-aperture constant sensitivity survey scales as ν2.2 to ν3.4. So 1.4–5 GHz surveys
are the most effective way to find objects that are either non-thermal or optically thin at these fre-
quencies (e.g. supernova remnants, synchrotron-dominated radio stars and compact/ultracompact
HII regions).

However, low frequency surveys have a strong selection bias against objects whose spectra
rise with frequency. One particular Galactic example is that of the hypercompact (HC) HII region,
an extremely compact dense HII region 10 times smaller and 100 times more dense than the ultra-
compact (UC) HII region, its more well known immediate descendant (9). Because of their strong
rising spectra (S ∝ ν2) HC HII regions went completely undetected during the many successful 5
GHz surveys of the Galaxy and have so far only been serendipitously discovered near ultracompact
HII regions observed at high frequencies. The turnover frequency between the optically thick and
thin regimes for thermal bremsstrahlung is essentially a linear function of electron density (10) and
so this means that low frequency (ν ≤ 5 GHz) surveys preferentially select against dense plasma
(ne

>∼ 105 cm−3). This not only includes objects such as HC HII regions, but massive stellar winds,
ionised jets from YSOs (11) and young planetary nebulae (12) — a significant bias against the
youngest and densest objects in each class.

The lack of high angular resolution surveys in this frequency regime means that our knowledge
of the overall properties of these objects, and indeed the global distribution of steep spectrum emis-
sion in the Galaxy is extremely poor. There are three major high frequency surveys covering the
Galactic Plane (notwithstanding all-sky surveys by WMAP and Planck), the single-dish Nobeyama
10 GHz (13) and (14) Green Bank 8 & 14 GHz surveys and the interferometric AT20G survey (15).
All of these surveys are too shallow (1σ depths of 42 mJy – 0.8 Jy) and/or of too low resolution
(arcmin in the case of Nobeyama & Langston surveys) to identify HC HII regions. These surveys
have however been successful in uncovering tantalising hints of the high frequency population and
its variability. The Langston et al survey reveals hints of a variable and transient population (16)
and indeed, later interferometric studies of UC & HC HII regions have shown that their variability
is a powerful probe of the physics involved in the transition phase between Massive Young Stellar
Object and HII region (17; 18; 19). Multi-year epochs of radio variability offer a powerful way
of measuring distances to & core masses of planetary nebulae (20). Unexplained low frequency
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transients are beginning to be discovered (21), are there analogous high frequency examples? In
addition, the high frequency bands are beginning to offer insight into new phases of the ISM, for
example the population of small spinning grains revealed by their anomalous microwave emission
(22; 23; 24).

What is needed to investigate the Galactic high frequency population is a sensitive and uniform
wide-area survey with angular resolution sufficient to identify HC HII regions and to match that
of current infrared surveys. With a uniquely fast survey speed at 14 GHz MeerKAT is the only
instrument that is capable of such a survey. By combining a large number of small aperture dishes
with broadband feeds MeerKAT has a 14 GHz survey speed over 3 times faster than the EVLA
(using the EVLA Ae/Tsys values given in SKA Memo #40) and for a 14 GHz survey requires only
a similar number of pointings to an EVLA 5 GHz survey (25). By working at high frequencies we
gain an additional factor for positive spectral index sources: a MeerKAT 14 GHz survey for HC
HII regions is over 14 times faster than an EVLA 5 GHz survey would be. With this survey speed it
is possible to carry out such a survey multiple times over a baseline of a few years, finally opening
the window on the variable, optically thick high frequency Galaxy.

In this paper we describe the MeerKAT Large Project MeerGAL, which will investigate the
high frequency Galactic (and extragalactic) population by making first sensitive (sub-mJy) sub-
arcsecond resolution 12–14 GHz multi-epoch survey of the Galactic Plane. MeerGAL was awarded
3300 hours of observing time on MeerKAT and will commence with the commissioning of the X-
band receiver system on MeerKAT. The primary aim of MeerGAL is to discover and characterise
the population of steep positive spectrum objects in the Galaxy and, for the first time, identify
the variable population. However, by carefully design of MeerGAL to take full advantage of the
flexible MeerKAT correlator a deep maser and recombination line survey can be simultaneously ac-
complished. MeerGAL will achieve the following major science goals: i) a complete and unbiased
survey for young HII regions (compact, ultracompact & hypercompact), allowing their numbers,
relationship to 12.2 GHz methanol masers, physical properties & statistical lifetimes to be deter-
mined; ii) determine accurate mass loss rates for hundreds of OB stars as a function of their stellar
parameters and search for colliding-wind binaries and flare stars; iii) measure the variability of
thermal emission in the Galaxy, particularly hypercompact HII regions and planetary nebulae; iv)
map the spiral structure of the Southern Galaxy by measuring radial velocities to a large sample of
young HII regions and providing a complete sample of 12.2 GHz CH3OH masers and their phase
calibrators for later VLBI parallax measurements; and v) enable the study of anomalous microwave
emission and spinning dust in a wide variety of environments at high angular resolution.

In this paper we describe the scientific rationale behind MeerGAL, discuss the technical re-
quirements of the survey, and look forward to the synergies between MeerGAL, other contempo-
rary Galactic Plane surveys and eventually the SKA.

2. Potential science highlights from MeerGAL

In this section we discuss the high profile science that will result from MeerGAL, dwelling par-
ticularly on the birth and evolution of HII regions, massive stellar evolution and Galactic structure.
Whilst MeerGAL was designed to address these science areas there is also significant scope for new
and unexpected discoveries (26) due to the fact that MeerGAL explores genuinely new parameter
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space with sub-mJy sensitivity over sub-arcsecond angular resolution and at multiple epochs. In
particular, MeerGAL has high legacy value as the highest frequency radio component of a family
of Galactic Plane surveys stretching from the optical to 1.4 GHz, allowing ready cross-correlation
with optical/infrared/low frequency counterparts.

2.1 The birth and evolution of HII regions

HII regions, and particularly the youngest and most compact HII regions, offer a unique win-
dow to peer into the early development of massive stars (27). Despite the importance of massive
stars to phenomena on Galactic and extragalactic scales, many details of their early lives are still
not well understood, e.g. their accretion timescales & histories. HII regions reflect the interaction
between UV radiation from the nascent massive star and their environment, and the most dense and
compact HII regions (hypercompact, or HC HII regions) allow us to study single massive YSOs
that have just begun to ionise their surroundings (9).

As massive stars reach the main sequence while still accreting material, this is a key phase
in their development. The development of an HII region reflects the point at which the star has
“switched on” its UV illumination. However it remains unclear precisely when this may occur
due to the large accretion rates required to form massive stars (28), the gravitational instability and
hence variability of the accretion flows (27; 29), and potentially accretion-bloated cool massive
YSOs (30; 31). There are a number of possibilities that have been investigated theoretically. In
the (32) gravitationally trapped model of HII regions, massive stars are built up by accretion onto
YSOs through gravitationally trapped hypercompact HII regions surrounding the star. The (28) and
(27) models both envisage HC HII regions expanding into outflow-driven cavities away from the
main accretion flows. But in the (30) model, the high accretion rates (up to∼ 10−3 M� yr−1) cause
the outer layers of the YSO to swell, shifting the wavelength of the peak emission into the infrared
and delaying the development of an HII region until the end of the accretion phase. The duration
of this effect is a function of stellar mass, YSOs more massive than 30 M� rapidly evolve through
the bloated stage and almost immediately reach the main sequence.

All of the models above make direct predictions of the relative frequency of hypercompact HII
regions: in the Keto, Peters et al., and McKee & Tan models HC HII regions are expected to develop
early and would thus be relatively common; whereas in the Hosokawa model HC HII regions would
be rare, and moreover, completely absent for the highest luminosity YSOs. Unfortunately, due to
the observational biases discussed in the previous section, the current observational constraints are
few and far between and do not rule out any of the models. (33; 19) find ∼ 15% of the HII regions
in W49A & Sgr B2 to be hypercompact, but these observations have limited statistics (only ∼8
HC HIIs in total) and, because they are targeted toward regions of vigorous star formation, may
be subject to Milky Way (i.e. “cosmic”) variance. (34) found a 43% ratio of steep to flat spectrum
sources in their survey of 6.7 GHz CH3OH masers, but again this result is limited by small samples.
For a much larger sample of UC HII regions selected from CORNISH (35) show that the most
luminous YSOs are indeed associated with larger compact HII regions, which is consistent with
the Hosokawa models. However, their sample is selected at 5 GHz, and can only detect the nearest
HC HII regions (see Fig. 1).

To understand the birth of HII regions we need to assemble a statistically significant sample of
HC HII regions. Previous surveys for young HII regions have been limited in two ways. Firstly, as
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Figure 1: Theoretical spectra of homogenous isothermal HII regions at a distance of 20 kpc. Solid, dashed
and dot-dashed lines show spectra for hypercompact, ultracompact and compact HII regions respectively
(with diameters 0.005, 0.05 & 0.5 pc and typical emission measures as given in Kurtz 2005). 5σ continuum
sensitivities for MeerGAL (both for 1 and after 3 epochs), KuGARS, CORNISH, GLOSTAR (5 & 8 GHz
bands) and VLASS-Galactic are indicated.

mentioned earlier, 5 GHz surveys for young HII regions suffered a selection bias against HC HIIs
(Kurtz 2005 & see Fig. 1). Secondly, the poor uv coverage of most snapshot surveys meant that
they were relatively insensitive to the more extended compact HII regions (with diameters > 10′′).
MeerGAL will avoid both of these limitations to provide a complete census of young HII regions.
Our deep 14 GHz survey (∼0.3 mJy 5σ in one epoch) ensures detections of both flat spectrum
optically thin and steep spectrum optically thick HII regions to the edge of the Milky Way (see
Fig. 1). The single array configuration and excellent uv coverage of MeerKAT also means that we
can select appropriate uv tapers for different sized HII regions.

In the MeerGAL survey field (described further in Sect. 3) we expect to detect on the order
of a thousand compact HII regions and a comparable number of UC HII regions, based on scaling
from the area of the CORNISH 5 GHz survey (6) and other studies (36). We estimate that we will
detect somewhere between 100-500 HC HIIs in MeerGAL, taking a lower limit from estimates of
their lifetime compared to UC HIIs and an upper limit from the fraction of X-band detections of
a limited sample of High Mass Protostellar Objects (37). We note that one of the prime tasks of
MeerGAL is to determine precise numbers and hence statistical lifetimes for these regions, testing
models of HII region formation such as gravitational trapping (32). We will increase the handful
of known HC HII regions (38; 9; 39) by at least an order of magnitude, giving us an exclusive
view into the short transition phase where rapid accretion onto the massive central protostar ceases
and a detectable HII region is formed (39). Determining the point at which accretion ceases (or
even if the accretion is stochastic rather than smooth) is crucial to understanding how massive stars
form and how the formation process gives rise to the spectrum and distribution of stars observed in
massive stellar clusters (27).
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MeerGAL will revolutionise the study of young HII regions by providing a complete and
statistically significant sample of all classes of young HII regions. This allows trends in the sample
to be investigated across the Galaxy, including the statistical lifetimes of the hypercompact phase
for the first time which will discriminate between accretion models of massive star formation. The
multiple survey epochs of MeerGAL will also pioneer the study of variability in a large sample of
young HII regions, enabling us to measure the expansion rates of the nearest (i.e. within ∼ a few
kpc) UC HII regions via difference imaging (40) and the possibility of stochastic accretion and/or
bulk ordered motions in HC HII regions (17; 27). In addition, we will also obtain simultaneous
12.2 GHz CH3OH maser and hydrogen Radio Recombination Line (RRL) observations, confirming
the close relationship between masers & HII regions and the link between maser & HII region
variability. The detection of hydrogen RRLs (and also He & CO RRLs toward bright objects)
will also enable the derivation of electron temperatures, radial velocities, velocity dispersions (38,
identifying broad-line HC HII regions,) and studies of the Galactocentric metallicity of HII regions
(41) and Galactic gradients in electron temperature (42).

2.2 Massive stars: Mass-loss, clumping and evolution

MeerGAL will resolve current serious uncertainties in the mass loss and energy feedback pro-
cesses of massive stars by conducting a deep survey of a number of well-known massive clusters.
The target clusters provide powerful laboratories for stellar physics studies focusing on quantify-
ing stellar mass loss rates and binary properties and interactions; the twin drivers of massive stellar
evolution. Recent results have strongly challenged the current model of mass loss via stellar winds,
with the enormous consequence that currently accepted mass-loss rates of luminous massive stars
may be too high by an order-of-magnitude or more (43; 44, see). This has far reaching conse-
quences for the evolution and fate of massive stars (which is largely determined by mass loss) and
for galactic chemical evolution (where mass loss drives chemical and mechanical feedback on the
interstellar medium). One of the most important issues is the significant discordance in the extent
of mass loss occurring via clumped and/or porous radiation-driven winds. The mass-loss uncer-
tainty (and wind porosity) has profound implications for broad astrophysical domains, including
stellar evolution and the mass-loss process across the H-R diagram, and the nature of the energy
and enriched gas injected into the ISM may be quite different.

Utilising the properties of the uniquely rich and accessible population of massive stars in
clusters in the Galactic Plane, we will be able to systematically investigate the role of evolution
in stellar mass loss. The population of the clusters covered by MeerGAL is rich enough that it
samples stars at every stage of their evolution (including OB main sequence, RSG, YSG, WR,
LBV, sgB[e]), thus enabling us to directly probe the corresponding evolution of mass loss rate. The
advantage of using free-free radio fluxes for determining mass loss for massive stars is that, unlike
Hα and UV, the emission arises at large radii in the stellar wind, where the terminal velocity will
have been reached. The interpretation of the radio fluxes is more straightforward therefore and is
not strongly dependent on details of the velocity law, ionization conditions, inner velocity field, or
the photospheric profile. Significant progress can be made with MeerKAT point source detections,
and spatial resolution of the wind is not a requisite.

We expect ∼300 of the Reed catalogue of OB supergiants that lie in the survey area to be
detectable (based on simple wind models), which means that MeerGAL will increase the number
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of OB stars detected in the radio by a factor of at least 5. The greater geometric region and den-
sity squared dependence of the free-free flux makes the radio observations extremely sensitive to
clumping in the wind. The radio will be directly compared to other density-squared diagnostics
such as Hα . We will use clumping models for the radio and Hα (45; 44) to arrive at a consistent
set of mass loss rates and determine the relative amount of clumping as a function of velocity over
a wide range of spectral types. We will investigate for the first time how clumping (or volume fill-
ing factor) changes as a function of fundamental stellar parameters (e.g. temperature, luminosity,
rotation velocity), providing powerful constraints on physical models for the origins of clumping
and hence reliable estimates of mass-loss rate as a function of stellar mass.

We plan that an additional science return from our survey of clusters will ultimately be to (i)
provide a better determined binary star frequency in clusters, which is an important constraint for
evolutionary population synthesis models, and hence having a broad impact on our understanding
of galactic chemical evolution; (ii) study statistically the colliding-wind phenomenon and better
understand its dependence on stellar and binary parameters. This aspect of the project will require
follow-up MeerKAT data at 1.4 GHz and 8 GHz (via the standard proposal route), to unambigu-
ously determine between thermal and non-thermal emission. Fundamentally, where a star is found
to have non-thermal emission, a colliding wind and hence a binary companion can be inferred.
This is a highly efficient way to identify binaries in clusters, as only a single-epoch observation is
required. Knowing the binary frequency over the whole range is important for evolutionary popu-
lation synthesis codes. In addition, the properties of massive binaries, in particular the mass ratios
and separation distributions, resulting in strong constraints on star formation models (46).

We will additionally analyse the MeerKAT massive stellar cluster data for possible strong Hα

emission-line objects that could be members of larger population of lower mass pre-main sequence
stars that have yet to be uncovered. VLA studies at ∼5 GHz have shown that ∼10% of Weak Line
T Tauris (WTTS) show radio emission at levels of 1016-1017 erg s−1 Hz−1 (47) and the majority of
WTTS at levels of approximately 1015 erg s−1 Hz−1 (48), which is a hundred times more intense
than the Sun, indicating that magnetic activity is much stronger during the PMS phase than in later
phases of their evolution. The stronger emitters, and those belonging to relative close clusters, will
be detectable in the observations proposed here. Flaring during the observations will make even
more stars detectable.

What is required in order to disentangle the effects of age, stellar mass, and environment are
not just large samples, but specifically samples over a range in stellar mass in high-concentration
star-forming regions where the potential environmental effect of the OB stars is available. Several
of the clusters in the MeerGAL survey field are suitable for this task. For individual objects,
MeerGAL enables us to compare the radio properties with the Hα emission in relation to the
PMS spectral type and rotational velocities, which are believed to play a fundamental role in the
production of non-thermal radio emission of WTTS. On the larger scale, the data will allow us to
investigate the nature of the ongoing star formation in stellar clusters and study potential triggered
star formation scenarios (49).

2.3 The structure of the Southern Milky Way

In parallel with its deep continuum survey MeerGAL will also carry out a shallower line
survey of hydrogen radio recombination lines (RRLs) which will enable the construction of an
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unprecedented 3-dimensional map of the Southern Galactic Plane and its massive star forming
regions. The current “standard model” for the structure of the Milky Way is that of (50), hereafter
referred to as GG76 — see Fig. 2. This study was originally based on the RRL radial velocity and
spectrophotometric distance measurements of 268 Giant HII regions, later refined to include pulsar
dispersion measures (51; 52; 53). Despite being subject to significant uncertainty from kinematic
distances the GG76 model of 4 major spiral arms has remained the basis of our understanding of
the Milky Way’s structure for over 30 years and forms the template for a number of more recent
studies (54; 55).

Figure 2: Left: The Georgelin & Georgelin (1976) model, based on HII region recombination line velocities
and stellar luminosity distances. Middle: An artists impression of the Milky Way, created from the 2-
arm barred spiral model of (56) and scaled to fit the trigonometric parallaxes of 12.2 GHz CH3OH masers
(57). Right: The (51) refinement of the Georgelin & Georgelin model with overlaid positions and peculiar
velocities of H2O masers observed with VERA and 12.2 GHz CH3OH masers observed with the VLBA.
Note the complete absence of any trigonometric maser parallaxes in the Southern Galactic Plane (i.e. the
Norma, Crux & Carina arms).

However, significant disagreement has emerged in both the number and placement of spiral
arms in the GG76 model, and in the overall mass and rotation curve of the Milky Way. Different
models suggest as few as 2 spiral arms and as many as 6 spiral arms (58). Recent VLBI parallax
measurements of 12.2 GHz CH3OH masers suggest that the Milky Way rotation speed is ∼15%
faster than previously assumed, either potentially increasing the Milky Way mass by∼50% (57; 59)
or the Sun’s circular velocity (60). An accurate map of the Milky Way’s spiral structure, rotation
curve and basic properties is vital to a number of widely different fields, for example in determin-
ing luminosities and masses of star forming regions (35); relating the local Milky Way Tully-Fisher
relation to external galaxies (is the Milky Way underluminous for its mass? — e.g. (61); and un-
derstanding the Milky Way’s dark matter distribution, which is particularly relevant to predictions
for Dark Matter direct detection experiments (62).

MeerGAL will provide a 21st century revision of the GG76 model for the Carina, Crux &
Norma spiral arms, providing a backdrop of RRL and 12.2 GHz maser radial velocity measure-
ments against which spectrophotometry and VLBI maser parallaxes can accurately calibrate the
resulting rotation curve. At the sensitivity levels required to detect HC HII regions and stellar
winds we estimate that we will be able to measure RRL radial velocities for several hundred ob-
jects with accuracy of a few km s−1 using a spectral stacking analysis to enhance sensitivity to
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faint lines (7, e.g. as used in THOR,). We describe the feasibility of this technique in Sect. 3, but
we note in passing here that 40 years of hardware development has reached the point at which the
32k channel “continuum” mode of MeerKAT has the same spectral resolution as the single-dish
spectral line receivers used to measure the hydrogen RRLs for the GG76 model. To ensure uniform
sampling in longitude velocity we also plan to conduct deeper observations of selected HII regions
(requiring only 2 hours per HII region). To this total we add radial velocities from∼1000 12.2 GHz
masers detected in parallel with the survey observations, which means that we will be able to place
many more points on our derived rotation curve than in the entire GG76 model. These accurately
positioned masers and nearby background radio galaxies (i.e. phase calibrators) will be a valuable
resource for future VLBI studies (for example with the African VLBI Network).

Kinematic distances derived for compact and ultracompact HII regions offer significant ad-
vantages over the diffuse HII regions used in the GG76 model. Their smaller size allows a more
accurate position to be determined on the sky and they are readily observable in large numbers.
The well-known kinematic distance ambiguity, caused by multiple solutions to the rotation curve
for inner Galaxy objects, is much easier to break for compact & ultracompact HII regions (63). HI
data from the existing SGPS HI survey and forthcoming ASKAP surveys will be used to solve the
distance ambiguity for our HII region sample (63; 64). Finally, there is a much closer relationship
between the 12.2 GHz masers used in VLBI parallax measurements to young compact & ultracom-
pact HII regions than diffuse HII regions. We will be able to tie together VLBI parallax distances
and RRL kinematic distances to single star forming complexes, enabling a common“distance lad-
der” for the Carina, Crux & Norma Arms.

3. Survey Design & Observational Strategy

MeerGAL is carefully designed in order to maximise observing efficiency while effectively
meeting the major science goals outlined in the previous section. The major drivers of the Meer-
GAL design are outlined below.

3.1 Survey Area

The MeerGAL survey area covers the GLIMPSE-S survey field, with a longitude extension to
include the tangent point of the Carina Arm, i.e. 280◦ ≤ l ≤ 350◦ and |b| ≤ 1◦ (see Fig. 3, right
panel). This area maximises the number of compact, ultracompact and hypercompact regions that
we expect to detect (Fig 3, left panel), in addition to covering a number of promininent massive
stellar clusters and the full extent of the Carina, Crux & Norma Arms. Our strategy to map the
MeerGAL survey area follows that of the successful CORNISH 5 GHz galactic plane survey, of
which a number of the MeerGAL team were involved. We will map the survey area using the
NVSS hexagonal pointing pattern (65) scaled to the MeerKAT primary beam at 14 GHz (i.e. with
spacing θhex = 0.09◦ compared to the primary beam of 0.12◦). To cover the total survey area of
140 square degrees requires 20 000 pointings, comparable to the number of pointings carried out
by CORNISH. To improve uv coverage of each pointing at least two widely spaced repeats per
epoch will be observed, a strategy that worked well for CORNISH (6).
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Figure 3: Left: The latitude distribution of UC HII regions (66), showing that most massive star forming
regions are found within 1◦ of the mid-plane due to their small scale-height. Right: The spiral arm model of
(50). The proposed survey area is indicated by blue shading.

3.2 Depth

The required depth of MeerGAL is ultimately driven by the need to measure the spectral index
of hypercompact HII regions and massive stellar winds. In order to be able to simultaneously
detect line and continuum emission we will use the 32k channel mode of the correlator, binning
channels to achieve the desired continuum sensitivity. This approach will also minimise bandwidth
smearing. The spectral resolution of this correlator mode is adequate for the ∼ 20 km s−1 wide
RRLs and for maser detection experiments.

The required continuum sensitivity in a single epoch is estimated from the flux of a small
isothermal homogenous HC HII region at the far edge of the Galaxy (d ∼ 20 kpc, Te ∼ 104 K,
r ∼ 1000 AU), which has a 14 GHz flux of 0.9 mJy, falling to 0.7 mJy at 12 GHz. The estimated
integration time required to detect such an object is determined using the equations in J. Cordes’
SKA Survey Memo #109. Assuming a continuum bandwidth of 400 MHz, an Ae/Tsys value of 200,
a tapering factor of 1.9 (to reach a 0.8′′ FWHM beam), a factor 1.5 to account for Tsys and Ruze
losses at 14 GHz (J. Jonas, priv comm) and averaging both polarisations we obtain a 5σ detection
in 120s of integration with an rms noise of 130 µJy/beam. Combined over the full band of ∼1
GHz this sensitivity amounts to∼80 µJy/beam and over the full 3 epoch survey we expect to reach
a 1σ sensitivity of ∼40 µJy/beam (assuming a 2 GHz bandwidth in epoch 3). The resolution of
MeerKAT at 14 GHz (0.8′′) is well matched to the diameters of HC and UC HII regions (though
UC/HC HII regions will not likely be resolved beyond ∼ 10 kpc, this does not affect our science
goals). More extended HII regions can be identified (∼10s of arcsec) by tapering our data to a
resolution of 4′′ or greater. The high dynamic range of MeerKAT will achieve this depth over all
regions except for those near sources of ∼ 10 Jy or brighter. CORNISH shows that sources this
bright are relatively rare (25).

At the same time RRL data will be obtained by binning the spectrum into 5 km s−1 channels.
One MeerGAL epoch will result in an rms noise of 7.3 mJy/beam per 5 km s−1 channel. This is
more than sufficient to detect masing lines, such as the 12.2 GHz CH3OH maser. For RRLs, at least
another factor of 2 will be gained in sensitivity by stacking the 4 α-lines falling in the bandpass
(and eventually a factor of 3 in epoch 3). For HII regions that are not initially detected in the binned
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spectrum, an iterative stacking analysis will be used to extract potential RRL detections based on
the well known frequency separations of the RRLs. Finally, to enhance the RRL sensitivity a taper
can be applied to reach a 4′′ synthesised beam and select sensitivity over angular resolution.

After combining 3 epochs the resulting 5σ detection threshold for stacked RRLs will be ∼6
mJy. For a typical line-to-continuum ratio of 15% for 14 GHz RRLs this equates to detecting
recombination line emission toward all thermal sources brighter than 40 mJy. We estimate the
fraction of sources from the source counts as a function of flux from the CORNISH 5 GH survey.
Depending on the spectral index of the source MeerGAL will also gain a ∼1.5 factor in sensitivity
over CORNISH (UC HII regions still have a rising spectrum at 14 GHz, see Fig. 1). In total of the
order of a few hundred sources are expected to be detected in recombination lines, scaling from the
CORNISH 5 GHz source counts. So that we can maintain a uniform longitude-velocity coverage
for our RRL sample it is also planned for deeper MeerKAT follow-up of a selection of fainter HII
regions with undetected RRLs in the main survey. Around 100 hours per epoch will be spent on
this follow-up.

3.3 Cadence

The cadence of the survey is driven by the timescale for variability of HC HII regions, masers
and planetary nebulae. These objects have been shown to vary over typical timescales of a year or
longer (17; 67; 20), although short-period month-long variations have been observed toward some
12.2 GH masers (68). Year to year variations for the variable HC HII regions that has been discov-
ered are∼10% per year, which is well within the capability of MeerGAL to measure. MeerGAL is
thus split into yearly epochs spanning a two year baseline with three independent measurements of
the flux of each object. Each epoch will consist of a complete pass over the survey area. These three
survey epochs allow us to gradually build up the sensitivity of MeerGAL, while maintaining the
capability to measure variable emission and also fully exploiting the phased increase in MeerKAT
capability.

4. Synergies with contemporary surveys and looking forward to the SKA

MeerGAL is highly complementary to a number of currently ongoing or planned surveys of
the Galactic Plane, slotting neatly into the comprehensive and currently growing family of high
angular resolution, high sensitivity surveys. From Table 1 it can be seen that following completion
of MeerGAL the Southern Galactic Plane will be covered in a multitude of wavelengths from the
optical, through far-infrared to long wavelength radio. To the list of surveys in Table 1 we may also
add a number of relevant all-sky surveys, which have covered or will cover the Galactic Plane: the
VISTA Hemisphere Survey (VHS) in the near-IR; WISE, spanning 3.4–22 µm; the Akari mid and
far-IR survey; the Planck Surveyor CMB LFI & HFI surveys; and the ASKAP survey EMU which
will make the deepest 1.4 GHz survey of the southern sky yet attempted (69, 10 µJy, 1σ ;).

MeerGAL will occupy a central place in this family of surveys as the deepest survey for ther-
mal radio emission in the Galactic Plane, with an angular resolution that is ideally matched to
optical and infrared surveys. In the age of the Virtual Observatory MeerGAL will be the destina-
tion of choice for comparison radio data (including variability) to the literally billions of Galactic
Plane objects that are being discovered in VVV, VPHAS+, GLIMPSE360 & WISE. The depth and
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Table 1: List of current and planned Galactic Plane surveys. Note that for reasons of space we have omitted
surveys with purely Northern components.

Name Survey area Wavelengths Sensitivity Resolution
VPHAS+ 210 < l <35, |b|< 5 u′ g′ r′ i′ Hα r′ < 21 <1.2′′

VVV 295 < l <10, |b|< 2 ZYJHKs Ks < 18 (1 epoch) 0.8′′

GLIMPSE 295 < l < 65, |b|< 1 3.6–8 µm ∼ 0.4 mJy (1σ ) 1′′

GLIMPSE360 0 < l < 360, |b| <∼ 1 (3.6, 4.5 µm) ∼0.4 mJy (1σ ) ∼1′′

MIPSGAL 298 < l < 63, |b|< 1 24, 70 µm 0.3, 15 mJy (1σ ) 6′′, 18′′

Hi-GAL 300 < l < 60, |b|< 1 70–500 µm ∼20–30 mJy 7′′–36′′

ATLASGAL 300 < l < 60, |b|< 1.5 870 µm 50 mJy (1σ ) 19′′

MeerGAL 280 < l < 350, |b|< 1 2 cm 60 µJy (1σ ) 0.8′′

CORNISH-S 295 < l < 65, |b|< 1 6 cm 0.14 mJy (1σ ) 3′′

MMB 180 < l < 60, |b|< 2 (6.7 GHz) 0.2 Jy (1σ ) ∼0.1′′

GASKAP 180 < l < 80, |b|< 2.5 21 cm 0.6 mJy (1σ ) 20′′

common survey area of MeerGAL to that of many other survey projects will ensure wide use of its
data for considerable time to come.

The wealth of readily available Galactic Plane survey data from the optical to the long-wavelength
radio also has strong benefits for MeerGAL science. For example, the work on stellar wind clump-
ing and Classical T Tauris will be greatly aided by accurate Hα and broadband optical/IR photom-
etry from VPHAS+ & VVV. The galactic structure measured by MeerGAL can be compared to
that derived independently from Cepheids & RR Lyrae variables identified in VVV. Studies of the
host molecular cloud clumps of UC/HC HII regions will benefit from well-sampled SEDs from the
radio to mid-IR for almost the entire survey area. We can compare the positions of TeV/gamma
ray sources from HESS/MAGIC to our radio catalogues to identify their possible MeerGAL coun-
terparts. In short, MeerGAL is ideally placed to take full advantage of our forthcoming panoramic
multi-wavelength view of the Galaxy.

Although we have dwelt mainly upon synergies with Southern Galactic Plane surveys it is
worth mentioning the Northern Hemisphere sister project to MeerGAL, KuGARS: the Ku-band
Galactic Reconnaissance Survey (PI Thompson). KuGARS is a proposed JVLA 14–18 GHz survey
of the Northern Galactic Plane between 10◦ ≤ l ≤ 65◦ and |b| ≤ 1. The depth, angular resolution
and goals of KuGARS are similar to MeerGAL (see Fig. 1) but cover only one epoch of observa-
tions and so KuGARS cannot explore the variability of detected sources. In addition to continuum
science KuGARS also includes zoom windows on important spectral lines in the 4 GHz bandpass
(the CH3OH maser at 12.2 GHz, excited OH maser at 13.4 GHz, H2CO at 14.4 GHz and 5 RRLs)
with the aim of measuring Zeeman splitting in OH and CH3OH masers and investigating H2CO
absorption towards continuum sources. KuGARS has completed pilot observations of a 4 × 2◦

region around W49A and will shortly submit a proposal to JVLA to cover the remaining survey
region.

Finally, MeerGAL will play an important role in planning future projects with the SKA. Meer-
GAL will provide a shallow initial tier at SKA band 5 frequencies that can be used to plan further
deeper continuum surveys such as those proposed by (70). QSOs discovered in MeerGAL will be
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important position calibrators for SKA VLBI parallax observations of Galactic masers (71, see).
The Radio Recombination Lines discovered in MeerGAL will set the scene for wide-area broad-
band RRL surveys (72) that will link the small angular scales probed by MeerGAL to the wider
scales traced by lower frequency lines with the SKA. And, with a small frequency adjustment to in-
corporate the 14.4 GHz H2CO line MeerGAL could also be used to investigate absorption against
Galactic continuum sources in preparation for full-scale anomalous absorption studies with the
SKA against the CMB (72).
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