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Abstract

We present multi-system spherical harmonic transit inter-
ferometry, an extension to the m-mode formalism, allowing
for the inclusion of multiple interferometric systems to ac-
count for missing information on the sky; alleviating the
need for prior fitting and/or regression. We simulate data
with two model topologies to show we can indeed recover a
genuine all-sky map. Furthermore, we explain how includ-
ing multiple systems affects point-spread functions (PSFs)
across declination, as well as how this method helps im-
proving spatial coverage on the sky.

1 Introduction

Recently we’ve demonstrated the generation of diffuse all-
sky maps at 159 MHz [1], using the engineering develop-
ment array 2 (EDA2) [2], based on the Tikhonov regu-
larised spherical harmonic transit-interferometry m-mode
formalism by Shaw et al. [3] and Eastwood et al. [4]. While
these maps are valid, they do require regularisation and the
use of a prior to correct for bias due to missing information
on the sky. Even with horizon-to-horizon widefield inter-
ferometers, depending on the latitude of the array, one does
not necessarily see the full celestial sphere; which needs to
be corrected for.

In this paper we show that the m-mode imaging methods
can be extended to combine multiple systems on different
hemispheres to achieve a genuine all-sky map. The linear
nature of the formalism naturally lends itself for the inclu-
sion of these systems as it does not discriminate on the ba-
sis of antenna location. The true power of this formalism
therefore lies in the ability to expand both the measured
visibilities on the sky, as well as the beam-transfer func-
tions (beam × fringe) into spherical harmonic basis on a
baseline-by-baseline manner.

2 Methods

2.1 Combined Definition

In this section we will briefly discuss the basics of the
m-mode formalism, for a more extensive overview of the

method and exact ordering of the coefficients please refer
to [3, 4, 1]. In its purest form, the m-mode definition is
defined in [3] as

v = Ba, (1)

with v being the Fourier transformed measured visibilities
m-mode vector, B the block-diagonal spherical harmonic
beam-coefficient matrix, and a the spherical harmonic co-
efficient vector of the real-valued sky. Recovering these sky
coefficients is achieved by inverting the beam-coefficient
matrix. As discussed in [4], lack of information on the sky
results in B not being full rank, requiring some form of prior
constraints or regularisation.

The rows in v and the rows in a block of B, however, are
only a function of relative baseline separation. Since the
coefficients act as weightings relative to functions that op-
erate across the full sky, this feature can be leveraged, as it
allows us to stack beam-coefficients and m-modes of mul-
tiple systems independent of physical location. This means
we can reframe v and B in (1) for each absolute sorted |m|,
such that

v|m| =
[

v|m|,sys1
v|m|,sys2

]
, B|m| =


B+m,sys1
B+m,sys2
−−−

B−m,sys1
B−m,sys2

 , (2)

with the only requirement that the individual systems each
measure a full sidereal day. The ordering in (2) not only
lends itself to fill in missing regions on the sky, and there-
fore fixing the rank of B†B (with † denoting the conjugate
transpose), but also automatically adapts its sidelobe struc-
ture on the sky to account for regions of overlap between
systems. In other words, point-spread functions (PSFs) on
the sky are now a function of declination and system. Fur-
thermore, multiple systems can also be included to fill in
missing spatial scales on the sky that a single system would
not be sensitive to.



2.2 Prior Information

Solving for missing regions on the sky and missing spatial
scales are two separate matters. A system can assure the
rank of B†B by filling in missing parts of the sky, but still
miss the largest scales due to lack of resolution. Conversely,
using multiple systems to solve for missing angular scales
does not necesarilly make B†B full rank if the systems do
not cover the full celestial sphere.

In the first case where large angular scales are missing, a
prior sky can still be used without affecting the rank of B†B.
The method of including a prior does not differ from [4, 1],
however regularisation is no longer required

â =
(
B†B

)−1 B† (v−Baprior
)
+aprior, (3)

with aprior being the prior sky coefficients. In the cases
where regions of the sky are still missing, some form of
regularisation with a prior has to be done e.g. as shown
in [4, 1].

2.3 Joint Spherical Harmonic Beam Cover-
age

As discussed in [1], the spherical harmonic beam coverage
(SHBC) is a powerful tool to poll the sensitivity to spatial
scales of a system in spherical harmonic space. In the case
of multi-system spherical harmonic transit interferometry
this still applies as the contribution of the absolute coeffi-
cients is additive in nature, such that the percentual spatial
contribution in spherical harmonic space for a multi-system
scenario is defined as

Blm =

Nsys1

∑
n=1
|bn

lm,sys1|+
Nsys2

∑
n=1
|bn

lm,sys2|, (4)

with l,m denoting spherical harmonic order and rank re-
spectively, N denoting the maximum number of baselines
for that specific system, n denoting the baseline index, and
bn

lm describing the beam coefficient for its order, rank, and
index.

3 Simulated Data

As a proof of concept, to verify the methods from Sec-
tion 2, we generated two array topologies inspired by the
EDA2 [2], and LOFAR’s LBA central tile [5] at their lati-
tudes of∼ -26.7◦ and∼ 52.9◦ respectively. To reduce com-
putational cost we selected 32 elements of the outer ring of
EDA2 and removed the outer elements of the LBA station.
This, to ascertain both arrays have enough spatial coverage
and are similar in sensitivity to angular scales. Both arrays

are assumed to be homogeneous in response, sharing the
same beam patterns as in [1]. However, this is only for sim-
plicity. The methods described in Section 2 and [3, 4, 1] al-
low for the inclusion of unique antenna responses between
elements and systems. The topologies are depicted in Fig-
ure 1.

Figure 1. Generated homogeneous array topologies in-
spired by EDA2 and LOFAR LBA. Top: EDA2 32-element
outer ring, Bottom: LOFAR LBA tile, capped at 70 ele-
ments. Elements have been selected to allow for similar
spatial scales, but with sufficient spatial coverage.

Using the system topologies in Figure 1, along with the re-
processed destriped Haslam map [6] rescaled to 159 MHz
as sky model, we generated two sets of visibilities using
Miriad [7]. We let the simulated sky drift overhead, pro-
viding two sets of visibilities consisting out of 1440 data
points each with 1 minute integration per sample; resulting
in 24 hours worth of sky coverage for each set. These visi-
bilities are then converted to m-modes. For all data a noise-
less sky was assumed. Beam-transfer functions for both
arrays were generated following [3] and converted to spher-
ical harmonic beam coefficients. Both m-modes and beam-
coefficients were stacked as per (2). Imaging was per-
formed following [1], but without regression. HEALPix [8]
is used as coordinate system due to its equal area projection
and natural compatibility with spherical harmonics.



Figure 2. Dirty image of simulated sky. Left: Northern hemisphere dirty image using LOFAR LBA topology with Tikhonov
regularisation, Middle: Southern hemisphere dirty image using EDA2 topology with Tikhonov regularisation, Right: All-
sky dirty image using both the LOFAR LBA and EDA2 topologies following the multi-system spherical harmonic transit
interferometry approach. Log-scaling.

4 Results

The resulting all-sky map is presented in Figure 2 (right
image). The sky maps are dirty images where sources are
convolved with PSFs of both systems; since we do not have
uniform sky coverage on all angular scales. Negative val-
ues are due to the limited number of elements in our test
arrays, resulting in lack of unique baseline orientations and
lengths to sample the larger angular scales. Increasing the
number of elements in the array will improve this, as shown
in [1]. We’ve also sampled the sky for both array topolo-
gies separately, using Tikhonov regularisation to account
for missing regions on the sky. It can be seen we can sucess-
fully recover the same information as the sky images on
individial hemispheres with the muli-system approach and
without the need for regularisation.

We also generated PSFs at 3 different declinations in order
to see how they change based on declination. The PSFs
are shown in Figure 3, and are generated at declinations of
∼ 55.9◦, ∼ 14.5◦, and ∼ -26.7◦ respectively. These decli-
nations have been selected such that the PSF at ∼ 55.9◦ is
only a function of the LBA topology, the PSF at ∼ 14.5◦ is
affected by both systems (as they both see this declination),
and the PSF at ∼ -26.7◦ is only a function of the EDA2
topology. It can clearly be seen that not only the shape of
the central lobe of the PSFs change with declination, but
that the sidelobes for the LBA PSF and the joint PSF are re-
duced. This is expected as more elements contribute to the
generation of it. This means that overlapping regions will
be better constrained and sidelobes on point sources will be
less apparent. This shows that combining multiple systems
has a positive impact on the overall response on the sky.
Since these PSFs are only still declination dependent, de-
convolution can still be done in either coefficient space [4],
or image space [1].

Furthermore, we’ve generated the individual SHBCs as
well as the joint SHBS to poll the overall improvement of
the system. The resulting SHBCs are shown in Figure 4.
It is apparent the joint SHBC does improve the overall spa-
tial coverage, and especially provide a better contribution in
modes where both systems contribute to, which is expected.

5 Conclusions

We have presented an extension to the m-mode formalism
to allow for multiple systems to be used in a single imaging
sweep. Not only does this formalism provide a means to
generate a genuine all-sky map without the need for prior
fitting or regularisation, but also shows better constraints
are achieved on regions where systems overlap. This is sig-
nificant, as this means the formalism is not only usefull to
fill in missing information on the sky, but also allows for
multiple systems to be used account for missing angular
scales and aid in better resolving the sky; or improve over-
all sensitivity in general.
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Figure 3. Point-spread functions at different declinations. Left: PSF at ∼ 55.9◦ which is only a function on the LBA topology,
Middle: PSF at ∼ 14.5◦ which is jointly generated by both the LBA and EDA2 topology, Right: PSF at ∼ -26.7◦, which is only
a function of the EDA2 topology.

Figure 4. Percentage spherical harmonic beam coverage. Left: Lofar LBA topology SHBC, Middle: EDA2 topology SHBC,
Right: Joint system SHBC.
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