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group overview

• oldest radio astronomy group in South Africa 

• has always had a strong technical grounding 

• major growth point in 2012 (Oleg Smirnov’s SKA Research Chair) 

• group split between Grahamstown and SKA SA office in Cape Town 

• excellent representation from across the African continent (Ghana, Nigeria, 
Cameroon, Madagascar, Mauritius, Kenya, Zambia)



group members
• 2(3) academic staff

• 9 honorary research associates

• 6 postdocs

• 23 graduate students

• 3 honours students

• 2 visiting professors

• 1 honorary professor
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research overview

• interferometric data post-processing (automated 
MeerKAT calibration pipelines, novel calibration algorithms, 
wide-field and high-dynamic range imaging, source finding & 
modelling, etc.)

• 21 cm cosmology (EoR, Cosmic Dawn, intensity mapping)

• radio continuum science (radio galaxies, cluster halos 
and relics, AGN variability)

• neutral hydrogen in individual galaxies (nearby 
Universe)
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towards MeerKAT automated pipelines



NGC4993



NGC4993

At the forefront of MeerKAT pipelines



Recall the images Justin showed yesterday. 
Notice that he isn’t here today?
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Polarization analysis ongoing
 Sebokolodi, Perley, Smirnov)
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HERA 
21 cm Cosmology

MeerKAT core 

PAPER/HERA 

KAT-7
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Radio Astronomy 
undergrad MOOC

•  "The Universe at Radio Wavelengths" 

• In partnership with EPFL (J.-P. Kneib, F. 
Courbin) & SKA SA (Kim McAlpine)  

• Expected to be released later in the 
year 

• RATT/RARG cover radio interferometry 



VLBI group at the 
University of Pretoria
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• Newest group in South Africa

• VLBI and Big Data astronomy focused (Executive-level strategy)

• Strong links with the UP Data Science Institute (leading AI/ML group in SA?)

• IDIA Partner - large processing infrastructure and software expertise available

• Strong historical partnership with HartRAO

• UP astronomy/computer science joint project on MeerKAT AI scheduling

• Ongoing collaboration with Electrical Engineering Department with respect 
to PWV radiometers (and potentially site testing for African mm Telescope)

• Astronomy group is in many ways just a small missing piece in a large set of 
MeerKAT/SKA/VLBI-relevant expertise at the University of Pretoria



South African astronomy 
undergraduate enrollment 

Number of enrolled astronomy students

UNIVERSITY 1ST YEAR 2ND YEAR 3RD YEAR HONS TOTAL NO. OF LAST 
LECTURERS 

NO OF STAFF

UP 80 40 21 - 141 1

UWC 0 96 6 - 102 4

UCT 113 35 14 Nassp15 162 6

UKZN 0 15 6 nassp15 21 3

UFS 65 9 1 2 77 4

Wits 50 20 9 16 95

NWU 0 0 10 nassp15 10 1
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Number of course lectures per week

UNIVERSITY 1ST YEAR 2ND YEAR 3RD YEAR HONS

UP 1S,4 1S,4 1S, 4 0

UWC 0 1S, 3 1S, 3 0

UCT 1S,5 2S,4 2S,5 NASSP

UKZN 0 1S,6 1S,6 NASSP

Wits 2S,4 1S,5 2S,5

RU 0 0 0 2-3

UFS 2S,3 2S,2 2S,1

NWU

UNISA
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UP VLBI group mission:  
attempting SKA science now with wide-field VLBI 



• MeerKAT will be huge sensitivity boost to global VLBI 
networks and be a “SKA-VLBI precursor”  

• African VLBI Network is the foundation towards this 

• both represent natural merging of VLBI to “long 
baselines” of SKA Phase 2 

• wide-field VLBI surveys will become the norm for SKA2

Expanding VLBI on the African continent



VLBI with MeerKAT:
Science Case, Technical Description and Future Possibilities

A White Paper submitted to SKA South Africa by the MeerKAT-VLBI Working Group

Abstract

The past decade has seen significant advances in cm-wave VLBI capabilities, including
wider instantaneous bandwidth, new stations, flexible software correlation, and data trans-
fer rates sufficient to enable e-VLBI. The future inclusion of MeerKAT into global VLBI
networks would provide further enhancement, particularly the dramatic sensitivity boost to
> 7000 km baselines. This White Paper provides an overview of the significant contribu-
tions MeerKAT-VLBI could make to a wide range of Galactic and extra-galactic scientific
pursuits, including the MeerKAT Large Survey Projects. It also provides a top-level tech-
nical description of the MeerKAT-VLBI system, as well as future capabilities aimed at
making dramatic enhancements to MeerKAT-VLBI scientific potential enroute toward the
African VLBI Network and SKA-VLBI.

1 Introduction and Context
The (sub)milli-arcsecond angular resolution afforded by a radio interferometer with continen-
tal baselines has yielded important results throughout the half century that the technique of
Very Long Baseline Interferometry (VLBI) has been used (e.g. Thompson et al., 2001). Scien-
tific highlights include the measurement of apparent superluminal motion (Cohen et al., 1971;
Whitney et al., 1971); measuring the expansion shells of supernovae (Bartel et al., 2002); show-
ing non-spherical expansion in classical novae (Taylor et al., 1989), and two decades later also
revealing possible sites of gamma ray production in nova ejecta (Chomiuk et al., 2014); the
localisation of a Fast Radio Burst (FRB) within its host galaxy (Marcote et al., 2017); the dis-
covery of a close binary supermassive black hole system (Rodriguez et al., 2006); dark matter
substructure constraints in strong gravitational lenses (Metcalf & Zhao, 2002); time-variable ac-
cretion onto both micro-quasars (e.g. SS 433, Vermeulen et al., 1993), and supermassive black
holes (e.g. M 87, Walker et al., 2008); as well as a direct measurement of the expansion rate
of the Universe though modelling of disk water masers to extract a ‘standard ruler’ (Reid et al.,
2013). Milli-arcsecond angular resolution was essential to make these seminal observations
possible, and it will continue to be make key discoveries of exotic objects and perform tests of
physics as the sensitivity of VLBI arrays continues to take great strides forward.

In addition to detailed studies of individual objects, VLBI stands to make important con-
tributions from statistical studies as well. As we look ahead toward the SKA era, virtually all
cm-wave radio telescopes have been designed to carry out wide-field surveys (e.g. MeerKAT,
ASKAP, APERTIF, SKA1-MID). In this new ⇠arcsec-scale, survey-driven era, it is vital that
global VLBI networks continue to increase their sensitivity and observing capabilities to en-
able milli-arcsecond followup, discovery and statistical analyses at centimetre wavelengths. In

1

upcoming MeerKAT-VLBI White Paper



MeerKAT-VLBI White Paper

• showcase science enabled by MeerKAT VLBI capability 

• outline VLBI-specific enhancements of (and requirements from) 
MeerKAT Large Survey Projects  

• demonstrate first fringes with MeerKAT-VLBI prototype 
processing pipeline 

• explore technology-driven development that may dramatically 
increase phased array MeerKAT-VLBI field-of-view 

• testbed for SKA-VLBI
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VLBA EVN EVN + MeerKAT

10 mas

Factor ~15 in 
observing time

+
improved/possible 
in-beam calibration

Each AVN station will 
significantly improve this
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benefits of VLBI surveys  
(targeted and wide-field)  

1. wide-field VLBI coverage essential for 
contemporary astrophysical questions 

2. open discovery space of exotic objects
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survey area  approximately 1 quarter of the moon 
final image size ~1 Terapixel (125 000 iPhone 6 photos)
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core-jet source in z~2 starburst-AGN

candidate detections  
(5/40) from 6% of survey

clear 8σ detection

+

>5.5σ candidates

z ~ 5.4 z ~ 2

z ~ 1.5 z ~ 4.6

+ +

+ +

Deane et al., in prep.

confirmation/deeper analysis requires 
more sensitive stations to take part 

(i.e. MeerKAT, FAST, GBT, etc)



Why quasi-uniform sensitivity VLBI coverage? 

Many reasons, including:  
intrinsic variability, chance FRB localisation, rare objects, etc.



Why quasi-uniform sensitivity VLBI coverage? 

Many reasons, including:  
intrinsic variability, chance FRB localisation, rare objects, etc.

Anecdotal motivation:  
Cygnus A the archetype radio galaxy at z~0.06. 

 After decades of study, has a binary black hole revealed by VLBI in 2017 by the Perley’s et al. 



Why quasi-uniform sensitivity VLBI coverage? 

Many reasons, including:  
intrinsic variability, chance FRB localisation, rare objects, etc.

Anecdotal motivation:  
Cygnus A the archetype radio galaxy at z~0.06. 

 After decades of study, has a binary black hole revealed by VLBI in 2017 by the Perley’s et al. 

2 Perley et al.

Fig. 1.— Discovery images of the off-nuclear radio transient
Cygnus A-2. Both images show VLA observations at 8.5 GHz,
using spacings of >150kλ only. The scale and contours are the
same for both panels (the first five contours are 0.5, 0.85, 1.2,
2, and 4 mJy/beam). A point source is detected approximately
0.42′′ west-southwest of the nucleus in the new observations (loca-
tion designated by the green crosshairs). No source at this location
was present in 1989.

array configurations.
Most of the reduced images show similar structure as

the original VLA images from the 1980s, with greater
sensitivity and wider frequency coverage. However, in
analyzing the higher-frequency extended-configuration
observations we noticed a new feature that was not evi-
dent in any previously published imaging of the system:
a strong point source (4 mJy at 8 GHz) at an offset of
0.42′′ west-southwest of the nucleus (Figure 1). This is
not along the jet axis, but is embedded in the complex
and gas-rich inner region of the host galaxy seen in prior
optical imaging (e.g., van den Bergh 1976). The source
is visible at the same location at multiple frequencies and
the detection is highly secure (>12σ detection at all fre-
quencies), leaving no doubt that it is a real object. We
designate this source Cygnus A-2 (or A-2 for short).

2.2. VLA Observations

To confirm that A-2 represents a new source (rather
than a non-variable object that was below the detec-
tion limit of the earlier, less-sensitive observations), we
searched the NRAO archives for observations taken in
configurations and frequencies suitable in principle to re-
solve and detect a source at this location. We found two
suitable sets of archival observations. A low-frequency
observation of the nucleus was taken on 1989 Jan 06 in
X-band (program ID AC244), using four spectral win-
dows (centered at 7815, 8165, 8515, 8885 MHz) with 6.25
MHz of bandwidth each (the narrow bandwidth was nec-
essary to reduce chromatic aberration at the 1-arcminute
offset of the source’s two hotspots). In addition, high-
frequency observations were obtained on 1996 Nov 11–12
(in Q-band) and 1997 Mar 29 (in K-band and Q-band),
both part of program ID AP334. These observations
were both taken with a subarray using 13 antennas, and
with 50 MHz of bandwidth centered at 22.46 GHz (K-

band) and 43.34 GHz (Q-band).
We also applied for and received additional VLA ob-

servations under director’s discretionary time (program
IDs 16B-381 and 16B-396) in order to determine if A-2
was still present one year after the discovery observa-
tion and, if so, to better constrain its spectrum and rate
of evolution. All frequency bands capable of separately
resolving the target from the Cygnus A nucleus in the
available configuration were used in these programs: K
through Q bands (18–50 GHz) on 2016 Aug 14 in B-
configuration, and X through Q bands (8–50 GHz) on
2016 Oct 21 in A-configuration. All observations, as well
as the 2015 discovery observations, were taken using the
WIDAR correlator in continuum mode, using 3-bit sam-
pling and the maximum bandwidth available for each
receiver.
All data were calibrated in AIPS using well-established

techniques. The flux scale was set by observations
of J1331+3030 (3C286), using the flux density scale
of Perley & Butler (2013). Referenced pointing, uti-
lizing observations of the nearby unresolved source
J2007+4029, was used to stabilize the antenna pointing
on Cygnus A. We used the Cygnus A nucleus, rather than
J2007+4029, to establish the phase calibration: stan-
dard phase calibration using this source does not fully
remove the differential atmospheric phases present be-
tween that source and Cygnus A. The nucleus can be
treated as pointlike at VLA resolutions, as the jet and
lobe structures and the hotspots are largely resolved out
at spacings beyond 0.5 Mλ. We employ only these long
spacings to establish the phase calibration where pos-
sible. For the high-frequency A-configuration data, the
hotspots are completely resolved out (and furthermore lie
near the first null of the antenna pattern), so all interfer-
ometer spacings were employed. For the B-configuration
data, and for the A-configuration data at the longest
wavelengths (C, X, and Ku bands), residual emission
from the hotspots was managed using flanking fields in
the imaging/deconvolution process. Following this self-
calibration step, the data were decimated into 1GHz-
wide (for C and X bands) and 2GHz-wide (for the other
bands) continuum blocks for the imaging stage.
Spectral fluxes for both the nucleus and A-2 were deter-

mined using the AIPS task JMFIT. The individual spec-
tral windows were averaged together into 1 GHz or 2
GHz wide bins; these values are specified in Table 1. All
measurements were consistent with a point source, with
no indication of spatial extension at the VLA’s resolution
(∼40 mas for the longest spacings at the high frequen-
cies). Note that the values in Table 1 do not include
systematic errors associated with uncertainty in the flux
density scale, which are estimated to be a few percent at
each frequency (Perley & Butler 2013). A-2 is not well-
resolved from the nucleus in the lowest-frequency 2016
B-configuration spectral window or in any of the 2015
A-configuration observations below 7 GHz, so we do not
quote fluxes at these frequencies.
The archival observations in 1989 and 1996–1997 un-

ambiguously show that A-2 was not present then to limits
substantially below its discovery value. Using the RMS
of the synthesized map at locations close to the position
of A-2, we place a limiting flux of <0.69 mJy at 8.34 GHz
(1989), <1.32 mJy at 22 GHz (1996), and <0.78 mJy at
45 GHz (1997). This indicates that the flux rose by at

VLBI-detected binary SMBH 
secondary candidate

1989

2015
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VLBI and pulsar timing array 
gravitational wave complementarity 

 

Fig. 3.   Illustrative evolutionary paths for a pair of 109 solar-mass SMBHs in a galaxy 
merger.  The figure shows the pair separation and the GW emission frequency fGW, assuming the 
binary is in a circular orbit.   The blue curve shows the evolution of the separation of the SMBHs 
using fiducial assumptions, which results in a GWB that is inconsistent with our data.  The cyan 
curve labeled Fiducial,GW  is the portion of the evolution when GW-emission dominates orbital 
decay.  We also show scenarios that could explain our GWB limit.  First, the galaxy merger rate 
could be lower, as represented by the slow merger curve (green curve). Alternatively, after the 
SMBHs form a binary (red circle), the orbital evolution may stall prior before emitting GWs (red 
curve).  The gray curve shows a scenario in which a dense binary SMBH environment drives 
orbital decay through the GW frequency band at which we are sensitive.  In this case, GW 
emission dominates only for fGW > 0.5 yr-1  (pink curve, labeled Env,GW). Finally, it is possible 
that the post-coalescence SMBH could undergo gravitational recoil and escape its host galaxy 
(purple dashed curve), negating the possibility of it again forming a binary SMBH.   
  

binary SMBH evolution

Shannon+2015
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Gravitational waves from binary SMBHs 5

Figure 1. Probabilities, P (e0), of obtaining different values of
e0 (indicated by stars) for three initial eccentricity distributions
defined by w0 = 0.1, 0.35, 0.93 and Equation (7) (top three pan-
els), and for a thermal eccentricity distribution (bottom panel).
The values of e0 correspond to those considered by Sesana et al.
(2006); see text for details.

are shown in Figure 1. For comparison, we also show in the
bottom panel of Figure 1 a ‘thermal’ probability mass func-
tion for e0, derived from the probability density function
fe0 = 2e0 for 0 ! e0 ! 1. This would be expected if binary
systems followed a purely Maxwell-Boltzmann distribution
of energies (e.g., Ambartsumian 1937), as is roughly the case
for galactic stellar binaries (Duquennoy & Mayor 1991).

In Figure 2, we plot the characteristic strain spectra
for each initial eccentricity distribution. Also depicted is the
prediction in the circular (i.e., w0 = 0), GW-driven case
(i.e., for da

dtr
including only GW-driven orbital decay for

all a). This latter prediction corresponds to the standard
hc(f) ∝ f−2/3 power-law. In order to help highlight the
physical effects at work, Figure 3 shows the characteristic
strain spectra for each assumed w0 contributed by binaries
with combined masses in the ranges 106.5M⊙−1010M⊙ and
1010M⊙ − 1011M⊙ respectively.

The model we utilise for interactions between bina-

Figure 2. The solid lines depict characteristic strain spectra for
w0 = 0 (green), w0 = 0.1 (blue), w0 = 0.35 (red) and w0 =
0.93 (grey); the w0 values for each line are given at the left of
the plot. All curves were calculated assuming a stellar density
profile index of γ = 1.5. The black dashed line is the characteristic
strain spectrum assuming circular orbits and purely GW-driven
evolution for all SMBH binaries.

ries and their stellar environments results in an attenu-
ation of hc(f) in the PTA frequency band compared to
the f−2/3 power-law obtained in the circular, GW-driven
case. For w0 = 0, the signal is attenuated at frequencies
f " 10−8 Hz. At these frequencies, stellar interactions are
the dominant binary orbital decay process, increasing dforb

dtr
in Equation (12) and reducing the number of binaries ob-
served per unit orbital frequency. For increasing w0, the sig-
nal is further attenuated at low frequencies, although a slight
(∼ 0.01 dex), increasing excess is present at frequencies be-
tween 10−8 Hz and 10−7 Hz. This is caused by two effects:
eccentric binaries evolve faster than circular binaries, and
eccentric binaries radiate GWs at higher harmonics of their
orbital frequencies than circular binaries.

The ‘substructure’, or two bumps, in the character-
istic strain spectra is a direct consequence of the mass-
distribution of the binaries in our model. If Dζ0 [N(ζ0, z)]
were smooth and analytic, the characteristic strain spectra
would have only one clear peak. Here, however, we evaluate
this distribution from the G11 semi-analytic model outputs
(see Equation (8)), which results in the distribution being
incomplete at the high-mass end. These gaps in the distri-
bution lead to the two apparent peaks in the characteristic
strain spectra.

As is evident in Figure 3, the first peaks of the spec-
tra in Figure 2 are dominated by the highest-mass binaries,
whereas the second peaks are dominated by lower-mass bi-
naries. This is because the evolution of the highest-mass
binaries begins to be GW-driven at lower frequencies than
for less massive binaries. There are expected to be very few
binaries in the (combined) mass range 1010M⊙ − 1011M⊙;
only ∼ 50 with forb # 10−12 Hz are expected to be present
in the observable Universe according to the G11 model. In
contrast, ∼ 5 × 106 binaries are expected the the range
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Fig. 3.   Illustrative evolutionary paths for a pair of 109 solar-mass SMBHs in a galaxy 
merger.  The figure shows the pair separation and the GW emission frequency fGW, assuming the 
binary is in a circular orbit.   The blue curve shows the evolution of the separation of the SMBHs 
using fiducial assumptions, which results in a GWB that is inconsistent with our data.  The cyan 
curve labeled Fiducial,GW  is the portion of the evolution when GW-emission dominates orbital 
decay.  We also show scenarios that could explain our GWB limit.  First, the galaxy merger rate 
could be lower, as represented by the slow merger curve (green curve). Alternatively, after the 
SMBHs form a binary (red circle), the orbital evolution may stall prior before emitting GWs (red 
curve).  The gray curve shows a scenario in which a dense binary SMBH environment drives 
orbital decay through the GW frequency band at which we are sensitive.  In this case, GW 
emission dominates only for fGW > 0.5 yr-1  (pink curve, labeled Env,GW). Finally, it is possible 
that the post-coalescence SMBH could undergo gravitational recoil and escape its host galaxy 
(purple dashed curve), negating the possibility of it again forming a binary SMBH.   
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Figure 1. Probabilities, P (e0), of obtaining different values of
e0 (indicated by stars) for three initial eccentricity distributions
defined by w0 = 0.1, 0.35, 0.93 and Equation (7) (top three pan-
els), and for a thermal eccentricity distribution (bottom panel).
The values of e0 correspond to those considered by Sesana et al.
(2006); see text for details.

are shown in Figure 1. For comparison, we also show in the
bottom panel of Figure 1 a ‘thermal’ probability mass func-
tion for e0, derived from the probability density function
fe0 = 2e0 for 0 ! e0 ! 1. This would be expected if binary
systems followed a purely Maxwell-Boltzmann distribution
of energies (e.g., Ambartsumian 1937), as is roughly the case
for galactic stellar binaries (Duquennoy & Mayor 1991).

In Figure 2, we plot the characteristic strain spectra
for each initial eccentricity distribution. Also depicted is the
prediction in the circular (i.e., w0 = 0), GW-driven case
(i.e., for da

dtr
including only GW-driven orbital decay for

all a). This latter prediction corresponds to the standard
hc(f) ∝ f−2/3 power-law. In order to help highlight the
physical effects at work, Figure 3 shows the characteristic
strain spectra for each assumed w0 contributed by binaries
with combined masses in the ranges 106.5M⊙−1010M⊙ and
1010M⊙ − 1011M⊙ respectively.

The model we utilise for interactions between bina-

Figure 2. The solid lines depict characteristic strain spectra for
w0 = 0 (green), w0 = 0.1 (blue), w0 = 0.35 (red) and w0 =
0.93 (grey); the w0 values for each line are given at the left of
the plot. All curves were calculated assuming a stellar density
profile index of γ = 1.5. The black dashed line is the characteristic
strain spectrum assuming circular orbits and purely GW-driven
evolution for all SMBH binaries.

ries and their stellar environments results in an attenu-
ation of hc(f) in the PTA frequency band compared to
the f−2/3 power-law obtained in the circular, GW-driven
case. For w0 = 0, the signal is attenuated at frequencies
f " 10−8 Hz. At these frequencies, stellar interactions are
the dominant binary orbital decay process, increasing dforb

dtr
in Equation (12) and reducing the number of binaries ob-
served per unit orbital frequency. For increasing w0, the sig-
nal is further attenuated at low frequencies, although a slight
(∼ 0.01 dex), increasing excess is present at frequencies be-
tween 10−8 Hz and 10−7 Hz. This is caused by two effects:
eccentric binaries evolve faster than circular binaries, and
eccentric binaries radiate GWs at higher harmonics of their
orbital frequencies than circular binaries.

The ‘substructure’, or two bumps, in the character-
istic strain spectra is a direct consequence of the mass-
distribution of the binaries in our model. If Dζ0 [N(ζ0, z)]
were smooth and analytic, the characteristic strain spectra
would have only one clear peak. Here, however, we evaluate
this distribution from the G11 semi-analytic model outputs
(see Equation (8)), which results in the distribution being
incomplete at the high-mass end. These gaps in the distri-
bution lead to the two apparent peaks in the characteristic
strain spectra.

As is evident in Figure 3, the first peaks of the spec-
tra in Figure 2 are dominated by the highest-mass binaries,
whereas the second peaks are dominated by lower-mass bi-
naries. This is because the evolution of the highest-mass
binaries begins to be GW-driven at lower frequencies than
for less massive binaries. There are expected to be very few
binaries in the (combined) mass range 1010M⊙ − 1011M⊙;
only ∼ 50 with forb # 10−12 Hz are expected to be present
in the observable Universe according to the G11 model. In
contrast, ∼ 5 × 106 binaries are expected the the range
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Your country’s AVN station could make all the difference!
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the future of wide-field VLBI is bright:

• An exciting, high impact set of science cases 

• sensitivity set to dramatically increase (new stations, higher bandwidth) 

• more stations = higher imaging fidelity 

• number of sources detected to increase by orders of magnitude 

• boot-strapped calibration improvements 

• Increase in the processed field of view
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• VLBI at 230 GHz (angular resolution ~20 µ-arcsec) 
• Primary science: resolve event horizons of Sgr A* and M87  
• Test GR in strong-field regime 
• Intense calibration and morphological modeling effort
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6 CHAPTER 1. INTRODUCTION

tracing combined with an early calculation of the ray-traced image of a thin

accretion disc around a BH [Luminet, 1979]. The circular shadow is apparent

as the silhouette of the lensed emission originating from the far side of the

disc.

Figure 1.1: (Image credit : Shep Doeleman) Cartoon image (left) combined
with the ray-tracing of a thin accretion disc surrounding a BH, first calculated
by Luminet [1979]. The cartoon image shows that both the bottom and
top of the far side of the accretion disc is lensed by the black hole and is
superimposed on the image of the near side of the accretion disc. The dark
area in the centre, known as the black hole shadow is the lensed image of
the photon ring orbiting the BH. A measurement of its precise shape is a
test of general relativity in the strong field regime. Note that the left-right
asymmetry in the image is due to Doppler boosting.

Gravity as described by General Relativity (GR) is consistent with all

observational experiments thus far [e.g. Kramer et al., 2006, and references

therein], however GR has conceptual weaknesses, especially as it is not com-

patible with the quantum description of reality. Various alternatives to GR

have been theorised which do not assume a purely classical description of

matter. To compare GR with the alternatives, we have to compare its pre-

dictions in the strong, non-linear field regime where the largest deviations

from GR would occur if it were an approximate theory.

The space-time within severalRg around a SMBH provides such an oppor-
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MeqSilhouette : A mm-VLBI simulator 3

[!ht]

Figure 1. Flow diagram showing basic sequence of the MeqSilhouette simulation pipeline. The sky model could include (a) a time-
ordered list of fits images or (b) parametric source model consisting of Gaussians or point sources. The details of the station information,
observation strategy, tropospheric and ISM conditions are specified in a user-defined input configuration file. The pipeline is flexible,
allowing any additional, arbitrary Jones matrices to be incorporated. Further details in text.

of the turbulent layer Coulman (1985). The specifics of the
tropospheric model will be explored further in later sections.

The two length scales, r
F

and r
0

, define the nature
of the scattering which is split into the strong and weak
regimes. In weak scattering, r

0

� r
F

and hence by equa-
tion 3, D�(rF) ⌧ 1. This implies that most of the radiative
power measured on a point X will originate from a screen
area A

weak

⇡ ⇡r2
F

. Whereas in the regime of strong scatter-

ing, r
0

⌧ r
F

yielding D�(rF) � 1. This results in coherent
signal propagation onto the point X from multiple discon-
nected zones each of area Astrong ⇡ ⇡r2

0

(Narayan 1992).
Scattering in the troposphere and ISM fall into the regimes
of weak and strong scattering respectively.

To evolve the screen in time, we assume a frozen screen
i.e. that the velocity of the individual turbulent eddies is
dominated by the bulk motion of scattering medium (e.g.
Lay 1997). This allows us to treat the screen as frozen but
advected over the observer by a constant motion. Hence time
variability can be easily incorporated by the relative motion
between source, scattering screen and observer.

3 CENTRAL COMPONENTS AND LAYOUT
OF THE SIMULATOR

MeqSilhouette is an observation and signal corruption
simulator written in Python and MeqTrees using the
measurement set

2 data format. A flow diagram of the
simulator is shown in Fig. 1. Input to the simulator is a sky
model and configuration file. The former is typically a time-
ordered list of fits images, where each image represents the
source total intensity3 over a time interval �t

src

= t
obs

/N
src

,

2 https://casa.nrao.edu/Memos/229.html
3 Later versions of MeqSilhouette will enable the full Stokes
cubes as input.

where t
obs

is the observation length and N
src

is the num-
ber of source images. The configuration file specifies all pa-
rameters needed by the pipeline to determine the particu-
lar observation configuration (array, frequency, bandwidth,
start time, etc) and which signal corruption implementation
should be employed. The primary outputs of the pipeline
are an interferometric dataset in measurement set format
along with the closure phases and uncertainties and a dirty
and/or cleaned image. The modular structure of the pipeline
allows for multiple imaging and deconvolution algorithms to
be employed. The rest of this section is devoted to describing
the implementation of each signal corruption module.

3.1 Interstellar medium

Scattering in the ISM at millimetre wavelengths falls into the
strong scattering regime, which has been quantitatively de-
scribed in the literature (Narayan & Goodman 1989; Good-
man & Narayan 1989) and implemented in the Python-
based Scatterbrane

4 package, based on Johnson & Gwinn
(2015). This approach extends the turbulent model de-
scribed in section 2 to regimes where the inner and outer
turbulent scales as well as the anisotropy of scattering ker-
nel are considered. The distance to the screen is taken from
the best-fit solution from Bower et al. (2013) and is located,
not at the Galactic Centre, but rather in the Scutum spiral
arm at a distance D

os

= 5.8± 0.3 kpc.
The turbulent phase screen �(x) is generated from the

phase spatial power spectrum (see Appendix C Johnson &
Gwinn (2015)) and the scattered image I

ss

is approximated
by ’reshu✏ing’ of the source image I

src

I
ss

(x) ⇡ I
src

�
x+ r2

F

r�(x)
�
, (4)

where r is the directional derivative. Even though �(x) is

4 http://krosenfeld.github.io/scatterbrane/current

MNRAS 000, 000–000 (0000)
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significant effort into accurate calibration and 
parameter estimation in next few years
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paper in prep. with Blackburn & Johnson (Harvard EHT group)

109 M⊙ binary SMBH
0.05 < z < 6

new parameter space = 
new opportunities

synergy between mm-VLBI and pulsar timing arrays: 

can resolve binary SMBHs in PTA frequency band

binary SMBH mass / M⊙

Not just black hole shadows with the EHT:  
binary SMBHs in pulsar timing array frequency band  

(i.e. direct science link between EHT & SKA)



summary

• Only two astronomy groups in SA dedicated to radio astronomy

• large/growing groups focused on high-impact science goals

• highly aligned with, and direct contributor to, MeerKAT/SKA/
AVN science and technical development

• group members share strong scientific and technical synergy



Further details: 

Roger Deane 
roger.deane@up.ac.za


