
MNRAS 512, 5358–5373 (2022) https://doi.org/10.1093/mnras/stac819 
Advance Access publication 2022 March 26 

Wide-band spectral variability of peaked spectrum sources 

K. Ross , 1 ‹ N. Hurley-Walker, 1 N. Seymour , 1 J. R. Callingham , 2 , 3 T. J. Galvin 

1 

and M. Johnston-Hollitt 4 
1 International Centre for Radio Astronomy Research, Curtin University, Bentley, WA 6102, Australia 
2 Leiden Observatory, Leiden University, PO Box 9513, Leiden NL-2300 RA, the Netherlands 
3 ASTRON, Netherlands Institute for Radio Astronomy, Oude Hoo g eveensedijk 4, Dwingeloo NL-7991 PD, the Netherlands 
4 Curtin Institute for Computation, Curtin University, GPO Box U1987, Perth WA 6845, Australia 

Accepted 2022 March 21. Received 2022 March 18; in original form 2022 February 1 

A B S T R A C T 

Characterizing spectral variability of radio sources is a technique that offers the ability to determine the astrophysics of 
the intervening media, source structure, emission, and absorption processes. We present broadband (0.072–10 GHz) spectral 
variability of 15 peaked-spectrum (PS) sources with the Australia Telescope Compact Array (ATCA) and the Murchison 

Widefield Array (MWA). These 15 PS sources were observed quasi-contemporaneously with ATCA and the MWA four to six 

times during 2020 with approximately a monthly cadence. Variability was not detected at 1–10 GHz frequencies but 13 of the 
15 targets show significant variability with the MWA at megahertz frequencies. We conclude the majority of variability seen at 
megahertz frequencies is due to refractive interstellar scintillation of a compact component ∼25 mas across. We also identify 

four PS sources that show a change in their spectral shape at megahertz frequencies. Three of these sources are consistent with 

a variable optical depth from an inhomogeneous free–free absorbing cloud around the source. One PS source with a variable 
spectral shape at megahertz frequencies is consistent with an ejection travelling along the jet. We present spectral variability as 
a method for determining the physical origins of observed variability and for providing further evidence to support absorption 

models for PS sources where spectral modelling alone is insufficient. 

Key words: scattering – galaxies: active – radio continuum: galaxies – radio continuum: general – radio continuum: ISM. 
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 I N T RO D U C T I O N  

ariability at radio wavelengths of active galactic nuclei (AGN) has
he potential to reveal their radio structures, astrophysical properties,
nd the medium between the observer and the source. Long-duration
ariability at radio wavelengths has previously been shown to provide
nsight into a range of intrinsic phenomena including young jets
Nyland et al. 2020 ; Patil et al. 2020 ), jet interactions or shocks
Jamil, Fender & Kaiser 2010 ), flare events and adiabatic expansion
Hovatta et al. 2008 ), oscillating jet orientation (Kudryavtse v a et al.
011 ), or the nature of a surrounding ionized medium (Tingay et al.
015 ; Bicknell et al. 2018 ). 
Short-duration (hours to days) variability in the gigahertz regime is

argely attributed to extrinsic propagation effects such as interstellar
cintillation (ISS; Lo v ell et al. 2008 ; Koay et al. 2018 ). Character-
zing the time-scales and size of modulation due to ISS can provide
nformation on source morphologies on micro-arcsecond ( μas)
cales (Narayan 1992 ; Walker 1998 ). Furthermore, variability at low
requencies ( < 1 GHz) has also been attributed to ISS, particularly
efractive ISS (RISS; Hunstead 1972 ; Rickett 1986 ; Bell et al. 2019 ;
ancock et al. 2019 ). 
Previously, Ross et al. ( 2021 , hereafter R21 ) conducted one of the

argest searches for spectral variability at radio frequencies to date.
21 surv e yed o v er 21 000 sources with the Murchison Widefield
 E-mail: kathryn.ross@icrar.org 
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rray (MWA; Tingay et al. 2013 ) o v er 100–231 MHz with a two
pochs separated by roughly 1 yr. R21 introduced the variability
ndex parameter (VIP) to detect variability across a wide spectral
ange, and the measure of spectral shape (MOSS) parameter to clas-
ify the type of variability. R21 found a range of spectral variability
rom uniform increases in flux density across the observing band to
arious changes in spectral shape. Furthermore, R21 also found that
GN with a peak in their spectral energy distributions (SEDs) appear

o be more variable than typical power-law AGN. These peaked-
pectrum (PS) sources are typically also compact ( ≤20 kpc); see
’Dea & Saikia ( 2021 ) for a comprehensive review. PS sources have
een shown to have a higher scintillation index for interplanetary
cintillation with the MWA (Chhetri et al. 2018 ). Likewise, high-
esolution imaging with VLBI found that sources with compact
orphologies also had high scintillation indices (Jaiswal et al. 2021 ).
S sources have also been shown to vary significantly on decade-long

ime-scales attributed to renewed AGN activity and young, evolving
ets (Wołowska et al. 2017 ; Nyland et al. 2020 ). 

The cause of the low-frequency absorption producing the spectral
eak of PS sources is still largely debated between two competing
heories: synchrotron self-absorption (SSA) or free–free absorption
FFA). The first case, often considered the ‘youth’ scenario (O’Dea
 Baum 1997 ), suggests their compact size is likely due to the jets

eing young and having formed within the past ∼10 5 yr (Owsianik
 Conway 1998 ) and that SSA occurs due to high brightness temper-

tures at low frequencies. Alternatively, the FFA case, often referred
o as the ‘frustration’ scenario (van Breugel, Miley & Heckman
© 2022 The Author(s) 
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984 ), suggests the radio jet/lobe is prevented from growing due 
o a surrounding cloud of dense ionized plasma (Bicknell, Dopita 
 O’Dea 1997 ). Unfortunately, distinguishing between these two 

cenarios requires large spectral co v erage in the optically thick 
egime (below the spectral turnover), and complex (often incon- 
lusive) spectral modelling (Tingay & de Kool 2003 ; Callingham 

t al. 2015 ). Furthermore, pre vious v ariability monitoring of PS
ources found many displayed a temporary peak in their SED and 
ost their PS source classification (Torniainen et al. 2005 , R21 ). Such
emporary PS sources were considered likely to be blazars (i.e. a 
adio source with one jet pointed towards the observer), rather than 
ompact symmetric objects (Taylor, Readhead & Pearson 1996 ). 

One of the key issues in radio variability, at all frequencies, is
istinguishing between intrinsic and extrinsic origins (Lovell et al. 
008 ). Once the origin of variability is determined, it can be used
o inform the physical properties of the source itself. Given recent 
ndings that PS sources appear to be a more variable population 
ompared to typical AGN (Chhetri et al. 2018 , R21 ), this population
rovides a unique opportunity to study variability mechanisms. 
urthermore, the variability abo v e and below the spectral peak (in

he optically thin and optically thick re gimes, respectiv ely) may be
ue to separate physical mechanisms. Tingay et al. ( 2015 ) monitored
he nearby PS source, PKS B1718–649, with the ATCA for almost 
 yr, with a large spectral co v erage of 1–10 GHz. The vast spectral
o v erage was able to co v er the optically thick and optically thin
egimes as well as the spectral turnover at ∼3 GHz, which allowed
or confident spectral modelling of both SSA and FFA spectral 
odels. Tingay et al. ( 2015 ) also detected variability across the

ntire sampled spectrum of PKS B1718–649. By combining low- 
nd high-frequency observations to search for spectral variability, 
ingay et al. were able to refine the causes of variability below
nd abo v e the spectral turno v er as being due to different physical
rocesses. Furthermore, lo w-frequency v ariability was found to be 
aused by changes in the free–free optical depth, as the magnitude of
ariability across the spectrum was inconsistent with SSA. While the 
pectral modelling provided tentati ve e vidence for an FFA spectral 
odel o v er an SSA spectral model, the cause of the low-frequency

ariability being due to variations in the free–free optical depth added 
urther evidence in support of an FFA spectral model. 

Spectral variability therefore has the potential to distinguish 
etween intrinsic and extrinsic origins of variability. Until recently, 
urv e ys of spectral variability have been limited by single/small
ample sizes (Tingay et al. 2015 ), narrow spectral co v erage
Hunstead 1972 ; Fanti et al. 1979 ; Bell et al. 2019 ), only gigahertz
requenc y co v erage (Nyland et al. 2020 ; Wołowska et al. 2021 ),
r combining non-simultaneous spectral co v erage (Torniainen 
t al. 2005 ). Furthermore, the lo w-frequency spectral v ariability 
in the optically thick regime of PS sources) appears to have 
istinct properties and origins compared to variability at gigahertz 
requencies. With the development of the MWA, and leading into 
he next generation of telescopes such as the Square Kilometre 
rray low frequency array (SKA LOW), surveys of large spatial 

egions/population sizes with significant temporal and spectral 
o v erage are now becoming achievable. 

In this paper, we build on the work of R21 to study the spectral
ariability (0.07–10 GHz) of 15 PS sources to determine the origins of 
heir variability and absorption at megahertz frequencies. The com- 
ined simultaneous observations from the MWA (0.07–0.23 GHz) 
nd the Australia Telescope Compact Array (ATCA, 1–10.GHz) 
or o v er 1 yr make this surv e y a unique study of broad spectral
ariability. Section 2 outlines the selection process of the 15 PS
ources in this study. The observational and data reduction strategies 
or the MWA and the ATCA are described in Section 3.1 and
ection 3.2 , respectively. The spectral models and fitting routines are
escribed in Section 4 . The results are summarized in Section 5 and
etailed analysis and discussion of individual sources is presented in 
ection 6 . All coordinates are in J2000. 

 S O U R C E  SELECTI ON  

he main goal of this variability monitoring campaign was large 
uasi-contemporaneous spectral co v erage using the ATCA and the 
WA for a small number of targets. 
The sample of sources were selected for follow-up monitoring 

ccording to several criteria: 

(i) classified as a PS source by Callingham et al. ( 2017 ); 
(ii) predicted flux density ≥10 mJy at 9 GHz; 
(iii) observed to show spectral variability in R21 with a VIP ≥

8.3 according to equation ( 1 ). 

We selected PS source targets based on criteria (i) for a reliable
S source classification. Callingham et al. combined flux density 
easurements from the GaLactic and Extragalactic All-Sky MWA 

GLEAM; Wayth et al. 2015 ) ExGal data release (Hurley-Walker 
t al. 2017 ) with flux density measurements from either the Sydney
niv ersity Molonglo Sk y Surv e y (SUMSS; Mauch et al. 2003 ) or the
RAO VLA Sk y Surv e y (NVSS; Condon et al. 1998 ) to identify PS

ources with a spectral peak between 72 MHz and 1.4 GHz. Sources
ere classified as a PS source if they either showed a spectral peak
r curvature within the GLEAM band (72–231 MHZ), or a power-
aw spectrum with a positive spectral index. As the frequencies of
pectral peaks of the PS sources presented by Callingham et al. are
elow 1.4 GHz, our monitoring with the MWA and the ATCA with
 spectral co v erage of 0.072–10 GHz co v ers both the optically thin
nd optically thick regimes of each of our targets. 

For criterion (ii), we calculated the spectral index of a power-
aw spectral model and predicted the flux densities at 9 GHz. The
ower law was fit using the GLEAM flux density measurement at
20 MHz and the flux density at either 843 MHz or 1.4 GHz, based
n the availability of either SUMSS or NVSS. This criterion ensures
e have enough signal-to-noise ratio in the ATCA data to probe
ariability at < 10 per cent level. 

We selected the 15 most promising targets that satisfied all three
riteria as the sources for this study. Initial results of variability for
21 identified 15 targets that satisfied all three criteria. Criterion (iii)
sed the VIP according to 

IP = 

n ∑ 

i= 1 

(
S 1 ( i) − S 2 ( i) 

)2 

σ 2 
i 

, (1) 

here S 1 ( i ) and S 2 ( i ) are the flux densities in the first and second
poch in a given sub-band i , respectively, and σ i is the combined
ncertainty of each flux density added in quadrature. The VIP is
 measure of how many flux density measurements in the second
poch differ from those in the first epoch, and by how much. As part
f our initial results for R21 , we identified 15 targets that satisfied
riteria (i) and (ii) and had a VIP that implied they were variable.
o we v er, fiv e of our proposed PS targets were later excluded from

he final catalogue of variable sources in R21 due to lower mosaic
uality and higher median VIP in those regions. Despite the lower
osaic quality, these five targets were included in this variability 

tudy as their measured VIP was at least two times greater than
he significance cut-off used for the other areas of the mosaic and
ignificantly larger than the median value in the poor quality regions.
MNRAS 512, 5358–5373 (2022) 
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Table 1. Targets chosen for monitoring. S 151MHz is as reported in the 
GLEAM catalogue (Hurley-Walker et al. 2017 ). All sources are compact 
within GLEAM, thus the GLEAM names are also accurate coordinates to ∼2 
arcmin. We present the corresponding VIP and MOSS parameter. A VIP ≥
58.3 was classified as variable and a MOSS ≥ 36.7 was classified as changing 
spectral shape, according to R21 . Five targets did not meet criteria (iii) as 
they were cut from the final catalogue of variable sources presented by R21 , 
as discussed in Section 2 . The presented VIP and MOSS values for these 
targets are denoted with a ∗ and has been calculated as part of this work. 

GLEAM name S 151MHz (Jy) VIP MOSS 

J001513 −472706 0.50 463 35 
J015445 −232950 0.65 331 ∗ 11 ∗
J020507 −110922 1.36 1092 48 
J021246 −305454 0.29 125 ∗ 11 ∗
J022744 −062106 0.48 431 8 
J024838 −321336 0.41 264 38 
J032213 −462646 0.42 336 26 
J032836 −202138 0.55 290 25 
J033023 −074052 0.33 816 46 
J042502 −245129 0.63 431 ∗ 76 ∗
J044033 −422918 1.86 1095 15 
J044737 −220335 2.67 767 ∗ 104 ∗
J052824 −331104 0.64 173 ∗ 38 ∗
J223933 −451414 1.43 2796 95 
J224408 −202719 0.39 226 19 
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large enough that the scientific use of the final image is limited. For details 
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s such, the variability of these five targets were considered more
ignificant than the variability due to the poorer mosaic quality. The

OSS parameter for these targets was also calculated according to 

OSS = 

n ∑ 

i= 1 

( ̃  diff − diff ( i)) 2 

σ 2 
i 

, (2) 

here ˜ diff is the median of the differences between the flux density
 v er all frequencies, diff( i ) is the difference of the flux densities
etween the two epochs at frequency i , and σ i is the combined
ncertainty of each flux density added in quadrature. The calculated
IP and MOSS for all 15 PS targets are presented in Table 1 . 
Only 10 of our original 15 targets were classified as variable in

21 but all have a VIP > 58.3. Furthermore, all 15 satisfied criteria
i) and (ii). All 15 targets were included in this study. A summary of
he 15 targets monitored in this study and the observations used in
he analysis can be found in Table 1 . 

 OBSERVATIONS  

ach target was observed six separate times during 2020. Ho we ver,
ue to some observ ational dif ficulties, discussed in detail in Sec-
ions 3.1 and 3.2 , some epochs were discarded from analysis for
oth the ATCA and the MWA. Table 2 summarizes the telescope
onfigurations and observation information for each epoch; we also
nclude the two original GLEAM epochs (MWA Phase I from R21 ).

.1 MWA 

he MWA observations were scheduled to match the awarded
TCA observations. 1 Unfortunately, the MWA Phase II was in the
ompact configuration during the 2020 January and March ATCA
NRAS 512, 5358–5373 (2022) 

 The project code for MWA observations is G0067, PI: Ross. 

o
3

v
4

bservations. 2 As such, these observations were omitted from our
nalysis. All subsequent MWA observations were obtained with the
WA in the extended Phase II configuration. Two further epochs
ere observed with the MWA in 2020 July and September without

ontemporaneous ATCA observations. Thus, there are a total of four
sable MWA epochs o v er 6 months of 2020 with two taken within
8 h of the ATCA observations in 2020 April and May. Furthermore,
he GLEAM South Galactic Pole observations from 2013 and 2014
Franzen et al. 2021 ), used by R21 , were also considered to make a
oughly 6 yr time baseline. 

The observational strategy for the MWA relied on targeted 2-min
napshots with the target source approximately centred in the primary
eam. Due to the large field of view of the MWA, the sensitivity is
airly consistent within ∼5 deg of the pointing centre. These targeted
napshots were taken at five different frequency bands of 30.72 MHz
andwidth and centred at 87.7, 118.4, 154.2, 185.0, and 215.7 MHz
o match the frequencies used in GLEAM surv e y (Wayth et al. 2015 ).
igh ele v ations were required for good sensiti vity, so the 2020 April

nd May observations were taken during the day. Where possible,
he Sun was placed in a null of the primary beam to reduce its effect
n the observations. In the April observations, each target had three
napshots for each frequency band; for subsequent epochs, each
arget had six target snapshots. 

We employed a similar strategy as used for the GLEAM-X
urv e y data reduction. 3 No calibration scans were taken, instead
he latest sky model, GLEAM Global Sky Model (GGSM), was
sed to calculate calibration solutions for each snapshot (Hurley-
alker et al. 2022 ). F or the re gion containing all 15 of our targets,

his model is largely derived from GLEAM ExGal (Wayth et al.
015 ; Hurley-Walker et al. 2017 ). Following the same reduction
trategy as GLEAM-X, any known bad tiles were flagged before
nitial calibration solutions were calculated with respect to the
GSM. These solutions were inspected and any further bad tiles
ere flagged before applying the solutions. If the calibration was
nable to converge on solutions, solutions from an observation taken
round a similar time with a similar pointing were applied. 

Initial images were made using WSCLEAN (Offringa et al. 2014 )
ith a Briggs weighting of robust weighting of + 0.5 (Duchesne,

ohnston-Hollitt & Bartalucci 2021 ). Images were visually inspected
o ensure calibration was appropriate and assess the effects of the
un for any day-time observations or bright sources known to reduce

mage quality. 4 In the April observations, despite placing the Sun
n a null of the primary beam where possible, due to the frequency
ependence of the primary beam, some pointings resulted with the
un within the images. This significantly increased the noise in the

mages and large-scale artefacts across the entire image. 
For GLEAM J020507–110922 and GLEAM J024838–321336,

he location of the Sun resulted in at least twice the local root-
ean-squared (RMS) noise in snapshot images for each frequency

ompared to other targets. As a result, this epoch for these targets was
mitted. For remaining day-time observations, imaging parameters
ere adjusted to reduce the power of the Sun. Since the Sun is

esolved and this study was only interested in unresolved (with the
WA) bright sources, short baselines of the MWA were remo v ed
f the configurations of MWA Phase II , see Wayth et al. ( 2018 ). 
 The GLEAM-X pipeline can be downloaded from ht tps://github.com/t jgal 
in/GLEAM- X- pipeline 
 A list of these sources can be found in table 2 of Hurley-Walker et al. ( 2017 ). 

https://github.com/tjgalvin/GLEAM-X-pipeline
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Table 2. The dates of each epoch used for the variability analysis, details of the telescope configuration for both MWA and the ATCA, and any rele v ant notes 
on the observations or data were omitted. 

Epoch Notes on MWA observations Notes on contemporaneous ATCA observations 

2013 August to September GLEAM Year 1, MWA Phase I No data 
2014 August to December GLEAM Year 2, MWA Phase I No data 
2020 January No data 6A configuration, 2.1, 5.5, and 9 GHz observed 
2020 March No data 6D configuration, incorrect central frequency for X-band, 

9 GHz data omitted for 
GLEAM J001513–472706, 
GLEAM J223933–451414 and 
GLEAM J224408–202719 

2020 April Extended Phase II configuration, 6A configuration, 2.1, 5.5, and 9 GHz observed 
Daytime observations, omitted for 
GLEAM J020507–110922, GLEAM J024838–321336 

2020 May Extended Phase II configuration 6A configuration, 2.1, 5.5, and 9 GHz observed 
2020 July Extended Phase II configuration No data 
2020 September Extended Phase II configuration No data 
2021 October No data H168 configuration, 5.5 and 9 GHz observed for 

GLEAM J001513–472706 and GLEAM J020507–110922 
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hen producing images that contained the Sun in the primary beam. 
he short baselines were tapered out using the minuv-l and 
aper-inner-tukey options of WSCLEAN to create a gradual 

aper of shorter baselines rather than a sharp cut. Both the minuv-l
nd taper-inner-tukey were set to 50 λ to cut baselines less 
han 50 λ and minimize baselines between 50 and 100 λ. The uv -taper
lso reduced the effect of bright, resolved galaxies, like Fornax-A, 
hich were also occasionally in the field of view. 
Once satisfactory images were produced, the flux density scale 

nd position shifting were corrected, to account for miscalculations 
f the primary beam and effects from the ionosphere, respectively. 
 correction was derived and applied using FLUX WARP (Duchesne 

t al. 2020 ) and FITS WARP (Hurley-Walker & Hancock 2018 ), both
f which use a subset of the Global GLEAM Sky Model (GGSM).
nly unresolved (according to GLEAM), bright (signal-to-noise 

atio ≥10), and isolated (to within 5 arcmin) sources were considered 
n the reference catalogue to ensure a reliable model of the flux
ensity scale and compared to the GGSM catalogue (Hurley-Walker 
t al. submitted). Corrected images were stacked together to create 
 small mosaic of 5000 by 5000 pixels with the target at the centre.
mages were stacked using SWARP (Bertin et al. 2002 ) and coadded
ith inverse-variance weighting using the RMS noise of the images. 
ue to the large field of view of the MWA, some observations co v ered
ultiple targets. To decrease the o v erall RMS of stacked images,

ny observations where the target was within the field of view of the
WA were included in the stacking, even if it was not a targeted

bservation. 
The variable ionospheric conditions during the observations can 

esult in a residual blurring effect. To correct for this, a blur correction
as applied to the resampled, coadded mosaics by generating point- 

pread-function (PSF) maps. First, the background and noise maps 
f the mosaics were generated using the Background and Noise 
stimation tool ( BANE ). An initial shallow source finding was run on

he resultant mosaics using AEGEAN 

5 (Hancock et al. 2012 ; Hancock, 
rott & Hurley-Walker 2018 ). For this shallow source finding, the 
seed’ clip was set to 10, i.e. only pixels with a flux density 10 times
he local RMS noise were used as initial source positions. The output
atalogue from the shallow run of AEGEAN was cut to only include
 https://github.com/PaulHancock/Aegean 

t  

(  

c  

t

nresolved sources. This catalogue was then used to produce a 
easured PSF map for the mosaic. The measured PSF map was

sed as input for a further run of AEGEAN to account for the variable
SF of the mosaic. The generated catalogue of sources from the
econd run of AEGEAN was used to generate a new PSF map with the
ight blur correction, which we applied to the mosaic to correct for
he ionosphere. Resolved sources were excluded from the catalogue 
or this blur correction. 

A final correction for any large-scale flux density variations across 
he blur-corrected mosaic was applied using FLUX WARP again. This 
orrection was of the order of 2 per cent–10 per cent depending on the
requency and whether the observations were taken during the day. 
s with the first run of FLUX WARP , a reference catalogue of bright,
nresolved, and isolated sources was used to ensure a reliable model
f the flux density scale and compared to the GGSM catalogue. The
GSM catalogue was used as a prior catalogue for source positions

or AEGEAN ’s priorised fitting. Furthermore, any sources that were 
reviously classified as variable by R21 were excluded from the 
eference catalogue. 

A final source-finding of the blur and flux density scale-corrected 
osaics using BANE and AEGEAN produced the catalogue used in 

ariability analysis. 

.2 ATCA 

n 2020, four observations of the 15 targets were taken in January,
arch, April, and May. Observations were taken at L band (central

requency 2.1 GHz), and C/X-band (central frequencies 5.5 and 
.5 GHz). The bandwidth in all cases was 2 GHz (Wilson et al.
011 ). For the January and March epochs, the observing strategy
 as tw o 12-h blocks on consecutive days, each of which was
evoted to a single ATCA band. The April and May epochs each
ad an 18 h observing block, and frequency switching was used
etween the two bands. In all epochs, 2-min snapshots were taken of
he target sources sandwiched between secondary phase calibrator 
bservations. Secondary calibrators were shared between targets 
hen both targets had an angular separation less than 10 deg to

he secondary calibrator in order to reduce slew o v erheads. The
 u , v)-co v erage was more complete in the April and May epochs
ompared to the January and March epochs as there was a larger
ime gap between snapshots due to the frequency switching. All 
MNRAS 512, 5358–5373 (2022) 
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pochs were observed in a 6-km array configuration; for specific
rray configurations in each epoch, see Table 2 . 

The same primary bandpass calibrator, PKS B1934–638, was
bserved for each epoch and used for estimates of the o v erall
nstrumental errors. Furthermore, we use the measured flux density
f PKS B1934-638 in each epoch to compare with our sources to
ssess the variability of the target sources. 

Due to an error in scheduling, GLEAM J001513–472706,
LEAM J223933–451414, and GLEAM J224408–202719 were ob-

erved at 9 GHz in March, while PKS B1936–638 was observed at
.5 GHz. As a result, the 9 GHz observations for the sources in March
ere discarded to a v oid applying an inaccurate calibration solution

nd inducing artificial variability. 
The majority of data reduction was completed using CASA 6.4

McMullin et al. 2007 ) after first converting the data into a measure-
ent set via the MIRIAD (Sault, Teuben & Wright 1995 ) task atlod .
ata were processed using the same reduction procedure, 6 which we
riefly describe here. After initial flagging for radio frequency inter-
erence (RFI), observations were split into a separate measurement
et with the primary bandpass calibrator and associated secondary
alibrator. An initial round of bandpass and gain calibration solutions
ere calculated using just the primary calibrator. Then a second

ound of gain calibration solutions were calculated using the primary
nd secondary calibrators. The flux density scale was estimated using
KS B1934–638 as a flux density standard (Reynolds 1994 ). Further
FI flagging was performed on the calibrated measurement set before
n initial model image was created using the interactive tclean on
 Multi-Frequency Synthesis (MFS) image of the entire bandwidth.
hree rounds of phase self-calibration were performed on the target
ource using the created model image. For all targets, in the 5.5 and
.5 GHz bands, no other sources were detected in the field of view.
o we ver, the larger field of view for the 2.1 GHz band resulted in an
ccasional nearby source in the image field. Where appropriate, these
ther sources were included in the model used for self-calibration.
elf-calibration solutions were calculated by combining the entire
TCA band to increase signal-to-noise ratio, and applied without
agging any sections that were unable to converge on a solution.
argets were split into smaller spectral windows for imaging (to
reate the model) and flux density measurements. Observations at
.1 GHz were split into eight spectral windows, 5.5 GHz into five
nd 9.5 GHz into four. Such binning ensured roughly equal fractional
andwidth per spectral band. The flux density for each spectral band
as measured using the uvmodelfit function in CASA . A rough

nitial source position was given based on the MFS image but allowed
o vary. 

The flux densities of secondary calibrators and the primary
andpass calibrator were also measured using uvmodelfit . These
easurements were used to estimate systematic errors on the flux

ensity measurements of targets and assess the significance of any
ariability. 

In 2021 October, opportunistic follow-up observations with the
TCA at 5.5 and 9 GHz during Director’s Time were undertaken
f GLEAM J001513–472706 and GLEAM J020507–110922 in the
168 configuration. The observational strategy differed slightly to

he 2020 monitoring. Targets were observed with 10 min scans over
everal hours. 
NRAS 512, 5358–5373 (2022) 

 The code used to process all the ATCA data can be found at https://github.c 
m/ast rokatross/ATCA dat areduction 

a  

d

τ

w  

p  
 SPECTRAL  M O D E L L I N G  

e fit spectral models to each source at each epoch to determine the
nderlying absorption mechanism. There are two main mechanisms
or absorption at low frequencies: SSA or FFA. The SSA model
ssumes the electron energy distribution for a single homogeneous
ynchrotron-emitting region is described by a non-thermal power-law
ith index β. A spectral turno v er occurs in an SSA model when the
hotons from the source are scattered by the relativistic electrons in
he plasma. The low-energy photons are more likely to be scattered
epeatedly resulting in them appearing to be ‘reabsorbed’ by the
lasma. The SSA model can be described according to equation ( 3 )
f Kellermann ( 1966 ), where νp is the frequency where the source
ecomes optically thick (i.e. the optical depth, τ ν , is unity). Namely, 

 ν = S norm 

(
ν

νp 

) β−1 
2 

[
1 − e −τν

τν

]
, 

here 

ν = 

(
ν

νp 

) −( β+ 4) 
2 

. (3) 

Alternatively, the FFA model assumes a process of inverse
remsstrahlung or FFA, where an ionized plasma screen is causing
he absorption of the photons emitted by the relativistic electrons
rom the source (Bicknell et al. 1997 ; Tingay & de Kool 2003 ;
allingham et al. 2015 ). In this scenario, the electrons emit photons
escribed by a non-thermal power-law distribution, using α as the
pectral index of the synchrotron emission, where α = ( β − 1)/2 for
he electron energy distribution as described by equation ( 3 ). Several
ariations of FFA models exist that account for variations in screen
orphology (either homogeneous or inhomogeneous) and whether

he absorption is external or internal to the emitting electrons. In this
ork, we only consider FFA models with an external ionized screen

hat is either homogeneous or inhomogeneous since internal FFA has
een shown to poorly replicate observed spectra of PS sources (e.g.
allingham et al. 2015 ). 
The external homogeneous FFA model assumes a uniform ionized

bsorbing screen co v ers the entire emitting source. F or a screen with
ptical depth τ ν , the external homogeneous FFA model is written
Bicknell et al. 1997 ): 

 ν = S norm 

ναe −τν , 

here 

ν = 

(
ν

νp 

)−2 . 1 

; (4) 

ere, νp is the frequency where the free–free optical depth equals
nity. 
The inhomogeneous FFA model is an external FFA model where

he absorbing ionized cloud has a range of optical depths. The inho-
ogeneous FFA model was first presented by Bicknell et al. ( 1997 ),
ho modelled the interaction of the radio jets with the surrounding

nterstellar medium (ISM). Bicknell et al. ( 1997 ) proposed the jets
reate shocks in the ISM as they propagate from the AGN, producing
egions of shocked gas with spatially variable optical thickness. To
erive the spectral model of such a scenario, Bicknell et al. ( 1997 )
ssumed the range of optical depths can be described by a power-law
istribution with index p according to 

ff ∝ 

∫ (
n 2 e T 

−1 . 35 
e 

)p 
d l, (5) 

here n e is the free electron density and T e is the electron tem-
erature. We assume p > −1, otherwise this model reduces to the

https://github.com/astrokatross/ATCA_datareduction
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Table 3. The log likelihoods for each spectral model for each source. For each source, the best model was determined using the average Bayes factor to 
determine the most likely model o v er all epochs. See Section 4 for details. Models are defined as follows: SSA, SSA with an exponential break (SSAb), external 
homogeneous FF A (FF A), external homogeneous FF A with a spectral break (FF Ab), external inhomogeneous FF A (inFF A), and an external inhomogeneous 
FFA with a spectral break (inFFAb). A preferred model with an asterisk ( ∗) next to it indicates there was not strong evidence for this model compared to any 
other model (i.e. the Bayes factor was less than 100 for each pair of models). Preferred models with a (b) indicates that there is not strong evidence to support 
the presence of a high-frequency spectral break over the absence of one but that the spectral model itself is preferred. Likewise, preferred models of (in)FFA 

indicate that an FFA model is preferred but there is not strong evidence of the FFA model o v er the inFFA model. Furthermore, a preferred model of (SSA)b 
indicates all spectral models with a high-frequency spectral break are preferred but there is not strong evidence for the SSA model o v er an y other spectral model. 

GLEAM name log L SSA log L FFA log L inFFA log L SSAb log L FFAb log L inFFAb Best model Variability 

J001513 −472706 75 93 .2 121 .4 115 .3 117 .6 125 .2 inFFA(b) Brightness change at ≤231 MHz 
J015445 −232950 30 .5 61 107 .6 98 .5 105 .9 120 .6 inFFAb Variable spectral shape at ≤231 MHz 
J020507 −110922 19 .0 47 .7 84 .6 74 .6 82 .6 99 .9 inFFAb Variable spectral shape at ≤231 MHz 
J021246 −305454 113 .8 40 .9 148 .2 154 .3 152 .9 156 .0 inFFAb ∗ Brightness change at ≤231 MHz 
J022744 −062106 − 38 .4 − 20 .4 98 .7 76 .2 77 .1 98 .0 inFFA(b) No variability detected 
J024838 −321336 65 .0 76 .6 87 .5 119 .8 116 .3 115 .3 (SSA)b Variable spectral shape at ≤231 MHz 
J032213 −462646 − 167 .9 − 256 .4 83 .8 56 .0 44 .0 89 .0 inFFA(b) Brightness change at ≤231 MHz 
J032836 −202138 12 .3 62 .9 131 .4 124 .2 136 .3 151 .7 inFFAb Brightness change at ≤231 MHz 
J033023 −074052 25 .6 7 .9 104 .2 106 .6 101 .5 114 .4 inFFAb Brightness change at ≤231 MHz 
J042502 −245129 − 291 .7 − 287 .3 76 .9 49 .7 27 .2 102 .4 inFFAb Brightness change at ≤231 MHz 
J044033 −422918 − 291 .9 − 242 .3 51 .7 − 73 .7 − 76 .8 82 .4 inFFAb Brightness change at ≤231 MHz 
J044737 −220335 − 1816 .0 − 2351 .6 29 .8 − 876 .2 − 1210 .2 76 .2 inFFAb Brightness change at ≤231 MHz 
J052824 −331104 − 71 .8 − 78 .7 90 .9 74 .2 50 .5 104 .7 inFFAb No variability detected 
J223933 −451414 − 87 .3 64 .8 99 .1 78 .0 125 .3 132 .5 (in)FFAb Variable spectral shape at ≤231 MHz 
J224408 −202719 − 9 .5 10 .1 92 .1 110 .8 100 .9 119 .4 inFFAb Brightness change at ≤231 MHz 

h
l  

s
m

S

w  

I  

d

a
r
d
q
s
i  

h
s  

o
h
e
w

(
a
e
G
a  

n  

9
c  

w

7

s  

A

K

f  

m  

t  

p
b
b  

m  

t
a  

l
1  

1  

W  

l

5

W  

i  

S  

p  

L
2
R  

(  

C  

S  

2  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/4/5358/6554564 by C
urtin U

niversity Library user on 16 M
ay 2023
omogeneous condition. Assuming the scale of the lobes is much 
arger than the scales of the inhomogeneities in the ISM and the
hocks, Bicknell et al. ( 1997 ) represent the inhomogeneous FFA 

odel as 

 ν = S norm 

( p + 1) γ

[ 

p + 1 , 

(
ν

νp 

)−2 . 1 
] (

ν

νp 

)2 . 1( p+ 1) + α

, (6) 

here γ is the lower incomplete gamma function of order p + 1.
n this model, the spectral index of the optically thick regime is
escribed by αthick = α − 2.1( p + 1) (Bicknell et al. 1997 ). 
Each of the SSA, FFA, and inhomogeneous FFA models assume 

 non-thermal synchrotron emission power-law distribution of the 
elati vistic electrons. Ho we ver, a continuous injection model (Kar- 
ashev 1962 ) predicts that the higher energy electrons cool more 
uickly than the lower energy electrons, presenting as a spectral 
teepening at frequencies higher than a break frequency, νbreak . We 
ntroduce an e xponential multiplicativ e factor, e −ν/νbreak , into the SSA,
omogeneous FFA, and inhomogeneous FFA models to represent the 
pectral steepening (Callingham et al. 2015 ). We therefore fit a total
f six spectral models: SSA, SSA with an exponential break, external 
omogeneous FFA, external homogeneous FFA with a spectral break, 
xternal inhomogeneous FFA, and an external inhomogeneous FFA 

ith a spectral break. 
We fitted each spectral model using the UltraNest package 7 

Buchner 2021 ). UltraNest uses a nested sampling Monte Carlo 
lgorithm MLFriends (Buchner 2016 , 2017 ) to derive the Bayesian 
vidence and posterior probability distributions. We assumed a 
aussian distribution for the likelihood of each parameter and used 
 reactive nested sampler. As discussed in Section 5 , we detected
o significant variability with the ATCA across the 2, 5.5, or
 GHz frequency sub-bands. As a result, ATCA flux densities were 
ombined o v er time per sub-band to create an av erage flux density
ith 17 unique spectral points per source. This average ATCA 
 https:// johannesbuchner.github.io/ UltraNest/ 

8

t

pectrum was used to fit each MWA epoch o v er using individual
TCA epochs. 
To compare spectral models, we calculate the Bayes factor, K : 

 = e log z 1 −log z 2 (7) 

or each pair of models, where z i is the maximum likelihood of the
odel i . Models with fewer parameters have a higher likelihood, thus

he Bayes factor is robust against preferring o v erfitting. Assuming the
hysical mechanism causing the absorption in the SED is constant 
etween epochs, we can determine the most likely spectral model 
ased on all epochs. We calculate the average log likelihood of each
odel per source and conclude the most likely model is that with

he largest average log likelihood. We calculate the Bayes factor, 
ccording to equation ( 7 ), for the preferred model to the second most
ikely model to determine the significance of the likelihood. If K ≥
00, the likelihood of the first model is strongly more likely. If K <

0, the first model is more likely but there is less evidence of support.
e present the average log likelihood (averaged over all the epochs),

og ( i ) for each model in Table 3 . 

 RESULTS  

e present the SEDs for each epoch of each source in Fig. 1 . We
nclude flux density measurements from other radio surv e ys in the
EDs; these were not used in any fitting, but are included in the
lots for completeness. The additional radio surv e ys are the Very
arge Array Low-frequency Sky Survey Redux (VLSSr; Lane et al. 
014 ), Tata Institute for Fundamental Research Giant Metrewave 
adio Telescope 150 MHz Sk y Surv e y Alternativ e Data Release 1

TGSS-ADR1; Intema, H. T. et al. 2017 ), 8 the Molonglo Reference
atalogue (MRC; Large et al. 1981 ; Large, Cram & Burgess 1991 ),
ydne y Univ ersity Molonglo Sk y Surv e y (SUMSS; Mauch et al.
003 ), Rapid ASKAP Continuum Surv e y (RACS; Hale et al. 2021 ),
MNRAS 512, 5358–5373 (2022) 

 We use the rescaled version of TGSS by Hurley-Walker ( 2017 ), to match 
he GLEAM flux density scale. 

https://johannesbuchner.github.io/UltraNest/
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Figure 1. SEDs for all targets. ATCA and MWA data are plotted for each epoch with the best spectral model, according to the average Bayes Factor presented in 
Table 3 , o v erlaid. Additional surv e ys are plotted in grey: VLSSr (diamond), TGSS-ADR1 (cross), MRC (square), SUMSS (star), RACS (Y), NVSS (pentagon), 
AT20G (20 GHz: left arrow, 8.6 GHz: right arrow, 4.8 GHz upwards arrow). 
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Figure 1 – continued 
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RAO VLA Sk y Surv e y (NVSS; Condon et al. 1998 ), and the
ustralia Telescope 20 GHz Surv e y (AT20G; Murphy et al. 2010 ).
ll catalogues were cross-matched using TOPCAT ’s (Taylor 2005 )
earest neighbour routine with a 2 arcmin radius. A 2 arcmin radius
as chosen as it is comparable to the resolution of GLEAM. Table 3
resents the results of the spectral fitting, reporting the average Bayes
actor to determine the most likely spectral model o v er all epochs,
nd observed variability. 

We find each source shows a ne gativ e-slope power-la w SED at
requencies ≥1 GHz, which steepens at high frequency, consistent
ith synchrotron emission from a radio-loud AGN. We do not
nd any sources in our sample with a flat spectrum at gigahertz
requencies. Furthermore, we do not detect any significant variability
ith the ATCA in the 2020 monitoring, which sampled time-scales of
p to 4 months. The ATCA spectra of targets were compared to their
econdary calibrators and the bandpass calibrator, PKS B1934–638,
ut no target showed significant variability or trends. 

In contrast, there are se veral dif ferent behaviours of variability
etected at megahertz frequencies. Most common are sources show-
ng a consistent spectral shape with small variations with an o v erall
rend o v er the epochs. Ho we ver, some appear to change their spectral
hape significantly, for example GLEAM J020507–110922 shown in
ig. 1 (c). For each source, we check for significant variability with

he MWA by comparing to nearby ( � 1 deg) sources. In each case,
e find no significant variability or common behaviours between our

argets and nearby sources. The SEDs of nearby targets can be found
n the online supplementary materials. 

There is no significant variability at any frequency or time-scale for
LEAM J052824–331104 or GLEAM J022744–062106. We do not
etect any greater difference in flux densities for either source com-
ared to any nearby source in the MWA images. GLEAM J052824–
31104 was in the region of the SGP mosaics that R21 deemed
oo poor quality to detect variability (see Section 2 for details).

e therefore conclude any difference observed between 2013 and
014 for GLEAM J052824–331104 is not physical. It is possible the
nitial variability of GLEAM J022744–062106 detected by R21 was
enuine and not due to introduced instrumentation errors, and it was
till variable in 2020. However, the noise of the images created in
020 were of too low quality to detect any significant changes in flux
ensity as the Sun was in the primary beam for several images. 
The SSA model with a spectral break was the most likely model

or only one source, GLEAM J024838–321336. Ho we ver, the Bayes
actors for the SSAb model compared to the next most likely models,
he FFAb and inFFAb, are 33 and 90, respectively . Consequently ,
here is not strong evidence to support the SSAb spectral model
 v er either the FFAb or inFFAb, given a K > 100 is considered
trong evidence. A higher frequency spectral break is more likely
n each case, but there is low evidence for distinguishing between
he spectral models: SSA, FF A, or inFF A. This is likely due to the
hifting peak frequency ( discussed further in Section 6.3 ) and
nsuf ficient sampling belo w the spectral peak (since νp ≤ 140 MHz
n all epochs). 

The other 14 sources were best fit with an inhomogeneous FFA
pectral model with a spectral break. For GLEAM J001513–472706,
he Bayes factor for inFFAb compared to the second most likely

odel, inFFA, is 82. This also suggests there is not enough strong
vidence to support the inFFAb model, however, the Bayes factor
or either inhomogeneous FFA model compared to either the FFA
r SSA models is �100. We therefore conclude that the spectrum
f GLEAM J001513–472706 is best fit by an inhomogeneous FFA
odel but the presence of a exponential break is uncertain. This is

ikely due to the lack of higher frequency flux densities at 9 GHz in
NRAS 512, 5358–5373 (2022) 
020 March, which is roughly the frequency where we could expect
 spectral break. 

Lastly, we note GLEAM J021246–305454 has a Bayes factor of
.7 when comparing the inFFAb model with the SSAb model (the
econd most likely spectral model). This is not decisive evidence,
o we cannot confidently say the inFFAb spectral model is the most
ppropriate. Comparing the log likelihoods for each model presented
n Table 3 , there is strong evidence GLEAM J021246–305454 has an
xponential spectral break. Ho we ver, similar to GLEAM J024838–
21336, there is low evidence to distinguish between the spectral
odels. Again, it is likely this is due to insufficient sampling below

he spectral turno v er ( ≈150 MHz). 

 DI SCUSSI ON  

n this section, we will discuss the likely physical mechanisms for
n y observ ed v ariability. The majority of sources appear to sho w
low trends of increasing or decreasing flux density across the MWA
and throughout 2020 with no significant variability detected with
he ATCA. 

In Section 6.1 , we present the sources that are likely showing
ariability due to ISS and discuss the implications of such a
echanism. We focus on individual sources that show uncommon

ariability: GLEAM J020507–110922, GLEAM J024838–321336,
LEAM J015445–232950, and GLEAM J223933–451414 in Sec-

ions 6.2 , 6.3 , 6.4 , and 6.5 , respectively. 

.1 Interstellar scintillation 

he large spectral co v erage of these observations samples the two
ifferent regimes of scattering: weak and strong. The electron column
ensity along the line of sight and observing frequency determine
hich scattering regime is applicable (Narayan 1992 ; Walker 1998 ).
he electron column density is largely related to the Galactic latitude.
ll our sources are far away from the Galactic plane, thus the

ransition frequency, ν0 , from strong to weak scattering is ∼8 GHz
nd the angular size limit at the transition frequency, θF 0 , is 4 μas
Walker 1998 ). Continuing under this assumption, all our calculations
or ISS at 2.1 GHz, 5.5 GHz, and megahertz frequencies will be using
he strong scattering regime, while the 9 GHz calculations will be
sing the weak scattering regime. Furthermore, we eliminate the
ossibility of dif fracti v e ISS in the strong re gime, as the fractional
andwidth of variations is predicted to be ∼1.4 × 10 −5 , but the
mooth SED for all sources at frequencies < 8 GHz in each epoch
uggests the fractional bandwidth is closer to unity. 

.1.1 Weak scattering 

irst, we consider the modulation and time-scales of variability due
o weak scattering at 9 GHz for a compact source. A compact source
s defined as having angular size ≤θF , where 

F = θF0 

√ 

ν0 

ν
, (8) 

esulting in a time-scale of scintillation according to 

 compact ≈ 2 

√ 

ν0 

ν
, (9) 

here θF 0 is the angular size limit of a source at an observation
requency, ν equals the transition frequency, ν0 ≈ 8 GHz at our
alactic latitude (Walker 1998 ). 
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Figure 2. Light curves of flux density variance for GLEAM J001513–
472705 (purple) and GLEAM J020507–110922 (pink) in 2021 October at 
5 GHz (top) and 9 GHz (bottom). Flux densities were measured using the 
uvmodelfit function of CASA for 30 s time intervals. The fractional flux 
density percentage offset (or modulation, m ) was calculated as the difference 
of each 30 s flux density measurement from the median flux density of the 
entire light curve for each source. The errors on the flux density are the 
local rms of the images for each source only, as any systematic errors do not 
influence the fractional flux density offset. 
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Using equation ( 9 ), for observations observed at frequency, ν, 
f 9 GHz, the time-scale of modulation due to ISS, t compact , would
e of the order of 1.9 h. Any observations over several hours would
herefore av erage o v er the variability due to ISS. All our observations
or ATCA were taken o v er observations blocks of ∼18 h, thus our
easured flux densities av erage o v er an y hourly variability. Thus, no

ignificant variability would be detected in our observations. 
To test this hypothesis, we analyse the ATCA Director’s Time 

ata collected hourly in 2021 October, see Section 3.2 . The 2021
ctober follo w-up observ ations with the ATCA were taken using a
ifferent observing technique to the original 2020 monitoring. These 
bservations consisted of multiple 10 min scans separated by a couple 
f hours. Let us take GLEAM J001513–472705 as an example source 
or future calculations. In the 2021 October epoch, we observed 
LEAM J001513–472705 twice with 10 min scans separated by 
1 . 5 h, which is slightly below the expected time-scale of 1.9 h.

ig. 2 presents the light curves of GLEAM J001513–472705 in 2021 
ctober at 5 and 9 GHz. Flux density measurements were taken at
0 s intervals in ( u , v) space using the uvmodelfit module in CASA

nd the percentage offset is calculated from a median flux density 
alue. 9 

Within the 10 min scans, there may be modulation (seen as rising
n the first scan and then decreasing in the second) but it is likely this
s sampling a small fraction of the longer term (hourly) modulation. 
n the 2021 observations we see an o v erall modulation of ≈0.15 at
 GHz. We can calculate the expected modulation using 

 compact = 

(ν0 

ν

)17 / 12 
, (10) 

hich suggests m compact ≈ 0.85. It is worth noting that equation ( 10 )
pplies for a well-sampled light curve; since we only have poor time
ampling, this calculated modulation has a large margin of error. The 
maller measured modulation could be due to a number of factors: we
re not sampling the entire time-scale or modulation of variability, 
 In each case, our target dominates the visibilities ensuring such model fitting 
s appropriate. 

≈
c  

s  

s  
nd/or the source is slightly resolved compared to the angular size
imit, θF 0 . The 2021 October observations only consisted of two 
0 min scans, hence it is likely that the modulation and time-scale is
ot sampled sufficiently. Further observations of GLEAM J001513–
72705 at 9 GHz with continued monitoring o v er time-scales of
ours to days would increase the likelihood of sampling the entire
ime-scale of variability and converging on the modulation. 

Alternatively, if GLEAM J001513–472705 has a compact com- 
onent that is slightly resolved compared to the angular size of the
cattering screen, the modulation decreases and time-scale increases 
ccording to 

 observed = m compact 

(
θF 

θS 

)7 / 6 

, (11) 

 observed = t compact 

(
θS 

θF 

)
, (12) 

here θF is defined by equation ( 8 ) and is the angular scale of
he scattering screen and θS is the angular size of the compact
omponent (Walker 1998 ). If we have sampled the time-scale 
nd modulation sufficiently, GLEAM J001513–472705 must have 
 compact component ≈17 μas. This would correspond to a time-
cale of scintillation of roughly 8.5 h. It is likely we o v erestimated
he modulation and underestimated the time-scale based on our poor 
ampling, as such, this compact component size estimate should be 
onsidered as a lower limit. 

These caveats to the weak scattering are reasonable assumptions 
o explain the variability of GLEAM J001513–472705 measured 
t 9 GHz. This would imply that GLEAM J001513–472705 is an
ntraday variable source with a compact feature on μas scales. Further

onitoring at 9 GHz would be required to sample the modulation
ore thoroughly and estimate the time-scales of ISS more accurately. 

.1.2 Strong scattering 

et us now consider whether any variability at frequencies <ν0 are 
lso consistent with ISS but in the strong regime, in particular due to
ISS. In the strong regime, we have 

r = θF0 

(ν0 

ν

)11 / 5 
, (13) 

 compact = 

(
ν

ν0 

)17 / 30 

, m observed = m compact 

(
θr 

θS 

)7 / 6 

(14) 

 compact = 2 

(
ν

ν0 

)11 / 5 

, t observed = t compact 

(
θS 

θr 

)
(15) 

ollowing Walker ( 1998 ), where a compact source is defined as ≤θ r .
At 5 GHz, we would expect a modulation of ∼0.77 on time-

cales of ∼6 h with an angular screen size, i.e. the angular size of a
ompact component, of ∼11.2 μas. Considering GLEAM J001513–
72705 as an example again, we measure a modulation at 5 GHz
f ∼0.086 across approximately 2 h. Consistent with the results 
f the 9 GHz variability, this calculation suggests that the compact
eature of GLEAM J001513–472705 is likely resolved compared to 
he scattering screen and/or we have not sampled the time-scale and

odulation sufficiently. 
Furthermore, at 150 MHz, using equation ( 15 ), the time-scale

f variability is expected to be 1.4 yr with a modulation of
.1 (using equation 14 ) and a scattering screen angular size
25 mas (using equation 13 ). Our observations during 2020 

o v er a time-scale of 6 months with four epochs. Thus, we
hould be able to detect a small level of variability as a slow
hift in flux density across the entire MWA band o v er the
MNRAS 512, 5358–5373 (2022) 
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Figure 3. SED of only MWA flux densities for GLEAM J020507–110922. 
The spectral shape in 2020 September (lavender) is significantly different to 
all previous epochs. 
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ourse of the observations. For GLEAM J001513–472705, we
ee a modulation of 0.1 o v er the 6 month monitoring period
ith a constant trend of the flux density increasing across the

ntire MWA band. Several other sources also display slow trends of
ncreasing/decreasing flux density across the entire MWA band in the
020 observations: GLEAM J021246–305454, GLEAM J032213–
62646, GLEAM J032836–202138, GLEAM J033023–
74052, GLEAM J042502–245129, GLEAM J044033–422918,
LEAM J044737–220335, GLEAM J224408–202719. Since the
ariability detected for GLEAM J001513–472705 at each frequency
and is consistent with ISS, it is likely the sources that show a
imilar variability trend at MHz frequencies are also variable due
o ISS. GLEAM J015445–232950 and GLEAM J020507–110922
lso show trends of variations in the flux density across the MWA
and. Ho we ver, both also display a change in their spectral shape
ithin the MWA band in later epochs. We discuss the variability of
LEAM J020507–110922 and GLEAM J015445–232950 further in
ection 6.2 and Section 6.4 , respectively. 
It is worth noting that R21 suggest sources with a low MOSS

alue ( < 36.7) are likely variable due to RISS. In agreement with
21 , of our 15 targets, we find all sources with a low MOSS value to
e exhibiting variability consistent with ISS apart from one source
hich shows no significant variability (GLEAM J022744–062106).

nversely, inspecting the MOSS value of the nine sources we claim
re exhibiting ISS, all bar one (GLEAM J033023–074052) have a
ow MOSS value consistent with ISS according to R21 . 

We would thus expect these sources to show intraday variability
t higher frequencies > 1 GHz. While it is uncommon for PS sources
o have hot-spots or compact features in their morphologies (Keim,
allingham & R ̈ottgering 2019 ), nine of our 15 PS sources show
ariability entirely consistent with scintillation due to such a compact
eature. High-resolution imaging would determine the presence of a
ompact feature on μas to mas scales. 

.2 GLEAM J020507–110922 

ue to the unique and extreme nature of the variability exhibited
y GLEAM J020507–110922, we discuss several plausible expla-
ations: intrinsic variability due to SSA, ISS, and variations in the
ree–free opacity. A close-up of variability observed at megahertz-
requencies for GLEAM J020507–110922 is presented in Fig. 3 . 
NRAS 512, 5358–5373 (2022) 
.2.1 Synchr otr on self-absorption 

irst, we assume that the mechanism for the turno v er in
LEAM J020507–110922 is due to SSA. Any changes in flux
ensity below or around the turno v er would be due to changes in
he synchrotron absorption. Using a synchrotron model, with m e and
 the electron mass and electron charge, respectively, we have (in the
bserved frame of reference), 

 νp 
= 

( 

π3 m 

3 
e ν

5 
p θ

4 
S 

0 . 94 eB sin ( θ ) 

) 

1 
2 

, (16) 

here θS is the angular source size, and the magnetic field, B , is at
n angle θ to the line of sight (Tingay et al. 2015 ). Thus, changes in
he peak frequency, νp , would result in changes to the flux density
t the peak frequency, S νp 

, ∝ ν5 / 2 
p . Using the best model fit for

ach epoch, Fig. 4 shows the change in νp with time. Therefore,
ssuming a constant θS , B , and sin ( θ ), the measured change in
p of 0.1 GHz would correspond to S νp 

increasing by ≈4 mJy.
o we ver, we detect a decrease in S νp 

of ≈0.5 Jy. Either the magnetic
eld would need to increase by several orders of magnitude, or the
ource size would need to contract significantly ( ∼10 per cent);
oth scenarios are physically improbable. Consequently, we can
liminate the possibility that the variability is due to variations of
he synchrotron emission. 

.2.2 Interstellar scintillation 

econdly, we consider the possibility of ISS following the same
alculations described in Section 6.1 . As the 9 GHz data are the
nly frequency in the weak regime, we start by examining these
ata. We do not detect any modulation at 9 GHz on time-scales
f months or years; ho we ver, as described in Section 6.1 , we would
xpect weak scattering on the time-scale of ∼1.9 h. The 2021 October
bservations of GLEAM J020507–110922 consisted of two 10 min
cans separated by ∼2 h. Thus, we can expect any modulations
e detect between the scans to be due to weak scattering. At
 GHz, we measure a modulation of ≈0.0063, which is two orders
f magnitude smaller than the expected modulation of 0.85 at
 GHz. There is no variability detected by eye in the light curve
or GLEAM J020507–110922 presented in Fig. 2 . Consequently,
LEAM J020507–110922 would have to be resolved compared to

he scattering screen. If the variability observed at 9 GHz between
he 10 min scans is due to weak scattering, GLEAM J020507–110922

ust have a compact component of the scale 0.3 mas. Furthermore, it
ould increase the time-scale of observed variability to 5 d. While it

s unlikely GLEAM J020507–110922 has a compact feature < 1 mas,
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e recommend monitoring o v er the course of several consecutive 
ays at 9 GHz to confirm. 
Next, we consider the variability in the strong regime at 5 GHz.
e detect no significant variability by eye at 5 GHz in the 2021
ctober observations and calculate a modulation of only 0.0025 

t 5 GHz between the 10 min scans in 2021 October. Again, this
ignificantly smaller modulation at 5 GHz could be explained by 
LEAM J020507–110922 being slightly resolved compared to the 

efracting scintillating screen, but there is still a constraint on the 
ompact component of ≤1.5 mas. The typical power-law spectrum 

f GLEAM J020507–110922 abo v e the turno v er suggests it is un-
ikely there is a compact component contributing a large fraction 
f the flux density at 5 and 9 GHz that is smaller than 2 mas.
urthermore, this modulation is well within the 1 σ flux density 
rrors of GLEAM J020507–110922: thus, no significant modulation 
s detected between the 10-min scans. 

Continuing with considering the strong regime but now at 
50 MHz, we find there is a noticeably different spectral shape in
020 September compared to previous epochs, see Fig. 3 . Such a
hange in spectral shape would require small-scale structures within 
he refracting screen creating a frequency dependence smaller than 
he bandwidth of the MWA. While it is not impossible, it is unlikely
hat such small-scale structures only appeared between 2020 July and 
eptember. The constant spectral shape until the 2020 September 
poch suggests a different physical mechanism may have caused 
he observed variability between 2020 July and September. We will 
herefore consider the variability of the other epochs and exclude the 
020 September variability first. 
At 150 MHz, the time-scale of variability is expected to be ∼1.4 yr

ccording to equation ( 15 ). We see consistent variability between 
he epochs of observation on scales of months, suggesting that 
LEAM J020507–110922 must be entirely compact compared to 

he refracting plasma at 150 MHz. As shown in Section 6.1 , the
cale of the scattering disc is ≈25 mas at 150 MHz. It is possible
hat GLEAM J020507–110922 has a compact component ∼25 mas 
n size that is dominating the flux density measured at 150 MHz,
hich means the resolved lobes are contributing a small, almost 
egligible, portion of the flux density at MHz frequencies or that 
LEAM J020507–110922 is extremely compact. Therefore, the 
ariability observed by the MWA is possibly due to RISS, provided 
LEAM J020507–110922 is ∼25 mas. Furthermore, there would 
eed to be small-scale structures ( <θ r = 25 mas) in the scintillating
creen inducing strong frequency dependence between 2020 July and 
eptember. Such small structures in the plasma would be comparable 

o the scales of plasma required for an extreme scattering event 
ESE). ESEs are rare events and high-quality dynamic radio spectra 
re required to characterize the features of the plasma causing such 
n event (Bannister et al. 2016 ; Tuntsov et al. 2016 ). 

High-resolution images using VLBI would be able to confirm 

r deny the presence of a scintillating compact feature. The high- 
esolution images paired with continued monitoring at MHz frequen- 
ies (on time-scales of ∼years) and GHz frequencies (on time-scales 
f ∼days) would be able to determine the dominance of the compact
eature and morphology at multiple frequencies. 

.2.3 Variable optical depth 

astly, we consider the possibility that the variability is due to 
ariations in the optical depth of an ionized plasma screen. If we
ssume all the variability seen at 100 MHz is due to variations in
his optical depth, we can scale the variations up to 5 and 9 GHz
s the free–free opacity, τ ff , scales according to ν−2.1 (Lang 2013 ).
e see a flux density change at 100 MHz of 0.7 Jy, which would

cale to variations of 0.2 mJy at 5 GHz and 0.05 mJy at 9 GHz.
oth these are well within the measurement error on the flux
ensity measurements of GLEAM J020507–110922 at 5 and 9 GHz, 
uggesting inhomogeneities in the free–free absorbing media are 
onsistent with the variability seen at all frequencies. Continuing 
nder this assumption, we can calculate the opacity change, �τ ff , 
ccording to 

τff = − ln 

[
1 − �S 

S 0 e −τff 

]
, (17) 

here � S is the change in flux density, and S 0 is the flux density
f the compact region (Tingay et al. 2015 ). We calculate an upper
imit on the opacity variation (by setting τ ff to 0), using the median
ux density at 100 MHz of 1.2 Jy as S 0 , of �τ ff < 0.88. This
uggests a large density gradient within the free–free cloud. The 
ptical depth due to FFA is proportional to the electron temperature
nd free electron density, thus changes in either would result in
hanges to the o v erall absorption (Bicknell et al. 1997 ). It is possible
 region in the free–free absorbing cloud with a higher density
f free electrons or a ‘clump’ with a lower electron temperature
o v ed into the line of sight between 2020 July and September.
s the optical depth is proportional to the emission measure, EM ,

nd electron temperature, T e according to EM × T −1 . 35 
e (Mezger & 

enderson 1967 ), we can calculate the ratio of the optical depth in
020 September to 2020 July. We find the EM × T −1 . 35 

e in 2020
eptember is ∼7.42 times that of 2020 July. This would explain the
ignificant change in spectral shape from 2020 July to September. It
s also worth noting the 2020 September epoch is inconsistent with
ll spectral models except an inhomogeneous free–free absorbing 
odel with an exponential break at higher frequencies, shown in 
ig. 5 . The consistency with an inhomogeneous free–free absorbing 
odel is consistent with the explanation of a denser or cooler region

n the inhomogeneous surrounding cloud changing the optical depth 
t megahertz frequencies. 

To summarize, the variability of GLEAM J020507–110922 is 
nconsistent with changes in the synchrotron emission and DISS. 

hile it is possible to explain the majority of variability with ISS,
t requires extreme constraints on the source size of < 2 mas abo v e
MNRAS 512, 5358–5373 (2022) 
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Figure 6. SED of only MWA flux densities for GLEAM J024838–321336. 
The similar spectral shape but shifting peak frequency to lower frequencies is 
consistent with an ejection cooling and adiabatically expanding as it travels 
across the jet. 

Figure 7. The measured peak frequency ( νp ) from the fitted spectral model 
of GLEAM J024838–321336 for each epoch. The decreasing νp from 2013 
to 2020 September is consistent with an ejecta from the core traversing the 
jet. 
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 GHz and < 25 mas at 150 MHz and small-scale structures within the
cattering screen. Changes in the optical depth can explain all of the
ariability seen at MHz frequencies and the insignificant variability
een in the GHz regime, as well as the change in spectral shape
etween 2020 July and September. Furthermore, the spectral SED
f GLEAM J020507–110922 in 2020 September is best described
y an inhomogeneous free–free absorbing model, consistent with
he variability being explained by inhomogeneities in the free–free
bsorbing media. 

.3 GLEAM J024838–321336 

LEAM J024838–321336 sho wed v ariability during the 2020 mon-
toring unlike any other source; the SED for just the MWA frequency
ange is presented in Fig. 6 . Most notable is the variability in the peak
requency, νp , and flux density at the peak frequency, S νp 

. It appears
p shows a general trend of decreasing from 2013 right through to
020 September, shown in Fig. 7 . Additionally, S νp 

increases until
020 July and then is stable with the 2020 September SED. The odd
ehaviour of GLEAM J024838–321336 suggests a complex system
r combination of mechanisms behind the variability. 
The first section of variability with an increasing S νp 

and de-
reasing νp is consistent with an ejecta from the core cooling and
xpanding. Such an ejection would be emitting due to synchrotron
adiation. Rearranging the equation for synchrotron emission, shown
n equation ( 16 ), we can relate the energy of the emitting particles
NRAS 512, 5358–5373 (2022) 
o the rest-frame brightness temperature of the emission. Therefore,
s the temperature of the ejecta T B decreases so too does the peak
requency according to 

 B T B ≈ m e c 
2 

(
2 πm e νp 

0 . 47 eB sin θ

)1 / 2 

, (18) 

here k B is the Boltzmann constant and m e , e , and B sin θ were
efined earlier by equation ( 16 ) (Tingay et al. 2015 ). 
Such a region slowly expanding and cooling would also be

ompact enough for ISS to be a dominant feature of the detected
ariability. The SEDs in 2020 July and 2020 September are fairly
onstant in shape with a decrease in S νp 

; this behaviour is consistent
ith RISS, as discussed in Section 6.1 . We suggest the variability
f GLEAM J024838–321336 is due to both RISS and the cooling
nd expanding of a compact synchrotron-emitting region ejected
rom the core. Such a system would show a combination of increas-
ng/decreasing flux density across the MWA band due to RISS with
 slowly decreasing νp . 

We note observations of X-ray binary systems, which can be con-
idered analogous to AGN but on smaller scales, have detected ejecta
rom the core at multiple frequencies (Fender, Homan & Belloni
009 ; Tetarenko et al. 2019 ). Lower frequencies detect emission
urther along the jets, away from the core. Monitoring of X-ray binary
ares shows a lag in flares at lower frequencies consistent with the
jecta travelling along the jet. If the variability of GLEAM J024838–
21336 is partly due to an ejection from the core slowly cooling and
xpanding, it is possible archi v al observ ations at higher frequencies
 ≥1 GHz) prior to the initial 2013 observations may have detected
he initial ejection event from the core. Furthermore, follow-up high-
esolution imaging using VLBI would potentially be able to resolve
uch compact structures and test this interpretation. 

.4 GLEAM J015445–232950 

imilar to GLEAM J020507–110922, GLEAM J015445–232950
hows two distinct forms of variability: a shift in flux density across
he entire MWA spectra from 2013 to 2020 May (consistent with
ISS), then an evolving spectral shape in 2020 July and Septem-
er. The SED of the MWA flux densities for GLEAM J015445–
39250 is presented in Fig. 8 . Interestingly, the spectral shape of
LEAM J015445–232950 in July and September appears to flatten

ather than steepen like GLEAM J020507–110922. 
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Figure 9. The measured peak frequency ( νp ) from the fitted spectral model 
of GLEAM J015445-232950 for each epoch. Similar to GLEAM J020507–
110922, synchrotron emission can only explain the increasing νp , provided 
the source contract by ≤10 per cent (according to equation 16 ). 
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Following the same logic described in Section 6.2 , we consider 
hanges in the synchrotron emission first. Fig. 9 presents the variation 
f νp with time showing that the value of νp increased in 2020 
eptember while S νp 

decreases. This would require a significant 
ecrease in the size of the synchrotron emitting region, which is non-
hysical. Furthermore, the changes in spectral shape would require 
mprobably small-scale ( < 25 mas) structures within the plasma for
he variability to be due to scintillation. 

Lastly, we consider variations in the optical depth, τ ff . Using 
quation ( 17 ), we calculate an upper limit for the opacity variation
f 0.35 at 200 MHz. While less than the opacity variation calculated
or GLEAM J020507–110922, τ ff < 0.35 still suggests a significant 
radient of varying optical depths in the absorbing ionized plasma. 
s noted in Section 4 , τ ff is described by a power-law distribution
ith index p and the spectral index in the optically thick regime αthick ,

s proportional to p . A decrease in αthick is consistent with a decrease
n p , or equi v alently, a decrease in the optical depth. The spectral
attening of GLEAM J015445–232950 in 2020 July and Septem- 
er is consistent with a decrease in the optical depth suggesting 
LEAM J015445–232950 is surrounded by an inhomogeneous free–

ree absorbing cloud. This is consistent with the results of spectral 
odelling, where GLEAM J015445-232950 is best explained by 

n inhomogeneous FFA model in five of the six epochs of MWA
bservations. The o v erall variability of GLEAM J015445–232950 
an therefore be explained by a combination of RISS and a varying
ptical depth. 

.5 GLEAM J223933–451414 

LEAM J223933–451414 showed variability consistent with 
ources discussed in Section 6.1 , as presented in Fig. 1 (n). The similar
ariability suggests it is varying due to RISS at MHz frequencies. 
o we ver, there is also a notable steepening below the spectral

urno v er of 130 MHz, see Fig. 10 . Similar to GLEAM J020507–
10922 and GLEAM J015445–232950, it is unlikely the variability 
elow the turno v er is due to synchrotron emission as the increased
bsorption would require decreases in the source size or an increase in
he magnetic field. The larger modulation in the optically thick region 
uggests there are changes in the optical depth of GLEAM J223933–
51414 due to a free–free absorbing medium. Using equation ( 17 ),
e calculate a change in the free–free opacity of �τ ff � 0.45 within

he 2020 observations at 70 MHz. Variability due to a changing 
ree–free opacity suggests the physical mechanism producing the 
pectral turno v er for GLEAM J223933–451414 is also due to FFA.
his interpretation is consistent with the spectral modelling. For 
ach epoch, GLEAM J223933–451414 is best described by either a 
omogeneous or an inhomogeneous free–free absorbing model with 
n exponential break. 

We therefore suggest that the variability of GLEAM J223933–
51414 is due to two physical mechanisms: RISS, which produced 
 slow decrease in flux density across the MWA band during 2020;
nd changes in the optical depth due to an inhomogeneous free–
ree absorbing cloud surrounding GLEAM J223933–451414. High- 
esolution images on mas scales could search for the presence 
f a feature compact enough for variability due to ISS. Previous
etections of dust surrounding AGN have been made via observations 
f absorption features in the infrared spectra (Mason 2015 ; Zhang
021 ). Testing for prominent H I gas and other absorption features
ould determine whether the variability is caused by variations in the
ptical depth. Furthermore, we recommend continued monitoring of 
LEAM J223933–451414, particularly below the spectral turno v er, 

o detect and characterize any variability in the absorption that could
e attributed to variations in the optical depth. 

 C O N C L U S I O N S  

21 identified variable sources using two epochs of MWA obser- 
ations separated by approximately 1 yr. Subsequently, we have 
onitored 15 PS sources during 2020 with the MWA and the ATCA

o search for and characterize spectral variability across 72 MHz–
0 GHz. We found 13 of the 15 targets continued to show variability
t MHz frequencies. We detect no significant variability at GHz 
requencies for any source on time-scales of weeks to months. 

We discussed the nature of ISS and the spectral variations it can
roduce. We determine it is unlikely to create changes in spectral
hape, particularly on month long time-scales at MHz frequencies 
nless there are small structures within the ISM on scales of ∼au.
e find that nine sources sho w slo w trends of either increasing or

ecreasing flux densities across the entire MWA bandwidth with a 
onstant spectral shape. Slow variable trends at 150 MHz o v er the
ourse of ∼1 yr is consistent with a compact feature approximately
5 mas in size scintillating due to ISS. We therefore attribute this
ariability entirely to ISS. To confirm, we detect intraday variability 
f GLEAM J001513–472706 at 5 and 9 GHz with the ATCA, also
onsistent with ISS. The short snapshot observations of targets in the
MNRAS 512, 5358–5373 (2022) 
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020 monitoring meant there was insufficient sampling for searching
or hourly variability in these epochs. 

We discuss GLEAM J020507–110922 in detail due to the sudden
hange in spectral shape in 2020 September and the increase in
eak frequency by ∼100 MHz. We consider variability due to
hanges in the synchrotron emission/absorption, ISS, an ESE, and
ariations in the optical depth. We determine tw o lik ely origins
or the variability of GLEAM J020507–110922: ISS and changes
n the optical depth. The variability of GLEAM J020507–110922
rior to 2020 September is consistent with ISS, ho we ver the change
n spectral shape from July to September suggests small structures
ithin the scintillating screen comparable to the structures that
ould produce an ESE. The lack of intraday variability at 5 and
 GHz and the increase in peak frequency supports the conclusion
f a second origin of variability. The change in spectral shape of
LEAM J020507–110922 from 2020 July to September is consistent
ith a varying optical depth due to an inhomogeneous free–free

bsorbing cloud, where a ‘clump’ of either higher electron density
r cooler electron temperature has mo v ed into the line of sight. We
onclude the origins of spectral variability for GLEAM J020507–
10922 are due to both ISS and an inhomogeneous ionized cloud
urrounding the source. We combine the evidence of the most likely
pectral model, an inhomogeneous FFA model with an exponential
reak, with the origins of spectral variability to determine the cause
f the spectral turno v er as an inhomogeneous FFA model. 
We find that GLEAM J015445-232950 and GLEAM J223933–

51414 show similar variability to GLEAM J020507–110922.
LEAM J015445–232950 sho ws v ariability consistent with ISS un-

il 2020 July then a flattening of the spectral shape below the spectral
urno v er in 2020 July and September. As with GLEAM J020507–
10922, we conclude the origins of the spectral variability is most
ikely due to a combination of ISS and variations in the optical depth
rom an inhomogeneous free–free absorbing cloud. Ho we ver, as the
bsorption decreases, it is likely that a ‘clump’ of hotter temperature
lectrons with a lower electron density has mo v ed into the line
f sight. Similarly, GLEAM J223933–451414 shows a constant
pectral shape abo v e the turno v er frequenc y but a steepening below
he spectral turno v er. We conclude that both GLEAM J015445–
32950 and GLEAM J223933–4511414 are best explained by an
nhomogeneous FFA spectral model with an exponential break based
n their spectral fitting and spectral variability. 
We investigate the variable peak frequency of GLEAM J024838–

21336. The decreasing peak frequency is consistent with a cooling
jecta travelling along the jet, which is also compact enough to
cintillate due to ISS. Due to the likely origins of the spectral
ariability and the spectral fitting finding an SSA model as the most
ikely, we determine the most likely explanation for the absorption
f GLEAM J024838–321336 is due to synchrotron self absorption. 
The results of this variability study show the large spectral

o v erage, particularly at MHz frequencies, is key to determining
he origins of the variability. Furthermore, PS sources continue to
e a rich source of variability, particularly showing distinct forms
f variability in the optically thick and thin regimes. We show that
ombining spectral modelling with spectral variability is a no v el
nd powerful tool to determine the likely cause of absorption of PS
ources. We recommend future observations of spectral variability
f PS sources, particularly in the optically thick regime, to determine
he absorption mechanism. 

In the SKA era, as large-scale surv e ys become feasible, it is
rucial we design surv e ys with large spectral and temporal co v erage
n order to adequately sample spectral variability. In particular, we
hould design surv e ys with cadences that probe time-scales relating
o specific types of variability paired with complementary spectral
NRAS 512, 5358–5373 (2022) 
o v erage, for e xample, for scintillation monitoring on six monthly
o yearly cadences at megahertz frequencies compared to hour to
ay cadences at gigahertz frequencies, and likewise monitoring
n monthly cadences at megahertz frequencies for variability due
o FFA. This paper highlights the value of low (MHz) frequency
pectral co v erage o v er month-year-decade long time-scales with
igh (GHz) frequency observations on minutes-hours-days (ideally
imultaneously) in distinguishing the origins of variability. 
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